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Editorial

Biodiversity and Conservation of Forests

Panteleimon Xofis 1,*, Georgios Kefalas 1 and Konstantinos Poirazidis 2

1 Department of Forestry and Natural Environment, International Hellenic University,
GR-66100 Drama, Greece; gkefalas@emt.ihu.gr

2 Department of Environmental Sciences, Ionian University, GR-29100 Zakynthos, Greece; kpoiraz@ionio.gr
* Correspondence: pxofis@for.ihu.gr; Tel.: +30-697-3035-416 or +30-25210-60430

Forests are extremely valuable ecosystems, associated with a number of ecosystem
services that are of significant importance for human wellbeing. Although biodiversity
conservation stands at the top of the list of desired ecosystem services, carbon storage,
water regulation and supply, wood and non-wood products, recreation, soil protection, and
nutrient cycling are also all important. While forests cover only 30% of the Earth’s surface,
they host 60,000 tree species, 80% of all known amphibians, 75% of all bird species, and 68%
of all mammals [1,2]. Tropical forests alone host 60% of the world’s vascular plants [2]. The
conservation of biological diversity is of crucial importance, not only for ethical reasons,
but also for a number of services that are offered by biodiversity to humans, including
the provision of food, medicinal plants, and others [3]. Despite the extremely significant
contributions of forests to the conservation of world’s biological diversity, they currently
face different and often contradicting challenges.

On the one hand, the abandonment of marginally productive agricultural land, ob-
served in Europe, North America, and elsewhere, which is associated with socioeconomic
changes during the 20th century, provides an opportunity for degraded or even lost forests
to recover and reoccupy their pre-human areas. This results in a significant increase in
forest cover and a decrease in forest fragmentation [4,5], with positive consequences for
biodiversity conservation, as is proved with the recent increase in the distribution and
abundance of Europe’s emblematic carnivores [6,7]. Furthermore, increased forest cover
has been reported to contribute significantly to increased biomass and carbon stock, with
positive consequences for mitigating climate change [8]. The increases in forest cover,
however, may also lead to an increased degree of landscape homogeneity, with negative
impacts on local biodiversity and species that require a mosaic of forested and open areas
to cover their needs in terms of food and protection [9,10].

On the other hand, extensive deforestation of the globally important tropical forests,
and land conversion to agriculture, continues to occur, threatening the long-term sus-
tainability of these biodiversity hotspots [11]. This deforestation often occurs at large
spatial scales without necessarily ensuring significant economic benefits, while the loss
of habitats and biodiversity is undoubtedly huge [12]. As a result, an estimated loss of
420 million hectares has been reported since 1990 and, despite the decreasing trend of de-
forestation, 10 million hectares of forests are still being lost every year [2]. Forest loss, along
with other human activities, results in an estimated one million species of the world’s plants
and animals (out of an estimated total of eight million) facing the threat of extinction [13], and
this leads scientists to suggest that the world is currently facing the sixth mass extinction.

All the above issues stress the need for sustainable forest management, and for rec-
onciling land management and socioeconomic development with the need to conserve
the global biodiversity at all levels, from genetic variants to species, populations, and
ecosystems. In this Special Issue, a collection of articles is published covering a wide range
of topics related to forest and biodiversity conservation.

The conservation of genetic diversity and resources is of crucial importance for bio-
diversity conservation, especially under conditions of climate change, which transforms

Forests 2023, 14, 1871. https://doi.org/10.3390/f14091871 https://www.mdpi.com/journal/forests1



Forests 2023, 14, 1871

habitats across the globe. Chertov et al. [14] studied the genetic diversity and population
structure of Larix sibirica in the Urals, concluding that the currently observed differentiations
between the populations need to be preserved by maintaining non-fragmented populations
and preventing the geographical isolation of existing populations. In the same region,
Sboeva et al. [15] reported a limited genetic diversity in Pius silvestris, which is explained
by the biogeography of the established populations. A similar study by Gong et al. [16]
on Cinnamomum camphora in East Asia revealed significant differences in genetic diversity
among populations and moderate differentiation between populations. They point out
the need of enhancing gene flow to reverse the negative effects of genetic drift and reduce
the risk of genetic diversity reduction. Significant differences in the within-population
genetic diversity, and high differentiations between populations, were observed by Huang
et al. [17] in different populations of Camellia chekiangoleosa. They recommend the adoption
of appropriate management measures to maintain the diversity in the high-diversity popu-
lations and increase the gene exchange in the low-diversity populations to restore genetic
diversity. Limited genetic variations among studied populations of Triadica sebifera are
reported by Zhou et al. [18], along with a relatively low within-population genetic diversity.
However, the existence of some rare alleles in some populations may prove extremely
important in maintaining the level of genetic diversity. Ex situ conservation is proposed
in the above studies as an alternative approach for maintaining diversity in ecologically
and economically important species, while Liu et al. [19] provide specific instructions for
the preservation of the pollen of Gleditsia sinensis. A combination of in situ and ex situ
conservation is also proposed by Kinho et al. [20] for the endangered species Pericopsis
mooniana and its introduction into areas that are expected to become suitable as a result of
climate change.

Climate and global changes result in significant land use changes and habitat alter-
ations, with subsequent alterations in species’ current and future geographical distributions,
as well as in their physiological responses. Zhang et al. [21], studying four alpine Rhodode-
dron species, revealed a significant expected shrinkage in their geographical distribution
as a result of climate change, as well as an expected movement of species to different bio-
geographical regions. A significant expected decrease in the currently suitable habitats for
Swietenia macrophylla (mahogany) was reported under different climate change scenarios by
Herrera-Feijoo et al. [22]. At the same time, currently unsuitable areas may become suitable
in the future, which demonstrates the dynamic nature of any conservation measures, includ-
ing the designation of protected areas. Climatic patterns affect a number of physiological
responses of species, including flowering and fruiting. Dagnachew et al. [23] point out the
need for a better understanding of the relationships between climatic variables and species
physiological responses, which vary considerably between species, in order to develop an
effective conservation scheme for species of high ecological and economical importance.

The dynamic recovery of European forests was confirmed in the study by Referowska-
Chodak and Kornatowska [24], covering a period of 75 years in Poland. Irrespectively of
the political regime, the study demonstrates the steady increase in forest cover and biomass,
as well as in the areas designated as protected. The latter constitutes an important tool
for biodiversity conservation, and the NATURA2000 network of protected areas is one
of them. The study by Kermavnar et al. [25], however, points out the need for adopting
management and conservation measures not only based on broad habitat type definitions,
but also based on the specific characteristics of each habitat and on the need to expand
the nature conservation actions beyond the designated protected areas. Uprety et al. [26],
for instance, identified ecologically important ecosystems outside of the protected areas in
the Chure region of Nepal, and point out the need for active conservation measures in the
region. An interesting model for the prioritization of areas where conservation actions need
to be applied is presented by Vu et al. [27], which has been tested in Vietnam. The model
results in seven criteria and seventeen indicators to determine priority areas for biodiversity
conservation. In the same direction is the approach presented by Ette et al. [28], where a
novel Biodiversity Composite Index (BCI) is proposed for the assessment of the ecosystem,
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species, and genetic diversity status. Based on this assessment appropriate conservation
priorities and objectives can be adopted. An even simpler index derived by remote sensing
data, the Normalized Difference Vegetation Index (NDVI), is proposed as a surrogate for
field-based biodiversity assessments by Naunyal et al. [29]. NDVI was found to explain
65% of the variation in plant species diversity, while the same study also demonstrates the
great value of remote sensing data and methods for monitoring land use changes caused by
anthropogenic activities. The latter, as has already been stated above, constitutes a major
threat for the integrity of many ecosystems. Mariscal et al. [30], studying an Ecuadorian
Andean cloud forest, point out the need to prevent the further loss of primary forests and
the further increase in fragmentation. The same study shows that areas that have been
under disturbance regimes of varying intensities do not necessarily proceed towards a
composition and structure similar to primary forests in the post-disturbance stage. Instead,
alternative stable successional stages are observed. The stability of these successional stages
is explained by the fact that plant assemblages at any stage reflect the historical and current
environmental conditions. Furthermore, as pointed out by Chen et al. [31], shifts in plant
functional traits occur with succession, demonstrating complex and diverse trade-offs that
result in variation among the ecological strategy spectra of different successional stages
and the respective assemblages.

As already mentioned, forests harbor a wide variety of wildlife species, including
mammals, birds, arthropods, and others. The strong relationship between bird communities
and forest habitat types is demonstrated in the study by Purevdorj et al. [32] in northern
Mongolia. The study points out the need for maintaining diverse forest habitats and
restoring forests that have been lost or degraded by anthropogenic activities. Given the
complexity of forest habitat types, new forest inhabiting species are constantly detected
and described by science, such as the new arthropod species described in the study by
Jang et al. [33]. However, it is not only the plant and animal species that benefit from
increases in forest cover and decreased fragmentation. Increased biomass leads to increased
carbon stock, and Abdul-Hamid et al. [34] presented an interesting approach in estimating
biomass in the ecologically vulnerable and extremely important mangrove forests. The
approach can also be applied to other forest types and different biogeographical regions.
The overall positive effects of increased forest cover and decreased fragmentation in a
wide range of ecosystem services, including provisioning, regulating, and cultural, is
demonstrated in the study by Kefalas et al. [35] in the eastern Mediterranean region.

Beyond any doubt, forests constitute the main terrestrial biodiversity carrier of the
world, compared to any alternative land use/cover type. Their conservation is a global
challenge, and has to be the first political and social priority. We believe that the studies
presented in the current issue provide important and useful insights towards achieving the
target of ensuring a sustainable environment for current and future generations.

Author Contributions: Writing—original draft preparation, P.X., G.K. and K.P. All authors have read
and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The Ural Mountains and the West Eurasian Taiga forests are one of the most important
centers of genetic diversity for Larix sibirica Ledeb. Forest fragmentation negatively impacts forest
ecosystems, especially due to the impact of their intensive use on the effects of climate change. For
the preservation and rational use of forest genetic resources, it is necessary to carefully investigate
the genetic diversity of the main forest-forming plant species. The Larix genus species are among the
most widespread woody plants in the world. The Siberian larch (Larix sibirica, Pinaceae) is found in
the forest, forest-tundra, tundra (Southern part), and forest-steppe zones of the North, Northeast,
and partly East of the European part of Russia and in Western and Eastern Siberia; in the Urals, the
Siberian larch is distributed fragmentarily. In this study, eight pairs of simple sequence repeat (SSR)
primers were used to analyse the genetic diversity and population structure of 15 Siberian larch
populations in the Urals. Natural populations in the Urals exhibit indicators of genetic diversity
comparable to those of Siberia populations (expected heterozygosity, He = 0.623; expected number of
alleles, Ne = 4017; observed heterozygosity, Ho = 0.461). Genetic structure analysis revealed that the
examined populations are relatively highly differentiated (Fst = 0.089). Using various algorithms for
determining the spatial genetic structure, the examined populations formed three groups according
to geographical location. The data obtained are required for the development of species conservation
and restoration programs, which are especially important in the Middle Urals, which is the region
with strong forest fragmentation.

Keywords: simple sequence repeats (SSR); multiplex PCR; genetic diversity; population structure;
genetic differentiation; Larix sibirica Ledeb.

1. Introduction

Forest fragmentation negatively impacts forest ecosystems, especially due to the
impact of their intensive use on the effects of climate change [1]. The increased anthro-
pogenic load and the intensity of forest exploitation increase forest sensitivity to global
climate changes and consequently to a shift in the boundaries of the woody plant area
of species. In addition, reduction in forest areas is currently observed worldwide due to
adverse natural phenomena (floods, fires), damage to tree species by diseases and pests,
and intensive human use of forest resources [2]. In this regard, one of the main tasks is
to develop fundamental principles and experimental approaches to identify tree forms
that have the potential for climatic adaptation, at which the genetic potential, diversity,
and ecological variability of the forest woody plants in different climatic conditions play
a key role. In the Urals, the zone of introgression of the genus Pinaceae species is located
in which unique combinations of genotypes of species and their hybrids are concentrated,
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and their ecological plasticity is distinguished. The genetic structure and diversity of
populations of woody species are formed under the influence of factors such as genetic
drift, mutation, migration and selection, and environmental factors [2,3]. In addition,
anthropogenic factors also affect the genetic structure of woody plant populations [1].
Consequently, the study of the current state of forest genetic resources and genetic structure
of the main forest-forming types of conifer populations is important both in government
projects to preserve plant resources and in applied aspects of their rational use in economic
interests [4,5]. The primary focus has been on the study of gene pools of forest resource
plant species that occupy extensive ranges and have economic importance. One of these
types of coniferous plants is the species of Larix Mill, which are the primary species of the
boreal forests of the Northern hemisphere [6,7]. In the Urals, the Larix genus is represented
by the West Race of the Siberian Larch or Russian Larch (Larix sibirica) [8]. The conifer-
ous wood is characterized by many favorable qualities and is universal in its application.
Besides the physicomechanical properties that are valued in the construction industry,
larch contains several useful substances that are prospective raw materials for the forestry
industry. Larch contains biologically active substances (BAS) such as phenols, polyphenolic
compounds, and pectin, among others [9]. The investigation of genetic diversity, structure,
differentiation, and identification of L. sibirica populations is also important for studying
the content of resin acids as promising BAS [10–12]. Molecular genetic research in larch
has been actively conducted since the end of 1980, both in Russia and elsewhere, via the
application of isozyme and DNA markers. Currently, a large amount of structural data has
been accumulated on the genetic diversity and differentiation of populations of various
types of Siberian larch [13–22]. Previous studies addressing the genetic diversity of this
species revealed lower indices of genetic variability in L. sibirica, consistent with its narrow
endemic status. Application of only isozyme markers made it possible to study some
of the genetic diversity in expressed protein-coding genes, which in the conifer genome
amounts to only 1–2%, whereas the main part of the genome has been characterized with a
variety of DNA markers and next-generation sequencing (NGS) technologies [23–26]. For
example, DNA markers based on microsatellite repeats (simple sequence repeats; SSR) are
used to explore genetic polymorphisms of conifer species, including Larix species [27–31].
Microsatellites, or STRs, are repetitive sequences of 2–6 bp tandemly repeated units of DNA
that are present throughout the entire genome. Microsatellite markers are codominant and
multiallelic and efficient for allelic diversity study [32], which makes them an effective
tool in population genetics, to study genetic diversity and structure. A combination of
microsatellite markers with capillary electrophoresis significantly increases the accuracy of
the analysis. Data from many years of research in the Urals (including in Perm Krai) clearly
revealed the fragmentation of larch stands. In addition, in this region, the “larchless tongue”
of the western macroslope of the Ural Mountains is located and is marked on all species
distribution maps [33–35]. At the same time, it is in this “Permian-Kama Pre-Ural” popula-
tion that the highest level of species diversity in the Urals is established, as revealed by data
from morphological and isozyme analyses [36]. The interpopulation genetic differentiation
of Siberian larch in various forest conditions of the Urals is influenced by a combination of
factors, such as isolation and natural selection. The spatial genetic structure of populations
is also largely determined by the history of the formation of the species’ range [37–39].
Thus, currently the genetic diversity and structure of the Ural populations of L. sibirica has
been relatively well studied only on the basis of polymorphisms of isozyme markers [36]
and with inter-simple sequence repeat (ISSR) markers [40,41]. Genetic polymorphisms of
other types of molecular markers of species of the genus Larix in the Urals, also including
microsatellite markers, has been studied fragmentarily and the data obtained are insuf-
ficient for comprehensive assessment of the genetic structure and differentiation of the
species in this region. Although the genetic diversity and population structure of L. sibirica
populations have been addressed previously [40,41], here we provide a new approach and
obtained more precise genetic diversity characterization by using microsatellites markers.
In this regard, study of the genetic structure, population differentiation, and nature of the
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alleles of L. sibirica distribution from the Ural Mountains and West Eurasian Taiga forests
based on polymorphism analysis of microsatellite markers. This is an urgent task for the
preservation of populations that are productive and resistant to various environmental
factors in conditions of fragmentation of the area of the species.

In this study, we used a new collection of samples from 15 populations of the western
race of Siberian larch (Larix sibirica) from the Northern, Middle, and Southern Urals to
systematically analyse the genetic variations and population structure of this collection
based on analysis of polymorphisms of microsatellite markers. Explanations are also
provided on the role of geographical isolation and environmental heterogeneity in genetic
differentiation among regions in the Ural Mountains and West Eurasian Taiga forests.

2. Materials and Methods

2.1. Sample Collection and DNA Extraction

During the 2015 to 2020 growing seasons, we collected young leaves (needles) of
individuals from 28 to 32 trees in each of the 15 populations of the western race of the
Siberian larch (Larix sibirica Ledeb. (L. sukaczewii Dyl.)) (Figure S1). The samples selected
for the study were from a wide altitudinal-latitudinal gradient; the study region length was
more than 1000 km from North to South, and the altitude varied from 190 to 916 meters
above sea level (Supplementary Table S1). The studied samples were conditionally di-
vided into mountain (from 500 meters above sea level) and flat (up to 500 meters above
sea level). Five populations were from the South Urals in Chelyabinsk district and the
Republic of Bashkortostan, five were from the Middle Urals in Sverdlovsk district and in
Perm Krai, and the last five populations were from the Northern Urals in the Perm Krai
(Supplementary Table S1).

DNA was isolated according to a procedure for complex biological samples [42].
The weighed amount of needles was up to 20 mg. A NanoDrop 2000 spectrophotometer
(Thermo Fischer Scientific, Waltham, MA, USA) was used to determine the concentration
and quality of DNA. The DNA pellets were dissolved in 1× TE buffer (1 mM EDTA, 10 mM
Tris-HCl, pH 8.0). The resultant DNA for each isolate was diluted with 1× TE solution to
10 ng/μL and used as a template for PCR experiments.

2.2. Microsatellite Amplification

In this study, eight polymorphic SSR primer pairs (Table 1) were used for further
analysis, which were developed by Isoda and Watanabe (2006) and Wagner (2012) and
showed effective differentiation for L. kaempferi and L. decidua samples [28,43]. These eight
SSR primer pairs were organized in multiplexes pairwise according to the expected allele
range size for efficient multiplex analysis of the amplification products. An M13 universal
adapter sequence (5′-TGTAAAACGACGGCCAGT-3′) labeled with fluorochromes (FAM
and JOE dyes) was used for the amplification of fluorescently labeled PCR products. PCR
amplification was conducted in a total volume of 20 μl and contained 1× PCR buffer
with 2.5 mM MgCl2, 0.25 μM of reverse primer, 0.2 μM of forward primer with M13 tail,
0.05 μM of fluorescently labeled M13 primer, 0.2 mM each dNTP, 1 unit of SynTaq DNA
polymerase (Syntol, Moscow, Russia), and 50 ng DNA template. PCR amplification was
performed in a CFX96 (Bio-Rad, Hercules, CA, USA) under the following conditions: initial
denaturation step at 94 ◦C for 10 min followed by 30 cycles at 94 ◦C for 30 s, 52–58 ◦C for 45
s, 72 ◦C for 45 s, 8 cycles at 94 ◦C for 30 s, 53 ◦C for 45 s, 72 ◦C for 45 s, and final extension
at 72 ◦C for 5 min. The amplification products were separated by electrophoresis in 2%
agarose gel in 1× TBE buffer, stained with ethidium bromide, and photographed under UV
light in a GelDoc XR gel documentation system (Bio-Rad, Hercules, CA, USA) (Figure S2).
Molecular weight marker GeneRuler 100 bp Plus DNA Ladder (Thermo Fischer Scientific,
Waltham, MA, USA) and Quantity One software (Bio-Rad, USA) were used to determine
DNA fragment lengths. The PCR amplicons were separated by capillary electrophoresis
on a Genetic Analyzer 3500xl (Applied Biosystems, Waltham, MA, USA) using the POP7
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matrix and 600 LIZ (Thermo Fisher Scientific, Waltham, MA, USA) as a dye size standard.
GeneMarker v2.6.3 (ABI) software was used to determine the genotypes.

Table 1. Microsatellite primer pairs used to detect polymorphisms of L. sibirica.

SSR Locus Primer Sequence (5′-3′) Ta (◦C) A
Repeat
Motif

Lfr (bp)

bcLK189
F: M13-ACCATACGCATACCCAATAGA

58 17 (AG)17AT(AG)6 155–170R: AGTTTTCCTTTCCCACACAAT

Ld101
F: M13-ACACCAAGGACTCTCTGACTAC

58 16 (AC)12 189–225R: GGTGATTCCAGAAGCAGGTG

bcLK228
F: M13-CCCTAACCCTAGAATCCAATAA

61 12 (AG)18 179–215R: GAGGAAGGCGACAAGTCATT

Ld56
F: M13-AGCCATCGTGGTTCTTCTTTG

58 9 (AC)16 227–243R: CTTGTAACTGTGCACCCACC

Ld50
F: M13-GAAGGCGACTTTACATGCCC

58 6 (CA)18 161–189R: TCCATCTTTATGTCTCTTCCATGC

bcLK253
F: M13-AACACCATAGTGCAATGTGC

58 4 (AG)17 199–204R: TCCTCTTGTTGATGCCACTT

Ld42
F: M13-TCGTATGCATTGTCCAAATTTCC

58 8 (TG)14 167–186R: TCCAAGTGAGGTCACACGAG

bcLK263
F: M13-CGATTGGTATAGTGGTCATTGT

58 37 (TC)20 191–254R: CCATCATACCTTCTTGAAGAG

M13 sequence tail (5′-TGTAAAACGACGGCCAGT); F and R, forward and reverse primers, respectively; Ta, PCR annealing temperature; A,
allele number obtained for all analyzed individuals; Lfr, length of the PCR amplicons in base pairs considering the addition of M13.

Analysis of chromatograms to determine fragment lengths was performed using
GeneMarker v2.6.3 software. Computer analysis of DNA polymorphism was performed
using Arlequin v3.5.2.2 [44] and a specialized macro GenAlEx v6.5 [45] for MS Excel.
Migration test was performed using STRUCTURE v2.3.4 [46] software with the parameters
specified in Supplementary Table S2. Calculation of the Goldstein distance matrix [47] and
the construction of the minimum spanning tree was performed in EDENetworks v2.18 [48].
Dendrogram construction was performed in MEGA X [49] using UPGMA and least-squares
analysis. Analysis using the method of principal coordinates was performed using the
PAST v4.06 program [50]. For each sample, 19 basic climatic parameters were obtained from
the bioclimatic variables database of the WorldClim service (https://www.worldclim.org/
data/worldclim21.html, accessed date August 2021) using the raster v3.4-13 package [51];
on this basis, a distance matrix is formed by calculating Canberra distance. Correlation
analysis of genetic and climatic distances (Mantel test) was performed in GenAlEx macro.
MavericK v1.0.5 software [52] was used with the parameters specified in Supplementary
Table S3 to analyse and visualize the genetic structure and study the correspondence
between clusters of genotypes and the studied populations.

3. Results

3.1. Polymorphic SSR Primers

The optimal pairs of primers and fluorescent dyes were determined, which allowed
multiplex PCR and efficient separation of amplified fragments of different loci. For FAM
dye, such combinations were the bcLK189 and Ld101 and bcLK253 and Ld50 primer pairs.
For JOE dye, these were the bcLK228 and Ld56 and bcLK263 and Ld42 primer pairs.

The results of capillary electrophoresis confirmed the success and specificity of the
amplification under the selected conditions (Supplementary Figure S3).
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3.2. Polymorphism of Microsatellite Markers in 15 Populations of L. sibirica

Eight SSR loci were used to analyse the polymorphisms of L. sibirica microsatellite
loci. All loci were polymorphic (P95 = 1000) for the studied populations. The total number
of alleles per locus for 451 individuals from 15 populations varied from 4 (bcLK253) to
37 (bcLK263). The total number of SSR markers installed was 109. The absolute and
effective number of alleles per locus was the largest in the Vsn populations growing
in the vicinity of the village Verkhnyaya Sanarka in Chelyabinsk district (Na = 8.500,
Ne = 5.276); the smallest was in the Sks populations (Na = 4.250, Ne = 2.283) from the
protected areas “Larch Grove” in the Suksunsky district of the Perm Krai. The average
values of these indicators were Na = 6.942 and Ne = 4.017 (Table 2). Observed (Ho) and
expected heterozygosity (He) for the total populations of L. sibirica were 0.461 and 0.623,
respectively. These indicators were greatest in the populations Irm (Ho = 0.567) and Gai
(He = 0.682) and smallest in the populations Ish (Ho = 0.366) and Sks (He = 0.520). Thus, a
high level of genetic diversity of L. sibirica was revealed in Ural (observed number of alleles
Na = 6.942, expected number of alleles Ne = 4.017, HO = 0.461, He = 0.623).

Table 2. Genetic diversity of 15 populations of L. sibirica based on polymorphisms of microsatellite markers.

Populations
Number of
Alleles (Na)

Number of
Effective

Alleles (Ne)

Observed
Heterozygosity

(Ho)

Expected
Heterozygosity

(He)

Kar 7.000 3.263 0.522 0.587
Irm 8.250 4.998 0.567 0.676
Vsn 8.500 5.276 0.484 0.643
Kul 7.375 4.034 0.500 0.629
Zil 6.750 3.929 0.460 0.632
Tul 6.375 3.825 0.387 0.634
Ish 4.625 2.762 0.366 0.563
Krv 7.750 4.266 0.433 0.612
Bnd 6.875 4.357 0.463 0.635
Gai 8.125 4.740 0.428 0.682
Kch 8.375 4.584 0.479 0.666
Pol 5.875 3.662 0.562 0.622
Osa 7.000 4.008 0.418 0.626
Sks 4.250 2.283 0.396 0.520
Bil 7.000 4.273 0.458 0.624

For a total
sample of 15
populations

6.942 4.017 0.461 0.623

3.3. Analysis of the Genetic Structure and Differentiation of the Studied Populations of
Siberian Larch

The genetic structure parameters analysis for the total sample of L. sibirica showed
that the Ld56 locus made the greatest contribution to the differentiation of the studied
populations (Table 3). All studied populations of L. sibirica are characterized by a defi-
ciency of heterozygous genotypes. A population structure study using Wright’s F-statistics
showed that L. sibirica in the Urals had on average 26% deficiency of heterozygous geno-
types (Fis = 0.259) within the population and 32% deficiency of heterozygotes (Fit = 0.325)
between populations. Only 8.9% of all observed variability falls on the interpopulation com-
ponent. The Ld56 locus made the greatest contribution to the differentiation of the studied
populations (Table 3). Analysis of molecular variance (AMOVA) of the genetic diversity dis-
tribution in the region revealed that the populations of the Northern, Middle, and Southern
Urals are almost the same in the allelic composition of SSR loci (Supplementary Table S4).
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Table 3. Genetic structure and differentiation of the studied populations of L. sibirica.

Locus Fis Fit Fst

bcLK189 0.138 0.198 0.070
Ld101 0.577 0.609 0.077

bcLK228 0.595 0.628 0.080
Ld56 0.351 0.427 0.117

bcLK253 0.083 0.150 0.073
Ld50 0.357 0.428 0.111

bcLK263 0.014 0.083 0.070
Ld42 −0.045 0.075 0.115
Total 0.259 0.325 0.089

Fis, inbreeding coefficient of individuals in subpopulations; Fit, the coefficient of inbreeding of individuals in the
population as a whole; Fst, coefficient of inbreeding of subpopulations relative to the entire population.

The interregional share of diversity accounts for only 2% and interpopulation 5%,
while the main part falls on individual heterozygosity. When comparing the subdivision
levels among the populations from different Urals regions, the most differentiated are
the populations from the Middle Urals (Fst = 7%). The South Ural and North Ural pop-
ulations have a similar level of differentiation (PhPT = 5%). The migration test showed
only a small proportion of the admixture of genetic material from other populations
(Supplementary Figure S4). The matrix of pairwise FST values was constructed and visual-
ized (Supplementary Table S5, Figure 1). The Sks sample is clearly distinguished by high
values (Fst from 0.114 to 0.180).

 
Figure 1. Visualization of the matrix of pairwise FST values. Color indicates the degree of differentia-
tion (the darker, the stronger the differentiation).

The matrix of the pairwise differences average number between and within popu-
lations and Nei’s distance were also visualized (Supplementary Figure S5). The largest
number of differences was found between the populations Irm and Tul (5.334) and the
smallest between the populations Ish and Osa (3.793). The Osa sample is distinguished
as the least different from other populations in general. The number of intrapopulation
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differences is greatest in the Irm sample (5.054) and smallest in the Sks sample (3.181). The
distribution between populations Nei’s distance coincides with the Fst distribution. On
the basis of the Goldstein distance matrix using the UPGMA (Unweighted Pair Group
Method with Arithmetic mean) method and least-squares analysis, a dendrogram was
constructed that reflects the degree of the studied populations' similarity by SSR spectra
(Supplementary Figure S6A). Three clusters are clearly distinguished on the dendrogram.
The first cluster combines the populations Irm, Kul, Osa, Kar, and Zil (Southern group);
the second combines Bnd, Vsn, Bil, and Pol (Middle group); the third combines Ish, Gai,
Krv, Kch, and Tul (Northern group). The Sks sample differs markedly from all others and
can be considered as a separate group. A minimum spanning tree was also constructed
(Figure 2), the structure of which perfectly matches the dendrogram. Principal coordinate
analysis (PCoA) also confirmed this subdivision into groups (Supplementary Figure S6B).

Figure 2. Minimum spanning tree based on Goldstein distances. The rib colors indicate the genetic
distance (lighter = shorter distance). The node diameter is proportional to the clonal diversity of
the populations.

While correlation analysis did not reveal a close correlation between the geographic
and genetic distances among the populations (r2 = 0.0006; p = 0.060), a significant (Figure S8)
mean positive correlation (r2 = 0.570; p = 0.040) in the mountain populations group (Irm,
Kul, Kch, Tul, Ish) was revealed. In addition, correlation analysis of climatic and genetic
distances was performed, which revealed a weak correlation (r2 = 0.0648, p = 0.05). A
significant points scatter (Supplementary Figure S7) suggested that for certain groups of
populations, the correlation may be strong.
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Additional analysis revealed a strong correlation for the southern group of populations
(Supplementary Figure S8) (r2 = 0.5989, p = 0.08). The correlation was low for the other two
groups (p > 0.25).

To analyse the population structure, the following three models were compared: no
admixture, admixture with fixed alpha = 1, and admixture with variable alpha in the
MavericK software [52]. The alpha parameter determines the likelihood of influx of genes
from other studied populations; at alpha = 1, the influx of genes from any population is
equally probable. The comparison showed that the admixture with the variable alpha
model is the most reliable (Supplementary Figure S9-I).

Using the chosen model, the reliability values were calculated for genetic clusters with
a possible number of clusters K from 1 to 10. The most reliable selection of four clusters is
shown in Supplementary Figure S9-II. For K = 4, the Q-matrix of the distribution of groups
of genotypes by sample was calculated and visualized, and a histogram of standard errors
of such a distribution was drawn (Figure 3). The error values did not exceed 0.05, which
indicates a high reliability of the obtained structure. All genetic clusters are present in
all studied populations. There are populations with one dominant cluster (Kar, Tul, Ish,
and Sks).

Figure 3. Standard error of calculating genetic structure (A) and genetic structure of populations
(B). Each colour represents genotypes by sample.

4. Discussion

4.1. Polymorphism of Microsatellite Markers in 15 Populations of L. sibirica

In our study of 15 populations of the Siberian larch western race in the Northern,
Middle, and Southern Urals, eight SSR loci were used to analyse the polymorphisms of
microsatellite loci, which were polymorphic. High values of the genetic diversity of the
studied populations were also obtained (Na = 6.942; Ne = 4.017; Ho = 0.461; He = 0.623).
When compared with the data of other studies of larch and related species from other
growing regions, the values of the obtained parameters generally did not show large
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differences and are at the general level of genetic diversity of larch trees and are slightly
inferior only to the populations of Gmelin larch in the Far East [27,31,53].

4.2. Analysis of the Genetic Structure and Differentiation of the Populations of Siberian
Larch Studied

The populations studied were divided into three groups according to their geographi-
cal location (South, Middle, and North Urals). The Sks sample was an exception and grew
in the protected areas “Larch Grove” and separated into an individual group. We assume
that this sample may be of artificial origin, which makes it different from other region
populations. In addition, analysis of the population structure showed that one genotype is
significantly dominant in the Sks sample, which may be a consequence of the sample origin
from a group of closely related trees. A similar pattern is observed in the Tul, Ish, and Kar
populations. The first two (Tul, Ish) are the most northern of the populations studied and
grew at a higher altitude (from 680 to 916 meters). In this regard, the dominance of individ-
ual genotypes may be due to the action of long-term natural selection and adaptation to
high-altitude conditions. The Kar sample grows in the region that represents an ecological
disaster zone due to the emission of pollutants from the production of copper ore [54].
Such anthropogenic load could serve as a key factor for selection and affect the structure of
the population’s gene pool. Similar results were obtained by us previously using the ISSR
method, but a high degree of differentiation was revealed, which is probably associated
with the analysis of different structural elements of genomes using SSR and ISSR methods.
According to molecular variability (AMOVA) analysis, the main part of genetic diversity
falls on the individual heterozygosity of individuals (60%), while interpopulation (5%) and
interregional (2%) differences are minimal. This revealed that our study level of subdivision
of the western race L. sibirica populations for the entire study region (Northern, Middle,
and Southern Urals) was mainly higher than that for Siberian larch (and other species of
the genus Larix) from other growing areas. Thus, 8.9% of all observed variability falls on
the interpopulation component, while this indicator in other studies ranges from 6% to
7% and reaches 8% only for L. gmelinii in the Far East [27,31,36,53]. Studies of L. decidua
revealed an almost complete absence of intraspecific differentiation of the studied popula-
tions of Romania [31]. Studies of the genetic structure of larch in the Urals using isozyme
markers showed a lower degree of differentiation (6.1%) compared to SSR, which can be
explained by the fact that different structural elements of the genome were studied [36].
All the populations of L. sibirica we studied are characterized by a deficit of heterozygous
genotypes at approximately the same level (on average, a 26% deficit within a population
and a 32% deficit of heterozygotes between populations were found), as in previous studies
of other species of the genus Larix. The populations of the Middle Urals have the greatest
subdivision (FST = 7.1%), while in the North and South, they have similar values of about
5%. High differentiation may be a consequence of the fragmented range of L. sibirica in
the studied region due to the intense anthropogenic load in the last century [36]. This was
also confirmed by the migration test, which did not reveal a significant gene flow between
the populations. The species range fragmentation reduces the possibilities of gene flow
between populations when mixing their gene pools, causes genetic drift, and increases the
frequency of closely related crossing [55]. All these processes reduce the adaptive potential
of trees [56] due to the influence on the genetic diversity and structure of populations [57].
We revealed the relationship between geographical and genetic distances, but only for
mountain populations (Irm, Kul, Kch, Tul, Ish). It is probable that climatic differences,
which affect the time of tree dusting in different populations, also contribute to the differen-
tiation. In turn, climatic differences are determined not only by the latitudinal-longitudinal
location, but also by the surrounding relief peculiarities, including the proximity of the
Ural Mountains. This was partially confirmed by the positive correlation between climatic
and genetic distances in the Southern group of populations (r2 = 0.5989, p = 0.08). Different
environmental conditions determine the population structure complexity of any species.
At the same time, the complex spatial structure of populations only partially affects their
differentiation, while most of the interpopulation differences have a complex multicom-
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ponent nature. The uniqueness, diversity, and historical factors of the natural systems
development of the Urals also determine the population structure complexity of L. sibirica
in the region. In addition, the decrease in forest areas and their fragmentation lead to in-
creases in carbon dioxide release into the atmosphere [2], which can accelerate temperature
increase on the planet. The data obtained will contribute to the adoption of measures for
the conservation of populations of one of the most common species of the genus Larix.
The revealed genotypes and alleles that are resistant to various environmental factors
under conditions of the species range fragmentation will lay the foundation for further
marker-mediated selection to create plantations that are resistant to climate change. Thus,
our studies have shown that the studied populations of L. sibirica in the Urals are relatively
highly differentiated. This is due to the high degree of area fragmentation, especially in
the Middle Urals. The level of genetic diversity comparable to that in other populations of
Siberian larch in Siberia and in other representatives of the genus Larix [25,29,51]. Based
on knowledge about the variability nature and population structure, it is recommended
to select populations of Irm and Pol as having sufficient genetic diversity to preserve the
L. sibirica gene pool in the region on a population basis. Attention should also be paid to
the Kar sample, which grows in a zone of high anthropogenic load, and the Ish and Tul
populations, which grow in high-altitude conditions. The data obtained are required for
development of conservation and restoration programs for L. sibirica, which is especially
important in the Middle Urals (a region with strong forest fragmentation). In this region,
there is a local spatial structuredness of the gene pools of populations and a general trend
toward a decrease in genetic diversity in isolated populations. Further fragmentation
of the range and an increase in the number of spatially isolated habitats with extremely
small sizes and different genetic pools may pose a threat to the long-term survival of
populations and the sustainability of forestry. To preserve the genetic structure of Siberian
larch populations, during reforestation, it is necessary to use seed material taken from
genetically close populations and to maintain the genetic diversity of populations at a high
level to preserve the adaptive potential of the species. The revealed patterns are of interest
when planning and conducting forestry activities.
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Abstract: Genetic diversity is important for the long-term survival of species and plays a critical
role in their conservation. To manifest the adaptive potential, it is necessary to preserve the allelic
diversity of populations, including both typical and region-specific alleles. Molecular genetic analysis
of 22 populations of Scotch pine (Pinus sylvestris L.; Pinaceae) in 10 subjects of the Russian Federation
in the East European Plain and the Middle Urals was carried out. Molecular genetic analysis of
22 populations of P. sylvestris revealed 182 polymorphic PCR fragments. The studied populations
are characterized by a medium level of genetic diversity. A high subdivision coefficient (GST) of
the studied populations was established; the intensity was 0.559. At the same time, the level of
subdivision differed for different regions; for the populations from the Middle Urals, it was 15.5%
(GST = 0.155), and for the populations from the East European Plain, it was 55.8% (GST = 0.558).
The dendrogram of genetic similarity shows five clusters of the studied populations of P. sylvestris
according to their geographical location. The populations from the East European Plain are mostly
characterized by typicality, while the populations from the Middle Urals, on the contrary, are more
specific in gene pools. The use of the coefficient of genetic originality to identify populations with
typical and specific alleles allows for solving the problem of selecting populations for the conservation
of forest genetic resources. The data obtained on genetic diversity, and the structure of populations
growing in areas of active logging, are important for determining the geographical origin of plant
samples, which is an integral part of the control of illegal logging.

Keywords: inter simple sequence repeats (ISSR); genetic diversity; genetic structure; Pinus sylvestris L.

1. Introduction

Genetic diversity is important for the long-term survival of species and plays a critical
role in their conservation [1–3]. To manifest the adaptive potential, it is necessary to
preserve the allelic diversity of populations, including both typical and region-specific
alleles [4]. Genetic diversity also plays an important role in the response of populations to
environmental factors [5,6]. Thus, knowledge about the genetic diversity of populations
and their underlying individual and subpopulation components is important for the
conservation and rational use of genetic resources, especially in the context of global
climate change [7].

Coniferous forests form the basis of boreal ecosystems and are of enormous economic
importance. They have a huge local and global impact on ecosystems, playing an important
role in the regulation of water flow and soil conservation, being the most important part of
the carbon cycle and a tool for cleaning atmospheric air from pollution [8–10]. In addition,
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the tissues of coniferous plants are rich in biologically active compounds (BAC), such as
terpenoids, steroids, alkaloids, flavonoids, a complex of polysaccharides (holocellulose),
and others, which are promising raw materials for the pharmaceutical industry [11,12].

Scotch pine (Pinus sylvestris L.) is the second most common coniferous species in the
world and is of great economic and ecological importance [13]. Pine forests cover 37% of
the total land area in the world and about 70% of the land area in the Northern Hemisphere,
making Scotch pine one of the most important forest-forming species [13]. The current area
of this species is the result of re-colonization events and post-glacial shrinkage of a once-
larger distribution area [14,15]. P. sylvestris is a species tolerant of a wide range of ecological
habitats and plays an important economic and ecological role in the forest ecosystems
of Europe [8,9]. Scotch pine has a high genetic diversity that determines quantitative,
qualitative, and adaptive traits [16].

Molecular genetic studies of P. sylvestris have been carried out both in Europe and
Russia [7,12–19]. The results of the analysis of mitochondrial markers indicate that in the
entire space from the east of the East European Plain, at least to the Yenisei River, the species
is almost genetically homogeneous [18]. However, in the Mediterranean and the southern
part of species distribution, there is a significantly greater differentiation of populations [19].
At the same time, analysis of chloroplast DNA revealed a significant genetic heterogeneity
of the species throughout its distribution area. This difference can be associated with the
use of different types of DNA markers, with different types of inheritance, and is also a
consequence of different genetic processes. However, the genetic conservatism of the spacer
of internal transcribed ribosomal genes and sequences of chloroplast genes for a particular
species makes it unsuitable to study these sequences for determining intraspecific diversity.
Molecular markers based on non-coding regions of DNA are usually highly variable and
thus provide high-resolution information about genetic diversity within populations and
the genetic structure of populations [20–23]. The method of studying the genetic diversity
of woody plant species using ISSR (Inter Simple Sequence Repeats) is simple PCR and
accessible technique [24]. Due to the large number of copies of microsatellite sequences
and their large number in eukaryotic genomes, the use of SSR (Simple Sequence Repeats)
sequences as an efficient PCR-based DNA fingerprinting method is convenient [25–27].

Scotch pine is widely used in economic activities, and its timber is actively harvested.
To draw up programs for the rational use of forest resources, knowledge about the genetic
diversity, and the structure of populations growing in areas of active logging, obtained by
identifying polymorphic DNA fragments, is necessary.

In this regard, the study of the molecular genetic diversity and genetic structure of the
P. sylvestris populations of the Middle Urals and the East European Plain using the ISSR
profiling PCR method is promising for the development and optimization of protocols for
assessing the state of the gene pools of boreal coniferous species. In addition, this approach
is effective for the selection of objects to conserve species of coniferous plants that are
productive and resistant to various environmental factors.

Thus, the present work is aimed at a detailed study of the genetic diversity, genetic
structure, and differentiation of natural populations of P. sylvestris under the conditions of
their natural growth over a large area (about 55470 thousand ha.) in two distinct regions,
the East European Plain and the Middle Urals.

2. Materials and Methods

2.1. Materials

Twenty-two populations of Scotch pine were chosen as objects of research
(Pinus sylvestris L.; Pinaceae). The studied populations of P. sylvestris in Perm Krai were
taken from the locations of Kochyovo’s (PS_KOCh) Gainy’s (PS_SOSN), Kishert’s (PS_KISH),
Kudymkar’s (PS_LENI), Cherdyn’s (PS_ChER) and Berezniki’s (PS_ROMA) forestries; in
the Komi Republic from the locations Lokchim’s (PS_LOKC) and Sysolsky’s (PS_SYSO)
forestries; in Arkhangelsk Oblast from Krasnoborsk’s (PS_KRAS) forestry; in Vologda
Oblast from Velikoustyugsky’s (PS_VELI) forestry; in Kostroma Oblast from Pyshchugsky’s
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(PS_PYSH) forestry; in Nizhny Novgorod Oblast from Urensky’s (PS_UREN) forestry;
in Mari El Republic from Korotni’s (PS_KORO) and Kokshaysk’s (PS_KOKSh) forestries;
in Chuvash Republic from Kirsk’s (PS_KIRS) forestry; in Ulyanovsk Oblast from Inzen-
sky’s (PS_INZE) forestry; and in Kirov Oblast from the locations Shabalinsky’s (PS_SHAB),
Yezhikhinsk’s (PS_YEZH), Darovskoy’s (PS_DARO), Yuryansky’s (PS_YURY), Slobodskoy’s
(PS_SLOB) and Belokholunitsky’s (PS_BELO) forestries (Table S1, Figure 1 and Figure S1).

 

Figure 1. Schematic map of the location of the studied populations of P. sylvestris: PS_KOCh—
Kochyovo; PS_SOSN—Gainy; PS_KISH—Kishert; PS_LENI—Kudymkar; PS_ChER—Cherdyn;
PS_ROMA—Berezniki; PS_LOKC—Lokchim; PS_SYSO—Sysolsky; PS_KRAS—Krasnoborsk;
PS_VELI—Velikoustyugsky; PS_PYSH—Pyshchugsky; PS_UREN—Urensky; PS_KORO—Korotni;
PS_KOKSh—Kokshaysk; PS_KIRS—Kirsk; PS_INZE—Inzensky; PS_SHAB—Shabalinsky;
PS_YEZH—Yezhikhinsk; PS_DARO—Darovskoy; PS_YURY—Yuryansky; PS_SLOB—Slobodskoy;
PS_BELO—Belokholunitsky.

The collection of plant material was carried out from trees located at a distance of at
least 50–150 m from each other [17,28,29]. The geographic distances between the popula-
tions varied from a minimum of 49 km (PS_SHAB and PS_DARO located in Shabalinsky’s
and Darovskoy’s forestries) to a maximum of 941 km between the PS_ChER and PS_INZE
populations. Pairwise geographic distances between all studied populations are presented
in Table S2.

2.2. DNA Extraction and PCR

For research, samples of plant tissues were collected individually from 30 to 46 trees
in each of the studied populations. DNA isolation was carried out according to the method
for complex biological samples [30]. The weight of each sample of dry plant material
was approximately 20 mg. To determine the concentration and quality of DNA we used
NanoDrop™ 2000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
For the Polymerase Chain Reaction (PCR), the DNA concentration of each sample was
leveled to 10 ng/μL.

20



Forests 2022, 13, 1798

The ISSR profiling analysis method was used to assess the genetic diversity and ge-
netic structure of populations [24,31]. PCR reactions were performed in a 25 μL reaction
mixture containing 25 ng of template DNA, 1 × PCR buffer with 2.5 mM MgCl2, 1 μM ISSR
primer, 0.25 mM each dNTP, and 2 U Taq DNA polymerase (Sileks M, Russia). PCR ampli-
fication was carried out in a SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) under the following conditions: initial denaturation step at 94 ◦C for
2 min, followed by 32 amplifications at 94 ◦C for 20 s, at 52–64 ◦C (depending on primer
sequence) [32] for 30 s, and at 72 ◦C for 60 s, followed by a final extension of 72 ◦C for 3 min
(Table 1) [33].

Table 1. The information of ISSR primers is used to assess the genetic diversity of P. sylvestris.

Primer ID Sequence 5′–3′ Tm
(◦C)

Ta (◦C) * Total Bands PIC *

ISSR-1 ((AC)8T) ACACACACACACACACT 55.0 56 31 0.196
CR-212 ((CT)8TG) CTCTCTCTCTCTCTCTTG 55.9 56 43 0.260
CR-215 ((CA)6GT) CACACACACACAGT 52.6 56 33 0.256

M27 ((GA)8C) GAGAGAGAGAGAGAGAC 54.9 52 33 0.261
X10 ((AGC)6C) AGCAGCAGCAGCAGCAGCC 72.4 64 42 0.224

* Ta—optimal annealing temperature; Polymorphism Information Content.

All primers were tested to assess the genetic diversity of P. sylvestris using PCR ampli-
fication for ISSR profiling. PCR products were separated by electrophoresis at 70 V for 5 h
in 1.5% agarose gel with 1xTBE buffer, stained with ethidium bromide, and photographed
in transmitted ultraviolet light using Gel Doc XR+ Gel Documentation System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) gel documentation system. To determine the length
of DNA fragments, a molecular weight marker (100 bp + 1.5 + 3 Kb DNA Ladder, LLC.
SibEnzim-M, Moscow, Russia) and the Quantity One 1-D Analysis Software (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA) were used. In total, polymorphism of ISSR markers with
5 primers was analyzed within 922 individual P. sylvestris trees. To check the reliability of
the obtained results, a PCR was performed at least three times.

2.3. Data Analysis

To quantify the genetic polymorphism and determine the genetic structure of the
twenty-two populations studied, the data were presented in the form of a matrix of binary
characters, in which the presence or absence of fragments of the same size in the spectra
was considered, respectively, as 1 or 0 state.

Computer processing of the data was performed using the specialized macro GenAlEx
for MS Excel to determine the number of alleles (na), effective (ne) number of alleles [34],
and expected (He) heterozygosity and Shannon’s information index (I). The following
parameters calculated in the POPGENE 1.31 software were used to describe the genetic
structure of populations [35]: the expected proportion of heterozygous genotypes in the
entire population as a measure of total genetic diversity (HT); the expected proportion of
heterozygous genotypes in a subpopulation, as a measure of intrapopulation diversity
(HS); share of interpopulation genetic diversity in total diversity or the coefficient of gene
differentiation (GST); and AMOVA (Analysis of Molecular Variance) with the calculation of
the PhiPT index (population subdivision index) using 1000 rounds of permutations [36].
Genetic distances between populations (DN) were determined using the method of M.
Nei [37]. To determine the correlation between pairwise genetic distances (DN and PhiPT)
and geographic distances in the general population group, the commonly used Mantel test
was used. Regression analysis was carried out in MS Excel.

Based on the binary trait matrix, a genetic distance matrix was calculated, based on
which dendrograms reflecting the degree of similarity between the studied populations
and trees were generated by the spectrum using the MEGA X program [38].
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To identify the structure of intrapopulation diversity, we used the indicator of the
proportion of rare alleles (h). In addition, Principal Coordinates Analysis (PCA), imple-
mented in the PAST 4.10 program, was performed to verify the obtained data. In the
PAST 4.10 program [39], a detailed dendrogram was constructed for all trees using the
Neighbor-joining method, and analysis and visualization were performed using the UMAP
(Uniform Manifold Approximation and Projection) method [40]. The specificity of the gene
pools of P. sylvestris populations was characterized using the genetic originality coefficient
(GOC), which makes it possible to characterize populations in terms of the proportion of
rare and typical alleles [4].

3. Results

3.1. Genetic Diversity of P. sylvestris

Molecular genetic analysis of twenty-two populations of P. sylvestris revealed 182 PCR
fragments. The primers used detected between 31 and 43 PCR fragments, and the maximum
number of fragments was amplified with the primer CR-212 [(CA)6GT]. On average, one
primer identified 36 PCR fragments. The lengths of PCR fragments varied from 150 to
1600 base pairs. The greatest genetic diversity was observed in the populations PS_DARO
(I = 0.249; He = 0.164; ne = 1.268) from Darovskoy’s forestry, PS_YURY (I = 0.263; He = 0.176;
ne= 1.299) from Yuryansky’s forestry and PS_BELO (I = 0.264; He = 0.177; ne = 1.303) from
Belokholunitsky’s forestry. The lowest genetic diversity was observed in the populations
PS_PYSH (I = 0.096; He = 0.063; ne = 1.106) from Pyshchugsky’s forestry, PS_SHAB (I = 0.087;
He = 0.056; ne= 1.092) from Shabalinsky’s forestry, PS_YEZH (I = 0.089; He = 0.057; ne= 1.092)
from Yezhikhinsk’s forestry, PS_UREN (I = 0.092; He = 0.059; ne = 1.092) from Urensky’s
forestry (Table 2). No specific alleles were found in the populations studied (Figure S2).

Table 2. Genetic diversity of the studied populations of P. sylvestris.

Populations He ne I Populations He ne I

PS_KOCh 0.131
(0.012)

1.199
(0.020)

0.213
(0.017) PS_SHAB 0.056

(0.010)
1.092

(0.017)
0.087

(0.015)

PS_SOSN 0.119
(0.012)

1.182
(0.020)

0.194
(0.017) PS_YEZH 0.057

(0.010)
1.092

(0.017)
0.089

(0.015)

PS_KISH 0.143
(0.013)

1.228
(0.023)

0.225
(0.019) PS_UREN 0.059

(0.010)
1.092

(0.016)
0.092

(0.014)

PS_LENI 0.119
(0.011)

1.181
(0.020)

0.195
(0.017) PS_KORO 0.122

(0.014)
1.207

(0.024)
0.182

(0.020)

PS_ChER 0.142
(0.012)

1.223
(0.022)

0.227
(0.018) PS_KOKSh 0.117

(0.014)
1.204

(0.025)
0.172

(0.020)

PS_ROMA 0.125
(0.012)

1.194
(0.021)

0.202
(0.017) PS_KIRS 0.121

(0.014)
1.206

(0.025)
0.180

(0.020)

PS_LOKC 0.112
(0.013)

1.187
(0.023)

0.169
(0.019) PS_INZE 0.104

(0.013)
1.183

(0.025)
0.152

(0.019)

PS_SYSO 0.106
(0.013)

1.175
(0.023)

0.161
(0.019) PS_DARO 0.164

(0.014)
1.268

(0.025)
0.249

(0.020)

PS_KRAS 0.129
(0.014)

1.216
(0.024)

0.195
(0.020) PS_YURY 0.176

(0.015)
1.299

(0.027)
0.263

(0.021)

PS_VELI 0.118
(0.013)

1.193
(0.023)

0.180
(0.019) PS_SLOB 0.151

(0.014)
1.249

(0.025)
0.230

(0.020)

PS_PYSH 0.063
(0.011)

1.106
(0.019)

0.096
(0.016) PS_BELO 0.177

(0.015)
1.303

(0.027)
0.264

(0.021)

Total 0.119
(0.003)

1.195
(0.005)

0.183
(0.004) Total 0.119

(0.003)
1.195

(0.005)
0.183

(0.004)

He—expected heterozygosity; ne—effective number of alleles per locus; I—Shannon’s information index; all of the
above parameters have standard deviations in standard deviations given in brackets.

3.2. Population Genetic Structure of P. sylvestris

Analysis of the genetic structure of the studied P. sylvestris populations revealed that
the expected proportion of heterozygous genotypes (HT) per total sample was 0.270, while
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the expected proportion of heterozygous genotypes in a subpopulation (HS) was 0.119.
The population subdivision coefficient (GST) shows that the interpopulation component
accounts for 0.559 of the total genetic diversity.

The values of pairwise PhiPT genetic distances detected by the AMOVA (Table S3)
package ranged from 0.081 (PS_KOCh/PS_KISH) to 0.731 (PS_SHAB/PS_INZE). For the
total sample of P. sylvestris, the PhiPT index was 0.647, which approximates the GST = 0.559.
Analysis of molecular variability (AMOVA) showed that differences between regions
account for 28% of diversity, differences between populations 37%, and intrapopulation
differences account for 35% (Table 3). At the same time, the level of subdivision for different
regions differed; for the populations from the Middle Urals, it was 15.5% (GST = 0.155), and
for the East European Plain 55.8% (GST = 0.558).

Table 3. Assessment of genetic intra- and interpopulation variability in P. sylvestris populations
by AMOVA.

Subdivision Indicator df SS MS Dispersion % p

Among groups 1 3442.465 3442.465 10.041 28% <0.001
Among populations 20 11379.929 568.996 13.168 37% <0.001
Within populations 900 11373.549 12.637 12.637 35% <0.001

df—degrees of freedom, SS—the sum of squares, MS—standard deviation, %—the percentage of total genetic
diversity, p—significance level when using 1000 rounds of permutation.

The smallest genetic distance was observed between populations PS_KOCh/PS_KISH
(DN = 0.012), the largest (DN = 0.322) between populations PS_SOSN and PS_SHAB
(Table S4). Based on the matrix of pairwise genetic distances (DN), a cluster analysis
was performed using the Neighbor-joining method, and a dendrogram reflecting the de-
gree of similarity in the ISSR profiles of the populations studied was constructed (Figure 2).
In the dendrogram, the studied populations were divided into five clusters in accordance
with their geographical location: East (I), Center (II), North (III), South (IV), and West (V).

 

Figure 2. Dendrogram of genetic similarity of twenty-two studied populations of P. sylvestris, built
based on polymorphism of ISSR profiles by Neighbor-joining method.

The separation of populations into five clusters is supported by the results of the
Principal Coordinates Analysis (PCA), based on the PhiPT index calculated with the
AMOVA package (Figure S3).

STRUCTURE analysis showed the presence of five groups of genotypes in the studied
populations. The distribution of genotypes corresponds to the differentiation of populations
according to the results of PCA analysis and the Neighbor-joining method (Figure S4).
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Analysis of the population structure using UMAP, carried out for populations in the
Middle Urals, indirectly confirms their low differentiation, GST = 0.155 (Figure 3). At the
same time, the genotypes of individuals from the PS_KOCh population are distributed over
all groups (Table 3).

 
Figure 3. Distribution of individuals in the studied populations of Pinus sylvestris L. of the Middle
Urals using UMAP.

During the study of P. sylvesrtis populations, their spatial and genetic structure was
checked for consistency with the “isolation-by-distance” model by the Mantel test. Thus, a
pairwise comparison of all twenty-two studied populations revealed the presence of a weak
positive correlation (R2 = 0.2534) between geographic and genetic distance (DN) (Figure S5).
A regression analysis was also carried out on these data, and a significant relationship was
found, but the R2 value (0.2534) showed that the correlation was weak (Table S5).

Using a specific and typical allele approach, populations in the studied regions were
examined and characterized. The populations from the East European Plain are mostly
characterized by the typicality of gene pools (GOC < 1.000); only the PS_INZE selection
(GOC = 1.041) is characterized by the specificity of the gene pool. The populations from
the Middle Urals, on the contrary, are more specific in gene pools (GOC > 1.200), the most
specific gene pool belongs to the PS_KISH selection (GOC = 1.665).

The proportion of rare alleles indicator (h) assesses the structure of intrapopulation
diversity, the lower the value h of the threshold (0.3) level, the more balanced the structure
of diversity is characterized by populations. Of the studied populations, h was above the
threshold value in PS_SHAB (h = 0.309) and PS_YEZ (h = 0.304). Two more populations
were close to the threshold, PS_PYSH (h = 0.289) and PS_UREN (h = 0.290).

4. Discussion

4.1. Genetic Diversity of P. sylvestris

As a result of the study, a medium level of genetic diversity in P. sylvestris populations
was revealed (I = 0.183; He = 0.119; ne= 1.195), it is common for populations from the
Southern part of the East European Plain, but less than the level of genetic diversity of the
South Urals populations [41]. The greatest genetic diversity was revealed in the central
populations, PS_DARO, PS_YURY and PS_BELO. The least genetic diversity was observed
among the group of Western populations, PS_PYSH, PS_SHAB, PS_YEZH and PS_UREN;
this may be due to anthropogenic pressure, in particular active logging. In addition, these
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populations also differ in a less balanced genetic structure in terms of the proportion of rare
alleles (h), which in turn may also be due to active logging in these regions. The genetic
structure and diversity of populations can be greatly affected by random genetic drift,
which can lead to the erosion of genetic variation due to the loss of rare alleles [42,43].
No specific alleles were found in the populations studied, which may indicate that these
populations are genetically homogeneous.

4.2. Population Genetic Structure of P. sylvestris

The studied populations were divided into five clusters, in accordance with their
geographical location. At the same time, the populations from the Middle Urals were dis-
tinguished. Differentiation between the populations from the Urals and the East European
Plain amounted to about a third (28%) of the observed genetic diversity, another third is
due to the interpopulation component (37%), and a third to intrapopulation differences
(35%). The data obtained indicate the origin of several genetically differentiated popula-
tions and their groups in P. sylvestris in the study areas. A similar pattern was observed in
previous studies in these regions, on a smaller number of populations [33,44]. The high
differentiation may be due to the fragmentation of the area of P. sylvestris in the region
under study. Significant differentiation between the populations from the East European
Plain and the populations from the Middle Urals (28%) may be related to the history of the
distribution of the species in the Pleistocene. Populations of the Middle Urals were settled
mainly from the South Ural refugium, while this refugium made a smaller contribution to
the gene pools of the East European populations [45,46].

In general, there is a genetic homogeneity of P. sylvestris populations in the Middle
Urals, which is confirmed by the analysis of UMAP and AMOVA. For the PS_KOCh popu-
lation, according to the UMAP analysis, the distribution of genotypes over all identified
groups is observed. This may be due to the fact that the population was settled from several
different directions. The settlement of the territory of the Urals occurred mainly from the
South Ural refugium, but in addition, the settlement came from the Balkan refugium and
the refugia of the second order in South Siberia [46]. Correlation analysis between genetic
and geographical distances revealed the presence of a medium relationship between them
(R2 = 0.2534).

The weak differentiation of the populations in the Middle Urals may be due to the
similarity of the habitats of the populations since all the studied populations are located at
180–200 m above sea level. Similar genetic homogeneity of Scotch pine populations was
also observed in the study of populations in the territory from the east of the East European
Plain at least to the Yenisei River using mitochondrial markers [18].

Within the East European Plain, P. sylvestris populations, despite high differentiation,
are characterized by typical gene pools. Populations from the Middle Urals are character-
ized by specific gene pools. Populations with a specific gene pool, such as the selection
from the Kishert’s forestry (PS_KISH), can serve as a source of genetic diversity in reforesta-
tion programs. Additionally, populations with a more typical gene pool, having the most
common alleles in the region, can be preserved as forest genetic reserves to preserve the
genetic resources of the species. Populations from the East European Plain with the most
typical gene pools can serve as an example of such populations. Data on the typicality and
specificity of gene pools, as well as on the differentiation of populations, can be used in
further studies of P. sylvestris in the study region.

The obtained data on genetic diversity and the structure of populations growing in
areas of active logging are important for drawing up programs for the rational use of
forest resources, identifying populations, and determining the geographical origin of plant
specimens, including timber, which is an integral part of controlling illegal logging.

The use of the coefficient of genetic originality to identify populations with typical
and specific alleles makes it possible to solve the problem of selecting populations for the
conservation of forest genetic resources.
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Abstract: Cinnamomum camphora (L.) J.Presl is a representative tree species of evergreen broad-leafed
forests in East Asia and has exceptionally high economic, ornamental, and ecological value. However,
the excessive exploitation and utilization of C. camphora trees have resulted in the shrinking of wild
population sizes and rare germplasm resources. In this study, we characterized 171 C. camphora trees
from 39 natural populations distributed throughout the whole of China and one Japanese population.
We investigated genetic diversity and population structure using genome-wide single-nucleotide
polymorphism (SNP) identified by genotyping by sequencing (GBS) technology. The results showed
the genetic diversity of the C. camphora populations from western China > central China > eastern
China. Moreover, the Japanese population showed the highest diversity among all populations. The
molecular variance analysis showed 92.03% of the genetic variation within populations. The average
pairwise FST was 0.099, and gene flow Nm was 2.718, suggesting a low genetic differentiation among
populations. Based on the genetic clustering analysis, the 40 C. camphora populations clustered into
three major groups: Western China, Central China, and Eastern China + Japan. Eastern China’s
population had the closest genetic relationship with the Japanese population, suggesting possible
gene exchange between the two adjacent areas. This study furthers our understanding of the genetic
diversity and genetic structure of C. camphora in East Asia and provides genetic tools for developing
strategies of C. camphora germplasm utilization.

Keywords: Cinnamomum camphora; genotyping by sequencing (GBS); genetic diversity; population
structure; single nucleotide polymorphism (SNP)

1. Introduction

Cinnamomum camphora is a representative tree species of tropical and subtropical
evergreen broad-leafed forests of the genus Cinnamomum in the Lauraceae family. It is one
of the “bulk” trees with three major uses, including a source of spice, timber, and gardening.
C. camphora is widely distributed in subtropical China and central and southern Japan [1,2].
Subtropical China is the most abundant wild resource and the main area of production
of natural C. camphora essential oil globally, accounting for more than 80% of the global
production [3]. However, since the 1950s, the destructive harvesting of essential oil by
digging the trees and grubbing their roots, and the increasing demand for urban vegetation
has led to severe reductions of the resources. At present, the natural distribution of C.
camphora is scattered, and its mature natural forests are rare, which results in endangered
high-quality essential oil containing precious chemical types. Therefore, it is urgent to
collect and preserve the germplasm resources of C. camphora.
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A previous study by Kameyama et al. showed rich genetic diversity in C. camphora
populations from China and Japan using simple sequence repeat (SSR) markers. The
genetic diversity of C. camphora populations in China was slightly higher than that in
Japan [2]. We previously used transcriptome-based expressed sequence tag–derived SSR
(EST-SSR) markers to investigate the genetic diversity and genetic structure of C. camphora
in southern China. This study showed a moderate genetic diversity, prominent population
structure, and genetic differentiation existing mainly within a population [4,5]. The above
results revealed the significant genetic differentiation among and within the populations of
C. camphora. However, due to the large differences in the populations’ sources and sizes,
previous genetic diversity studies vary significantly. Additionally, the shortcomings of SSR
markers, including the unclarity of homozygosity and heterozygosity and invalid alleles,
can lead to misidentification of SSR genotypes [6].

Due to their low mutation frequency, fewer alleles, high genetic stability, and distribu-
tion throughout the genome, single nucleotide polymorphisms (SNP) have been favoured in
plant genetic diversity and genomic analysis [7]. The rapid development of next-generation
sequencing (NGS) technology has reduced the cost and improved the efficiency of SNP
discovery, which provides great potential for high-throughput SNP genotyping in plant
breeding [8]. Wu et al. firstly used the genotyping by sequencing (GBS) technique to
identify and genetically analyze plant species [9]. GBS is an NGS-based SNP genotyping
technology suitable for species with high diversity and large genomes [10,11]. Due to the
lack of need for the reference genome, low cost, simple procedures, and the SNP carrying
rich genome-wide information, GBS is widely used in the analysis of plant genetic diver-
sity [12,13], the study of systematic evolution [14], molecular marker localization [15,16],
and genetic map construction [17].

The whole genome of C. camphora has not been sequenced yet, and the genetic diversity
and structure of the C. camphora populations across its entire natural distribution area are
still unclear. This study characterized 171 C. camphora trees from 39 natural populations
from the whole distribution region in China and one population in Japan using genome-
wide SNP molecular markers obtained by the GBS technique. We aimed to reveal the
genetic diversity and structure of C. camphora in different regions, understand the sources
and patterns of genetic variation, and provide a theoretical basis for protection strategies
and genetic improvement of C. camphora germplasm resources.

2. Materials and Methods

2.1. Plant Material and DNA Isolation

Leaf samples from 171 C. camphora trees were collected in this study from 39 natural
populations in the whole range of distribution of C. camphora in China and one population
in Japan. Sample sources were grouped into four regions based on geographical origin.
There were three populations with a total of 14 samples from the western region in China,
six populations with a total of 25 samples from the central region, 30 populations with
128 samples from the eastern region, and one population with four samples from Japan (Fig-
ure 1 and Table 1). Trees with a diameter at breast height greater than 60 cm were randomly
selected, and the distance between them was greater than 50 m. Five healthy leaves were
collected from each tree, dried with silica gel. Details on sampling were summarized in
Table S1. DNA was extracted using the ionic detergent cetyltrimethylammonium bromide,
and the purity and integrity of the DNA were detected by 1% agarose gel electrophoresis.
The DNA quality and quantity were determined by a NanoDrop 2000 (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and a Qubit® 2.0 Fluorometer (Invitrogen, Carlsbad,
CA, USA), respectively.
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Figure 1. Geographical distribution of the plant materials. Solid dots represent populations collected
in natural distribution areas in China and Japan.

2.2. GBS Library Construction and Population SNP Identification

Genomic DNA (0.1–11 μg) was digested with the ApeKI restriction endonuclease, and
the adaptor and barcode were ligated at both ends by T4 DNA ligase. Then each DNA
sample was amplified by PCR. After mixing the samples, the DNA fragments (350–400 bp)
were recovered and purified by agarose gel electrophoresis, and the required fragments
were selected for the construction of the GBS library. Finally, paired-end sequencing at
150 bp per read was performed on the Illumina HiSeq 2500 sequencing platform (Illumina,
San Diego, CA, USA).

Stacks 1.44 [18] was used to cluster the high-quality data of each individual based
on sequence similarity. During clustering, low-depth stacks were filtered out, leaving
high-depth stacks as the clustering results. The mismatched bases were corrected in each
stack to eliminate the impact of sequencing errors and avoid false-positive SNP. Clean data
of sample ZJCA-157 and JXAF-115 were selected to be combined and assembled as the
reference genome under the parameter (ustacks -t gzfasta -i 1 -m 1 -M 6 -N 6 -p 6). BWA
(Burrows-Wheeler-Aligner) was used to compare the high-quality and effective sequencing
data against the reference genome (using the assembly results of samples ZJCA-157 and
JXAF-115 as the reference genome) [19]. The SNP in the population were detected with
SAMTOOLS software. The SNP in the population to be tested were detected using the
Bayesian model. The obtained SNP were filtered with the SAMTOOLS [20] settings main
parameter -minDP4-max miss0.1-maf0.01. The number of bases support for each SNP was
not less than 1. Due to repeat regions in the genome, the number of bases support for each
SNP should not be greater than 7000 to reduce the number of false-positive SNP caused by
repeat region alignment errors. The genotype quality value was ≥5.

2.3. Statistical Analysis of Data

The distance matrix was calculated using TreeBest-1.9.2 software (http://treesoft.
sourceforge.net/treebest.shtml, accessed on 28 October 2021). The phylogenetic tree was
constructed through 1000 calculations using the neighbour-joining method [21]. The eigen-
vectors and eigenvalues were calculated using GCTA (http://cnsgenomics.com/software/
gcta/pca.html, accessed on 28 October 2021) software, and the principal component anal-
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ysis (PCA) distribution map was plotted using R software [22]. The population genetic
structure and individual allocation information were constructed using frappe software [23].
The maximum iteration of the expectation-maximization algorithm was set to 10,000 in the
Frappe analysis. We predefined the number of genetic clusters from K = 2 to K = 4. Based
on the filtered SNP loci, genetic diversity indicators including the observed heterozygosity
(Ho), expected heterozygosity (He), interpopulation genetic differentiation coefficient (FST),
and interindividual inbreeding coefficient (FIS) of each population were calculated by
Arlequin software [24]. Analysis of molecular variance (AMOVA) was implemented in
GenAlEx v6.5 [25]. Analysis of population nucleotide diversity (π) was performed with
Stacks 1.44 [18].

Table 1. Geographical locations, sample size and sample numbers of 40 C. camphora populations in
China and Japan.

Population Code Sample Size Locations Latitude (◦N) Longitude (◦E)

Western China 14
SCLZ 5 Luzhou, Sichuan 28.967 105.433
SCYB 5 Yibing, Sichuan 28.417 104.417
CQDZ 4 Dazu, Chongqing 29.533 105.650

Central China 25
CQYY 3 Youyang, Chongqing 28.700 108.000
GZDZ 3 Daozhen, Guizhou 28.750 107.567
GZTR 4 Tongren, Guizhou 27.567 109.183
HBYC 5 Yichang, Hubei 30.650 111.283

HNHH 5 Huaihua, Hunan 28.000 110.167
Eastern China 128

HBCB 4 Chibi, Hubei 29.700 113.817
HBHA 5 Hongan, Hubei 31.333 114.633
AHAQ 5 Anqing, Anhui 30.500 117.000
HNCZ 4 Chenzhou, Hunan 25.783 112.983
HNCS 5 Changsha, Hunan 28.200 112.933
JXYX 3 Yongxiu, Jiangxi 29.033 115.550
JXAY 4 Anyi, Jiangxi 28.800 115.617
JXHK 4 Hukou, Jiangxi 29.717 116.200
JXWY 4 Wuyuan, Jiangxi 29.083 117.450
JXRC 3 Ruichang, Jiangxi 29.717 115.600
JXPX 4 Pingxiang, Jiangxi 27.600 113.833
JXLA 5 Lean, Jiangxi 27.283 115.700
JXZX 4 Zixi, Jiangxi 27.983 117.583
JXQN 3 Quannan, Jiangxi 24.633 114.367
JXRJ 5 Ruijin, Jiangxi 25.883 115.950
JXSC 4 Suichuan, Jiangxi 26.300 114.483
JXTH 3 Taihe, Jiangxi 26.800 114.967
JXWA 5 Wanan, Jiangxi 26.550 114.867
JXAF 4 Anfu, Jiangxi 27.367 114.667
JXXJ 4 Xiajiang, Jiangxi 27.853 115.316
JXXG 5 Xingan, Jiangxi 27.800 115.450
JXYF 5 Yongfeng, Jiangxi 27.150 115.450
JXJA 5 Jian, Jiangxi 27.067 115.133
JXJS 4 Jishui, Jiangxi 27.217 115.117
FJPT 5 Putian, Fujian 25.317 118.567
FJPC 5 Pucheng, Fujian 27.917 118.517

FJWYS 4 Wuyishan, Fujian 27.733 118.017
ZJCA 4 Chunan, Zhejiang 29.600 119.033
ZJQY 4 Qingyuan, Zhejiang 27.600 119.000
ZJXS 5 Xiangshan, Zhejiang 29.367 121.867
Japan 4

JP 4 Osaka, Japan 34.493 133.246
Total 171

3. Results

3.1. GBS Analysis and SNP Identification

Total 138.24 Gb bases were generated by GBS sequencing from the 171 C. camphora trees
(Table S2). After cleaning out low-quality sequences, 138.23 Gb of high-quality sequence
data (Q20 ≥ 93.34%, Q30 ≥ 85.00%) remained, for an average of 0.81 Gb per sample.
The average GC content was 38.24%. A total of 960 million clean reads were obtained,
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ranging from 2,878,540 (HBCB-40) to 13,528,004 (HNCZ-55), with an average of 5,613,668
per sample. An average of 5,389,736 reads (96.18%) was aligned to a reference genome, with
the highest (97.18%) alignment rate for GZDZ-18 and the lowest (73.50%) rate for ZJCA-157.
The reference genome coverage was in an average of 11.82% 1× genome (between 8.2%
and 16.1%), and an average of 5.5% 4× genome (between 4.12% and 7.41%). A total of
130,450 SNP loci were obtained based on the comparison and detection by SAMTOOLS
software. After filtering, 14,718 high-quality SNP loci were used for further analysis.

3.2. Population Genetic Structure

To reveal the population genetic structure of C. camphora, we divided the 40 popu-
lations into four groups, eastern China, central China, western China, and Japan. The
neighbour-joining tree showed that, except for the HNCZ-54 trees from the east and
HNHH-31 from the west regions, the other 169 C. camphora trees were clustered into three
clades (Figure 2). Cluster I was composed of 18 C. camphora trees, including 16 from the
central region and two from the CQDZ population in the western region (11, 12). Cluster II
included 15 trees mainly from the west region, in which two trees from the central region
(GZDZ-19 and GZDZ-20) and one from the eastern region (HNCZ-54). Cluster III contained
the most samples (137), including trees from east China, and a few from the central region
(HNSF-35, HNSF-38, HNSF-39, HBYC-26, HBYC-28, and HBYC-29), and all of the trees
from Japan.

Figure 2. Neighbour-joining phylogenetic tree of C. camphora based on all single nucleotide poly-
morphisms (SNPs), with the evolutionary distances measured by p-distances with TreeBest. The
populations from different geographic locations were coloured red (Central China), purple (Western
China), blue (Eastern China), and green (Japan). �, Individuals in Central China; •, Individuals in
Western China; �, Individuals in Eastern China.
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To detect the highest population structure level, we performed the analysis when the
parameter K was between 2 and 4 (Figure 3). The results showed that when K = 2, the
trees from central China and the HNCZ-54, CQDZ-11, and CQDZ-12 from the western
region were first separated from the others and formed subgroup I. When K = 3, trees from
the west region were separated from subgroup II and formed subgroup III. When K = 4,
subgroup IV was further divided into the populations from Japan and eastern China, and
the Japanese C. camphora population was finally clustered into its own subgroup. These
results are consistent with the above phylogenetic tree analysis.

Figure 3. Population genetic structure of 171 C. camphora individuals. Each colour represents one cluster. Each individual
is represented by a vertical bar, and the length of each coloured segment in each vertical bar represents the proportion
contributed by ancestral populations.

PCA showed that the 171 C. camphora trees clustered three main groups (Figure 4).
All trees can be significantly separated into two groups: central China and eastern China
+ Japan, according to the first principal component (PC1). In comparison, the western
China populations showed a certain level of differentiation from the others two groups
on the second principal component (PC2). This result is consistent with the clustering tree
(Figure 2) and the population structure analysis (Figure 3). All these data indicated a clear
geographical pattern of the genetic structure of the C. camphora populations.

3.3. Genetic Diversity in C. camphora

At the species level, the average values of Ho and He of C. camphora were 0.365 and
0.352, respectively (Table 2). The analysis of genetic diversity in each region showed that the
population from Japan had the highest level of genetic heterozygosity (Ho = 0.504, He = 0.442),
followed by Western China (Ho = 0.333, He = 0.333) and Central China (Ho = 0.322, He = 0.327),
and the genetic diversity in eastern China was the lowest (Ho = 0.302, He = 0.306). The
nucleotide diversity (π) of C. camphora in the different regions ranged from 0.230 (Japan) to
0.318 (Central China). The inbreeding coefficient FIS ranged from −0.151 (Japan) to 0.020
(Eastern China), with an average of −0.037.
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Figure 4. The principal coordinate analysis of C. camphora populations using all identified SNPs as
markers. The populations from different geographic locations were coloured red (Central China),
purple (Western China), blue (Eastern China), and green (Japan).

Table 2. Diversity statistics of four C. camphora regions.

Group N Ho He FIS π

Western China 14 0.333 0.333 0.011 0.288
Central China 25 0.322 0.327 −0.026 0.318
Eastern China 128 0.302 0.306 0.020 0.305

Japan 4 0.504 0.442 −0.151 0.230
Total 171 0.365 0.352 −0.037 0.285

Note: N, Number of individuals; Ho, Observed heterozygosity; He, Expected heterozygosity; FIS, Fixation index;
π, Total nucleotide diversity.

Analysis of molecular variance (AMOVA) of the C. camphora populations from the four
regions (Table 3) showed that 7.02% of the genetic variation was between the regions. The
genetic variation between the populations from the same region was only 0.95%. However,
92.03% of the genetic variation was among the individuals within each population. Among
the four regions, the mean genetic differentiation coefficient FST was 0.099, gene flow
(Nm) was 2.718, indicating a moderate genetic differentiation between populations. The
genetic differentiation among eastern, western, and central China was relatively low
(FST = 0.052–0.071, 0.064 on average), less than the differentiation between China and Japan
(FST = 0.096–0.152, 0.133 on average). The genetic differentiation between the eastern China
population and the Japanese population was low (0.096). In contrast, a relatively high level
of genetic differentiation between western or central China and Japan was observed, 0.152
and 0.151, respectively. Gene exchange between different regions in China was relatively
frequent (Nm = 3.271–4.558), but the gene flow between the Chinese population and the
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Japanese population was limited (Nm = 1.395–2.354), indicating that geographical isolation
has exacerbated the genetic differentiation between the C. camphora populations (Table 4).

Table 3. Analysis of molecular variance (AMOVA) for four regions C. camphora.

Source Degree of Freedom Sum of Squares Variance Components Percentage of Variation %

Among groups 3 27,901.615 154.380 7.02
Within groups among

populations 167 345,029.070 20.920 0.95

Within populations 171 346,138.500 2024.202 92.03
Total 341 719,069.184 2199.502

Table 4. Genetic differentiation of C. camphora across four regions (lower diagonal: pairwise FST;
upper diagonal: pairwise Nm).

Western China Central China Eastern China Japan

Western China 0 3.321 4.558 1.395
Central China 0.070 0 3.271 1.406
Eastern China 0.052 0.071 0 2.354

Japan 0.152 0.151 0.096 0

4. Discussion

4.1. Genotyping by Sequencing

Traditionally, molecular markers such as random amplified polymorphic DNA, ampli-
fied fragment length polymorphisms, and SSRs have been widely used to analyze plant
genetic diversity. With the rapid development of NGS technology, a new method that is
simple but powerful, GBS, has achieved high-efficiency and large-scale genome-wide SNP
identification in some species [8]. In 2011, Elshire et al. used GBS to investigate maize
(IBM) and barley (Oregon Wolfe Barley) populations. To establish a library with reduced
genomic complexity, they identified approximately 200,000 and 25,000 sequence markers,
respectively. The analysis showed the potential of this library for marker screening in
large-genome species [10]. Pootakham et al. obtained 524,508,111 reads from oil palm
(Elaeis guineensis Jacg.) using GBS technology, approximately 88% reads were aligned to the
reference genome, and 21,471 SNP loci were identified, which was significantly lower than
the alignment rate of reads on the reference genome in this study (96.18%) [26]. Gurcan
et al. performed SNP detection on apricots by the GBS technique and generated approxi-
mately 28 Gb of high-quality data after filtering [27]. Wu et al. applied GBS technology
to 75 samples of Lauraceae plants, including 19 samples of C. kanehirae, 31 of C. camphora,
and 25 putative hybrids, for breed identification and genetic analysis. In total, 529,006
SNPs were obtained in the calling analysis, though after filtering, 840 high-quality SNPs
were obtained for subsequent analysis. Among them, C. camphora groups in eastern and
south-western Taiwan had 201 SNP loci, while the western and northern groups (including
Vietnam and Japan) had 376 SNP loci [9]. In this study, by sequencing 171 C. camphora trees,
we obtained 480 million high-quality reads and identified 130,450 SNPs. After filtering,
14,718 high-quality SNPs were used for subsequent genetic diversity and genetic structure
analysis. The quality of the obtained reads and SNP loci was as high as the studies from
Pootakham et al. and Gurcan et al.

4.2. Genetic Diversity of C. camphora

Genetic diversity refers to the degree of genetic polymorphism between different
populations or individuals within a species. Rich genetic diversity is the basis for a species
to respond to environmental changes and for people to carry out genetic improvement pro-
grams [28,29]. Based on 22 SSR markers, Kameyama evaluated the genetic polymorphism
of 104 C. camphora samples from three Japanese populations: Meiji Jingu (Shinto Shrine),
Kajiya Plantation, and Manazuru Peninsula. They found the average Ho, and He of each
population was 0.53–0.60 and 0.55–0.68, respectively, suggesting a high level of genetic
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diversity [1]. Kameyama et al. further performed genetic diversity analysis on 817 C.
camphora individuals from six populations, including three populations (Fujian, Shanghai,
and Taiwan) from China and three populations (Eastern and Western Kyushu regions) from
Japan. This study showed that a high level of genetic diversity in the C. camphora popula-
tion, in which the Chinse populations (Ho = 0.728, He = 0.878) showed significantly greater
diversity than that of the Japanese populations (Ho = 0.614, He = 0.714) [2]. In comparison
to the previous study, our previous studies showed a moderate level of genetic diversity
(Ho = 0.30–0.61, He = 0.31–0.48) of 41 Chinese C. camphora natural populations from the
whole range of distribution of C. camphora in southern China using EST-SSR markers [4,5].
Interestingly, by using the GBS technique, Wu et al. observed a significantly lower genetic
diversity in the population, including 75 individuals from Taiwan, 19 C. kanehirae, 31 C.
camphora, and 25 putative hybrids. The population genetic diversity (Ho = 0.108, He = 0.123)
of C. camphora in western and northern Taiwan was slightly higher than that in eastern
and south-western Taiwan (Ho = 0.085, He = 0.076), and the Ho of C. camphora was greater
than that of C. kanehirae (Ho = 0.076) [9]. In this study, we analyzed the genetic diversity of
the Chinese and Japanese C. camphora populations through SNP markers generated by the
GBS technique. We found that the genetic diversity of the Chinese C. camphora populations
was relatively high (Ho = 0.319, He = 0.322), which is consistent with our previous findings
based on SSR markers [4,5]. However, our populations showed higher genetic diversity
than those found by Wu et al. [9]. One possible reason is that the geographical range of
populations in Taiwan is small, and the cultivation history of C. camphora is long. During
the process of the breeding program, a limited number of selected elite trees led to lower di-
versity [30]. Moreover, the asexual reproduction process using cuttings has further reduced
the genetic diversity of C. camphora. In this study, a total of 11 Chinese C. camphora trees
were clustered into different regions (Figure 2). And these trees were obtained from recent
cultivations (Table S1). Kameyama et al. showed that human activity had significantly
affected gene exchange between C. camphora populations [2]. The genetic diversity of a
tree species is typically determined by its geographical distribution range and population
size [31,32]. Although C. camphora is widely distributed in southern China, its origin is
limited to East Asia and the Indochina Peninsula. The limited geographical distribution
inhibits the gene exchange among populations and enhances genetic diversity within the
population [33]. In addition, this study, together with the findings from Wu et al., showed
lower genetic diversity of C. camphora in China than that of the Japanese population, which
was not consistent with the results of Kameyama et al. [2]. This inconsistency may be
due to different sampling strategies, such as inconsistencies in the source and size of the
population used [32,34]. The difference between the GBS-SNPs and SSRs used in these
studies could be another reason for the different findings.

4.3. Genetic Differentiation and Population Genetic Structure of C. camphora

Studying the genetic structure of plant populations is critical to the understanding
and maintenance of plant genetic diversity. The genetic structure of populations is affected
by the breeding system, genetic drift, population size, seed dispersal, gene flow, evolu-
tionary history, and natural selection [2,35]. As an essential indicator of the population’s
differentiation, the FST ranging from 0.05 to 0.15 indicates moderate genetic differentia-
tion between populations [36,37]. In this study, the FST of C. camphor between the four
areas was 0.052–0.152 (Table 3), indicating a moderate genetic differentiation of C. camphor
groups. AMOVA showed 92.03% of the genetic variation was within the population, leav-
ing the genetic variation between regions and populations at only 7.97%. These results
are consistent with previous studies on C. camphora [2,4] and other tree species in south-
ern China [38,39]. The Nm value also suggested frequent gene exchange between the
populations in the region, indicating that the gene exchange offsets the effect of genetic
drift to some extent [40]. Considering that C. camphora is an insect-pollinated plant, the
impact of insects on the long-distance transmission of its pollen may be relatively small.
The seeds of C. camphora are taken by various birds in the south, so the gene flow between
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populations is likely to be carried out by long-distance transport of seeds. Hence, the low
level of genetic differentiation between populations can be explained by the long-distance
transmission and transport of pollen or seeds [41]. In addition, considering the riparian
habitat of C. camphora, its seed dispersal is easily affected by the regional water system.
On the other hand, the insect-pollinated plants with dominant outcrossing provide a new
isolation method for the reproductive system, reduce pollen flow between populations,
and thus increase genetic differentiation and erosion among populations [4].

The phylogenetic tree showed our 171 C. camphora trees from 40 populations clustered
into three major groups, indicating an apparent geographical distribution pattern. South-
west China is considered one of the hot spots of species diversity, with rich species diversity,
and is also the origin and differentiation centre of many plants and glacial refuges [2,42].
The western regional populations of the Yunnan–Guizhou Plateau constituted subgroup I,
with the highest genetic diversity, including YB and LZ in Sichuan and DZ in Chongqing.
137 C. camphora trees from the Japanese population and eastern China (excluding only
HNCZ-761) constituted the largest subgroup (Figure 2, Cluster III), with the lowest genetic
diversity. These regional populations in China are in Jiangxi, Anhui, and Hunan Provinces.
Their border areas with neighbouring provinces have the most extensive distribution and
the most extant ancient C. camphora populations in China. The C. camphora population
in central China was clustered into a single subgroup II, with two exceptionals of the
Hubei YC and Hunan SF populations into subgroup III, indicating a certain degree of
gene exchange within eastern China. Similar results were obtained from PCA and popula-
tion structure analysis. Mountains play a crucial role in the extinction and preservation
of subtropical Chinese species and the generation of new species and new population
structures. Due to the geographical isolation caused by mountains, gene exchange across
mountains is hindered, resulting in significant differentiation of genetic structure and
increased genetic diversity [43–46]. It was speculated that the Japanese C. camphora origi-
nated from China [47]. Moreover, according to our study, the C. camphora species formation
was relatively late, approximately in the late Tertiary period (unpublished data). Multiple
transgressions and regressions in the East China Sea in the fourth century affected the
segregation and connection of eastern China, southern Japan, and the Korean Peninsula,
which significantly impacted the genetic structure of plants [48–51]. This genetic exchange
led to the close genetic relationship between the C. camphora populations in eastern China
and Japan.

4.4. Conservation Strategies for C. camphora

In situ conservation is an effective measure to protect wild germplasm resources [52].
The native habitat of C. camphora is widely distributed throughout East Asia and China in
the region with the most abundant wild resources. In recent decades in southern China,
many wild C. camphora has been cut down to extract essential oil by destructive methods,
such as digging trees and grubbing roots. Meanwhile, many ancient C. camphora (defined
as diameter at breast height exceeding 100 cm) were transplanted into the city during
the urban vegetation process. The ageing, physiological function decline, and habitat
deterioration have also aggravated the weakening and death of some ancient C. camphora
trees. Altogether, these factors caused the shrinking of existing wild C. camphora resources.
Gene flow is a crucial factor affecting the genetic diversity and genetic differentiation of
species [53]. The breeders’ exchange of seedlings and seeds has significantly affected gene
flow between C. camphora populations in China and Japan [2]. Transplantation of large and
ancient trees should be avoided to maintain the genetic structure of C. camphora in each
region. At the same time, as an insect-pollinated plant, factors such as genetic erosion and
genetic drift may also affect the level of genetic diversity of the offspring of C. camphora.
There are frequent gene introgressions between C. camphora and other species of the same
genus [9], so ex-situ conservation is another important way to protect wild species. We
should include as many individuals with different haplotypes and evolutionarily significant
units as possible for ex-situ introduction. Attention should also be given to the mutual
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introduction of various populations to increase their gene exchange and diversity, to resist
the negative effects of genetic drift, thereby reducing the risk of genetic diversity reduction
in wild populations.

5. Conclusions

This is the first study to analyze the genetic diversity and genetic structure of C. camphora
in East Asia, including 39 populations in its whole distribution range in China and one
Japanese population, based on the GBS technique. The results showed that the genetic
diversity of the C. camphora populations in China were significantly lower than that of the
Japanese population. The AMOVA, pairwise FST, and Nm analysis indicated that the genetic
differentiation between populations was quite low, as the genetic variation was mainly
within each population. Phylogenetic tree, PCA, and population structure analysis showed
that the 40 populations were clustered into three major groups, i.e., western China, central
China, and eastern China + Japan, showing a clear geographical distribution pattern. The
phylogenetic analysis showed the closest relationship between the populations in eastern
China and Japan. There is significant gene exchange between adjacent regions, and due
to geographical isolation, the gene exchange between Chinese and Japanese populations
is relatively weak. Because the Japanese population sample size in this study was small,
further studies will be needed with increased sample size from the Japanese population,
and populations from Taiwan and Vietnam to further confirm the findings of existing
studies. In any case, this study’s results will help further understand the current status of
genetic diversity and genetic structure of C. camphora in East Asia and provide a theoretical
basis for forming appropriate conservation measures and genetic improvement strategies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12111511/s1, Table S1: Location information of the 171 sampled C. camphora individuals;
Table S2: Sequencing quality of the 171 sampled C. camphora individuals.
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Abstract: In order to protect and utilize the germplasm resource better, it is highly necessary to carry
out a study on the genetic diversity of Camellia chekiangoleosa Hu. However, systematic research
on population genetics analysis of the species is comparatively rare. Herein, 16 highly variable
simple sequence repeat (SSR) markers were used for genetic structure assessment in 12 natural
C. chekiangoleosa populations. The genetic diversity of C. chekiangoleosa was low (h = 0.596), within
which, central populations (such as Damaoshan (DMS), Sanqingshan (SQS), and Gutianshan (GTS)) at
the junction of four main mountain ranges presented high diversity and represented the center of the
C. chekiangoleosa diversity distribution; the Hengshan (HS) population in the west showed the lowest
diversity, and the diversity of the eastern and coastal populations was intermediate. C. chekiangoleosa
exhibited a high level of genetic differentiation, and the variation among populations accounted for
approximately 24% of the total variation. The major reasons for this situation are the small population
scale and bottleneck effects in some populations (HS and Lingshan (LS)), coupled with inbreeding
within the population and low gene flow among populations (Nm = 0.796). To scientifically protect
the genetic diversity of C. chekiangoleosa, in situ conservation measures should be implemented for
high-diversity populations, while low-diversity populations should be restored by reintroduction.

Keywords: Camellia chekiangoleosa; SSR; genetic diversity; genetic differentiation; population
genetic structure

1. Introduction

The genus Camellia L. includes many valuable shrubs, economic trees, and endan-
gered species belonging to the family Theaceae, among which Camellia japonica L. is an
internationally known ornamental flower [1]. In addition, C. oleifera Abel., a species of oil
tea camellia, is considered one of the four major woody oil tree species [2]. Oil tea camellia
generally refers to a tree species in the genus Camellia with a high oil content and high
production and cultivation value [3]. In China, oil tea camellia has a cultivation history of
more than 2300 years, and it has been used as an oil tree species for more than 1000 years [4].
Currently, there are more than 20 species of oil tea camellias that are mainly planted in
China [5]. As the two major oil tea camellia species, C. oleifera and C. chekiangoleosa Hu.
have been usually cultivated in southern China [6]. However, compared with the former,
no varieties or superior clones of C. chekiangoleosa have been developed, and it is urgent to
utilize the germplasm resource of this species [7].
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Camellia chekiangoleosa is a typical diploid oil tea camellia species (2 n = 30). The
species is a relative of C. japonica and C. oleifera with excellent ornamental and oil value
due to its beautiful flower color and excellent oil quality [8,9]. This species has become
an important economic tree in southern China [7]. C. chekiangoleosa is still growing in the
wild, without sufficient studies on related breeding and horticultural culture [8,10]. Early
plant taxonomists believed that C. chekiangoleosa was naturally distributed in the mountains
at an altitude of 600~1400 m (117◦ 34′~120◦14′ E and 28◦08′~29◦13′ N) at the junction of
five provinces (southern Zhejiang, southern Anhui, northeastern Jiangxi, southern Hunan,
and northern Fujian), and its distribution once was narrow but continuous [11]. However,
because of low natural fruit yield and great ornamental value, C. chekiangoleosa are often
felled and transplanted in the natural environment. The large-scale excavation of mountains
for farmland has also seriously damaged the natural habitat of C. chekiangoleosa, resulting in
a sharp reduction in its natural resources. As early as the 1990s, due to the shrinking wild
habitat, the concentrated distribution of C. chekiangoleosa is very rare. Nowadays, it has
been listed as a precious and endangered plant in Zhejiang Province, China, and has been
listed as a key protected plant in Fujian Province, China [12]. Today, the survival situation
of C. chekiangoleosa is even very serious, and it is urgent to protect its natural resources.

The key to protecting biodiversity is to maintain the genetic diversity or evolutionary
potential of species. The genetic variation levels and population genetic structures of
plant populations result from the comprehensive actions of various factors, such as their
evolutionary history, distribution range, life form, breeding mode, and seed dispersion
mechanism, which are closely related to adaptability and evolutionary potential [13]. There-
fore, the assessment of genetic variation levels and spatial structure of plants is the basis
for exploring their adaptability, speciation process, patterns, and evolutionary mechanisms,
and is related to the formulation of strategies and measures for species protection and
population restoration [14,15]. A large amount of evidence shows that the average level of
genetic variation in narrowly distributed species is significantly lower than that in widely
distributed species [16,17]. However, even among narrowly distributed species, diversity
levels and genetic structures are very different [18]. The population genetic structure of
a species is also a product of its long-term evolution, and the population genetic struc-
ture observed in the endemic habitats of many species may reflect distinct events in their
evolutionary history. For example, species with fragmented habitats are more prone to
inbreeding depression and reduced diversity [19]. Therefore, the formulation of species
protection strategies, on the basis of a full understanding of species diversity levels and
population genetic structures, is a reasonable scientific approach. In addition, understand-
ing the population genetic structures of cultivated species and wild relatives can help us to
maintain their genetic integrity and diversity during breeding [20], thus allowing the in-
depth discovery and utilization of various genes and genotype resources in the population
and the prediction and scientific use of the variation of important economic traits.

The genetic diversity of C. chekiangoleosa, based on inter-simple sequence repeat (ISSR)
markers, was carried out [12]. The previous research results are worth referencing; how-
ever, because of the limitations of the applied research methods and sample numbers,
the results are relatively limited. Due to highly polymorphic, reproducible, abundant,
inherited, co-dominant, and distributed genomes, simple sequence repeat (SSR) markers
are very effective molecular markers in population genetics [17]. In recent years, there have
been many research reports on the population genetic structure of species in the genus
Camellia using SSR markers, such as those of C. petelotii (C.W. Chi), C. sinensis (L.) (Kuntze),
C. huana (T.L. Ming and W.J. Zhang), and C. oleifera [21–24]. Therefore, under the premise
of clarifying the resource distribution, the purpose of this study was to use SSR markers
to analyze population genetic structure of C. chekiangoleosa. This approach can provide
a molecular basis for the protection of C. chekiangoleosa natural resources and provide a
technical reference for their rational utilization.
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2. Materials and Methods

2.1. Population Sample Information

Samples were taken from 12 existing natural populations of C. chekiangoleosa within
a certain scale in 4 provinces within the Jiangxi, Zhejiang, Fujian, and Hunan Provinces
(Supplementary Materials Table S1). An appropriate sample size was selected according
to the population size, but at least 30 single plants were sampled in each population; the
distance between individuals was more than 20~30 m; the sampled plants showed normal
growth without diseases or pests. Young tissue samples (young leaves, buds, or flower
buds) were collected and stored via the silica gel drying method. Based on the longitude
and latitude of the sampling points indicated by a GarminGPS60 device (WGS84 coordinate
system), and the sampling map (Figure 1) was drawn by using Global Mapper [25]. The
distribution of the geographic information and sample quantities at each sampling point
(correspondence between population name and code) are also shown in Table S1.

Figure 1. Geographic distribution of the 12 sampled populations of C. chekiangoleosa. The dots
in the figure are the collection points of each test sample. A—Wuyi mountain range population;
B—Donggong mountain range population; C—Xianxia mountain range population; D—Huaiyu
mountain range population.

2.2. Experimental Methods

Total DNA was extracted via the cetyl trimethylammonium bromide (CTAB) method [26],
and a NanoDrop-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA)
was used to detect the concentration of DNA. After electrophoresis in 0.8% agarose gelatin,
the integrity of the purified DNA was determined, and qualified DNA samples were stored
at −20 ◦C.

In this study, 16 pairs of highly polymorphic EST-SSR primers (Supplementary Mate-
rials Table S2) for C. chekiangoleosa were selected out from our previous research [11]. All
primers were synthesized by Shanghai Generay Biotech Co., Ltd. The polymerase chain
reaction (PCR) system had a volume of 10 μL, which included 1 μL of 10 × PCR buffer,
1.5 mM Mg2+, 100 μM dNTPs, upstream and downstream primers at 0.5 μM, 1.25 U of
Taq polymerase (5 U/μL), and 50 ng of DNA. The amplification reaction procedure was as
follows: pre denaturation at 94 ◦C for 5 min; 30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and
72 ◦C for 30 s; a final extension at 72 ◦C for 1 min; then, storage at 8 ◦C. During the test, the
annealing temperature was increased or decreased according to the melting temperature
(Tm) of each primer. The PCR products were uniformly added to 8% polyacrylamide gels,
along with a 50 bp labeled fragment size marker (TIANGEN, Beijing, China); standard
electrophoresis was performed at a 120 V constant voltage for 2 h; the product was detected
by silver staining. Digital photographs were recorded, and Quality One software (Bio–Rad
Laboratories Inc., California, USA) was used to quantitatively analyze the fragment size of
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each detection site according to the standard molecular weight of the 50 bp marker; finally,
the data were finally counted.

2.3. Data Analysis

The electrophoretic bands were read according to codominant markers, and the sizes
of the allele fragments at each point were recorded. The data were imported into Excel
according to the requirements. The polymorphism information content index (PIC) and
linkage disequilibrium were calculated by using PowerMarker 3.25 (bioinformatics research
center; North Carolina State University, Raleigh, NC, USA) [27], and Bonferroni correction
was performed to adjust the P value. Popgene 1.32 software [28] was used to calculate
the following: number of observed alleles (Na); number of effective alleles (Ne); Nei’s
gene diversity (h); the Shannon diversity index (I); observed heterozygosity (Ho); expected
heterozygosity (He); the inbreeding index (F). The genetic differentiation index (GST, based
on He; FST, based on an infinite allele model, IAM; RST, based on a stepwise mutation
model—SMM), gene flow (Nm = (1−FST)/4FST), and allele richness (AR) were calculated
across all populations at each locus and over all loci using FSTAT 2.9.3 [29].

The genotype data format was transformed by using Genelex 6.4 [30]; an analysis
of molecular variance (AMOVA) was carried out for the sources of different levels of
genetic variation within and among populations using Arlequin 3.5 [31]. The results of
the analysis of the genetic relationships between populations were displayed by factorial
correspondence analysis (FCA) with the analysis software Genetix 4.05 (CNRSUMR 5000;
Universite Montpellier II, Montpellier, France) [32]. The isolation by distance pattern
(IBD) was detected by Mantel tests with 1000 permutations based on matrices of pairwise
genetic differentiation (Multilocus estimates of genetic differentiation, Fst, expressed as
Fst/(1−Fst)), and geographic distance among populations were performed in NTSYS
2.10e [33–35]. STRUCTURE 2.3.1 software [36] was used to infer the population genetic
structure with the allelic model. Moreover, the number of distinguishable groups was
initially set between k = 1 and k = 15, and the false positioning points were independent. The
length of the burn-in period at the beginning of the Markov chain Monte Carlo simulation
algorithm (MCMC) was set to 50,000 times, and the MCMC after non-counting iteration
was then set to 50000 times for the estimation of the α value to determine whether a separate
population existed (α ≤ 0.2 was the standard for the classification of the test samples). A
suitable value of was selected according to the size of ΔK. ΔK is the difference in LnP(D)
based on adjacent K values. Finally, Bottleneck 1.2 software [37] was used to determine
whether each group had experienced a bottleneck effect in its recent history. A two-phase
mutation model (TPM) and a stepwise mutation model (SMM) were used for Wilcoxon
signed rank tests. The parameter settings included a 90% SMM and 10% TPM with 12%
variation in TPMs and 1000 repeats.

3. Results

3.1. Genetic Diversity

Using 16 pairs of primers to detect 528 individuals in 12 geographical populations
of C. chekiangoleosa (Table 1), a total of 74 alleles were obtained. The amplified alleles of a
single primer ranged from 3 to 7. The average and effective allele values were 4.625 and
2.682, respectively. The highest amplified effective allele value obtained was for CC_eSSR03
(3.311), and the lowest obtained was for CC_eSSR16 (1.545). The average PIC value of the
16 loci was 0.616, reflecting a high polymorphism level, among which CC_eSSR16 showed
the lowest PIC (0.352), and CC_eSSR03 showed the highest (0.698). These results were
consistent with the effective equivalent gene comparison result, and the average h at the
species level reached 0.596.
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Table 1. Information on the polymorphism of 16 microsatellite loci amplified in C. chekiangoleosa.

Locus Na Ne PIC h GST RST FST Nm

CC_eSSR03 5 3.311 0.698 0.695 0.288 0.532 0.295 0.597
CC_eSSR15 5 1.985 0.496 0.468 0.213 0.086 0.215 0.913
CC_eSSR16 5 1.545 0.352 0.329 0.255 0.340 0.264 0.697
CC_eSSR29 4 2.641 0.621 0.625 0.352 0.486 0.372 0.422
CC_eSSR37 4 3.236 0.691 0.690 0.266 0.229 0.254 0.734
CC_eSSR41 4 2.643 0.622 0.623 0.181 0.316 0.189 1.073
CC_eSSR48 4 1.933 0.483 0.460 0.195 0.143 0.201 0.994
CC_eSSR49 5 2.560 0.609 0.589 0.183 0.260 0.188 1.080
CC_eSSR55 4 2.534 0.605 0.618 0.358 0.358 0.347 0.470
CC_eSSR83 3 2.283 0.562 0.562 0.169 0.140 0.171 1.212
CC_eSSR85 4 2.834 0.647 0.646 0.194 0.148 0.203 0.982
CC_eSSR87 5 3.057 0.673 0.660 0.371 0.447 0.376 0.415
CC_eSSR89 4 2.776 0.640 0.641 0.210 0.122 0.215 0.913
CC_eSSR92 5 2.421 0.595 0.569 0.195 0.157 0.206 0.964
CC_eSSR95 7 3.090 0.806 0.668 0.240 0.169 0.249 0.754

CC_eSSR101 6 4.056 0.761 0.699 0.067 0.113 0.071 3.271
Mean 4.625 2.682 0.616 0.596 0.234 0.253 0.239 0.796

Na—observed number of alleles; Ne—effective number of alleles; h—Nei’s diversity index; PIC—polymorphism
information content; I—Shannon’s information index; GST—genetic differentiation index based on Nei’s diversity;
FST—genetic differentiation index based on IAM; RST—genetic differentiation index based on SMM.

The results of the genetic diversity analysis of each geographical population of C.
chekiangoleosa are shown in Table 2. Overall, the genetic diversity levels of different geo-
graphical populations of C. chekiangoleosa were quite different. AR ranged from 1.625 (HS)
to 3.982 (GTS), with an average of 3.098, and the average He was 0.458. The SQS population
presented the highest level of genetic diversity and the highest value of He, at 0.575. The
lowest He value was found in the HS group, at 0.160. The 12 populations were ranked from
high to low, according to the values He, as follows: SQS > DMS > GTS > LS/RLX > WYS >
XP > tr > JRS > WYL > FA > HS. The diversity of LS and RLX was similar. The diversity
parameter I ranged from 0.290 to 1.029 in the populations, with an average of 0.787. Both
He and I show that the diversity of each population was maintained at an intermediate
level. The results for the 12 populations sorted according to He and I were different, but the
highest values appeared among DMS, SQS, and GTS, and the lowest values were obtained
in the HS population, which also showed the lowest percentage of polymorphic loci among
the 12 populations (43.75%). The above results indicate the reliability of genetic diversity
evaluation.

The fixed index (F), also known as the inbreeding coefficient, can reflect the gene flow
and inbreeding of the population. The F value of the natural C. chekiangoleosa population in
this study was greater than 0, and the F value of the HS population was 0.087, which was
the closest value to 0. The fixed indexes (F) of the RLX population and WYL population
were relatively large, at 0.345 and 0.360, respectively, but those of the other populations
were lower; the average F was 0.205, which generally indicated that the population deviated
from the Hardy–Weinberg equilibrium, as reflected in the excess of homozygotes (Table 2).
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Table 2. Genotypic variation and heterozygosity statistics of 16 loci of C. chekiangoleosa.

Pop Sample
Size

Allelic
Richness

Ho b He b I F
Bottleneck Test r

TPM SMM

GTS 50 3.829 0.439 0.566 1.009 0.216 * 0.39098 0.86026
HS 36 1.625 0.160 0.177 0.290 0.087 0.03906 � 0.07813

WYS 50 3.245 0.369 0.509 0.873 0.268 * 0.10458 0.21143
SQS 50 3.694 0.478 0.575 1.005 0.162 * 0.17535 0.40375
LS 48 3.224 0.458 0.539 0.912 0.140 * 0.02139 � 0.03864 �
JRS 48 2.589 0.309 0.412 0.667 0.242 * 0.07300 0.12054
ZR 30 2.688 0.360 0.418 0.673 0.124 0.34839 0.40375
FA 32 2.793 0.285 0.357 0.606 0.188 * 0.33026 0.15143

WYL 40 2.961 0.258 0.408 0.705 0.360 * 0.85522 0.54163
RLX 48 3.508 0.349 0.539 0.936 0.345 * 0.32251 0.97995
XP 48 3.040 0.372 0.425 0.739 0.114 0.80396 0.59949

DMS 48 3.982 0.444 0.569 1.029 0.211 * 0.93988 0.63217
Mean 44 3.098 0.357 0.458 0.787 0.205

Na—number of alleles; AR—allelic richness; Ho—observed heterozygosity; He—expected heterozygosity; F—
inbreeding coefficient; TPM—a two-phase mutation model; SMM—stepwise mutation model; b—heterozygosity
at the population level; *—significant deviation from the Hardy–Weinberg equilibrium; �—significant deviation
from Wilcoxon signed rank tests (p < 0.05).

3.2. Genetic Differentiation

The level of population genetic differentiation was analyzed based on Nei’s genetic
diversity, IAM, and SMM. The statistics showed that the average GST, FST, and RST were
0.234, 0.239, and 0.253, respectively. It indicated that there was a high level of genetic
differentiation among the C. chekiangoleosa populations (Table 1). Additionally, the AMOVA
of the components within and among populations performed with Arlequin 3.5 software
also showed that there was significant genetic variation (p < 0.001), where 24.15% of the
genetic variation existed among populations, while 75.85% of the genetic variation occurred
within populations (Table 3). In addition, the gene flow (Nm), estimated based on FST, was
consistent with that estimated based on GST (Table 1; Supplementary Materials Table S3),
with values of 0.796 and 0.731, respectively, representing the numbers of individuals
that entered or exited a population in each generation among all populations studied.
The measured values showed that the gene flow among populations was low, indicating
relatively little exchange of genetic information among populations. The pairwise FST
values between populations are shown in Supplementary Materials Table S4. The genetic
differentiation between the SQS and DMS populations was lowest, at only 0.0901. The close
geographical distances of the populations and their altitude may be the reasons for this
phenomenon.

Table 3. Analysis of molecular variance (AMOVA) within and among populations.

Source of
Variation

d.f.
Sum of
Squares

Variance
Components

Percentage
Variation

Probability

Among populations 11 1191.53 1.191 24.15 <0.001
Within populations 1044 3906.02 3.741 75.85 <0.001

Total 1055 5097.55 4.932

In this study, the TPM model and the SMM model of the Wilcoxon signed rank test [37]
were used to analyze the bottleneck effect. According to the data (see Table 2), with the
exception of the HS and LS groups, which recently experienced bottleneck effects (p < 0.05),
no other groups experienced bottleneck effects.

According to 3D graphics of factorial correspondence analysis, the 12 populations
were divided into 3 groups: Group I, Group II, and Group III. Group I was the western
cluster, and only contained HS groups; Group II was a central cluster with DMS at its
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core, which was distributed on the ridge connecting the Huaiyu Mountain Range to Wuyi
Mountain Range in the south, and included the LS, GTS, SQS, DMS, RLX, WYS, and LRS
populations; Group III was an eastern coastal cluster with WYL at its core, including the
WYL, ZR, FA, and XP populations (Figure 2). There were certain genetic differences among
the groups, especially between the HS population and the other populations.

Figure 2. Factorial correspondence analysis of the C. chekiangoleosa population. Axes 1, 2, and 3
explain 22.56, 16.96, and 12.54% of the genetic variation, respectively.

In addition, the correlation analysis between genetic differentiation (FST/1 − FST)
and spatial geographical distance was conducted (Supplementary Materials Table S3) to
check whether isolation by distance (IBD) existed. The correlation analysis showed that the
correlation between the 2 groups was very significant (r = 0.763, p < 0.001), indicating that
geographical isolation is the main cause of genetic differentiation (Figure 3).

Figure 3. Matrix plot of the Mantel test of genetic differentiation and geographic distance.
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3.3. Genetic Structure

The genetic structure of the 12 studied populations was inferred using the STRUC-
TURE software. The most probable division with the highest ΔK value was detected at
K = 10 (Supplementary Materials, Figure S1a,b). Figure 4 showed the genetic structure of
the 12 C. chekiangoleosa populations, simulated based on the mathematical model. Each
color represents a genetic cluster, and the colored segments show the individual’s estimated
ancestry proportion to each of the genetic clusters. The 12 populations were clustered
into 10 clusters. The DMS population presented the most gene introgression from the
GTS, WYS, SQS, LS, and XP populations. The GTS population presented the most gene
introgression from the WYS population and LS population. However, the ZR, FA, and WYL
populations were mixed, and the degree of differentiation between these populations was
extremely weak. Genes from the XP and LS populations mainly infiltrated the mixed group
composed of the last three populations. In the SQS, LS, and XP populations, there were
also some individuals with similar genetic backgrounds to the GTS population, and the HS
population was the most independent.

Figure 4. Population genetic structure based on the Bayesian clustering model among 528 samples of
C. chekaingoleosa at K = 10. Each color represents a genetic cluster.

4. Discussion

4.1. Evaluation of Genetic Diversity in Camellia chekiangoleosa

Previous research has shown that the geographical distribution range of a species
often presents a strong correlation with its genetic diversity [23]. Especially, compared with
widely distributed plant species, species with narrow geographical ranges or endangered
species theoretically show lower genetic diversity [38]. In this study, C. chekiangoleosa
showed low genetic diversity (h = 0.596) at the species level, that was higher than the
average He (when the calculation was based only on polymorphism and double allele loci,
this parameter was equivalent to Nei’s genetic diversity h) of endangered species (0.420)
but lower than that of widely distributed species (0.620) [17]. The results are consistent
with previous studies. The diversity level according to similar markers was even lower
than that in other widely distributed related species. A total of 96 pairs of EST-SSR primers
were used to evaluate the genetic diversity of C. sinensis in the main production areas of
China, and the value of h reached 0.64 [39]. When 4 pairs of SSR molecular markers were
used to evaluate the genetic diversity of the ancient C. japonica population, the He value
reached 0.84 [40], which was higher than the genetic diversity of the wild populations of
C. chekiangoleosa. Meanwhile, the assessment of population genetic diversity can reveal
the species adaptability to the different environment [41]. Among the C. chekiangoleosa
populations, the SQS, DMS, LS, and GTS populations, with high genetic diversity, are
concentrated in the area linking the Wuyi Mountain Range population and the Huaiyu
Mountain Range population in the north, which we believe is suitable establish areas for
C. chekiangoleosa. In addition, because of the barrier imposed by the Heng Mountains, the
diversity of the HS population in the west was lowest under the pressure accumulation of
environmental selection.

It is helpful to analyze the reasons for the low genetic diversity of C. chekiangoleosa
especially when compared with related species. In the genus Camellia, some endangered tree
species with narrow distributions also show low genetic diversity [42]. When researchers
evaluated the diversity of 12 wild populations of the narrowly distributed tree species
C. huana with chloroplast fragments and 12 pairs of SSR primers, the obtained He, based on
SSRs, was 0.466 [22]. Chen analyzed the genetic diversity of 7 populations of 3 endangered
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Camellia species (C. chrysanthoides (H.T. Chang), C. micrantha (S. Yun Liang and Y.C. Zhong),
C. parvipetala (J.Y. Liang and Z.M. Su)) based on SSRs, and the calculated He values were
0.379~0.543 [43]. Li and Lu carried out genetic diversity studies on the endangered tree
species C. petelotii and its variant C. petelotii var. microcarpa (S.L. Mo) (T.L. Ming and
W.J. Zhang), and the obtained He values based on SSR markers were 0.546 and 0.533,
respectively [20,44]. The genetic diversity of the above related species was thus shown to
be similar or slightly higher than that recorded in our study. This is related to the fact that
most populations of C. chekiangoleosa are not only affected by land loss but are also seriously
disturbed by human beings. In addition, certain inbreeding phenomena were identified
in each population, and the F values of the WYL and RLX populations reached 0.36 and
0.345, indicating that excess homozygosity is one of the internal reasons for the reduction
in genetic diversity [45]. Some individual populations, such as the HS population, have
experienced bottleneck effects and genetic drift, resulting in the loss of genetic diversity.

4.2. Population Genetic Structure Analysis Reveals Significant Differentiation of Populations

Compared with the genetic differentiation coefficients of 106 plant species based on
SSR molecular markers [17], the genetic differentiation level of C. chekiangoleosa populations
(FST = 0.239) was close to the average level of narrowly distributed species (FST = 0.23), but
lower than widely distributed species (FST = 0.25). Therefore, C. chekiangoleosa presents a
high differentiation level as a narrowly distributed species. AMOVA showed that 24.15%
of the observed variation occurred among the populations of C. chekiangoleosa, which
was similar to findings in the related species C. huana with a narrow distribution [23].
The result also reflected the fact that the population variation of C. chekiangoleosa was
mainly attributed to the variation between individuals within the population. Moreover,
our results (GST = 0.234) are lower than previous studies on the genetic differentiation of
C. chekiangoleosa (GST = 0.3758) [12], which may be caused by different markers, and the
population chosen in our study had higher coverage density.

Natural selection is the most important evolutionary driving force leading to popula-
tion differentiation, while gene flow is an important factor hindering population differenti-
ation [46]. In addition to the distribution characteristics mentioned above, the diffusion
mechanism of plant pollen and seeds also impacts the average gene flow between popula-
tions [47]. The seeds of C. chekiangoleosa exhibit similar large and heavy traits to C. japonica
and C. flavida (H.T. Chang), which are mainly transmitted by gravity [40,48]. C. chekian-
goleosa is mainly distributed in high mountains at altitudes of 600~1400 m and is pollinated
by insects. Therefore, mountains hinder the diffusion of seeds and pollen to a certain
extent, thus limiting the spread of seeds and pollen [49]. The FST-based gene flow value
(Nm) of C. chekiangoleosa was only 0.796, which is in line with the above statement. Slatkin
concluded that, if the Nm of migrating individuals per generation is less than 1, genetic
drift will become the dominant factor dividing the genetic structure of a population [50,51].
In this study, there was a significant positive correlation between spatial distance and
genetic differentiation that reflected a significant geographical isolation effect among the
populations of C. chekiangoleosa, which was consistent with the division of population
genetic structure caused by lower gene flow [51].

The small-scale distribution of genetic variation within populations, and the large-
scale spatial distribution among populations, are two of the important characteristics of
population genetic structure [41]. This study showed that 12 geographical populations
of C. chekiangoleosa were divided into 10 groups, and there was gene infiltration among
the 10 groups, which also reflected the continuity of the population historical distribution
of C. chekiangoleosa. The HS population was independent of several other populations,
and the genotypes within individuals of this population were relatively distinct due to
genetic drift. In addition, HS was located far from other populations, so it can be expected
that further genetic drift will be revealed in this population. From the perspective of gene
diversity and the Shannon index, it is found that the DMS population showed a relatively
high level of diversity. The reason may be that the frequent activities of insects lead to
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the intensification of gene interaction in the low altitude environment with high average
temperature. In addition, the combination of the FA, ZR, and WYL populations may have
been related to the fact that they were all located in the Donggong mountain range, and
these individuals may have come from the same or similar ancestors. In summary, we
infer that C. chekiangoleosa populations can be basically divided into 3 distribution clusters
according to the division of mountain ranges: a central cluster, with DMS as the center,
which was distributed on the ridge connected with 4 mountain ranges (Figure 1A–D); an
eastern coastal cluster with WYL as the center; a western cluster with HS as the center.

4.3. Conservation of Camellia chekiangoleosa Genetic Resources

In summary, this study indicates that the fundamental reason for the endangered
status of C. chekiangoleosa is the restriction of gene flow among its populations, resulting
in a reduction in genetic diversity and an inability to maintain the ability to adapt to the
changing environment [52]. First, similar to other Camellia species, the pollen transmission
mode of C. chekiangoleosa depends mainly on insects, while its seeds are mainly transmitted
by gravity and animals, which are affected by mountain isolation [48]. Additionally, human
activities have exacerbated the fragmentation of the natural habitat of C. chekiangoleosa,
which is bound to further reduce the pollen flow between groups. In addition, according
to the research of Yang [53], the pollen of C. chekiangoleosa shows a short survival time
and a long pollen tube germination time, which is likely to result in abortion if flowers
are not pollinated in a timely manner. According to our field investigation, due to the
low average temperature in high-altitude mountainous areas, the flowering period of C.
chekiangoleosa is long, from November to March of the next year. However, the flowering
branches growing on the sunny side of the outer layer of the canopy bloom earlier and
often bloom in the inner layer of the canopy, while the flowers in the outer layer are
overmature. Therefore, the asynchronous flowering periods within a given stand affect
the fruit setting of C. chekiangoleosa, imposing high environmental selection pressure on
the existing population. If the protection of the species is not strengthened, its genetic
differentiation will further increase, and the selfing rate of the remaining population and
the probability of genetic drift will also increase, which will continue to reduce genetic
diversity.

According to the results of the genetic diversity assessment and the genetic structure
analysis, priority should be given to the local protection of populations with high diver-
sity, such as the DMS, SQS, LS, and GTS populations. Protected areas or stations can be
established to strengthen management and eliminate logging and damage. Second, the
habitats suitable for the growth and population reproduction of C. chekiangoleosa should be
restored with the aim of increasing the heterogeneity and stability of the habitat, which is
particularly important for small populations. For populations with low genetic diversity
(HS, FA), seeds should be collected within the population (or the most genetically similar
population) whenever possible, and artificial seedling cultivation should be carried out ac-
cording to the biological characteristics of the plants. These plants can then be reintroduced
to the original habitat so that the population can slowly recover and grow—on the basis of
preserving the original genotype.

5. Conclusions

In our research, natural populations of C. chekiangoleosa, covering the main distributed
range, were used to study genetic diversity and differentiation. C. chekiangoleosa, as an en-
demic species with narrow distribution, has low genetic diversity, but its central population
still has relatively high genetic diversity. In addition, the level of genetic differentiation
among populations is high, and the genetic structure analysis also found that Hengshan
population, central populations, and eastern populations can be divided into independent
groups, indicating that the isolation of mountains may be the main reason for the forma-
tion of genetic differentiation. Therefore, considering the genetic diversity difference and
significant differentiation of C. chekiangoleosa population, appropriate diversity protection
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strategies should be adopted according to the genetic diversity level and geographical
distribution of different populations.

Supplementary Materials: The following supporting information can be downloaded at: https:
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data sources information for 16 EST-SSR loci, Table S3: Genetic differentiation in C. chekiangoleosa
populations by Ney’s, Table S4: Pair-wise FST value and spatial distance matrix of C. chekiangoleosa,
Figure S1: (a) The mean log-likelihood value of the data was based on ten repetitions for each K value,
(b) The delta K value was changed with each K value.
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Abstract: Triadica sebifera (Linnaeus) Small is a tree species native to China. The seeds of T. sebifera
are rich in oil and are widely used in industrial fields. To explore the genetic diversity and genetic
differentiation of T. sebifera germplasm resources, 10 pairs of microsatellite markers were applied to
203 samples collected from eight populations. Forty-three alleles were detected. The average expected
heterozygosity (He = 0.491) revealed a low level of genetic diversity. The genetic differentiation
among T. sebifera populations was low (Fst = 0.026), which might be related to high gene flow
(average Nm = 11.151). Genetic distance and structure results further confirmed that the genetic
compositions of the eight populations were quite similar. One of the possible reasons for this
phenomenon is that the early introduction and cultivation of T. sebifera were common, so gene
exchange was frequent among populations. However, UPGMA clustering results indicated that the
eight T. sebifera populations could still be divided into three categories. The classification was related
to their geographical location: the southwestern group (ZY), central group (HG and XY) and eastern
group (LS, HS, LX, XZ and LY). The reason for this differentiation might be severe deforestation
following the decline in T. sebifera economic status. In addition, the central XY population had the
largest number of rare alleles (4). In conclusion, although T. sebifera germplasm resources had a
low level of genetic diversity, several rare alleles were detected in the central populations, which
are valuable for breeding. These resources should be conserved to maintain genetic diversity in
the T. sebifera populations. Moreover, geographical distances were important reasons for the limited
genetic variations among the populations.

Keywords: Triadica sebifera (Linnaeus) Small; genetic diversity; rare allele; germplasm resource
conservation

1. Introduction

Triadica sebifera (Linnaeus) Small is a tree species native to China that belongs to the
genus Sapium (Triadica) in the family Euphorbiaceae. It is mainly distributed in Jiangsu,
Zhejiang, Fujian, Henan and other provinces (regions) [1]. The seeds of T. sebifera are rich
in oil and have been widely used in soap, paint and other industrial products, making it
an ideal tree species for oil production [2]. However, the demand for T. sebifera gradually
decreased due to the impact of imported oil. Therefore, many T. sebifera trees have been cut
down, which has resulted in a sharp decrease in the germplasm resources of this species [3].
Recently, T. sebifera has been planted widely in gardens because of its high ornamental
value. The success of T. sebifera breeding depends on the available germplasm resources.
It is necessary to extensively collect T. sebifera germplasm resources and analyse their
distribution patterns and genetic differentiation levels to protect and utilize them more
scientifically and rationally.

At present, research on T. sebifera is mainly focused on phylogenetic analysis, chemical
composition, biological activity and other economic traits [4–7]. However, there have been
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few studies on its germplasm resources and genetic diversity, with the exception of studies
on the screening of elite clones, introduction tests, etc. [8–10]. Although there have been
studies on the genetic diversity of T. sebifera, most of them used intersimple sequence repeat
(ISSR) markers [11,12], which are dominant markers and cannot distinguish heterozygotes.
This approach is not conducive to the genetic evaluation of T. sebifera germplasm resources
because of the limited information provided. In contrast, simple sequence repeat (SSR)
markers have the advantages of large numbers, a wide distribution, and codominance. They
have been widely used to study the genetic aspects of many woody plants, such as poplar,
bamboo, and Eucalyptus robusta Smith [13–15]. When molecular markers are used for genetic
analysis, more widely collected samples can reveal genetic differentiation and genetic
diversity more comprehensively and accurately. Dewalt et al. [16] performed research on T.
sebifera populations using SSR markers, but the number of samples was small, making it
difficult to obtain comprehensive genetic characteristics of the T. sebifera populations.

Because of these research limitations, many questions remain, such as the following:
What are the levels of genetic diversity and genetic structure in existing T. sebifera forests?
How can the existing T. sebifera forest resources be protected? With these perspectives
in mind, 10 pairs of SSR markers were used to explore the genetic variation of eight
T. sebifera populations in the distribution area. The aim was not only to comprehensively
explore the existing genetic resources of T. sebifera populations from a population genetics
perspective, including aspects of genetic diversity and genetic structure, but also to explore
the characteristics and origin of the differentiation of T. sebifera populations. This study
is expected to provide a more reliable basis for formulating protection and utilization
measures for T. sebifera.

2. Materials and Methods

2.1. Sample Information

Germplasm resources were collected in the main distribution areas of T. sebifera, cov-
ering seven provinces, namely, Guizhou, Zhejiang, Anhui, Hubei, Henan, Jiangsu and
Shandong (Figure 1). Two-year-old branches were collected from different geographi-
cal regions, and the sample information for each population was recorded. A total of
203 samples from eight populations were ultimately collected, with 19 to 34 samples from
each population. The samples were preserved by grafting in the T. sebifera Germplasm
Resource Garden, which is located at the Zhejiang Academy of Forestry Sciences (30◦13′09′ ′
N, 120◦01′44′ ′ E). The information for each population is provided in Figure 1 and Table 1.
Young leaves were collected and stored at −80 ◦C for later use.

Table 1. The origins of the eight T. sebifera (Linnaeus) populations.

Population
Code

Location Longitude (E) Latitude (N)
Altitude
(m a.s.l.)

Annual
Rainfall

(mm)
N

ZY Zunyi, Guizhou 27◦41′57′ ′ 106◦54′41′ ′ 209 1200 19
HG Huanggang, Hubei 31◦26′38′ ′ 114◦24′06′ ′ 124 1400 24
XY Xinyang, Henan 31◦39′35′ ′ 115◦23′35′ ′ 229 1200 28
HS Huangshan, Anhui 30◦01′16′ ′ 118◦0′7′ ′ 224 2395 27
LY Linyi, Shandong 35◦15′40′ ′ 117◦58′19′ ′ 174 840 20
XZ Xuzhou, Jiangsu 34◦16′37′ ′ 118◦26′41′ ′ 198 876 34
LX Lanxi, Zhejiang 29◦19′19′ ′ 119◦41′56′ ′ 98 1158 28
LS Lishui, Zhejiang 28◦41′18′ ′ 119◦17′08′ ′ 326 1350 23

Total 203
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Figure 1. Geographical distribution map of the eight T. sebifera (Linnaeus) populations.

2.2. Experimental Method

The cetyl trimethyl ammonium bromide (CTAB) method was used to extract total
genomic DNA [17]. A total of 120 pairs of SSR primers were designed by our team based
on transcriptome sequences, and 10 of them were selected for this study. The primer
information is shown in Table 2.

Table 2. Information on the 10 SSR loci.

Locus Code Repeat Motif Primer Sequence (5′~3′) Fragment Size (bp) TM (◦C)

E-SSR25 (AAG)10
AGGTTGACGACTTCTGTGTT

351 53 ◦CAGTTAGCCTGACCATTTCTC

E-SSR29 (CT)11
ACCTTGCGAATGTTTATCC

339 50 ◦CGGGGAAAAACAGATGGAAT

E-SSR52 (AG)12
CTTTTACCTTTGATGTCGG

491 53 ◦CGTTTCGGCAATTTCTCTGT

E-SSR53 (AG)10
AAACAAGTGAAGTGCCCAT

380 51 ◦CTTAGCCCAGCCCATTATTA

E-SSR55 (TCT)10
GCGTACCTTCTTCAATGCTC

428 53 ◦CTTCAACTTCTCTTTCCGTCA

E-SSR58 (AGA)11
TCCACCTAGCGAAGTTTTG

295 52 ◦CTTGATTCCTCCCCTTGTTT

E-SSR61 (AAG)12
GGTTTCTTTTGCTCTCTTC

279 50 ◦CCCGGTTACTGCATTTCATA

E-SSR85 (CT)10
TTGCTCTTGGGACCTATTA

290 50 ◦CTTCTTCCCTTGTGAGTTGT

E-SSR103 (TC)10
CTACCCAATCACCTCTTTC

287 50 ◦CTTCTTCTCTGTTCTGGCTC

E-SSR106 (AGG)10
TCCCAGTTGACTGACGAACA

197 55 ◦CCGAGGGTGAGGTCAGAGAAG
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Polymerase chain reactions (PCRs) were performed using the GeneAmp PCR System
9700 (Applied Biosystems Inc., Carlsbad, CA, USA) after the upstream sequence of the
SSR primer was fluorescently labelled with FAM. The total PCR volume was 20 μL, which
included 60 ng of genomic DNA, 10 μL of 2× TSINGKE Master Mix, and 1.5 μL (10 μmol/L)
of EST-SSR forward primer and reverse primer. Finally, ddH2O was added to reach a total
volume of 20 μL. PCR products were separated on an ABI 3730xl instrument for short
tandem repeat (STR) typing. The typing results were read by Peak Scanner version 1.0
software (Applied Biosystems, Foster City, CA, USA) [18].

2.3. Data Analysis

POPGENE version 1.32 software (University of Alberta, Edmonton, Canada) was used
to calculate population genetic parameters, such as Shanno’s information index (I), the
average number of observed alleles (Na), the effective number of alleles (Ne), expected
heterozygosity (He), and the genetic differentiation coefficient (Fst) [19].

PowerMarker version 3.25 software (North Carolina State University, Raleigh, NC,
USA) [20] was used to calculate the polymorphism information content (PIC) and link-
age disequilibrium. Allelic richness (AR) was analysed by FSTAT version 2.9.3 software
(University of Lausanne, Lausanne, Switzerland) [21]. GenAlEx version 6 software (Rut-
gers University, New Brunswick, NJ, USA) was used for analysis of molecular variance
(AMOVA) and principal coordinate analysis (PCoA) [22].

Population genetic structure was analysed by Structure version 2.3.4 software (Stan-
ford University, San Francisco, USA) [23]. For clustering from K = 1 to K = 9 (number of
populations + 1), the Markov chain Monte Carlo simulation (MCMC) algorithm [24] was
applied under admixed ancestry and an allele frequency model. The Evanno method was
used to determine the optimal K value as implemented in STRUCTURE HARVESTER [25].
CLUMPP version 1.1.2 (Stanford University, Stanford, CA, USA) and DISTRUCT version
1.1 (Stanford University, San Francisco, USA) [26,27] were used to plot the results. The
unweighted pair group method with arithmetic mean (UPGMA) cluster diagram and
Mantel test were completed using NTSYS version 2.10 software (State University of New
York, NY, USA) [28].

3. Results

3.1. Genetic Diversity

Ten pairs of SSR primers were applied to PCR amplification of 203 samples from
eight populations. The STR typing results are shown in Figure 2. A total of 43 alleles
were detected, with an average of 4.3 alleles (and range of 3 to 5) per SSR locus (Table 3).
Overall, the 203 T. sebifera samples showed a moderate level of genetic diversity. The
average Ne, He and I of each locus were 2.034, 0.491, and 0.854, respectively. Among the
10 SSR loci, E-SSR58 had the lowest polymorphism level. Its Ne, He, I and PIC were the
smallest, at 1.410, 0.292, 0.598, and 0.269, respectively. In contrast, E-SSR85 had the highest
polymorphism level. Its Ne, He, I and PIC were the highest, at 2.899, 0.657, 1.214, and 0.614,
respectively. The level of polymorphism shown by E-SSR85 was the highest, followed by
that of E-SSR25. In addition, except for the E-SSR58 locus, all the loci significantly deviated
from Hardy–Weinberg equilibrium (p < 0.05).

The genetic diversity levels of the eight T. sebifera populations were not significantly
different (average He = 0.486) (Table 4). The XZ population had the most genetic diversity,
with the largest effective allele number (Ne = 2.079) and the highest degree of genetic
diversity (AR = 3.185) and expected heterozygosity (He = 0.503), followed by the XY
population. In contrast, the LS population had the lowest level of genetic diversity, with
the lowest Na (1.908) and He (0.466). The average inbreeding coefficient (F) was −0.203
among the eight T. sebifera populations. All populations showed F < 0, indicating excess
heterozygotes and insufficient homozygotes.
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Figure 2. Amplification map of the SSR marker E-SSR58.

Table 3. Polymorphism information of the 10 SSR loci.

Locus Na Ne He I PIC Fst Nm HWE

E-SSR25 5 2.411 0.587 1.043 0.520 0.042 5.706 **
E-SSR29 5 1.662 0.399 0.730 0.329 0.037 6.484 *
E-SSR52 3 2.084 0.521 0.797 0.408 0.017 14.091 **
E-SSR53 5 1.929 0.483 0.861 0.427 0.014 18.192 **
E-SSR55 4 2.208 0.5 48 0.891 0.446 0.024 10.312 **
E-SSR58 4 1.410 0.292 0.598 0.269 0.038 6.389
E-SSR61 4 1.685 0.408 0.762 0.370 0.022 10.910 **
E-SSR85 5 2.899 0.657 1.214 0.614 0.039 6.239 **

E-SSR103 3 1.930 0.483 0.798 0.443 0.019 13.279 **
E-SSR106 5 2.124 0.531 0.846 0.417 0.012 19.911 **

Mean 4.3 2.034 0.491 0.854 0.424 0.026 11.151

Na—Observed number of alleles, Ne—Effective number of alleles, He—Expected heterozygosity, PIC—
Polymorphism information content, Fst—Genetic differentiation index, Nm—Gene flow, I—Shannon’s information
index, HWE—Hardy–Weinberg Equilibrium, *: Significant (p < 0.05), **: Extremely significant (p < 0.01).

Table 4. Information on genetic diversity in the eight populations based on 10 SSR loci.

Population
Code

Na Ne AR Ho He F

ZY 2.9 2.047 2.890 0.563 0.492 −0.146
HG 3.3 1.974 3.293 0.613 0.497 −0.233
XY 3.5 2.021 3.245 0.554 0.498 −0.113
HS 3.3 1.990 3.192 0.556 0.480 −0.157
LY 3.2 1.989 3.415 0.595 0.485 −0.228
XZ 3.4 2.079 3.185 0.641 0.503 −0.276
LX 3.3 1.969 3.125 0.596 0.471 −0.265
LS 3.0 1.908 3.295 0.565 0.466 −0.212

Mean 3.24 1.997 3.205 0.585 0.486 −0.203
AR—Allelic richness, Ho—Observed heterozygosity, F—Inbreeding coefficient.
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3.2. Genetic Differentiation and Genetic Structure

The genetic differentiation coefficient (Fst) of the eight T. sebifera populations was
0.026, indicating low genetic differentiation among them (Table 3). The results of AMOVA
further revealed different levels of genetic variation between regions and populations.
However, the variation was mainly concentrated within the populations, reaching an
extremely significant level (p < 0.01, Table 5). Four percent of the genetic variation occurred
among regions (southwest and mideast, p = 0.001). One percent of the total variation
occurred among populations within regions, and 95% of the genetic variation occurred
within populations (p = 0.001).

Table 5. AMOVA of 203 samples from eight T. sebifera populations.

Source of Variance Variance Component Percentage of Total p Value

Among regions 0.155 4% **
Among populations within

regions 0.038 1%

Within populations 3.823 95% **
Total 4.016 100%

**: Extremely significant (p < 0.01).

The common ancestor relationship of T. sebifera populations was analysed for further
research on population genetic structure. According to the maximum ΔK value, the optimal
K was 3 (Figure 3A). When K = 3, the genetic information divided the T. sebifera populations
into three different ancestral populations (Figure 3B). However, the genetic information
sources of the eight populations were quite similar when K = 2, 3 or 8. In addition, a
cluster diagram (Figure 3C) was constructed based on the genetic distances between the
populations (Table 6). There was a certain degree of genetic differentiation among the
eight populations. They could be roughly divided into three categories: the ZY population
in the southwest was divided into a separate class, the HG and XY populations in the
central region were divided into one class, and the LS, HS, LX, XZ and LY populations
were grouped into one category. The classification results of the eight populations and their
distribution positions were associated. The results of the Mantel test performed on the
eight T. sebifera populations further proved this result, implying a significant association
between the genetic and geographical distances between populations (r = 0.6697, p = 0.9860,
Figure 4).

Table 6. Pairwise genetic distances between T. sebifera populations.

ZY LS LX HS HG XY XZ LY

ZY 0
LS 0.043 0
LX 0.051 0.025 0
HS 0.038 0.009 0.019 0
HG 0.059 0.026 0.026 0.035 0
XY 0.047 0.031 0.032 0.028 0.024 0
XZ 0.036 0.021 0.013 0.015 0.030 0.024 0
LY 0.051 0.017 0.016 0.014 0.027 0.031 0.013 0
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Figure 3. Genetic structure of eight T. sebifera populations. (A) Relationship between the number
of clusters (K) and the corresponding ΔK statistic; (B) Results of the structure analysis of T. sebifera
populations when K = 2, 3, and 8. Different colors (light-blue, red, blue, green, dark purple, pur-
ple, light-green, and orange) represent different genetic compositions; (C) Cluster diagram of the
eight populations.
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Figure 4. The result of the Mantel test.

3.3. Rare Alleles

The frequencies of the 43 alleles ranged from 0.0049 to 0.8350, with an average of
0.2326. The minimum allele frequencies (MAFs) of the 10 SSR loci were 0.0049 to 0.0591,
and the average was 0.0195. Rare alleles with a frequency less than 0.1 were selected, and
the frequency of each rare allele in the populations was calculated (Table 7). Six rare alleles
were found among the 10 SSR loci, which were distributed at 5 SSR loci. Two rare alleles
were detected at the G-SSR106 locus, and one rare allele each was detected at the other four
loci. The central XY population and HG population had the largest numbers of rare alleles,
with four and three, respectively. In contrast, the western and eastern populations had 0~2
rare alleles.

Table 7. Rare allele frequencies within the T. sebifera populations.

E-SSR29-E E-SSR55-E E-SSR61-E E-SSR85-C E-SSR106-D E-SSR106-E

ZY 0.079
HG 0.021 0.042 0.021
XY 0.018 0.018 0.018 0.018
HS
LY 0.075
XZ 0.044
LX 0.018
LS 0.022 0.022

4. Discussion

4.1. Genetic Diversity

Genetic diversity is an important indicator used to measure the ability of a species
to resist changes in the external environment. It is affected by selection, genetic drift,
and breeding system. Research on the genetic diversity of T. sebifera populations could
provide a theoretical reference for the protection and utilization of T. sebifera. Li [11] used
ISSR markers to study 32 T. sebifera leaf samples from six populations, and the H and I
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values were 0.2822 and 0.4321, respectively. Zhang [12] also used ISSR markers to analyse
72 samples in four main production areas and obtained similar results (He = 0.281). In
this study, the average He of 203 T. sebifera samples from eight populations based on SSR
markers was 0.486, which was higher than that in previous studies. There are two possible
explanations for this discrepancy. First, the marker types used were different. Compared
with ISSR markers, SSR markers can reveal more genetic variation. Second, there were
differences in the number of samples. The number of samples selected in this study was
relatively large. In addition, the distribution range covered the main distribution areas of
T. sebifera. DeWalt et al. [16] used six pairs of SSR markers to analyse 129 samples from
12 T. sebifera populations in China, and the values were higher than those of this study
(average He = 0.70). The reason was inferred to be sample differences. In recent years,
many older trees might have been transplanted or traded with the gradual popularization
of T. sebifera application. This contributed to the loss of T. sebifera resources and a decrease
in the genetic diversity of the T. sebifera populations.

Compared with the results from SSR markers in other angiosperms, the genetic
diversity of T. sebifera (He = 0.491) was significantly lower than that of Ginkgo biloba Linn
(He = 0.808) [29], Quercus variabilis BI. (He = 0.707) [30], Cunninghamia lanceolata (Lamb.)
Hook (He = 0.557) [31] and other species. T. sebifera has been widely promoted and planted
as an important oil tree species. However, with industrial development and changes in the
national industrial structure, the economic status of T. sebifera has declined, and the natural
populations have been reduced excessively. Therefore, its genetic resources are difficult to
preserve, resulting in a significant reduction in genetic diversity. Therefore, protecting the
genetic diversity of T. sebifera is an important goal for preserving its natural resources.

4.2. Genetic Differentiation and Genetic Structure

Natural selection contributes to population differentiation and is the most important
evolutionary force. Gene flow plays an important role in selection. For perennial outcross-
ing woody plants, genetic differentiation among populations is generally low. When Fst
is between 0 and 0.05, there is basically no differentiation among populations. There is a
moderate degree of differentiation when Fst is 0.05~0.15. When Fst is 0.15~0.25, the degree
of differentiation is relatively high. There is strong differentiation when Fst is greater than
0.25 [32]. The differentiation of T. sebifera populations detected in this study (Fst = 0.026)
was much weaker than that of Liriodendron chinense (Hemsl.) Sarg. (Fst = 0.302) [33],
Q. variabilis (Fst = 0.067) [30], Pinus massoniana Lamb (Fst = 0.072) [34], etc. Our results were
quite different from those of Li [11] (Gst = 0.439), which might be due to the use of different
markers and numbers of samples.

The results of the AMOVA further indicated that the variation among T. sebifera
populations was quite low, and most of the genetic variation existed within the populations.
Cluster analysis also showed that the eight T. sebifera populations had similar ancestral
origins. The small genetic distances (the highest was only 0.051) also indicated close kinship
among the populations. T. sebifera was widely distributed in the early stage because of its
high economic value. The mutual introduction and cultivation in different regions led to
frequent genetic exchange among geographic groups. This also resulted in similar origins
among different geographic populations.

However, there was still a certain degree of genetic differentiation among the eight
T. sebifera populations. The UPGMA clustering results showed that the eight populations
could be divided into three categories, which were related to their geographical location,
namely, the southwestern group (ZY), the central group (HG and XY) and the eastern
group (LS, HS, LX, XZ and LY). The results of the Mantel test further indicated that there
was a significant positive correlation between genetic distance and geographic distance.
Many T. sebifera resources have been removed, contributing to the differentiation among
geographical populations, while introduction and cultivation have been greatly reduced
due to the decline of the T. sebifera industry.
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4.3. Genetic Resource Conservation Strategy of T. sebifera

Abundant germplasm resources are the key to successful forest tree breeding, and they
guarantee the continuation of tree species [35]. The overall genetic diversity of T. sebifera
was low, and there has been a downward trend in recent years. Even though quite similar
amounts of genetic information were observed between populations, six rare alleles were
detected in this study. The populations in the central regions had more rare alleles. These
resources with rare alleles are not only important for maintaining species diversity but also
valuable breeding materials. Therefore, the protection and utilization of various T. sebifera
populations should be strengthened in the future, especially for the central populations
with more rare alleles.

5. Conclusions

In general, our study included a genetic evaluation of eight populations of T. sebifera.
The genetic compositions of the eight populations were similar, and the genetic diversity
was low. One possible reason was that introduction was common a long time ago, so
gene exchange was frequent among populations. However, the UPGMA results still
classified these populations into three categories, indicating that they began to diverge
geographically. Finally, rare alleles were detected in some populations, which will be of
great help in maintaining the level of genetic diversity in T. sebifera populations.
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Abstract: Gleditsia sinensis Lam. (Fabaceae) is an endemic species in China, which has a wide
range of ecological functions and high economic value. G. sinensis belongs to androdioecy, and the
stamens of perfect flowers are aborted, meaning that a perfect flower is a functional female flower.
Understanding the dynamic process of flowering and the characteristics of pollen morphology
effectively determine the viability of pollen vitality, and the suitable conditions for short-term
storage of pollen can provide theoretical basis and technical reference for hybrid breeding and
germplasm conservation of G. sinensis. In this study, the male plants of G. sinensis in Guiyang area
were used as research materials. The flowering dynamic process of male flowers was recorded
through field observation. The morphology of pollen was observed and analyzed with a scanning
electron microscope (SEM). The germination characteristics of pollen were studied with an in vitro
germination method, and the pollen vitality was also determined using four staining methods.
The effects of different storage temperatures and water contents on pollen germination rate were
discussed. The results showed that the male flowers of G. sinensis had a short, single flowering
period, lasting 2–3 days from the opening to the shedding. The dynamic opening process of a single
flower was artificially divided into five stages. Pollen grains of G. sinensis are oblate spheroidal,
tricolporate with equatorial elongated endoapertures and the sporoderm surface is reticulate. The
MTT (Thiazolyl Blue Tetrazolium Bromide) staining method could accurately and quickly determine
the pollen vitality of G. sinensis. The highest pollen germination rate was 65.89% ± 3.41%, and the
length of the pollen tube was 3.96 mm after cultured in 15% sucrose + 100 mg/L boric acid + 20 mg/L
calcium chloride for 24 h. It was necessary to collect the pollen at the big bud stage, which was
conducive to improving the efficiency of pollen collection because the pollen had been mature with
high pollen vitality at this stage. When it came to pollen preservation, the pollen germination rate
was significantly affected by storage time, storage temperature and pollen water content. The pollen
still had high vitality after being stored at −80 ◦C for 30 days when the moisture content of the pollen
decreased to 9%, and the pollen germination rate only decreased by 28.84% compared with that before
storage. In conclusion, this study has comprehensively and systematically studied the morphology,
vitality determination and preservation methods of the pollen of G. sinensis, providing a theoretical
basis for the cross regional breeding and the conservation and utilization of germplasm resources.

Keywords: Gleditsia; pollen viability; pollen germination; pollen preservation

1. Introduction

In seed plants, pollen is of great importance for sexual reproduction as a male ga-
metophyte containing genetic information [1]. Pollen viability is a prerequisite for suc-
cessful pollination, playing an important role in fertilization and fruit setting of flowering
plants [2,3], embryo development [4,5], seed quality [6,7] and breeding efficiency. Due to
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this importance, researchers have conducted many studies on pollen, such as the pollen
development process [8], electron microscopy palynology [9], pollen viability detection
and pollen preservation methods [10,11], signal transduction and related regulation during
pollen tube growth [12–14]. All studies above are indispensable for plant cross breeding
from practice to theory [15].

Gleditsia sinensis Lam. (Fabaceae) belongs to genus Gleditsia in Fabaceae, which is
an endemic species widely distributed in China [16,17]. It is an ideal tree for economic
forest, timber forest, shelterbelt and landscaping because of its tall and beautiful shape,
strong resistance and barren resistance. The extract of saponin and pod is an excellent
Chinese medicinal material [18] and industrial raw material [19], which has high appli-
cation value and broad prospect. G. sinensis belonged to androdioecy, and its bisexual
flowers are functionally female, with most stamens aborted [20] and with a breeding system
dominated by outcrossing [21]. In this respect, the fruit and seed set are almost entirely de-
pendent on the pollens provided by male plants during synchronous flowering. Dioecious
plants have been under great reproductive pressure due to frequent occurrences of missed
flowering periods, lack of pollinators, and imbalanced sex ratios in recent years [22,23].
This necessitates the conservation of pollen resources. In the past, studies of G. sinensis
focused mostly on its medicinal components [18], cultivation techniques [24], germplasm
resource investigation [25] and stress physiology [26,27] while only a few studies examined
its reproductive process [28] like the pollen morphology observed [29] and observation
of flowering characteristics [30]. In contrast, pollen-related research of G. sinensis is frag-
mented and largely unknown, which is not conducive to the popularization and application
of this plant.

Therefore, the observation of pollen morphological characteristics by scanning electron
microscope, investigation of single male flower flowering dynamic process, optimized
in vitro germination and the effects of different storage conditions on pollen preservation
have been analyzed in this study, and the results based on the above studies are supposed to
provide reference for the research of the reproductive biology of G. sinensis, the preservation
of germplasm resources and the hybridization and breeding.

2. Materials and Methods

2.1. Study Site

Experiments were conducted at Guiyang’s planting base (26.45 N, 106.56 E) from
March to May of 2021 and 2022. In the experiment field, the average annual temperature
was 15.7 ◦C, and the average annual precipitation was 1215.7 mm. Our test plants were
twelve-year-old male plants that had consistently grown and flowered in the plantation.

2.2. Observation of Male Single Flower Flowering Dynamic Process

A study of the flowering dynamics of a male single flower of G. sinensis was conducted
in 2021 and 2022. A total of 30 male flowers at the full bud stage were placed on each test
plant, and 6 trees at full bloom stage were employed for observation in total. We observed
and photographed the flower opening process several times over the course of several
days, from 8:00 a.m. to 18:00 p.m., and the viability of pollen was determined by collecting
pollen at corresponding stages.

2.3. Pollen Morphology Observation
2.3.1. Light Microscopic Studies

Mature anthers collected were preserved in glass vials containing acetic alcohol (1:3).
The material was then centrifuged and washed twice with distilled water to remove traces
of acetic alcohol. After this, acetolysls after preservation in glacial acetic acid was used as
recommended by Reitsma [31] and Raynal A and Raynal J [32]. The material was given three
washings, and residual material was mounted in glycerin jelly that was already stained
in 1% safranine as recommended by Kisser [33] and Erdtman [34]. In the Leica research
microscope, 5–7 slides were prepared to study. The measurement of pollen characters was
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made from 50 grains taken at random. Microphotographic work was carried out using
Leica DM300 Photomicroscope fixed in Institute for Forest Resources & Environment of
Guizhou, Guizhou University. The terminology used was in accordance with the studies
by Erdtman [34] and Halbritter [35].

2.3.2. Scanning Electron Microscopy

The anthers of newly opened male flowers on the test plants were randomly selected
at the peak of the flowering period in 2022 and then soaked in glutaraldehyde solution
(prepared with pH 8.0 phosphate buffer) at 4 ◦C for 24 h. The fixed pollen grains were
then dehydrated and dried with an acetone series (30%, 50%, 70%, 80%, 90%, 95%, 100%
and 100%). Afterward, they were mounted on metallic stubs, coated with gold-palladium,
and then observed under a scanning electron microscope (SEM). A Hitachi JSM-SU8100
scanning electron microscope was used to take photos of pollen grains.

2.4. Study on Methods for Determining Pollen Viability
2.4.1. In Vitro Germination of G. sinensis
The Effects of Different Medium Components on the In Vitro Germination of G. sinensis

Using a single factor experimental design (Table 1), we examined the influence of
sucrose, boric acid (H3BO3) and CaCl2 on pollen germination to determine the concen-
trations of media components that are conducive to in vitro germination. The specific
operation was as follows: In a 2 mL centrifuge tube, fresh anthers were mixed with 1 mL of
different liquid medium formulations. After homogenizing shock, anthers were filtered
for pollen suspensions, which were incubated for 4 h at a constant temperature of 25 ◦C. A
suspension of cultured pollen was mixed and dropped onto the slide. Once covered, the
slide was observed under a microscope and photographed. For each slide, five visual fields
were randomly selected, and each treatment was repeated 6 times. The length of pollen
tubes at germination exceeded the diameter of pollen grains was used to judge pollen
germination. The following formula was used to calculate the in vitro germination rate
of G. sinensis: pollen germination rate (%) = germination pollen number/observed total
pollen number × 100.

Table 1. In vitro pollen germination media.

Media Type Control (CK) Sucrose (%) Boric Acid (mg/L) Calcium Chloride (mg/mL)

Sucrose 0 5 10 15 20
Boric acid 0 50 100 150 200

Calcium chloride 0 50 100 150 200
Distilled water 100 mL

Screening of Pollen Liquid Medium

Three factors and three levels (Table 2) were selected based on the concentration
of media components tested by a single factor test. In addition, an orthogonal test (L9
(34)) was designed to identify the medium formula best suited for determining pollen
in vitro germination rates. The specific operation was the same as described in single factor
experimental, except extending the culture time to 12 h.

Table 2. Factor levels of liquid medium screening for in vitro germination of G. sinensis.

Levels
Test Factors

Sucrose (%)
A

Boric Acid (mg/L)
B

Calcium Chloride (mg/L)
C

1 5 50 20
2 10 100 40
3 15 150 60
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Effect of Incubation Time on The In Vitro Germination Rate

During the experiment, the pollen germination rate of G. sinensis increased as culture
time increased. A study was conducted to determine the germination rate and pollen
tube length after different incubation times (2 h, 4 h, 8 h, 12 h, 24 h) at 25 ◦C constant
temperature based on the selected liquid culture medium. Its function was to select the
culture time suitable for in vitro germination of G. sinensis and exclude the difference of
pollen germination rate caused by insufficient culture time.

2.4.2. Pollen Viability by Dyeing Methods

The pollen vitality was determined using four staining methods: TTC (2.3.5-Triphenyl
Tetrazolium Chloride) staining method [36], MTT (Thiazolyl Blue Tetrazolium Bromide)
staining method [37], KI-I2 staining method [38] and Alexander staining method [36].
In vitro germination rate of pollen was used as a control to select the suitable staining
methods for G. sinensis. The specific operation was as follows: Four kinds of dye were
dropped on the slide in advance, and a small amount of pollen was taken with tweezers and
mixed with the dye. Following the covering of the glass slide, the following treatments were
performed according to different staining methods (Table 3). An optical microscope (Leica
DM750) was used to observe and photograph the corresponding slides. A random selection
of 5 visual fields with a minimum of 50 pollen grains per visual field was used on each slide,
and each method was repeated 6 times. The pollen vitality determined by four staining
methods was then calculated based on observation results and the following formula:

Table 3. Treatment methods after dyeing.

Type of Dye Method Post-Treatment Judgment Basis of Active Pollen

TTC 2 h of dark culture at 37 ◦C Red
MTT Stand for 5–10 min Purple
KI-I2 Observe immediately Blue

Alexander Observe immediately cell wall green, protoplast red

Pollen vitality (%) = number of dyed pollen grains/total number of observed pollen
grains × 100.

2.5. Study on The Pollen Preservation Method of G. sinensis
2.5.1. Material Selection for Preservation

A large number of fresh male flowers at different flowering stages were collected
and brought back to the laboratory in 2022. Then pollen grains isolated from different
flowering stages were measured by in vitro germination method to screen suitable pollen
preservation materials.

2.5.2. Pollen Storage Conditions

For pollen collection, fresh male flowers were collected based on the selected preserva-
tion materials above. The collected pollen was divided into small portions and wrapped
into pollen bags by the weighing paper, which was put in a sealed silica gel dryer, drying
for 3 h, 6 h and 9 h to reduce the pollen water content to different gradients. After drying,
pollen bags of different water contents were placed into 2 mL centrifuge tubes and stored
at four different temperatures (RT, 4 ◦C, −20 ◦C and −80 ◦C). After storage, the pollen
viability was determined by in vitro germination at 0 day, 7 days, 15 days and 30 days.

2.6. Statistical Analysis of Data

The obtained test data were cleared up using Excel 2010. Data were analyzed using
one-way analysis of variance, three-factor analysis of variance and orthogonal experimental
design in IBM SPSS (version 18.0, IBM, Armonk, NY, USA). R (version 4.1.2) and GraphPad
Prism (version8.0.2, Graphpad, San Diego, CA, USA) were used for data visualization.
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3. Results

3.1. Flowering Dynamics Observation of Male Flower

Field studies indicated that the male flowers of G. sinensis were in racemes with about
50 small flowers per inflorescence, opening upward from the base (Figure 1a). From the
opening to the shed, a single male flower of G. sinensis had a short flowering period, lasting
2–3 days. A five-stage dynamic process of the opening of single male flower was artificially
categorized: big bud stage (stage I), about 2 h before flower opening, at which the corollas
were slightly dilated and the anthers did not extend the corolla, indicating the flowers
were about to open (Figure 1b). At the early dispersed-powder stage (stage II), anthers
just started dehiscing and dispersing powder. At this time, flowers were half open, with
several anthers gathering in the crown and slightly extending out of the corolla. In addition,
pollen was visible along the longitudinally split abdominal sutures of the anther (Figure 1c).
About 2 h after scattering was the mass scattering stage (stage III), at which the corolla
diameter reached its maximum and all anthers cracked loose powder with a large amount
of yellow pollens visible to the naked eye. In addition, anthers were yellowish brown and
almost perpendicular to the filaments (Figure 1d). At 4 h after dispersed powder was the
end dispersed-powder stage (stage IV), during which the corolla began to lose water and
the anther color changed to reddish-brown or even black from yellow with some pollen
grains still in its dehiscent chamber (Figure 1e). The corolla wipeout stage (stage V) was
about 24 h after powder dispersion, where the filaments wilt due to water loss and the
corolla was about to fall off (Figure 1f). In brief, male flowers usually have a short single
flower life (2–3 days), and the dispersing powder peaks within 4 h following anthers.

 

Figure 1. Male flowers at different stages: (a) Male flower inflorescence, (b) Big bud stage, (c) Early
dispersed pollen stage, (d) Mass scattering stage, (e) End dispersed pollen stage, (f) Corolla wipe-
out stage.

3.2. Pollen Grain Morphological Characteristics

The results showed that the average pole axis of pollen was 24.03 ± 2.67 um and
the average equatorial diameter was 25.29 ± 4.21 um. According to the ratio of its polar
axis length (P) to equatorial (P/E = 0.95), pollen grains are oblate spheroidal, belonging to
small or medium-sized grains (Figure 2a). Pollen is tricolporate with equatorial elongated
apertures (Figure 2b–d), and pollen grains were evenly distributed with thick reticular
outer wall ornamentation except for the position close to the margo (Figure 2c,d). The
meshes were mostly round, nearly round or irregular polygon among reticular outer wall
ornamentation, in which size was irregularly distributed.
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Figure 2. Scanning electron microscope (SEM) micrograph of G. sinensis pollen grains. Overall shape
of pollen grains (a,b), pollen grain in equatorial view (c) and in polar view (d).

3.3. Research on the Method of Pollen Vitality Determination
3.3.1. In Vitro Germination Method to Determine the Pollen Vitality
Effect of Different Medium Components on In Vitro Germination

The addition of sucrose, CaCl2 and H3BO3 to the liquid medium significantly affected
in vitro germination (Figure 3). The pollen germination increased significantly as the
sucrose concentration increased, reaching its highest rate at 15%, but it decreased signifi-
cantly when sucrose concentrations reached 20%, indicating the appropriate concentration
of sucrose promoting pollen germination. The pollen germination rate both decreased
with the increase concentration of CaCl2 and H3BO3 if the concentration was more than
100 mg/L, which showed that more calcium chloride and boric acid were not conducive to
the pollen germination.

Figure 3. Effect of different concentration of Sucrose, CaCl2 and H3BO3 on in vitro pollen germination
of G. sinensis.

To sum up, the optimum concentrations of the sucrose, CaCl2 and H3BO3 were 15%
(30.90%), 50 mg/L (9.22%) and 100 mg/L (17.15%), respectively, all significantly higher
than CK (5.21%). Too low or too high concentration would reduce the pollen germination
rate of G. sinensis.
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Selection of Liquid Culture Medium Formula

The results of an orthogonal test design and its data variance analysis (Table 4) indi-
cated that sucrose (F = 106.147, p < 0.001) was most effective in the germination of pollen,
followed by calcium chloride (F = 15.786, p < 0.001) and boric acid (F = 42.304, p < 0.001).
During this experiment, 15% sucrose, 20 mg/L calcium chloride and 100 mg/L boric acid
were found to be the best combination of medium. The pollen germination rate increased
significantly with the increase of sucrose concentration (Figure 4). In response to boric
acid concentration, pollen germination rate varied. B2 was significantly higher than B1
and B3, but B1 and B3 did not differ significantly, indicating that 100 mg/L boric acid was
more beneficial to the in vitro germination. Pollen germination was also affected by the
concentration of CaCl2. A significant difference did not exist between C1 and C3, but both
were significantly higher than C2, indicating that 20 mg/L and 40 mg/L CaCl2 significantly
promoted pollen germination.

Table 4. The range analysis of germination rates using an Orthogonal Assay Test Strategy (OATS). L
Combinations (Levels Factors) = L9 (34) on different media.

Combinations Sucrose (%)
A

Boric Acid (mg/L)
B

Calcium Chloride (mg/L)
C

Empty Column Pollen
Germination Rate

1 S1 B1 C1 1 25.50% ± 0.55%
2 S1 B2 C2 2 19.65% ± 0.46%
3 S1 B3 C3 3 19.97% ± 0.22%
4 S2 B1 C2 3 17.68% ± 0.27%
5 S2 B2 C3 1 33.36% ± 0.31%
6 S2 B3 C1 2 23.85% ± 0.36%
7 S3 B1 C3 2 41.20% ± 0.21%
8 S3 B2 C1 3 47.40% ± 0.5%
9 S3 B3 C2 1 29.71% ± 0.27%

K1 65.12% 84.38% 96.75% 88.57%
K2 74.89% 100.41% 67.04% 84.70%
K3 118.31% 73.53% 94.53% 85.05%
x1 21.71% 28.13% 32.25% 29.52%
x2 24.96% 33.47% 22.35% 28.23%
x3 39.44% 24.51% 31.51% 28.35%
R 53.19% 26.88% 29.71% 3.87%

Order of influencing factors A > C > B
Best levels A3 B2 C1

Excellent combination A3 B2 C1

Ki is the sum of the different levels for the i th factor, xi is the mean of the different levels for the ith factor,
and R the range difference between the max and mini values. Three levels of sucrose (S): S1 = 5 g/100 mL,
S2 = 10 g/100 mL, S3 = 15 g/100 mL; boric acid (B): B1 = 50 mg/L, B2 = 100 mg/L, B3 = 150 mg/L; Calcium
nitrate (C): C1 = 20 mg/L, C2 = 40 mg/L, C3 = 60 mg/L. Also see Table 3. Bold numbers are the highest values
and bold letters are the best components.

Figure 4. Effect of combination of sucrose, H3BO3 and CaCl2 on pollen germination of G. sinesis in
liquid medium, ns—non-significant; ** significant at p ≤ 0.01.
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In Vitro Germination Rate of Different Culture Durations

A significant increase in pollen germination rate and pollen tube length was observed
with prolonged incubation (Figure 5A) when pollen grains were cultured in the liquid
medium (15% sucrose concentration + 20 mg/L calcium chloride + 100 mg/L boric acid) at a
constant temperature of 25 ◦C. As a result, the highest germination rate was 65.89% ± 3.41%
(Figure 5B), and the pollen tube reached to 3.96 mm ± 0.06 mm after 24 h in culture. The
observation results of pollen tube dynamics indicate that the pollen tube along the style
path reached the ovule 24 h after pollination (unpublished). Therefore, in this study, the
germination rate of pollen cultured in liquid medium for 24 h was taken as the final pollen
germination rate of G. sinensis. Thus, the vitality of fresh pollen was 65.89% ± 3.41%.

Figure 5. (A) Effect of incubation time on in vitro pollen germination and tube growth; (B) The four
different photos show the pollen germination and pollen tube growth status at different time of
incubation (a) 1 h, (b) 4 h, (c) 12 h, and (d) 24 h.

3.3.2. Pollen Vitality of G. sinensis Measured by Four Different Staining Methods

In three of four dyeing methods, active pollen could be differentiated from inactive
pollen except in KI-I2, which was the only dyeing method that could not distinguish be-
tween active and inactive pollens (Figure 6d). The MTT staining method, TTC staining
method and Alexander staining method revealed pollen vitality of 68.19%, 36.87% and
90.40%, respectively, and they differed significantly from one another (Table 5). Com-
paring the in vitro germination rate with dyeing methods allowed us to decide that the
MTT staining method was suitable for the rapid determination of the pollen vitality of
G. sinensis. As compared to a control sample, MTT staining method did not significantly
alter pollen vitality.

Figure 6. Pollen grains were stained by four staining method, (a) Alexander staining method, (b) TTC
staining method, (c) MTT staining method and (d) KI-I2 staining method.
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Table 5. Comparison of pollen viability results determined with four methods.

Methods
Pollen Viability ±

Standard Error

In vitro germination 65.89% ± 3.41% b
staining TTC 36.87% ± 1.80% c

Alexander 90.40% ± 1.54% a
MTT 68.19% ± 2.09% b

A significant difference between methods was indicated by lowercase letters (p < 0.05). Values are means ± SE.

3.4. Pollen Preservation Method for G. sinensis
3.4.1. Effect of Pollens at Different Flowering Stages on In Vitro Germination Rate

The results showed that pollen germination rates increased gradually with incubation
time for four flowering stages (Figure 7). In addition, the final pollen germination rate
among four stages was not significantly different after 24 h of pollen culture. Based on
these results, the pollen viability and germination trend were basically the same for the
four stages. Despite this, the germination rate of pollen at different flowering stages
varied significantly from 2–4 h, with higher germination rate of the fourth stage and lower
germination rate of stage 2. This might be explained by the different water content of
pollen grains during dispersion due to their brief dormancy. As a result, pollens of stage 2
were best suited to instant pollination since all anthers had cracked and there were a large
number of pollen grains exposed. On the basis of the above results, pollen at the large
bud stage can be collected to improve pollen collection efficiency without worrying about
pollen viability.

Figure 7. Effects of pollen at different flowering stages on pollen germination rate.

3.4.2. Short-Term Preservation of Pollen

Using the three-factor ANOVA method, the results indicated that storage time (F = 2298.6,
p < 0.0001), storage temperature (F = 891.01, p < 0.0001) and pollen water content (F = 17.45,
p < 0.0001) were significant factors affecting pollen germination. In addition, there are
two interactions among the three influencing factors: storage time * storage temperature
(F = 164.49, p < 0.0001), storage time * pollen water content (F = 38.19, p < 0.0001), storage
temperature * pollen water content (F = 13.81, p < 0.0001). The interaction of three factors,
storage time * storage temperature * pollen water content (F = 11.86, p < 0.0001), also existed.

Effect of Pollen Water Content on In Vitro Germination

After 3 h, 6 h and 9 h of silica gel drying, pollen water content was reduced to 14%, 9%
and 5%, and the germination rate of pollens were 59.03% ± 3.20%, 57.97% ± 2.02% and
52.13% ± 3.47%, which were lower than that of fresh pollens by 10.41%, 12.02% and 20.88%,
respectively. Based on the results above, pollen germination was greatly affected by the
pollen water content and decreased significantly with decreasing water content.
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The pollen preservation results showed all pollen germination rates under RT treat-
ment were almost zero after 30 days of storage (Figure 8). When stored at 4 ◦C for 30 days,
pollen with a higher water content of 14% had a significantly lower germination rate than
that with a lower water content of 9% and 5%. It meant that pollen could be preserved for
longer if its water content was reduced when stored under 4 ◦C. With a reduction in storage
temperature to −20 ◦C or −80 ◦C, there was no significant difference in pollen germination
rates with different water contents after 30 days, but after 30 days, the germination rate of
pollen stored at −20 ◦C was much lower than that of those stored at −80 ◦C. In spite of the
significant effect of pollen water content on the germination rate after storage, the effect
gradually weakened with the storage temperature decreased. This indicated that the water
content of pollen (5%–14%) was no longer the main factor affecting the germination rate
after storage, if the storage temperature reduced to −20 ◦C or below.

Figure 8. Effects of storage temperature, storage time and pollen water content on the pollen
preservation of G. sinensis. A significant difference between methods was indicated by lowercase
letters (p < 0.05) using Multiple Testing.

Effect of Storage Temperature on In Vitro Germination

As the storage time increased, the germination rate of all treatments decreased sig-
nificantly. The pollen germination rate was almost zero after 30 days of storage under
RT treatment. However, pollen stored at 4 ◦C,−20 ◦C and −80 ◦C were treatments that
were effective in delaying the decreasing trend of pollen germination, and a temperature of
−80 ◦C was most effective for preserving pollen.

Effect of Storage Time on In Vitro Germination

Despite the aforementioned observations, all treatments showed a gradual decline in
pollen germination with the extension of storage time (Figure 8). Pollen germination rates
of different treatments decreased at different rates due to the effects of storage temperature,
pollen water content, storage time and interactions between them. Pollen germination
decreased the fastest under RT treatment. Within 7 days of storing, the germination rate
of pollen stored at other low temperatures remained similar to that before storage, except
for RT treatment. This indicated that the pollen germination rate remained unchanged at
low temperature after short-term storage for 7 days. Although the pollen germination rate
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decreased with the extension of the storage time to 15 or 30 days, the lower the storage
temperature, the higher the pollen germination rate. That is to say that storage temperature
gradually became the main factor affecting the germination rate of pollen if the storage
time was over 7 days.

The highest germination rate was observed after 30 days of cryopreservation at −80 ◦C
for G. sinensis pollen, if the pollen water content was reduced to 9%, which was only 28.84%
lower than that before storage. This could be used as a suitable method for preserv-
ing pollen.

4. Discussion

4.1. Pollen Morphological Characteristics of G. sinensis

Palynology is often used in plant classification and phylogenetic studies [39–41], the
size of pollen grains according to the appearance and shape of pollen [41], pollen outer wall
ornamentation [40,42] and number and location of germination pores [43]. Observations
of the microscopic morphology of pollen revealed that pollen grains of G. sinensis were
oblate spheroidal, tricolporate with equatorial elongated endoapertures and a reticulate
sporoderm surface. This is consistent with its classified status because pollen of the
majority of caesalpinioid species is isopolar and tricolporate with perforate or reticulate
surface ornamentation, according to Hannah Banks & Paula J. Rudall [44]. The small or
medium pollen size is also consistent with the widespread type of pollen in caesalpinioid,
in which the widespread type of pollen is small to medium in size [45]. The equatorial
elongated endoapertures may be a strategy help to preserve the structural integrity of the
pollen wall and, therefore, the viability of the pollen grain [44]. Endoapertures have been
found to be positively correlated with pollen germination rate in studies [46]. The pollen
of G. sinensis germinated rapidly after 1 h in culture, consistent with this. In this article,
pollen grains have reticulate ornamentation (with sculpturing elements forming an open
network or reticulum over the pollen surface), which was related to foldable structures and
the natural design of pollen grains during pollen dehydration [47]. In short, the shape and
appearance of pollen and pollen apertures are closely related to the classification of this
species [44,45].

4.2. Methods for the Determination of Pollen Viability

In vitro germination was considered to accurately predict pollen viability [11,48–50].
Due to the specificity of plant species, the most important step of in vitro germination was
selecting the appropriate medium for pollen germination. An addition of 15% sucrose,
100 mg/L boric acid and 20 mg/L calcium chloride enhanced pollen germination in this
study. This was consistent with the existing research results because sucrose was the most
effective carbon source [51,52] and an important signaling substance during the in vitro
pollen germination [53]. As well as promoting pollen germination, boron contributes to
pollen tube elongation through signal transduction [54,55]. The mineral calcium (Ca2+)
regulates ion balance and plays a critical role in pollen tube growth [14,56].

The concentration of sucrose required for pollen germination varied with plant
species [50,57]. Similarly to previous studies in other plants [58,59], 15% sucrose added
to pollen germination of G. sinensis was most beneficial. According to the single factor
experiment, variations in boron concentrations did little to promote pollen germination
since the amount of boron required in the pollen medium had the smallest effect [60]. A
slight deviation could cause insufficient [54] or excessive toxicity [61], which was consis-
tent with the results of previous Fragallah [62,63]. Moreover, 50 mg/L CaCl2 increased
pollen germination, but the pollen germination rate decreased with the increase of CaCl2
concentration. This may be related to the regulation of pollen tube calcium signal [13] and
the inhibition of pollen tube growth by high Ca2+ concentration [64].

In order to detect pollen viability, the staining method was considered to be the easiest
and fastest method [38,65,66]. The pollen viability of G. sinensis was assessed using four
staining methods, and it varied with different methods. In comparison to in vitro germi-

76



Forests 2023, 14, 243

nation rate, TTC’s pollen viability was lower while Alexander’s was higher. KI-I2 did not
distinguish non-viable pollen. Only MTT was a suitable method for accurate determination
of pollen viability of G. sinensis. A major reason for the difference between four staining
methods was the specificity of pollen [36,67]. The results of this study were similar to those
of other pollen viability studies [10,38,57]. TTC reacts with dehydrogenase in normal pollen
and appears red, which is considered to be the most common technique [68]. However,
it is a fat-soluble photosensitive complex, susceptible to environmental influences. In
this article, it did not stain pollen grains of G. sinensis well, just as the results described
in Sinobeam [69] and Rhododendron [37], which may be caused by the failure to meet the
conditions due to operating errors. In spite of the fact that Alexander’s staining method
was able to distinguish viable pollen grains and its result was much higher than those of
the control, the reason of it may be attributed to weak ability to distinguish pollen viability.
The KI-I2 staining method relies on starch to stain pollen. Moreover, the staining effect was
affected not only by the amount of starch, but also by the ratio of amylopectin to amylose.
However, pollen with vitality cannot be determined using this method in this study due
to all pollen grains stained with the same color. Viable pollen grains could be stained to
purple by MTT staining method based on the activity of dehydrogenase in pollen grains.
This method is suitable for the determination of pollen viability of G. sinensis in this study,
just as Rhododendron [37].

4.3. Pollen Preservation of G. sinensis

In certain storage conditions, such as low temperature, low oxygen and low humidity,
enzyme activity and related metabolic activities may be reduced or inhibited, thereby
extending pollen grain life [70–74]. It was found that the pollen germination rate was
easily affected by storage temperature, storage time and pollen water content during pollen
storage of G. sinensis in this study. A common feature of all pollen preservation treat-
ments was a decrease in germination rate with increasing storage time, such as plum [75],
pecan [49], rose [15], litchi [76] and chrysanthemum [77]. It was almost impossible for
pollen stored at RT to germinate after 30 days, but it was still possible to maintain pollen
vitality at low temperatures. Especially when preserved at −80 ◦C, the germination rate
only decreased by 28.84%, which was the same as the results of previous studies on hickory
walnut and chrysanthemum [57,76]. The three water contents of pollens set in this study
played a certain role in the pollen preservation, but when the temperature was reduced to
−20 ◦C or below, pollen viability was no longer largely determined by the pollen water
content. It may be caused by an insufficient gap between water content gradients [71,75].
A suitable method for short-term pollen preservation of G. sinensis was identified in this
study. However, further pollination tests were needed to more accurately evaluate the
feasibility of this preservation method in the breeding of G. sinensis.

5. Conclusions

The study results showed that male flowers of G. sinensis lasted 2–3 days during their
single flowering period. The dynamic process of single male flower opening was artificially
divided into five stages. Pollen grains of G. sinensis are oblate spheroidal, tricolporate with
equatorial elongated endoapertures and the sporoderm surface is reticulate. The fresh
pollen germination rate of G. sinensis reached its maximum value (65.89% ± 3.41%), and the
length of pollen tube was 3.96 mm after 24 h incubation at 25 ◦C based on the selected liquid
medium: 15% sucro e + 100 mg/L boric acid + 20 mg/L calcium chloride. In comparison
with the other three staining methods, the MTT staining method could accurately and
rapidly determine pollen viability. A short-term preservation method for G. sinensis can be
achieved by reducing the water content of pollen to 9% and then storing it at −80 ◦C for
30 days.

Author Contributions: Q.L. and J.Y. designed and carried out the experiments. Q.L. performed the
data analyses and drafted the manuscript. X.W. and Y.Z. supported this research and made revisions
to the manuscript. All authors have read and agreed to the published version of the manuscript.

77



Forests 2023, 14, 243

Funding: This work was supported by the Characteristic Forestry Industry Research Project of
Guizhou Province (GZMC-ZD20202098); Science and Technology Plan Project of Guizhou Province
([2020]1Y056); Guizhou Characteristic Forestry Industry scientific Research Project-Research and
Demonstration of Key Technology of Directional Cultivation of Gleditsia sinensis, No. Te LinYan:
2020.9-2023.12; Guizhou Science and Technology Planning Project (Guizhou Science and Technology
Cooperation Support [2020]1Y058).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The author would like to thank College of forestry and the Institute of Forest
Resources & Environment of Guizhou to provide Laboratory platform and experiment management
teachers for their assistance with microscopy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boavida, L.C.; Vieira, A.M.; Becker, J.D.; Feijo, J.A. Gametophyte Interaction and Sexual Reproduction: How Plants Make a
Zygote. Int. J. Dev. Biol. 2005, 49, 615–632. [CrossRef] [PubMed]

2. Jiang, Y.; Lahlali, R.; Karunakaran, C.; Warkentin, T.D.; Davis, A.R.; Bueckert, R.A. Pollen, Ovules, and Pollination in Pea: Success,
Failure, and Resilience in Heat: Heat Stress and Reproduction in Pea. Plant Cell Environ. 2019, 42, 354–372. [CrossRef]

3. Fan, Y.-F.; Jiang, L.; Gong, H.-Q.; Liu, C.-M. Sexual Reproduction in Higher Plants I: Fertilization and the Initiation of Zygotic
Program. J. Integr. Plant Biol. 2008, 50, 860–867. [CrossRef] [PubMed]

4. Aloisi, I.; Distefano, G.; Antognoni, F.; Potente, G.; Parrotta, L.; Faleri, C.; Gentile, A.; Bennici, S.; Mareri, L.; Cai, G.; et al.
Temperature-Dependent Compatible and Incompatible Pollen-Style Interactions in Citrus Clementina Hort. Ex Tan. Show
Different Transglutaminase Features and Polyamine Pattern. Front. Plant Sci. 2020, 11, 1018. [CrossRef] [PubMed]

5. Katano, K.; Oi, T.; Suzuki, N. Failure of Pollen Attachment to the Stigma Triggers Elongation of Stigmatic Papillae in Arabidopsis
Thaliana. Front. Plant Sci. 2020, 11, 989. [CrossRef]

6. Mao, X.; Fu, X.-X.; Huang, P.; Chen, X.-L.; Qu, Y.-Q. Heterodichogamy, Pollen Viability, and Seed Set in a Population of Polyploidy
Cyclocarya Paliurus (Batal) Iljinskaja (Juglandaceae). Forests 2019, 10, 347. [CrossRef]

7. Delph, L.F.; Mutikainen, P. Testing Why the Sex of the Maternal Parent Affects Seeding Survival in a Gynodioecious Species.
Evolution 2003, 57, 231. [CrossRef]

8. Yao, W.; Li, C.; Lin, S.; Wang, J.; Fan, T.; Zhao, W. The Structures of Floral Organs and Reproductive Characteristics of Ornamental
Bamboo Species, Pleioblastus Pygmaeus. Hortic. Plant J. 2022, S2468014122000553. [CrossRef]

9. Attique, R.; Zafar, M.; Ahmad, M.; Zafar, S.; Ghufran, M.A.; Mustafa, M.R.U.; Yaseen, G.; Ahmad, L.; Sultana, S.; Nabila; et al.
Pollen Morphology of Selected Melliferous Plants and Its Taxonomic Implications Using Microscopy. Microsc. Res. Tech. 2022, 85,
2361–2380. [CrossRef]

10. Kumari, M.; Prasad, A.; Rahman, L.; Mathur, A.K.; Mathur, A. In Vitro Germination, Storage and Microscopic Studies of Pollen
Grains of Four Ocimum Species. Ind. Crops Prod. 2022, 177, 114445. [CrossRef]

11. Wani, M.S.; Hamid, M.; Tantray, Y.R.; Gupta, R.C.; Munshi, A.H.; Singh, V. In Vitro Pollen Germination of Betula Utilis, a Typical
Tree Line Species in Himalayas. South Afr. J. Bot. 2020, 131, 214–221. [CrossRef]

12. Althiab-Almasaud, R.; Chen, Y.; Maza, E.; Djari, A.; Frasse, P.; Mollet, J.; Mazars, C.; Jamet, E.; Chervin, C. Ethylene Signaling
Modulates Tomato Pollen Tube Growth through Modifications of Cell Wall Remodeling and Calcium Gradient. Plant J. 2021, 107,
893–908. [CrossRef] [PubMed]

13. Liu, J.; Liu, J.; Zhang, X.; Wei, H.; Ren, J.; Peng, C.; Cheng, Y. Pollen Tube in Hazel Grows Intermittently: Role of Ca2+ and
Expression of Auto-Inhibited Ca2+ Pump. Sci. Hortic. 2021, 282, 110032. [CrossRef]

14. Dumais, J. Mechanics and Hydraulics of Pollen Tube Growth. New Phytol. 2021, 232, 1549–1565. [CrossRef] [PubMed]
15. Jeong, N.-R.; Park, K.-Y. Rose Pollen Management Methods to Improve Productivity. Agronomy 2022, 12, 1285. [CrossRef]
16. Lan, Y.P.; Gu, W.C. Geographical Variation of Morphologic Characteristics of Gleditsia sinensis Seeds and Legumes in the North

Region. Sci. Silvae Sin. 2006, 42, 47–51.
17. Li, W.; Lin, F.G.; Zheng, Y.Q.; Li, B. Phenotypic diversity of pods and seeds in natural populations of Gleditsia sinensis in southern

China. Chin. J. Plant Ecol. 2013, 37, 61–69. [CrossRef]
18. Yu, J.; Xian, Y.; Li, G.; Wang, D.; Zhou, H.; Wang, X. One New Flavanocoumarin from the Thorns of Gleditsia Sinensis. Nat. Prod.

Res. 2017, 31, 275–280. [CrossRef]
19. Lan, Y.P.; Zhou, L.D.; Li, S.Y.; Cao, Q.C.; Lan, W.Z. Advances in Research of Gleditsia and Its Prospect of Industrializational

Development. World For. Res. 2004, 6, 17–21. [CrossRef]
20. Cerino, M.C.; Castro, D.C.; Richard, G.A.; Exner, E.L.; Pensiero, J.F. Functional Dioecy in Gleditsia Amorphoides (Fabaceae). Aust.

J. Bot. 2018, 66, 85. [CrossRef]
21. Li, J.J.; Ye, C.L.; Shang, X.C.; Wang, J.; Zhang, B.; Wang, Z.Z.; Zhang, G.T. Study on breeding and pollination characteristics of

Gleditsia sinensis. China J. China Mater. Med. 2018, 43, 4831–4836. [CrossRef]

78



Forests 2023, 14, 243

22. Stehlik, I.; Friedman, J.; Barrett, S.C.H. Environmental Influence on Primary Sex Ratio in a Dioecious Plant. Proc. Natl. Acad. Sci.
USA 2008, 105, 10847–10852. [CrossRef] [PubMed]

23. Hultine, K.R.; Grady, K.C.; Wood, T.E.; Shuster, S.M.; Stella, J.C.; Whitham, T.G. Climate Change Perils for Dioecious Plant Species.
Nat. Plants 2016, 2, 16109. [CrossRef] [PubMed]

24. Li, B.H.; Zhang, W.Q.; Zhao, L.Q.; Yan, F.Y.; Zheng, Q.; Zheng, J.W.; Geng, Y.X. The present situation and industrial development
strategy of Gleditsis microphylla resources in Hebei province. For. Ecol. Sci. 2020, 35, 432–435. [CrossRef]

25. Fan, D.C.; Zhang, S.A.; Liu, Y.; Luo, Y. Genetic Diversity and Fingerprints of Glediysia sinensis Germplasms Based on RSAP.
J. Henan Agric. Sci. 2017, 46, 103–107. [CrossRef]

26. Yu, Z.Y.; Yan, H.B.; Zhang, H.F.; Yang, X.Q. Effect of different salt stresses on seed germination and seedling physiological
characteristics of Gleditsia sinensis. J. Northeast. Agric. Univ. 2020, 51, 28–35. [CrossRef]

27. Ma, B. Selection for Plant Species during Ecological Rehabilitation in Limestone Mountains of Shanxi; Shanxi Normal University: Xi’an,
China, 2020. [CrossRef]

28. Wang, L. Study on the Reproductive Characteristics of Gleditsia Officinalis; Shandong University of Chinese Medicine: Jinan,
China, 2020. [CrossRef]

29. Fernandez, R.D.; Ceballos, S.J.; Malizia, A.; Aragón, R. Gleditsia Triacanthos (Fabaceae) in Argentina: A Review of Its Invasion.
Aust. J. Bot. 2017, 65, 203. [CrossRef]

30. Wang, L.; Liu, Z.Y.; Zhou, Y.; Liu, Q.; Zhang, Y.Q. Observation and Analysis on Flowering Characteristics of Zaojia (Gleditsia
Plant). J. Shandong Univ. TCM 2021, 45, 388–392. [CrossRef]

31. Reitsma, T. Size modification of recent pollen grains under different treatments. Rev. Palaeobot. Palynol. 1969, 9, 175–202.
[CrossRef]

32. Raynal, A.; Raynal, J. Une techinique de préparation des graines de pollen fragiles. Adansonia 1971, 11, 77–79.
33. Kisser, J. Bemerkungen zum Einschluß in Glyzerin-gelatine. Ztschr. f. wiss. Mikrosk. Technology 1934, 51, 372–374.
34. Erdtman, G. Pollen Morphology and Plant Taxonomy: An Introduction to Palynology (Vol. 4); Almqvist & Wiksell: Stockholm,

Sweden, 1952.
35. Halbritter, H.; Ulrich, S.; Grímsson, F.; Weber, M.; Zetter, R.; Hesse, M.; Buchner, R.; Svojtka, M.; Frosch-Radivo, A.;

Halbritter, H.; et al. Pollen Morphology and Ultrastructure. In Illustrated Pollen Terminology; Springer: Berlin/Heidelberg,
Germany, 2018.

36. Alexander, M.P. Differential Staining of Aborted and Nonaborted Pollen. Stain. Technol. 1969, 44, 117–122. [CrossRef] [PubMed]
37. Zhang, C.Y.; Geng, X.M. Comparative study on methods for determining pollen viability of six Rhododendron species. J. Plant

Sci. 2012, 30, 92–99. [CrossRef]
38. Luo, S.; Zhang, K.; Zhong, W.-P.; Chen, P.; Fan, X.-M.; Yuan, D.-Y. Optimization of in Vitro Pollen Germination and Pollen Viability

Tests for Castanea Mollissima and Castanea Henryi. Sci. Hortic. 2020, 271, 109481. [CrossRef]
39. Khan, A.; Ahmad, M.; Zafar, S.; Abbas, Q.; Arfan, M.; Zafar, M.; Sultana, S.; Ullah, S.A.; Khan, S.; Akhtar, A.; et al. Light

and Scanning Electron Microscopic Observation of Palynological Characteristics in Spineless Astragalus L. (Fabaceae) and Its
Taxonomic Significance. Microsc. Res. Tech. 2022, 85, 2409–2427. [CrossRef]

40. Claxton, F.; Banks, H.; Klitgaard, B.B.; Crane, P.R. Pollen Morphology of Families Quillajaceae and Surianaceae (Fabales). Rev.
Palaeobot. Palynol. 2005, 133, 221–233. [CrossRef]

41. Al-Hakimi, A.S.; Maideen, H.; Saeed, A.A.; Faridah, Q.Z.; Latiff, A. Pollen and Seed Morphology of Justicieae (Ruellioideae,
Acanthaceae) of Yemen. Flora 2017, 233, 31–50. [CrossRef]

42. Lopes, A.C.V.; de Souza, C.N.; Saba, M.D.; Gasparino, E.C. Pollen Morphology of Malvaceae s.l. from Cerrado Forest Fragments:
Details of Aperture and Ornamentation in the Pollen Types Definition. Palynology 2022, 46, 1–15. [CrossRef]

43. Zhang, J.; Huang, D.; Zhao, X.; Hou, X.; Di, D.; Wang, S.; Qian, J.; Sun, P. Pollen Morphology of Different Species of Iris Barbata
and Its Systematic Significance with Scanning Electron Microscopy Methods. Microsc. Res. Tech. 2021, 84, 1721–1739. [CrossRef]

44. Banks, H.; Rudall, P.J. Pollen Structure and Function in Caesalpinioid Legumes. Am. J. Bot. 2016, 103, 423–436. [CrossRef]
45. Banks, H.; Klitgaard, B.B. Palynological contribution to the systematics of detarioid legumes (Leguminosae: Caesalpinioideae).

Adv. Legume Syst. 2000, 9, 79–106.
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Abstract: Indonesia has around 4000 wood species, and 10% (400) of species are categorized as
commercial wood. One species is kayu kuku (Pericopsis mooniana Thwaites), native to Southeast
Sulawesi. This species is considered a fancy wood used for sawn timber, veneer, plywood, carving,
and furniture. The high demand for wood caused excessive logging and threatened its sustainability.
In addition, planting P. mooniana has presented several challenges, including seedling production,
viability and germination rate, nursery technology, and silviculture techniques. As a result, the
genera of Pericopsis, including P. elata (Europe), P. mooniana (Sri Lanka), and P. angolenses (Africa),
have been listed in the Convention on International Trade in Endangered Species (CITES) Appendix.
Based on The International Union for Conservation of Nature (IUCN) Red List of Threatened Species,
P. mooniana is categorized as Vulnerable (A1cd). This conservation status has raised issues regarding
its biodiversity, conservation, and sustainability in the near future. This paper aims to review
the conservation of potential and endangered species of P. mooniana and highlight some efforts
for its species conservation and sustainable use in Indonesia. The method used is a systematic
literature review based on P. mooniana’s publication derived from various reputable journal sources
and additional literature sources. The results revealed that the future demand for P. mooniana still
increases significantly due to its excellent wood characteristics. This high demand should be balanced
with both silviculture techniques and conservation efforts. The silviculture of P. mooniana has been
improved through seed storage technology, improved viability and germination rates, proper micro
and macro propagation, applying hormones, in vitro seed storage, improved nursery technology,
and harvesting techniques. P. mooniana conservation can be conducted with both in situ and ex situ
conservation efforts. In situ conservation is carried out by protecting its mother trees in natural
conditions (i.e., Lamedae Nature Reserve) for producing good quality seeds and seedlings. Ex situ
conservation is realized by planting seeds and seedlings to produce more wood through rehabilitating
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and restoring critical forests and lands due to its ability to adapt to marginal land and mitigate climate
change. Other actions required for supporting ex situ conservation are preventing illegal logging,
regeneration, conservation education, reforestation, agroforestry system applied in private and
community lands, and industrial forest plantations.

Keywords: fancy wood; economic value; sustainable management; conservation

1. Introduction

Indonesia has around 4000 wood species that can be used for building construction.
However, only 10% (400) of wood species have economic value, and 260 species are
commercially traded in national and international markets [1]. One of the commercial
and tropical wood species is kayu kuku (Pericopsis mooniana Thwaites.), a native species
in Southeast Sulawesi [2]. This species has good characteristics such as being a luxurious,
fancy, and expensive wood with high economic value in the international market [2,3]. Its
wood can be used as household tools and veneer and is suitable for heavy construction
such as ship decks, bridges, railway wood sleepers, frame wood, and truck tailgate [4].

Another “tropical wood” species is P. elata (Harms) Meeuwen., known as African
satinwood and gold teak [5]. This species is quite famous for its timber due to its similarity
of texture and other wood characteristics to those of teak (Tectona grandis L.). This timber
is traded internationally for exterior and interior work [5]. Like P. elata timber in Africa,
P. mooniana timber from Indonesia has been traded and utilized increasingly without
replanting efforts [3], exported since 1972, and exploited uncontrollably [4]. Consequently,
the species’ population is decreasing, as Rain Forest Action reported in 2004 [6]. Due
to its high demand and excessive harvesting in the international market, trees from the
genera Pericopsis have been included on the IUCN red list. For example, P. elata is listed as
Endangered [5,7], P. mooniana as Vulnerable [8,9], and P. laxiflora (Benth. ex Baker) Meeuwen.
as the Least Concern species [10].

The Pericopsis trees grow naturally in the Lamedae forest, including the natural reserve
forest, Kolaka district, and Southeast Sulawesi [9,11]. Generally, the trees are found in
beach forests, near the river bank, and in forests with an elevation of 200–350 m asl [3].
Nkulu et al. [12] found P. angolensis (Baker) Meeuwen. dominant in a habitat based on
the Mg concentration above 140 μg.g−1 and soil Al concentration at a threshold value
of 220 μg.g−1. The natural distribution of Afrormosia (P. elata) ranges from Ivory Coast,
Ghana, Cameroon, DRC, Congo-Brazzaville, CAR, and Nigeria [5]. P. mooniana is a native
species found in wet zone floodplain forests in Sri Lanka [13].

Indonesia owns 120 million hectares of forest, accounting for 64% of the country’s total
land area [14], including 14 million ha of critical forests and land. Meanwhile, P. mooniana
is well suited for rehabilitation, particularly for ex-mining reclamation land [15]. This tree
is a pioneer species due to its adaptability to marginal and unproductive lands [16,17]. This
has been supported by research findings of Perala and Wulandari [18] that the tree has a
high survival rate of 63% in gold-tailing lands, reaching 92% with additional treatment of
vermicompost, rhizobium, and mycorrhiza. This indicated that the trees could grow and
develop well in all forest areas, implying the potency of this species will become a mainstay
and superior tree in the near future in Indonesia.

P. mooniana seed germination is only 68% [19], and its seedlings have been predicted
to be well growing (100%) with various land media, tailings, and combinations between
tailing and manure [16]; however, it is still questionable regarding its growth after planting
in various types of forest lands. Therefore, research on seed production and the silviculture
techniques of P. mooniana is needed to optimize its growth and species conservation in
response to its high use and demand in the future. This paper aims to review the conserving
potential and endangered species of P. mooniana and highlight some efforts for this species’
conservation and sustainable use in Indonesia.
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2. Methods

The method used is the systematic literature review. The review was conducted
based on publications of P. mooniana derived from various reputable sources and additional
literature sources to capture the state of conserving this species as potential and endangered
species. Some keywords in English and Indonesian were used to find relevant issues by
employing a search engine. An intensive search for online publications for 1990–2022 was
carried out in August–September 2022. Literature references were collected through search
with the Google search engine, Google Scholar, Science Direct, ResearchGate, Crossref,
Scopus, PubMed, and other relevant databases. The stages of searching and screening the
publications are shown in Figure 1.

Figure 1. Stages in conducting the review.
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3. Results

3.1. Conservation
3.1.1. Botanical Description of Kayu Kuku (P. mooniana)

Classification of kayu kuku (P. mooniana) [20]:

Kingdom: Plantae
Division: Spermatophytae
Sub division: Angiospermae
Class: Magnoliopsida
Order: Fabales
Family: Fabaceae
Genus: Pericopsis
Species: Pericopsis mooniana Thwaites.

P. mooniana has a tree habitus and medium size. In natural forests, the trunk height
reaches 30–40 m; the branch-free trunk (clear bole) can reach 3/4 part of its total height,
and the diameter reaches 35–100 cm [21]. The main stem is straight, shallowly grooved,
and notched at the base; the stem is thin and smooth reddish, and the leaves are crossed
opposite. The bark is light brown. This species has brighter colored sapwood than its
reddish-brown heartwood [6] and belongs to the I-II durable class wood type [22]. The
wooden surface is slippery and shiny and has decorative lines [23]. P. mooniana has an
alternate arrangement of leaves and shoots, ovate to elliptical, rounded at the base of the
leaf, and pointed to tapered at the tip of the leaf; the surface of the leaf is glabrous; the veins
of the leaves total seven pairs; it has caducous scales; small stipules are not even present
as shown in Figure 2 [24]. The oblong-shaped flowers are purple-black, and the petals are
greenish [20].

Figure 2. Picture of P. mooniana, natural stands (A); flowering twigs, flower parts, and pods (B); fruit
morphology (C,D) [4,20].

P. mooniana has a fruiting season in September and October [6]. The fruit is classified
as a boxed fruit with seed chambers or boxes of up to four chambers (generally one, two,
and three seed chambers). Each chamber contains one seed, hard fruit skin (has thick cork
tissue), and a single fruit or single true fruit. Young fruits are light green [20]. When ripe,

84



Forests 2023, 14, 437

the skin splits (dehiscence), is inseparable from the fruit stem, and is pale white or brownish.
The fruit is rounded at the base and tapered at the end [4]. The pod-shaped fruit belongs to
the indehiscent fruit type. One pod holds 1–6 seeds, measuring 4–16 cm long and 2.5–5.0 cm
wide, round at the base, and tapering at the end. The unripe pods are green and turn
brownish when ripe [22]. Physiologically mature pods are brown with button-shaped seeds
1 cm in diameter and 4 mm thick [6]. The size dimension of the seed considered medium,
around 0.7 × 1.6 × 0.5 cm [20]. Seeds are orthodox, which means they have a hard seed
coat and are difficult to germinate because they experience seed dormancy. The structure
of seeds consists of Spermodermis, Testa, Tegmen, Funiculus, and Nucleus semminis [4]. Seeds
of this species are classified as dicotyledonous seeds (two pieces) and have a length of
1.0–1.3 cm and a width of 0.7–0.8 cm [22].

3.1.2. Habitat Characteristics and Distribution

P. mooniana is a single species in Southeast Asia, synonymous with Ormosia villamilii
Merr., Pericopsis ponapensis Hosok. The vernacular names of P. mooniana are nandu wood,
nedun tree (En), kayu kuku (Indonesia), kayu besi papus (Sulawesi), nani laut (Irian Jaya),
kayu laut (Sabah Peninsula), merbau laut (peninsula, Malaysia), and makapilite (Bisaya,
Philippines) [24,25].

Pericopsis species were categorized as luxury wood consisting of five species, four
found in the African Continent. P. mooniana has wide distribution covering Sri Lanka, South-
east Asia (Malaysia, Indonesia, the Philippines), and Oceania (Papua New Guinea)., The
species distribution of P. mooniana in Indonesia includes Sumatera, Kalimantan, Sulawesi,
Maluku, Halmahera, and Papua (Figure 3) [4,6,24–26].

Figure 3. Distribution map of P. mooniana in Indonesia.

P. mooniana grows naturally in coastal, riparian, evergreen, and semi-deciduous
forests [21] with relatively fertile regosol soil. This species distributed at 200–350 m asl,
with annual rainfall around 750–2000 mm. This species is suitable to grow on non-stagnant
soils, loamy, hilly topography with gentle slopes at an altitude of <30 m asl [4,6].

3.1.3. Genetic Resources of P. mooniana

P. mooniana is a rare and endangered tree species and potentially a priority species
requiring further protection for evaluating, conserving, and managing forest genetic re-
sources [8,27]. Deforestation, mining activities, over-exploitation of timber, forest conversion
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to agriculture, and settlement threaten the habitat of P. mooniana [28]. Widyatmoko [29]
reported that in 2018 more than 600 plant species in Indonesia were almost threatened
with extinction. This pressure caused the population of species P. mooniana in their natural
habitat to decline, resulting in a potential risk of extinction. Therefore, P. mooniana was
proposed for inclusion in Annex II of the 1992 CITES convention, which requires all trade
in a species to be registered (UNEP-WCMC 2014).

In addition to the exploitation and habitat disturbance, P. mooniana is also threatened
by genetic issues such as inbreeding, loss of genetic diversity, and accumulation of gene
mutations that can lead to extinction. Therefore, genetic conservation plays a vital role
because it is associated with significant factors contributing to species and population
extinction [30]. Genetic materials from various sources are required to conserve P. mooniana.
Knowledge of genetic diversity is the first step in conserving species to reduce the risk of
extinction by developing conservation strategies and restoration practices [31–33].

Research on the genetics of P. mooniana in the context of conservation in Indonesia is
limited to the Lamedae Nature Reserve area of Southeast Sulawesi and the Pulau Laut of
South Kalimantan [34–36]. The genetic diversity of P. mooniana in the four populations stud-
ied in the Lamedae Nature Reserve and surrounding populations shows moderate genetic
diversity [34]. However, the genetic diversity of P. mooniana at the seedling level shows
a reasonably high genetic diversity [35]. Meanwhile, the genetic diversity of P. mooniana
found on the Pulau Laut of South Kalimantan shows low genetic diversity [36]. Nowadays,
P. mooniana stands quickly disappear due to logging and land clearing. Only a few stands
of P. mooniana remain in Papua [37], Pulau Laut South Kalimantan [38], Jambi South Sumat-
era [39], and Southeast Sulawesi (Lamedae Nature Reserve) [40], and this species tends to
survive continuously in forest areas.

This genetic conservation activity not only keeps the number of trees and populations
of P. mooniana but also needs for plants’ development and adaptation to their environ-
ment [31,41]. Genetic conservation is one of the methods to maintain maximum genetic
diversity and give opportunities for the species to adapt and evolve [31]. The results of
the genetic diversity analysis of the endangered P. mooniana are as follows: (1) the genetic
diversity ranges from low to moderate [42], (2) the distribution of genetic diversity is
mainly within the population [43], (3) population distribution based on genetic distance is
closely related to geographic distance [43,44] and (4) mating occurs randomly if the number
of parent trees is large enough [34].

The genetic diversity of P. mooniana is obtained using various molecular markers,
namely isozymes, RFLP (restriction fragment length polymorphism), DNA markers (de-
oxyribose nucleic acid), and sequencing [45–47]. In addition, it can also be used for species
identification (DNA barcoding) [48], clone identification [49], and population genetic diver-
sity [50–52]. Random amplified polymorphism DNA (RAPD) markers have been used to
analyze the genetic diversity of P. mooniana from four populations in Southeast Sulawesi
(Lamedae Nature Reserve and the villages of Lamedae, Balijaya, and Tangketada). The
degree of genetic diversity is nearly identical across all populations with an average He
value of =0.361 and is, therefore, classified as moderate. Lamedae Nature Reserve has the
highest genetic diversity (He = 0.383 ± 0.031). The population of P. mooniana from the
three villages has a close genetic relationship [34]. Yuskianti et al. [36] observed that the
genetic diversity of P. mooniana in four populations on the Pulau Laut of South Kalimantan
showed that the diversity was low (He = 0.191 ± 0.013). They are closely genetically related,
indicating they come from a common origin.

3.2. Cultivation of P. mooniana

Efforts to preserve and develop P. mooniana trees are strongly influenced by advances
in cultivation techniques. The extinction of a species is mainly due to over-exploitation
that is not balanced with a proper cultivation system, thus causing a decrease in natural
germplasm sources and resulting in the existence of a species becoming rare or endan-
gered [53]. This also works for high economic value species due to their luxury wood and
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being liked by the community [3,9,34]. Efforts to preserve P. mooniana in the context of
sustainability are strongly influenced by the cultivation level and its technological develop-
ments. The scope of cultivation includes seed technology, nursery techniques, generative
and vegetative propagation, and identification and control of pests and diseases that attack
the P. mooniana trees.

3.2.1. Seed Technology

Plant cultivation begins with conceiving seed technology, starting from understanding
the phenology of flowers and fruit to the right time to collect fruit [54]. Research on the
flowering and fruiting period of P. mooniana is limited. Knowledge of the flowering period
in forest plant species is essential if breeding activities are carried out by knowing the right
time for fertilization or crosses [55]. P. mooniana fruits every year, meaning the potential
for generative propagation is very high because it is not constrained in the fruiting period.
However, until now, there is no information about the potential production of P. mooniana
seed per tree, but data on the number of seeds in one pod are available [22].

The weight of 1000 seeds is 2546 g, and 1 kg contains ± 4000 seeds. The seed is
classified as an orthodox seed, with the seed’s initial water content being below 10% [22].
Therefore, P. mooniana seeds can be stored for a long time in cold storage conditions. The
moisture content of the seeds for storage can be decreased below 8% without significantly
reducing its viability. Even seeds of the same genus, namely P. elata, are predicted to be
able to be stored for up to 243 years [56]. This longevity of storage indicates that the seeds
of the genus Pericopsis can be stored for a long time while retaining their viability. It is
advantageous in supporting conservation efforts. However, until now, there has been no
research on the longevity storage of P. mooniana seeds.

Anatomically, the seed of P. mooniana has a reasonably hard seed coat with a waxy
layer covering it; this is one of the obstacles in the germination of the seed [19]. The hard
coat causes seed dormancy, which is classified as physical dormancy, and this condition is
also found in seeds of the same genus, namely P. elata [56]. However, an attractive condition
is seen in P. angolensis; although it is in the same genus, no dormancy happened [57].
Breaking dormancy is the first step to accelerate the germination of P. mooniana seeds. Seeds
without breaking dormancy have a germination of about 2%; meanwhile, those breaking
dormancy have an average germination of up to 60% more than the control [22]. The most
effective breaking dormancy for P. mooniana seeds is wounding or sacrificing on the surface
of the seed coat or soaking in hot water (80 ◦C–90 ◦C) for 10 min, followed by soaking
in cold water for 48 h [22]. This technique can increase germination by more than 60%.
Seed selection and treatment can speed up the germination rate. By soaking yellow and
brown seeds in hot water to “scarify” them, the first germination time can be shortened,
and the viability increases to 76% [23]. The scarification technique by broken seed skin
leads to significant differences in the percentage of sprouts, germination, average days of
germination, vigor index, number of leaves, and seedling height [58].

The average germination rate of P. mooniana seeds is 15–37 days, but if the dormancy
is broken, the germination time will be faster, which is 6–8 days on average [19,22,59]. The
speed and uniformity of germination affect the process of procuring seeds; this is related to
the amount and time required to procure seeds for planting. Another method that can be
used to estimate the potential viability of P. mooniana seeds is a rapid test method; this is
possible because direct viability testing takes quite a long time. Rapid seed viability tests
can be carried out in various ways, such as radiographic analysis, tetrazolium test, cutting
test, and other methods [53].

Another significant activity in maintaining seed viability is the post-harvest seed
storage process because of its orthodox seed. It uses an airtight container stored in a
low-temperature room. Along with advances in science and technology, techniques for
increasing seed vigor or invigoration can be carried out in various ways: through priming,
gamma ray irradiation, and ultrafine bubbles [60–62]. However, until now, there has been
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no research on seed invigoration of P. mooniana seeds, so this is an opportunity to increase
the viability of P. mooniana seeds to preserve them.

3.2.2. Propagation Techniques

Seed procurement can be done by generative methods such as tillers and stumps,
vegetative propagation, such as macro propagation (cuttings, air layering grafting, and
budding), and micropropagation (tissue culture).

Generative

Cultivation of P. mooniana with generative propagation and procurement seeds should
be obtained from tree sources over 15 years old, with a percentage of sprouts ranging from
80% [20]. The time required from the imbibition process to the release of the cotyledons
is ±48 days, and it is ready to be weaned into polybags [19]. Generative propagation,
including viability and germination rate, has been described in Section 3.2.1.

Vegetative Propagation

Several studies on vegetative propagation for this species include shoot-cutting tech-
niques and tissue culture, especially in manufacturing seedlings from genetically identical
superior clones [63–65]. The technique can also overcome the scarcity of seedlings, espe-
cially for species that do not fruit yearly. The shoot-cutting technique can be applied by
adding as much as 60 ppm of the hormone IBA [64].

Material for tissue culture (in vitro techniques) must be well prepared. The material
derived from the seeds affects the ability to sprout. Seeds that have been removed pericarp
and stored at room temperature showed the highest shoot length compared to seed pericarp
removal stored at 10 ◦C [63].

Seed germination and shoot propagation of P. mooniana have been investigated using
in vitro techniques. Seeds were sowed in Murashige and Skoog (MS) medium without
plant growth regulators and showed 100% germination. The MS + BA 0.75 mg/L treatment
showed the best media treatment for shoot propagation, as indicated by the highest number
of 2.3 shoots and 6.8 cm height on average at 12 weeks of observation. The tissue culture
requires sterilized seeds [59], especially for the explant of P. mooniana; it is necessary to
choose healthy, brightly colored, and not wrinkled seeds [65].

In multiple shoot cultures, establishment of seedling shoot tips of P. mooniana would
be improved by using an MS medium with several doses of growth hormone BAP (benzyl
amino purin) and NAA (naphthalene acetic acid) [66]. The highest level of micropropaga-
tion depends not only on the medium and selection of a suitable explant but also on the
combination of growth and hormone [67].

3.2.3. Seedling Improvement Technique

The optimal temperature and humidity for germination of P. mooniana are at tem-
peratures between 25 ◦C−30 ◦C with humidity between 60%−70%. Meanwhile, the best
medium for germinating P. mooniana seeds is a mixture of soil and sand (V/V: 1/1) that
has been sterilized. Normal P. mooniana germination is characterized by the appearance
of two healthy, sturdy leaves. P. mooniana seedlings can be weaned in polybags when
the seedlings look sturdy, the roots are well formed, and the seedlings are ready to wean
around 3–4 weeks after sowing. The media must contain enough nutrients to support
the growth of seedlings until they become ready to plant in the field [17]. P. mooniana are
pioneer plants that grow well without shade [68]. Seedling of P. mooniana is maintained
in the nursery for about 3–4 months until the stems are woody and the seedling medium
is compact.

3.2.4. Pest and Disease of P. mooniana

Observations showed that 1-year-old P. mooniana seedlings in the nurseries had three
pests: Zeuzera larva (coffee), leaf-rolling caterpillars, and grasshoppers (Valanga sp.). The
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symptoms of the attack by larvae of Z. coffeae were borer on young stems, causing dry
leaves and plant death. Plant death is due to the larvae burrowing the branch and moving
in a vertical direction, thus damaging the xylem and phloem tissues of the plant [69]. The
pest attacks were found in P. mooniana seeds from Tanggetada Natural Forest, with an
attack of 1.65% [70]. Z. coffeae often attacks annual plants and tiny seedlings in forests,
horticultural nurseries, and young plants, including P. mooniana [71].

Pests that attack young leaves of P. mooniana are larvae Sylepta sp., which causes the
leaves to curl or fold, containing some larvae that are actively eating the leaves [72], and
Valanga sp., causing leaf tearing in the leaf edge or leaf with a hole in the middle [70].
The attacks of these pests were found in the Lamedae Nature Reserve and Tanggetada
Natural Forest. The leaf-folding caterpillar attack was also found on the P. mooniana plant
in KHDTK, Malili, East Luwu, and South Sulawesi [40].

3.2.5. Mycorrhizal Fungi Application

Arbuscular mycorrhizal fungi (AMF) have been developed and used as a biofertilizer
to support various uses, including for extensive agricultural development, forest refor-
estation [73], restoration of degraded land and ecosystems [74,75], land phytoremediation
polluted [76], and conservation programs for endangered tropical tree species [77,78]. A
total of 75 species of AMF from 23 genera and 11 families are found in Indonesia and
are in symbiosis with various plants in various land use types [79]. Fifteen species of
AMF from five families and nine genera have been found in the rhizosphere of P. moo-
niana in natural habitats and development areas in Southeast Sulawesi. Glomeraceae,
including the dominant family and four AMF species, were first reported in Indonesia,
namely Glomus canadense, G. halonatum, Racocetra gregaria, and Ambispora appendicula [80,81].
AMF isolated from the rhizosphere of P. mooniana has been collected, reproduced, and
tested on its viability and growth both on a nursery/greenhouse and field scale (Table 1,
Figures 4 and 5).

Table 1. Review of AMF symbiotic research with P. mooniana.

AMF Species/Treatment Media Period (Month) Effect Experiment Type References

Septoglomus constrictum + two days
of watering

Gold tailings
media 4 Increase shoot P levels and uptake Greenhouse [82]

G. claroideum and G. coronatum Gold tailings
media 4

Increase the height diameter,
number of nodules, dry weight of
plants, and uptake of N and P in

the roots

Greenhouse [83]

G. claroideum + field capacity 100
and 75 %

Gold tailings
media 4

Increase plant height, diameter,
total leaf area, nodulation, and

dry weight
Greenhouse [84]

G. claroideum and G. coronatum Gold tailings
media 4 Increase the uptake of N, P, Mn,

and Fe leaves Greenhouse [85]

5 g AMF inoculum Mycofer (mix.
Glomus manihotis, Glomus

etunicatum, Acaulospora tuberculata,
Gigaspora margarita) and addition

sago waste 20 g

Soil media of
nickel

post-mining site
3

Increase height, dry weight, root
nodules, and absorption of K and

Ca and reduce Ni by 32%
Greenhouse [86]

AMF native from rhizosfer P.
mooniana

Soil media of
nickel

post-mining site
5

Increase growth and dry weight,
absorption of N, P, and K in three
parts of the plants, of Ca (in stems

and leaves) and of Mg in leaf
tissues and root nodules; and

reduce Ni content

Greenhouse [87]

C. etunicatum/Ha
Soil media of

nickel
post-mining site

5

Increase the height, diameter,
number, and area of leaves, plant

dry weight, and Seedlimh
quality index

Greenhouse [88]

C. etunicatum/Ha + without
treatment of Urea

Soil media of
nickel

post-mining site
5

Increase the number of leaves,
nodulation, and dry weight of

shoots and roots
Greenhouse [89]

AMF local from rhizosfer P.
mooniana

Overburden coal
media

Increase in the growth and dry
weight of plants and also tend to

increase the C, N, P, K, Ca, and Mg
accumulation

Greenhouse [90]
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Table 1. Cont.

AMF Species/Treatment Media Period (Month) Effect Experiment Type References

Mycofer IPB (Glomus etunicatum,
G. manihotis, Acaulospora

tuberculata, and Gigaspora rosea)
Ultisol 3 Increase growth and dry weight Greenhouse [91]

Glomus sp. (HA) Ultisol 3
Increase height, diameter, number
of leaves, dry weight, root nodules,

root, and leaf length
Greenhouse [75]

Acaulospora sp. 1 (HA) Ultisol 3
Increase growth in height,

diameter, number, and area
of leaves

Greenhouse [92]

Local AMF from P. mooniana
rhizosphere Inceptisol 5

Increase in height, diameter,
number of leaves and root nodules,
total dry weight, total chlorophyll,

P, K, Ca, and Mg uptake

Greenhouse [93]

AMF from P. mooniana rhizosphere
from Lamedai NR

(non-serpentine) and PT. Vale
Indonesia (serpentine)

Nickel
post-mining land

3
Increase survival rate,

growth, dry weight, and
accumulation of N, P, and K

Field

[94]

24 Increase height and diameter [95]

36

Increase growth in height,
diameter, number, length, and

width of leaves and dry weight of
wet and dry leaves

[96]

G. coronatum Gold
post-mining land 4

Increase the height, diameter, and
dry weight of the leaves as well as
the uptake of N, P, K, Mn, and Fe

Field [83]

Figure 4. Visualization of growth performance of mycorrhizal and non-mycorrhizal P. mooniana at
greenhouse and nursery scales. (A) Coal overburden (OB) media [90], (B) gold tailings media [83],
(C) serpentine soil media/post-nickel mining [87], and (D) serpentine soil media [2].
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Figure 5. Visualization of growth performance of P. mooniana with and without mycorrhizal in a
post-nickel field at 12 months (A) and a post-gold mine at four months after planting (B) (Photo: F.D.
Tuheteru and Husna, 2022).

Table 1 shows that the application of AMF increased the growth, dry weight, nodu-
lation, and nutrient uptake of P. mooniana at the nursery scale in various growing media.
Based on these different research results, AMF has the potential to be developed as a bio-
logical fertilizer to support conservation programs for endangered tropical tree species and,
at the same time, accelerate the success of P. mooniana planting in disturbed and damaged
land restoration programs.

Besides AMF, P. mooniana also has symbiosis with rhizobium. There were 18 species
of rhizobia associated with P. mooniana in Sri Lanka [97]. Rhizobia isolated from the roots
of P. mooniana was effective in improving nodulation and nitrogen fixation and increasing
50% of plant dry matter under conditions of low N fertilization levels for 12 months of
observation. In addition to single inoculation, double inoculation of AMF and rhizobium
can increase plant growth. The synergy of AMF and rhizobium increased P. mooniana
2–4 fold growth compared to the control [98]. The increasing number of mycorrhizal
P. mooniana root nodules (Figure 6) is related to the improvement in phosphorus uptake by
AMF required by rhizobium [99].

3.2.6. Silviculture Techniques

Silvicultural practices such as determining plant spacing and basic and advanced
fertilization greatly determine plant growth. The planting hole is made wider on post-
mining land than on mineral soil. In addition, it uses the intensive application of basic
and advanced fertilizers that increase the incremental growth in plant height and diameter.
Wide spacing increases plant diameter. The following is a summary of publications, inter-
views, and observations on-site related to silvicultural practices and their effects on plant
growth, namely:

1. In the nickel post-mining area, planting holes were 60 × 60 × 60 cm. Plants were
planted with a distance between planting holes of 4 m x 4 m. Before planting, the
soil is mixed with compost and urea (5 kg and 100 g, respectively), one-fifth of the
standard carried out by PT. Vale Indonesia Tbk and mixing sago pulp with soil media
was carried out, with a height and diameter increment of 0.44 m and 0.8 cm [2,96].
P. mooniana was planted between reclaimed trees at a spacing of 4 × 5 m and filled
with 25 kg of active compost and 0.4 kg of urea + TSP + KCl + dolomite each per
planting hole. In the first and second 6 months of maintenance, 0.4 kg each of
urea + TSP + KCl was added, and in the third period, pruning was conducted and
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mulch was placed at the base of the stem circle. This treatment increases height and
diameter increment of 0.93 m and 1.06 cm, respectively (personal communication
with Mr. Guntur Sambernyowo, Retired PT Vale Indonesia).

2. In gold post-mining land, the spacing is 2 × 2 m with a planting hole of 40 × 40 × 40 cm.
P. mooniana seedlings with a height of ±30 cm were transferred and planted in the holes
with 4 kg of compost. A total of 50 g of NPK fertilizer per plant was added after one day
of planting and then treated with watering and weed control. It increased height and
diameter averages of 0.2 m and 0.36 cm, respectively [83].

3. In the land occupied by Imperata cylindrica, the planting distance was 2.5 × 2.5 m with
a planting hole of 30 × 30 × 30 cm and basic fertilizer of 1 kg of compost. The mean
increase in height and diameter is 0.89 m and 1.20 cm at 17 years old (observation
on site).

4. In the green open space of Halu Oleo University, the planting spacing was 3 × 3 m
with 30 × 30 × 30 cm planting holes and no further fertilization. The mean increase
in height and diameter at 13 years old is 0.84 m and 1.75 cm (observation on site).

Figure 6. Visualization of root nodules of P. mooniana plant mycorrhizal (A,B) and non-mycorrhizal (C) [2].

3.2.7. Future Opportunities in Improving Seed and Seedling Quality

There is still a technological gap in P. mooniana cultivation in Indonesia, while natural
conditions indicate that P. mooniana stands to decline. Therefore, it is necessary to dig more
profound the technology that can fill the gap. Regarding conservation, it is essential to use
quality seeds and seedlings. Suppose we identify several aspects that need to be encouraged
to be developed to support conserving P. mooniana species. We begin with the seed source
of P. mooniana, which until now is limited. The existing seed source is the identified seed
stands and is the lowest rank in the classification of seed sources. Classification of seed
sources determines the genetic quality of the plants. The genetic diversity of P. mooniana
from several populations in Indonesia shows that originating from populations in Papua
has a high level of diversity compared to other populations from Sulawesi, Kalimantan,
and Java [100]. This information is essential if we develop a seed source because it will be
related to the quality of the seed produced from that source.

Seed quality is also determined by post-harvest handling because it is related to the
physical and physiological quality of the seed. The physiological quality of seeds can be
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improved by applying invigoration technology. Until now, research on the invigoration
of P. mooniana seeds has never been done; this condition is a challenge for forest tree seed
researchers to research improving the physiological quality of P. mooniana seeds. Seed invig-
oration techniques on various forestry plant species have increased seed germination [101].
If the invigoration technique is applied to P. mooniana seeds, it is very promising to increase
their viability when their vigor has decreased.

Regarding seed technology for conserving P. mooniana species, a seed coating technique
can also be used. Seed coating is wrapping seeds by mixing various microbes such as plant
growth-promoting bacteria, rhizobia, arbuscular mycorrhizal fungi, and Trichoderma [102].
All of them are beneficial for the growth at the seedlings level and the plants in the field.
This effort can help improve the quality of seeds and seedlings and support successful
planting to preserve P. mooniana.

3.2.8. Harvesting Technique

To find out the general picture of the impact of harvesting P. mooniana on sustainability
and the environment, knowing the activities of harvesting natural forest wood is a learning
process for better management. Sustainable forest management practices also implicate
timber harvesting techniques that can improve productivity and wood utilization efficiency
and minimize wood waste and residual stand damages. Therefore, reduced impact logging
(RIL) must be implemented in P. mooniana harvesting, especially in Indonesia’s production
forests [14].

RIL is one of the harvesting techniques that could cause minimum damage to forest
harvesting activity [103,104]. RIL is a low-impact timber harvesting technique through a
comprehensive approach to planning, performing, monitoring, and evaluating [105]. The
RIL implementation aimed to reduce the negative impact on the environment and improve
harvesting efficiency by decreasing the wood harvesting waste volume and harvesting
cost. Additionally, it can enhance the production cost; create a conducive growing space;
improve the company income, occupational health, and safety; and become a prerequisite
for sustainable forest management. By implementing RIL, it is expected that the forest
damage in the timber harvesting area could be reduced.

An exemplary implementation of RIL could improve timber production and promote
sustainable forests, including biodiversity [106]. Sustainable forest management is an effort
of emission reduction through a sustainable innovation to provide a low impact on the
environment, including RIL technique implementation and implementation of other prac-
tices such as reducing the destructive impact of harvesting activity and the implementation
of Sustainable Production Forest Management (SPFM) certification [107]. Learning from
various studies in natural forests shows that the application of RIL techniques can increase
the efficiency of wood utilization by an average of 12% [108] and reduce residual damage
by 13.62% [109,110]. From a conservation perspective, silvicultural techniques of selective
logging guarantee more forest sustainability [111] because it can increase environmental
stability through the presence of remaining stands resulting in new regeneration [112].
Subtropical forests revealed that new regeneration is significant in establishing vegetation,
thereby contributing to biodiversity and continued timber production [113]. Therefore, we
should do better to overcome the scarcity of P.mooniana in Indonesia, and it is necessary to
carry out sustainable forest management by implementing reduced impact logging (RIL).
Reduced impact logging activities include improving felling and bucking techniques to
make them more efficient and adjusting felling intensity and allowable diameter limits. In
addition, it is necessary to carry out reforestation and revegetation activities outside the
forest area [3].

Therefore, regarding climate change and global warming issues, the effort to maintain
the ecological function of the forest is to treat and protect the forest vegetation from possible
damage (deforestation and degradation). After using the RIL technique, the potential
for carbon storage was reduced by 2.57 tons C/ha or 9.43 tons CO2-equivalent [114].
The application of RIL can reduce residual stand damage by 50%, so it can maintain
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forest carbon of 12.5%–25% greater than conventional logging (CL) and produce a high-
quality residual stand in the next cycle. Furthermore, implementing RIL could increase the
absorption capacity of CO2 from the air by 1.7 times that of CL [115], and can potentially
reduce emissions by approximately 1–7 tons of CO2/ha/year [116]. This may act as the
basis for future planned forest management activities involving RIL, carbon, and forest
certification through the hierarchy of production forest management. The implementation
of both RIL and forest certification can be facilitated through the binding of carbon financial
incentives [116]. The implementation of RIL and CL has not guaranteed the species’
existence. This is because species arrangement in the harvesting is limited for the species
group, so scarcity of specific species becomes uncontrollable.

The research showed that the increment in the growth of the stand is greater than the
wood consumption rate. If the yield regulation system only considers incremental growth,
there will be an excess supply of wood, which threatens to reduce the economic value of
the wood itself. Forests will be converted to plantations, settlements, fields, and others.
To overcome this problem, yield regulation must consider the wood consumption rate.
This term has not yet been developed, but databases related to monitoring consumption
rates already exist, one of which is TEINIT (Timber Product Inventory on Information
Technology) [117–120]. The simulation results show that the consumption rate of wood
products for house and furniture construction is lower than that of wood harvested from
natural forests using the incremental approach [121]. For this reason, a harvesting system
that considers the consumption rate of certain tree species will help maintain the existence
of these species and increase their economic value.

3.3. Importance of P. mooniana for the Wood Industry
3.3.1. Wood Properties

It is necessary to know the nature and characteristics of the wood, which are related
to its quality the designation [122]. P. mooniana wood has a beautiful pattern resembling
teak, as shown in Figure 7 [123,124]. The genus Pericopsis consists of four species, three
from Africa and one from tropical Asia. P. mooniana is heavily exploited for wood trade
in Southeast Asia [125]. It is categorized as the fancy wood class II in the Decree of the
Minister of Forestry No. 163/Kpts-II/2003 [126]. This wood species has a beautiful pattern,
so it is often used as a substitute for teak (Tectona grandis) to make furniture, cabinets, and
other construction purposes [127,128].

Figure 7. P. mooniana wood in macroscopic section, reproduced with permission from Krisdianto and
Dewi [124].
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The wood has physical properties, including specific gravity of 0.87, strong class II,
radial shrinkage of 2%, and tangential shrinkage of 2%. Thus, it is classified as a low-
shrinkage wood and relatively stable. Wood durability is indicated as resistant toward
destructive organisms and grouped into class II. The wood’s mechanical properties include
a bending strength of 954 kg/cm2 (wet) and 1473 kg/cm2 (dry), hardness of 752 kg, max-
imum compressive strength of 485 kg/cm2 (wet) and 699 kg/cm2 (dry), and stiffness of
95,000 kg/cm2 (wet) and 110,000 kg/cm2 (dry). Regarding machining and workmanship,
this wood has poor quality in drilling, engraving, molding, trimming, turning, and pol-
ishing [124,129]. The wood properties and characteristics are related to the wood quality.
Anoop et al. [128] stated that the higher the specific gravity of the wood, the higher the
fiber volume and the lower the vessel volume. The color difference between sapwood and
heartwood is very conspicuous. The heartwood is brown-purple-black with light brown
sapwood [130]. It differs from P. elata heartwood, which is brown to yellowish with streaks
or without streaks, and the sapwood is distinct from the heartwood color [131].

3.3.2. Wood Anatomy Structure

The tangential vessel diameter of this wood is 116.7 μm and belongs to a relatively small
diameter class which causes a fine texture [130]. The wood anatomy structures included
vessels in a round to oval form that are diffuse-porous, arranged solitarily, and joined radially
by 2–3 vessels, the number of vessels: 7–8/mm2, ray height: 234–237.9 micrometers (μm),
ray width: 29.6–30.4 μm, fiber length: 1142.6–1255.2 μm, fiber lumen diameter: 7.4–8.6 μm,
and fiber wall thickness: 4.9–5.1 μm. The rays’ cells of P. mooniana are arranged in an orderly
manner so that they have a distinctive and attractive pattern known as the fancy wood group
with a ripple mark. It has wing-shaped (aliform) to confluent parenchyma cells. Its rays’
cells are uniseriate, biseriate, and multiseriate with a heterocellular composition that consists
primarily of procumbent, and there are cells that are upright like a cube. The rays on the
tangential section appear in a regular and distinctive arrangement [132]. This wood fiber has
medium fiber lengths and thick cell walls [124,130]. Ishiguri et al. [127] stated that the wood
structure is a vessel diameter of 160–170 μm, vessel frequency of 8–10 vessels/mm2, fiber
length of 1.0–1.7 mm, fiber cell diameter of 15–20 μm, and fiber cell wall thickness of 3.5 μm.

3.3.3. Wood Uses

P. mooniana is known as a luxury wood with a specific gravity of 0.87, strong class
II, and durable class II [126], so it is suitable for indoor and outdoor furniture, window
and door panels, veneer, luxury plywood, decorative, parquet flooring, bridges, and
construction materials [1,124]. It has a beautiful pattern and is often used as a substitute
for teak [126–128]. It is a pride and prestige for the upper middle class to use luxurious
and expensive wood furniture. It offers a sense of safety and environmental friendliness
and is picturesque and easy to shape. In recent years, most people have preferred wooden
furniture due to its stylish interior design, accentuating aesthetic appearance, and long
lifetime [133]. It can be used for a beautiful veneer with a beautiful wood pattern that is
made using a slicing method to maintain its beautiful pattern and minimize incision waste
by about 5% [4,134]. It is used for surface coating furniture, interior pillars, decorative
walls, and a face veneer for composite wood products, including plywood, particle board,
and fiberboard [135].

3.4. Economics and Regulation

As mentioned, P. mooniana wood is luxurious, fancy, and expensive wood with high
economic value in the international market [2,136]. The estimated price is similar to teak
wood products [136]. However, Suhartati et al. [4] pointed out that the price of exported
P. mooniana wood is 2–3 times the price of teak wood due to its excellent wood characteristics.
Since then, the wood has been commercially categorized as fancy and luxury wood similar
to bongin (Irvingia malayana Oliv), bungur (Lagerstroemia speciosa), cempaka (Michelia spp,
and cendana (Santalum album) as stated in Forestry Minister No. 163/Kpts-II/2003.
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3.4.1. Trading and Its Regulations

The Pericopsis wood products (Figure 8) have been traded locally, so it is difficult to
get quantitative data on its wood supply and demand. The wood is utilized increasingly
without replanting efforts [3] and exported since 1972 and exploited uncontrollably [4], so
a decrease in the population of P. mooniana was reported by Rain Forest Action in the year
2004 [6]. This condition has put the trees as vulnerable species (VU A1cd ver 2,3) in the
IUCN Red List of Threatened Species. These species are also included as tree species in the
Southeast Asia region and are immediately saved for protection from vulnerable threats by
the UNEP World Conservation Monitoring Centre [9].

Figure 8. Wood product of P. mooniana from Southeast Sulawesi, Indonesia (Photo: F.D. Tuheteru, 2023).

The Natural Resources Conservation Institute Sulawesi Tenggara in 2012 reported that
the potency of Pericopsis trees at the Nature Reserve (NR) of Lamedae significantly declined,
was no longer dominant [3], and became vulnerable tree species [6]. In order to prevent the
population decline, the Government of Indonesia, through the Ministry of Forestry, has
issued its regulation number: 209/kpts- II/1994. This regulation has appointed the NR of
Lamedae as a location for sustaining the Pericopsis stand population [6].

The history of the appointment of Lamedae NR as a location for sustaining the Pericop-
sis stands population has been well described [9,137]. It began with the letter of the Director
of Nature Protection and Preserving, Ministry of Agriculture No: 1058/IV-i/IV/6/1972,
dated 22 August 1972, proposing to Governor to appoint the Lamedae-Tangketada forest
compartment that grows abundant P. mooniana trees as NR areas. Thus, the Governor
agreed by issuing a recommendation letter No: PTA/4/1/11. On February 16, 1974, the
Ministry of Agriculture determined the Lamedae-Tangketada forest as NR with a total area
of 500 Ha. In 1987, the total area of Lamedae NR became 635,15 Ha after completing its
border areas. Based on its final border areas, the Ministry of Forestry issued a Forestry
Minister No. 209/KPTS-II/1994, dated April 30, 1994, for determining Lamedae forest as
NR [9] and that the Lamedae NR is only one of the in situ conservation for Pericopsis trees
in Indonesia, particularly in Southeast Sulawesi.

3.4.2. Sustainable Wood Supply

The vulnerability of P. mooniana will threaten its wood supply to wood processing
industries. In order to increase the population of P. mooniana, the species can be chosen
as the main species for rehabilitating and restoring the critical forest and land areas in its
near-native habitat. There are many ways to rehabilitate critical areas, one of which is to
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implement an appropriate and effective agroforestry system to restore critical land by using
the agri-horti-silviculture model [138]. This model is a technique for cultivating local forest
trees with certain food plant species and conserving local species more than producing
commercial food [138]. This method allows local species with vulnerable categories to be
conserved while combining them with appropriate annual crops.

In conservation, local tree species such as P. mooniana have a relatively high proba-
bility of being productively conserved with agroforestry techniques using the agri-horti-
silviculture model [138]. Due to its pioneering nature and being able to grow on degraded
soils, its combination with other plants in an agroforestry cropping pattern will produce
at least two main outputs, namely: (1) preservation of the studied species in a productive
conservation model; (2) restoration of land quality through revegetation activities.

Using P. mooniana as shade stands in agroforestry systems with the aim of revegetation
of critical lands has an excellent opportunity to be actualized. However, few reports are
available regarding P. mooniana agroforestry practices by local farmers [136]. They have
experimented with agroforestry patterns using P. mooniana as shade trees and patchouli
(Pogestemon cablin Benth.) as its intercrop. The results showed that the shade treatment
significantly affected growth in stem height, the number of leaves, and the concentration of
biomass of patchouli plants [136].

3.5. Discussion and Conservation Strategies for P. mooniana

The main obstacles to P. mooniana cultivation in Indonesia are (i) a decline in its natural
stands and (ii) a technology gap for its cultivation. Hence, it requires several aspects to
support its species conservation. The priority for species conservation needs appropriate
planning in determining its conservation strategy. It begins with genetic conservation
efforts that are carried out by establishing in situ and ex situ conservation areas with proper
methods, planning, monitoring, and evaluation. The preparation of conservation plans
fully requires information on species taxonomy, species biology, species distribution, and
current population numbers in nature [139]. In this case, the genetic diversity of P. mooniana
is a fundamental element for increasing the productivity of forest plantations and their
availability in the future. In addition, genetic-based ecosystem restoration is a new strategy
for genetically P. mooniana.

There are two genetic resource conservations: in situ and ex situ. The in situ conserva-
tion for genetic conservation can be done by (1) selecting a representative population of
each natural distribution and (2) selecting populations with variations in morphological
characters and high genetic diversity. It is more effective and realistic than ex situ, as well
as protects the reservoir of genes for potential use in the future at conservation areas. A
major problem with in situ conservation is the conflict between reserves and local people.
Hence, involving local communities in conservation efforts becomes essential. Although
the interests of local people and the conservation managing authorities differ, efficient
management of the buffer-zone areas has become a possible solution. The next step is
maintaining the number of individuals and periodically managing genetic analysis. The in
situ conservation of P. moniana has been supported legally in Southeast Sulawesi through
the Forestry Minister degree No. 209/kpts- II/1994 appointing the NR of Lamedae as a
location for sustaining Pericopsis stand population [6].

Ex situ conservation is also an integral part of tree improvement activities. These
include gene banks for seed and pollen, clone banks, breeding populations, and cry-
opreservation. P. mooniana seeds and seedlings were collected from remaining natural
populations in Southeast Sulawesi and South Kalimantan and were utilized to build an ex
situ conservation plot on the island of Java and provide material for the P. mooniana tree
breeding program.

Based on the condition of P. mooniana in Indonesia, in situ and ex situ conservation of
P. mooniana is a top priority to prevent genetic erosion [140]. Furthermore, coordination
between the two conservation stakeholders is critical for long-term conservation sustain-
ability through effective conservation planning [141]. The importance of in situ genetic
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conservation is implemented to overcome the weakness of ex situ conservation, which
cannot imitate evolutionary processes [142,143]. In situ genetic conservation is carried
out by selective and adaptive processes that give rise to new genetic traits in the face of
environmental challenges [144]. Furthermore, it must be based on an efficient network of
protected areas and have the legal powers established by law [145]. Meanwhile, ex situ
conservation is implemented as an alternative strategy when in situ conservation cannot be
implemented adequately [146]. The ex situ conservation strategy of P. mooniana is carried
out by taking and preserving samples of species, subspecies, or varieties as living plant
collections in field gene banks, botanical gardens, and arboretums, or as samples of seeds,
ovules, and pollen or DNA under controlled conditions [140].

Other ex situ conservation actions can be conducted through several real actions
in field sites, such as preventing illegal logging, regeneration, conservation education,
reforestation, agroforestry actions, and industrial forest plantation. Illegal logging can be
reduced by good cooperation between the local government and law enforcers from the
Ministry of Environment and Forestry [9]. Regeneration and increasing wood production
for P. mooniana can be done by assessing the knowledge of its potency, tree distribution,
wood characteristics, end-use, and type of fruits and seeds [4]. Conservation education
can raise the local community’s awareness of conserving P. mooniana by clearly explaining
why this tree should be conserved. For example, it needs conservation because this tree
is categorized as a vulnerable species. Its wood demand is still high due to its luxury,
price, beautiful decorative pattern, and multi-used timber. Reforestation can be real action
for the wide distribution of P. mooniana through planting in the community lands and
critical forest land in Indonesia. This reforestation would assist the ex situ conservation of
Pericopsis [9]. An agroforestry system can also be used to conserve this species. Farmers
can plant seasonal crops with this species as a shading function. The research found that P.
mooniana is reasonably correlated with other trees, so this tree is suitable as the main tree in
the agroforestry system. The development of industrial plantation with P. mooniana as the
main trees will increase the wood supply for wood processing industries.

4. Conclusions

The sustainability of P. mooniana is threatened by internal (low germination rate, lim-
ited genetic resources, and limited silviculture technique) and external (land conversion,
illegal logging, and excessive logging due to its high demand) interferences. The solution
for its sustainability is a strategic combination of its high demand, silviculture, and con-
servation effort. Its wood future demand would increase significantly due to its excellent
wood characteristics. This demand should be balanced by silviculture and conservation
efforts. The silviculture of P. mooniana has been improved through seed storage technology,
improved viability and germination rate, proper micro and macro propagation, apply-
ing hormones, in vitro seed storage, and improved nursery technology and harvesting
techniques. P. mooniana conservation can be conducted using both in situ and ex situ
conservation efforts. In situ conservation is carried out by protecting its mother trees in
natural conditions (i.e., Lamedae Nature Reserve) for producing good quality seeds and
seedlings. Ex situ conservation is realized by planting seeds and seedlings to produce
more wood through rehabilitating and restoring critical forests and lands because it can
adapt to marginal land. On the other hand, it also has uses for mitigating climate change.
Other actions required for supporting ex situ conservation are preventing illegal logging,
regeneration, conservation education, reforestation, agroforestry systems applied in private
and community lands, and industrial forest plantation.
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Abstract: Rapid temperature changes in mountain ecosystems pose a great threat to alpine plant
species and communities. Rhododendron species, as the major component of alpine and sub-alpine
vegetation, have been demonstrated to be sensitive to climate changes. Therefore, understanding
how alpine Rhododendron species spread to new habitats and how their geographical distribution
range shifts is crucial for predicting their response to global climate change and for facilitating
species conservation and reintroduction. In this study, we applied MaxEnt modeling and integrated
climate, topography, and soil variables in three periods under three climate change scenarios to
predict the suitable habitat for four Rhododendron species in China. We measured the potential
distribution change in each species using the change ratio and the direction of centroid shifts.
The predicted results showed that (1) the threatened species R. protistum would have a maximum
decrease of 85.84% in its distribution range in the 2070s under RCP 8.5, and R. rex subsp. rex as
a threatened species would experience a distribution range expansion (6.62–43.10%) under all of
the three climate change scenarios in the 2070s. (2) R. praestans would experience a reduction in
its distribution range (7.82–28.34%) under all of the three climate change scenarios in the 2070s.
(3) The four Rhododendron species would be moved to high latitudes in the north-westward direction
as a whole in the future, especially the two threatened species R. protistum and R. rex subsp. rex.
(4) Aside from climate variables, soil factors also exert an important influence on the distribution
of Rhododendron species. This study revealed the species-specific response of Rhododendron species
to climate change. The results can not only provide novel insights into conservation strategies
of Rhododendron species, but also propose a valuable method for the habitat selection during the
reintroduction of endangered species.

Keywords: plant conservation; geographical range shift; Rhododendron; alpine species; reintroduction

1. Introduction

Human-induced global changes are the most severe phenomena since the Last Glacial
Maximum. Rapid global climate warming has led to distribution pattern changes for
numerous species since the original habitats of these species may no longer be appropriate
for their growth and survival [1]. Climate change plays a driving role in biodiversity loss,
changes in the spatial patterns of species, and threatened species’ survival, and it can
increase the risk of extinction for endangered plants. Numerous studies have shown that
the habitat range of most species is decreasing [2,3], and the geographic distributions of
these species are expected to move towards high altitudes and high elevations to expand to
new favorable areas under climate warming [1]. Moreover, growing evidence shows that
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the speed of warming is amplified by elevation under the background of global warming,
which means that temperatures change more rapidly at high elevations than at low eleva-
tions [4]. This rapid change in temperature poses a great threat to alpine plant species and
communities [5,6]. Therefore, understanding how alpine species spread to new habitats
and how the geographical distribution range changes is crucial for predicting their response
to global climate change and facilitating species conservation and reintroduction [7].

Rhododendron L., which comprises about 1025 species, is one of the largest woody plant
genera. This genus is widely distributed from the northern temperate region throughout
southeast Asia to northeastern Australia [8,9]. About 571 Rhododendron species exist in
China, and 70% of them are endemic in the southwestern region of China. Therefore,
the mountain land of Southwest China is considered the center of origin or evolution of
modern Rhododendron [8]. However, with the ever-increasing impact of human activities
and global climate change, the survival of Rhododendron resources in China is facing a
serious threat [10]. In addition, as the major component of alpine and sub-alpine vegetation,
the Rhododendron species have been demonstrated to be sensitive to climate change [11–13].
Yu et al. (2019) [12] applied the presence-only ecological niche model MaxEnt and predicted
the distribution of 10 narrow-ranging and 10 wide-ranging Rhododendron species. The
authors discovered the negative effect of climatic and land use changes on the distribution
of species. Lu et al. (2021) [13] assessed the effect of protected areas and tourist attractions
on the current and future suitable habitat distributions of seven species of the genus
Rhododendron in Northeast China and provided conservation suggestions.

Species distribution models (SDMs), as an effective tool in predicting species’ suitable
habitats under climate change, play important roles in studying the processes of species’
ecological evolution and in conservation planning [13,14]. On the basis of species occur-
rence data and environmental variables, SDMs can predict the potential distribution of
species at different spatial and temporal scales, especially under scenarios of global climate
change [15]. At present, SDMs based on different theoretical and analysis methods, such as
surface range envelope (BIOCLIM), artificial neural network (ANN), maximum entropy
(Maxent), random forest (RF), generalized linear model (GLM), and generalized additive
model (GAM), are widely used in ecology and biogeography. The Maxent model is widely
recognized as one of the most effective tools for predicting species’ suitable habitats and
changes in future distributions due to its advantages. In particular, it requires only species
presence data, can deal effectively with limited occurrence data and small sample sizes, and
can use continuous and categorical environmental data as input variables. Numerous stud-
ies have predicted changes in animal and plant distributions in response to contemporary
climate changes using the Maxent model [7,16–21].

Reintroduction is one of the rescue methods of plant conservation, especially for
endangered species threatened by habitat destruction and loss under global changes.
Predicting habitat suitability and the potential habitat distribution range is critical to the
reintroduction of endangered plants [22,23]. Here, we integrate climate and soil variables to
predict the suitable habitat for four Rhododendron species in China. We hypothesize that the
suitable range for the four Rhododendron species would contract and shift to high altitudes
in the future since the original distribution areas may become climatically unsuitable
under climate change omission scenarios. Furthermore, we predict that inter-specific
variance would occur in the future. The results of this study can provide novel insights
into the creation of conservation strategies and habitat selection during the reintroduction
of Rhododendron species.

2. Materials and Methods

2.1. Species Occurrence Data

Four alpine Rhododendron species that belong to Rhododendron Sect. Ponticum G. Don.,
namely, Rhododendron protistum Balf.f. & Forrest (including its variant), Rhododendron rex
H.Lév. subsp. rex, Rhododendron praestans Balf.f. & W.W.Sm. and Rhododendron sinogrande
Balf.f. & W.W.Sm., were selected in the present study. Rhododendron rex subsp. rex is an
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endangered plant endemic to China [8]. Rhododendron protistum is listed as a critically
endangered species in the China Plant Red Data Book [24]. Four Rhododendron species are
evergreen trees that are distributed in forest ecosystems in the southwest plateau mountains
in China.

Occurrence data were obtained from published studies, the China Digital Herbarium
(http://www.cvh.ac.cn/, accessed on 1 October 2021), and GBIF (https://www.gbif.org/,
accessed on 1 October 2021). In accordance with the biological and ecological characteristics
of these species, we removed unreasonable sites to ensure geographic accuracy. Each
sample point was at least 2 km apart to reduce the effect of spatial autocorrelation. Then,
we obtained 24, 22, 15, and 39 effective localities of Rhododendron protistum, Rhododendron
rex subsp. rex, Rhododendron praestans, and Rhododendron sinogrande in Southwest China for
the subsequent model construction and analysis (Figure 1).

Figure 1. Occurrence points of four Rhododendron species.

2.2. Environment Data

Climate variables are the major predictors in the MaxEnt model since they are the
primary factors regulating species’ geographic distributions. However, recent studies have
found that other factors, including soil types and characteristics, land use changes, and
vegetation types, have a significant influence on distribution predictions. These factors
are often correlated with climate change [15,16]. Therefore, combining climate and other
factors that affect species’ biological characteristics in MaxEnt model building can reveal a
suitable habitat under the scenarios of global climate change. This suitable habitat can be
used for species reintroduction and rehabilitation.
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The environment data included 19 climate variables, 3 topography variables, and 16
soil variables. Climate data (Bio1–Bio19) on current climate conditions (1960–1990), the
2050s (average for 2041–2060), and the 2070s (average for 2061–2080) were downloaded
from the Worldclim Database (https://www.worldclim.org/, accessed on 1 October 2021)
at a resolution of 30 arc-seconds (~1 km2). For future climatic projection, we used the Beijing
Climate Center Climate System Model (BCC-CSM1-1), which is a widely utilized global
climate model (GCM) in China provided by IPCC5 [25]. The representative concentration
pathways (RCPs) form a set of greenhouse gas concentration and emission pathways which
are widely used to research the impacts and potential policy of the responses to climate
change. For this GCM, we selected three RCPs of emission scenarios from low to high,
namely, RCP 2.6, RCP 4.5, and RCP 8.5. Furthermore, we used topsoil variables at depth
intervals of 0–30 cm in Maxent model building for precise suitable habitat prediction.
The topsoil variable data were derived from the Harmonized World Soil Database (http:
//www.iiasa.ac.at/web/home/research/researchPrograms/water/HWSD.html, accessed
on 1 October 2021) at the same resolution (1 km2). Digital elevation model (DEM) data
were obtained from the SRTM Database (http://srtm.csi.cgiar.org/, accessed on 1 October
2021) with a 90 m resolution. Meanwhile, the slope and aspect were extracted from DEM
data in ArcGIS 10.2 and resampled into a 1 km spatial resolution.

2.3. Study Area and Environment Variables Selection

To approach a more realistic prediction, we delimited the study area of each Rhodo-
dendron species by drawing a minimum convex polygon (MCP) with a buffer distance of
1 degree (~111 km) around the localities and obtained the environment factors within this
region by the Wallace package in R. All of the analyses include variables and the selec-
tions were accomplished within the buffer areas. In addition, we explored the potential
distribution of four Rhododendron species in Southwest China.

The collinearity among environmental factors causes overfitting and uncertainty in the
predicted results [26]. To establish a good performance model with few variables for four
Rhododendron species, first, we used 38 variables to prebuild the MaxEnt model three times
in succession and eliminated the environment factors with no contribution or importance
to the models. Moreover, we eliminated four variables that combined temperature and
precipitation since they have artificial discontinuities [27,28]. Therefore, we performed
a correlation analysis by the Band Collection Statistics tool of ArcGIS for the remaining
environment variables, except for the categorical factor. In addition, we retained one factor
which has a high contribution from each set of highly cross-correlated variables (R2 > 0.8)
for further modeling (Tables 1, 2 and A1, Tables A2–A4).

Table 1. Environmental predictors used for modeling the habitat suitability distribution of four
Rhododendron species.

Species Variables Abbreviation

R. protistum Bio3, Bio4, Bio13, Bio15, Bio17, Slo, Asp, T_CaCO3, T_CLAY,
T_GRAVEL, T_OC

R. rex subsp. rex Bio4, Bio10, Bio12, Bio14, Slo, Asp, T_USDA_TEX_CLASS
R. praestans Bio2, Bio7, Bio15, Slo, T_ECE, T_OC, T_USDA_TEX_CLASS

R. sinogrande Bio2, Bio3, Bio4, Bio13, Bio17, Slo, Asp, T_CaCO3, T_CLAY,
T_USDA_TEX_CLASS
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Table 2. List of environmental predictors used for modeling the habitat suitability distribution of four Rhododendron species.

Data Sources Abbreviation Description Units

Worldclim Database (https://www.worldclim.org/,
accessed on 1 October 2021)

original resolution
30 arc-s (~1 km2)

Bio2 Mean Diurnal Range (Mean of
monthly (max temp–min temp))

◦C

Bio3 Isothermality (Bio2/Bio7×100) -

Bio4 Temperature Seasonality
(standard deviation ×100) C of V

Bio7 Temperature Annual Range ◦C

Bio10 Mean Temperature of
Warmest Quarter

◦C

Bio12 Annual Precipitation mm
Bio13 Precipitation of Wettest Month mm
Bio14 Precipitation of Driest Month mm

Bio15 Precipitation Seasonality
(Coefficient of Variation) C of V

Bio17 Precipitation of Driest Quarter mm
Harmonized World Soil Database

(http://www.iiasa.ac.at/web/home/research/
researchPrograms/water/HWSD.html, accessed on

1 October 2021)
original resolution
30 arc-s (~1 km2)

T_CaCO3 Topsoil calcium carbon % weight
T_CLAY Topsoil clay fraction % weight

T_GRAVEL Topsoil gravel content % vol
T_OC Topsoil organic carbon % weight
T_ECE Topsoil salinity dS/m

T_USDA_TEX Topsoil USDA
texture classification name

SRTM Database (http://srtm.csi.cgiar.org/, accessed on
1 October 2021)

original resolution
90 m

Slo Slope ◦

Asp Aspect ◦C

2.4. Model Evaluation and Model Selection

When selecting the model parameters, we used models with regularization multiplier
(RM) values ranging from 0.5 to 4.5 (increments of 0.5) and with six feature class (FC)
combinations (L, LQ, H, LQH, and LQHP, with L = linear, Q = quadratic, H = hinge,
and p = product). In accordance with the lowest delta, the AICc score and the predictor
variables (RM and FC) were used in the final model. All of the analyses were performed
using the Wallace package in R [29–31].

We inputted the species and environment data into MaxEnt 3.4.1 [32]. The feature
combination and regularization multiplier were set based on Table 3. For each run, we set
the output format as “Cloglog” and the output file type as “asc.” The model was estimated
using 75% of the occurrence data for model calibration, and 25% was used for model
testing. The replicate was set as “10” with a replicated run type as “Crossvalidate” to
reduce uncertainty. The remaining parameters adopted default settings. The average of
10 predictions was taken as the result. The area under the ROC curve (AUC) and the true
skill statistic (TSS) are the two metrics that we used to measure model performance. The
range of the AUC is from 0.5 to 1 and TSS ranges between −1 and +1. The closer the
assessment value is to 1, the better the model performance [33,34].

Table 3. The models calculate the results of Wallace package, as well as the values of AUC and TSS for four Rhododendron
species. FC: Feature classes (H = Hinge, L = Linear, Q = Quadratic, p = Hinge); RM: Regularization multiplier; avg.test.AUC:
The average result of n iterations of predicted values for the test localities; avg.test.or10 pct: The proportion of test localities
with suitability values that is lower than what is excluded in the 10% of training localities with the lowest predicted
suitability; delta. AICc: Akaike Information Criterion corrected.

Species FC RM
Avg.Test.

AUC
Avg.Test. or 10 pct Delta.AICc AUC TSS

R. protistum LQH 2.5 0.99 0.33 0 0.996 ± 0.002 0.94 ± 0.16
R. rex subsp. rex LQHP 2.5 0.92 0.15 0 0.918 ± 0.050 0.72 ± 0.23

R. praestans LQHP 1.5 0.94 0.13 0 0.922 ± 0.105 0.66 ± 0.41
R. sinogrande LQH 1.5 0.96 0.28 0 0.975 ± 0.012 0.79 ± 0.18
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2.5. Geospatial Analyses

To estimate the similarity of environment conditions between the buffered back-
ground area and projection area and to know where the climates are novel, we calculated
the multivariate environmental similarity surfaces (MESS) following the guideline from
Elith et al. [35]. The novelty of environment (i.e., extrapolation, negative values in MESS re-
sult) indicated where the prediction areas are questionable and extrapolated in ecologically
unrealistic ways [35–37]. Therefore, we masked out these extrapolation areas (negative
values in the MESS map output). As a result, a predictive map with four classes of habitat
suitability for the four Rhododendron species was defined using the reclass tool in ArcGIS
10.2. The four classes were unsuitable (<0.10), low suitability (0.10–0.33), moderate suitabil-
ity (0.33–0.67), and high suitability (>0.67). To measure the predicted distribution changes
and centroid shifts for each species, we projected the binary species distribution models
(SDMs) onto WGS_1984_UTM_Zone_47N projection in ArcGIS 10.2. Then, we calculated
the change ratio between the current and future distribution and centroid change direction
vectors of the current and future binary SDMs using the SDM Toolbox [38].

3. Results

3.1. Model Selection and Evaluation

In accordance with the lowest delta.AICc, we obtained optimal parameters for each
Rhododendron species (Table 3). On the basis of these parameters, current suitable habitat
distributions of R. protistum, R. rex subsp. rex, R. praestans, and R. sinogrande in the current
period were constructed. The AUC values for the models of the four Rhododendron species
were between 0.920 and 0.988, and the TSS ranged from 0.66 to 0.94 (Table 3).

3.2. Current Habitat Distribution and Dominant Environment Variables

After masking out the outlier areas which have negative values in MESS (Figure A1,
Table A5), about 10% to 20% of projection grid cells were predicted as a suitable potential
area under current climatic conditions. The current potential distribution prediction of the
four Rhododendron species (Figure 2) indicated that R. protistum is mainly distributed in
the Gaoligong Mountain of northwestern Yunnan Province in China. In addition, Tibet
bordering northern Myanmar has a small suitable area. R. rex subsp. rex has a wide, highly
suitable distribution range and is mainly distributed in northeastern Yunnan Province and
southwestern Sichuan Province. R. praestans has a major current habitat suitability in north-
western Yunnan Province and southeastern Tibet. Moreover, the Hengduan Mountainous
Region is a potential current habitat. The current habitat distribution range of R. sinogrande
is similar to R. protistum. In other words, it is mainly distributed in western Yunnan
Province and southeastern Tibet (Figure 2). The current distribution areas of R. protistum,
R. rex subsp. rex, R. praestans, and R. sinogrande are 10,440.58, 178,394.88, 132,745.11, and
38,819.5 km2, respectively.

The jackknife test on the variables’ contributions to Maxent revealed the influence
of the environmental factors on the spatial distribution of the species. High values of
the regularized training gain indicate a highly significant contribution of variables [21].
The results of the jackknife test on the regularized training gain for the four Rhododendron
species are shown in Figure A2. For R. protistum, Bio13 provided very high gains (>1.0)
when utilized independently, indicating that the precipitation of the wettest month is the
dominant factor in habitat conditions. Bio15, Bio17, Bio3, Bio4, T_CLAY, T_GRAVEL, and
T_OC provided a moderate gain when used independently, suggesting that they can affect
the habitat suitability distribution of R. protistum. For R. rex subsp. rex, only Bio4 and
soil type (T_USDA_TEX_CLASS) provided a moderate gain when used independently.
Meanwhile, Bio15, Bio2, Bio7, and the slope provided moderate gains for R. praestans when
used independently. Bio2 and Bio4 provided high gains (>1.0) for R. sinogrande, and Bio13,
Bio17, Bio3, Slope, T_CLAY, and T_USDA_TEX_CLASS provided moderate gains when
used independently.
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Figure 2. The potential current distribution of four Rhododendron species: (a) R. protistum, (b) R. rex subsp. rex, (c) R. praestans,
(d) R. sinogrande.

3.3. Projected Changes in Habitat Suitability for Future Periods

Prediction of the potential distribution of four Rhododendron species in China under
different future climatic scenarios (RCP 2.6, RCP 4.5, and RCP 8.5) in the 2050s and 2070s
are shown in Figure 3. Compared with the current high-suitability habitat distribution
range (Figure 4) in the 2070s, R. protistum will show a decreasing–increasing–decreasing
trend with intensified emission scenarios, and it will have a maximum decrease of 85.84% in
the 2070s under RCP 8.5. R. rex subsp. rex would experience a distribution range expansion
under all of the three scenarios in the 2070s. However, R. praestans will show an opposite
performance as R. rex subsp. rex. In addition, the distribution range of R. sinogrande will
decrease under RCP 2.6 and expand under RCP 4.5 and RCP 8.5.

After a comparison of the high-suitability habitat change ratio of each species be-
tween two periods (current–2050s and 2050s–2070s) under RCP 2.6, RCP 4.5, and RCP 8.5
(Figure 5), we found that the high-suitability habitat of R. protistum and R. rex subsp. rex
will increase in the two periods under RCP 4.5. However, R. protistum will exhibit a trend
of shrinkage–expansion and expansion–shrinkage under RCP 2.6 and RCP 8.5, respectively.
The high-suitability habitat will decrease sharply in the 2050s–2070s under RCP 8.5. Mean-
while, the high-suitability habitat of R. rex subsp. rex will increase by at most 44.38% within
the current–2050s under RCP 2.6. The high-suitability habitat of R. praestans will increase
first, then decrease under RCP 2.6 and RCP 4.5, and it will show a persistent shrinkage
trend under RCP 8.5. On the contrary, the high-suitability habitat of R. sinogrande will
decrease first, then increase under RCP 2.6 and RCP 4.5.

3.4. Shifts of the Centroids of the High-Suitability Habitat in the Future

The overall trend of the centroid change of R. protistum will continue to be at high
latitudes in the period current–2050s and 2050s–2070s under the three scenarios (Figure 6a),
indicating that the climate sensitivity of the species will survive. R. rex subsp. rex will
migrate to the northwest of the high latitude under RCP 4.5 and RCP 8.5, but under RCP 2.6,
its centroid will move to low and then to high latitude (Figure 6b). For the centroid shift
of R. praestans, it will move to high latitude, except for the period current–2050s under
RCP 8.5 (Figure 6c). However, R. sinogrande is different from the former species, its centroid
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will change to high latitude first and then to low latitude under RCP 2.6 and RCP 4.5
(Figure 6d).

Figure 3. Prediction of the potential distribution of four Rhododendron species in China under different future climatic
scenarios (RCP 2.6, RCP 4.5, and RCP 8.5) in the 2050s and 2070s.
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Figure 4. Change ratio of high-suitability habitat distribution range for four Rhododendron species in the 2070s under RCP
2.6, RCP 4.5, and RCP 8.5.

Figure 5. Change ratio of high-suitability habitat distribution range for four Rhododendron species in two periods (current-
2050s and 2050s–2070s) under RCP 2.6, RCP 4.5, and RCP 8.5.
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Figure 6. Map of centroid shifts of high-suitability habitats for four Rhododendron species from current–2050s and 2070s
under RCP 2.6, RCP 4.5, and RCP 8.5. The green line depicts the shifting path of high-suitability habitats under RCP 2.6.
The orange line depicts the shifting path of high-suitability habitats under RCP 4.5. The red line depicts the shifting path of
high-suitability habitats under RCP 8.5. (a) R. protistum, (b) R. rex subsp. rex, (c) R. praestans, (d) R. sinogrande.

4. Discussion

MAXENT is reliable in predicting the potential geographic distributions of species [19–21,23].
Ardestani reported that [22] the species with a wide distribution range tend to have low
AUC values. Our results on the four Rhododendron species’ AUC values support this
viewpoint. From small to large, the current habitat distribution ranges of the four focused
species are in the order of R. protistum, R. sinogrande, R. praestans, and R. rex subsp. rex, and
the AUC values are 0.996, 0.975, 0.922, and 0.918, respectively. In other words, R. protistum
has the smallest distribution range with the largest AUC value (AUC = 0.996), and R. rex
subsp. rex has the widest distribution range and the smallest AUC value.

The niche theory suggests that the species with a limited distribution range size often
has a narrow niche breadth and low tolerance and adaptability to changeable environ-
ments [39]. The species with a wide distribution range tend to have a broad niche breadth,
which allows them to adapt to climate change [13]. In the present study, the geographi-
cal ranges of R. protistum and R. sinogrande were locally distributed. These species have
strict requirements for habitat environments. In other words, the predicted probability of
presence will be greater than 0.632 if precipitation or other environment variables reach
a certain value [40]. Moreover, the distribution sizes of R. rex subsp. rex and R. praestans
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were larger than the former. From the jackknife test on regularized training gain, we found
that R. rex subsp. rex and R. praestans have a broad range of environment requirements.
However, the suitable habitat proportion of limited-distribution plants R. protistum and
R. sinogrande did not decrease under different future climate conditions according to the
niche theory. On the contrary, their suitable habitat area will increase in the future. This
prediction is consistent with the results of Yu et al. (2019) [12] and Lu et al. (2021) [13], in
which the narrow-ranging species may experience range expansion under climate change.
It is possible that the species occupying a warm climatological niche will benefit from
climate change [41]. In addition, the distribution range of R. praestans was wider than
the former, and its habitat size will decrease in the future. This result is consistent with
the result of Yu et al. (2019) [12], in which the wide-ranging Rhododendron species will be
adversely affected by environment changes. However, the distribution shift trend of R. rex
subsp. rex was contrary to R. praestans. These species-specific responses of Rhododendron
species imply specific conservation and reintroduction strategies for different species.

In general, the species would tend to distribute to high latitudes or elevations in the
future to achieve a suitable habitat under continuous climate warming. Previous studies
have demonstrated that numerous species change their geographic distribution range
towards high latitudes and altitudes [1,16,17]. However, an increasing number of reports
have found other types of range changes, such as east–west directions across longitudes
or towards low elevations and tropical latitudes [42]. In this study, the four Rhododendron
species were predicted to move towards high latitudes in the north-westward direction
as a whole, especially the two threatened species R. protistum and R. rex subsp. rex. These
results are in line with the universal migration rule of alpine plant species. However, the
different species showed different movement trends (towards low latitudes or east–west
direction across longitudes) under the different climate scenarios. For instance, the centroid
shifts of the highly suitable habitat of R. sinogrande were predicted to move to high latitudes
and to low latitudes in RCP 2.6 and RCP 4.5, respectively. This result implies that the
species R. sinogrande has stronger adaptability to climate warming than the other species.

An organism’s habitat is the combination of the space it occupies and all of the ecolog-
ical factors in that space, including the abiotic environment and the biotic environment,
which are necessary for the survival of the other organisms [21]. Therefore, before conduct-
ing the predictions, we constructed a buffer area around the species occurrence localities to
delimit the study region. This can greatly improve the accuracy and truthfulness of the
predictions since the area includes environments that are accessible to the species, given
its limitations and the configuration of barriers [43]. If possible, we could base this on a
biological justification of the factor, physiological information from laboratory experiments,
and natural history information when selecting the predictor variables to make the predic-
tions realistic [44]. Previous studies have reported that aside from climate variables, other
environmental factors, such as soil, topography and land use, vegetation dynamics, and
inter-specific competition, affect the response of Rhododendron species to climate change
and their future distribution [11,45,46]. Feng et al. (2020) [16] built ecological niche models
using climate and soil variables when predicting the habitat distribution of Camptotheca
acuminate. The authors found that soil factors can accurately limit the distribution range
of species on the basis of climate factors, and the accuracy of climate and soil models for
C. acuminata is high. Abdelaal [23] suggested that combining climate variables with soil
variables can predict the distribution of species accurately. In the present study, climate,
topographic, and soil variables were combined to explore the potential habitat distribution
shift in current and future periods of four alpine Rhododendron species under rapid climate
change. The results of the regularized training gain of each species showed that soil factors
affect the distribution of Rhododendron species. T_CLAY, T_GRAVEL, and T_OC are im-
portant factors in predicting the distribution of R. protistum. T_USDA_TEX_CLASS has a
moderate influence on R. rex subsp. rex. T_CLAY and T_USDA_TEX_CLASS can affect the
habitat distribution of R. sinogrande. The clay content (T_CLAY) provides a high soil organic
carbon, and the gravel content in the topsoil (T_GRAVEL) affects the respiration and water
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absorption of the roots. The content of topsoil organic carbon (T_OC) is a significant indica-
tor in evaluating soil fertility. Moreover, the soil type (T_USDA_TEX_CLASS) can reflect
the soil physical properties. Overall, we reasonably speculate that the nutrient-holding and
water-holding capacities of soil significantly affect the distribution of Rhododendron species.

Rhododendron species have high ecological and ornamental values, but 70% of the
plants in this group are classified as vulnerable, threatened, endangered or critically
endangered [9,10]. Therefore, conservation recommendations must be made in accordance
with the characteristics of the species, especially under future climate change scenarios.
SDMs are easy-to-use tools for selecting the probable distribution and areas suitable for the
reintroduction of endangered species [20,21,23]. Moreover, our results indicate that aside
from climate factors, the contents of clay, gravel, and organic carbon in the topsoil have
a significant influence on the endangered plant R. protistum. This result implies that the
conservation and future reintroduction of R. protistum should consider not only the climate
factors, but also the characteristics of topsoil in the micro-habitat. In addition, we found
that R. protistum will face a severe contraction across its highly suitable distribution area in
the 2070s under the RCP 8.5 climate change scenario. Notably, the remaining habitat area
is still concentrated in the national natural conservation zone in the Gaoligong Mountain.
Therefore, we reasonably speculate that the survival of R. protistum depends on the specific
environment or local microhabitats, and R. protistum may have nearly no adaptive capacity
to climate change. We recommend protecting R. protistum in situ where its preference is. In
addition, we recommend that the habitat selection of future reintroduction and population
recovery of R. protistum should focus on the Gaoligong Mountain. R. rex subsp. rex is an
endangered plant endemic to China. However, the present study showed that this species
will experience distribution range expansion under all of the three scenarios in the 2070s.
This finding indicates that R. rex subsp. rex may have a certain adaptive capacity to future
global warming. Meanwhile, a previous study has reported that the main reason for the
endangerment of R. rex subsp. rex is exotic anthropogenic disturbance [8,47]. Furthermore,
the present study found that the distribution of R. rex subsp. rex is mainly affected by
the temperature seasonality standard deviation and soil type. Therefore, we suggest that
R. rex subsp. rex should be given priority by building a conservation area to protect it
from high-frequency human disturbances and implement reintroduction strategies for its
future suitable habitat. Although R. praestans and R. sinogrande are not listed as threatened
plants in China, the distribution size of R. praestans will decrease by 28.34% in the future.
Therefore, we suggest that comprehensive studies and additional other alpine Rhododendron
species should be given urgent attention under the scenario of climate change.

5. Conclusions

Global climate change causes distribution changes in organisms, which significantly
affect biodiversity conservation and ecosystem safety. Therefore, predicting the trends
of distribution changes of plants can provide a basis for plant conservation and habitat
selection in species’ reintroduction strategies. The present study applied MaxEnt modeling
and integrated climate, topography, and soil variables in three periods under three climate
change scenarios to predict the suitable habitat for four Rhododendron species in China.
We revealed species-specific responses to climate change and the influence of topsoil
factors on the distribution of Rhododendron species. Moreover, we presented corresponding
conservation strategies for different species.
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Appendix A

Table A1. Multi-collinearity test by utilizing correlations among climate variables for R. protistum.

Factor Bio2 Bio3 Bio4 Bio6 Bio9 Bio13 Bio15 Bio17 Asp Ele Slo T_CaCO3 T_CLAY T_GRAVEL T_OC

Bio2 1.00
Bio3 0.59 1.00
Bio4 0.27 −0.59 1.00
Bio6 −0.85 −0.19 −0.61 1.00
Bio9 −0.77 −0.07 −0.68 0.99 1.00
Bio13 −0.67 0.03 −0.72 0.84 0.85 1.00
Bio15 0.75 0.45 0.20 −0.68 −0.64 −0.50 1.00
Bio17 −0.78 −0.33 −0.39 0.77 0.75 0.70 −0.73 1.00
Asp −0.02 −0.01 −0.02 0.01 0.01 0.02 −0.02 0.02 1.00
Ele 0.87 0.44 0.33 −0.93 −0.89 −0.74 0.73 −0.73 −0.02 1.00
Slo −0.07 0.19 −0.32 0.15 0.16 0.23 −0.13 0.04 0.03 −0.07 1.00

T_CaCO3 −0.23 −0.31 0.15 0.19 0.16 0.05 −0.17 0.03 −0.01 −0.30 −0.11 1.00
T_CLAY −0.53 −0.09 −0.42 0.68 0.68 0.59 −0.48 0.57 0.01 −0.64 0.09 0.08 1.00

T_GRAVEL 0.14 0.10 0.02 −0.14 −0.12 −0.11 0.18 0.00 0.00 0.18 −0.10 −0.09 −0.22 1.00
T_OC 0.14 0.11 −0.02 −0.10 −0.08 −0.04 0.07 −0.04 0.00 0.11 −0.05 −0.10 0.07 0.14 1.00

Table A2. Multi-collinearity test by utilizing correlations among climate variables for R. rex subsp. rex.

Factor Bio4 Bio10 Bio12 Bio14 Bio19 Asp Slo

Bio4 1.00
Bio10 −0.51 1.00
Bio12 −0.42 0.49 1.00
Bio14 −0.56 0.63 0.72 1.00
Bio19 −0.53 0.55 0.74 0.95 1.00
Asp −0.01 −0.05 0.01 0.00 0.00 1.00
Slo 0.21 −0.20 −0.13 −0.21 −0.15 0.00 1.00

Table A3. Multi-collinearity test by utilizing correlations among climate variables for R. praestans.

Factor Bio2 Bio5 Bio7 Bio15 Bio16 Slo T_ECE T_OC

Bio2 1.00
Bio5 −0.83 1.00
Bio7 0.67 −0.59 1.00

Bio15 0.75 −0.70 0.48 1.00
Bio16 −0.68 0.70 −0.84 −0.53 1.00

Slo −0.07 0.05 −0.25 −0.13 0.24 1.00
T_ECE 0.04 0.02 0.09 0.01 −0.07 −0.08 1.00
T_OC 0.14 −0.12 0.05 0.07 −0.04 −0.05 −0.05 −0.10
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Table A4. Multi-collinearity test by utilizing correlations among climate variables for R. singorand.

Factor Bio2 Bio3 Bio4 Bio5 Bio7 Bio11 Bio13 Bio16 Bio17 Asp Ele Slo T_CaCO3 T_Clay

Bio2 1.00
Bio3 0.59 1.00
Bio4 0.27 −0.59 1.00
Bio5 −0.83 −0.43 −0.29 1.00
Bio7 0.67 −0.18 0.89 −0.59 1.00
Bio11 −0.78 −0.08 −0.68 0.90 −0.87 1.00
Bio13 −0.67 0.03 −0.72 0.69 −0.84 0.86 1.00
Bio16 −0.68 0.01 −0.71 0.70 −0.84 0.87 1.00 1.00
Bio17 −0.78 −0.33 −0.39 0.70 −0.67 0.73 0.70 0.71 1.00
Asp −0.02 −0.01 −0.02 0.00 −0.03 0.01 0.02 0.02 0.02 1.00
Ele 0.87 0.44 0.33 −0.98 0.63 −0.91 −0.74 −0.76 −0.73 −0.02 1.00
Slo −0.07 0.19 −0.32 0.05 −0.25 0.18 0.23 0.24 0.04 0.03 −0.07 1.00

T_CaCO3 −0.23 −0.31 0.15 0.31 0.02 0.17 0.05 0.05 0.03 −0.01 −0.30 −0.11 1.00
T_CLAY −0.53 −0.09 −0.42 0.64 −0.56 0.68 0.59 0.60 0.57 0.01 −0.64 0.09 0.08 1.00

Table A5. The property of the extrapolation area to the projection area for four Rhododendron species.

Species Current
RCP 2.6 RCP 4.5 RCP 8.5

2050s 2070s 2050s 2070s 2050s 2070s

R. protistum 90.74% 91.59% 90.56% 90.25% 91.27% 91.40% 91.89%
R. rex subsp. rex 71.17% 68.31% 67.77% 68.67% 68.18% 69.85% 69.51%

R. praestans 77.41% 74.93% 76.74% 76.61% 77.39% 77.10% 75.06%
R. sinogrande 87.70% 86.78% 85.54% 86.24% 86.42% 86.17% 86.29%

Figure A1. The multivariate environmental similarity surface (MESS) map output for four Rhododendron species in different
periods under RCP 2.6, RCP 4.5, and RCP 8.5. Areas with different degrees of similarity by the white-blue colors (comprised
between 0 and 1) and extrapolation areas are displayed in red.
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Figure A2. The Jackknife test of variables’ contribution for four Rhododendron species: (a) R. protistum, (b) R. rex subsp. rex,
(c) R. praestans, (d) R. sinogrande.
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Abstract: Mahogany (Swietenia macrophylla King) is a species with great economic interest worldwide
and is classified as vulnerable to extinction by the IUCN. Deforestation and climate change are the
main hazards to this species. Therefore, it is vital to describe possible changes in distribution patterns
under current and future climatic conditions, as they are important for their monitoring, conservation,
and use. In the current study, we predict, for the very first time, the potential distribution of Mahogany
based on data that reflect the total distribution of the species, climatic and edaphic variables, and
a consensus model that combines the results of three statistical techniques. The obtained model
was projected to future climatic conditions considering two general circulation models (GCM),
under two shared socioeconomic pathways (SSP245 and SSP585) for 2070. Predictions under current
climatic conditions indicated wide adequate areas in Central American countries such as Mexico
and demonstrated a coverage of up to 28.5% within the limits of the protected areas. Under future
scenarios, drastic reductions were observed in different regions, particularly in Venezuela, Perú,
and Ecuador, with losses of up to 56.0%. On the other hand, an increase in suitable areas for the
species within protected areas was also detected. The results of this study are certainly useful for
identifying currently unrecorded populations of Mahogany, as well as for identifying locations that
are likely to be suitable both now and in the future for conservation management planning. The
methodology proposed in this work is able to be used for other forest species in tropical zones as
a tool for conducting dynamic conservation and restoration strategies that consider the effects of
climate change.

Keywords: mahogany; Swietenia macrophylla; neotropic; protected areas; forest monitoring
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1. Introduction

Neotropical forests are characterized by hosting multiple biodiversity hotspots [1],
particularly in plant terms [2,3]. Current findings indicate that there could be approxi-
mately 73,000 species of trees on the planet; of this percentage, it is suggested that some
43% are encountered in the neotropics [4]. These forests are of fundamental relevance in
the conservation of biodiversity and mitigation of the effects of climate change, since it is
estimated that they allow the capture of 13% of the total annual emissions of anthropogenic
CO2 worldwide [5]. Therefore, various studies have demonstrated that forests in tropi-
cal areas provide numerous alternatives focused on the planning and implementation of
sustainable forest conservation strategies [4,5]. However, this potential has been limited
due to different natural and anthropic disturbances, among the most relevant being the
effect of climate change. Recent studies have found that the global mean surface temper-
ature from 1961 to 2019 increased by 0.66 ◦C [6]. There is scientific evidence that these
changes cause shifts and contractions in the altitude range of tropical species [7,8]. For
example, a recent investigation, performed on Chimborazo vegetation in Ecuador, indicated
a strong displacement of seed plants towards an altitude of 5185 m, which is >500 m to
the 4600 m reported by Humboldt in 1802 [9]. On the other hand, global deforestation
for agricultural purposes has been very intense in recent decades [10,11], where some
178 million hectares (ha) of forest have been lost from 1990 to 2020, at a rate of 7.8 million
ha/year in the period 1990–2000, 5.2 million ha/year in 2000–2010, and 4.7 million between
2010–2020 [12]. Different scientific works have yielded that these tropical deforestation
processes cause a reduction in evapotranspiration levels and precipitation at the local level,
hence indirectly affecting a wide variety of plant species [13,14]. In many areas, this change
in land use begins with the selective exploitation of timber species of high commercial
value, an activity that also affects species of global commercial interest, such as Mahogany
(Swietenia macrophylla King) [15,16], a timber tree whose native range covers much of
the Neotropics.

Botanical records indicate that Mahogany is encountered natively in Belize, Brazil,
Colombia, Costa Rica, Dominica, Ecuador, El Salvador, French Guiana, Guatemala, Guyana,
Honduras, Mexico, Nicaragua, Panama, Peru, Venezuela, and Bolivia [17,18]. Mahogany
wood is desired in international markets in the United States, Japan, and Europe due to
its high demand for home construction, plywood, boards, boats, and fine cabinetry [19].
In addition, it has chemical properties that are of great importance for multiple uses, such
as the production of cosmetics, control of hypertension, and production of antidiabetic,
anticancer, and anti-inflammatory substances [20–22]. Due to these multiple uses, it is
considered one of the most commercially important plant species worldwide [23], reaching
prices between USD 1700 and USD 11,000 per m3 of wood [24,25]. Its great commercial
interest has increased its overexploitation [15]. Mass extraction has generated significant
negative impacts on the habitat of this species, with less than one individual per hectare
found in small and dispersed populations [26,27]. This species presents a slow growth,
and therefore an ineffective natural regeneration, a period of 30 years being necessary
for it to be able to develop completely [28]. In addition, it presents a great vulnerability
to climatic conditions that affect its germination or pests that limit its growth [29,30].
For all these reasons, it is considered vulnerable to extinction according to the IUCN
evaluation categories and is one of the most threatened forest species in the world [31,32]. In
addition, due to its conservation status, it was included in Appendix II of the Convention on
International Trade in Endangered Species of Wild Fauna and Flora (CITES) [33]. Therefore,
there is a strong need to implement forest restoration strategies that allow for the correct
management and conservation of Mahogany in the neotropics.

On a global scale, various forest restoration initiatives focused on achieving multi-
ple objectives are being conducted [34,35], including anticipation of the possible effects
of climate change [4,36], recovery of biodiversity [5,37], and the enhancement of rural
livelihoods [38,39]. We could highlight the Bonn Challenge [40] and the United Nations
Decade for Restoration [41], which aim to reforest 350 million hectares by 2030 [42,43].
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However, effective planning is necessary to select suitable species for the future, since most
countries, especially tropical ones, do not perform climate vulnerability studies in order
to select the species and sites to restore. If they would perform these studies, they would
achieve effective development and adaptation to a changing world in a context of climate
change [44].

Climate change represents a challenge for ecosystems and biodiversity in areas with
potential for forest restoration [4,45]. Climate variability, intensity, and increased frequency
of extreme weather events could increase tree mortality [46], change phenology [47] and
physiology [48], or cause migration to higher and cooler elevations [49] and even an
accelerated increase in extinction rates [50]. Different recent studies estimate that between
39 and 41% of plant species are at risk of extinction globally [51,52]. Biological extinctions
are advancing at an exceptional rate; this being an important point of interest in the
scientific community, some authors even mention the sixth great extinction of species [53].
It is estimated that a large portion of species modify their geographic distribution as a
response to changes in climatic conditions [54]. However, the most influential threat facing
trees in reforested locations is related to their dispersal capacity [55,56]. The dispersal
ability of most trees is limited to external factors such as wind and living organisms [57]. In
this sense, a greater incidence of climatic changes and a decrease in dispersal capacity could
increase the vulnerability of forest species [58]. This vulnerability also depends on their
ability to resist and adapt to the existing environmental conditions [59,60]. For example,
generalist species have a higher resistance to various climatic conditions compared to
specialist species [61]. Under this premise, it is known that native forest species are able to
be both generalists and specialists, which is why they have a high potential to be considered
in forest restoration programs [62].

However, restoration programs usually consider exotic forest species, generating large
extensions of forest monoculture [63,64]. These practices are not recommended because a
forest monoculture presents low carbon sequestration rates compared to those seen in native
forests [65]. In addition, they present low biodiversity and potentially high vulnerability
to climate change [66]. It is important to point out that exotic species can often become
invasive, which is a worrying phenomenon since it is estimated that they rank second in
reasons for the current global biodiversity crisis [67,68]. For example, these species tend to
compete with native species, reducing local biodiversity, and in some cases their eradication
is unfeasible because it is considered impracticable in economic terms [69]. Therefore,
international standards recommended by the Society for Ecological Restoration (SER),
utilized by researchers, professionals, land managers, community leaders, and decision
makers to restore ecosystems in seventy countries, suggest giving greater emphasis to the
use of native forest species that are often vulnerable to extinction in tropical areas [70,71]. In
addition, it is important to note that these species are usually characterized by their dense
wood, which is related to greater carbon sequestration, as is the case of Mahogany [72].

Therefore, the identification of areas where the environmental conditions are suitable
for the implementation of these reforestation strategies is of vital importance [44]. Therefore,
as an optimal tool for this objective, we propose here the use of ecological modelling
techniques, commonly known as species distribution models (SDM [73]). The theoretical
principle of these models lies in the fact that they correlate data on the presence of species
(georeferenced locations) with environmental variables (climate, soil, etc.) to predict the
suitable space for the development of an organism for different periods of time (past,
present, future) [73–75]. Among the main applications of these models are projections to
future climatic conditions to assess how climate change affects plant species [76,77]. They
are undoubtedly the most widely used tools to predict the potential distribution of species in
the future, but despite their potential to be used in restoration plans, their use has been very
limited in this regard. For example, they have made it possible to identify the distribution
of timber forest species facilitating their adequate management and conservation in certain
territories [78,79], and recently have facilitated ecological restoration strategies principally
in the European continent [79–81].
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Previous studies have attempted to model the potential geographic distribution of Ma-
hogany in Mexico [29,82,83] and Brazil [84,85]. However, in these countries, only a partial
fraction of the climatic niche of the species was considered (only the presence records for the
species in one country). This practice has been habitual, but it is not the most appropriate
option to generate reliable SDMs [86], especially to project the potential distribution of
the species into the future, since the models created under these considerations generate
biased predictions [87–89]. Therefore, in the present work, for the first time the entire
known native distribution range of Mahogany is considered, allowing the capture of all the
environmental variability available for the species and generating more reliable climate
change predictions [90].

In this context, due to the current state of conservation of Mahogany and its com-
mercial importance, this study proposes the identification of suitable areas under present
conditions and different climate change scenarios with the potential to be used in restora-
tion and/or reforestation with Mahogany in its native distribution area. Furthermore, the
areas predicted by the models were compared with the network of protected areas (PA)
with the aim to propose forests management strategies to stakeholders in tropical countries
that allow for the conservation of the species in the short and long term.

2. Materials and Methods

2.1. Study Area

The extent of the calibration area has a key impact on the results of the SDMs [91,
92]. We designed our study area based on prior knowledge of the actual distribution
of the species in the region from 33◦ N to 35◦ S and from 119◦ W to 35◦ W (Figure 1).
Specifically, we bounded the study area to the south to include Brazil, to the north to include
Mexico, to the west by the Pacific Ocean, and to the east by the Atlantic Ocean. The study
region is considered a global biodiversity hotspot [93,94]. In this zone the environmental
conditions stand out for presenting an annual mean temperature that oscillates between 1 to
29.3 ◦C [95], annual precipitation between 0 to 7150 mm [95], and altitude in an approximate
range of 0 to 6650 m above sea level (m.a.s.l.) [96].

Figure 1. Study area. Presence records of Mahogany (blue dots) in its native distribution area.
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2.2. Presence Records

Some 4569 presence records for Mahogany were collected from two types of in-
formation sources; online biodiversity databases, such as the Global Biodiversity Infor-
mation Facility (GBIF; www.gbif.org accessed on 16 January 2023), the Integrated Dig-
itized Biocollections (iDigBio, https://www.idigbio.org accessed on 16 January 2023),
sistema distribuído de informação que integra dados primários de coleções científicas
(SpeciesLink, https://splink.cria.org.br accessed on 16 January 2023), the Botanical In-
formation and Ecology Network (BIEN, https://bien.nceas.ucsb.edu/bien accessed on
16 January 2023), BIOWEB (https://bioweb.bio/portal accessed on 16 January 2023),
and the Programa Nacional de Monitoreo de la Biodiversidad de Ecuador (SINMBIO,
https://bndb.sisbioecuador.bio/bndb/index.php accessed on 16 January 2023), as well as
scientific publications [17,97–101]. The data download was performed using the following
packages: OccCite [102], PlantR [103], BIEN [104], and Ridigbio [105]. In the process of
obtaining the data, only records reported in botanical collections were considered, as they
are of vital importance to clarify the taxonomy of plants and identify their main habitats.
Additionally, these present great potential for the creation of ecological models focused on
the conservation of threatened species [106–108].

To ensure the quality of the presence data [109], we relied on the existing literature
that provides methodological suggestions with the aim of generating a reliable database
that can be used in ecological modelling [86,110,111]. Consequently, a protocol based
on three steps was applied, the first step being to initially mitigate the effect of season-
ality collection [112] through preserving records collected in years after 1950. Secondly,
to take into account that presences collect duplicate samples of the same individuals
that are stored in different institutions, records that presented the same geographic co-
ordinates were eliminated. Finally, the possible sampling bias associated with collection
patterns was attenuated [113] by applying a distance of 1 km between each record. All
the steps conducted in this process were executed through the use of packages developed
in the R environment (spThin [114], SpeciesGeoCoder [115]). The final database included
407 presence records.

2.3. Environmental Data

Two databases were used as independent variables. On the one hand, the 19 bioclimatic
variables available in the Worldclim 2.1 climate data repository (https://www.worldclim.
org/ accessed on 16 January 2023) were used at a resolution of 30 s (approximately
1 km2) [95]. In order to predict future changes in the distribution areas of S. macrophylla,
the projections of the general circulation models (GCM) until the year 2070 from the Cou-
pled Model Intercomparison Project Phase 6 (CMIP6, [116]) were considered. Two GCMs
(MRI-ESM2.0 [117], MIROC6 [118]) were chosen to consider the variability and uncertainty
associated with the creation of future climate models and their influence on spatial pre-
dictions [119,120]. Additionally, two shared socioeconomic pathways (SSPs) were used;
specifically, SSP2-4.5 and SSP5-8.5 for each GCM. The selected SSPs represent conservative
(SSP2-4.5 predicts an increase of up to 2.7 ◦C by 2100) and pessimistic (SSP5-8.5 predicts an
increase of up to 5 ◦C by 2100) conditions.

On the other hand, layers of different soil properties at a depth of 0 to 5 cm were
obtained from the SoilGrids (https://www.soilgrids.org accessed on 16 January 2023)
database at a resolution of 1 km2 [121]. In relation to the selection of variables used
in the creation of models, the initial set was reduced to mitigate the effects related to
multicollinearity [122], possible pseudo-estimates of predicted areas [89], and interpretative
complexity of the models [123]. A Pearson correlation coefficient (r > 0.8) was applied
between pairs of variables [124]. Highly correlated variables were removed based on the
threshold mentioned above. Finally, the models generated for Mahogany included eleven
environmental variables (see Table 1).
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Table 1. Environmental variables used in the creation of SDMs for Mahogany.

Category Variable Description Unit

Bioclimatic
variables

bio3 Isothermality ◦C
bio5 Max temperature of warmest month ◦C
bio6 Min temperature of coldest month ◦C

bio17 Precipitation of driest quarter mm
bio18 Precipitation of warmest quarter mm
bio19 Precipitation of coldest quarter mm

Soil
variables

bdod Bulk density of the fine earth fraction kg dm−3

nitrogen Total nitrogen (N) g kg−1

phh2o pH (H2O) -
sand Sand (>0.05 mm) in fine earth %
soc Soil organic carbon in fine earth g kg−1

2.4. Species Distribution Models

Consensus models [125] were generated using the biomod2 package [126] by com-
bining predictions generated by three statistical techniques; generalized additive models
(GAM, [127]), boosted regression trees (BTR, [128]), and random forests (RF, [129]). Follow-
ing Brun et al. [123], three different parametrization complexity options were compared.
For GAMs we established the degree of freedom in the smooth terms to 1.5, 3, and 10
for simple, intermediate, and complex parameterization options. Simple, intermediate,
and complex RF models were trained with the minimum number of observations in the
terminal nodes to 40, 20 and 1, respectively. Finally, the complexity of BRTs was varied
by training 100, 300, and 10,000 trees for simple, intermediate, and complex options. The
predictive accuracy of the models was evaluated by selecting a repeated random sample
(ten times) where 80% of the data was used to train the models and the remaining 20%
to evaluate them. For each replicate, the accuracy of the model was assessed using the
Area Under the ROC Curve (AUC) statistic [130]. The evaluation of the predictive perfor-
mance of the models aims to assess the accuracy of the predictions, thereby guaranteeing
confidence in the results obtained. Those models that presented an AUC value < 0.8 [131]
were eliminated. The relative importance of each independent variable was calculated
by a repeated random permutation test [126]. Finally, for each parametrization option a
consensus model was generated through the weighted average of their AUC values. The
three parametrization options were compared by means of different statistics: AUC [130],
partial AUC [132], TSS [133], and omission value [134]. The complex option obtained better
results (see Table 2). Subsequently, the complex consensus model was projected to each
GCM (MRI-ESM2.0, MIROC6) and their respective SPPs (SSP2-4.5 and SSP5-8.5). Next, the
median of the replicates was calculated and applied for each future scenario, following
the procedure used by Simoes et al. [135]. To calculate the area predicted by the models
and conduct the respective comparisons between the current and future predictions, all the
models were binarized using a commission error of 5% [136].

Table 2. Comparison of the three parametrization options (complex, intermediate, and simple)
employed to generated ensemble models thought different statistics.

Model AUC Media TSS Partial AUC Omision Rate 5%

Complex 0.93 0.74 1.85 0.050
Intermediate 0.93 0.74 1.71 0.049

Simple 0.93 0.74 1.69 0.051

2.5. Changes in the Potential Geographic Distribution of Mahogany

The differences in the predicted areas between the current model and the two future
scenarios (SSP2-4.5 and SSP5-8.5) were calculated. Specifically, areas with potential range
loss (i.e., potential areas where the species is currently present but is likely to be absent in
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the future), gain (i.e., potential areas where the species is currently absent, but is likely to
be present in the future), and stability (i.e., potential areas where the species is potentially
present now and is likely to be present in the future) were considered. On the other hand,
the potential changes in the altitudinal ranges in the potential areas predicted by the future
models were also estimated. In this sense, the pixels predicted by the models were used as
a mask to extract their corresponding altitude values. In order to perform this process, a
250 m resolution Digital Terrain Model (DTM) derived from the Shuttle Radar Topographic
Mission (SRTM) was downloaded [96]. The DTM was resampled to a resolution of 1 km2.

2.6. Representativeness of Distribution Areas of Mahogany in the Network of Protected Areas

An intersection was realized between current and future models and a map of the
global network of PA was obtained from https://www.protectedplanet.net/en (accessed
on 16 January 2023). This occurred based on the premise that PAs provide a greater survival
advantage in terms of conservation to endangered species, in addition to being a more
effective in situ conservation strategy in the short and long term [137–139].

3. Results

3.1. Statistical Performance of the Models

Three types of approaches used in the generation of the consensus model for Ma-
hogany were evaluated, the complex approach being the one that was statistically reliable,
indicating a robust predictive performance since it obtained a mean AUC value = 0.93,
TSS = 0.74, partial AUC = 1.85 and an omission value of 0.050 (Table 2). On the other
hand, the environmental variables with major relative importance to the SDMs were min
temperature of the coldest month (Bio 6), pH, and nitrogen (see Supplementary Figure S1).

3.2. Current Potential Distribution of Mahogany

Under current climatic conditions, the predictions of the binary model yielded climati-
cally suitable areas for Mahogany of approximately 1,250,321 km2 (Figure 2), which are
found in an altitudinal pattern between 0 and 2663 m.a.s.l. A large part of the predicted
areas was distributed in the eastern, southern and western zones of Mexico, Nicaragua,
Honduras, Guatemala, Costa Rica, Panama, Bolivia, Belize, southern Colombia, and the
coastal region and centre of the Ecuadorian Amazon. Particularly, Mexico stands out for
being the country with the highest proportion of suitable areas with 28.5% of the total
potential distribution of the species.

Figure 2. Potentially suitable areas for Mahogany under current conditions predicted in the
binary model.
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3.3. Possible Changes in the Environmentally Suitable Areas Predicted by Future
Mahogany Models

Considering that the resulting models predict fractional and distant potential areas
between each country included in the study area, the areas predicted by the models in
Ecuador were selected as an example because they predicted significant potential changes
(stability, loss, gain) in the future distribution of Mahogany for this country (Figure 3).
However, all areas predicted by countries are presented in Table 3.

Figure 3. Changes in the potential distribution of Mahogany in the future: (A) Potential changes
predicted in future climate scenario SSP2-4.5; (B) Potential changes predicted in future climate
scenario SSP5-8.5.

Table 3. Changes in the potential future distribution of Mahogany in its native range.

Country Current
SSP2-4.5 SSP5-8.5

Stable % Loss % Gain % Stable % Loss % Gain %

Belize 26,251 26,196 99.8 55 0.2 0.0 0.0 26,181 99.7 70 0.3 1 0.004
Bolivia 15,2876 114,041 74.6 38,835 25.4 47,652 31.2 118,038 77.2 34,838 22.8 41,876 27.4
Brazil 64,690 54,111 83.6 10,579 16.4 127,285 196.8 47,707 73.7 16,983 26.3 102,627 158.6

Colombia 65,862 54,472 82.7 11,390 17.3 23,827 36.2 47,849 72.7 18,013 27.3 33,427 50.8
Costa Rica 38,259 35,473 92.7 2786 7.3 1606 4.2 33,641 87.9 4618 12.1 2542 6.6
Dominica 834 771 92.4 63 7.6 0.0 0.0 706 84.7 128 15.3 1 0.1
Ecuador 56,900 33,772 59.4 23,128 40.6 11,050 19.4 32,817 57.7 24,083 42.3 20,670 36.3

El Salvador 19,146 19,091 99.7 55 0 3474 18.1 18,945 99.0 201 1.0 3452 18.0
Guatemala 89,556 86,531 96.6 3025 3.4 11,110 12.4 85,836 95.8 3720 4.2 15,023 16.8
Honduras 116,168 115,535 99.5 633 0.5 10,008 8.6 113,661 97.8 2507 2.2 12,299 10.6

México 355,755 342,038 96.1 13,717 3.9 58,797 16.5 324,593 91.2 31,162 8.8 59,811 16.8
Nicaragua 132,988 130,865 98.4 2123 1.6 2469 1.9 129,975 97.7 3013 2.3 3149 2.4

Perú 18,544 10,896 58.8 7648 41.2 17,550 94.6 11,631 62.7 6913 37.3 25,814 139.2
Panamá 61,645 54,667 88.7 6978 11.3 1693 2.7 56,104 91.0 5541 9.0 3672 6.0

Puerto Rico 6928 5517 79.6 1411 20.4 424 6.1 4269 61.6 2659 38.4 219 3.2
Venezuela 43,919 27,086 61.7 16,833 38.3 18,111 41.2 19,326 44.0 24,593 56.0 34,255 78.0

Total 1,250,321 1,111,062 88.9 139,259 11.1 335,056 26.8 1,071,279 85.7 179,042 14.3 358,838 28.7

Based on future climatic conditions with a moderate emissions scenario (SSP2-4.5),
the models suggest that around 88,9% of suitable habitat for Mahogany would remain
stable (i.e., suitable in the current period and in the future). It is important to point out
that the largest proportion of stable areas would be found in Mexico with approximately
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342,038 km2. However, we encountered that in Belize it is expected that 99.8% of the
suitable areas will remain stable in the future. On the other hand, Peru is the country
with the lowest number of stable future areas with 58.8%. Similarly, in a severe emissions
scenario (SSP5-8.5), a 3.1% reduction in suitable stable areas is anticipated compared to
that predicted under the conservative scenario (SSP2-4.5), reflecting a percentage of habitat
stability for 88,8% of species. Specifically, patterns similar to those described above were
identified in the SSP2-4.5 scenario, with Belize once again being the country with the highest
proportion of possibly stable areas in the future with 99.7%. Similarly, in El Salvador the
species is also expected to have large areas of suitable areas in the future with 99.0%.

On the other hand, in relation to the loss of suitable areas, there was a drastic loss of
41.2% of suitable areas in Peru and 40.6% in Ecuador in a conservative scenario (SSP2-4.5).
Particularly in Ecuador, these reductions are expected to be more evident in the Amazon
region of Ecuador; specifically, in the provinces of Pastaza and Napo. Similarly, in a gloomy
emissions scenario (SSP5-8.5), an increase of 3.2% is expected compared to the expected
losses reported by the model for the scenario (SSP2-4.5). Overall, the models foresee
possible reductions equivalent to 14.3% in the species’ range. Particularly, in this scenario,
Venezuela is expected to lose 56.0% of the areas suitable for the species. On the other hand,
in second place would again be Ecuador with a predicted loss rate of 42.3% of suitable
areas for Mahogany.

The models also forecast possible expansion (gain) of suitable areas. Under an opti-
mistic emissions scenario (SSP2-4.5), potentially suitable habitat gains for the species are
anticipated to be 26.8% across its entire native range. The largest proportion of forecast
gains are again centered in Brazil, Peru, Venezuela, and Colombia. Furthermore, it should
be emphasized that the models did not predict suitable new areas in Belize and Dominica,
both of which had a success rate of 0%. The potential increases in suitable areas under a
pessimistic emissions scenario (SSP5-8.5) are expected to be greater than those evidenced
in comparison to the conservative scenario (SSP2-4.5) with an increase of 1.9%. In general,
the models predict gains of potentially suitable areas for the species of 28.7%. On the other
hand, the models forecast possible slight area gains in Belize and Dominica with 0.004%
and 0.1, respectively. In this context, it is expected that the species will have new areas for
adaptation and survival through a progressive ascent of 282 m in an optimistic scenario
(SSP2-4.5) and 792 m in a pessimistic scenario (SSP5-8.5).

3.4. Representativeness of Distribution Areas of Mahogany in the Network of Protected Areas

From the intersection of the potentially suitable areas predicted by the models under
current and future conditions with the PA network, it was demonstrated that the proportion
of suitable habitat for Mahogany under current conditions that would be available within
the PA limits would be some 28.5% (Table 4).

Specifically, this coverage of suitable areas was found in greater proportion in Venezuela,
Colombia, and Costa Rica. These findings suggest that the species may currently be under
conservation in the areas predicted by the models. However, a slight coverage of suitable
areas under conservation for the species was also observed in Puerto Rico and Ecuador,
with only 4.7% and 5.9%, respectively.

In future climate conditions with an optimistic scenario (SSP2-4.5), the models demon-
strated a broad coverage of stable areas within PAs of 89.24%. Thus, in Belize 99.7% of
the suitable areas previously predicted by the current model would remain stable. On the
other hand, in a dim scenario (SSP5-8.5) a slight reduction (3.51%) in suitable stable areas is
anticipated compared to the forecasts provided by the scenario (SSP2-4.5). In general, a
stability of suitable habitat within PAs of 85.73% is expected.
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Table 4. Changes in the potential future distribution of Mahogany within the network of
protected areas.

Country Current Protected Areas %
SSP2-4.5 SSP5-8.5

Stable % Loss % Gain % Stable % Loss % Gain %

Belice 26,251 9712 37.0 9681 99.7 31 0.3 0 0.0 9676 99.6 36 0.4 0 0.0
Bolivia 152,876 55,563 36.3 44,194 79.5 11,369 20.5 15,142 27.3 44,577 80.2 10,986 19.8 16,745 30.1
Brasil 64,690 13,714 21.2 10,687 77.9 3027 22.1 53,598 390.8 10,251 74.7 3463 25.3 43,045 313.9

Colombia 65,862 30,973 47.0 26,192 84.6 4781 15.4 11,095 35.8 24,142 77.9 6831 22.1 14,073 45.4
Costa Rica 38,259 17,295 45.2 15,985 92.4 1310 7.6 1330 7.7 15,177 87.8 2118 12.2 2171 12.6
Dominica 834 189 22.7 183 96.8 6 3.2 0 0.0 185 97.9 4 2.1 1 0.5
Ecuador 56,900 3384 5.9 1873 55.3 1511 44.7 582 17.2 1958 57.9 1426 42.1 911 26.9

El Salvador 19,146 2909 15.2 2877 98.9 32 1.1 877 30.1 2837 97.5 72 2.5 1008 34.7
Guatemala 89,556 37,037 41.4 36,836 99.5 201 0.5 906 2.4 36,645 98.9 392 1.1 1429 3.9
Honduras 116,168 31,004 26.7 30,846 99.5 158 0.5 2907 9.4 30,397 98.0 607 2.0 3900 12.6

México 355,755 61,281 17.2 58,697 95.8 2584 4.2 6537 10.7 54,174 88.4 7107 11.6 5830 9.5
Nicaragua 132,988 50,831 38.2 49,997 98.4 834 1.6 739 1.5 49,127 96.6 1704 3.4 631 1.2

Perú 18,544 6255 33.7 3809 60.9 2446 39.1 5738 91.7 3869 61.9 2386 38.1 7278 116.4
Panamá 61,645 12,590 20.4 9828 78.1 2762 21.9 541 4.3 10,276 81.6 2314 18.4 1248 9.9

Puerto Rico 6928 324 4.7 232 71.6 92 28.4 57 17.6 192 59.3 132 40.7 44 13.6
Venezuela 43,919 23,190 52.8 16,016 69.1 7174 30.9 11,670 50.3 11,931 51.4 11,259 48.6 24,905 107.4

Total 1,250,321 356,251 28.5 317,933 89.24 38,318 10.76 111,719 31.36 305,414 85.73 50,837 14.27 123,219 34.59

Based on future scenarios, the models indicated small reductions (loss) of habitat for
the species within PAs. In the moderate emissions scenario (SSP2-4.5), a coverage loss of
10.76% was reported. Of this percentage, the largest proportion of reductions is expected
to be visible in Ecuador with a loss rate of 44.7% of suitable areas. Furthermore, with a
scenario of not very encouraging emissions (SSP5-8.5), a double of losses is forecasted
compared to what is indicated in the SSP2-4.5 scenario. Hence, the models suggest losses
of suitable habitat of 14.27% within PAs for the species. In particular, it was shown that
Venezuela would have significant reductions in suitable areas under conservation with
predicted losses of 48.6%.

Finally, the results predict that the species will have new areas potentially suitable for
its conservation within the PA network currently in force in the future. A coverage of 31.36%
was evidenced considering the models under the emissions scenario SSP2-4.5. Particularly,
these area increases are expected to be most notable in Brazil, Peru, and Venezuela. On the
contrary, it was also possible to notice null rates (0%) of gain of areas under conservation
for the species in Belize and Dominica. Nonetheless, considering the emissions scenario
SSP5-8.5, the models foresee an increase in suitable areas possibly under conservation
in the future within PAs of 34.59%. It is expected that these increases will be observed
in greater proportion in Brazil, Peru, Venezuela, and Colombia. However, in Ecuador a
radical increase in suitable habitat was evidenced with a coverage of 313.9% within PAs for
the species.

4. Discussion

4.1. Predictive Performance and Strengths of the Models

In the last decade, multiple recommendations have been formulated to improve the
quality of species distribution models, thereby improving their reliability, replicability,
and use in different forest restoration initiatives [80]. In the present study, ecological
modelling techniques that take into consideration global recommendations for the reliable
application of species distribution models were used [110,140]. All this facilitated the
mitigation of possible problems, such as (1) errors associated with sampling bias and
spatial aggregation [141]; (2) effects related to multicollinearity [122]; possible pseudo-
estimates of predicted areas [91]; and interpretive complexity of the models [123].

In addition, it has been demonstrated that there is a wide variability in the predictions
resulting from the models when using various algorithms individually. This is due to
the fact that they are susceptible to the configurations and parameterizations used [142].
Previous studies conducted about Mahogany use the maximum entropy algorithm (Maxent)
as the only algorithm to carry out the modelling of the species [29,82–85]. We imply that
this selection may be based mainly on the fact that Maxent is one of the algorithms most
explored and used in the existing literature [143]. However, recent research also suggests
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that Maxent’s predictive power could be unreliable and possibly biased when making
projections to novel future climates, leading to overestimates of predicted areas beyond
previously known ranges for the species and under unfavorable climatic conditions for its
adaptation [144,145]. Therefore, here, a consensus model approach was used to model the
current and future distribution of Mahogany [125]. This approach has been evaluated and
the findings suggest that combining predictions from multiple algorithms could improve
predictions compared to models generated by separate algorithms [146,147]. Furthermore,
our models considered the inclusion of soil variables, since recent evidence suggests that
the use of soil variables helps improve current predictions and reduces overestimations
in future predictions [148–150]. All of the above could be verified, since the selected
modelling approach, after the evaluation process of its predictions, was statistically reliable
(see Table 2). These qualities give high confidence in the predicted adequate area for
this species in its native distribution range, and they could thus be considered for use in
different approaches to conservation and forest restoration. However, it will be essential to
confirm the actual presence of Mahogany through the implementation of forest inventories
to evaluate the present findings.

One of the main achievements of this study was to include in the creation of the
models the entire known native distribution range of Mahogany for the first time. Previous
research has been done to model the potential geographic distribution of Mahogany in
Mexico [17,29,83,99,100] and Brazil [84,85]. However, locally calibrated SDMs are limited by
partial representation of the ecological niche of the species and therefore future projections
may be biased [87–89]. Nonetheless, the models generated in this study fully represent
the climatic niche of Mahogany, which allows for the capture of all the environmental
variability available to the species [54] and therefore allows for more reliable models for the
present and projections with less future over-prediction or under-prediction errors [90]. In
this way, we consider that the information presented by our models is extremely important
in terms of forest restoration and adaptation to the possible effects of climate change, since it
allows for the characterization of potentially suitable areas in current and future conditions
for the species, which facilitates the maximization of the potential success of conservation
strategies and forest landscape restoration programs [65].

4.2. Model Limitations

It is necessary to point out that there could be certain limitations related to the presence
set and the non-consideration of biotic interactions in the generation of our model. Initially,
we highlight that the set of occurrences compiled for Mahogany for its native distribution
area considered all possible open access databases of biodiversity and records published in
scientific articles. However, the uncertainty associated with the spatial precision associated
with the data must be considered [151,152]. Hence, the possible sampling biases associated
with the greater number of botanical inventories in regions, mainly in Central America,
must be acknowledged. These patterns are fundamentally associated with accessibility
(roads, rivers, etc.) to the sampling sites [153]. All these points were considered in our
study in the data cleaning process based on the methodological suggestions recommended
for the development of species distribution models [110,111,140], with the aim of achieving
the most reliable model possible. However, we ascertain that our model did not consider
the possible biotic interactions that could exist for the species in its native area. For ex-
ample, a forest inventory conducted in native populations of Mahogany in the province
of Pastaza yielded that 93% of the sampled seedlings indicated signs of herbivory in 50%
of their leaves [154]. This demonstrates that the species presents a great vulnerability to
herbivores that limits its growth and the survival of individuals in its populations [29,30].
Research focused on the phytosanitary control of Mahogany indicated that the most rele-
vant biological threat to the species would be the insect Hypsipyla grandella (Lepidoptera:
Pyralidae) [155,156]. The larvae of this species attack the terminal buds, particularly of
young trees, generating a defective growth of the species which decreases its commercial
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value. Even if the attacks are not frequent, the intensity of the attacks can cause the death
of the plant [157,158].

In addition, it is known that a species can be influenced by different biotic interac-
tions that are able to prevent it from occupying the entire area that corresponds to its
ecological niche [159]. Therefore, considering all the possible biotic interactions known
for the species to be modelled will provide additional information that could be key to
anticipating whether these interactions could be positive or negative for the survival of
the species [160,161]. Furthermore, recent research indicates that the predictive power of
species distribution models could be improved when biotic interactions between species
are considered [162,163]. However, at present, integrating these interactions is still a chal-
lenge, as more research is needed to determine whether the incorporation of these variables
should be continuous or binary in the development of models [164]. We suggest that it
would be necessary to explore in greater depth the influence of this pest on the distribu-
tion of Mahogany through the participation of experts in different forest disciplines [165],
with a view to precisely characterizing the possible negative effects of this interaction in
the future.

4.3. Current Potential Distribution of Mahogany

Based on current conditions, our model suggests that the species could have climati-
cally suitable areas in 16 countries from Central America to South America, with suitable
areas being found in greater proportion in Mexico and Bolivia. These findings are consis-
tent with the known distribution ranges previously described for the species [17,99,100].
Mexico has been one of the countries with the largest number of investigations focused
on understanding the distribution patterns of Mahogany [82,83,166–168]. This is mainly
related to the more significant number of occurrence records for the species in this country.
Regarding the patterns described in this study, the current model demonstrates adequate
areas in 18 states of Mexico, representing 28.5% of the total distribution of the species. The
states with the highest proportion of suitable areas were Campeche, Quintana Roo, and
Yucatán. These areas reported by our models are similar to those predicted by models
developed in previous research in Mexico and the province of Yucatán [82,83,167].

In relation to the predicted areas in Brazil, it was possible to demonstrate that these
only represent 5.2% of the total distribution of the species. In addition, it is important
to point out that the areas suitable for the species indicate a widely discontinuous and
fragmented pattern, which is similar to that reported in previous studies where it is
established that the species would be almost in danger of extinction due to the fact that
its populations are very restricted and fragmented [169,170]. Furthermore, considering
the spatial distribution of suitable areas in Brazil, previous studies reported that the state
of Acre had the most suitable climatic conditions for the species [84,85]. These areas do
not coincide with the results obtained in this study, as our models suggest that the largest
proportion of areas reported for Brazil would be encountered in the states of Bahia and
Espírito Santo. However, both studies indicated a concordance in the prediction of the
absence of suitable areas for the species in the north-western region of Amazonas. This
pattern could be associated with the presence of large extensions of tributaries and rivers,
as is the case of the Amazon [171,172]. On the other hand, the model also reported similar
patterns of absence in the north-central region of Colombia. These findings seem to be
induced by the presence of large foothills with altitudes which the species had not been
able to access for biogeographical reasons and by the lack of suitable environments under
current conditions [17,168,173].

4.4. Changes in the Potential Geographic Distribution of Mahogany in the Future

Overall, under future climatic conditions, our models predicted that 88.9% of the areas
suitable for Mahogany will remain stable throughout most of its range. For example, the
stable areas reported in Mexico were similar to those shown in recent studies where they
mention that areas such as Quintana Roo, Yucatán, and Calakmul would be potentially
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suitable for the habitat of the species in the face of climate change [26,29,83]. On the
contrary, our models allowed us to identify that Peru and Ecuador were the countries with
the lowest proportion of potentially stable areas with 58.8% and 59.4%, respectively. These
reductions are expected to be detected mainly in the Amazon region of Ecuador, specifically
in the provinces of Pastaza and Napo. The reductions reported by our models should be
of great interest in decision making by local managers since, in Ecuador, it is estimated
that under current conditions the suitable areas available in its extent of occurrence (EOO)
would have been reduced by a percentage equal to or greater than 80% over the last thirty
years. The species would thus be currently considered critically endangered (CR A2cd)
in this country [154]. In this context, our findings suggest that Mahogany populations
currently reported in the provinces of Pastaza, Napo, Orellana, and Morona Santiago [154]
would be potentially prone to extinction.

Nevertheless, our models forecast possible gains from suitable areas going forward,
reporting gains of 26.8% to 28.7% for the conservative (SSP2-4.5) and pessimistic (SSP5-8.5)
emissions scenarios, respectively. These gains were forecast in greater proportion in Brazil,
Peru, Colombia, Venezuela, and Bolivia. However, an encouraging scenario was also
reported for Ecuador with small gains in areas in the coastal region, specifically in the
provinces of Guayas, Manabí, Esmeraldas, and El Oro. It was demonstrated that the
gains in areas occurred in an altitude range higher than that previously reported by our
model under current conditions, which was from 0 to 2663 m.a.s.l. Thus, it is expected
that the species will have new areas for its adaptation and survival through a progressive
ascent of 792 m over time. It is estimated that the increase in global temperature would
induce a displacement of forest species towards areas that were previously colder, where
environmental circumstances may be more conducive to the adaptation of populations of
the species in the future [174,175]. However, this process may be slow considering that
the transition of the flora towards higher altitude ranges depends directly on its dispersal
capacity [176–178].

This consideration could not be beneficial for the species as the pressure imposed
by human activities advances at an accelerated rate compared to biological adaptation
processes. For example, in the Amazonian region of Ecuador (ARE), activities such as
deforestation [179], land use change [180], mining [181], and urban expansion [182] could
have an even greater impact on the reduction of suitable accessible habitat for Mahogany.
Therefore, it is interesting to mention that evidence of the influence of these activities has
recently been discovered, since recent population studies conducted in the province of
Pastaza found only seven individuals in three plots of 1.7 hectares [154], which indicates
that the populations of the species could be under great anthropic pressure. However, these
figures are even more worrying in inventories performed in Brazil and Mexico, where less
than one individual per hectare was found in small and scattered populations [26,27].

4.5. Representativeness of the Potential Distribution of Mahogany in the Network of
Protected Areas

Among all the investigations previously conducted for the species considering the
use of SDMs in Mexico and Brazil [29,82–85], the current study stands out for being the
first to perform an intersection analysis between the predicted areas under current and
future conditions and the PA network. This analysis was performed in order to identify
areas where the species could be protected under immediate short-term and long-term
conservation statuses, as this could be one of the best in situ conservation strategies [139].
In this context, with the current climatic conditions, our models suggest that 28.5% of the
areas predicted for Mahogany would be under conservation within the limits of the PA
network, with Venezuela, Colombia, and Costa Rica being the countries where the species
would find greater opportunity for immediate conservation. These results are extremely
important, given that PAs have been considered one of the best strategies for biodiversity
conservation, particularly for threatened forest species [78,183,184]. The effectiveness of
PAs lies in the fact that they provide adequate conditions for the establishment and survival
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of many species from different taxonomic groups, in addition to mitigating the effects
of overexploitation and selective felling of forest species associated with deforestation
processes [185,186]. This is demonstrated by recent studies which have shown greater
diversity within PAs than outside them [187]. Therefore, the results evidenced by the model
for Mahogany suggest that the species would have optimal conditions for its conservation
in these areas.

Subsequently, a slight proportion of suitable areas under conservation was also iden-
tified in Ecuador, where our models suggest that 5.9% of suitable areas would be found
within the existing PAs for this country. However, this percentage disagrees with that
suggested by Iglesias et al. [154], who indicate that the species has not yet been detected
within the national system of PAs of Ecuador (SNAP, according to its acronym in Spanish).
The models detected habitat reductions (losses) for the species within PAs throughout
its native range. Such reductions are expected to be 44.7% to 48.6% for the SSP2-4.5 and
SSP5-8.5 scenarios, respectively. Interestingly, the models indicate that possibly part of
these area reductions would occur in Ecuador.

In Ecuador, the SNAP covers about 20% of Ecuador’s surface with 69 PAs distributed
in its four regions (coastal lowland, highlands, Amazonian lowland, and Galápagos).
In addition, Ecuador in 2008 implemented the “Programa Socio Bosque”, aimed at the
conservation of forest resources inside and outside PA and buffer zones [188]. Despite
all these initiatives, Ecuador is one of the countries in South America with the greatest
expansion of road infrastructure inside and outside the SNAP [182,189]. Globally, an
estimated 14.8% of tree species would fall within areas under high human pressure, even
within existing PAs [190]. In Ecuador, it is estimated that 72% of the 4437 threatened native
vascular plants would be found outside the areas delimited in the current SNAP [191,192].
Therefore, it is known that the least protected species are usually the most threatened [193],
as is the case of Mahogany. We suggest that this could be even more serious for Ecuador,
considering the increase in mining activities [181]. Additionally, it is necessary to emphasize
that Mahogany has a very slow growth rate, fully developing in an average of 30 years [28].
For this reason, PAs play a key role in its in-situ conservation, since they should be areas
under continuous conservation, which could provide the species with a safe habitat for its
survival and development in the short and long term.

Within such future climatic conditions, our models evidenced a possible increase of
390.8% for the SSP2-4.5 scenario and 313.9% for the SSP5-8.5 scenario. In both scenarios, the
models anticipate that profits will be higher in Brazil, Peru, and Venezuela. Particularly, in
Ecuador a radical increase in suitable habitat was evidenced with a coverage of 26.9% within
PAs for the species. These results could be very encouraging considering the forecasts
predicted by our models for the species in the future. Ecuador is one of the countries with
the highest global conservation priority that currently requires more connectivity between
existing PA areas in the SNAP [192,194]. Recent studies suggest that improving connectivity
between PAs could be one of the best initiatives to safeguard current biodiversity and
enhance adaptive capacity in the context of future climate change [79,195,196]. However,
it is also necessary to improve monitoring within PAs through new current initiatives
based on the use of remote sensing for the detection of deforestation hotspots and selective
logging [197,198], such as drones applied to monitoring the current state of forests [199,200].
Nonetheless, it is also necessary to encourage environmental education to raise awareness
and promote the conservation of forest resources, knowledge of the impacts of human
activities on forests, alternative uses of non-timber forest resources, and the possible effects
induced by global climate change [201].

4.6. Considerations for Current and Future Monitoring of Mahogany Populations

Herbarium specimens provide essential information that can be used to increase
knowledge of Mahogany distribution patterns. However, the limited availability of dig-
itized herbarium collections available for plants is one of the current problems [106,202].
It is estimated that ~36% of plants have little information on their distribution in global
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herbaria, and that between 11.2 and 36.5% of these species have less than five reported
observations [203]. Therefore, it would be essential to increase botanical sampling efforts
for the species in tropical areas. In addition, in Ecuador, for example, it is necessary to
increase efforts to digitize existing botanical collections in national herbaria. In turn, these
data can be shared with the scientific community through open access databases in Ecuador
(BIOWEB, SISBIO) and worldwide (GBIF, IDIGBIO, etc.). On the other hand, the continuous
monitoring of all forest species through the National Forestry Inventory of Ecuador (ENFI,
according to acronym in Spanish) should be promoted [204].

Nonetheless, currently many of the efforts focused on the survey and inventory
of specimens are based on geographical decisions that consider distance, accessibility,
and available economic resources [205]. As a result, in most inventoried species there is
evidence of different types of sampling bias that limit biological knowledge of them outside
of inaccessible areas which could be climatically suitable [153,206,207]. In this way, the use
of methodologies that allow for the identification of optimal areas under geographic and
environmental considerations that facilitate the documentation of the greatest number of
specimens with fewer economic resources and less human effort [208] is key to obtaining a
completer and more enriched database.

Given this urgent need, new methodologies implemented in packages developed for
the R programming environment have now emerged which could help address current
necessities. One of these packages is WhereNext [209], which is based on the use of a
generalized model of dissimilarity. The principle of this model is the understanding of the
compositional dissimilarity of two sites through the differences between their conditions
and the geographic distance between them. This allows it to identify areas that decrease
the average distance between the previously sampled sites and those not yet sampled [210].
On the other hand, another current alternative is the Biosurvey package, which uses a
methodology that considers the environmental conditions available in the study areas and
records of the presence of the species [211]. In addition, Biosurvey provides the opportunity
to evaluate previously selected post-analysis sites, with climatically suitable areas identified
through species distribution models [211]. However, the authors suggest that the areas
described by the SDM to be used should be previously verified by a group of experts in
the species of interest [165]. Based on this context, in this study we suggest considering
the areas predicted by our models under current conditions to be used in future research
that could be implemented through the previously described packages, thus achieving the
detection of new sites that complement the collections available for the species.
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Abstract: The phenological responses of plants to climatic variables are critical for conservation
planning; however, it is less understood in an Afrotropical context. Here, we observed how flowering
and fruiting phenophases of seven indigenous plant species are related to monthly rainfall and
temperature for 24 months in Ethiopia. We employed linear and non-linear models to test the
effects on flowering and fruiting intensity. The results of the linear model showed that flowering
intensity decreased with increasing monthly temperature for Maytenus arbutifolia, Prunus africana, and
Solanecio gigas, but increased for Bersama abyssinica, and decreased with increasing monthly rainfall
for Maytenus arbutifolia. The results of the non-linear model indicated that the flowering intensity
of Brucea antidysenterica, Dombeya torrida and Rosa abyssinica decreased, leveled off and increased
with increasing monthly temperature. Moreover, the fruiting intensity of Brucea antidysenterica and
Rosa abyssinica decreased with increasing monthly rainfall, but increased for Bersama abyssinica; The
fruiting intensity increased with increasing monthly temperature for Brucea antidysenterica and Rosa
abyssinica. Altogether, the effects of climatic variables not only vary among the species, but also among
the phenophases of a plant species. Hence, considering these varied effects in forest conservation
schemes is critical, especially during the epoch of this continuing climate change.

Keywords: flowering patterns; seasonality; tropical trees; climatic variables

1. Introduction

Phenology is the study of the periodicity or timing of biological events such as the
timing of plant flowering or bird migration, triggered by environmental cues taking place
during the year [1,2]. The causes of their timing are affected by biotic and abiotic forces and
the interrelation among phases of the same or different species [3]. The climate is the main
factor controlling and regulating phenological events in plants, and global warming has af-
fected species distributions and the timing of leaf change and reproduction [4]. How plants
respond to changing patterns of temperature and precipitation has major implications for
agriculture, forestry, growing season dynamics and ecosystem processes [5].

Plant phenology variations have long been used as indicators of ongoing climate
change conditions [6]. Phenology has become important in the context of understanding
climate change impacts on ecosystems [7]. Phenology closely tracks climate and also drives
many ecological interactions, making the study of phenology essential for predicting how
species will respond to climate change [8–10].

Plant phenology is typically quantified by observing the date of onset and the duration
of particular phenophases [4]. In general, the study of phenological aspects of plants
involves the observation, recording and interpretation of the timing of biological events,
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such as seed dispersal, germination, vegetative growth, flowering, fruiting and leaf flushing
all affected by seasonal changes [8]. Tree phenology observations involve bud growth,
leaf emergence, flowering, fruiting and leaf fall activities in seasons with variations in
environmental and climatic factors, such as temperature and precipitation [11]. Plant
phenology could offer much information on the conditional changes of global climate
and the consequent shifts in plant life events, as their recorded dates provide a high-
temporal resolution of ongoing changes [4]. Understanding the genetic and physiological
mechanisms that plants use for the timing of seasonal responses allows for predicting
phenological responses to anthropogenic climate change [12].

A better understanding of plant phenology will assist land managers, seed collectors
and other stakeholders to make more informed decisions relating to the management of
these species. Plant species phenology is used to realize the vegetative and reproduc-
tive potential of the species and in developing viable local conservation strategies [13].
Understanding the phenology of invasive plant species can also help to design control
mechanisms [14].

Phenological patterns in plants are influenced by a combination of biotic and abiotic
factors that determine the occurrence and inhibition of physiological events [15]. The
abiotic and biotic factors are not mutually exclusive, and several are likely to interact to
regulate the expression of each phenological phase [3]. Phenology is used to assess the
consequences of global warming on plant distributions [16]. However, plant phenology
responses to invariant cues, such as photoperiods, may be important in defining the timing,
periodicity and particularly the synchrony of plant reproduction, especially in tropical
environments where climatic seasonality is low [17].

In tropical ecosystems, phenology might be less sensitive to temperature and pho-
toperiod and more tuned to seasonal shifts in precipitation, as seasons are often marked
by differences in rainfall and life-history events occurring in response to water availabil-
ity [3]. Periodic changes in rainfall, which are caused by movements of the Inter-Tropical
Convergence Zone often, play an important role [18]. In forests with a marked dry season,
flowering may be more sensitive to seasonal rainfall, changes in water availability and soil
moisture, and their fruits ripen towards the end of the dry season or at the beginning of the
rainy season [19].

Tropical phenology is characterized by its high diversity due to small annual changes
in day length and temperature and the absence of a cool season that hampers growth [20].
Within a tropical forest, species differ in phenological patterns and community-wide
phenological patterns differ among regions that differ in climate patterns [21]. Even within
a community, phenological cycles vary from species that reproduce multiple times per year
to those that reproduce only once in several years [22]. At higher latitudes, since these
habitats may be under snow or ice, almost all phenology is tied to a single highly variable
event, the timing of snowmelt [23].

Scientific knowledge of the phenology of plant species is basic for the understanding
of biological processes and the functioning of the forest ecosystem [24]. Serious effects on
biodiversity can result from altered phenologies due to enhanced asynchrony in ecological
interactions such as plant–insect and predator–prey interactions, leading to reduced fitness
and ultimately extinctions [25]. Moreover, phenology is the major determinant of the plant
species range, so it can be used to assess the consequences of global warming on plant
distributions [16].

Regarding the phenology of Ethiopian plant species, few studies have been carried out
in different floristic regions of Ethiopia. To name a few, the phenology of seven indigenous
trees in the dry Afromontane of Munessa-Shashemene Forest, South Ethiopia [24], pheno-
logical events in Commiphora myrrha and Boswellia neglecta in Southeastern Ethiopia [13],
phenology of the alien invasive plant species Prosopis juliflora in arid and semi-arid [14]
and flowering and fruiting phenology of some forest plant species in Western Ethiopia
Combretum-Terminalia Woodlands [26]. However, no research findings have been found
in the Gojjam floristic region. The present study is the first detailed study on the phenology
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of flowering and fruiting of seven indigenous tree species categorized under six families
of the dry tropical montane forest of this region in Ethiopia for two years from December
2018 to November 2020.

The specific questions addressed in this study were (1) what are the frequency, timing
and duration of flowering and fruiting of selected tree species at the study site and (2) which
environmental factors (temperature and rainfall) have the greatest influence on triggering
these phenological events?

2. Materials and Methods

2.1. Study Area

The study area is located in Machakel woreda, East-Gojjam Zone, Amahara National
regional State (ANRS) of Ethiopia (Figure 1) between 10◦19′75′′–10◦41′00′′ N and 37◦16′46′′–
37◦45′42′′ E l. The vegetation of the study area belongs to the dry evergreen Afromontane
forest [27]. The maximum monthly temperature is 28.5 ◦C and the minimum monthly
temperature is 9.8 ◦C. The average monthly temperature is 18 ◦C and the area receives the
mean annual rainfall of 1397 mm with a unimodal pattern that peaks between June to October.

Figure 1. The locations of the three forest study patches in East Gojjam zone, Amhara National
Regional State (ANRS) in relation to the map of Ethiopia, (A) map of three forest patches, (B) map of
Ethiopia, (C) map of ANRS.

2.2. Study Species

A reconnaissance survey was conducted to select the forest and the study species.
Three vegetation patches with similar physiological characteristics and agroecological zones
were selected during the reconnaissance survey. To select the study species, from each patch,
we used the criteria of (1) dominant woody species in the patches and assumed to play key
roles in shaping the ecological system of the patches; (2) species which provide substantial
provisional and cultural ecosystem services of wood products, food, medicinal and fodder
values; and (3) species whose population are currently declining due to overexploitation
for the mentioned services [28–33]. Consequently, seven indigenous tree species, namely
Bersama abyssinca Fresen., Brucea antidysenterica J.F. Mill., Solanecio gigas (Vatke) C. Jeffrey,
from the Embuli forest patch Dombeya torrida (J. F. Gmel.) P. Bamps, Maytenus arbutifolia

147



Forests 2023, 14, 541

(A. Rich.) Wilczek, Rosa abyssinica Lindley from Zhingder and Prunus africana (Hook. f.)
Kalkm from Woynagbar were selected for the study. Plant spcies such as Acacia abyssinica,
Buddleja polystachya, Embelia schimperi, Phytolacca dodecandra, Vernonia amygdalina, Carissa
spinarum, Rubus spp. and Maesa lanceolata were also observed during the survey.

2.3. Data Collection

A total of 112 reproductive, healthy individual trees/plant species having similar crown
sizes (visual estimation) were selected for the study. For each tree species, 16 individuals with
their diameter at breast height (DBH) ranging from 10 to 60 cm, were randomly selected
100 m far apart from each other, tagged with plastic ribbon and the locations also recorded
using GPS. The data of flowering and fruiting phenophases were collected every month
for two years (December 2018–November 2020). During each visit, flowering and fruiting
phenophases were recorded through careful observation of the canopy.

The whole crown of each tree was examined and binocular was also used to observe
the crowns of tall trees. The intensity of flowering (the number of flower buds and open
flowers) and fruiting (the number of unripe and ripe fruits) in each tree crown was assigned
to four different classes: 0 (0%), 1 (1%–25%), 2 (26%–50%), 3 (51%–75%) and 4 (>75%) with
the percentage values referring to the estimated proportions of each phenophase in the
crown by adopting the method used by Tesfaye et al. [24]. The data on monthly rainfall and
average monthly temperature of the area were obtained from the National Meteorological
Agency of Ethiopia.

2.4. Data Analyses

The data on flowering and fruiting intensity and the effects of monthly rainfall and
temperature were analyzed using descriptive, linear and non-linear models. The rainfall
data were standardized or scaled to bring the values to a comparable level with the tem-
perature data before running the models and in data visualizations. Before we ran the
actual test, we first checked for the multicollinearity between the mean monthly rainfall
and temperature explanatory variables. From the scatter plots, we visualized how the
relationships between either flowering or fruiting and rainfall/temperature of most species
varied not only between species but also among phenophases of the same species. Accord-
ingly, we used the linear model when the relationship between explanatory and response
variables is linear, but for non-linear relationships, we used a quadratic polynomial or non-
linear regression model to test the effects of monthly temperature and rainfall on flowering
and fruiting intensity of Bersama abyssinica, Brucea antidysenterica, Dombeya torrida, Prunus
africana, Maytenus arbutifolia, Rosa abyssinica and Solanecio gigas. Moreover, we employed the
non-linear regression model to test the effects of temperature and rainfall on the flowering
intensity of Brucea antidysenterica, Dombeya torrida and Rosa abyssinica, and on the fruiting
intensity of Dombeya torrida, Maytenus arbutifolia, Prunus africana and Solanecio gigas. For all
of the analyses, we used the R program [34].

3. Results

3.1. Flowering Phenology

All species flowered annually during the two-year study period where flowers were
observed every year with a unimodal pattern. Observation of flowering periodicity showed
both strongly seasonal and continuous flowering patterns throughout the months of the
years, ranging from three to twelve months (Figures 2–8).
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Figure 2. Percentage of flowering and fruiting of Bersama abyssinica in relation to: (a) monthly
precipitation (b) average temperature. In which Jan = January, Feb = February, Mar = March,
Apr = April, May = May, Jun = June, Jul = July, Aug = August, Sep = September, Oct = October,
Nov = November, Dec = December.

Figure 3. Percentage of flowering and fruiting of Brucea antidysenterica in relation to: (a) monthly
precipitation (b) average temperature. In which Jan = January, Feb = February, Mar = March,
Apr = April, May = May, Jun = June, Jul = July, Aug = August, Sep = September, Oct = October,
Nov = November, Dec = December.

Figure 4. Percentage of flowering and fruiting of Dombeya torrida in relation to: (a) monthly precipita-
tion and (b) average temperature. In which Jan = January, Feb = February, Mar = March, Apr = April,
May = May, Jun = June, Jul = July, Aug = August, Sep = September, Oct = October, Nov = November,
Dec = December.
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Figure 5. Percentage of flowering and fruiting of Maytenus arbutifolia, in relation to: (a) monthly
precipitation and (b) average temperature. In which Jan = January, Feb = February, Mar = March,
Apr = April, May = May, Jun = June, Jul = July, Aug = August, Sep = September, Oct = October,
Nov = November, Dec = December.

Figure 6. Percentage of flowering and fruiting of Prunus africana in relation: (a) to monthly precip-
itation and (b) temperature. In which Jan = January, Feb = February, Mar = March, Apr = April,
May = May, Jun = June, Jul = July, Aug = August, Sep = September, Oct = October, Nov = November,
Dec = December.

Figure 7. Percentage of flowering and fruiting of Rosa abyssinica in relation to: (a) monthly precipita-
tion and (b) average temperature. In which Jan = January, Feb = February, Mar = March, Apr = April,
May = May, Jun = June, Jul = July, Aug = August, Sep = September, Oct = October, Nov = November,
Dec = December.
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Figure 8. Percentage of flowering of Solanecio gigas and fruiting in relation to: (a) monthly
precipitation and (b) average temperature. In which Jan = January, Feb = February,
Mar = March, Apr = April, May = May, Jun = June, Jul = July, Aug = August, Sep = September,
Oct = October, Nov = November, Dec = December.

Seasonality in the flowering pattern was exhibited by four species: Dombeya torrida,
Maytenus arbutifolia, Prunus africana and Solanecio gigas where flowering lasted for three to
five months with a unimodal pattern (Figures 4, 5 and 8). A relatively shorter flowering
period was observed for Dombeya torrida and Prunus africana as flowering lasted for only
three months and, generally, began in early October and continued into late December
(Figures 4 and 6). The duration of flowering months for Maytenus arbutifolia and Solanecio
gigas were four and five months, respectively (Figures 2, 5 and 8). The results showed that
Bersama abyssinica, Brucea antidysenterica, and Rosa abyssinica exhibited continuous flowering
(Figures 2, 3 and 7).

The onset and peak flowering periods of most study species coincided with the end
of the rainy season or the beginning of the long dry season (Figures 2–8). The onset
of flowering of most seasonal flowering species was October and peak flowering was
November (Figures 2–8). However, for Bersama abyssinica, even though the flowering is not
seasonal, the highest number of individuals flowering was observed at the beginning of
the rainy season (Figure 2a). On the contrary, Brucea antidysenterica flowering was observed
throughout the seasons, but significantly peaked at the end of the rainy season or the
beginning of the dry season (Figure 3a).

A linear regression model test showed that the flowering intensity of Bersama abyssinica
increases with increasing temperature (p = 0.01, Table 1, Figure 9a). However, the flowering
intensity decreases with increasing temperature for Maytenus arbutifolia (p < 0.01), Prunus
africana (p = 0.04), and Solanecio gigas (p = 0.036, Table 1, Figure 9b–d). On the other hand,
flowering intensity decreases with increasing rainfall for Maytenus arbutifolia (p = 0.011,
Table 1, Figure 9e).
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Table 1. The linear regression model showing the effect of mean monthly temperature (◦C) and
rainfall (mm) on the flowering percent of species.

No Species Variable Estimate Standard Error F-Value Adjusted R2 p-Value

1 Bersama abyssinica
Temp 1.551 0.588 6.958 0.21 0.015

RF −0.0127 0.010 4.368 0.23 0.22

2 Maytenus arbutifolia
Temp −4.942 1.518 9.414 0.423 0.004

RF −0.073 0.026 9.414 0.423 0.011

3 Prunus africana
Temp −4.330 1.983 4.768 0.14 0.04

RF −0.031 0.034 2.763 0.13 0.38

4 Solaneciogigas
Temp −4.71 2.12 3.413 0.17 0.036

RF −0.065 0.034 4.554 0.236 0.07

Figure 9. The patterns of the flowering intensity in relation to mean monthly temperature: (a) Bersama
abyssina, (b) Maytenus arbutifolia, (c) Prunus africana and (d) Solanecio gigas, and in relation to monthly
rainfall: (e) Maytenus arbutifolia.

Similarly, the result of the non-linear quadratic polynomial regression model analysis
indicated that temperature has both significant decreasing and increasing effects on the
flowering percent of the study species (Figure 10). The results of the non-linear models
showed that the flowering intensity was decreased, flattened and dropped, and indicated
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a slightly increasing trend with increasing monthly rainfall for Dombeya torrida and Rosa
abyssinica (p < 0.01, Table 2, Figure 10). There was no flowering recorded between the range
of temperature around 16 ◦C and 20 ◦C (Figures 4 and 7, Figure 10b,c). The temperature
shows a significant effect on the flowering of Brucea antidysentrica where flowering inten-
sity decreases with increasing temperature (p = 0.01, Table 2, Figure 10a). However, the
flowering of Brucea antidysentrica was observed all over the months of the year (Figure 3).
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Figure 10. The patterns of flowering intensity in relation to the monthly temperature: (a) Brucea
antidysenterica, (b) Dombeya torrida, (c) Rosa abyssinica.

Table 2. The non-linear quadratic polynomial regression model fits showing the effect of average
monthly temperature (T) and rainfall (RF) on the flowering percent of tree species.

Species Factor Estimates Standard Error F-Values Adjusted R2 p-Values

Brucea antidysentrica

T −55.57 20.45 12.09 0.49 0.01
T2 1.4 0.57 0.02
RF −0.1177 0.11 2.41 0.11 0.278
RF2 0.00015 0.0002 0.576

Dombeya torrida

T −72.75 22.03 12.03 0.48 0.003
T2 1.88 0.61 0.006
RF −0.008 0.12 1.461 0.03 0.498
RF2 0.000074 0.0003 0.807

Rosa abyssinica

T −77.97 26.1 11.51 0.47 0.007
T2 1.998 0.73 0.01
RF 0.131 0.1372 1.649 0.05 0.350
RF2 0.0001 0.00035 0.617
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3.2. Fruiting Phenology

In most species, fruiting observed extended over several months of the year compared
to flowering (Figures 2–8). For most species, the fruiting intensity has been observed to
decline towards the beginning of the rainy season (Figures 4–8). Fruits were seen almost
year-round in the case of Bersama abyssinica and Brucea antidysenterica. However, peak
fruiting was observed in the middle of the rainy season and at the beginning of the rainy
season, respectively (Figures 2 and 3).

The general linear model analysis showed that fruiting was significantly decreased
with increasing monthly rainfall for Brucea antidysenterica (p < 0.01) and Rosa abyssinica
(p < 0.01) (Table 3, Figure 11b,c); whereas, it increased with increasing average monthly
temperature (p < 0.01, Table 3, Figure 11d,e). The fruiting intensity of Bersama abyssinica
increased with increasing monthly rainfall (p < 0.01, Table 3, Figure 11a).

Table 3. The linear regression model showing the effect of mean monthly temperature (◦C) and
rainfall on the fruiting percent of species.

No Species Variable Estimate Standard Error F-Values Adjusted R2 p-Values

1 Bersama abyssinica
Temp −0.809 0.858 5.534 0.28 0.356

RF 0.047 0.015 10.23 0.29 0.004

2 Brucea antidysenterica
Temp 3.019 1.07 12.78 0.51 0.010

RF −0.079 0.019 12.78 0.51 <0.001

3 Rosa abyssinica
Temp 6.97 2.25 15.85 0.56 0.005

RF −0.185 0.039 15.85 0.56 <0.001
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Figure 11. The line graph showing the fruiting intensity in relation to mean monthly temperature
and monthly rainfall: (a) Bersama abyssinica, (b,d) Brucea antidysenterica, (c,e) Rosa abyssinica.
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The results of the non-linear quadratic polynomial regression model analyses indicated
that the average monthly rainfall has significant positive and negative effects on the fruiting
percent of Dombeya torrida, Maytenus arbutifolia, Prunus africana and Solanecio gigas (p < 0.01,
Table 4, Figure 12a–d). The analyses showed that a high percentage of fruiting was observed
at the beginning of the rain, and fruiting percent decreased, leveled off below zero, and
slowly increased with increasing monthly rainfall (Figure 12).

Table 4. The non-linear quadratic polynomial regression model fits showing the effect of monthly
rainfall (RF) and average monthly temperature (T) on the fruiting percentage of tree species.

Species Factors Estimates Standard Error F-Values Adjusted R2 p-Values

Dombeya torrida

RF −0.44 0.11 11.37 0.47 <0.001
RF2 0.0008 0.0003 0.007

T 8.1143 39.3815 1.45 0.04 0.839
T2 −0.3365 1.0942 0.761

Maytenus arbutifolia

RF −0.1444 0.03285 8.0 0.38 0.002
RF2 0.00024 0.000083 0.01

T −4.42234 10.57080 1.20 0.02 0.680
T2 0.09619 0.29371 0.747

Prunus africana

RF −0.52 0.088 26.64 0.69 <0.001
RF2 0.001 0.0002 <0.001

T 7.0066 41.4899 0.45 −0.05 0.868
T2 −0.2589 1.1528 0.824

Solanecio gigas

RF −0.42 0.11 8.73 0.40 0.001
RF2 0.0009 0.0003 0.006

T 31.068 38.17 0.74 −0.02 0.425
T2 −0.9198 1.0605 0.396
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Figure 12. Patterns of the fruiting intensity in relation to monthly rainfall: (a) Dombeya torrida,
(b) Maytenus arbutifolai, (c) Prunus africana and (d) Solanecio gigas.
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4. Discussion

4.1. Patterns of Monthly Rainfall and Temperature on Flowering Phenology of Woody Species

Flowering patterns are vital to understanding the dynamics of plant reproduction.
The timing of flowering is the result of natural selection mediated by a combination of
biotic and abiotic factors, such as temperature and the availability of water, nutrients and
light [35]. In tropical ecosystems, seasonal changes in rainfall, temperature and day length
are the primary flowering constraints [36,37]. Additionally, flowering patterns are also
shaped by biotic factors, mainly plant-pollinator interactions [38]. Therefore, documenting
the different flowering responses to plant traits and environmental factors will be important
for understanding the strategies of different species to survive and coexist [24,38].

In the present study, the flowering patterns of most study species were predominately
annual, unimodal and seasonal in most examined species. However, few species showed
continuous flowering patterns throughout the months of the year. The finding is in consis-
tent with the report in our herbarium-based study of the flowering and fruiting phenology
of twelve indigenous plant species from Ethiopia [33]. Four species, namely, Dombeya
torrida, Maytenus arbutifolia, Prunus africana and Solanecio gigas showed seasonal patterns
while Bersama abyssinica, Brucea antidysenterica and Rosa abyssinica exhibited continuous
flowering. In all cases, the peak flowering periods coincided with the end of the rainy
season or the long dry season except Bersama abyssinica, which showed peak flowering at
the beginning of the rainy season. Several studies have also reported strong seasonality and
annual flowering patterns for trees in other dry tropical forests [39–42]. It is also indicated
that flower peaks were concentrated in the dry season [24,41,43].

Although both rainfall and temperature affect flowering, the present results showed
that the average monthly temperature has more significant effects on the flowering per-
centage of most study species than rainfall. Tesfaye et al. [24] also reported that flowering
significantly correlated to mean monthly temperature. However, the initiation of flowering
was observed at the end of the rainy season, which indicates that moisture triggers flower-
ing. Other authors also explained that the flowering phenology of tropical tree species was
triggered by moisture [19,21].

For all seasonal flowering, and, even, in most continuous flowering species, flowering
peaks at the beginning of the dry season (Figure 3). This may be because the dry season
flowering in tropical forests may be enhanced by the higher temperatures and solar irra-
diance [24]. Berlin [43] also reported that, flowering peaks for most of their study species
corresponded to the period of greatest solar irradiance at higher temperatures. According
to Janzen [44], tree species in the dry tropical forest flower in the dry season because the
wet season is the major period for vegetative growth for species. Therefore, reproduction
in the dry season can provide temporal separation of reproductive activity and vegetative
growth [44,45]. Since the dry season is characterized by a lack of vegetative competition,
this should cause the flowering and fruiting period to shift toward the dry season. The
timing of flowering may also be influenced by interactions with other organisms, such
as pollinators, seed predators, and herbivores [35]. During the dry season, dry season
weather conditions and leaflessness of plants probably favored pollinators (selective force
in keeping dry season flowering) and dispersal agents in their pollination activities [44].

Moreover, for seasonal flowering species, the results provided evidence that no flow-
ering individuals of tree species were recorded in the rainy season. This finding is also
supported by the fact that flowering during the dry season can benefit a plant by avoiding
pollen damage by rain [44]. According to Justiniano and Fredericksen [41], sub-canopy
species are less seasonal in their fruiting and flowering. This is possible because of reduced
variability in solar radiation, soil moisture and relative humidity in the forest under-
story [19]. With their lower stature and exposure to lower wind velocities, wind dispersal is
not likely to be an effective strategy for sub-canopy species. Hence, seeds of all sub-canopy
species are dispersed by animals or gravity [41]. In this study, Brucea antidysenterica, which
contributes to the sub-canopy stratum in our study site, showed continuous flowering
and fruiting.
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4.2. Patterns of Monthly Rainfall and Temperature on Fruiting Phenology of Woody Species

Most species exhibited extended fruiting over several months of the year. According
to Janzen [44], fruiting extends for several more months because the fruits develop slowly
to mature at the possible maximum rates through physiological processes. It has also
ecosystem functioning implications in that extended fruiting can ensure the availability of
fruit resources for frugivore animals for most parts of the year [41,43]. Extended fruiting
was observed, even for species that showed a short period of flowering such as Dombya
torrida and Prunus africana. However, for Maytenus arbutifolia, fruiting tends to occur at
the same time as flowering. The exact overlapping of flowering and fruiting of specimens
has been shown from a herbarium-based study of flowering and fruiting for Maytenus
arbutifolia [33].

In the seasonal flowering and fruiting species, the peak fruiting was observed through
2–3 months following the peak flowering towards the end of the dry season and/or the
beginning of the long rainy season (Figure 3). Such marked dry season fruiting peaks
have been reported from dry tropical forests such as Ethiopia [24], Bolivia [41] and Cote
d’Ivoire [46].

Fruiting phenology is closely correlated with the seed dispersal mechanism. Most
canopy trees had small, wind-dispersed seeds or fruits that matured during the latter
part of the dry season. Canopy tree species and species with small seeds may be able to
more effectively disperse seeds via wind because they are exposed to stronger dry-season
winds at the canopy level [40]. In the current study, Dobmeya torrida and Solanecio gigas
fruiting peaked clearly during the dry season of the study area (January and February). In
a study of soil seed banks in dry Afromontane forests, Teketay [47] reported that in the
litter layer samples collected at the end of the dry season (March) and in the middle of the
rainy period (July) within the same year at Gara Ades, southeastern Ethiopia, there was
a marginal difference in the quantity of seeds, but there was a marked difference in species
composition. This was attributed to the difference of species in their timing of flowering,
fruit maturation and dispersal. Several climax species disperse their seeds on the onset of
or during the long rainy period and germinate to form seedling banks on the forest floor
while many species disperse their seeds during the dry period [47,48].

It has been shown that rainfall has a significant impact on the fruiting intensity of
Bersama abyssinica, Brucea antidysenterica, Prunus africana and Rosa abyssinica where the
percentage of fruiting intensity dropped towards the beginning of the rainy season. This
indicated seeds mature and are dispersed during or at the beginning of the rainy season.
These observations of the current study strongly support the idea that fruiting towards the
end of the dry season or during the rainy season in tropical forests may ensure the dispersal
of seeds when soil moisture conditions are favorable for seed germination, seedling growth,
and survival [19,44]. According to Teketay [47] and Tesfaye et al. [49], seedling recruitment
in Prunus africana was higher in the major rainy season than in the dry season.

5. Conclusions

The results of this study suggest that there is a strong seasonality in the phenological
pattern of tree species. The results showed environmental factors, such as rainfall and
temperature could influence the reproductive phenology of plants. For Dombeya torrida,
Maytenus arbutifolia, Prunus africana and Solanecio gigas, flowering was seasonal and observed
for a few months. The timing of flowering was concentrated at the beginning of the dry
season or at the end of the rainy season while most species produce fruits during the
long dry season. However, Bersama abyssinica, Brucea antidysenterica and Rosa abyssinica
flowered or fruited continuously all year round. In most species, flowering was significantly
correlated with temperature whereas fruiting was significantly correlated with rainfall.
Observations on the phenology of a tree provide basic information since phenological
events have many practical implications, such as planning seed collections. It is understood
that seed shading/dispersal will take place immediately after peak fruiting; therefore, seed
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collection before dispersal can be planned based on the results of this study, which could
be between January and March for most of the study species.
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Abstract: At all times, historical, political, economic, and social factors have affected the management
of forests, with direct and indirect effects on the landscape. This study aimed to trace the impact of
Poland’s forestry evolution over the last 75 years (1945–2020) on forest biodiversity at the landscape
level. Five indicators were selected (forest area, forest fragmentation, protected forests, protective
forests, harvesting intensity) to identify directions and dynamics of changes of the forest landscape
and their determinants and repercussions. In addition, there were determined forest landscapes
threats and recommendations for further action and intervention were formulated. The study period
embraced two eras of widely divergent political-economic conditions in Poland (socialism and
democracy). In the socialism era (1945–1989), there promptly increased total forest cover, wood
resources (total growing stock) and the total area of protective forests (essential for safeguarding
biodiversity, including the landscape level). In the era of democracy (1990–2020), average growing
stock density increased intensely, and at the same time, a greater emphasis was put on reducing forest
fragmentation and clear-cut logging. The results obtained showed equal average increase in the area
of protected forests in both eras under the study (most intense at their crossing point). In view of the
protection of biodiversity at the forest landscape level, the changes throughout the study period were
considered positive, although not without problems and challenging consequences for foresters. The
determined pressures to the forest landscapes, requiring legal, political, or financial solutions, include
a risk of alteration of the ownership structure of Poland’s forests or possibility of operational changes
in the State Forests National Forest Holding; outdated forest policies; organizational difficulties in
the forest landscape protection; insufficient conservation funding; uneven distribution and further
fragmentation of forests; and—last but not least—climate change impacts, including extreme weather
events and droughts.

Keywords: SFM indicator; forest area; forest fragmentation; protected forest; protective forest;
harvesting intensity

1. Introduction

Forests play an exceptional role in maintaining biodiversity [1], including that at the
landscape level. Fulfillment of this function has always been affected by the way of forests
management (e.g., [2]), reliant upon inevitably changing historical, political, economic, and
social conditions. As a consequence, forest management has been reflected in functioning
and diversity of forests and their role in shaping the landscape. A comprehensive analysis
of these relationships, carried out in consideration of conceivable conflicts, the long-term
perspective and large spatial scale, can be a source of insights and inspirations—useful for
forest management improvement, not only within boundaries of a given country, but also
at a level of, e.g., the continent. The present study attempted to depict these issues by the
example of Poland (Central Europe—Figure 1).
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Figure 1. Poland’s forest area as compared to other countries of Europe (source: [1], modified).

In the long ago past, almost entire area of then Poland was covered by primeval forests,
except for high altitude mountainous region [3]. On account of the country development,
already at the end of the 1700s, the forest cover within its then borders was 40% [4]. At that
time, Poland was partitioned between the bordering empires (Russia, Prussia and Austria),
who intensively exploited local environment for 123 years (1772–1918) [5–7]. It resulted in,
inter alia, the simplification and standardization of Poland’s forest landscape [8–11].

The foundations for the Polish model of multifunctional forestry were laid between
1918 and 1938. In 1924, there was established the Polish State Forests Enterprise who is still
functioning as the State Forests National Forest Holding (State Forests, SF, also in the sense
of forests managed by this enterprise). The development of Polish forestry was interrupted
by the World War II (WW2). In 1939–1945, Poland’s forests were very demolished by
warfare and military battles fought on the Eastern Front, as well as were indiscriminately
exploited by the German occupying forces. As compared to that at the end of the 1700s,
Poland’s forest cover as of 1945 was reduced almost by two (from approximately 40% to
20.8%) [12–14].

In the years 1945–1989, there was implemented a socialist model of economy in
Poland, centrally planned and regulated, characterized by strong nationalization and
industrialization of the country [12,15,16]. Forest management at that time followed a
resource-based economic model [8,17]. Sustainability and ecological principles were of
secondary importance [17], as only the achievement of production goals mattered [18]. At
the same time, increasing environmental pollution entailed a strong deterioration of forest
health [19,20], in extreme situations leading to loss of entire stands. Consequently, forest
biodiversity at all levels was declining, regardless of efforts undertaken by forest managers
to alleviate the problem.
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At the end of the 1980s, only the historic change of Poland’s political system, i.e., the
transition from socialism into democracy, allowed for intensification of efforts towards
sustainable management of national forests. This coincided with active participation of
Poland in the works of the Convention on Biological Diversity (CBD) and the Ministerial
Conference on the Protection of Forests in Europe (MCPFE—now FOREST EUROPE),
associated with taking responsibility for the commitments imposed under the framework
of these processes. Starting from the beginning of the 1990s, the importance of forest biodi-
versity and ecosystem services was recognized through the adoption of relevant legislation:
the Forest Act [21], which stressed the necessity for permanent preservation of forests and
included the concept of sustainable forest management (SFM) as well as emphasized the
need of its implementation in Poland’s forests; National Forest Policy [22], which gave
high priority to efforts towards improving forest biodiversity [23], and the orders by the
Director General with regard to the best ecological practices in forest management [24,25].

The beginning of 21st century brought further political changes in Poland—the ac-
cession to the European Union (EU) in 2004, preceded, among others, by comprehensive
works concerning the implementation of the Habitats and the Birds Directives. Both di-
rectives have played a fundamental role in the enforcement of nature conservation in
national forests [26]. In the context of the present study, ratification (2003) of the Aarhus
Convention [27] was of great importance, as then Poland’s society was provided for tools
to impose demands for forest management with the use of ecological solutions.

In view of the above, the main objective of the present study was to evaluate effects
of evolution of forestry under Poland’s conditions on forest biodiversity at the landscape
level, with the use selected indicators. In the perspective of 75 years, the specific objectives
were distinguished: (1) to determine the direction and dynamics of changes in the forest
landscape, (2) to identify the determinants of the observed changes and their impacts (3) to
identify threats to the forest landscape and the direction of further action for its benefit.

2. Materials and Methods

2.1. Indicators

At a European level, assessing and reporting progress on sustainable forest manage-
ment at regional and national levels has been carried out with the use of a set of criteria
and indicators (C&I), among which those concerning the status of forest biodiversity reflect
the state of more than one of its levels [28,29]. For instance, C&I Criterion C4: Maintenance,
conservation, and appropriate enhancement of biological diversity in forest ecosystems describes
a variety of existing life forms as well as their ecological roles and genetic diversity. In
this context, e.g., forest stand species composition (Indicator 4.1 Diversity of tree species)
can be considered in view of both species diversity and ecosystem diversity, taking into
consideration the effect of individual species on the spatial structure of the entire ecosystem.
For the purpose of the present study, the influence of forest management evolution in
Poland, especially in forests managed by the State Forests National Forest Holding, on
forest biodiversity at the landscape level was based on selected indicators that relate to
different levels of forest biodiversity, and especially to that at the landscape level.

The effects of Polish forestry evolution on forest biodiversity at the landscape level
were evaluated with reference to the indicators in the set of C&I for SFM [28] and those
proposed by Mederski et al. [17]. Bearing in mind the influence of the ecological course of
action on the forest landscapes, the following indicators were chosen:

1. Forest area—indicator for SFM (C&I CRITERION 1 Maintenance and Appropriate En-
hancement of Forest Resources and their Contribution to Global Carbon Cycles, Indicator
1.1 Forest area [28]). For the purpose of this study the term “forest area” refers to the
area (ha) physically covered by forests (or temporarily deprived of them), exclusive
of lands associated with forest management, defined as “Land occupied for use for
forest management purposes: buildings and structures, forest zoning lines, forest
roads, forest nurseries, timber storage areas, water reclamation facilities, land under
power lines, forest parking lots, and tourist facilities.” (Forest Act [21]). Being the

163



Forests 2021, 12, 1682

most complex plant formation, forests constitute an indispensable component of the
landscape. Their area represents their share in the landscape, in other words forest
cover is understood as the percentage ratio (%) of forest area to the total geodetic area
of the country [30];

2. Forest fragmentation—indicator for SFM (C&I, Indicator 4.7 Forest fragmentation [28].
There were examined: the number of forest patches (items), average forest patch size
(ha), the share of separated forest patches and of continuous forest (%), as well as
by the share of forests patches of different size in total forest area (%). The way the
forest is shaped (continuous stands vs. isolated patches, smaller vs. larger patches) is
not without influence on landscape mosaicity. Forest fragmentation translates into
conditions for maintenance and enhancement of ecosystems, species and gene pool;

3. Protected forests—indicator for SFM (C&I, Indicator 4.9 Protected forests [28]). This in-
dicator was considered in view of a broader approach assumed by Mederski et al. [17],
i.e., “Forest functions—protection vs. economic role”. In this study, the emphasis was put
on nature conservation forms that are crucial for the protection of forest biodiversity
as well as changes of their area (ha). At the landscape level, protected forests can be
distinguished from managed forests, by giving the impression of “more natural”. At
the same time they provide favorable conditions to support natural processes and
safeguard valuable habitats and species;

4. Protective forests—indicator for SFM (C&I, Indicator 5.1 Protective forests—soil, water,
and other ecosystem functions—infrastructure and managed natural resources [28]). Like-
wise in the case of C&I Indicator 4.9, this one was considered in view of a broader
context proposed by Mederski et al. [17] “Forest functions—protection vs. economic
role”. The present paper focused on the protective forests established with the aim
to enhance biodiversity conservation, and they were characterized with reference to
changes in their surface area (ha). The protective forests analyzed under this study
are to a big extent analogous to protected forests;

5. Harvesting intensity—this indicator covers a complex issue, for which the most
important indicator is the intensity of the use of annual wood increment (fellings as
percent of net annual increment). It refers to: C&I for SFM [28], i.e., CRITERION 3
Maintenance and Encouragement of Productive Functions of Forests (Wood and Non-Wood),
Indicator 3.1 Increment and fellings. Based on the latter and taking into account total
growing stock in m3 (C&I Indicator 1.2 Growing stock [28]), harvested timber volume
(net, without bark, in m3 —as in the indicator Wood production proposed by Mederski
et al. [17]), as well as average growing stock density (standing timber volume m3 per
ha of forest area), was assessed in view of relationships between harvesting intensity
and sustainability and quality of the forest landscape.

2.2. Scope of Analyses

The present study focused on analyzing the effects of forest management evolution in
state-owned forests (SF), mainly due to easier access to reliable information and data, as
well as the homogeneity of forest management objectives pursued at a large spatial scale.
The State Forests is the largest specialized public forest management entity in the EU [31].
Today it manages almost 77% of the total forest area in Poland [30]. The references to the
country as a whole were made only when relevant information on state-owned forests (SF)
was unavailable or in the cases pertinent for the results presented.

The study period covered the period 1945–2020 of Poland’s history. There was as-
sumed that the effects of forestry evolution on forest biodiversity should be presented based
on data compiled in 10-year intervals, marked by the following years: 1950 (state recon-
struction after the World War II; socialist economy model forced; reforestation/afforestation
activities undertaken), 1960 (socialist economy model fully implemented; increased forest
cover), 1970 (socialist economy model; deterioration of forest health), 1980 (initial political
and economic changes; starting point for environmental protection), 1990 (transforma-
tion towards free market economy; instigation of key changes in forest management),
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2000 (preparations for Poland’s accession to the EU and adoption of EU legislation),
2010 (further greening of forest management and counteracting climate change; con-
tinuation of establishing Natura 2000 sites; implementing the Aarhus Convention) and
2020 (continuation of forest sustainable management; increased pressure of the society
on the protection of national forests). The analysis of the results obtained focused on
the two periods in the history of Polish forestry—the era of socialism (1945–1989) and
the era of democracy (1989–2020). The year 1990 was assumed as the milestone in the
adopted timeline.

In the case of lacking data for the selected study years, information was supplemented
based on available data for the years as close as possible to those studied. The tables show
data referring to the end of a given year. In some cases, this did not apply to the year 2020
due to so far absence of statistical summaries, hence, information for the beginning of 2020
was presented. Due to specifics of national statistics system operating in the late 1950s and
early 1960s (the marketing year covered the last quarter of the previous year and the first
three quarters of the following year), available data on wood resources and harvesting in
the year 1960 were calculated as a sum of 3

4 values of the parameter for the marketing year
1959/1960 and 1

4 values for the year 1960/1961.
The substantive scope of the work included: evaluating information/data compiled

in terms of characteristics of the feature analyzed, taking into account variation over time
as well as the direction and dynamics of changes; providing a comprehensive analyti-
cal commentary; identifying threats to the forest landscape and indicating directions of
beneficial actions.

2.3. Sources of Information

The presented numerical data come from statistical Yearbooks on forestry and envi-
ronmental protection published mainly by Statistics Poland (GUS), the reports published
the State Forests National Forest Holding including those financial/economic, the Forest
Data Bank [32], information regarding forest status update [33–36], monographs and ar-
ticles prepared for the needs of the reports State of Europe’s Forests (SoEF) prepared by
MCPFE/FOREST EUROPE [1]. Due the lack of relevant studies/reports for the years at
the beginning of the study period, some data were not available, nevertheless, the trend
and dynamics of changes could still be revealed. For the purpose of the discussion of the
results, there were used the results of several articles from Scopus database (keyword:
Polish forestry), as well as those found using a snowballing approach.

3. Results and Discussion

3.1. Forest Area

The change in forest area is one of the key elements affecting the increase, maintenance
or decline of the number, quality, and intensity of ecosystem services provided by forests,
including those associated with the landscape. Ever since until 1945, Poland’s forest area
had gradually declined, and this general trend could not be reversed even by local forest
succession on abandoned agricultural lands [37–39]. In 1945, the country’s forest area
reached its lowest ever value. At that time, 5408 thousand ha of forests remained under
SF administration, which was 83.6% of existing forests in Poland [40,41]. In the following
years the area of state-owned forests (SF) as well as of those privately owned progressively
increased (Table 1).
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Table 1. The area of forests administered by SF as compared to all Poland’s forests *.

Year 1950 1960 1970 1980 1990 2000 2010 2020

Forest area [thousand ha] 6915 7684 8432 8622 8694 8865 9121 9260
Forest cover [%] 22.2 24.6 27.0 27.6 27.8 28.4 29.2 29.6

Forests managed by SF
[thousand ha] 5740 6136 6503 6716 6805 6953 7072 7121

Share of forests managed
by SF in total forest area [%] 83.0 79.9 77.1 78.0 78.3 78.4 77.5 76.9

* sources: [19,41–46].

The area of forests. Taking into consideration the whole study period, in 2020, the
area of Polish forests managed by SF (Table 1) was almost 132% of that in 1945 (average
annual expansion: 0.42%). However, once evaluated against the background of transition
from socialism/state-directed economy to democracy/free market economy, the forest area
managed by SF in 1990 was almost 126% of that in 1945 (average annual expansion: 0.57%).
In the subsequent 30 years (1990–2020), forest area increased just by 5% (average annual
expansion: 0.15%).

Over the study period, the significant increase of the area of Poland’s forests (Figure 2)
was primarily associated with intensive afforestation (mainly by planting young trees) on
state-owned (including nationalized) non-forest lands, carried out in the period from 1945
to the late 1970s [7,12]. In the 1980s, Polish economy began to collapse, followed by the
crisis in the country’s development, intensified in the second half of the 1980s, which among
others, caused a downfall in the timber market and, consequently, an evident decrease in
the number of tasks carried out by SF [12]. Another increase in the extent of afforestation
(mainly by planting) took place between 1995 and 2005 (free-market economy). This was
due to the adoption and implementation of the National Program of the Augmentation of
Forest Cover [47]. The main objective of the Program was to increase forest cover to 30%
by 2020 and then to 33–34% by 2050 [7,48,49].

(a) (b)

Figure 2. Cont.
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(c)

Figure 2. (a) Reconstruction of historic land cover of Poland in 1940 (based on [50]); (b) Reconstruction of historic land
cover of Poland in 1990 (based on [50]); (c) Forest cover of Poland in 2018 (based on [51]).

Over the past years, forest expansion in Poland has slowed down as it has across
Europe [1]. In Poland, this has been due to: higher EU subsidies for keeping land in agricul-
tural production; an unfavorable change in the minimum area for afforestation subsidies;
reduction of the maximum area designated to reforestation/afforestation; elimination of
financial support for afforestation of permanent grassland; restrictions on agricultural land
trade; insufficient financial support for farmers; changeability of the financing system, as
well as lower and lower supply of state land that could still be afforested [7,41,49,52,53].
The latter is of the greatest importance for the State Forests. The afforestation potential
of Poland is estimated to be up to 2 million ha of poor soils which do not guarantee the
profitability of agricultural production [48], however, these sites often support habitats of
valuable non-forest ecosystems and species.

Forest cover. Efforts undertaken towards augmentation of forest cover in Poland
(Figure 2) have resulted in achieving forest cover of 29.6% (Table 1), against the average
of 34.8% in Europe, which ranks Poland only 27 on the continent, even with ninth largest
forest area (excluding Russia) [1]. It should be noted, however, that official Polish statistics
on forest land often do not include abandoned agricultural lands, with noticeable forest
vegetation [7]. When these were included in statistics, in 2014, Poland’s forest cover was
29.4%, while the real forest cover was 32.0% [7,54]. In view of the above, in Poland, there is
a need to classify all lands covered by forests into the category: forest land and to update
statistics as regards forest cover [49,54].

Share of forests managed by the State Forests. Although the share of forest area
administered by SF declined somewhat over the study period, it is still high, which
is characteristic of the former socialist “Eastern Block” countries [1,7,55]. In view of
Poland’s biodiversity conservation (all levels, including the landscape), state ownership of
forests/lands constitutes a pillar of nature conservation [56].
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3.2. Forest Fragmentation

The size and location of the forest have an influence on its role in shaping the landscape
and determine forest functions associated with supporting ecosystems and providing habitats
for species [57,58]. The minimum forest size to ensure the protection of forest interior species
is 30–40 ha [59]. However, the best conditions are provided by the core forest area of at least
10,000 ha, covered by continuous forest with a density exceeding 90%. The conditions are
also very good, if adjacent forest patches are connected with core forest areas [57].

As estimated, deforestation for agricultural purposes carried out in Poland over many
centuries has led not only to the reduction in forest area, but also to its considerable
fragmentation [60,61]. Such adverse effects were observed in the socialism era [22]. Due to
the lack of SF-only data, Table 2 presents available statistics for all Poland’s forests (the vast
majority of which is managed by SF—almost 77% in 2020 [46]). From the perspective of SF,
the percentage values presented may be partial as they concern also private forests (just
over 19% [46]), where fragmentation is higher [39]. The data presented below (Table 2),
reflecting the situation in 21st century (democracy era), were compiled consistent with a
uniform methodology.

Table 2. Fragmentation of Polish forests *.

Year 1950 1960 1970 1980 1990 2000 2010 2020 2

Number of forest patches
[items] n.a. n.a. 23,020 1 n.a. n.a. 8666 n.a. 8647

Average forest patch size
[ha] n.a. n.a. n.a. n.a. n.a. 1324 n.a. 1325

Separated forest patches
[%] n.a. n.a. n.a. n.a. n.a. 4.4 n.a. 4.5

Continuous forest [%] n.a. n.a. n.a. n.a. n.a. 95.6 n.a. 95.5
Share of forest patches up
to 10,000 ha in total forest

area [%]
n.a. n.a. n.a. n.a. n.a. 16.3 n.a. 16.3

Share of forest patches
larger than 10,001 ha [%] n.a. n.a. n.a. n.a. n.a. 83.7 n.a. 83.7

* sources: [1,62]; 1 data for 1969 and the SF only, 2 data for 2018; n.a.—information not available.

Number of forest patches. In the process of economy transition, as said by some avail-
able information sources, in the forests exclusively under SF management, there occurred
“tens of thousands of forest patches” [22]. In contrast, data for the year 2000 presented in
Table 2 (for Poland as a whole) indicate the existence of about 9000 forest patches. This
considerable discrepancy stems from not the same methods of classification. The efforts to
decrease the number of forest patches undertaken in the course of transition are reflected
here only to a small extend, even though the reduction of forest fragmentation through
coherent forest stands connected with ecological corridors is one of the most important
objectives of the National Program for the Augmentation of Forest Cover [47,49,63]. It is
also worth noting, that although the forest area increased by about 400 thousand hectares
in 21st century (Table 1), the number of forest patches has somewhat decreased (Table 2),
which proves a positive direction of change. Nowadays, however, the implementation
of the Program faces many difficulties (Section 3.1), which may impede the process of
reducing forest fragmentation in Poland, also in forests managed by SF.

Average forest patch size. A negligible difference between the values of average
forest patch size for 2000 and 2018 (Table 2) is somewhat perplexing, especially in view of
available data, as it indicates that the total forest area in Poland increased (as said above:
by almost 400 thousand ha) and the number of patches slightly decreased (by19 patches).
Therefore, for the purpose of this study, own calculations were carried out, with the use of
data on the forest area for 2000 (Table 1) and 2018 [30] and data on the number of patches
shown in Table 2. The obtained results showed that the average forest patch size was
1023 ha and 1070 ha, for the years 2000 and 2018, respectively. This result better than in
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Table 2 reflects the changes that have occurred during the 18 years of the 21st century.
When compared with other European countries (the average forest patch size: 763 ha),
forest patches in Poland’s forests are considerably larger, although much smaller than,
e.g., those in Sweden (2687 ha), the Netherlands (2880 ha) and Finland (3371 ha) [1]. A
slightly increasing trend in Polish forests can be considered positive, contrary to the average
negative trend recorded in European forests [1].

Continuous forest vs. separated patches. The establishment of new forests as a re-
sult of reforestation/afforestation or natural succession, in the form of isolated patches
or irregular branches of already existing forests, enhances forest fragmentation. In par-
ticular, this applies to the areas with low forest cover and fragmented forest-ownership
structure [39]. In 21st century, an increasing share of smaller, fragmented forest patches
has been observed not only in Poland (Table 2—0.1%), but also in other European regions,
especially in central-west Europe and south-west Europe [1]. When compared to other
countries, forest fragmentation in Poland (Table 2—4.5%) is still relatively low, which is
encouraging—lower values are recorded only in a few countries, e.g., Netherlands (1.3%),
Sweden (1.2%) and Finland (1.1%) [1].

Patches of various size. As reported in the SoEF Report [1], the proportions of
different size forest patches in total Poland’s forest area in 2000 and 2018 (Table 2) are
identical, regardless of changes in total forest area as well as in the number of patches.
Taking the latter values as correct, the current share of Poland’s forests creating the best
conditions for forest species preservation [57] is quite high (at a country level—almost
84%). In the case of SF, this value may be even higher, as privately owned forests show
greater fragmentation. The value for Poland is higher than the overall average for Europe
(76.6%) and lower than that reported by other European countries, e.g., the Netherlands
and Sweden (95.5% each) (based on [1]).

3.3. Protected Forests

Focused on safeguarding biological diversity and natural ecological processes, protected
areas are one of the oldest tools for the protection of the world’s nature and natural re-
sources [1]. They considerably contribute to the landscape values, and in the case of forests
can be visually distinguished—in protected forests, there are relatively fewer (or not at all)
noticeable traces of cutting/logging which usually result in a decrease of landscape aesthetic
and recreational values [64]. Some protected areas had been established within the area of to-
day’s Poland before the country regained its independence (before 1918, e.g., nature reserves
established in Nawojowa, southern Poland or near Lesko, south-eastern Poland) [65,66],
nonetheless, the system of nature protection (including establishment of protected areas) was
gradually reorganized in the decades after the year 1945 [65,67]. Since then, nature (forest)
protection has undergone qualitative and quantitative development (Table 3).

Table 3. Area of protected forests (PL—Poland, SF—State Forests) *.

Year PL/SF 1950 1960 1970 1980 1990 2000 2010 2020

National parks
[thousand ha]

PL 10.5 55.9 66.9 82.9 118.8 190.9 194.7 195.2
SF - - - - - - - -

Nature reserves
[thousand ha]

PL 0.02 16.3 >10.4 1 >16.7 1 >35.9 1 84.2 99.2 117.8
SF 0.02 n.a. 28.3 2 25.4 3 42.6 66.0 88.9 104.5

Landscape parks
[thousand ha]

PL - - - 109.8 687.7 1345.9 >1421.1 4 1446.9
SF - - - n.a. n.a. n.a. 1137.0 5 1256.7 6

Landscape protection
areas [thousand ha]

PL - - - 283.4 2113.8 2856.5 >2227.9 2942.3
SF - - - n.a. n.a. n.a. 2244.6 5 2467.6 6

Natura 2000 network
[thousand ha]

PL - - - - - - 2767.8 4 3243.8
SF - - - - - - 2780 7 2888 7

* sources: [4,7,32–34,36,43,45,48,62,67–74]; 1 data for forest reserves only; 2 data for 1969; 3 data for 1982; 4 data for 2011; 5 data for 2008;
6 data for 2018; 7 non-forest areas included; “-”—form of protection does not exist, n.a.—information not available.
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Dynamics of change of protected forest area. During the whole study period, the
area of protected forests in Poland (excluding Natura 2000) increased from 0 ha (start of
implementation of a new approach towards nature conservation, after 1945) to 4702.2 thou-
sand ha (calculated on the basis of Table 3). Currently it accounts for 50.8% of the total
forest area. In the years 1945–1990 (the socialism era), an increase of protected forest area
amounted to more than 2956.2 thousand ha (on average more than 65.7 thousand ha/year),
whereas in the years 1990–2020 (the democracy era)—the increase was less than 1746
thousand ha (on average less than 58.2 thousand ha/year). Not counting Natura 2000 sites,
the average increase in the protected area in the two studied time intervals (socialism and
democracy eras) was most likely equal. It should be stressed, however, that in the socialism
era, the expansion of nature protection areas in forests was running rather irregularly, as
until the early 1980s, it was relatively slow (Table 3). By then, approximately 5.7% of the
area of Polish forests was protected. A significant increase in the area of protected forests
was observed in the last decade of the socialism era (1980–1989/90) and the first decade of
the democracy era (1990s). This was a period of dynamic political, economic, and social
changes that resulted in acknowledgement of the importance of environmental protection.
The second stimulus for the development of forest protection—already in the democracy
era—was Poland’s accession to the EU and the need to implement the Natura 2000 network.
The established Natura 2000 sites partly overlap with other forms of nature protection in
Poland (Figure 3), thus, in the final analysis, they did not significantly affect the expansion
of protected forest area as much as actions undertaken already in the 1980s and 1990s.

(a) (b)

Figure 3. (a) Distribution of protected areas (national parks, nature reserves, landscape parks and landscape protection
areas) in Poland (2021); (b) Distribution of Natura 2000 areas in Poland (2021) (based on [75]).

Contribution of SF to nature conservation. The majority of Poland’s protected areas
(excluding national parks) and objects are situated in forests under management of the
State Forests (Table 3). At the beginning of 2019, in total 70.6% of the forests managed
by SF were under different types of protection [56]. These were predominantly forested
areas; however, there were also protected non-forest areas in spatial arrangements with
forest areas (e.g., peatlands, water courses and reservoirs, heathlands). The protected areas
and objects of protection were gradually designated in SF managed forests throughout
the whole period under the study (Table 3), however, only in the democracy era, the
spectrum of foresters’ activities in this respect was considerably broadened. Since 1998, the
nature conservation program comprising information about the protected areas and objects
has been a mandatory part of the forest management plan for each forest district [21,26].
Additionally, in many SF units, there were carried out trainings on nature conservation
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(with special emphasis put on Natura 2000 [76]). On the one hand, this new approach
resulted from the increased capacity of foresters and recognition of the necessity to protect
forest biodiversity (at all levels, including landscape), and on the other—from public
pressure. As in other European countries, in Poland, there has been observed the so-
called paradigm shift in nature protection [77]. Consequently, there prevails the preference
of Polish society for socio-cultural and ecological functions of public forests as well as
assurance of favorable conditions for well-being of forest ecosystems and species [26,78].

FOREST EUROPE classes of protected forests. FOREST EUROPE distinguishes sev-
eral classes of protected forests: Class 1—protection of biodiversity (Class 1.1—no active
intervention, Class 1.2—human intervention limited to minimum, Class 1.3—conservation
through active management) and Class 2—protection of landscapes and specific natural
elements [1]. Table 4 summarizes data on Polish forests in the democracy era [1], supple-
mented by own calculations for the socialism era (according to the methodology adopted
in Poland for SoEF [1]). The latter—due to scarce information—are approximate.

Table 4. Protected forests (FOREST EUROPE Classes) in Poland *.

Year 1950 1960 1970 1980 1990 2000 2010 2020

Class 1.1 [thousand ha] 6.8 <29.6 <25.8 22.7 30.4 51.3 55.6 72.4
Class 1.2 [thousand ha] - - - - - - - -
Class 1.3 [thousand ha] 3.6 <58.9 >61.8 76.9 150.8 226.3 243.8 3019.7
Class 2 [thousand ha] - - - 109.8 687.7 1346 1308 457.2

* Sources: [1,19,68,69,79]; “-”—form of protection does not exist.

A considerable discrepancy between data for Class 1.3 and Class 2 in the year 2020
compared to 2010 is a result of counting forests within Natura 2000 sites in Class 1.3, and
excluding from Class 2 forests in landscape parks, where Natura 2000 sites are also present.
Currently, on the scale of Europe as a whole, about 24% of reporting countries’ forests
are protected areas designated for the protection of biodiversity (15%) or landscape and
specific natural elements (9%) [1]. In the case of Poland, these areas constitute 33% and 5%,
respectively (calculated on the basis of Tables 1 and 4). The high share of Class 1 forests,
which ranks Poland 3 in Europe (next to the Republic of Moldova and Italy), is almost
entirely due to the dominance of Class 1.3 forests. The area of Class 1.1 forests is very
small—countries with similar total forest area to Poland have much more forests with
no active intervention, in Italy these grow on 270 thousand ha, and in Ukraine—on 293
thousand ha. The share of Class 2 forests in Poland is lower than Europe’s average, and
in relation to the countries with similar forest area it is higher than in Ukraine, and lower
than in Italy [1]. From the point of view of the protection of forest landscapes, Class 1.1
and Class 2 forests are particularly important.

3.4. Protective Forests

Maintaining forests is a condition for, among others, preserving and regulating water
relations as well as protecting nature and landscape [6,7,48]. In this respect some forests
play a vital role, therefore, in their case, the protective functions should have higher priority
than those productive.

After the World War II, starting from 1957, protective forests were designated in
Poland, under six categories, including landscape forests. Over the years, the latter category
was step by step neglected [80]. Currently, 10 categories of protective forests are desig-
nated [21,81]. Of these, forests designated for the protection of water or those safeguarding
natural values, as well as animal refugees are of particular importance for biodiversity
conservation (Table 5). The higher priority of the conservation function than the production
function has in this case a positive influence on the protection of landscape values.
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Table 5. The area of selected categories of protective forests in SF *.

Year 1950 1960 1970 1980 1990 2000 2010 2020

Water conservation forests [thousand ha] - n.a. 205.7 1 240.2 559.6 1231.8 1490.5 1552.3
Landscape forests [thousand ha] - n.a. 637.1 1 705.2 654.3 66.6 - -

Valuable natural forests [thousand ha] - - - - - 44.7 139.7 577.1
Animal refuges [thousand ha] - - - - - 67.2 73.8 64.1

Total area of the analyzed protective forests
[thousand ha] - n.a. 842.8 945.4 1213.9 1410.3 1704.0 2193.5

* sources: [19,33–36,43,82]; 1 data for 1975; “-”—form of protection does not exist, n.a.—information not available.

Dynamics of change of protective forest area. During the studied period, the area of
the analyzed protective forests increased from 0 ha to 2193.5 thousand ha (Table 5). Cur-
rently it amounts to about 30.8% of forest area under SF management. In the socialism era,
starting from 1957, protective forest area increased to 1213.9 thousand ha (on average 36.8
thousand ha/year), whereas in the period of democracy, the increase was 979.6 thousand
ha (on average 32.7 thousand ha/year). The lower increase rate in the democracy era
can be explained by reduced possibilities for designation of additional protective forests,
considering absence of a rationale for special protection of some other forests, and a need
for keeping the balance between ecological and economic functions of forests (in view of
SF self-financing).

Water conservation forests. Forest areas designated to protect surface- and ground-
water resources and to regulate hydrological relations in catchment and watershed areas
are established in Poland compliant with the Forest Act [21]. Their specific landscape is
vulnerable to environmental changes, and especially those connected with water relations.
In Poland, numerous valuable forests in terms of water conservation have been degraded
as a result of land reclamation (drainage), which was realized until the end of the social-
ism era [83], even though the protection of exceptional biodiversity of wet forests was
already advocated in the 1970s [84]. The protection of wet forest habitats in the form of
water-conservation forests began in the socialism era (with greater intensity at the end
of this period), however, appropriately intense activities in this regard were undertaken
only in the democracy era (Table 5). This resulted from: changes in the forest management
model towards ecological dimension; the objectives of biodiversity conservation at a global
level [85]; factual implementation of the Ramsar Convention [86]; active participation of
Poland in the processes of the Ministerial Conference on the Protection of Forests in Europe
(FOREST EUROPE) [55] as well as a recognized need to take into account climate change
effects (e.g., periodic droughts [87]).

Animal refuges. This protection form was introduced after 1990 (the democracy era)
to safeguard habitats of particular importance for animals under species protection [81], as
well as those associated with species/gene pool protection [88]. The trend of changes of
animal refuge areas over time does not seem explicit, and has been somewhat decreasing
in the last decade (Table 5). This may be due to the fact that concurrently there also exists
an analogous (more restrictive) form of nature conservation (selected species protection
zones, compliant with Nature Conservation Act [89]) existing since the 1983 and gradually
covering more and more taxa. At the end of 2020, in state-owned forests managed by SF,
there were designated in total 3990 animal protection zones (an area of 163,000 ha) [46].
These probably fulfilled to some extent the need to designate more animal refuges.

Valuable natural forests. This category of forests was acknowledged after 1990, and
defined as valuable fragments of native wildlife [81]. They initially safeguarded valu-
able/protected plant species and rare/rich/endangered forest ecosystems. Ecosystem
services provided relate to the protection of habitats and species/gene pool [88]. Over time,
forest of this kind were included into the system of forest management certification by the
Forest Stewardship Council (selected categories of High Conservation Values Forests [90]).
The area of valuable natural forests significantly increased along with the progress of FSC
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certification in Poland’s forests (by now, FSC certificate has been granted to approx. to
97.7% forests under SF management [91]).

Landscape forests. In the era of socialism, selected forests were designated to protect
forest aesthetic and landscape values. Starting from the 1970s, gradual withdrawal of
this form of protection coincided with creation of landscape parks (Section 3.3), which
by definition protect natural landscapes [89], especially those associated with forests [30].
Thus, it can be considered that this form of nature conservation has, in a way, taken over
the function of former protective forests. At the same time, since the beginning of the
democracy era, the protection of forests particularly valuable due to their landscape values
has been declared in the objectives of Polish forestry [21], which, however, does not entail
a separate category of protective forests.

Forest management in protective forests. From the beginning of its functioning in
the socialism era, the protective forests were subject to a special management method with
positive effects on their landscape values, i.e., clear-cutting was limited, and compound
felling with a longer recovery period was recommended; by-product harvesting was
limited; water reclamation was restricted; attention was paid to the landscape-forming
function of forests [80]. After the political system change, management in protective forests
still remained specific, focused on silviculture and protection rather than production [81,92].
This meant, for example, limiting clear-cutting, increasing the age of stands for felling,
limiting harvesting of timber and non-timber products [7,48,81] and led to the perception
of protective forests as a more restrictive form of nature conservation than, for example,
landscape parks [80]. The abovementioned specific management rules in protective forests
(applied from the beginning of their functioning) have shaped them somewhat differently
as compared to those managed mainly for economic purposes. At the beginning of 2020,
the average growing stock density in water conservation forests was 278 m3/ha, in valuable
natural forests—285 m3/ha, and in animal refuges—302 m3/ha, whereas in non-protective
forests it amounted to 259 m3/ha. At the same time, the proportion of the areas covered by
over 80-year-old stands in the above specified protective forests were 23.8%, 28.2%, and
33.9%, respectively, and in non-protective forests—20.8% (calculated on the basis of [32]).
These exemplary parameters and their values show that the structure of protective forests is
richer as compared to non-protective forests, and their value for biodiversity conservation
is higher. In view of the above, an increase in the protective properties of the protective
forests analyzed is clearly visible.

Protective forests in Poland and in Europe. The current share of protective forests
in Poland, protecting soil, water, and other forest ecosystem functions (Indicator 5.1 [28]),
is quite high (34.6%). Among countries with available data, a higher proportion of such
forests occurs in Romania (39.0%), Turkey (39.6%), Moldova (57.4%), Italy (87.5%), and
Georgia (100.0%) (based on SoEF [1]). Yet, from the point of view of biodiversity protection,
not all protective forests have a similarly high value. It is also worth noting that protective
functions are often integrated into multifunctional forestry [1] and the function such as
biodiversity conservation can be realized even without designating protective forests.

3.5. Harvesting Intensity

Timber harvesting directly affects forest landscape, on the one hand—through its form
(in the extreme case: clear-cutting vs. selection cutting, resulting in two spatially different
forest ecosystems [93]), on the other—through harvesting intensity. The intensity/volume
of harvesting is planned in relation to growing stock. The change in growing stock in terms
of its total amount and per ha of area can be used in the assessment of forest management
quality with regard to its impact on forest resources and indirect effects on forest landscape
values (e.g., a forest with rich spatial structure vs. forest heavily thinned or composed
mainly of young trees). In 1945, in state-owned forests managed by SF, the volume of gross
timber amounted to 695 million m3 (129 m3/ha) [19,30]. The following subsequent changes
in these parameters—under forest use conditions—are shown in Table 6.
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Table 6. Characteristics of wood resources of SF and their use *.

Year 1950 1960 1970 1980 1990 2000 2010 2020

Total growing stock [million m3] 735 819 941 1087 1280 1480 1886 2067
Harvesting [thousand m3] 14,531 18,040 19,814 20,738 16,947 25,718 33,769 38,232

Relation of timber harvest to annual
increment [%] 51.6 57.7 74.6 50.5 49.9 58.7 61.7 73.6 1

Average growing stock density [m3/ha] 128 133 145 162 188 213 267 290

* sources: [4,19,44–46,68,82].1 data for 2019.

Harvest volume. Since the beginning of the period under the study, an increase in the
volume of timber harvesting has been observed, with one exception in 1990. The intensified
crisis in the development of the country at the end of the socialism era caused a collapse
in the timber market at that time [12]. Not only in Poland, but also in the entire region
of Eastern Europe, with socialism collapse, the wood industry had to be restructured,
which resulted in less logging [12,94]. At the same time, the model of forest management
and logging was elaborated, which could ensure economic efficiency [18] and guarantee
sustainable management of wood resources [18,95,96], so as to maintain forest landscape
quality. It should be emphasized that even during the socialism era in Poland, there
was harvested no more wood than its annual increment [19,30], in contrast to e.g., the
Carpathian part of Ukraine [97]. Nevertheless, in 1947–1956, an increase in harvesting was
very rapid, based on not fully justified top-down indicators [12,98].

Dynamics of change in timber resources. In 2020, timber resources (total growing
stock) in SF were three times larger than in 1945. Their state at the end of the socialism era
was about 180% of the initial state (average annual growth of about 1.8%), while in the
democracy era—so far—it has been about 160% (average annual growth of about 1.5%).
The decrease of the average growth of the resources with time is caused by the increase
of the share of older stands with lower growth rate (based on [36]). Thus, as can be seen,
timber resources in SF have grown regardless of increasing timber harvesting, which is
due to large-scale post-war afforestation (Section 3.1) and the aforementioned rational
harvesting [18,26]. This results from the fact that in the socialism era an average of 62.8% of
annual increment was harvested (based on [19]), while in the democracy era an average of
60.3% was harvested (based on [30]). This parameter in the last two decades was lower than
the average in Europe—in the years 1999–2019, harvesting in the State Forests amounted to
63% (according to [7]), while in Europe—73% [1]. Thus, despite ranking ninth in Europe
(excluding Russia) in terms of forest area, Poland ranks fourth in terms of growing stock [1].
This may indicate the richness and complexity of forest landscapes.

Dynamics of change in average growing stock density. In 2020, the volume of forest
stands resources per 1 ha under SF management was more than twice greater (225%)
than that recorded in 1945. Stand volume at the end of socialism era was 146% of that in
1945 (average annual increase by 1.0%) and currently, it is 154% of that at the beginning
of the democracy era (average annual increase by 1.8%). This was mainly influenced
by the increase in the proportion of older age classes of stands (based on [36]), with
dominant specimens of mature, thick trees, significantly increasing the landscape value
of the forests [99]. The current average growing stock density under SF management
(290 m3/ha—Table 6) is much higher than that average of European forests (169 m3/ha [1]).

Harvesting mode. In 2020, only 20% of all harvested wood came from clear-cutting [46].
In comparison, in the marketing year 1957/1958 (socialism era), this share was 62% (based
on [68]). In view of the landscape values, clear-cuts are negatively perceived by the soci-
ety [99], hence, their decreasing share in the democracy era can be considered a positive
phenomenon. After the change of Poland’s political system, as well as the transition of
“old” forest management model into pro-environmental, there started to be implemented
environmentally friendly technologies, e.g., the use of organic oils in machinery [76]. How-
ever, such technologies are in use not always and not everywhere, due to very high costs of
their application [100].

174



Forests 2021, 12, 1682

3.6. Issues and Directions of the Protection of Forest Landscape in Poland

Form of forest ownership. One of the threats to the forest landscape (and forest, as
well) is a proposal, recurring from time to time, to use a part of the State Forests for the
restitution of private property (forest and non-forest)—nationalized after the World War II.
Forests are a significant component of state property, and in a way they represent a natural
candidate for restitution purposes [18]. At the same time, private forests are subject to less
demanding regulations as regards biodiversity conservation than those imposed on state-
owned forests [21]. Even though since 2001, the state forests have been acknowledged as a
national resource that should be preserved [101], legislation can be changed any time. For
this reason, it has been postulated that provisions as regard national character of Poland’s
forests should be included in Poland’s Constitution, which has not yet been realized. It
would be worth returning to this issue.

Functioning of the State Forests. The State Forests National Forest Holding manages
the vast majority of the country’s timber resources [30], which arouses the interest of
Polish politicians. Proposals are being formulated to include SF finances in the public
finance sector, as well as to change the legal formula of SF functioning [78]. Meanwhile,
the change of, for example, financial management in SF may result in the change of forest
management priorities (e.g., towards boosting a production function) and, in turn, in the
deterioration of biodiversity, including landscape diversity. Therefore, the current formula
of SF functioning should be maintained.

Forest Policy. The National Forest Policy, adopted in 1997, has no reference to several
recent commitments of Poland under the FOREST EUROPE process (e.g., the resolution
“Conserving and Enhancing Forest Biological Diversity in Europe”) [23], as well as those
associated with the accession to the EU (e.g., the Natura 2000 Network, which protects
specific habitats/landscapes of particular biogeographical regions, including forests). Al-
though these contents are reflected in the documents organizing the functioning of the
State Forests, the lack of a nationwide, up-to-date policy should be considered as negative
factor in view of, among others, the protection of forest landscapes. Attempts made in 20th
century to create a National Forest Program have not resulted in its legal establishment.
This problem should be solved as soon as possible.

Extreme weather events. The presence of forest landscapes can be threatened by ex-
treme events due to climate change, such as catastrophic storms [17,87,102], which haunted
Sweden and Central Europe in the past decade [1,31]. A large storm that passed over
Poland on 11 August 2017 toppled or broke about 25 million trees in the northwestern
part of the country [31]. In 2019, wind damage occurred on 42,300 hectares of forests (in
2020—on 10,700 hectares), being one of the two most important damages from abiotic fac-
tors [7,46]. Poland’s main forest-forming species, Scots pine (Pinus sylvestris), is particularly
vulnerable to strong winds [103]. In addition to the destruction of the forest landscape, the
extreme weather events cause high financial losses, including lower income from the sale
of poorer quality timber. Therefore, the selection of planted tree species in consideration of
their resistance to extreme weather events should be of particular importance.

Droughts. Under Poland’s conditions, periods of rainfall shortage due to climate
change occur more and more frequently [7,87]. Drought threatens forests directly, as water
deficiency can lead to death of trees, and indirectly—as it increases a risk of wildfires.
Both factors have detrimental effects on the forest landscape. For example, in the very
dry year 2015, there broke out 3897 fires in state-owned forests managed by the SF, more
than twice many when compared to the year with high precipitation, i.e., 2010 (1777 forest
fires recorded) [7,30]. Due to the high risk of fires, affecting over 80% of forest area in
Poland, the fire protection system has been developed since 1945 [7,87,104]. As a result,
the number of fires and the average area of a single fire have been gradually decreasing
over the last 20–30 years, which is a good prognosis in the context of climate change [104].
This trend is worth maintaining. On the contrary, damage and death of tree stands due to
drought shows an increasing trend. In 2020, of all the abiotic negative factors, the impact
of extreme drought was the most detrimental, and tree stand damages were reported on
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nearly 62,500 hectares [46]. In response to this problem, since the 1990s, in forests managed
by the SF, there have been carried out activities to restore small-scale retention [7,87],
disrupted by land melioration implemented almost until the end of the socialism era [83].
In view of the forest landscape conservation needs (also those of habitats and species), it is
important to continue retention work in all forest areas where it is possible and needed.

Organizational problems of forest landscape protection. The increase of the legally
protected area in forests (Section 3.3) is important in view of benefits for biodiversity [1].
Vegetation in unmanaged and protected forests is more resilient to environmental changes
and characteristic of large spatial diversity [105], which translates into the landscape values.
On the other hand, however, if protected areas are accumulated within lands administered
by a single entity, such as the State Forests, which is the case of Poland, they may pose
a number of organizational challenges. Setting out conservation rules and allocation of
responsibilities for protected areas designated in state-owned forests managed by SF have
been a part of a complex process carried out under the conditions of duties dispersed
among various external entities [56]. Another challenge which SF administration has to
face concerns approaches taken and communication, for example during development of
management plans for Natura 2000 sites The approach assumed by foresters is hardly ever
accepted by environmental NGOs, who as a rule demand robust protection of discussed
Natura 2000 sites [77], regardless of the fact that, by definition, contemporary nature
protection must take into consideration not only ecological dimension, but also those
economic and social as well as regional and local circumstances [26].

Financial problems of forest landscape protection. The increase of the protected
area in forests (protected forests and protective forests) is also important from the financial
perspective. In protected/protective forests, the ability to use their productive function is
limited [78,81,89]. At the beginning of 2020, more than 1.25 million hectares of SF managed
forests were partially excluded from timber harvesting (17.6% of SF area), and at least
530,000 hectares (7.5%) of this area was fully excluded from harvesting [31]. An increased
area of protected sites translates into a decreased area of commercial forests [78]—the main
source of income for the State Forests (e.g., [31,106]). The reduction in forest production
efficiency, and consequently, lower income can lead to a decline of biodiversity conservation
activities carried out by the State Forest [18]. Indeed, it should be emphasized that the direct
costs of nature conservation incurred by SF have been still increasing, e.g., in 2009 they
amounted to 4.8 million PLN [107], and in 2019—15.3 million PLN [31]. Additionally, since
2012, the State Forests have financially supported national parks (annually 20–50 million
PLN [31,106,108–112]). Meanwhile, since 2009, the State Forests have received no targeted
subsidies from the state budget for nature protection, even though the law allows such
support [56,74]. In the case of protective forests, until 2015, forest management restrictions
were compensated by half the forest tax rate, and now they are not [80]. Currently, the
area of protective forests constitutes 53.6% of forests under SF management [7], and many
of these areas have an analogous rank and function to protected areas designated under
the Nature Conservation Act [89]. The above described circumstances pose a financial
challenge for the State Forests, given that SF is a self-financing organization [21,26]. In order
to resolve these problems, different solutions have been advocated, such as looking for
additional financial sources for nature conservation [56], including restoration of subsidies
from the state budget to the State Forests [21]. Another solution proposed is to reduce areas
under strict protection (in fact, the state of nature is good even in economically used forests)
or else to decrease the costs of forest nature conservation [41]. The most important issue is to
find a proper balance between conservation of nature perceived as the national heritage and
the rules of economy [26]. In addition, it is important to recognize that public expectations
on forest nature conservation are high [74]. This is mainly related to much increased public
awareness on environmental threats, which has been influenced by increased access to
information (the effect of implementation of the Aarhus Convention [27]) and enhanced
public knowledge on environmental issues.
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Distribution and fragmentation of forests. An increase in the total area of forests in
Poland (state- and privately owned forests) has not translated into an increase in uniformity
of forest spatial distribution. The forest cover in administration units (a voivodeship level)
varies from 21.4% to 49.3% (Figure 4): the highest is in the western, northern, and south-
eastern parts of Poland, the lowest—in the central and eastern parts. In the latter regions,
the share of state-owned forests (under SF management) in total forest area is relatively
smaller [46].

Figure 4. Forest cover of voivodships in Poland (2020) (source: [46], modified).

Low forest cover should therefore be a priority indication for further afforestation. This
is because it has been assessed that the uneven distribution of forests, as well as their frag-
mentation, are one of the reasons for deterioration of ecological coherence in the spatial
management of Poland [113]. Even though Raši and Schwarz [114] state that the interpreta-
tion of forest fragmentation impact on biodiversity remains limited, the authors of several
studies consider fragmentation as one of the most radical disturbances for forests and show
explicitly its negative effects [58]. At the landscape level, fragmentation can reduce carbon
storage [58,115] and aggravate negative effects of other disturbances and hazards [116,117]—
in extreme situations leading to degradation/destruction of forest patch/ecosystem. Forest
fragmentation threatens biodiversity also at a species level (especially interior forest species)
and can considerably hinder dispersal of specimens [57,58,118,119]. At the same time, it
affects genetic biodiversity by causing genetic isolation, weakening genetic diversity, and
limiting responses to multiple stresses [57,58,120]. For the above reasons, it is advisable
to decrease forest fragmentation. Another factor that worsens ecological coherence is the
legislation that, since 2003, has made it easier to cut down state-owned forests to build
more roads [26], which is a simpler and cheaper solution than negotiations with private
landowners. Improving the situation with regard to forest distribution and fragmentation
would require changes in the law and extensive and practical consideration of these issues
in land use plans and plans for further afforestation.

Landscape conservation in forest management. Forest landscapes are protected at a
national and SF level not only through maintenance of appropriate forest cover, designation
of protected areas and protective forests, but also through preservation of specific forest
diversity. Since 1952, there has been functioning periodically improved natural-forest
regionalization, which since 1990 (after the change of political system) has also taken into
account ecological conditions of vegetation development. Currently, 183 mesoregions
(which can be assumed as types of forest landscapes) are distinguished all through Poland
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(including SF) based on geological criteria; landscape types; landforms; climatic conditions;
ranges of economically important tree species; and ranges of plant communities [121]. The
natural/landscape distinctiveness of landscapes—units higher than mesoregions—has
been taken into account in silvicultural principles, especially since 1990, when defining
species compositions of stands on particular habitats (this refers to the selection of species
and proportions between them [122]).

4. Conclusions

On the one hand, the period of 75 years refers to less than the life span of an average
forest stand in Poland, and on the other—it is the period of evolution of Polish forestry,
which was marked by two very different political and economic eras: socialism and
democracy. The transformation influenced the assessed direction and intensity of changes
in the forest landscape, although to different extent, depending on the analyzed indicator.
In the socialism era, the total forest area, timber resources (total growing stock), as well
as the area of protected forests important for biodiversity safeguarding increased more
intensively, whereas in the democracy era, there was observed an intensive increase in
average growing stock density, as well as there was put a greater emphasis on reducing
forest fragmentation and the use of clear-cutting (disadvantageous for the landscape). The
average increase in the area of the protected forests was equal in both epochs, although
it was most intensive at their junction. The direction of changes throughout the studied
period should be assessed as positive for biodiversity conservation, although not without
problems and difficult consequences for the State Forests National Forest Holding, both
in organizational and financial terms. Maintaining the quantity and quality of forest
landscapes in Poland will require further efforts of foresters, and also legal, political and
financial solutions at a national level, as well as actions of communities around the world
to reduce the causes of global warming and the accompanying severe weather events
and drought.
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49. Kaliszewski, A. Krajowy Program Zwiększania Lesistości—Stan i Trudności Realizacji z Perspektywy Lokalnej [National Program
for Expanding of Forest Cover—Implementation and Its Difficulties from a Local View]. Studia I Mater. Cent. Edukac. Przyr. Leśnej
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72. Referowska-Chodak, E. Skala i intensywność ochrony przyrody w lasach [Scale and intensity of nature conservation in forests].
In Problemy Ochrony Przyrody w Lasach [Problems of Nature Conservation in Forests]; IBL: Sękocin Stary, Poland, 2010; pp. 291–313,
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darstwie Leśnym Lasy Państwowe [Social and economic conditions for providing public forest services in the State Forests
National Forest Holding]. Sylwan 2016, 160, 91–99. [CrossRef]
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Available online: https://www.lasy.gov.pl/pl/publikacje/copy_of_gospodarka-lesna/urzadzanie/iul/zarzadzenie-nr-83-201
2/view (accessed on 11 November 2021)ISBN 978-83-61633-69-3. (In Polish)

93. Jaworski, A. Sposoby Zagospodarowania, Odnawianie Lasu, Przebudowa i Przemiana Drzewostanów [Management Practices, Regeneration,
Conversion and Transformation of Forest Stands], 2nd ed.; Hodowla lasu [Silviculture]; PWRiL: Warsaw, Poland, 2018; Volume 1,
ISBN 978-83-09-01113-2. (In Polish)

94. Csóka, P. Capital Management—The Forests in Countries in Transition-Welfare Impacts. In Forestry and Environmental Change:
Socioeconomic and Political Dimensions; Report No.5 of the IUFRO Task Force on Environmental Change; Innes, J.L., Hickey, G.M.,
Hoen, H.F., Eds.; CABI: Wallingford, CT, USA, 2005; pp. 125–141, ISBN 978-0-85199-002-6.

95. Kuemmerle, T.; Hostert, P.; Radeloff, V.C.; Perzanowski, K.; Kruhlov, I. Post-Socialist Forest Disturbance in the Carpathian Border
Region of Poland, Slovakia, and Ukraine. Ecol. Appl. 2007, 17, 1279–1295. [CrossRef]

96. Durak, T.; Holeksa, J. Biotic Homogenisation and Differentiation along a Habitat Gradient Resulting from the Ageing of Managed
Beech Stands. For. Ecol. Manag. 2015, 351, 47–56. [CrossRef]

97. Griffiths, P.; Kuemmerle, T.; Baumann, M.; Radeloff, V.C.; Abrudan, I.V.; Lieskovsky, J.; Munteanu, C.; Ostapowicz, K.; Hostert, P.
Forest Disturbances, Forest Recovery, and Changes in Forest Types across the Carpathian Ecoregion from 1985 to 2010 Based on
Landsat Image Composites. Remote Sens. Environ. 2014, 151, 72–88. [CrossRef]
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Abstract: Priority habitat types (HTs) within the Natura 2000 network are of the highest importance
for conservation in Europe. However, they often occur in smaller areas and their conservation status
is not well understood. One such HT is that of the Tilio–Acerion forests of slopes, screes and ravines
(9180*). The Natura 2000 study site, Boč–Haloze–Donačka gora, in the Sub-Pannonian region of
eastern Slovenia is characterized by a matrix of European beech forests and includes rather small,
fragmented areas covered by Tilio–Acerion forests. The goal of this research was to examine the hetero-
geneity and conservation status of the selected HT through field mapping, which was performed in
the summer of 2020. As the conservation of HT calls for a more detailed approach, we distinguished
between the following four pre-defined habitat subtypes: (i) Acer pseudoplatanus-Ulmus glabra stands
growing mostly in concave terrain, (ii) Fraxinus excelsior stands growing on slopes, (iii) Tilia sp. stands
with thermophilous broadleaves occurring on ridges and slopes, (iv) Acer pseudoplatanus stands
occurring on more acidic soils with an admixture of Castanea sativa. Field mapping information
was complemented with the assessment of habitat subtype characteristics using remote sensing
data. The results showed that habitat subtypes differed significantly in terms of area, tree species
composition, forest stand characteristics, relief features and the various threats they experienced (e.g.,
fragmentation, tree mortality, ungulate browsing pressure). The differences between subtypes were
also evident for LiDAR-derived environmental factors related to topography (i.e., terrain steepness
and Topographic Position Index). This study provides a baseline for setting more realistic objectives
for the conservation management of priority forest HTs. Due to the specificities of each individual
habitat subtype, conservation activities should be targeted to the Natura 2000 habitat subtype level.

Keywords: forest habitat subtype; monitoring; biodiversity conservation; LiDAR; Slovenia

1. Introduction

The Natura 2000 framework is designed to identify, maintain and protect sites of
high biodiversity value [1,2]. Globally, Natura 2000 serves as one of the main strategies
to mitigate the decline of biodiversity [3]. Slovenia has the highest percentage of Natura
2000 sites among all EU Member States, with such sites covering almost 38% of the coun-
try’s terrestrial area [4], with a strong prevalence of forest ecosystems within this area [5].
The Habitats Directive [6] requires the assessment of the conservation status of habitat
types [2], which results in an overall estimation of the habitat quality in terms of nature
conservation [7] and is usually done by implementing a specific monitoring scheme. Pre-
serving habitats in a favourable conservation status is one of the most effective ways of
maintaining biodiversity [8], and a great deal of monitoring effort is required to achieve
this important, but often challenging, goal in nature conservation.

The initial step in the monitoring process is to obtain information on where a targeted
habitat type occurs. Such data serves as a baseline for all further evaluations and actions
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related to the conservation status of the targeted habitat, but other key factors beyond
geographical location need to be considered as well. According to the Habitats Directive [6],
the conservation status of a natural habitat is determined by the sum of the influences
acting on a habitat and its typical species, that may affect the habitat’s long-term natural
distribution, structure and functions, as well as the long-term survival of the typical species.
The following defines when the conservation status of a natural habitat is ′′favourable′′:
(i) its natural range and the areas it covers within that range are stable or increasing, (ii) the
specific structure and functions necessary for its long-term maintenance exist and are likely
to continue to exist in the foreseeable future, and (iii) the conservation status of its typical
species is favourable.

As the more extensive forest habitat types, but sometimes also small-scale habitat
types, are quite heterogeneous, Kovač et al. [9] proposed a hierarchical approach in the
current concept of forest habitat types with the inclusion of the subtypes of the forest
habitat type, which can be distinguished based on ecological and vegetation characteristics.
Although the assessment of the conservation status should refer to the forest habitat type
(by implementing appropriate indicators), this evaluation can be based on the level of
habitat subtypes. In this novel conceptual framework, the habitat subtype is assumed
to be much more homogeneous than the habitat type, restricted to a less broad range of
ecological factors, and much more clearly defined in terms of its distribution, structure,
and functions, as well as the composition of its typical species. Therefore, the assessment of
the conservation status of the habitat subtype is much more accurate and reliable, allowing
conservation measures to be more targeted and efficient.

A forest habitat type (hereafter HT) is a vegetation system composed of certain species
that provides a living environment for various organisms. It may or may not be composed
of two or more interacting forest habitat subtypes (hereafter HsTs). All forest sites that are
subject to monitoring and assessment must first be identified in the field and afterwards
evaluated to produce valid estimates for HT and HsT [9].

In the mountainous regions of temperate Europe, erosion gullies, ravines, gorges, cliffs,
steep rocky slopes and rocky outcrops are covered by a particular type of azonal forest vege-
tation, which is included in the Tilio platyphylli–Acerion pseudoplatani Klika 1955 alliance [10].
Tilio–Acerion forests of slopes, screes and ravines (Natura 2000 habitat code 9180*) are a
priority forest HT. From an ecological perspective, forests belonging to the 9180* HT can
be divided into two groups: dry and warm sites with lime trees (Tilia platyphyllos Scop., T.
cordata Mill.) and humid and cool sites with a dominance of Sycamore maple (Acer pseudo-
platanus L.) [11]. On the European scale, Tilio–Acerion forests represent an understudied
and data-scarce HT and have been studied mostly using conventional phytosociological
methods [10,12,13]. According to preliminary estimates [14], it was concluded that trust-
worthy information on the spatial distribution and characteristics of this habitat type was
lacking. Owing to the limited availability of detailed maps and accurate spatial data, the
assessment of the conservation status is itself rather unreliable [5].

Evaluating the conservation status of the HT of EU interest is essential for preserving
these areas in favourable conditions [1]. Similar to more frequent forest HTs found in Slove-
nia, such as 91K0 Illyrian Fagus sylvatica forests, 9110 Luzulo–Fagetum beech forests and 91L0
Illyrian oak-hornbeam forests, Tilio–Acerion forests are facing unprecedented challenges in
biodiversity conservation. Due to their small areas and the various threats, they experience,
the conservation status of this HT is either unfavourable or simply unknown [14]. Climate
change, fragmentation and overexploitation have been identified as the main potential
threats to the existence of this HT [14]. According to National Forest Inventory data from
2006, only 0.04% of Slovenian forest area was covered by Tilio–Acerion forests. Such minor
HTs are more endangered than those covering larger areas.

Natura 2000 habitat types need to be mapped and monitored in order to assess their
conditions [15]. Assessing the quality of forest habitats over larger areas is a complex
monitoring task [16], particularly in the case of prominent natural heterogeneity within
the habitat type (i.e., subtype variation of species composition and associated specificities).
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While field-based mapping of HTs represents the main pillar of conservation efforts, re-
mote sensing techniques have been increasingly contributing to monitoring and assessing
forest biodiversity-related characteristics and functions [17,18]. Remote sensing has a wide
application in nature conservation and has a high potential for reinforced monitoring of
forest habitats to support forest biodiversity assessment and sustainable forest manage-
ment [19]. Remote sensing-derived data are not only an alternative to traditional methods
(in-field assessments) but can also offer complementary information when both approaches
are combined [20]. LiDAR (Light Detection and Ranging) has been frequently used for
mapping natural forest habitats and their conservation status [15,16]. LiDAR is a data-rich
source and has the potential to address some of the drawbacks associated with traditional
vegetation monitoring methods, especially in remote areas [21,22].

In order to illustrate the characteristics of the 9180* HT and the potential for distin-
guishing its HsTs, a case-study was conducted in the Natura 2000 site of Boč–Haloze–
Donačka gora in Slovenia. This site is representative of the targeted HT, but the degree
of conservation of the natural structure and functions of the HT is lower due to a lack of
adequate data and the presence of small, isolated patches in remote areas with diverse
topography. According to the latest formal report for Natura 2000 [23], the conservation
status of the 9180* HT in the Boč–Haloze–Donačka gora site is unfavourable and exhibiting
a declining trend. Moreover, the information on the locations and quality of the current
Natura 2000 zones is inadequate, as they are defined only by the area where the HT may
be located. Improving knowledge through field mapping and reliable surveys of this HT
is necessary.

The primary objective of this study was to assess the conservation status of the HT and
HsTs in the selected Natura 2000 site using field mapping. Additionally, the characteristics
of HsTs were compared using LiDAR-derived data of the stand structure and environmen-
tal factors related to topography. The subtype approach employed in this research was
intended to assist nature conservationists and forest managers in decision-making and to
contribute to the sustainable management of HT 9180*. The general conservation goal is to
maintain the current extent of these habitats, which requires the implementation of field
mapping to determine their actual areas and the implementation of appropriate measures
to maintain or improve their conservation status.

2. Materials and Methods

2.1. Study Area

The study area was a forested landscape located in eastern Slovenia (46.294◦ N, 15.734◦
E; Figure 1). As part of the Natura 2000 network, this site is referred to as Boč–Haloze–
Donačka gora (site code SI3000118; hereafter referred to as the BHD site). The BHD site is
home to 15 Natura 2000 species, including invertebrates (e.g., Rosalia alpina L.), mammals,
amphibians and flowering plants (e.g., Pulsatilla vulgaris subsp. grandis (Wender.) Zāmelis).
Additionally, it serves to protect seven Habitats Directive HTs [6].

The total surface area of the BHD site is 10,882 ha, and the area of forest zones (nature
conservation units) assigned to the priority HT Tilio–Acerion is 853 ha. The altitude ranges
from 240 m (Dravinja valley) to 978 m (summit of Boč mountain). The BHD site is diverse
in terms of relief and geology, resulting in a variety of forest vegetation types. The forests
mainly belong to Illyrian beech forests (91K0) and central European acidophilous beech
forests (9110) HT. The proportion of forest stands (forest management units) belonging to
HT 9180* is 1.3% of the entire BHD site [24]. The structural characteristics are generally
favourable, such as a sufficient amount of standing or lying deadwood. However, there is a
lack of younger developmental stages, although noble broadleaves often occur as pioneers
on primarily beech sites [24].
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Figure 1. (a) The location of Slovenia. (b) The Boč–Haloze–Donačka gora (Natura 2000 site) study
area in eastern (Sub-Pannonian region) Slovenia.

Boč mountain, which is located in the western part of the BHD site, is an isolated
mountain complex with extremely diverse lithological structure and high biodiversity.
Geologically and geomorphologically, it represents the easternmost part of the Karavanke
mountain range. The mountain is composed of Triassic limestones and dolomites in the
western part and Miocene limestones and quartz sandstones in the eastern part. The
northern slopes are steeper than the southern slopes, with more than half of the surfaces
having slopes of above 20◦. The predominant relief forms are peaks, ridges, slopes and
small plains. There is no developed river network in the area, as water quickly sinks into
the karst underground on the predominantly carbonate parent material. The diversified
geological and topographical conditions are manifested in a mosaic of different soil types.
Brown calcareous soils, rendzina and rankers alternate depending on the parent material
and slope aspect. Pseudogleys predominate on the slopes in the Haloze hills and Donačka
gora (both areas located in eastern part of the BHD site), while deep soils are found on
clayey and silty deposits in the valleys [25].

The BHD site has a Sub-Pannonian climate, with the majority of rainfall occurring in
spring and summer and there being a deficit in winter. Due to the higher altitudes and
rugged terrain, the climate on Boč mountain is harsher compared to that of the surrounding
hills and valleys. The average annual precipitation amount on Boč is around 1200 mm.
Average temperatures in the growing season are around 15 ◦C in the Haloze hills, and
only 8 ◦C at the top of Boč. Due to the diversity of soils and climatic conditions in the
area, floristic elements of the Mediterranean, Central European, Alpine, Illyrian and steppe
regions are present [25].

2.2. Description of the Forest Habitat Type and Its Subtypes

Tilio–Acerion (9180*) forests of slopes, screes and ravines are a typical example of
azonal forest vegetation. In Slovenia, they commonly occur in small areas, mainly in
stony or rocky gullies, in dolines, other depressions and ravines, on torrential fans, and
on the gravelly bases of slopes, but also on moist rocks and more sun-exposed ridges
at an altitude from the colline to the altimontane vegetation belts [26]. The soil types in
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these forests are colluvial–deluvial soils, rare rendzinas and brown calcareous soils, and
sometimes also dystric brown soils and ranker or eutric brown soils. They are usually
biologically very active, with relatively fast decomposition of litter resulting in high nutrient
availability in the soil. These forest stands occur on sites that can be quite extreme for the
growth of forest vegetation (i.e., very rocky and steep; [26]). Forest stands belonging to HT
9180* have important nature conservation features and are particularly relevant as habitats
for rare and protected plant species and other organisms [5]. Within the EUNIS habitat
classification [27,28], these forests are classified as Illyrian ravine forests (code T1F63),
but the current classification scheme does not include more detailed information at the
subtype level.

The tree layer of these forests is composed of noble broadleaves, such as sycamore
maple (Acer pseudoplatanus), Norway maple (Acer platanoides L.), wych elm (Ulmus glabra
Huds.), European ash (Fraxinus excelsior L.), large-leaved lime (Tilia platyphyllos) and small-
leaved lime (Tilia cordata). Floristically, these forests are relatively similar to beech com-
munities, but they have a greater abundance of hygrophilous and nitrophilous plant taxa.
The diagnostic species of the understory layer are mainly mesophilous tall forbs and
ferns that have high requirements for nutrients, soil moisture and air humidity, such as
Lunaria rediviva L., Asplenium scolopendrium L., Polystichum setiferum (Forssk.) Woyn. and
Urtica dioica L. Forests dominated by A. pseudoplatanus occur on colder and wetter sites,
while slightly more thermophilous Tilia forests exhibit a higher proportion of plant species
indicating a warmer and drier microclimate [26]. In this part of Europe, their phytogeo-
graphic differentiation from similar forest plant communities in Central Europe is further
promoted by the presence of some relict and endemic Illyrian species that survived the
Quaternary glaciations in southern European refugia, including typical forest herbs, such
as Lamium orvala L., Stellaria nemorum subsp. montana (Pierrat) Berher, Cardamine waldsteinii
Dyer. and Scopolia carniolica Jacq. [10].

Forests of the Tilio–Acerion HT encompass diverse site and stand conditions, covering
a broad ecological amplitude and an array of forest associations. Whenever an HT displays
such heterogeneity, dividing it into HsTs is meaningful and can substantially increase the
identification and conservation of the entire HT [9]. We divided the studied HT 9180*
into four pre-defined, relatively homogeneous HsTs. The subtypes were defined based
on established forest communities (associations), adopting the classification described
in up-to-date phytosociological literature [26,29]. Following the classification from the
Typology of Forest Sites in Slovenia [30], the four subtypes were Acer pseudoplatanus-Ulmus
glabra forest stands, growing mostly in concave terrain (hereafter referred to as subtype A;
Figure 2a), Fraxinus excelsior stands, growing on slopes (hereafter referred to as subtype B;
Figure 2b), Tilia sp. Stands, with thermophilous broadleaves occurring on exposed ridges
and slopes (hereafter referred to as subtype C; Figure 2c), and Acer pseudoplatanus stands,
occurring on more acidic soils with frequent admixture of Castanea sativa Mill. (hereafter
referred to as subtype D; Figure 2d).

2.3. Data Collection

In the summer of 2020, we conducted field mapping of the entire study area. All activ-
ities were coordinated within the framework of the LIFE Integrated Project for Enhanced
Management of Natura 2000 in Slovenia. Our fieldwork primarily focused on the existing
(official) Natura 2000 zones of HT 9180*.

Forest stand data from the Slovenian Forest Service database [31] were used as the
basis for field mapping. Managed forest stands, with a proportion of noble broadleaves
of more than 30% in the total growing stock, were checked, as well as forest reserves
(old-growth forests). In the field, a group of trained and calibrated field mappers checked
the already known or existing HT 9180* zones and then searched for, and mapped, stands
classified under this HT. We used a 0.5 m resolution digital orthophoto (DOF) as the basis
for drawing the boundaries of each polygon (i.e., homogenous mapping entity) in the field.
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The field mapping was carried out at a scale of 1:5000. Each mapped polygon was assigned
to one of the four HsTs described in the previous subsection.

Figure 2. The four forest habitat subtypes of the Tilio–Acerion forest habitat type: (a) Acer pseudopla-
tanus-Ulmus glabra stands, (b) Fraxinus excelsior stands, (c) Tilia sp. dominated stands and (d) Acer
pseudoplatanus stands on more acidic soils with an admixture of Castanea sativa. In all subtypes,
except Tilia sp. dominated stands (characterized by a warmer and drier microclimate), abundant and
tall-statured ferns and forbs create the typical physiognomy of the understory vegetation.

For each of the mapped polygons, we estimated important site, stand and nature
conservation characteristics, which are explained in more detail in the following section.
Tree species composition was evaluated by recognition of each individual tree species
and by visually estimating the proportion (%) of noble broadleaves in the total tree layer
cover. Additionally, the tree regeneration layer was inspected by identifying the most
frequent tree species in the herb (height below 0.5 m) and shrub (height above 0.5 m
and below 5 m) layers. The dominant relief form was determined for each polygon,
distinguishing between several categories, as follow: flat relief, ridge or top of a hill, slope,
bottom of a concave landform, such as a doline, and ditch. Surface rockiness/stoniness
was estimated (% of surface covered by rocks/stones), a feature generally associated with
bedrock, soil type and topography. The risk levels of various pressures and threats for
HsT conservation status were estimated, distinguishing between tree mortality of key tree
species, game browsing of juvenile trees, soil disturbance and tree damage due to forest
management operations, presence of forest roads, and occurrence of invasive alien species.
Based on these threats, and the previously described forest stand and site parameters, the
overall estimation of the conservation status of each mapped polygon was determined
(favourable, unfavourable or poor status). To summarize, the most important criteria used
during the field mapping for assigning polygons to a specific subtype were the following:
(i) dominant tree species, (ii) tree species composition, (iii) understory vegetation (vascular
plants present in the shrub and herb layer) composition and cover, (iv) tree regeneration
layer, (v) dominant relief type, (vi) bedrock type, rockiness/stoniness, and (vii) soil type.
For the field mapping of habitat (sub)types, we used a simplified, faster method based
only partly on a phytosociological approach, focusing on tree species composition and
some characteristic plant species. Screening of vegetation composition, site conditions and
conservation status was conducted in a few sampling points randomly distributed across
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the area of the mapped polygon. The number of sampling points was proportional to the
size of the polygon, i.e., more sampling points were selected in larger polygons.

With respect to remote sensing data, LiDAR (ALS – airborne laser scanning) data [32]
were collected during the period between 12 March, 2014, and 20 October, 2014. The flight
took place at an altitude of 1200 to 1400 m above the ground.

2.4. Data Preparation and Analysis

For data obtained during field mapping, we constructed three binary (0/1) matrices
with polygons in rows and descriptive variables in columns. The first matrix was for the tree
species composition, where the following species, or species groups, were distinguished:
Acer pseudoplatanus, A. platanoides, Fraxinus excelsior, Ulmus glabra, Tilia platyphyllos, T. cordata,
Fagus sylvatica L., Picea abies (L.) H. Karst., Castanea sativa, thermophilous broadleaved trees
(e.g., Ostrya carpinifolia Scop., Sorbus aria (L.) Crantz, Fraxinus ornus L.) and a group of other
trees species (species such as Abies alba Mill., Prunus avium (L.) L. and Carpinus betulus being
the most frequent).

The second matrix included data on relief, rockiness/stoniness and soil type. For
relief, five categories were distinguished: flat surface, ridge or top of a hill, slope, bottom of
concave landform, such as doline, and ditch. Rockiness/stoniness was classified into one
of the following five classes: 0%–5%, 5%–10%, 10%–30%, 30%–50% and higher than 50%.
Soil data were derived from the Slovenian pedological map 1:250,000 [33] and four soil
types were distinguished: brown soils on limestone and dolomite, rendzina, ranker and
eutric brown soil. As the soil types often changed over small distances, and some polygons
were spread over larger areas with different soil types, the classification of soil types was
done by fuzzy logic, with row sums in the matrix equal to 1.

The third matrix was associated with the threats and conservation status of the HsTs
(polygon). For threats, we identified seven main categories: game browsing (e.g., visible
damage on shoots, leaves and stems of young trees by wild ungulates, most often in the
form of deer herbivory and bark stripping), tree mortality of key tree species (e.g., the
presence of standing and lying dead trees, the presence of trees with severe crown damage
with more dry branches without leaves), small or fragmented area (e.g., smaller patches
of HsTs, polygons with a diameter of less than two forest stand heights (ca. 40–60 m) of
the surveyed stand), beech competition (e.g., proportion of Fagus sylvatica in the mapped
polygon greater than 50% of the stand growing stock), impact of forest roads (e.g., distance
to the nearest forest road less than one forest stand height (up to ca. 30 m)), presence of
invasive alien species (e.g., one or more individuals of invasive alien plant species present
either in the tree or understory layer) and other threats, e.g., altered tree species composition
(proportion of tree species unsuitable for local site conditions being more than 50% of the
stand growing stock; in most cases, this was Picea abies), and competitive pressure for tree
seedlings and saplings from dense herbaceous vegetation.

The conservation status of the polygon was evaluated as either favourable, un-
favourable or poor. The conservation status of the stand in the studied polygon was
favourable when the tree species composition was preserved, where regeneration of the
key tree species occurred and where there were no obvious pressures or threats to the
habitat type. Unfavourable conservation status was determined when only one or two
less intense pressures or threats to the habitat type were evident (e.g., partially altered
tree species composition, minor crown damage from disease, lack of juvenile stages of key
tree species, minor damage to young trees from deer, and insignificantly eroded soil from
human activities). The conservation status of the stand was poor when multiple negative
factors that posed a serious threat to the long-term existence of habitat type were clearly
evident. In addition, two transitional categories were also used: favourable/unfavourable
(or unfavourable/favourable) and unfavourable/poor (or poor/unfavourable), resulting
in a total of five different categories for the overall estimation of conservation status.

All statistical analyses were performed in the R programming environment version
3.5.2 [34]. A Non-metric Multidimensional Scaling (NMDS) ordination was performed
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on each matrix, and the results were illustrated in an ordination diagram. The NMDS
ordinations were performed in the vegan R package [35]. The distance matrix was first cal-
culated with the Jaccard dissimilarity index for binary data using “vegdist” function in the
vegan package. Then, the distance matrix served as an input for the NMDS ordination. We
considered the first two dimensions, since they resulted in a good fit according to the stress
values. To quantify the influence of different explanatory variables, the ordination graphs
were overlaid with explanatory variables. Significant variables (p < 0.05) were projected
onto the NMDS biplots by passive fitting. To test whether subtypes differed significantly,
in terms of tree species composition and other explanatory variables (relief, soil, threats
and conservation status), we employed a permutational multivariate analysis of variance
(PERMANOVA; [36]) with 9999 permutations (vegan package, function “adonis2”). This
statistical method uses a permutation test with pseudo-F ratios. In the case of significant
PERMANOVA results, pairwise multilevel comparisons (testing which groups differed
from each other) were performed by using a wrapper function, “pairwise.adonis2” [37].

Canonical correspondence analysis (CCA), as a constrained ordination [38], was per-
formed to explore the relationships between tree community and environmental variables.
The tree species data were used as a dependent matrix and the other two datasets were
used as predictors. We opted for a stepwise selection of significant explanatory variables,
starting with an intercept-only model and, then, sequentially adding significant terms
at each step, based on an ANOVA-like permutation test [39]. This procedure of model
selection was based on Akaike’s information criterion. Additionally, we calculated the
indicator value of tree species in each subtype by using a statistical method proposed
by [40], implemented in the labdsv R package [41]. Since the conservation status formed
a core concept in our study, additional descriptive statistics of categories describing the
conservation status of the studied subtypes were performed.

ALS-derived data were analysed in the post-mapping phase. We first intersected
the field-mapped polygons (shapefile creation by digitalization in the ArcGIS 10.6.1. soft-
ware [42] with two layers: terrain steepness (SLOPE, in degrees) and Topographic Position
Index (TPI, unitless variable). The 1 × 1 m resolution TPI and SLOPE were both derived
from ALS raw data [32] with a point density of 2 to 10 per m2 and a relative horizontal
and vertical accuracy of 0.30 and 0.15 m, respectively, and calculated using SAGA GIS and
ArcGIS software (tools used: Slope and Terrain Analysis: Topographic Position Index).
In the case of TPI, higher values denoted convex topography (ridges, summits), whereas
lower TPI values denoted concave terrain (dolines, erosion gullies). The window within
which the grid cell values were calculated had a radius of 20 m.

For each pixel (grid cell) in 1 × 1 m resolution, we extracted a value for SLOPE and
TPI (each cell containing one value). This was done by implementing the function “extract”
in the raster R package [43]. Boxplots were constructed for each parameter and a one-way
Analysis of Variance (ANOVA) with Tukey post-hoc procedure was implemented to test
the differences between the four habitat subtypes.

3. Results

3.1. Field Mapping

A total of 174 polygons were mapped during our field work. The total area mapped
amounted to 314.16 ha (Table 1). More than half of this forest area was identified as subtype
A (Acer pseudoplatanus-Ulmus glabra stands, 57.8% of the total mapped area), followed by
subtype D (Acer pseudoplatanus stands on more acidic soils with an admixture of Castanea
sativa, 32.3%). Polygons belonging to subtype B (Fraxinus excelsior stands, 7.9%) and subtype
C (Tilia sp. stands, 1.9% of the total mapped area) represented a much lower proportion of
the total mapped area. Detailed descriptive statistics for each HsT are given in Table 1.
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Table 1. Descriptive statistics (number of polygons, total, mean, minimum and maximum area in
hectares) for the mapped polygons for each forest habitat subtype: A—Acer pseudoplatanus-Ulmus
glabra stands, B—Fraxinus excelsior stands, C—Tilia sp. stands and D—Acer pseudoplatanus stands on
more acidic soils with an admixture of Castanea sativa.

Habitat
Subtype

No. of
Polygons

Area_sum
(ha)

Area_mean
(ha)

Area_min
(ha)

Area_max
(ha)

Subtype A 72 181.74 2.52 0.16 27.05
Subtype B 17 24.95 1.47 0.31 3.16
Subtype C 7 5.92 0.85 0.24 2.36
Subtype D 78 101.55 1.30 0.08 9.35

Total 174 314.16 1.81 0.08 27.05

The four subtypes significantly differed in terms of tree species composition (Figure 3;
PERMANOVA test: F = 14.04, R2 = 20%, p < 0.001). Pairwise comparisons revealed that
all subtypes differed significantly at p < 0.001, except for subtype A and subtype B, which
did not differ from each other (p > 0.05). Inferred from the F values of the pairwise
PERMANOVA tests, the largest significant difference was detected between subtype B and
subtype C, while the smallest significant difference was between subtype B and subtype D.
The NMDS ordination had a final stress of 0.223. All variables (trees species), except Fagus
sylvatica, proved significant (p < 0.05). The highest explanatory power (corresponding to
the length of arrows in the ordination diagram; right panel in Figure 3) was detected for
Fraxinus excelsior (R2 = 0.60), followed by the group of the other tree species (0.47), Ulmus
glabra (0.26), Picea abies (0.24), Tilia sp. (0.19), thermophilous broadleaves (0.16), Castanea
sativa (0.15), Acer platanoides (0.10) and Acer pseudoplatanus (0.08). The low explanatory
power of Acer pseudoplatanus was related to its presence in almost all of the mapped HsTs
(polygons).

Figure 3. Two-dimensional NMDS ordination based on the composition of tree species. (a) The
distribution of mapped polygons in the ordination space, distinguishing among four forest habitat
subtypes: A (red) – Acer pseudoplatanus-Ulmus glabra stands, B (blue) – Fraxinus excelsior stands, C
(green) – Tilia sp. stands and D (grey) – Acer pseudoplatanus stands on more acidic soils with an
admixture of Castanea sativa. Squares with letters inside correspond to the centroids of the habitat
subtypes. (b) Significant (p < 0.05) variables (tree species), which are coded as follows: Acepla—Acer
platanoides, Acepse—Acer pseudoplatanus, Cassat—Castanea sativa, Fraexc—Fraxinus excelsior, Other—a
group of other tree species (e.g., Abies alba, Prunus avium, Carpinus betulus), Picabi—Picea abies,
Thermo—a group of thermophilous tree species (e.g., Ostrya carpinifolia, Fraxinus ornus), Tilia—Tilia
platyphyllos/T. cordata, Ulmgla—Ulmus glabra.

The two-dimensional NMDS ordination, based on relief, rockiness/stoniness and soil
type data (Figure 4), had a final stress of 0.189. According to the results of the PERMANOVA
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test (F = 17.84, R2 = 24%, p < 0.001), subtypes differed significantly regarding topographic
and soil conditions. Pairwise comparisons revealed that all subtypes differed significantly
at p < 0.001, except for subtype A and subtype B, which did not differ from each other
(p > 0.05). Inferring from the F values of the pairwise PERMANOVA tests, the largest
significant difference was detected between subtype A and subtype D, while the smallest
significant difference was between subtype A and subtype C. Only two variables (plane
as a relief form and rockiness/stoniness class 5%–10%) did not prove significant. All
other predictors were significant and their explanatory power was as follows (listed in
descending order according to R2): brown calcareous soils (R2 = 0.65): rockiness/stoniness
0%–5% (0.63), rockiness/stoniness 10%–30% (0.57), ditch (0.56), slope (0.41), rendzina (0.29),
concave relief (0.28), rockiness/stoniness 30%–50% (0.17), rockiness/stoniness above 50%
(0.12), ridge (0.11), eutric brown soil (0.07) and ranker (0.06) (Figure 4).

Figure 4. Two-dimensional NMDS ordination based on relief, rockiness/stoniness and soil type data.
(a) The distribution of mapped polygons in the ordination space, distinguishing four forest habitat
subtypes: A (red)—Acer pseudoplatanus-Ulmus glabra stands, B (blue)—Fraxinus excelsior stands, C
(green)—Tilia sp. stands and D (grey)—Acer pseudoplatanus stands on more acidic soils with an
admixture of Castanea sativa. Squares with letters inside correspond to the centroids of the habitat
subtypes. (b) Significant (p < 0.05) variables, abbreviated as follows: rock0_5 = rockiness/stoniness
0%–5%, rock10_30 = rockiness/stoniness 10%–30%, rock 30_50 = rockiness/stoniness 30%–50%,
rock_50 = rockiness/stoniness above 50%, brown–brown calcareous soils, eutric–eutric brown soils.
Labels for other variables are considered to be self-explanatory.

The two-dimensional NMDS ordination (final stress: 0.167), containing information
regarding the threats and conservation status, showed a high overlap of centroids for
subtypes B, D and A (Figure 5). Nevertheless, the PERMANOVA test suggested statistically
significant differences (F = 4.34, p < 0.001) between subtypes, although the explained
variance was evidently lower (R2 = 7%) compared to the first two NMDS ordinations.
Pairwise comparisons revealed that all four subtypes differed significantly from each other
at p < 0.05. These comparisons could be ordered as follows (based on the F values of the
pairwise PERMANOVA tests): subtype B vs. subtype D (p < 0.001), subtype B vs. subtype
C (p < 0.001), subtype A vs. subtype C (p < 0.01), subtype C and subtype D (p < 0.01),
subtype A vs. subtype D (p < 0.05) and subtype A vs. subtype B (p < 0.05). The two
explanatory variables with the highest r2 values were unfavourable conservation status
(R2 = 0.68) and favourable conservation status (0.59). The conservation status category,
favourable/unfavourable (unfavourable/favourable), also contributed to the explained
variation (0.43), as did the category of other threats (0.26) and browsing pressure (0.23).
Other significant variables were beech competition (0.11), habitat fragmentation (0.07),
invasive alien species (0.05) and the conservation status category unfavourable/poor
(poor/unfavourable) (0.04).
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Figure 5. Two-dimensional NMDS ordination based on identified pressures and threats and over-
all conservation status. (a) The distribution of mapped polygons in the ordination space, distin-
guishing among four forest habitat subtypes: A (red) – Acer pseudoplatanus-Ulmus glabra stands,
B (blue) – Fraxinus excelsior stands, C (green) – Tilia sp. stands and D (grey) – Acer pseudopla-
tanus stands on more acidic soils with an admixture of Castanea sativa. Squares with letters in-
side correspond to the centroids of the habitat subtypes. Note that the centroid of subtype A is
hidden behind the centroids of B and D. (b) Significant (p < 0.05) variables: fav.unfav_unfav.fav
= favourable/unfavourable (or unfavourable/favourable) status, unfav.poor_poor.unfav = un-
favourable/poor (or poor/unfavourable) status, fragment = habitat fragmentation, beech = competi-
tion from Fagus sylvatica, invasives = invasive alien plant species, other = other pressures and threats
(e.g., altered tree species composition, competitive pressure for tree seedlings and saplings induced
by dense herbaceous vegetation).

The final CCA model included eight explanatory variables, which collectively ex-
plained 16.2% of the variation in tree community composition. The constraining variables
(p < 0.05, listed in descending order of importance) were the following: category of rock-
iness 0%–5%, tree mortality, brown soils on limestone and dolomite, beech competition,
concave relief, presence of forest roads, presence of invasive plant species and favourable
conservation status (Figure 6). The distribution of samples (polygons) in the CCA diagram
revealed that subtype C was clearly positioned away from the other three subtypes and
that subtype A and subtype B highly overlapped. Additional patterns inferred from the
CCA analysis were a negative association between threats and favourable conservation
status (gradient along the CCA axis 2) and that subtype D differed from subtypes A and B
mostly in terms of rockiness (correlated with soil type) and the presence of invasive plants
(gradient along the CCA axis 1; Figure 6).

Figure 6. Canonical correspondence analysis (CCA) diagrams showing the main dimensions of tree
species compositional variability between four habitat subtypes. (a) The distribution of 174 samples
in the CCA ordination space with convex hulls constructed around each habitat subtype: A—Acer
pseudoplatanus-Ulmus glabra stands, B—Fraxinus excelsior stands, C—Tilia sp. stands and D—Acer
pseudoplatanus stands on more acidic soils with an admixture of Castanea sativa. (b) The black arrows
denote significant explanatory variables (refer to previous figures for their abbreviations).
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We identified at least one indicator tree species significantly associated with subtype
B, C or D, whereas subtype A did not have any indicator species (Table 2). Fraxinus excelsior
was significantly associated with subtype B and Tilia sp. and the group of thermophilous
broadleaves with subtype C. Castanea sativa and Acer pseudoplatanus were indicators for
subtype D (Table 2).

Table 2. List of indicator tree species significantly associated with different habitat subtypes: A – Acer
pseudoplatanus-Ulmus glabra stands, B – Fraxinus excelsior stands, C – Tilia sp. stands and D – Acer
pseudoplatanus stands on more acidic soils with an admixture of Castanea sativa. Significance levels
were coded as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

Habitat
Subtype

No. of Indicator
Species

Tree Species
Indicator Value

(IndVal)
Sig.

Subtype A 0 / / /
Subtype B 1 Fraxinus excelsior 0.68 ***

Subtype C 2
Tilia sp. 0.76 ***

thermophilous broadleaves 0.69 **

Subtype D 2
Castanea sativa 0.61 **

Acer pseudoplatanus 0.52 *

The studied subtypes exhibited prominent differences regarding their conservation sta-
tus (Figure 7). Overall, subtypes could be ranked from those having the most favourable sta-
tus to those having the least favourable status in the following order: subtype
C > subtype A > subtype D > subtype B. More than half of all polygons in subtype C had
favourable conservation status and no polygon was assigned to the poor status. In contrast,
subtype B had almost 25% of polygons with either poor or unfavourable/poor status.
Across all subtypes, the class of unfavourable conservation status had the highest mean
proportion (45.9%) (Figure 7).

Figure 7. Proportions of the five categories describing conservation status in each habitat subtype:
A—Acer pseudoplatanus-Ulmus glabra stands, B—Fraxinus excelsior stands, C—Tilia sp. stands and
D—Acer pseudoplatanus stands on more acidic soils with an admixture of Castanea sativa.
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3.2. ALS Data

The ALS-derived datasets were characterized by a large number of datapoints. In the
case of SLOPE and TPI, the total number of 1 × 1 m raster cells was 3,141,648 (subtype A:
1,817,396 cells, subtype B: 249,467, subtype C: 59,200 and subtype D: 1,015,585 cells).

A summarized depiction of each ALS-derived parameter is given in Figure 8. An
area in the western and central part of the BHD site, including the Boč mountain summit,
was chosen as all four HsT were mapped there, creating a spatially diverse mosaic of four
subtypes belonging to the same HT (Figure 8).

Figure 8. Spatial maps illustrating the digital orthophoto (a), terrain steepness (SLOPE, b) and
Topographic Position Index (TPI, c). Higher TPI values denote convex topography (e.g., ridges),
whereas lower TPI values were typical for concave terrain (e.g., dolines). The letters within the
polygons represent forest habitat subtypes as follows: a—Acer pseudoplatanus-Ulmus glabra stands,
b—Fraxinus excelsior stands, c—Tilia sp. stands and d—Acer pseudoplatanus stands on more acidic
soils with admixture of Castanea sativa.
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We found significant differences between habitat subtypes for SLOPE and TPI values
(Figure 9). Regarding terrain steepness, the most noticeable were the steep slopes for
subtype C. Almost 75% of raster cells belonging to subtype C had slope steepness values
above 30◦ (Table 3). These Tilia-dominated stands mostly thrived on steep rocky slopes,
sometimes even on cliffs. Subtype D was ranked second in terms of slope steepness, with
the majority of cells having slopes above 30◦. Subtypes A and B exhibited lower slope
steepness values (Table 3). Smaller differences between subtypes were found for TPI
values. However, Tukey post-hoc tests revealed significant differences for all pairwise
comparisons, and, thus, mainly confirming the topographically-induced occurrence of
subtypes. The median TPI value was similar for all four subtypes (around 0), but the range
distribution of values showed some notable differences (Figure 9). For instance, subtype C
had a pronounced portion of cells with a TPI above 1 and even outliers with exceptionally
high TPI values, indicating more convex terrain. The other three subtypes had a higher
proportion of cells with TPI values below 0. The polygons belonging to subtypes A and D
occurred on more concave topographic setups, such as dolines and ditches.

Figure 9. Boxplots showing the distribution of values derived from the ALS data (a) SLOPE–terrain
steepness and (b) TPI – Topographic Position Index, for each of the studied forest habitat subtypes: a
(red)—Acer pseudoplatanus-Ulmus glabra stands, b (blue)—Fraxinus excelsior stands, c (green)—Tilia sp.
stands and d (grey)—Acer pseudoplatanus stands on more acidic soils with an admixture of Castanea
sativa. Subtypes not sharing the same letter (below boxplot) significantly differ at p < 0.001 according
to the Tukey post-hoc tests with ANOVA.
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Table 3. The distribution of terrain steepness (SLOPE, in degrees) and Topographic Position Index
(TPI, unitless) values, expressed in percentages (%) for different categories. The subtypes are A—Acer
pseudoplatanus-Ulmus glabra stands, B—Fraxinus excelsior stands, C—Tilia sp. stands and D—Acer
pseudoplatanus stands on more acidic soils with an admixture of Castanea sativa.

SLOPE (in %)

Category Subtype A Subtype B Subtype C Subtype D

Below 5◦ 1.6 1.9 0.1 1.0
5–9.9◦ 4.7 4.1 0.4 2.5

10–19.9◦ 21.6 24.5 5.4 11.6
20–29.9◦ 38.6 41.6 19.3 30.3

Above 30◦ 33.5 27.9 74.8 54.6

TPI (in %)

Category Subtype A Subtype B Subtype C Subtype D
Below −2 5.2 3.7 9.1 11.0

From −2 to −1 11.3 10.8 16.9 12.7
From −1 to 0 39.4 38.0 34.2 33.6
From 0 to 1 36.0 36.6 22.4 34.2

Above 1 8.1 10.9 17.4 8.5

4. Discussion

Proper management of Natura 2000 HTs requires improved knowledge on their eco-
logical characteristics, spatial distribution and conservation status [5]. This study addressed
the potential of field mapping of forest stands, based on vegetation typology and ALS-
based characterization, to reveal the multi-faceted differences between the habitat subtypes
(HsT) of the Natura 2000 priority habitat type Tilio–Acerion (9180*). Although these stands
covered rather small areas, we discovered substantial variation between HsTs. Since the
Tilio–Acerion forests are relatively heterogeneous in terms of ecological conditions, the
approach based on HsTs could contribute to more reliable conservation assessment and
management of an entire HT.

In the BHD Natura 2000 site, we found that the four pre-defined HsTs differ in the
majority of the investigated features. The most abundant HsT, covering the largest area,
was subtype A (stands dominated by Acer pseudoplatanus and Ulmus glabra), followed by
subtype D (occurring on more acidic soils compared to the other three subtypes). We
mapped only seven (out of 174) stands assigned to subtype C (Tilia platyphyllos and T.
cordata as the dominant overstory tree species). These results indicated that the HsTs of the
9180* HT were unevenly represented in the studied site. Furthermore, the average area of
mapped polygons varied significantly. It is, therefore, important to use a spatial resolution
which can detect subtypes covering smaller areas, such as subtypes C and B in our case.

The four HsTs differed most significantly in terms of tree species composition, as
demonstrated by the results derived from the NMDS and CCA. Tree species composition
has been established as a cost-effective and easy-to-obtain indicator, with high predictive
power in forest ecosystems [8,14] and can serve as an important starting point for assessing
the conservation status of a forest HT [5,44]. Despite significant differences in tree species
composition between the four HsTs, it is important to note that many noble broadleaves,
which are diagnostic species of Tilio–Acerion forests, occur in different subtypes and are not
strictly confined to a particular subtype. Some of the tree species were identified as good
indicators of certain HsTs, according to the IndVal analysis. For example, the tree layer of
even-aged forest stands assigned to subtype B was usually strongly dominated by Fraxinus
excelsior. Similarly, Tilia platyphyllos and T. cordata were rarely found in subtypes other than
subtype C, which frequently exhibited an admixture of thermophilous broadleaves. On
the other hand, subtype A did not have any significant tree indicator species, which could
be attributed to the normally diverse tree species composition of forest stands in this HsT
(frequent admixture of Ulmus glabra and Fagus sylvatica). Acer pseudoplatanus was present
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in all subtypes, except subtype C. However, it was identified as an indicator species for
subtype D, as shown by the IndVal analysis. Compared to subtype A, stands of subtype D
were often composed of a pure A. pseudoplatanus overstory layer with a smaller admixture
of codominant tree species linked to more acidic soil types. Among the subordinate tree
species, some could be even used as differentiating species between subtypes. In our study
area, this was true for Castanea sativa, which was never present on pure calcareous soil and
was only present in subtype D (clearly supported by the IndVal analysis). Likewise, Prunus
avium was also frequently present in stands belonging to subtype D, as these were mainly
mapped at lower elevations in the eastern part of the BHD site (i.e., Haloze hills).

With respect to the tree species composition, we noticed that a substantial proportion
of mapped stands (with the exception of subtype C) exhibited deviation from the natural
or desired species composition in the tree layer. The degree of representativeness of tree
species composition was used as one of the core factors for evaluating conservation status
during field mapping. Two distinct patterns were identified. Firstly, Tilio–Acerion forests in
the BHD site were embedded within a large matrix of prevailing Fagus sylvatica forests. The
threat of beech competition was identified as one of the variables explaining the variation
in tree communities between different HsTs (CCA results). In our study area, the 9180* HT
was preserved to a greater extent where beech was not competitive. Beech is especially
competitive in the regeneration layer, where it can outperform noble broadleaves, due to its
high shade tolerance. Secondly, altered tree species composition, in the form of a substantial
proportion of Picea abies, was a consequence of past forest management. Norway spruce was
often planted on forest sites with high soil productivity, where noble broadleaves would
naturally dominate. Such human-induced alterations of tree species composition decreased
forest naturalness. Altered tree species composition significantly affected the diversity and
composition of understory strata and other trophic levels (animals, fungi), and posed a
threat to the conservation of the studied HT and its HsTs. A relatively large proportion of
spruce in the growing stock was among the main factors indicating the poorer conservation
status of this HT. This seems to be a problem for the majority of Tilio–Acerion forests in
Slovenia. Based on analyses of data from the Slovenia Forest Service, Kutnar et al. [14]
found that Picea abies accounted for as much as 40% of the total growing stock and Fagus
sylvatica 25% of the total growing stock in Slovenian Tilio–Acerion forest stands. In addition,
low vitality, or even complete dieback of edificator tree species, was another contributing
factor to the higher discrepancy between the naturally-preserved state of forest stands and
observed situations in the field, and, consequently, to poorer conservation status.

Data acquired during field mapping showed that the four subtypes differed in terms
of relief features, rockiness/stoniness and soil conditions. These three parameters were
intercorrelated. For instance, subtype C, occurring on ridges and steep slopes, also had a
higher proportion of rocks/stones on the surface and more shallow soil (e.g., rendzinas).
In concave landforms (e.g., dolines), where subtype A was most often found, deeper soil
types were formed, such as brown calcareous soils. For subtype D, a general pattern was
that it occurred on more eutric brown soils with lower soil pH compared to the other three
soil types. The main difference between carbonate (limestone) parent material and mixed
or silicate parent material could be quite easily recognized in the field with respect to how
much of the surface was covered with rocks and/or stones. All these topographic and
soil parameters could serve as surrogates for identification, and differentiation, of HsTs
during field mapping. However, the same subtype could vary significantly, and different
subtypes, distinguished on stand characteristics (tree species composition), could share
similar topographic and soil properties, as these usually change at fine spatial scales.

Even greater similarity between HsTs was found for pressures and threats and the over-
all evaluation of conservation status. Subtype C somewhat exhibited the most favourable
conditions, despite its low frequency of occurrence. This was related to the fact that Tilia
sp. forest stands were mainly found in more remote areas where anthropogenic pressures
were less likely to influence the natural development of forests. We confirmed that among
various threats to the conservation status of HsT, habitat fragmentation was common to all
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subtypes, and stands covering larger areas were rarely found. Small HsT were additionally
under pressure because of other threats. Game browsing could be seen as an omnipresent
pressure that prevents the ingrowth of key tree species into shrub and tree layers. The Boč
mountain is a central area of the mouflon (Ovis musimon Pallas) population, a non-native
animal species introduced decades ago but preserved for hunting. This species, along with
indigenous deer species, represents an important negative factor in the natural develop-
ment of forests, due to their browsing and worsening of the ecological conditions of native
species in the entire BHD site and, particularly, on Boč mountain [25]. Complementary
inputs are required from all stakeholders (i.e., foresters, hunters, forest owners, conser-
vationists) to solve the problems of wildlife management [45]. Natural regeneration of
site-adapted tree species is key for preserving the favourable conservation status of the HT.
A deficit of natural regeneration is a major long-term threat to the studied HT because it
defines the tree species composition of mature stands, a feature for which we demonstrated
a high importance in the overall identification of the 9180* HT and its subtypes.

Among the most significant threats that contributed to the differentiation between
HsT were also invasive alien plant species and pathogens causing tree mortality. Robinia
pseudoacacia L., known for its invasive potential in a wide range of forest communities,
was present as an overstory subordinate species in a few surveyed forest stands, followed
by non-native conifers Pseudotsuga menziesii (Mirb.) Franco and Pinus strobus L. (both
artificially promoted by planting). The most frequently recorded invasive plants in the
understory layer were fast-growing ruderals Erigeron annuus (L.) Desf. and Impatiens
parviflora DC., but their abundance was rather low in the mapped polygons. The occasional
occurrence of these invasive plants was mainly restricted to forest roads, skidding trails
and disturbed stands with less canopy closure, as these plants are successful colonizers in
canopy gaps with modified ecological conditions. The degree of invasiveness of neophytes
should be monitored in the future, as they are often one of the main management concerns.

A major problem for European ash (Fraxinus excelsior) is the invasive fungal disease
known as ash dieback (Hymenoscyphus fraxineus). The threat of tree mortality was among
the leading factors explaining tree community composition (see CCA results). It was noted
for almost every forest stand belonging to subtype B and often in other subtypes with the
presence of individual European ash trees. This pathogen is a pressing conservation biolog-
ical challenge throughout Europe [46], as it lethally affects ash trees of all age classes and
tree mortality levels are high. Other tree species have also been threatened by widespread
pest infestations. Dutch elm disease (Ophiostoma novo-ulmi) has long been a threat to Ulmus
glabra trees in the temperate zone.

The relatively unfavourable conservation status of the Tilio–Acerion forests in the BHD
Natura 2000 site results from a complexity of many different negative factors and their
interactions. Pressures from fragmentation, hampered natural regeneration, mortality of
key tree species and an unsuitable ratio between developmental (successional) phases [14]
pose a serious risk to the studied 9180* HT and, ultimately, undermine the integrity of
the existing habitat type to such a degree that the development of a new trajectory is
inevitable. As discussed for the 91K0 HT and its HsT [2], it is possible to predict that shade-
tolerant beech is likely to prevail over time if regeneration patterns do not change and deer
herbivory does not diminish. Forest stands currently composed of noble broadleaves could
be replaced by competitively superior beech in the future. Therefore, effective conservation
strategies starting with local site-adapted management measures are urgently needed.
To ensure the favourable conservation status of the HT, appropriate management and
restoration actions should be implemented regularly [47], and, in the case of Tilio–Acerion
forests, preferably at the level of HsTs.

Forest stands assigned to the Tilio–Acerion HT are interesting for both timber pro-
duction (valuable timber of noble broadleaves) and biodiversity conservation. It is, thus,
imperative that the goal-setting process becomes more subtype-specific, aiming at finding
trade-offs between economic and biodiversity forest functions. Differentiating between
HsTs can contribute to the more sustainable management of these forest stands. Similar to
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the conclusions made by Kovač et al. [2], we believe that unified management approaches
simply do not work because they provide different outcomes in habitat subtypes with dif-
ferent ecological backgrounds, stand characteristics (tree species composition), topographic
factors and other specificities (threats in the form of biotic and abiotic stressors) and, thus,
in management applications. If the stands belonging to HsTs and forest associations alone
are considered as conservation units, and their biodiversity portrayals need to be sustained,
only a free-style silvicultural system can be implemented [2].

We showed that information obtained with remote sensing techniques can be used
in terms of valuable explanatory and discriminating variables. ALS-derived variables
served to characterize individual HsT with respect to topographic variables (slope steep-
ness and terrain concavity and convexity). The application of remote sensing techniques in
conservation ecology and forest management is still scarce [48]. ALS data and its deriva-
tives have a strong, yet underexploited, potential to assist in the monitoring of Natura
2000 habitat types and other ecologically significant areas [49]. Overall, the results from
Bässler et al. [3] demonstrated that airborne laser scanning is a rapid method of predicting
Natura 2000 habitat types with an accuracy similar to time-consuming ground surveys.
Multiple arguments were outlined in favour of the application of ALS for conservation
efforts. The main advantage of ALS and related methods is that they allow sampling of
habitat characteristics at a high spatial resolution over a large spatial extent. However, the
authors do not suggest that ALS alone should be used to map Natura 2000 habitat types. In
our case, both SLOPE and TPI could be used as input variables to model the probability of
occurrence of different HsTs, but any successful application of remotely sensed indicators
of habitat characteristics or conservation status requires careful ground truthing [7].

If we are to maintain the favourable condition of forest HT, mapping, monitoring
and management should be based on the subtype level [9,50]. The integration of such
principles into conservation schemes would help the estimation of habitat type status.
Verified estimations based on HsT level can help to identify more detailed threats and
subtype-specific stressors, which are usually not identified at the level of habitat types.
Such approaches allow for both practical results useful for management as well as more
scientific outputs. Assessments made at the subtype level can certainly improve the
overall assessment of the conservation status of HTs, because the evaluation is more
detailed. Whenever relevant, we recommend transferring the subtype-level approach to
other (heterogenous) forest habitat types and regions.

5. Conclusions

In the Boč–Haloze–Donačka gora Natura 2000 site (Slovenia), Tilio–Acerion forests of
slopes, screes and ravines cover small, fragmented areas within prevailing beech forest
communities. The main novelty of this study was the implementation of an HsT approach
for Tilio–Acerion forests. The results showed that the four studied HsTs differed significantly
in terms of the areas they cover and could be distinguished in terms of tree species compo-
sition, relief features (concave vs. convex terrain) and the various threats they experienced
(habitat fragmentation, mortality of the key tree species, and game browsing of the tree
species’ regeneration layers). Such pressures put the entire HT into a rather unenviable
situation, and appropriate conservation measures are, thus, necessary. We conclude that
owing to the specificities of individual HsTs, conservation goals and management activities
should not only be targeted at the Natura 2000 HT level. Specific management and conser-
vation measures should address each site-specific HsT of Tilio–Acerion forests, which each
face different pressures and threats to their stability and long-term persistence.
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44. Kovač, M.; Gasparini, P.; Notarangelo, M.; Rizzo, M.; Cañellas, I.; Fernández-de-Uña, L.; Alberdi, I. Towards a set of national
forest inventory indicators to be used for assessing the conservation status of the habitats directive forest habitat types. J. Nat.
Conserv. 2020, 53, 125747. [CrossRef]

45. Reimoser, F. Steering the impacts of ungulates on temperate forests. J. Nat. Conserv. 2003, 10, 243–252. [CrossRef]
46. Pautasso, M.; Aas, G.; Queloz, V.; Holdenrieder, O. European ash (Fraxinus excelsior) dieback—A conservation biology challenge.

Biol. Conserv. 2013, 158, 37–49. [CrossRef]

203



Forests 2023, 14, 232

47. Simonson, W.D.; Allen, H.D.; Coomes, D.A. Remotely sensed indicators of forest conservation status: Case study from a Natura
2000 site in southern Portugal. Ecol. Indic. 2013, 24, 636–647. [CrossRef]

48. Lechner, A.M.; Foody, G.M.; Boyd, D.S. Applications in Remote Sensing to Forest Ecology and Management. One Earth 2020, 2,
405–412. [CrossRef]

49. Nagendra, H.; Lucas, R.; Honrado, J.P.; Jongman, R.H.G.; Tarantino, C.; Adamo, M.; Mairota, P. Remote sensing for conservation
monitoring: Assessing protected areas, habitat extent, habitat condition, species diversity, and threats. Ecol. Indic. 2013, 33, 45–59.
[CrossRef]

50. Tsiripidis, I.; Xystrakis, F.; Kallimanis, A.; Panitsa, M.; Dimopoulos, P. A bottom–up approach for the conservation status
assessment of structure and functions of habitat types. Rendiconti Lincei. Sci. Fis. E Nat. 2018, 29, 267–282. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

204



Citation: Uprety, Y.; Tiwari, A.; Karki,

S.; Chaudhary, A.; Yadav, R.K.P.; Giri,

S.; Shrestha, S.; Paudyal, K.; Dhakal,

M. Characterization of Forest

Ecosystems in the Chure (Siwalik

Hills) Landscape of Nepal Himalaya

and Their Conservation Need. Forests

2023, 14, 100. https://doi.org/

10.3390/f14010100

Academic Editors: Konstantinos

Poirazidis and Panteleimon Xofis

Received: 3 December 2022

Revised: 30 December 2022

Accepted: 31 December 2022

Published: 5 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Characterization of Forest Ecosystems in the Chure (Siwalik Hills)
Landscape of Nepal Himalaya and Their Conservation Need

Yadav Uprety 1,*, Achyut Tiwari 1, Sangram Karki 2, Anil Chaudhary 1, Ram Kailash Prasad Yadav 1, Sushma Giri 3,

Srijana Shrestha 3, Kiran Paudyal 3 and Maheshwar Dhakal 3,*

1 Central Department of Botany, Tribhuvan University, Kathmandu 44600, Nepal
2 Forest Research and Training Center, Ministry of Forests and Environment,

Babarmahal, Kathmandu 44600, Nepal
3 President Chure Terai-Madhesh Conservation Development Board, Khumaltar, Lalitpur 44700, Nepal
* Correspondence: yadavuprety@gmail.com (Y.U.); maheshwar.dhakal@gmail.com (M.D.)

Abstract: As a basic component of the forest ecosystem, the forest structure refers to the general
distribution of plant species of different life forms and sizes. The characterization of forest structure
is the key to understanding the vegetation history, present status, and future development trajectory
of the forest ecosystems. The Chure region of Nepal covers about 12.78% of the country’s land area
and extends east to west along the southern foothills. This biologically rich but geologically fragile
region is home to many species and provides many ecosystem services to millions of people. The
Chure landscape is severely suffered from anthropogenic disturbances including logging, grazing,
fuelwood collection, solid waste disposal, encroachment, forest fire, and excavation of sand, gravel,
and boulders. In this study, we aim to characterize the forest ecosystem types outside the protected
areas in the Chure region of Nepal and analyze the threat and vulnerability of the landscape from the
biodiversity point of view. We sampled 62 sites to study the dominant vegetation type, regeneration
status, and major threats to the forest ecosystems. A distribution map of the forest ecosystem types in
Chure was prepared. We identified 14 forest ecosystem types in Chure including seven new ones.
The newly reported forest ecosystems are Hymenodictyon excelsum Forest, Syzygium cumini Forest,
Terminalia anogeissiana Forest, Schima wallichii–Shorea robusta Forest, Pinus roxburghii–Shorea robusta
Forest, Pinus roxburghii Forest, and Bamboo thickets. We conclude that intensified human activities
including forest encroachment and deforestation are mainly responsible for the ecological imbalance
in the Chure region. We emphasize an in-depth analysis of biophysical linkage and immediate
conservation efforts for the restoration of the Chure landscape in Nepal.

Keywords: biodiversity; disturbances; ecosystem; forest types; threats

1. Introduction

Forest structure is both a product and a key driver of biological diversity and ecosys-
tem processes over a long temporal and spatial scale [1–3]. Forest structure affects forest
productivity, tree species diversity, and biological habitat that eventually determines the
quality of forest ecosystem goods and services [1,2,4–6]. A particular forest stand structure
is a basic unit of a forest community and also a proxy for a specific biological community.
Such a community with a dominance of particular species and homogenous environmental
parameters with relatively stable conditions forms a unique habitat and represents an eco-
logical facet that evolves as a unique forest ecosystem [7,8]. A local-scale forest ecosystem
is characterized by spatially co-occurring vegetation assemblages that share a common
ecological gradient, substrate, or process [9]. The interconnections among local-scale ecosys-
tems in different spatial and temporal scales form a hierarchical structure and shape the
nature of future ecosystems [10]. The precise spatiotemporal information on forest types
and areas at the regional scale is required for their better management, understanding of
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the carbon cycle, and modeling of biophysical attributes, hydrology, and climate [6,11].
Understanding threats and vulnerabilities to forest biodiversity is needed for actions to
slow the current risks and secure ecosystem services for future generation [12].

The Chure mountain range (also called Siwalik hills) forms a more than 2000 km
stripe along the outer Himalayas through India to Nepal and into northern Pakistan [13].
Situated between the plains in the south and the Mahabharat hills in the north, the Chure
is one of the youngest mountains in the world [14]. The Nepal part of the Chure spreads
over 37 districts and covers 12.78% of the country’s total land area, forming a stretch of
800 km east to west [15–19]. Besides the lower plains of the Indian subcontinent, Chure
also constitutes the larger parts of inner valleys (also called Dun valleys) in Udayapur,
Sindhuli, Makawanpur, Chitwan, Surkhet, and Dang districts in Nepal [18]. The average
peak is high in west Nepal at about 1800 m and low in east Nepal with a maximum of
700 m altitude [20]. It is the most fragile and vulnerable ecosystem because of natural and
anthropogenic factors [14,16,17,21]. Due to the weak and fragile geography, the Chure
region is highly vulnerable to erosion and other hazards. For these reasons, coupled with
poor water availability, Chure was not inhabited in the past. However, with increasing
population pressure from migration after the 1980s the areas of cultivation had begun
to appear in these hills which was regarded as a very undesirable trend in view of the
extremely fragile nature of the soil in this area [20].

The Chure region is severely affected by various anthropogenic activities. The people
living in core Chure forest areas are heavily dependent on forest resources [22]. Along
with population growth and migration, the region is threatened by deforestation, grazing,
fuelwood collection, encroachment, forest fire, and excavation of sand, gravel, and boulders.
Illegal logging and excavation of sand, gravel, and boulders and haphazard development
activities without consideration of environmental impacts are mostly responsible for the
degradation of the Chure landscape. The environmental integrity of the region has been
severely altered because of these drivers of change. Realizing the ecological importance
and conservation sensitivity and needs, the Government of Nepal formulated the 20-year
Master Plan for sustainable conservation of the region [17]. Chure conservation is one of
the national priority programs of the Government of Nepal for the last two decades [23].

A number of studies provide important information about conservation and man-
agement issues [24–26], biodiversity, and ecosystem services [16,19,22,27–29], landscape
processes [14,30], and agroforestry systems [31] in Chure. The Master Plan has mentioned
11 forest ecosystems outside protected areas (eight in Chure and three in Terai regions)
referring to Biodiversity Profile Project (BPP), but the location and conservation status of
these ecosystems are unknown [17]. The BPP conducted during 1994–1996 was largely
based on the ecological maps produced during 1971–1985 and the reports have highlighted
the potential inconsistencies in these ecological maps [15,32]. Considering the basic forest
structure as a proxy of specific forest ecosystem type, we aim to identify the forest ecosys-
tems outside protected areas, locate these ecosystems in the map, assess their status, and
identify important biodiversity areas in Chure landscape. Moreover, we also present the
important knowledge synthesis about the major biological features of the Chure. Char-
acterizing these ecosystems would help deploy proper conservation and management
strategies by providing tools for communicating the relevance of ecosystems to the public,
and support decision-makers to spatially identify priority areas.

2. Materials and Methods

2.1. Study Area

The study covers the Chure landscape of the Nepal Himalaya (Figure 1). Chure
represents the parts of Nepal’s tropical and sub-tropical bioclimatic regions and forms the
largest and longest landscape. Of the total forest area of Nepal, 23.04% lies in Churia [33].
Chure covers parts of all the seven provinces of Nepal and also the parts of the Terai Arc
Landscape (TAL), Chitwan-Annapurna Landscape (CHAL), and Kangchenjunga Landscape
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(KL) [34–36]. About 7.7 million (26% of the national population) people live in 37 districts
of Chure [37].

Figure 1. Map of Nepal showing Chure range and forests in green. The black dots represent the
sampling sites.

The Chure are formed from soft, very erodible sediments so that gullies and areas of
bad-land are frequent. It is believed that Chure hills have been formed from sediments
produced by the rising Himalaya during the last 40 million years or so. Chure is geologically
young and composed of unconsolidated loose materials originating from soft rocks (e.g.,
mudstone, sandstone, siltstone, and shale) [13,18].

2.2. Methods

Primary data were collected from the field and secondary information was gener-
ated from the various studies including that of Dobremez [38], BPP reports published
during 1995–1996 [15,32], and others [16,17,24,25,27,29,39]. Moreover, participatory and
consultative approaches were also adopted to identify the sampling sites and threats to the
forest ecosystems.

2.2.1. Sampling Procedures

We located forest ecosystems outside the protected areas in the Chure landscape based
on the literature [15], satellite images, and expert knowledge. Forests were identified both
by the presence of trees (5 m height) and the absence of other predominant land uses
following FAO (2000) (land with a tree canopy cover of more than 10 percent and an area
of more than 0.5 ha) [8]. Based on this working definition, a forest spreading over 0.5 ha
was considered as a distinct forest ecosystem. The forest with more than 60% dominance
was named after that species and the forest with the dominance of more than one species
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was named after those species, for example Schima wallichii–Shorea robusta Forest, following
the approach used by FRTC [40].

We adopted random-purposive sampling for gathering primary information on forest
ecosystems, species composition, and conservation status. A total of 62 sampling sites
covering 24 districts were studied (Figure 1). At each sampling site (within the 0.5 ha forest),
a plot size of 20 m × 20 m was established. Dominant and co-dominant tree species and
their coverage, and other associated species including shrubs and herbs were noted. The
sampled forest site located at the lowest elevation was at 134 m asl (Baba Tal, Sarlahi) while
the plot at 1355 m asl (Khanidanda Chure Rural Municipality at Kailali district) represents
the highest elevation site. Coordinates of each plot were noted using the Global Positioning
System and later the distribution map of the forest ecosystem types was prepared. Field
visits were conducted from November 2021 to February 2022.

2.2.2. Assessment of Regeneration Status and Disturbances

The regeneration of the forest species and disturbances to the forest ecosystems were
studied inside the 20 m × 20 m plots. Each plot was subdivided into 10 m × 10 m and
the regeneration status (number of seedlings and saplings) was noted in the clockwise
direction within the plots. The regeneration status of the forest is expressed with categorical
variables, i.e., low = 1 (less than 20 individuals of seedlings and saplings), moderate = 2
(more than 20 and less than 60 individuals), and high = 3 (more than 60 individuals). Then,
the average regeneration score of each forest type was calculated. Such a mixed approach of
qualitative and quantitative methods is common in forest status assessments [16,41]. Like-
wise, disturbances such as forest encroachment and deforestation (based on the evidence of
grazing, cut stumps/logging, fuelwood collection, fodder collection), forest fire, and the
presence of invasive species were noted and assigned scores from 0 to 4 (0 = no disturbance;
no sign of disturbance; 1 = low disturbance; with one evidence of disturbance; 2 = moderate
disturbance; with two evidences; 3 = high disturbance; with three evidences, and 4 = very
high disturbance; with more than three evidences). Based on the score obtained, the threat
level was identified. The disturbance indicators used for this assessment are the common
factors responsible for deforestation and forest degradation in Nepal [16,42], and the scale
is comparable to Miehe et al. [39].

2.2.3. Stakeholder Consultation

Participatory and consultative (stakeholder involvement) approaches were also used
to locate the sampling sites and validate the information collected from the field. For
this purpose, we organized seven consultative workshops one in each province. Eight
to twelve participants from the communities and forest authorities participated in each
consultation workshop and the participants were asked to locate the different forest types
on the map. Further, they were asked to highlight the status and observed threats to these
forests. The disturbance score and the threat assessment (asterisks) were validated in these
consultative workshops.

2.2.4. Plant Identification

In cases where field identification was certain, for example, Shorea robusta, Pinus
roxburghii, and Schima wallichii, plant species were identified on the spot. In other cases,
field notes, local names, and photographs were taken and herbarium specimens were
collected. The specimens were identified with the help of reference collections [43–48] and
expert consultation.

3. Results and Discussion

3.1. Forests and Ecosystems Types

Based on the dominant and co-dominant tree species type as one of the major charac-
teristics of forest ecosystem, 14 forest ecosystems outside protected areas in Chure were
identified, including the Bamboo thickets in the Siraha district of east Nepal, and located in
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the map (Tables 1 and S1, Figures 2 and 3). The ecosystem types presented in BPP report [15]
were further validated and additional ecosystem types were identified from this study
(Table 2). The most common forest ecosystem types in Chure were Shorea robusta (39%),
followed by Tropical mixed broadleaved forest (25%) whereas Hymenodictylon excelsum,
Senegalia catechu, and Albizia forests were poorly represented.

As our study took reference of BPP report [15] (referred also in Master Plan of
Chure [17]) to locate the forest ecosystems in Chure (Table S2), we attempted to locate all
forest ecosystems including Alnus nitida forest in the Chure region. However, our study did
not find the Alnus nitida forest. The occurrence of this forest species was further verified
with the flora of far-west Nepal [47] and experts having knowledge about the local flora
of western Nepal. It was confirmed that the species is not present in Chure. This species
is a component of Mugu Karnali vegetation in the Humla region at about 2100 m [49].
Hara et al. [44] have also mentioned Alnus nitida as a component of western flora. One of
the possible reasons why this ecosystem type does not exist could be some of the incon-
sistencies in the ecological maps produced by Dobremez and others during 1971–1985 as
reported by BPP [32].

A total of 118 ecosystems have been identified in Nepal, including 112 forest ecosys-
tems, four cultivation ecosystems, one water body ecosystem, and one glacier/snow/rock
ecosystem [15]. Among the five physiographic zones found in Nepal, the Middle Moun-
tains have the highest number (53) of ecosystems. The High Himal and High Mountains
combined have 38 ecosystems. The Terai and Siwalik have 14 and 12 ecosystems respec-
tively [15,32]. TISC [50] reduced the 118 types to 36, excluding the Nival zone and the
water bodies [51]. This information needs to be updated as natural ecosystems are dynamic
in nature, and their characteristics can vary over time [52,53].

3.2. Threats and Vulnerabilities

Of the total 62 sampling sites, forest encroachment and deforestation were found in
56 sites (90% plots) followed by forest fire and invasive species in 16 sites each
(26% plots). Further, based on the detailed assessment of disturbance variables, we identi-
fied one ecosystem as very highly threatened (with four asterisk marks—Senegalia catechu
Forest), four ecosystems as highly threatened (with three asterisk marks—Terminalia Forest,
Dalbergia sissoo–Senegalia catechu Forest, Tropical mixed broadleaved forest, Pinus roxburghii–
Shorea robusta Forest), six as moderately threatened (with two asterisk marks—Shorea robusta
Forest, Hymenodictyon excelsum Forest, Albizia Forest, Tropical deciduous riverine Forest,
Schima wallichii –Shorea robusta Forest, and Pinus roxburghii Forest), and three as relatively
less disturbed (with one asterisk mark—Syzygium cumini Forest, Terminalia anogeissiana
Forest, and Bamboo thickets) (see asterisk marks in Table 1). Forest disturbances (grazing,
logging, fire, flood cutting, encroachment, fuelwood collection) were high in Terminalia
Forest, Senegalia catechu Forest, Dalbergia sissoo–Senegalia catechu Forest, Tropical mixed
broadleaved Forest, and Pinus roxburghii–Shorea robusta Forest, moderate in Shorea robusta
Forests, Hymenodictyon excelsum Forest, Albizia Forest, Tropical deciduous riverine Forest,
Schima wallichii–Shorea robusta Forest, and Pinus roxburghii Forest, whereas low in Syzygium
cumini Forest, Terminalia anogeissiana Forest, and Bamboo thickets (Figure 3). It was found
that the existence of the Senegalia catechu forest is limited in very few localities of Chure as
fragmented patches. These forests are one of the highly threatened forest ecosystems in
the Chure region mainly due to forest encroachment, deforestation, road construction, and
invasion of other species.

Forest ecosystems plagued with the high level of threat caused by disturbances such
as logging (mostly illegal) and poor regeneration and survival (in the case of Senegalia
catechu, Dalbergia sissoo–Senegalia catechu) are more vulnerable. The mature individuals of
Senegalia catechu in the Chure forest are extremely rare, mostly due to the illegal felling. The
conservation priorities should be focused on the protection of this threatened species along
with other associated species such as Adina cordifolia and Shorea robusta.
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Figure 3. Cont.
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Figure 3. Phtoplates showing some of the forest ecosystem types in Chure. (A) Shorea robusta
forest ecosystem, (B) Syzygium cumini forest ecosystem, (C) Terminalia anogeissiana forest ecosystem,
(D) Terminalia forest ecosystem, (E) Senegalia catechu forest ecosystem, (F) Dalbergia sissoo–Senegalia
catechu forest ecosystem, (G) Tropical deciduous riverine forest ecosystem, (H) Tropical mixed
broadleaved forest ecosystem, (I) Schima wallichii–Shorea robusta forest ecosystem, (J) Pinus roxburghii–
Shorea robusta forest ecosystem, (K) Pinus roxburghii forest ecosystem, (L) Bamboo thickets.

Table 2. Forest ecosystems in Chure.

SN Type of Ecosystem Region
Reported in BPP Report (and
Referred in Chure Master Plan)

Reported as New

1 Shorea robusta forest East, Central, West
√

2 Hymenodictyon excelsum forest East
√

3 Syzygium cumini forest West
√

4 Terminalia anogeissiana forest West
√

5 Terminalia forest West
√

6 Senegalia catechu forest East
√

7 Albizia forest East
√

8 Dalbergia sissoo–Senegalia catechu forest West
√

9 Tropical deciduous riverine forest East and West
√

10 Tropical mixed broadleaved forest East, Central, West
√

11 Schima wallichii–Shorea robusta forest East
√

12 Pinus roxburghii–Shorea robusta forest Central
√

13 Pinus roxburghii forest Central, West
√

14 Bamboo thickets East
√
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3.3. Forest Regeneration

Out of 14 forest ecosystem types reported from Chure, six forest types namely Shorea
robusta, Hymenodictyon excelsum, Syzygium cumini, Tropical mixed broadleaved forests,
Schima wallichii–Shorea robusta, and Bamboo thickets are producing a good number of
seedlings (>60 individuals per plot) and naturally regenerating well. Adequate regeneration
of these species was also reported by DFRS [16]. This might be due to the fact that these
forests are relatively less disturbed. Similarly, four forest ecosystems showed moderate
germination showing less than 60 and more than 20 individuals within the plot studied.
Four forest types namely Terminalia anogeissiana, Senegalia catechu, Dalbergia sissoo–Senegalia
catechu, and Albizia forests showed poor natural regeneration representing less number of
seedlings in the plot (Figure 4). The poor representation of seedlings in the plot of these
forest types might be due to high disturbances like grazing, deforestation, fire, flood, and
invasive species.

Figure 4. Disturbance and regeneration score according to forest ecosystem types in Chure landscape.

The forest regeneration status is satisfactory in Chure as most of the forests showed
moderate to high regeneration. This is because seventy-two percent of our sampling plots
were located in community forests meaning that the user groups put some restrictions
on resource extraction. However, still, some of the forests showed poor regeneration.
Moreover, our sampling design purposively selected relatively good-quality less disturbed
forests. Therefore, the overall forest quality of Chure could be much lower than reported in
our study (see Figure 5a).

3.4. Floral and Faunal Biodiversity of Chure

The Chure harbors about 1000 plant species of different life forms [16,29,47]. The floral
diversity is comparable with that of the Indian part of Chure [54]. It includes more than
281 tree species that constitute about 40% of total tree species recorded in Nepal, 186 shrubs,
and 322 herbs including Pteridophytes [16]. Of the total 293 endemic plants of Nepal [55],
some nine species are found in the Chure region including Begonia minicarpa H. Hara
(Locality-Sunsari, 630 m); B. tribenensis C.R. Rao (Sunsari, 130 m); Eriocaulonex sertum Satake
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(Jhapa, 200–300 m); E. obclavatum Satake (Jhapa, 200–300 m); Isodondhan kutanus Murata
(Dhankuta, 1200 m); Eria nepalensis D.M. Bajracharya & K.K. Shrestha (Chitwan, 200 m);
Malaxis tamurensis Tuyama (Dhankuta, 1200 m); Ophiorrhiza nepalensis Deb & Mondal (Ilam,
450 m); Salix plectiles Kimura (E. Nepal, 200 m) [29,55,56]. However, a detailed floristic
inventory of the Chure is lacking.

Figure 5. One of the most degraded sites in Chure (a), young and fragile deposits in Chure as nesting
sites (b), endangered Cycas pectinata (c), freshwater swamp forests of Cephalanthus tetrandra (d).

Chure is also a pristine habitat for at least 41 species of mammals, 99 species of
herpetofauna (24 species of amphibians and 75 species of reptiles), and 279 species of
butterflies [17,19]. Most of the species found in the region are also listed in the CITES
Appendices and IUCN Red data book, e.g., tiger, elephant, and rhinoceros. Megafauna like
tiger, elephant, rhinoceros, wild buffalo, bison, and many others are flagship species to the
Chure and lowland ecosystems. As the landscape is rich in biodiversity, the Government
of Nepal has established networks of protected areas in Terai-Chure to conserve mostly
the major faunal species. Of these protected areas, Chitwan National Park, Parsa National
Park, Bardiya National Park, and Banke National Park cover parts of Chure region. Like-
wise, four Ramsar sites in region namely Koshi Tappu, Beesshhajari and Associated Lakes,
Jagadishpur Reservoir, and Ghodaghodi Lake provide important habitat for wildlife. Ramd-
huni (Sunsari), Rauta (Udaypur), Dhanushadham (Dhanusha), Barandabhar (Chitwan),
Khata (Bardiya), Kakrebihar (Surkhet), Basanta (Kailai) and Laljhadi-Mohana (Kanchanpur)
are protection forests in Chure-Terai [34]. Young and fragile deposits in Chure provide
important nesting sites for birds (Figure 5b).

3.5. Biodiversity Hotspots

The whole range of Chure landscape in Nepal from the east to the west is a biodiversity
hotspot [29]. Of the total 27 Important Bird Areas of Nepal, 13 are located in Chure-Terai [57].
They are Barandabhar Forest and Wetlands, Bardia National Park, Chitwan National Park;
Dang Deukhuri Foothill Forests and West Rapti Wetlands, Dharan Forests, Ghodaghodi
Lake, Jagdishpur Reservoir, Koshi Tappu Wildlife Reserve and Barrage, Farmlands in
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Lumbini, Nawalparasi Forests, Parsa Wildlife Reserve, Shukla Phanta Wildlife Reserve, and
Urlabari Forest Groves. Likewise, Chure forests are important habitats for species under
different conservation status. We recorded the endangered Cycas pectinata species (a member
of a group called Cycads which are an ancient group of seed plants that originated over
280 million years ago [58] in its natural habitats at central (Makawanpur) and eastern Nepal
(Andha Rajarani area of Ilam, Bhatighari Communnity Forest (CF) of Danusha) (Figure 5c).
Likewise, Bashyal et al. [59] reported several important sites for Cycas pectinata in central
Nepal. Bhuju and Joshi [27] identified important sites for tree fern (Cyathea spinulosa) from
eastern Nepal (Madi in Morang and Bajho and Mahmai in Ilam and Bajhoand Chisapani in
Ilam). Likewise, Chure forests in far-west Nepal constitute a good population of mature
Pterocarpus marsupium and Dalbergia latifolia forest (Bedkot Tal, Kanchanpur). There are also
good natural forest patches of Senegalia catechu, a threatened species, in Chure forests of
eastern Nepal (Sarlahi-Lopchan Tol, Dhanusha-Bhatighari CF Puspabanpur, Siraha-Baba
Tal, Bandipur- 3) (Table 1). These primary forests are important from conservation point
of view and the areas can be termed Important Plant Areas (IPAs). We propose three
additional IPAs in Chure landscape to the list of Hamilton and Radford [60] (Table 3). Apart
from protected areas and Ramsar sites in Chure-Terai, the Dang-Deukhuri Foothill Forests
and West Rapti Wetlands, Dharan Forests, Nawalparasi forests, Farmlands in Lumbini and
Urlabari Forest Groves are Important Bird Areas [57].

Table 3. Important Plant Areas in Chure.

IPA Complex Number of Site District(s)

Lower Mahakali–Seti 1 + 1 Dadeldhura, Kanchanpur

Lower Bheri–Rapti 2 Salyan and Surkhet

Terai Arc Landscape 8 Kailali, Bardia, Banke, Dang, Palpa,
Nawalparasi, Chitwan, Parsa

Rapti–Lumbini 2 Pyuthan and Argahkhanchi

Narayani 2 Makwanpur and Bara

Lower Janakpur 2 + 1 Sarlahi, Sindhuli, Dhanusa

Udayapur 1 Udayapur

Morang 1 Morang

Lower Kangchenjungha 1 + 1 Ilam, Jhapa
Modified from Hamilton and Radford [60]. Added one site each in Kanchanpur, Dhanusa and also suggested one
site in Morang.

We explored some of the important wetlands of Chure landscape during the field study
(Chuli Pokhari, Ilam; Rajarani Tal, Morang; Baba Tal, Siraha; and Bedkot Tal, Kanchanpur).
These wetlands and catchment areas are exceptionally rich in biodiversity. For example,
we found good population of Cephalanthus tetrandra in the natural habitat in the Rajarani
Tal of Morang district within Chure landscape (Figure 5d). The freshwater swamp forests
of Cephalanthus tetrandra trees are believed to be rare in South East Asia. Mikhama and
Sirisant [61] have reported C. tetrandra freshwater swamp forests from Don Daeng village,
Nakhon Phanom province as the only one of its kind in Northeast Thailand, and they have
highlighted the ecological role of C. tetrandra forest and the active involvement of local
people for managing and conserving the important wetland tree species. Furthermore, wet-
lands play important role in maintaining hydro-climatic balance, and control of flood and
landslide both upstream and downstream along the Chure landscape. Further inventory
of wetlands in Chure would provide important information for identifying biodiversity
hotspots and designing biodiversity conservation programs accordingly.

The human-dominated landscapes within Chure such as in Makwanpur and Chitwan
which are inhabited by the Chepang ethnic group are also important for the preservation
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of biocultural diversity as these landscapes hold Chiuri (Diploknema butyracea), a cultural
keystone species for Chepang [62].

3.6. Threatened Plant Species

Forest ecosystems in Chure provide important habitats for twenty-six plant species
with different conservation status. This further signifies the conservation importance
of Chure from the biodiversity point of view (Table 4). Of 26 species documented, five
species are Endangered (IUCN); four species each fall under the protected plant list of the
Government of Nepal, CITES appendix II; and Vulnerable category of CAMP; three species
are in IUCN rare category, two species are in Endangered category of CAMP and one species
each is in Threatened (IUCN), Commercially threatened (IUCN) and CITES III list.

Table 4. Plant species with different conservation status in Chure.

SN Species Category

1 Alstonia scholaris (L.) R.Br. Rare (IUCN category)

2 Asparagus racemosus Willd. Vulnerable (Conservation Assessment and Management
Planning, CAMP *)

3 Bombax ceiba L. Nationally protected (Under the National list of timber trees
banned for felling, transportation or export)

4 Butea monosperma (Lam.) Kuntze Endangered (IUCN category)

5 Choerospondias axillaris (Roxb.) B.L.
Burtt & A.W. Hill Rare (IUCN category)

6 Cinnamomum glaucescens (Nees.) B.L.Burtt & A.W.Hill Protected

7 Crateva unilocularis Buch.-Ham. Rare

8 Curculigo orchioides Gaertn. Vulnerable (CAMP)

9 Cycas pectinata Griff. CITES Appendix II; Endangered (IUCN category)

10 Dalbergia latifolia Roxb. Nationally protected (Under the National list of timber trees
banned for felling, transportation or export)

11 Dendrobium fimbriatum Hook. CITES Appendix II

12 Dioscorea deltoidea Wall. Ex Griseb. Commercially threatened

13 Magnolia champaca (L.) Baill. Ex Pierre Endangered (IUCN category)

14 Gnetum montanum Markgr. CITES Appendix III; Endangered (IUCN category)

15 Operculina turpethum (L.) Silva Manso Endangered (CAMP)

16 Oroxylum indicum (L.) Kurz Vulnerable (IUCN category)

17 Piper longum L. Vulnerable (CAMP)

18 Pterocarpus marsupium Roxb. Nationally protected (Under the National list of timber trees
banned for felling, transportation or export)

19 Rauvolfia serpentina (L.) Benth. Ex Kurz Endangered (IUCN category)

20 Rhynchostylis retusa (L.) Blume CITES Appendix II

21 Rubia manjith Roxb. Ex Fleming Vulnerable (CAMP)

22 Senegalia catechu (L.f.) Willd. Threatened (IUCN category)

23 Shorea robusta Gaertn. Nationally protected (Under the National list of timber trees
banned for felling, transportation or export)

24 Swertia angustifolia Buch.-Ham. Ex D.Don Endangered (CAMP)

25 Tinospora sinensis (Lour.) Merr. Vulnerable (CAMP)

26 Vanda tessellata (Roxb.) Hook. ex G.Don CITES Appendix II

* Bhattarai et al. [63].
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4. Conclusions and Recommendations

The forest ecosystems in Chure are diverse and dynamic. We revisited the forest
ecosystems outside protected areas in Chure and found that 14 forest ecosystem types are
available in the Chure landscape of Nepal. The reference ecosystem types in Chure were
taken from the Biodiversity Profiles Project [15] where 11 forest ecosystems are reported
to occur outside protected areas in Chure. Our study further shows that the BPP reported
Alnus nitida riverine forest in the west does not occur in Chure. The present study reported
Hymenodictyon excelsum Forest, Syzygium cumini Forest, Terminalia anogeissiana Forest, Schima
wallichii–Shorea robusta Forest, Pinus roxburghii–Shorea robusta Forest, Pinus roxburghii Forest,
and Bamboo thickets as new forest ecosystems in Chure because they are not reported
previously. These newly formed associations (forest types) are at the preliminary stages
of forest ecosystem development, as these types are not common in east-west of Chure
landscapes, but slowly evolving. As some of the forest ecosystems such as Hymenodictyon
excelsum Forest and Dalbergia sissoo–Senegalia catechu Forest are found in Terai, mostly on
Chure flood plains, these types are included in the total count as they form the contiguous
ecosystems in Terai-Chure.

Though our study only located the forest ecosystems, we emphasize that this study
complements what is existed for Chure at present and the ongoing national-level ecosystem
mapping project of the Ministry of Forests and Environment. The present findings are
also helpful to design the conservation programs targeting forest ecosystems in Chure.
We affirm with caution that our study is comprehensive so far, but we do not claim that
the study is complete as many remote and inaccessible areas were not covered during
the field survey. Based on our study, we recommend some priority activities for biodiver-
sity conservation and ecosystem restoration to be implemented in the Chure landscape
as below.

1. Our study has identified biodiversity hotspots based on species richness and the
occurrence of different plant species under different conservation categories. These
areas should be given priority for conservation. Special status could be suggested
for the conservation of such species, for example, the Andha Rajarani area in Ilam
can be given the status of the park or botanical garden as it is one of the diverse areas
for biodiversity.

2. Some of the hotspots identified in this survey are in the community forests, so the
local people can be informed about the conservation values of these ecosystems and
they can make aware and educated. The CFs operational plan could be revised to
incorporate the conservation values of these ecosystems.

3. As ecosystems are dynamic in nature their existence could be of short-term as well.
Therefore, long-term monitoring of vulnerable ecosystems such as Senegalia catechu,
Dalbergia sissoo–Senegalia catechu, and Bamboo ecosystems is important. Rapidly
changing land use patterns and climate change may put additional pressure on
Chure ecosystems.

4. Restoration of the degraded ecosystems such as Shorea robusta Forest Ecosystems, Sene-
galia catechu Forest Ecosystems, and Dalbergia sissoo–Senegalia catechu Forest Ecosys-
tems should be given high priority. At present, the restoration activities are not
ecosystem focused and there is no active participation of the communities. Local
governments should be informed about the ecosystem types and their conservation
values within their jurisdiction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14010100/s1, Table S1: Location of the forest ecosystem type
and GPS coordinates, Table S2: Forest ecosystems in Chure and Terai.
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Abstract: Balancing biodiversity conservation with land use for agricultural production is a major
societal challenge. Conservation activities must be prioritized since funds and resources for con-
servation are insufficient in the context of current threats, and conservation competes with other
societal priorities. In order to contribute to conservation priority-setting literature, we applied an
environmental model, Pressure–State–Response (PSR), to develop a set of criteria for identifying
priority areas for biodiversity conservation in Vietnam. Our empirical data have been compiled from
185 respondents and categorized into three groups: Governmental Administration and Organizations,
Universities and Research Institutions, and Protected Areas. The Analytic Hierarchy Process (AHP)
theory was used to identify the weight of all criteria. Our results show that the priority levels for
biodiversity conservation identified by these three factors are 41% for “Pressure”, 26% for “State”,
and 33% for “Response”. Based on these three factors, seven criteria and seventeen indicators were
developed to determine priority areas for biodiversity conservation. Besides, our study also reveals
that the groups of Governmental Administration and organizations and Protected Areas put a focus
on the “Pressure” factor, while the group of Universities and Research Institutions emphasized the
importance of the “Response” factor in the evaluation process. We suggest that these criteria and
indicators be used to identify priority areas for biodiversity conservation in Vietnam.

Keywords: analytic hierarchy process; biodiversity conservation; condition–pressure–response
model; priority areas; Vietnam

1. Introduction

Humans and their wellbeing, health, and livelihood have benefitted significantly
from biodiversity [1–4]. However, biodiversity conservation remains one of the greatest
challenges facing the modern world. It is estimated that humans have caused the extinction
of between 5 and 20% of all species around the world [5], and recent extinction rates are
between 100 to 1000 times their pre-human levels [5,6]. Coping with land cover conflicts
caused by different stakeholder interests, biodiversity conservation often has to take a
step back in relation to other interests [7]. Increasing demands on land are offset by
increasingly scarce land resources. Thus, it is of crucial importance for the conservation of
biodiversity to have an objective framework for the selection of areas at hand that allows
high-priority areas to be identified. Priority areas should cover the most critical areas
needed for biodiversity [8,9]. Identifying priority areas is one of the crucial tasks in the
process of establishing protected areas since humans are not able to protect all places on
Earth that contribute to biodiversity conservation [10]. However, the identification of
priority areas for conservation requires the integration of biodiversity data together with
socio-economic data on human pressures and responses.
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There has been an increasing need for methods that define biodiversity conservation
priorities to demarcate where the need for conservation action is most urgent and where
the benefits of conservation strategies might be maximized [11]. Previous reviews on the
criteria to identify priority areas for biodiversity conservation have mainly focused on
an extensive list of relevant ecological and biological criteria [12–14]. From a perspective
of a geographic scale for investigation, the establishment of biodiversity conservation
priorities can be classified into three categories [11]. At the local scale, researchers and
conservationists use criteria relating to genetic diversity and indicator species to provide
a focus for establishing conservation priorities [11]. At the regional scale, the Habitat
Conservation Planning (HCP) practice is applied to make use of information on the home
range and state of organisms to designate habitat reserves. At the regional to a global
scale, priority areas for biodiversity conservation are identified by using criteria such as
species richness, rarity, endemism, representativeness, and complementarity to drive the
conservation effort [15–17]. Nevertheless, there remains a surprising lack of empirically
substantiated research that attempts to integrate both biological and socio-economic aspects
into the criteria for identifying priority areas for biodiversity conservation.

Vietnam is one of the most important hotspots for biodiversity in the world [18,19].
Previous studies indicated substantial values of biodiversity in Vietnam such as climate
change mitigation and adaptation, poverty reduction, education and cultural values [20,21].
However, the rate of biodiversity loss in Vietnam is alarming [16,22]. Like many other coun-
tries, much of the conservation effort in Vietnam is put into the formulation of a protected
area system as an essential strategy to protect the remaining biodiversity. Currently, estab-
lishing a protected area in Vietnam requires feasibility studies to be undertaken to provide
information on location, demarcation, area, and biodiversity value. Although the number
of protected areas is predicted to increase in the coming years [23], there are still inherent
obstacles to identify priority areas for biodiversity conservation in this country, such as
limited comprehensive data, lack of time and resources for surveys and assessments, and a
deficit of reliable methods. This is the main motivation for our study aimed at developing
criteria and indicators for prioritizing areas for biodiversity conservation in Vietnam.

The remaining part of the paper is structured as follows. Section 2 briefly describes
the environmental model “Pressure-State-Response”. Section 3 provides background
information on Vietnam and reviews the literature. Section 4 describes the data and
methods. Section 5 presents, and Section 6 discusses, the results. Section 7 concludes.

2. Analytical Framework: “Pressure-State-Response” Model

The Pressure–State–Response (PSR) was first developed in 1993 by the Organization
for Economic Co-operation and Development [24]. This framework includes three factors:
Pressure (P), State (S), and Response (R), and is based on a concept of causality: human
activities create pressure on the environment that changes the quality and quantity of
resources (state), and then society responds to these changes with adaptive, preventive and
mitigation actions [25].

The PSR (Figure 1) presents the linkages between the pressures exerted on biodiversity
conservation caused by human activities (pressure box), the change in quality and quantity
of biodiversity (state box), and the response to these changes as society tries to reduce
the pressure and conserve the biodiversity resources (response box). The interchanges
among these boxes form a continuous feedback mechanism that can be monitored and
used for the assessment of biodiversity resources. Therefore, the factor “Pressure” describes
developments in physical and biological agents, the use of resources, and the use of land.
The pressures exerted by society are transported and transformed into a variety of natural
processes to manifest themselves in changes in environmental conditions. The factor “State”
describes the quantity and quality of physical, biological, and chemical phenomena in a
particular area, while the factor “Response” refers to responses by groups and individuals in
society and government attempts to prevent, compensate, ameliorate, or adapt to changes
in the state of the environment [26].
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Figure 1. Adapted PSR model for evaluating biodiversity conservation.

This framework has been used to develop criteria and indicators in many fields, for
example, in sustainable development [25], which formulate environmental indicators and
land quality indicators, and establish state-of-the environment reporting and national
environmental performance reviews [27]. Indeed, the PSR model provides a useful tool
to formalize environmental problems due to its intuitive structure–human pressure on
environmental state and political responses to adopt solutions [28]. The model focused on
where ecological system dynamics depend exclusively on human activities [28]. This frame-
work has been adopted by many OECD countries and by the World Bank for environmental
reporting [27].

In our study, the PRS model is used to serve as a conceptual framework for analyzing
the links between socio-economic activities and biodiversity change. From a theoretical
perspective, this study contributes to closing gaps in our understanding of the interrelations
between these three factors, namely Pressure, State, and Response, for analyzing problems
of biodiversity conservation and identifying criteria for defining priority areas.

3. Literature Review and Research Context

3.1. Literature Review: Determining Priority Areas for Biodiversity Conservation

Biodiversity conservation has been one of the critical environmental issues, which
aims to preserve the varieties of species and communities as well as the genetic and
functional diversity of species [22,29]. According to BirdLife International, the priority
areas of biodiversity conservation are Endemic Bird Areas (EBAs) [30]. Although the
critical areas for biodiversity conservation are either EBAs or the diversity of all species and
communities, the functions of biodiversity conservation are entirely to preserve species
diversity, ecosystem diversity, soil and water conservation functions, and prevent potential
threats [31].

Due to a lack of available resources for biodiversity conservation, humans cannot
preserve all places on the planet that contribute to biodiversity. Thus, selecting priority areas
plays a crucial role in maximizing the effectiveness of conservation and saves resources
for other goals. To systemize the setting of priority areas for biodiversity conservation,
a combination of criteria and scoring and ranking procedures have developed over the
last couple of decades [8,32]. In these processes, multiple criteria such as diversity, rarity,
naturalness, and size, among others, have been determined and given scores based on
literature reviews and participation techniques [31,33,34]. These ratings have been then
combined for each selected area. The areas have been ranked, and the highest priority
has been given to the areas with the highest top scores [8]. Although several conservation
organizations have proposed criteria to define priority areas for biodiversity conservation,
they only focused on those main criteria that they have a great interest in. While BirdLife
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International puts stress on the state of species and ecosystems, the Alliance for Zero
Extinction emphasized the importance of endemic and threatened species to zone priority
areas for biodiversity conservation [22]. However, there remains a surprising lack of studies
related to the synthesis of a systematic set of criteria and indicators that support identifying
priority areas for biodiversity conservation. To contribute to literature on methods of
defining priority areas for biodiversity conservation, this study used the environmental
PSR model as a conceptual framework to monitor biodiversity based on three key factors,
including state, pressure, and response. One of the strengths of the PSR model is to show
the relationships among human activities, biodiversity, and management solutions to
assess the influence levels on biodiversity conservation [24,35–37]. Since the criteria were
categorized into three factors of the PSR model, the number of pairs of criteria could be
reduced to efficiently apply the method of pairwise comparison. Besides, the application
of the PSR model also helps to have an insight into negative and positive aspects that
influence biodiversity conservation.

The assessment of biodiversity conservation is an important task where conserva-
tionists and policymakers have to choose criteria to define potential areas for biodiversity
conservation carefully. Previous studies have shown that the Analytic Hierarchy Process
(AHP) is a helpful tool for handling complicated decision making and supporting the
decision-maker in determining priorities and making the best decision in multiple-use plan-
ning of forest resources [38–40] as well as in environmental planning processes [39,41–43].
The pairwise comparison of the AHP method helps to reduce the difficulties of complex
decisions and captures both subjective and objective aspects of a choice [44]. The AHP
approach is the most suitable tool to determine the weights of assessment factors that
significantly impact decision-making processes [42,45–47]. Although the AHP theory
was first developed in the late 1970s and has been used as a decision support tool in
various fields, few studies have applied it in the fields of forestry, agriculture, and natu-
ral resources [48]. Some examples of such applications include the decision making for
forest planning [39,40,49,50]; selection of risk factors for forest protection [51–54]; forest
management [55–61]; and suitability analysis of land use [45,62–66]. However, previous
studies have not pointed and compared the influence levels of criteria on biodiversity
conservation. From a technical perspective, our contribution is to calculate the weights of
criteria that are used to show the influence levels of criteria on defining priority areas for
biodiversity conservation.

3.2. Research Context: Vietnam

The S-shaped country of Vietnam ranges along the latitude from the 23◦ to 8◦30′ N
and includes much hilly and mountainous terrain [67]. The country occupies an area of
around 329,500 km2 and is bordered by China, Laos, and Cambodia on the north, northwest,
and southwest, respectively. The rest of the country borders the East Vietnam Sea and
is 3260 km long (Figure 2). The country comprises eight different eco-regions, including
Northwest, Northeast, Red River Delta, North Central Coast, South Central Coast, Central
Highlands, Southeast, and Mekong River Delta. The estimated population was 95.5 million
people in 2017, with 85.8% belonging to the majority Kinh group, and the rest belonging to
many different ethnic minorities such as Hmong, Dao, Tay, Muong, Thai, and Nung.

A long coastline and a wide-ranging latitude and altitude with a variety of hydrological
conditions, climatic, soil, and terrain are the main characteristics that have created a
high diversity of genes, species, and ecosystems in Vietnam [68,69]. Vietnam is one of
the 16 countries with the highest biodiversity in the world and is one of the priority
countries for global conservation, with about 10% of species worldwide in only 1% of
the world’s land area [70]. Vietnam is home to 59 Important Bird Areas [71], and 110 Key
Biodiversity Areas [19]. The natural protected areas system comprises 167 protected
areas with 34 national parks, 56 nature reserves, 14 species and habitat conservation areas,
54 landscape protection areas, and nine areas of empirical scientific research [72,73]. It is
estimated that there are more than 20,000 plant species, 5500 insects, 3000 fishes, more
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than 1000 birds, and more than 300 mammals found throughout Vietnam [74]. Thus,
PAs protection and management are of vital significance for biodiversity conservation in
Vietnam [75]. The increase of forest cover has been seen from 28% in 1990 to about 41%
in 2015. However, new plantations were established (account for 2.1 million hectares),
covering most of the increase, while more than 60% of natural forests are assessed as poor
or regenerating [76]. Forest degradation and deforestation in Vietnam continues in the
top countries of tree cover loss [76,77]. This led to 13 million ha or 40% of the country’s
land area being classified as unproductive or barren land. The loss of biodiversity in
Vietnam has been very critical, with many species on the brink of extinction because the
natural resources have been exploited by humans [69,78]. This alarming degradation of
biodiversity has occurred throughout the country [16,22] in all three types of biodiversity:
species, ecosystems, and genetic [74]. About 10% of plant species are listed as endemic;
separately, orchid endemism is 19.2% [74].

Figure 2. Map of Vietnam and the distribution of special-use forests for biodiversity conservation
(Source: Modified from MARS and ESRI).
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According to Global Biodiversity, the direct key causes of biodiversity loss in Vietnam
include land conversion, infrastructure development, invasive species, overexploitation,
pollution, climate change, natural disaster, extreme weather, population growth, forest
fire, deterioration of natural ecosystem, replacement of exotic crop plants and domestic
animals [69,74]. These direct causes are fueled by socio-economic factors at various scales,
such as population growth and poverty [67,74,79]. Human activities are considered the
main cause of deforestation and biodiversity loss [22,67,74,80–84]. Previous studies have
shown that drivers of deforestation and degradation in Vietnam are highly complex and
can form the networks of economic and political interests [85]. There are four main direct
causes of deforestation in Vietnam including conversion to agriculture; infrastructure
development; unsustainable logging (notably illegal logging); and forest fires [86,87]. The
studies have indicated that biodiversity conservation in a protected area is influenced by
various factors related to the establishment and management of the protected areas, local
communities living next to the protected areas, and policy on protected areas’ national
management and financial facilities. These factors are socioeconomic and cultural factors,
and are related to the management of local communities that neighbor protected areas,
which are as important as resources within the protected areas [88]. This means that any
conservation efforts need to be combined with economic development plans to provide
livelihood opportunities for local communities to reduce the pressure on biodiversity. Many
efforts have been made to protect the remaining biodiversity and halt the loss of species in
Vietnam [23]. Current conservation legislation in Vietnam is focused on biodiversity, with
limited consideration of socio-economic issues [89].

Vietnam is located in the Indo-Burma region, ranked as one of the top 10 biodiversity
hotspots and as the top five for being threatened in the world [90]. The protected areas
have played an essential role in remaining, preserving flora and fauna diversity [91–95].
Recognizing the value and significance of protected areas for biodiversity, Vietnam is on
the way to achieving the National Biodiversity Strategy to 2020 and the vision for 2030 to
cover 9% of the country’s territory as protected areas [96]. This shows a need to define the
priority areas for conservation (Nhan et al., 2015) and the establishment of new protected
areas [95].

Boundary marking has been shown as one of the most substantial factors relating to the
establishment and administrative effectiveness of protected areas [93]. Most protected areas
in Vietnam were formulated with restricted borders that often stay inside the administrative
boundaries of provinces [97]. While many specific landscapes, habitats, and ecosystems
are the targets of conservation [92], they have existed outside the protected areas [98]. It is
necessary to re-assess the value of biodiversity within the protected areas of Vietnam to
identify the functional zones for the efficiency of governance, propose the establishment of
new protected areas or dissolve the low-value ones [97].

4. Data and Methods

4.1. Data Collection

This study is based on a national survey and expert interviews. We conducted a
national survey in Vietnam from March to July 2017 using a questionnaire for both direct
(face to face) and indirect (via emails and phone calls) interviews (Appendix S1). We used
the stratified sampling method to select the respondents. First, we collected the list of
employees who worked in the fields of forest protection and biodiversity conservation. The
employees were classified into the following three groups: Governmental Administration
and Organizations, Universities and Research Institutions, and Protected Areas. We then
collected a random sample of respondents from each group. The stratified sampling reduces
errors relative to simple random sampling and ensures that observations and interviews
from all relevant groups are included in the sample [99]. We had intended to conduct face-
to-face interviews with all. However, some respondents were not available for face-to-face
interviews, and thus the questionnaire was sent to them via email. In total, we interviewed
185 respondents from all groups (Appendix S2), including 128 face-to-face interviews and
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57 email interviews. The survey questions focused on the criteria, indicators, and their
importance levels that belong to the three factors of the PSR model: Pressure, State, and
Response. The face-to-face interviews lasted between 1 and 2 h and were conducted in
Vietnamese. The research results were based on the first author’s PhD dissertation, which
was accepted by an ethnic committee from the Technical University Dresden, Germany.

4.2. Data Analysis

All data from the survey were cross-checked following the triangulation method [100]
to identify reliable information. Three processes were performed to identify the final
criteria system, including: (1) synthesizing from the relating studies, (2) interviewing
and consulting experts of conservation and biodiversity, and (3) organizing an academic
seminar to identify a final criteria system. Then, we analyzed the collected data to identify
and categorize the criteria and sub-criteria according to the environmental PSR model. In
addition, the statistics of pairwise comparison and Analytic Hierarchy Process (AHP) were
used to measure and compare the influence levels of criteria and sub-criteria in defining
priority areas for biodiversity conservation.

4.2.1. Statistics of Pairwise Comparison

Since the 1950s, numerous methodologies of psychology called multidimensional
scaling (MDS) have been studied and applied in analyzing the similarity and preferential
choice data. Nevertheless, the solution has not yet been found to deal with the problem
of gaining the perfect voting in multidimensionality [101]. The majority rule, called the
Condorcet Winner, chooses the winner, which is preferred in every one-to-one comparison
with the other choices [102].

As shown in the heading of the questionnaire, the data of the pairwise comparison
was not gathered directly. The pairwise value was calculated by comparing two criteria
in one pairwise of each respondent and synthesizing as in Appendix S3. To examine their
importance, the scale of integers ranging from 1 to 9 was applied [44,103]. For example,
A and B are two criteria in one pairwise comparison. These are three possible situations:
A greater than B (A > B), A equal to B (A = B), and A less than B (A < B). The intensity of
importance is 1 represented for the second case (A = B). Consequently, each pairwise can
be presented by 8 cases of A > B, one case of A = B, and 8 cases of A < B.

The total of assessments was synthesized for each pairwise from all the respondents
(183 people after removing 2 cases of outliers). Twenty-eight pairwise comparisons and
17 instances of them are described entirely in Appendix S3. According to the majority rule
(Condorcet Winner), the total of respondents selecting the same situation of A > B, A = B,
and A < B for each pairwise comparison was calculated for comparison.

The acceptable risk was demonstrated in the formula of error estimation from
Cochran [104]. The chance is commonly called the margin of error, which has been used by
researchers as the limit for the willingness to accept [104]. The acceptable margin of error is
5% and 3% for categorical data and continuous data, respectively [105]. The appropriate
precision for prevalence is 5% by experience [106–108]. Therefore, in this study, a percent-
age of difference was used to show the reliability of comparison among the number of
respondents who chose A > B, A = B, or A < B. The rule was used to identify the appropriate
level of one pairwise comparison as follows:

- Five percent of the difference was used to select the majority to belong to A > B, A = B,
or A < B.

- If the number of A > B and A < B is similar or higher than under 5% out of total
respondents, the situation of A = B is the priority option.

- If the highest number of three situations (A > B, A = B, and A < B) are higher than
others above 5% out of total respondents, this situation is the opinion of the majority.

- If A > B or A < B accounts for the majority, the case of the statistical model is used in
this situation.
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- If the number of A > B is similar to the number of A < B, and they are more significant
than the A = B, the situation of A = B is the collective opinion of all respondents. As
such, A and B have equal importance.

- If once the number of either A > B or A < B is less than the number of A = B, and the
other is similar to the number of A = B, the trend of majority opinions inclines to the
number identical to the A = B.

There are 27 pairwise comparisons for 3 factors, 7 criteria and 17 sub-criteria
(Appendix S3) that were used to identify the level of importance of each criterion in the
pairwise comparisons. A and B refers to two criteria in each pairwise comparison. Three
situations of A > B, A = B, and A < B were calculated regarding the total number of respon-
dents. Various pairwise comparisons were significantly different among of three situations
such as Nature–Human, Location–Hydrology, Location–Forest Type, Topography–Forest
Type, Hydrology–Forest Type, Climate Change–Nature Disaster, Distribution–Livelihood,
Density–Population, Density–Livelihood, and Forest Management Types–Size of Forest
Area. The rest of the gained quantities are similar in three situations, hence the percentage of
difference value was used to judge which one is greater or whether they are equal together.

The critical levels of two criteria are alike for seven pairwise comparisons, and they
are; State–Response, Species–Ecosystem, Conservation–Law, Education–Law, Hydrology–
Climate, Distribution–Density, and Density–Population. Most respondents chose the case
of A = B in comparison to A > B or A < B. It also points out a unique case of pairwise
comparisons that obtained a similar number of respondents that chose the situations of
A = B and A < B. It is the pairwise comparison of distribution and quantity with the same
amount of responses accounting for 37% of the situations and 26% of the rest (A > B). It can
be seen that the trend of the majority is tilted towards the status of A < B.

4.2.2. Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP) is a multi-criteria decision-making approach
firstly developed by Saaty [46]. The AHP is attractive to many researchers due to the
effective mathematical properties of the method [109]. Another advantage of the AHP
method is that it enables users to determine the weights of the parameters in the solution
of a multi-criteria problem [62]. Solving a problem using AHP is conducted using the
weights or priorities of the criteria subjected to pairwise comparison. Weights or priorities
are determined by normalizing the pairwise comparison matrix [62].

While performing pairwise comparisons of criteria in the AHP method, a certain level
of inconsistency can occur [62]. Thus, the logical consistency of pairwise comparisons
must be checked [110]. To measure the consistency of pairwise comparison judgments,
the consistency ratio proposed by Saaty [44] is used. A consistency ratio is calculated
for the pairwise comparison matrix. In our study, the AHP-based weights of criteria
are used to synthesize the mapping data of the criteria to identify and to consider when
making a spatial decision, which will be calculated through the overlay equation integrated
into MCDA and GIS [31,47,62]. Equation (1) (below) was used to synthesize biodiversity
conservation value for study areas.

Ck =
I

∑
i=1

WiX
k
i (1)

where Ck is the biodiversity conservation value at the kth intersection region; Xk
i is the

score contained within GIS layer of ith at the kth intersection region; Wi is the weight of ith
indicator, which can be changed based on the critical level of each indicator.

The steps of estimating a biodiversity conservation index was implemented as follows:

(a) Criteria and their factors of biodiversity conservation were chosen from the literature
review and the interviews.

(b) The grade of each factor was transformed from the measured data through the fuzzy set.
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(c) The weights of each factor were assigned by the AHP method based on Saaty’s scale
and the pair-wise comparison matrix (Table 1).

(d) Biodiversity conservation index was then calculated by a simple linear priority func-
tion as in Equation (1).

Table 1. Scale for pair-wise AHP comparisons.

Intensity of Importance Description

1 Equal importance
2

3 Moderate importance
4

5 Strong or essential importance
6

7 Very strong or demonstrated importance
8

9 Extreme importance
Source: [103,111].

In order to use the results calculated by the AHP method, a critical aspect of the AHP
is to check the consistency [44,111,112]. Saaty [44] proposed the consistency ratio (CR) to
identify the consistencies of the pairwise comparison matrices. The test of consistency must
be done when the number of criteria used in a pairwise comparison matrix is higher than
2. When the number increases, the pairwise comparisons climb significantly. This makes
inconsistencies arise, and it becomes complicated to check the consistencies.

A pairwise comparison matrix considered as consistent or inconsistent depends on
the test of the Consistency Ratio (3). The test can pass when the Consistency Ratio is less
than 0.1.

CI =
λ− n

n − 1
(2)

CR =
CI

RI
(3)

where CR is the Consistency Ratio as in Equation (3); CI is the Consistency Index as in
Equation (2); RI is the average Random Index based on the Matrix Size (Table 2), n is the
number of criteria used in a pairwise comparison matrix (n ≤ 10), and λ is the average of
the elements of consistency vector.

Table 2. The average values of the Random Index.

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.52 0.89 1.11 1.25 1.35 1.4 1.45 1.49
Source: [111].

The procedure for checking the consistency includes the four following steps:

- Step 1: Identify the λ of the pairwise comparison matrix.
- Step 2: Apply Equation (2) to calculate the Consistency Index (CI)
- Step 3: Apply Equation (3) to estimate the Consistency Ratio (CR).
- Step 4: The judgment of the consistency of the pairwise comparison matrix is per-

formed through the comparison between the CR value and the consistency threshold
(0.1). The pairwise comparison matrix is identified to be acceptable when CR < 0.1.
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5. Results

5.1. Criteria and Indicators for Defining Priority Areas

In many previous studies, the indicators for setting priorities for conservation focus
on plant and animal species such as species richness, rarity, endemism, representativeness,
and complementarity to drive the conservation effort [15–17]. Some studies emphasize
the importance of human population pressure [113–115] or human efforts to protect habi-
tat [115,116], where deforestation and forest degradation have happened [117]. In our
study, we integrate conservation and social aspects in the criteria for setting priorities for
biodiversity conservation.

Table 3 presents the criteria set to define priority areas for biodiversity conservation in
Vietnam. Based on three factors of the PSR model, seven criteria and 17 indicators were
identified to support prioritizing areas for conservation in the context of Vietnam.

Table 3. Criteria and indicators for defining priority area for biodiversity conservation.

Factors of PSR Model Criteria Indicator

Pressure
Human-induced Pressure

Distribution of population

Density of population

Population

Livelihood of locals

Natural Pressure
Climate change

Natural disaster

State

State of Species
Richness

Rarity

State of Ecosystem

Location

Topography

Hydrology

Climate

Forest type

Response

Conservation efforts
Forest management types

Size of forest area

Education Conservation through
strengthening education

Law Conservation through
exerting law

a. Pressure

The current literature has demonstrated that analyzing the pressure on biodiversity, its
trends, and origins have become even more urgent since the loss of biodiversity is at such an
alarming rate in many countries [118]. In the study, pressures include natural and human-
induced factors that cause environmental change. Natural pressures are derived from
unexpected natural changes such as climate change and natural disasters. Usually, these
changes are unwanted and seen as negative (damage, degradation). Therefore, two main
indicators of natural pressure were used, including climate change and natural disasters
(flooding, drought, or earthquake). Natural pressures are unpredictable, and so human
society is struggling to find solutions to minimize the impact of natural pressures. Human-
induced pressures are consequences of human activities (land-use change, logging, hunting,
extraction, and use of resources) that have the potential to cause or contribute to adverse
effects [74,119,120]. Previous studies have indicated that 6 million square kilometers (32.8%)
of protected land in the world is under intense human pressure.
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Our study suggests four indicators of human-induced pressure, namely population
numbers, distribution of population, the density of population, and the livelihood of locals.
Each of these pressures can have different effects, some of which emerge in the short-term
(e.g., land use, deforestation), while others are long-term (e.g., climate change) [74,119].

b. State

The State of biodiversity is represented by the number of biological features (mea-
sured within species, between species and ecosystems), of physical and chemical features
of ecosystems, and/or of environmental functions, vulnerable to pressures in a certain
area [119]. Many studies have shown that habitats or environmental conditions are consid-
ered as indicators of the existence of species [121–123]. Prediction of species distribution
based on the existence of their habitat is used to identify the priority areas for conservation
as well as for field surveys [122]. Therefore, one of the most important methods to conserve
species is the protection of their habitats [22]. It has shown that the occurrence of rare and
sensitive species is determined within their range of appropriate habitats [30].

In our study, the State refers to the number of species, the status of the forest ecosystem
and wildlife resources. Due to the pressure on the environment, the State of the environment
changes. These changes then have impacts on the functions of the environment, such as
human and ecosystem health, resource availability, losses of manufactured capital, and
biodiversity [26]. Previous studies have shown that the State may refer either to natural
systems alone [124,125] or to both natural and socio-economic systems [126]. Depending on
the systems chosen for description, indicators of State can be very different from one study
to another [119]. For species, we focused on two main indicators: richness and rarity. The
state of the ecosystem consists of five indicators: location, topography, hydrology, climate,
and forest type.

Many studies have shown that the increase of species richness in one region depends
on the stability level of the forest area at that time [67,127–139]. Forest is considered a
significant factor in biodiversity conservation since it provides appropriate habits for many
species. It means that the level of species richness is higher in the area covered by forest for
a longer period. The diversity of the plant life significantly depends on the disturbance in
the past [123]. Therefore, the priority levels of richness for biodiversity conservation are
determined by monitoring the forest cover.

c. Responses

Responses may seek to control Pressures (prevention, mitigation), to maintain or
restore the State of the environment, to help to accommodate impacts (adaptation) or even
deliberate “do nothing” strategies [26,119,140]. For applications regarding biodiversity,
Responses are the measures taken to address drivers, pressures, state, or impacts. They
include measures to protect and conserve biodiversity (in situ and ex situ), and include,
for example, measures to promote the equitable sharing of the monetary or non-monetary
gains arising from the utilization of genetic resources.

Most of the indicators developed for Responses concern political actions of protection,
mitigation, conservation, or promotion [26,37]. Other indicators refer to Responses as
being a mixed result of both effective top-down political action and bottom-up social
awareness [119]. Some societal responses may be considered as negative driving forces
because they aim at redirecting prevailing trends in consumption and production patterns.
Other responses aim at raising the efficiency of products and processes [26].

In this study, we focused on responses related to conservation efforts, education, and
law. Conservation efforts are measured by forest management types and the size of forest
areas. In addition, conservation activities delivered through strengthening education and
enforcing the law are also evaluated as responses to reduce the pressure on biodiversity.

5.2. Weights of Criteria Based on All Respondents

The weights of the factors, criteria and indicators for identifying the priority areas of
biodiversity conservation in Vietnam were calculated using the data from all respondents.
The values of the Consistency Ratio (CR) in Table 4 of the pairwise comparison matrices
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were lower than the Consistency Ranking (10%). Thus, the matrices were consistent, and
the calculated weights were appropriate to use. The assignment of percentage values of
factors, criteria, and indicators are computed and are shown in Table 4.

Table 4. Weights of criteria based on all respondents and groups for identifying the priority areas of
biodiversity conservation in Vietnam.

Factors Criteria Sub-Criteria All (%) PAs (%) URIs (%) GOs (%)

Pressure

Nature
Climate change 7.7 6.2 5.8 7.7
Natural disaster 2.6 2.1 2.9 2.6

Sum 10.3 8.2 8.7 10.3

Human

Distribution 4.6 7.1 2.9 4.3
Density 6.0 5.5 3.4 7.2

Population 7.1 6.2 4.1 7.2
Livelihood 13.1 14.0 6.9 12.1

Sum CR = 1.7% 30.8 CR = 4.5% 32.8 CR = 2.3% 17.3 CR = 2.3% 30.8

Total 41.0 41.0 26.0 41.1

State

Species
Richness 2.9 4.4 5.5 4.3

Rarity 5.8 4.4 10.9 4.3

Sum 8.7 8.8 16.4 8.6

Ecosystem

Location 2.5 2.7 2.4 2.6
Topography 3.6 4.3 4.0 2.6
Hydrology 1.7 1.6 1.8 1.4

Climate 3.6 2.6 4.7 5.7
Forest type 6.1 6.2 3.5 5.1

Sum CR = 2.0% 17.5 CR = 6.7% 17.4 CR = 2.6% 16.4 CR = 5.8% 17.4

Total 26.2 26.2 32.8 26.0

Response

Conservation

Forest management
types 6.4 6.4 7.2 7.7

Size of forest area 2.1 2.1 3.6 2.6

Sum 8.6 8.6 10.8 10.2

Education 13.5 13.5 16.9 6.5

Law 10.6 10.7 13.5 16.2

Total CR = 5.2% 32.7 CR = 5.2% 32.8 CR = 5.2% 41.2 CR = 5.2% 32.9

Total CR = 5.2% 100.0 CR = 5.2% 100.0 CR = 5.2% 100.0 CR = 5.2% 100.0

All—All respondents; PAs—Protected Areas group; URIs—Universities and Research Institutes Group; GOs—
Government Organizations Group.

The first level is the ultimate purpose (100%) of assessing the influences of the criteria
on biodiversity conservation in Vietnam. The second level comprises the three factors used
in the environmental model to measure biodiversity conservation. The factors account
for 26%, 41%, and 33% of “Condition”, “Pressure”, and “Response”, respectively. The
third level witnesses a huge difference among seven criteria, with 31% of “Human”, then
it is 17% of “Ecosystem”, the rest is distributed evenly. With the exception of 24% for
“Education” and “Law”, the fourth level illustrates 17 indicators of five criteria. The
“Livelihood” factor is highest with 13.12%. The mediate group consists of “Types of forest
management”, “Rarity”, “Forest type”, “Climate change”, “Density”, and “Quantity”,
fluctuating from 5.8% to 7. 71%. Finally, the remaining eight of the seventeen indicators
account for just 23.84%.

5.3. Weights of Criteria Based on the Groups
5.3.1. The Protected Areas Group

The respondents working at Protected Areas (PAs) are the key participants of the
survey. Their attitudes and experiences help to assess precisely the role of the criteria in
biodiversity conservation. The respondents of PAs, located mostly in the North of Vietnam,
account for 34.59% of all respondents, of which 51 people (26.27%) were interviewed
in person.

The data of the respondents at PAs are filtered separately to calculate the weights
of the entire presented criteria in the questionnaire. The consistent tests were applied to
all pairwise comparison matrices. Their consistency ratio was all within the consistency
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threshold (Table 4). The weights were synthesized and described in detail in Table 4. It
can be seen that the distribution of weights in PAs is relatively similar to the distribution
calculated by total respondents. Exceptionally, the “Richness” and “Rarity” indicators
obtained the same percentage (50%) for each instead of 33% and 67% in synthesizing
all respondents, respectively. It expresses the required functions and characteristics in
establishing protected areas in Vietnam that they are places not only to preserve rare
species, but also to remain and enhance the diversity of species.

5.3.2. The Government Administration and Organizations Group

Government administration and organizations represent the communities and the
state to implement the law and the policy of the country. Although the group only accounts
for 10.26% of all respondents, they are as a group representing the opinion of the Vietnamese
government. The data of responses of the organizations were synthesized and calculated
separately to gain the weights of all criteria (Table 4).

The pairwise comparison matrices are considered consistent as they passed the consis-
tency test with the Consistency Ratio (CR) lower than 10% (Table 4). The results of the group
are pretty similar to the group of Protected Areas and all respondents within the second
level. The criteria in the third level assessed are reasonably different. The distribution of
weight among “Education”, “Law”, and “Conservation” changed. The biodiversity conser-
vation by “Law” is the most crucial, accounting for nearly 50% of weight, while the results
of other groups, as well as all respondents, show that almost all of their consideration
focused on “Education” criterion. It shows that “Law” has been the most interested of the
Government Organizations in responding to reduce the loss of biodiversity, which is to be
expected when considering the functions and characteristics of Government Organizations.

5.3.3. Universities and Research Institutes Group

The group with the highest number of respondents is the Universities and Research
Institutes group with 50.41%. It includes six universities and nine research institutes.

The pairwise comparison matrices were established using the data of 92 respondents
(49.86%) from the Universities and Research Institutes group. The weight set calculated by
the respondents of universities and research institutes is presented in Table 4.

There is a significant change in the assignment of the weights when it is compared with
the case of all respondents. In the second level, the “Response” factor with 41% of weight
replaced the top position of “Pressure” and pushed it to bottom with 26% of the weight.
The third level witnesses the adjustment of the ratio between “Species” and “Ecosystem”
when they are equal in terms of their importance. Instead, the “Ecosystem” criterion is
assessed as more important than “Species” by all respondents. The ratio of the indicators in
the fourth level is more or less unchanged. Remarkably, the “Climate” indicator climbed to
the peak, accounting for 28% impact on the “Ecosystem” criterion, while the “Forest type”
indicator fell from 34% to 22% in the importance scale in the assessment of the Universities
and Research Institutes group.

The Universities and Research Institutes group represents the people who are working
on the training and research field of forestry, biodiversity, and conservation in Vietnam.
The assessment results in defining priority areas for biodiversity conservation reveal that
the highest interest focuses on disseminating information and education to prevent and
reduce the pressure on biodiversity.

5.3.4. Comparison between Weights of the Groups

The survey received the opinions of respondents regarding the importance levels of
the established criteria. To use the AHP theory for identifying the weights, the value of
each pairwise comparison was the difference in importance level calculated between two
criteria in one pairwise. The relationships among the criteria formulated twenty-seven
pairwise comparisons.
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They were grouped into three different levels, including the factors of the second
level, the criteria of the third, and the indicators of the fourth. These were nine pairwise
comparison matrixes with one matrix for the second level, three matrices for the third,
and five matrices for the fourth. The Consistency Ratio (CR) was used to identify the
consistencies of the pairwise comparison matrices (Table 4).

The statistics of weight set in the groups of respondents helped in the analysis and
assessment of each factor, criterion, and indicator. Although the different values of weight
appeared in a few sectors of each group, those values were not the opinion of the majority.
The synthesis of the weights for each group in Table 4 illustrates a part of the common trend
of the different fields, such as research, training, planning, policy, decision-making, and
implementation. The Protected Areas group assessed the importance level of the factors in
the environmental model in a similar way to that of the result based on the assessment of
all respondents. The results from the Universities and Research Institutes group showed
the most important factor, which was the “Response” factor with 41%. In contrast, the
weight of the “Pressure” factor accounted for the most significant percentage at 41% and
was calculated based on the data selected from the Protected Areas group, Government
Organizations group, and all respondents.

6. Discussion

Prioritization exercises are valuable tools to structure a balance between conservation
measures and sustainable land use management. In the last decades, many efforts have
been made to develop science-based methodologies to select priority areas for biodiversity
conservation [141–143]. Previous studies have documented a range of priority-setting ap-
proaches covering a broad spectrum from mathematical to intuitive [142,144,145]. Much of
the conservation priority-setting literature concerns the establishment of criteria to identify
priority areas for biodiversity conservation [7,13,14,146]. Some studies to formalize the
process of setting conservation priorities have focused on ecological and biological criteria
to aid systematic selection of areas for biodiversity conservation [7,12–14,146]. According to
Asaad, Lundquist, Erdmann and Costello [146], eight ecological and biological criteria were
developed to identify suitable locations for biodiversity conservation. Among these, four
habitat-based criteria are captured, including uniqueness and rarity of habitats, fragility
and susceptibility of habitats, importance for ecological integrity, and representativeness of
all habitats [146].

Previous studies have shown that the selection of most priority area networks focuses
primarily on species richness, especially that of rare or endangered species [16] and occur-
rence locations [147,148]. Studies have used either species or ecosystems as biodiversity
surrogates to identify priority areas for biodiversity conservation that ensure both species
and ecosystems conservation [141,149,150]. Asaad et al. [151] have developed an alternative
approach to delineate areas of importance for biodiversity conservation that uses a range
of ecological criteria, multiple sources of data, and wide-ranging species taxonomic groups.
The study suggested five different criteria to assess the value of critical habitat, species
diversity, and charismatic threatened and endemic species.

Despite the range of conservation priority-setting studies investigated, there remain
significant challenges in implementing biodiversity conservation that reconcile criteria for
identifying priority areas and representative networks for biodiversity protection [146]. The
identification of priority areas demands the integration of biophysical data on ecosystems
together with social data on human pressures and planning opportunities [11]. However,
previous studies have tended to focus on ecological and biological criteria, with little effort
to understand the social, economic, and political dimensions within which the protected
areas are placed [11]. Our contribution to the conservation priority-setting literature is to
apply a multiple criteria analysis based on the PSR model for the establishment of seven
criteria and 17 indicators that integrates both biological and socio-economic aspects to set
priorities for biodiversity conservation in Vietnam.
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One value addition of the research includes the application of the analytical hierar-
chy process (AHP) to determine the weight of each criterion from a multi-stakeholder
perspective that helps to measure its importance level in defining priority areas for biodi-
versity conservation. In addition, a comprehensive assessment of respondents’ opinions
provides an insight into different preferences within three main groups including gov-
ernmental, conservational, research-specific, with regard to weighting the influence of
factors and criteria for defining high-priority areas for biodiversity conservation. Our
study also reveals that the groups of Governmental Administration and Protected Areas
put a focus on the “Pressure” factor while the group of Research Institutions emphasized
the importance of “Response” factor in the evaluation process. These findings allow for
a better understanding of different approaches to managing and developing protected
areas and designate new priority areas based on respective multi-criteria decision-making
(prioritization) in Vietnam.

7. Conclusions

Identification of priority areas is an important step in conservation planning to maxi-
mize the benefits of conservation strategies. However, the formulation of a criteria system
that integrates both biological and socio-economic aspects is still a challenging task for con-
servationists and practitioners. In this study, we used the Pressure–State–Response model
to develop criteria and indicators for defining priority areas for biodiversity conservation.
We use empirical data from 185 respondents categorized into three groups: Governmental
Administration and Organizations, Universities and Research Institutions, and Protected
Areas, collected in a 2017 survey in Vietnam. We apply Analytic Hierarchy Process (AHP)
theory to calculate the weight of the criteria and indicators based on information from all
respondents and the groups of respondents.

Our results have suggested seven criteria and 17 indicators that integrate biological
and socio-economic factors to set priorities for biodiversity conservation in Vietnam. The
results have slao shown that the priority levels for biodiversity conservation could be
identified by three main factors: Pressure, State, and Response, with the value of the weight
of 41%, 26%, and 33%, respectively. In addition, our study revealed that the groups of
Governmental Administration and Protected Areas put a focus on the “Pressure” factor
while the group of Research Institutions emphasized the importance of the “Response”
factor in the evaluation process.

Based on these findings, we emphasize the importance of setting priorities for biodiver-
sity conservation through criteria and indicators. A criteria system integrating biological
and social aspects could provide a useful tool to define priority areas for biodiversity
conservation. However, further research is needed to apply these suggested criteria and
indicators to identify priority areas for biodiversity conservation in practice and to examine
the reliability of these criteria and indicators.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13091341/s1, Appendix S1: Questionnaire; Appendix S2: List of
interviewees; Appendix S3: Synthesizing the numbers of respondents in pairwise.

Author Contributions: Conceptualization, X.D.V.; methodology, X.D.V.; software, X.D.V.; validation,
X.D.V., E.C., T.T.N. and C.M.; formal analysis, X.D.V.; investigation, X.D.V.; resources, X.D.V.; data
curation, X.D.V.; writing—original draft preparation, X.D.V.; writing—review and editing, E.C., T.T.N.
and C.M.; visualization, X.D.V.; supervision, E.C., T.T.N. and C.M.; project administration, X.D.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Vietnamese Government Scholarship (3979/QÐ-BGDÐT).
The publication of this article was funded by the Open Access Fund of the Leibniz University Hannover.

Data Availability Statement: Not applicable.

237



Forests 2022, 13, 1341

Acknowledgments: This research was supported by the Chair Group of Remote Sensing of the Insti-
tute of Photogrammetry and Remote Sensing, Technical University of Dresden, Dresden, Germany,
and the Vietnam National University of Forestry. We would like to express our gratitude to the
experts, researchers, and officials involved in the study, particularly those from the protected areas
in Vietnam, IUCN Vietnam, Biodiversity Conservation Agency (MONRE), Department of Nature
Conservation (MARD), Forest Protection Department (MARD), and the Vietnam National University
of Forestry for providing valuable data. My special thanks to forest rangers and communities at Cuc
Phuong National Park, Pu Luong Nature Reserve, and Ngoc Son Ngo Luong Nature Reserve.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mittermeier, R.A.; Turner, W.R.; Larsen, F.W.; Brooks, T.M.; Gascon, C. Global biodiversity conservation: The critical role of
hotspots. In Biodiversity Hotspots; Springer: Berlin/Heidelberg, Germany, 2011; pp. 3–22.

2. De Groot, R.; Brander, L.; Van Der Ploeg, S.; Costanza, R.; Bernard, F.; Braat, L.; Christie, M.; Crossman, N.; Ghermandi, A.;
Hein, L. Global estimates of the value of ecosystems and their services in monetary units. Ecosyst. Serv. 2012, 1, 50–61. [CrossRef]

3. Christie, M.; Fazey, I.; Cooper, R.; Hyde, T.; Kenter, J.O. An evaluation of monetary and non-monetary techniques for assessing the
importance of biodiversity and ecosystem services to people in countries with developing economies. Ecol. Econ. 2012, 83, 67–78.
[CrossRef]

4. Costanza, R.; De Groot, R.; Sutton, P.; Van der Ploeg, S.; Anderson, S.J.; Kubiszewski, I.; Farber, S.; Turner, R.K. Changes in the
global value of ecosystem services. Glob. Environ. Change 2014, 26, 152–158. [CrossRef]

5. Chapin, F.S., III; Zavaleta, E.S.; Eviner, V.T.; Naylor, R.L.; Vitousek, P.M.; Reynolds, H.L.; Hooper, D.U.; Lavorel, S.; Sala, O.E.;
Hobbie, S.E.; et al. Consequences of changing biodiversity. Nature 2000, 405, 234. [CrossRef]

6. Pimm, S.L.; Russell, G.J.; Gittleman, J.L.; Brooks, T.M. The future of biodiversity. Science 1995, 269, 347–350. [CrossRef] [PubMed]
7. Wilson, K.A.; Carwardine, J.; Possingham, H.P. Setting conservation priorities. Ann. N. Y. Acad. Sci. 2009, 1162, 237–264.

[CrossRef]
8. Margules, C.R.; Pressey, R.L.; Williams, P.H. Representing biodiversity: Data and procedures for identifying priority areas for

conservation. J. Biosci. 2002, 27, 309–326. [CrossRef]
9. Mehri, A.; Salmanmahiny, A.; Mirkarimi, S.H.; Rezaei, H.R. Use of optimization algorithms to prioritize protected areas in

Mazandaran Province of Iran. J. Nat. Conserv. 2014, 22, 462–470. [CrossRef]
10. Lu, Z.; Xu, W.-H.; Ouyang, Z.-Y.; Zhu, C.-Q. Determination of priority nature conservation areas and human disturbances in the

Yangtze River Basin, China. J. Nat. Conserv. 2014, 22, 326–336. [CrossRef]
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Abstract: Rates of biodiversity loss remain high, threatening the life support system upon which
all human life depends. In a case study, a novel biodiversity composite index (BCI) in line with the
Convention on Biological Diversity is established in Tyrol, Austria, based on available national forest
inventory and forest typing data. Indicators are referenced by ecological modeling, protected areas,
and unmanaged forests using a machine learning approach. Our case study displays an average
biodiversity rating of 57% out of 100% for Tyrolean forests. The respective rating for ecosystem
diversity is 49%; for genetic diversity, 53%; and for species diversity, 71%. Coniferous forest types
are in a more favorable state of preservation than deciduous and mixed forests. The BCI approach is
transferable to Central European areas with forest typing. Our objective is to support the conservation
of biodiversity and provide guidance to regional forest policy. BCI is useful to set restoration priorities,
reach conservation targets, raise effectiveness of financial resources spent on biodiversity conservation,
and enhance Sustainable Forest Management.

Keywords: convention on biological diversity; national forest inventory; dynamic forest typing;
machine learning; sustainable forest management; temperate forests

1. Introduction

Biodiversity loss is one of the greatest ecological challenges of our time [1] Biodiversity
plays a crucial role in biological processes, provision of ecosystem services, and stability of
forest ecosystems [2–5]. With current rates of biodiversity loss [6,7], forest multifunctionality
and productivity are decreasing at an accelerating rate [8].

Evaluating biodiversity is a highly complex task [9,10]. Additionally, biodiversity
indicators are still criticized for poor indicator–indicandum relationships [11–14]. Following
Heink and Kowarik [15], an indicator is of major relevance for a given issue, e.g., assessment
of a specific impact for conservation policy (tree diameter and age classes), while an
indicandum is the indicated phenomenon (old-growth forests). Although the relationship
to the indicandum may not be fully understood yet, we will refer to these metrics as
“indicators” in the following.

Due to weak correlations with the indicandum, indicator species concepts have not been
successful [12,13], while concepts for forest genetic monitoring are missing in Europe [16].
Policymakers, forest managers, and scientists are facing severe knowledge gaps while
having to decide which and how to choose and aggregate biodiversity indicators [17–20] as
well as defining baselines.

Structures, processes, and taxonomic groups are currently used as ecological indicators [15].
Our study applies metrics of structural diversity relevant to forest biodiversity based on
scientific evidence. Structural diversity concepts indicate potential habitat quality, niche differen-
tiation, structural complexity [7], and other sources of forest biodiversity [18], e.g., for umbrella
species [21] and bird species [22]. There is broad scientific evidence for positive relationships
between measures of forest structural variety and elements of biodiversity [23–25].
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On large spatial and temporal scales, the availability of reliable data sets is a limiting
factor for biodiversity assessments and monitoring [9,10]. Without sound biodiversity
monitoring and reporting systems, natural resources get overexploited or marginalized
in decision-making [26]. Gaps in biodiversity monitoring may contribute to the lack of
success in biodiversity policy implementation [16]. This may be one of the main reasons
why, despite international conventions and large financial efforts [27], current rates of
biodiversity loss remain high, threatening the life support system upon which all human
life depends [28].

There are three biodiversity indicator sets internationally accepted, developed by
the European Environment Agency, Biodiversity Indicators Partnership, and Ministerial
Conference on the Protection of Forests in Europe. All of them cannot be used to judge,
compare, or predict consequences of forest management for forest biodiversity at the
regional level.

Understanding ecological impacts of forest management practices on biodiversity and
associated ecosystem processes is essential for developing Sustainable Forest Management
approaches [29,30]. Some forest ecosystem services can work in synergy whereas others,
such as biodiversity and intensive timber production, are hardly compatible [31]. This
policy–policy conflict is one of the most acknowledged trade-offs related to forest man-
agement [32–34]. Sustainable Forest Management is characterized by taking consequences
of operational decisions for biodiversity into consideration [35], which is very difficult to
achieve for forest enterprises. Unambiguous and practical concepts to define and measure
forest biodiversity relevant to scale and purpose are needed [36,37].

Selecting appropriate indicators is particularly challenging using forest inventory
data which originally were designed for forest resource management purposes [18]. Main
impacts of forest management on forest biodiversity are changes in forest structure, species
composition [38,39], and forest genetic resources. It is therefore reasonable to monitor
changes in these determinants [40,41].

Large-scale forest inventories have rarely been used for biodiversity assessments [42,43].
However, forest inventories proved their potential to overcome data deficits on large spatial
and temporal scales [21,25,41,44,45]. Major advantages of inventory-based biodiversity
assessments are the repeated measurements which detect temporal changes [10] at low
additional costs [45,46] for a high number of attributes, forest types, sample sizes, and
scales [10,41]. In the long term, changes in biodiversity may even be related to forest
management [41] and forest policy measures, which makes it highly reasonable to choose
biodiversity indicators based on existing forest inventory data. Forest typing models cannot
solely be used for tree species selection under various climate warming scenarios. An
Austrian case study demonstrates the great potential of forest typing models and machine
learning for conservation planning and policy guidance.

In this study, a novel biodiversity composite index (BCI) to assess forest biodiversity
of the federal autonomous province of Tyrol, Austria, is presented. BCI was created in
the Interreg-project “BioΔ4” and was designed to be transferable to neighboring Central
European regions in, e.g., Austria, Italy, and Germany. The basic assumption of BCI is that
forests of high naturalness can maintain biodiversity best on large temporal and spatial
scales. BCI targets heterogeneity and levels of diversity evolving naturally (or nature
identical) at a forest stand to conserve overall forest biodiversity on a landscape scale. BCI
logic structure is in line with the Convention on Biological Diversity (CBD). It follows the
Convention’s internationally accepted definition of biodiversity, stating that “biodiversity
is the variability among living organisms from all sources including, inter alia, terrestrial,
marine and other aquatic ecosystems and the ecological complexes of which they are part;
this includes diversity within species, between species, and of ecosystems” (CBD, 1992). In
line with the CBD, we define ecosystems as “a dynamic complex of plant, animal and micro-
organism communities and their non-living environment interacting as a functional unit.”
In our case study, BCI “ecosystem diversity” indicates the variations in forest ecosystems
within the geographical location Tyrol.
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Our objective was to create a stand-scale biodiversity index assembled from indicators
which (1) are based on available data sets, (2) are based on high scientific evidence relevant
to biodiversity, and (3) equally consider ecosystem, species, and genetic diversity. The new
approach can be repeated cost-efficiently in each forest inventory period.

BCI provides quantitative aggregation and simplification of ecological information
which can help policy makers to implement biodiversity policies and distribute conserva-
tion funding, e.g., for ecosystem restoration. Ranking of forest types on four levels and
high-resolution spatial maps of forest diversity with BCI can support decision-making in
biodiversity conservation (e.g., target forest types, target regions, ecosystems, species or
genetic restoration, conservation priorities, etc.) and evaluate effectiveness of financial
resources spent on ecosystem restoration and Sustainable Forest Management (e.g., cost-
benefit-analysis). As a minimum requirement, we recommend a future positive BCI trend
on all levels as a quantitative goal for regional to national forest policy in order to halt the
loss of biological diversity and meet strategic CBD targets.

2. Material

2.1. Forests of Tyrol

Tyrol has a size of 12,684 km2 and is located in the Eastern Alps. The territory is
separated into two parts, namely North Tyrol and East Tyrol (Figure 1). It ranges from 500 to
3800 m above sea level and shows an inner alpine mountainous climate with subcontinental
traits. The 520,000 ha of alpine coniferous forests are characterized by dense vegetation
in combination with cold climate leading to acidic, thick organic soil horizons [47]. Total
stock levels are about 114 M. m3 (328 m3/ha) with annual growth rates of 2.2 M. m3 [48].
With 57.6% tree species abundance, Norway spruce (Picea abies) is predominant [48].

 

Figure 1. Study area. Maps of the study area Tyrol, which is located in Austria (47◦41′47.30′′ N,
13◦20′44.64′′ E), Central Europe. The map was taken from https://geology.com/world/austria-
satellite-image.shtml (accessed 6 March 2023).

Designated protective forests (e.g., forests protecting infrastructure and settlements
from natural hazards) can be found on 48% of the total forest area [48]. Forest regeneration
deficits in Tyrolean protective forests have repeatedly been reported [48,49]. Severe game
impact on forest regeneration can be found on 57% of the forest area [48]. Dead wood levels
account for 10.8% of the living stand volume [48].
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2.2. Data Sets

This case study combines field-based measures and lidar-derived approaches using
data sets provided by the Austrian Research Centre for Forests (AFI (Austrian Forest
Inventory), AUPICMAP study (Geographic-genetic map of the Austrian Norway spruce
population), Austrian Planting Statistics, and Nature Forest Reserves), and by the Tyrolean
Regional Government (Forest typing project, vegetation surveys, TIRIS (Tyrolean Spatial
Information System)). Data processing is done in R, QGIS, and python (Table 1). Reference
values for the dead wood levels are supplied by protected areas, e.g., the National parks
“Hohe Tauern” and “Berchtesgaden”. For other biodiversity indicators, reference values
can be found in earlier scientific studies [48,50–53].

Table 1. Data provision and processing. Twelve biodiversity indicators are established based on data
sets provided by the Austrian Research Centre for Forests, the Tyrolean Regional Government, and
national park managements.

Indicator Method Data Set Reference Data Processing

Tree species diversity Grabherr et al. (1998) [50] AFI Forest typing R
Ground vegetation Grabherr et al. (1998) [50] Vegetation surveys Grabherr et al. (1998) [50] R
Surface soil quality case study Tyrol AFI Hotter et al. (2013) [53] R

Game impact case study Tyrol AFI - R
Tree layer structure Grabherr et al. (1998) [50] AFI Grabherr et al. (1998) [50] R

Developmental level case study Tyrol AFI Grabherr et al. (1998) [50] R

Dead wood case study Tyrol, Grabherr
et al. (1998) [50] AFI

AFI,
protected area
management

R, QGIS

Structural features case study Tyrol, Grabherr
et al. (1998) [50] AFI Grabherr et al. (1998) [50] R

Forest gap structure case study Tyrol TIRIS Grabherr et al. (1998) [50] QGIS

Autochthony Geburek and Schweinzer
(2012) [52] AFI AUPICMAP Python,

QGIS
Management constraints case study Tyrol TIRIS Raab et al. (2002) [51] QGIS

Genetic features case study Tyrol AFI, Austrian
Planting Statistics - R

AFI = Austrian Forest Inventory. TIRIS = Tyrolean Spatial Information System. AUPICMAP = Geographic-genetic
map of the Austrian Norway spruce population.

Biodiversity assessment is performed on 1162 Austrian Forest Inventory subplots. The
AFI uses a permanent foursome grid sampling with a grid size of 3.89 km (1 AFI plot =̂ 4
AFI sub plots). Biodiversity indicators are assessed on the AFI subplot level. A detailed
AFI field sampling manual, calculation methods, and theoretical background can be found
in Hauk and Schadauer [54]. High-resolution forest typing of Tyrol based on ecological
modeling was performed in 2019. Considering terrain models, geological models, climate
models, expert knowledge, and field data [53], ecological modeling demarcates forest types
on small scales (Figure 2A).

2.3. Assignment of AFI Plots to Forest Typing

Firstly, forest typing data is spatially overlaid with TIRIS, AFI, AUPICMAP, and
reference area data in QGIS version 3.16 LTR (Figure 2B). Secondly, all AFI subplots outside
the forest typing objects are excluded from analysis. Thirdly, if AFI subplots lay outside of
the forest typing objects but contain field data; they are assigned manually to the forest type
with the closest air-line distance by photo referencing (Figure 3). Biodiversity assessment
of Tyrol is based on 1162 AFI subplots and 1521 vegetation survey plots. Forest inventory
data and vegetation surveys are assigned to 82 forest types [53] and 223,628 QGIS objects.
A total of 347 AFI subplots were excluded in the case study.
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Figure 2. Processing inventory data with QGIS (47◦24′59.99′′ N, 11◦27′59.99′′ E). (A) Excerpt of the
QGIS forest typing [53]. Different colors and abbreviations indicate the forest types. (B) Forest typing
data (e.g., beige and green objects) is overlaid with TIRIS (e.g., orthophoto), AFI (orange dots), and
reference area (red polygon) data.

 

Figure 3. Assigning AFI plots to forest types (47◦24′59.99′′ N, 1◦27′59.99′′ E). AFI plots (orange dots,
numerical codes) are assigned to forest types (colored areas, alpha-numerical codes) in QGIS by
position (e.g., 04303108 to Fi3) or photo referencing (e.g., 04303124 to Fi19). AFI subplots without AFI
data located outside of forest type objects are excluded from analysis (e.g., 04303100).

3. Methods

Following McElhinny et al. [55], we collected all data sets available for Tyrol and the
neighboring countries, quantified all stand attributes, identified a logical structure, defined
a set of indicators according to the CBD definition of biodiversity, and combined these
attributes into an additive biodiversity index.

Assessments of BCI can be done using one out of four levels, namely species, ecosys-
tem, genetic, and biodiversity. In line with Grabherr et al. [50], indicators can assume
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ratings between zero (lowest) and 9.0 (highest) points. Following McElhinny et al. [55],
outcomes are expressed as percentage (0%–100%) to ease interpretation.

On the one hand, rare but ecologically highly valuable traits (bonus indicators) may
compensate for a lower level of common forest traits (biodiversity indicators). On the
other hand, missing but rarely occurring forest traits are not rated disadvantageous and
BCI does not benchmark against a particular scale of temporal variation [56]. Among
available data sets, we favored quantitative and high-resolution measurements of high
scientific value and large temporal scales in the choice between biodiversity and bonus
indicators (e.g., “management constraints” is a biodiversity indicator, “planting intensity”
is a bonus indicator).

3.1. Ecosystem Diversity

Ecosystem, species, and genetic diversity assessment considers three biodiversity
indicators and one bonus indicator, respectively. If at least two out of four (>50%) indicators
are rated, AFI subplots are included. The indication of 100% is always adapted to the
maximum number of points possible under the current number of indicators at the AFI
subplot (e.g., 100% = 27.0 points if three biodiversity indicators could be rated with up to
9.0 points; or 100% = 18.0 points, if two biodiversity indicators could be rated with up to
9.0 points).

ecosystemdiversity = BIlayer + BIdevel. level + BIdeadwood + Bonusstructure

BIlayer assesses the deviation of the actual tree layer structure (AFI) from an expected,
site-specific layer structure (forest typing). BIdevel.level rewards differentiation of succes-
sional stages on small scales and late forest successional phases. BIdeadwood considers dead
wood quantity (DWquantity) and quality (DWquality). Dead wood quantity is assessed by
comparing actual quantities (AFI) to reference values in protected areas and within the AFI
data set (Figure 4A,B). Bonusstructure rewards shrub layers established naturally in certain
forest types, late stand ages, and large tree diameter breast heights.

 

Figure 4. Dead wood reference levels in protected areas (47◦15′13.468′′ N, 11◦36′5.353′′ E). (A)
AFI plots (orange dots) within protected areas (green, beige, and salmon-colored polygons) and

protected area inventories are used as reference levels for dead wood quantity (DW quantity

)
. (B) In

addition, nature forest reserves and protected area inventories are surveyed. Within a forest type,
the respectively highest dead wood quantity out of all inventory data sets is compared to the actual
subplot level.
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3.2. Species Diversity

BItreespecies is based on a target-performance comparison between actual (AFI) and
potential (forest typing data) tree species composition. BIvegetation evaluates the naturalness
of species composition of the ground vegetation and their ecosystem disturbance indicating
value. BIsoil assesses if the actual humus form (AFI) deviates from the expected ones (forest
typing). Bonusgame rewards extensive game impact on forest regeneration.

speciesdiversity = BItreespecies + BIvegetation + BIsoil + Bonusgame

3.3. Genetic Diversity

BIgap characterizes forest gap structure by calculating a surface balance between forest
and non-forest area (Figure 5). BIautochthony evaluates genetic diversity of the predominant
tree species, Norway spruce, by computing intraspecific haplotype distance to reference
populations. BImanagement considers inclination and distance to forest road systems of a
forest site to estimate probability of extensive forest management. Bonusregeneration evaluates
the probability of tree species to contain a native gene pool by examining their planting
intensity. Bonusphenology uses varying branching types of Norway spruce as a proxy for
detecting genetically allochthonous plant material.

geneticdiversit = BIgap + BIautochthony + BImanagement + Bonusgenetic

 
Figure 5. Assessment of surface balance (47◦15′34.7724′′ N, 11◦24′1.3500′′ E). Squares with side length
150 m are used to compute surface balance around AFI subplots (e.g., plot nr. 03904308) between
forest (light orange polygons) and non-forest area (grey polygons) in QGIS.

3.4. Biodiversity

BCI considers nine biodiversity indicators and three bonus indicators (Figure 6).
Indicator ratings (0–9.0 points) are aggregated on the AFI subplot level. BCI is computed by
addition of indicators and levels of diversity without weighting, which makes the concept
transferable and easy to adapt. If at least six out of twelve (>50%) indicators are rated, the
AFI subplots are included. Rare forest types containing less than three AFI subplots (n = 14)
are not considered in BCI assessment.
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Figure 6. BCI index structure. The modular structure equally considers ecosystem, species, and
genetic diversity with three biodiversity indicators (black font color) and one bonus indicator (gray
font color), respectively. Indicators are aggregated without weighting. Abbreviations are listed in the
Appendix A (Table A1).

From a methodological point of view, BCI can be seen as an enhancement of the
studies of Grabherr et al. [50] and Geburek et al. [57]. The framework follows classic
niche theories [58–60] which explain co-existence of species with unique species traits and
ecological niches varying in space and time. Consequently, species cannot be interchanged
easily in a community. In the sense of Whittaker [61], BCI targets high beta-diversity levels
to conserve overall forest biodiversity.

The choice of indicators relevant to biodiversity needs to be legitimated [15]. Scientific
evidence for the relation between the diversity metric (indicator) and indicandum is pro-
vided in the Appendix A (Table A2), and detailed description of indicator evaluation can
be found in the Electronic Supplementary Material. Following Virkkala [62], Brin et al. [63],
and Gao et al. [14], indicators are selected from data sets available according to logical
inference and by referring to other studies of high statistical validity.

3.5. Predictive Modeling with R Randomforest

In line with Bitterlich [64], Lappi and Bailey [65], and Sterba [66], evaluation outcomes
are aggregated on the stratum level. With the help of the training data set (AFI subplots;
n = 1162 data points with BCI ratings) and machine learning, R randomForest predicts
biodiversity levels of 223,628 forest patches (QGIS polygons).

We applied the bagging classification algorithm randomForest in R, which is a group
of regression trees made from random selection of samples of the training data [67]. Every
random forest in this study is composed of 500 regression trees. For every regression tree
in the forest, a training set is drawn from the sample plots, using bootstrap aggregating
(bagging). The decision tree is built by rule-based splitting of the bagging sample into
subsets, maximizing the variance between the subsets [68]. At each split in the learning
process, a random subset of impact variables is used [69]. The splitting process is repeated
recursively on each derived subset until (i) the subset has identical values with the target
variable or (ii) the splitting no longer adds value to the prediction [70]. The mean value of
the target variable within a final subset (leaf of the decision tree) is used as the conditional
prediction of the target variable for a corresponding combination of impact variables [68].
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For the application of a high-precision data-mining machine learning algorithm, we
created polygon centroids of all forest type areas in QGIS as a prediction data set (Figure 7A).
Predictive model performance is improved by adding the variables forest type (forest
typing), altitude (Copernicus V1.1 DEM), geographical coordinates (TIRIS), and forest
type groups (Appendix A Table A3) to the training and prediction data set. Model fit is
controlled by additionally repredicting the training set and comparing prediction with R
randomForest training data. The standard deviance between training and prediction data
is 0%–19%. High deviances of 19% occur seldom in case extraordinary low values in the
training set are repredicted.

Figure 7. The training and prediction data set in R randomForest (47◦15′34.7724′′ N, 11◦24′1.3500′′ E).
(A) The training set of AFI subplots. (B) The prediction set of forest typing polygon centroids for
modeling ecosystem, species, genetic diversity, and biodiversity with R randomForest.

In the next step, we assigned centroid values of the prediction set to the polygons
to create maps of Tyrol (Figure 7B). Overall, we applied four prediction models, as BCI
indicators can be aggregated on the level of species, ecosystem, genetic, and biodiversity.
For our case study, we considered the area-weighted mean of the forest area objects in QGIS
in high resolution.

To illustrate the prediction outcomes, forest area coloring was done in five classes
(0%–20%, 20%–40%, 40%–60%, 60%–80%, 80%–100%) in QGIS. For the additional creation
of spatial. jpg maps of Tyrolean forest diversity for the Tyrolean Regional Government, we
applied cube spline interpolation in SAGA GIS. Before running the final models, we tested
the model approach several times, performing probability checks using solely data of the
smallest political district of Tyrol (‘Innsbruck’, forest area 37 km2).

4. Results

BCI spatial area assessments can be interpreted on the level of diversity of species and
ecosystem, genetic diversity, and biodiversity. Our study displays an average biodiversity
rating of 57% (area-weighted mean of forest area) for Tyrol. The respective rating of
ecosystem diversity is 49%; of genetic diversity, 53%; and of species, 71% (Figure 8).
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Figure 8. Maps of forest ecosystem, species, genetics, and biodiversity (47◦15′13.468′′ N, 11◦36′5.353′′ E).
High-resolution maps of forest ecosystem, species, genetics, and biodiversity of Tyrolean forests. Outcomes
are displayed in five classes (0%–20%, 21%–40%, 41%–60%, 61%–80%, 81%–100%).

BCI outcomes display high spatial heterogeneity on small scale. The divergence
between valleys (e.g., “Inntal”) and higher alpine areas in all models is evident through
their darker coloring (i.e., lower BCI ratings). This effect is most pronounced for species
diversity (Figure 8, left side).

Indicators with high average ratings in the biodiversity assessment are “autochthony”
(94%), “tree layer structure” (94%), and “game impact” (91%). Indicators with low average
ratings are “structural features” (19%), “management constraints” (36%), and “tree species
diversity” (46%).

Indicators available most frequently at the 1507 AFI subplots studied are “forest gap
structure” (1507 AFI sub plots), “forest vegetation” (1454 plots), and “structural features”
(1004 plots). Indicators with low availability are “autochthony” (520 plots), “surface soil
quality” (836 plots), and “tree layer structure” (943 plots).

High-altitude areas received higher BCI ratings than low elevation areas, which is in
line with forest type evaluation. Surveying model outcomes on the level of the forest type
(Table 2), it can be concluded that coniferous forests in Tyrol are in a more favorable state of
preservation and can maintain biodiversity with higher probability than broad-leaved and
mixed forests.

Table 2. BCI evaluation outcomes on the forest type level.

Forest Type Code
Species

Diversity
[%]

Ecosystem
Diversity

[%]

Genetic
Diversity

[%]

Biodiversity
(BCI)
[%]

Subalpine dry silicate larch-spruce forest Fs4 77 65 69 70
Overlying humus-carbonate larch-stone pine forest Zi2 66 87 69
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Table 2. Cont.

Forest Type Code
Species

Diversity
[%]

Ecosystem
Diversity

[%]

Genetic
Diversity

[%]

Biodiversity
(BCI)
[%]

Subalpine coniferous avalanche sites FL3 100 48 62 69
Subalpine cool silicate steep slope (green alder-larch) spruce

forest Fs3 79 57 74 68

Cool silicate steep slope spruce-larch fir forest FT12 77 54 70 67
Montane sunny rock sites on carbonate FK2 100 63 67 65

Montane dry silicate (pine) spruce forest Fi4 65 59 73 65
Warm silicate larch-stone pine forest Zi4 81 56 65
Poor silicate larch stone pine forest Zi1 80 57 64
Subalpine basic larch-spruce forest Fs5 84 55 57 64

Dry carbonate pine forest Ki1 86 48 62 64
Subalpine poor silicate (larch) spruce forest Fs1 82 48 61 63

Marl steep slope spruce-fir-beech forest Ftb20 81 52 59 63
Montane poor silicate (larch) spruce forest Fi2 79 52 59 63

Mountain pine, green alder, hardwood scrub, scrubby areas k 100 38 54 63
Montane poor carbonate larch-spruce forest Fi6 81 50 57 61

Lawinar silicate (green alder) larch-spruce forest Fs10 83 50 51 61
Moderately dry carbonate pine-spruce-beech forest Fkb1 71 48 67 61

Cool carbonate steep slope larch-pine forest Ki18 72 43 68 61
Floodplain sites of the montane level Er12 93 40 49 61

Fresh silicate fir-spruce forest of the intermediate Alps FT10 79 46 55 60
Subalpine fresh silicate spruce forest Fs17 82 47 51 60

Fresh alkaline spruce-fir forest FT9 84 44 49 60
Moderately fresh silicate fir-spruce forest Fi22 65 60 50 59

Subalpine warm silicate larch-spruce forest Fs2 82 45 53 58
Poor silicate spruce-fir forest FT2 71 44 63 58

Montane warm carbonate spruce forest Fi8 56 51 63 58
Montane fresh basic spruce forest Fi5 58 50 50 58

Montane fresh silicate (larch) spruce forest Fi1 69 47 53 58
Montane warm silicate (larch) spruce forest Fi3 72 52 50 58

Subalpine fresh carbonate spruce forest Fs6 44 53 68 57
Moderately fresh silicate spruce-fir-beech forest Ftb4 68 52 55 57

Moderately fresh carbonate spruce-fir-beech forest Ftb7 68 49 57 57
Subalpine dry carbonate (larch) spruce forest Fs7 26 64 59 57

Fresh carbonate spruce-fir-beech forest Ftb6 75 45 53 56
Warm carbonate beech forest Bu3 66 48 55 56
Fresh silicate spruce-fir forest FT1 69 47 54 56

High montane carbonate spruce-fir beech forest Ftb13 66 50 61 56
Rich basic spruce-fir forest FT6 55 57 47 56

Rich silicate spruce-fir forest FT5 63 49 55 56
Overlying humus carbonate spruce-fir forest FT20 45 58 58 56

Fresh silicate beech forest with conifers TB2 78 44 55
Rich loam-deciduous beech forest LhB1 72 48 55
Fresh basic spruce-fir beech forest Ftb8 76 50 52 55

Moderately fresh carbonate spruce-fir forest FT15 35 54 64 55
Moist acid spruce-fir forest FT8 68 47 48 55

Warm basic (larch) spruce forest Fi7 66 50 41 54
Montane poor carbonate spruce-fir forest Fi23 63 49 48 53
High montane carbonate spruce-fir forest FT19 39 46 67 53

Fresh loam (beech) spruce-fir forest FT16 63 51 54 53
Overlying humus carbonate spruce-fir -beech forest Ftb16 63 48 61 53

Rich clay spruce-fir-beech forest Ftb10 74 51 43 53
Rich silicate ash-lime mixed forest Lh3 61 56 52
Fresh basic deciduous beech forest Bu1 58 51 47 52
Fresh clay spruce-fir-beech forest Ftb1 62 43 49 52

Moderately fresh carbonate and clay beech forest Bu17 55 51 44 50
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Table 2. Cont.

Forest Type Code
Species

Diversity
[%]

Ecosystem
Diversity

[%]

Genetic
Diversity

[%]

Biodiversity
(BCI)
[%]

Rich silicate spruce-fir beech forest Ftb11 40 55 51 50
Montane rich silicate spruce forest Fi19 60 47 43 50

Fresh silicate spruce-fir-beech forest of the Northern Alps Ftb2 49 49 49 49
Fresh clay beech forests with conifers TB1 66 43 49
Warm carbonate oak-ash-lime forest Lh2 52 48 48

Moist basic (gray alder) maple-ash mixed forest Lh5 54 41 47
Silicate hardwood spruce-fir forest LhT1 66 35 46
Colline grey alder riparian forest Er3 49 38 42 45

Montane grey alder riparian forest Er2 53 53 21 42
Fresh silicate lime-ash-pedunculate oak forest Ei1 24 46 44 38

 Deciduous  Mixed  Coniferous  Shrub

High ratings indicate that the forest type is in a more favorable state of preservation
and can maintain a certain aspect of biodiversity with higher probability. On the contrary,
low ratings display a less favorable state of preservation. They may indicate the need for
active management to conserve certain aspects of forest biodiversity.

High ecosystem diversity ratings are displayed by the forest types of “Overlay humus-
carbonate larch-stone pine forest” (68%), “Subalpine dry silicate larch-spruce forest” (65%),
and “Subalpine dry carbonate (larch) spruce forest” (64%). In contrast, models indicate low
ecosystem diversity ratings in “Moist basic (gray alder) maple-ash mixed forest” (40%),
“Colline grey alder riparian forest” (38%), and “Silicate hardwood spruce-fir forest” (37%).

In the case study, forest types of high species diversity ratings are “Subalpine conifer-
ous avalanche sites” (100%), “Mountain pine, green alder, hardwood scrub, scrubby areas”
(98%), and “Subalpine basic larch-spruce forest” (89%). Low species diversity ratings are
assigned to “Warm carbonate oak-ash-lime forest” (44%), “Rich loam-deciduous beech
forest” (43%), and “Fresh silicate lime-ash-pedunculate oak forest” (27%).

Our models indicate high genetic diversity ratings for “Subalpine dry silicate larch-
spruce forest” (82%), “Cool carbonate steep slope larch-pine forest” (82%), and “Overlay
humus-carbonate larch-stone pine forest” (78%). Low genetic diversity ratings are found in
“Colline grey alder riparian forest” (49%), “Fresh clay beech forest with conifers” (49%),
and “Montane grey alder riparian forest” (40%). Highest probability for autochthony of the
Norway spruce populations is detected in the Central and Eastern parts of Northern Tyrol.
For detailed outcomes, please consider the Supplementary Material.

Overall, high biodiversity ratings can be found in “Subalpine dry silicate larch-spruce
forest” (74%), “Subalpine coniferous avalanche sites” (72%), and “Overlay humus-carbonate
larch-stone pine forest” (72%). On the contrary, low biodiversity ratings are in “Colline
grey alder riparian forest” (46%), “Montane grey alder riparian forest” (45%), and “Fresh
silicate lime-ash-pedunculate oak forest” (42%).

5. Discussion

5.1. Approach and Biodiversity Indicator Choice

The BCI approach differs substantially from the way other authors identified, weighted,
and scored indicators. As we chose indicators based on inventory data availability
and scientific literature, we forwent performing a principal component analysis to test
for redundancy, such as in McElhinny et al. [55] and Storch et al. [41]. In line with
LaRue et al. [71] and Ette et al. [72], we expect the BCI indicators to be intercorrelated and
neither ecologically nor statistically independent.

Some indicators can be a proxy for more than one level of biodiversity which, based on
scientific knowledge, might seem difficult to assign, e.g., on the one hand, the availability
of about 25 m3/ha of dead wood is an important quantitative threshold value for many
endangered species [73,74]. On the other hand, general positive correlations between dead
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wood volume and wood-living fungi species, dead wood volume, and saproxylic species
diversity, and between dead wood diversity and saproxylic species diversity are found
for Europe in a meta-study [14]. However, this does not endanger assessment quality. In
our case study, dead wood quantity is an ecological diversity indicator. Ratings are rising
linearly with the share of reference levels (see Supplementary Material). If species diversity
were targeted instead, ratings other than linear ones might be more appropriate.

Weighting as a final step in aggregation would have a major impact on the results.
Nevertheless, respecting the limited knowledge about ecological communities, biological
interactions, and genetic diversity in forests, putting weights to biodiversity indicators re-
veals more about the study authors and scientific community than substantially reaching an
assessment that is closer to the true status of biological diversity. We agree with Okland [75]
and Storch et al. [41] that indicator weighting is only reasonable for monitoring certain
taxonomic groups with known correlations to specific habitat quality requirements. In line
with McElhinny et al. [55], we expected weighting to probably subjoin more subjectivity to
the BCI without providing additional insights.

5.2. Compare Study Outcomes

Spatial comparison within Tyrol shows that forest areas of high elevation tend to have
higher BCI ratings compared to valleys in all models. Coniferous forests are in a more
favorable state of preservation and can maintain biodiversity with higher probability than
broad-leaved and mixed forests. In Austria, natural or semi-natural forests are mainly
stocked in the subalpine, inner parts of the Alps and are characterized by a dominance
of coniferous tree species [50]. In Tyrol, only 13% of the area is suitable for permanent
settlement [76], which puts high pressure on ecosystems of low elevations such as broad-
leaved and mixed forests. This effect is most pronounced in a species diversity model
which also shows highest assessment heterogeneity on small spatial scales. BCI can be
used to regionally define conservation targets, e.g., ecosystem restoration of forest types
(‘Silicate hardwood spruce-fir forest”) in regions with below-average BCI performance (e.g.,
low elevation sites), or to regionally promote a particular level of biodiversity in a specific
area (e.g., measures for ecosystem diversity such as retention trees).

It is not possible for us to directly compare our case study outcomes with other biodi-
versity assessments [10,41,55,77], due to unavailable indicator values in Tyrol (e.g., bark
diversity, hollow trees, litter dry weight, litter decomposition, tree age, vegetation cover),
different scales [57], and different study purposes [77]. However, there is partial agreement
in the choice of indicators such as perennial species richness [55,77], natural regenera-
tion [41,57,77], standing and lying dead wood [41,55,57,77], old growth trees [10,41,55,57,77],
genetic diversity of Norway spruce [57], forest fragmentation [57,77], and tree species fre-
quency [10]. Benchmarking based on vegetation types can also be found in Parkes et al. [77].
The choice of indicators in this study largely corresponds to a meta-study of Gao et al. [14],
who demonstrated that the biodiversity indicators chosen most frequently in 142 European
ecological studies are dead wood volume, age of canopy trees, vascular plant species, tree
canopy cover, decay classes, and dead wood diversity.

5.3. Advantages and Disadvantages

Major advantages of the BCI approach are easy transferability, cost-efficient long-term
monitoring of forest policy measures, and the logical indicator structure in line with the
CBD. BCI can be used as a conservation planning tool to halt biodiversity loss on the
national scale. With our state-of-the-art data pre- and postprocessing, BCI sticks very close
to the policy-relevant definition of biodiversity in the CBD, which 183 member countries
agreed on in 1992. We provide a new option to assess biodiversity based on available
national forest inventory and forest typing data. Outcomes can be interpreted on three
levels (diversity of ecosystem, species diversity, and genetic diversity) and aggregated to
assess forest biodiversity in high resolution on varying spatial scales. By not weighting
indicators, the framework remains easy to adapt to neighboring regions in Central Europe.
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Quantitative aggregation and simplification of ecological spatial information may
help policy makers and conservationists to implement biodiversity policies and assign
conservation funding, e.g., for ecosystem restoration. The ranking of forest types and high-
resolution spatial maps of forest diversity can support decision-making in biodiversity
conservation (e.g., target forest types, target regions, conservation priorities, and ecosystem-
, species-, or genetic restoration measures) and retrospectively evaluate effectiveness of
financial resources spent on ecosystem restoration and nature conservation. Additionally,
effects of different forest management measures on biodiversity can be assessed per forest
type and used to advance Sustainable Forest Management. Within one forest inventory
period, performing cost-benefit analyses of, e.g., biodiversity conservation efforts, forest
management practices, forest road building, regional forest policy funding, and Sustainable
Forest Management measures will be made available. Quantifying forest biodiversity with
BCI allows targeted management of a landscape’s biodiversity and distributed biodiversity
values. BCI can be used as a measurable, objective, and quantitative guidance for regional
forest and conservation policy using the first BCI assessment as a baseline minimum.

However, the BCI concept could not overcome all weaknesses of forest inventory-
based approaches described in Storch et al. [41], e. g., large-scale forest inventory design
may not capture small areas like nature reserves well enough and very rare forest types
must be excluded from the analysis. Plot measures may not be representative for the
forest stand and most biodiversity aspects can only be addressed through surrogates.
Additionally, most genetic diversity indicators focus on the major tree species of Tyrol,
Norway spruce, as data for other species are not available. The indicators “autochthony”,
“tree layer structure”, and “game impact” display high ratings in the BCI assessment.
For upcoming BCI assessments, these indicator evaluations should be revised based on
experience gained from the Tyrolean case study. Applying BCI, error propagation of forest
typing models can possibly occur. Nevertheless, by using ecological modeling, referencing
indicators by forest type, employing GIS data such as orthophotos, and machine learning,
we were able to advance reliability and spatial resolution of forest biodiversity assessments.

6. Conclusions

Assessing biodiversity is highly complex. The intention of BCI is to aggregate and
simplify ecological information in a surrogate approach, advance forest-inventory based
assessments, and monitor all levels of forest biodiversity in line with the CBD.

In the case study, average ecosystem diversity is 49%, species diversity is 71%, genetic
diversity is 53%, and biodiversity is 57%. In Tyrol, coniferous forests are in a better state of
preservation and can maintain biodiversity with higher probability than broad- leaved and
mixed forests. These findings, next to rankings of forest types and high-resolution spatial maps
of forest biodiversity, can be used to advance land use policies, forest management, nature
conservation, and landscape planning in Austria, e.g., by cost-benefit analysis. The approach is
transferable to neighboring regions with forest-typing, e.g., in Germany, Italy, and Austria.

For Tyrol, we highly recommend a second BCI assessment within six years to solve the
baseline problem, monitor temporal and spatial changes, detect trends in forest biodiversity,
and evaluate effects of forest management and biodiversity conservation. BCI can give
objective guidance and feedback to forest policy to counteract the biodiversity crisis. We
recommend a future positive BCI trend on all levels as a quantitative goal for regional
forest policy to meet strategic CBD targets.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/f14040709/s1.
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List of Acronyms

AFI Austrian Forest Inventory
AUPICMAP Geographic-genetic map of the Austrian Norway spruce population
BCI Biodiversity composite index
BI Biodiversity Indicator
BONUS Bonus Indicator
CBD Convention on Biological Diversity
TIRIS Tyrolean Spatial Information System
QGIS Quantum-Geographic Information System

Appendix A

Table A1. Abbreviations of indicators.

Ecosystem Diversity

BIlayer Biodiversity indicator: Tree layer structure

BIdevel.level Biodiversity indicator: Developmental level
BIdeadwood Biodiversity indicator: Dead wood
DWquantity Biodiversity indicator: Dead wood I: Quantity

DWquality Biodiversity indicator: Dead wood II: Quality

Bonusstructure Bonus indicator: Structural features
Bonusshrub Bonus indicator: Structural features I: Shrub cover

Bonusstandage Bonus indicator: Structural features II: Stand age

Bonusdbh Bonus indicator: Structural features III: Diameter breast height
Species diversity

BItreespecies Biodiversity indicator: Tree species diversity

BIvegetation Biodiversity indicator: Ground vegetation

BIsoil Biodiversity indicator: Surface soil quality
Bonusgame Bonus indicator: Game impact

Genetic diversity
BIgap Biodiversity indicator: Forest gap structure

BIautochthony Biodiversity indicator: Autochthony

BImanagement Biodiversity indicator: Management constraints
m.constraintinclination Biodiversity indicator: Management constraints I: Inclination
m.constraintdistance Biodiversity indicator: Management constraints II: Distance to forest road

Bonusgenetic Bonus indicator: Genetic features

Bonusregeneration Bonus indicator: Genetic features I: Natural Regeneration

Bonusphenology Bonus indicator: Genetic features II: Phenology
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Table A2. Indicative value of diversity indicators. Surrogates for forest biodiversity and scientific
evidence for their indicative value.

Indicators Scientific Evidence

Ecosystem diversity indication

tree layer structure
(s. s., naturalness of tree

layer composition)

Structural spatial diversity increases resource partitioning of light use among species [78–80] and indicates
the number of niches occurring vertically and horizontally within the canopy [22]. Greater overlap of

crowns indicates a greater use of niche space for light in the canopy [37,81] and is a measure of ecological
niche space size [71]. Tree layer structure is a proxy for forest management intensity [50]. Heterogenous

vegetation heights are associated with greater ecosystem function [71].

developmental level
(s. s., diversity of the developmental

stages)

Variation of tree dimension can be used as a proxy for habitat quality or biotope trees [10] and related
macro- and microhabitats [82]. Forest age differentiation indicates high niche supply and affects community
composition [83]. Late successional stages are proxies for ecosystem productivity [84], biotic resistance to

invasion [85], and light absorption [80]. The developmental level can be a hint towards management
intensity [50]. The indicator approach is based on mosaic cycle concepts [86,87] and niche theory [88,89].

dead wood
(s. s., dead wood quantity

and quality)

Dead wood promotes forest biodiversity [74,90–96]. It provides habitat, shelter, growth substratum, and
nutrition for various organisms, e.g., bryophytes, saproxylic insects, and fungi [96–99]. Coarse woody

debris supports numerous forest ecosystem functions [100], e.g., nutrient cycling [101,102]. Occurrence of
coarse woody debris may indicate forest ecosystem processes such as mortality, ingrowth, competition

[103], and ecosystem disturbance [104].

structural features
(s. s., shrub cover

stand age, and
diameter breast height)

Structural diversity is a proxy for structural complexity, potential habitat variability, and niche
differentiation for umbrella species [21,105]. The occurrence of shrub species can be an important

contribution to maintain forest biodiversity [106]. Shrub and tree height is a proxy for vertical stratification
of niche space [71], e.g., for birds [22]. Mean canopy height indicates the number of niches filled within the
ecosystem volume [107]. Canopy tree age was found to correlate positively with epiphytic lichen diversity

[14]. Large tree diameters indicate high potential for tree-related habitats [108].
Species diversity indication

tree species diversity
(s. s., naturalness of tree

species composition)

There is high scientific evidence for a positive correlation between tree species diversity and the number of
bird [109], ground beetle [110,111], arthropod [112], and ground vegetation species [110,113]. Tree species

abundance can be used as a proxy for species diversity of, e.g., saproxylic beetles, bryophytes, lichens,
fungi, and arthropods [114–117].

ground vegetation
(s. s., naturalness of plant species

composition, disturbance indication)

Plant species diversity indicates partitioning of resource use between species [118]. Native plant species
diversity is a proxy for the number of different niche spaces filled by native plant species [119].

surface soil quality
(s. s., divergence from the expected

humus form)

Most species diversity of Europe can be found in the soil ecosystems [16]. Humus form is one of the
regulating factors for the composition of species communities [120–123]. The diversity of zoological groups
linearly correlates to soil pH value and humus type [124]. There is high evidence for the relevance of humus
type for forest biodiversity and overall species diversity [2,120,124–126]. Slight changes in physico-chemical

components can lead to great changes in soil biota communities [127].
Game impact

(s. s., extensive game impact on
forest regeneration)

There is broad consensus on the relevance of tree browsing for forest biodiversity [128–130]. Severe
herbivore impact leads to tree species segregation, lacking regeneration, and disturbed forest succession

[131].
Genetic diversity indication

forest gap structure
(s. s., surface balance forest–non

forest area)

Forest fragmentation is a serious threat to genetic diversity [132–135]. Fragmentation subdivides
populations into small units and imposes barriers to migration, which is an important driver for extinction
[136]. Fragmentation can erode neutral and adaptive genetic diversity and lowers effective population sizes

and genetic variability [137,138]. It promotes genetic drift and inbreeding depression [139]. Habitat
fragmentation may affect adaptive potential of populations and their fitness level negatively [135,140].

Susceptibility to habitat fragmentation and habitat split is highly species-specific [138]. Dispersal ability,
migration, habitat availability, and range of environmental tolerance is decisive for genetic consequences for

species, populations, and individuals [138,141,142]. Allelic richness is most vulnerable to habitat
fragmentation with rare gene expressions preferentially being eliminated [135,139].

autochthony
(s. s., genetic distance between
populations of Norway spruce)

Autochthonous populations show small-scale genetic differentiation and local adaption of tree species
[143,144], promoting tree population differentiation [145,146]. Negative effects of allochthonous seed

sources are maladaptation to the local environment, intraspecific hybridization (introgression), cryptic
invasion, and other unintended effects on associated species which can be seen as environmental risks
[144,147]. Genetic variability of introduced forest reproductive material tends to be considerably lower

compared to local populations [148]. Artificial transfer of genetic information, e.g., by using forest
reproductive material, tends to degrade forest genetic structures [149].

Management constraints
(s. s., inclination, and distance to

forest road)

Main drivers of extinction are of anthropogenic origin [150,151]. Forest management may affect forest
genetic resources through changes in genetic drift, mating systems, fertility, and species migration [147,152].
It can lead to the loss of rare and localized alleles [153,154]. Silviculture influences the major evolutionary

forces of selection, genetic drift, and gene flow [136,155–157]. Forest management can affect mating
systems, genetic variation and population structure of forest trees [158,159], lowers effective population

sizes [155,160], and impacts the adaptive potential of forests [159].
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Table A2. Cont.

Indicators Scientific Evidence

Genetic features
(s. s., tree planting intensity,

phenology of
Norway spruce, and

crown structure)

Choice of reproductive forest material has probably the most significant impact on the genetic diversity of
forest trees in Europe [161]. Possible negative effects of long-distance seed transfer on genetic diversity are

described in Kremer [147] and Carnus et al. [162]. Hybridization of local and non-local genotypes may
affect genetic population structure negatively through outbreeding depression, introgression, demographic
invasion, introduction of diseases, and genetic erosion [144,147]. Branching types of Norway spruce may be
used as a hint to detect genetically allochthonous plant material [163]. Lower stand density affects pollen

and seed dispersal positively and promotes pollen dispersal [164] and pollen densities [165,166].
Decreasing tree density is likely to increase wind turbulences, and pollen and seed long-distance dispersal

[164,167,168].

Table A3. Assignment to forest type groups. Assignment of forest types [53] to forest type groups [50].

Forest Type Groups
[50]

Forest Types Assigned
[53]

Mountain pine and scrub forest communities Bu10, Ge1, Ge8, Ge9, Lat2, Lat3, Lat4, Lh8, k
Carbonate-rich subalpine pine and larch forests Fs5, Ki20, La1, La2, La4, La6, Lat1, Zi2, Zi3, Zi6

Carbonate-rich montane mixed spruce-coniferous forests Fi5, Fi6, Fi7, Fi8, Fi10, Fi13, Fi14, Fi18, Fi20, Fi23, Fi25, Fs13, FT3,
FT9, FT13, FT15, FT18, FT19, FT20, LhT2

Silicate-rich spruce-fir forests Fi2, Fi3, Fi4, Fi9, Fi11, Fi19, Fi22, FT1, FT2, FT5, FT8, FT10, FT12
Moist coniferous and birch forests

(including bog edge forests) Fi16, Fi17, FT7, FT22, Ki21, Fs11, Fs14, Fs18

Mixed pine forests on carbonate Ki1, Ki2, Ki3, Ki17, Ki18, Ki19, LhK3
Silicate (spruce-fir) beech forests Bu5, FT17, Ftb2, Ftb4, Ftb11, Ftb12, LhT1, TB2

Mixed maple and ash forests Bu4, Ei1, Lh4, Lh6, Lh9, Lh16, Lh17, Lh18
Lime and mixed lime forests Ei3, Ei4, Lh1, Lh2, Lh3, Lh11, Lh13, LhB2
Base-rich dry beech forests Bu3, Bu7, Fkb1, Ftb20

Brown soil (spruce-fir) beech forests Ftb3
Downy oak forests MH2

Oak and oak-pine forests Ei2, Ei7, Ei12, Ki4, Ki15
Willow communities Er4, Er11, Er12
Hard riparian forests Fi21, Ki9, Lh12, Lh14

Stream-accompanying alder-ash forests Er2, Er3, Er7, Er8

Fresh carbonate (spruce-fir) beech forests Bu1, Bu17, FT16, Ftb1, Ftb6, Ftb7, Ftb10, Ftb13, Ftb 14, Ftb16,
LhB1, LhB3, TB1

High-altitude beech forests with maple Bu11, Bu20, Ftb8
Subalpine coniferous forests on silicate Fi12, Fs1, Fs2, Fs3, Fs4, Fs10, Fs12, Fs17, La5, La7, Zi1, Zi4, Zi5

Gray alder forests Er1, Er5, Lh5, Lh21, Er13
Pine forests on silicate FT21, Ki6, Ki7, Ki16, La3

Carbonate-rich subalpine coniferous mixed spruce forests Fi1, Fs6, Fs7, Fs8, Fs9, FT6
Block forest, rubble, and rock sites on carbonate

(newly established) FK1, FK2, Fkb2, FL2, Lh10, Klf2, LhK2, Ki23, Zlf4

Block forest, rubble, and rock sites on silicate
(newly established) FK3, Fkb3, FL1, Klf1, LhK1, Zlf3, Ki5, Lh7, FL3
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Abstract: The Ghodaghodi Lake Complex is a Ramsar site, Nepal’s first bird sanctuary, and has
significant ecological and economic values. The lake complex is in the western part of the lowland of
the Terai region. Numerous studies indicate a relation between the normalized difference vegetation
index (NDVI), land use, and land cover with plant diversity. However, the association between
terrestrial plant diversity and NDVI in the Ghodaghodi Lake Complex is unknown but has important
implications due to potential land use changes. We aimed to understand the relationship between
plant diversity and NDVI in the Ghodaghodi Lake Complex. We performed a vegetation survey using
a simple random sampling methodology. Shannon–Wiener’s diversity index (H’) was calculated
from the field data, and Landsat images were used to compare land use and land cover changes and
calculate NDVI values for 2000 and 2022. The image classification shows that forest cover in April
and December 2000 was 71.1% and 58.5%, respectively, and was the dominant land cover in the study
area. In contrast, agriculture occupied 18.8% and 27.3% in April and December 2000, respectively,
and was the primary land use. Forests covered the most land in April (64.8%) and December (65.3%)
of 2022. Likewise, agriculture was a widespread land use. We found a significant correlation (r = 0.80,
p < 0.05) between the NDVI and plant species diversity, as the NDVI explained 65% of plant species
diversity. There was a decrease in forest cover from 2000 to 2022. The strong correlation between the
NDVI and vegetation species diversity shows that the NDVI can be a substitute for plant diversity.
Our findings show that increased NDVI corresponds to increased plant species diversity and that the
lake complex had more plant diversity in 2022 than in 2000, despite a decrease in forested lands.

Keywords: correlation; Ghodaghodi Lake; land cover; land dynamic; land use; NDVI; Ramsar site;
Shannon’s diversity index

1. Introduction

Land use and cover are often used interchangeably, but their meanings differ [1]. Land
use refers to human activities of how it is worked upon and managed, such as residential,
industrial zones, or agriculture. In contrast, land cover is a physical characteristic of
Earth’s surface, such as forests, agriculture, wetlands, or lakes, solely created by human
activities [2]. Land use and land cover change (LULCC) analyses focus on how the land
has been used, what types of changes are predicted in the future, and the various driving
forces and processes behind these changes [3]. The main driver of LULCC is anthropogenic
activities, such as socio-economic activities. Due to rapid human settlement, the land
use/cover effect has become an emerging issue worldwide. LULCC responds to social and
ecological processes in the landscape.

Vegetation species diversity measures the health of plant communities and ecosystems
and influences other biotic communities [4–8] and ecological processes [9–13]. Anthro-
pogenic activities and land use affect plant diversity [14,15]. Therefore, LULCC is essential
in assessing plant diversity. Land use and land cover are correlated; thus, a change in one
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factor affects the other [2]. LULCC impacts biodiversity, water and radiation budgets, trace
gas emissions, and other climatic processes [16]. LULCC affects the local, regional, and
global climate.

Vegetation species diversity and spectral information from the image are essential in
assessing biodiversity. The biodiversity assessment is based on the spectral resolution of
the data [17]. Landsat, the remote sensing system, analyzes spectral information collected
from visible, near-infrared, and the middle region related to plant properties [18]. Near-
infrared and red bands are used for estimating tree diversity [19–21]. Plant diversity and
normalized difference vegetation index (NDVI) are also strongly correlated in the savannah
biomes [22]. NDVI is sensitive to critical environmental factors, such as rainfall, that affect
biodiversity [23]. The NDVI analyzes energy in an ecosystem as primary productivity that
defines spectral patterns in plant diversity [20,24]. NDVI measures the energy entering the
ecosystem through primary productivity [25]. Because of this relationship between primary
productivity and NDVI, the NDVI predicts a change in species richness [19]. Gould [19]
studied that this change in the NDVI corresponds with a change in species richness in
the arctic landscape of Canada. A positive correlation between the NDVI and vegetation
species diversity was presented by Gould [19] and Levin et al. [25]. However, a study in
Argentina indicated a poor relationship between the NDVI and secondary productivity [26].

Historical spatial attribute data allow for assessing changes in plant species diversity
over time [27]. Walter [28] presented a positive correlation between plant species richness
and NDVI in California, USA. Zhang et al. found that the NDVI and net primary pro-
ductivity (NPP) are correlated. Because of this relationship between the NDVI and NPP
and NPP and species richness, researchers showed a connection between the NDVI and
species richness [29]. Wang et al. [30] studied a positive correlation between the NDVI
and plant diversity in grasslands. Similar results were found by Madonsela et al. [22] in
savannahs, Pouteau et al. [31] in rainforests, and Levin et al. [25] in mountainous regions.
NDVI explained up to 87% variation in species diversity for a particular vegetation type,
landscape, or region [32]. The normalized difference vegetation index (NDVI) ranges from
−1 to 1. The negative value represents the surface covered with clouds and water, the
positive value is vegetation, and zero shows bare land [33]. An area rich in vegetation
reflects a higher NDVI, while the negative value of NDVI represents no vegetation [34].
The NDVI is less sensitive to soil differences, so it is less sensitive to solar elevation. Still, it
is susceptible to green vegetation [35].

Due to plant diversity’s role in promoting the biodiversity of other taxa and the
ecosystem services they provide [4,6,7,11,13], we thought it prudent to study plant diversity
in the Ghodaghodi Lake Complex due to potential perturbations on site. The study’s
general objective is to show the effect of LULCC on plant diversity in the Ghodaghodi
Lake Complex, Nepal. The study’s goals are to (1) assess the LULCC, (2) show the relation
between the NDVI and vegetation species diversity, and (3) assess the terrestrial plant
biodiversity in the Ghodaghodi Lake Complex. We assume that there is a linear relationship
between the NDVI and plant diversity.

2. Materials and Methods

2.1. Study Area

The Ghodaghodi Lake Complex (GLC) lies in the Kailali district of the Sudur Pashchim
Province of Nepal (Figure 1). It is in the southwestern part of Terai, having spatial extents
between latitude 28◦41′17′′ N and longitude 80◦56′47′′ E, and the elevation is 205 m (about
672.57 ft). The wetlands cover approximately 2500 ha [36]. The Ramsar site comprises
14 large and small lakes and ponds separated by a hillock [37]. On the lower slope of Siwa-
lik, the lake complex is surrounded by tropical deciduous forests [38]. Ghodaghodi (138 ha),
Nakharodi (70 ha), and Baishawa (10 ha) are the major lakes of the complex [37]. The GLC
is a Ramsar site, a key biodiversity area, and Nepal’s first bird sanctuary. It supports a sig-
nificant population of fishing cats (Prionailurus viverrinus) (vulnerable), mugger crocodiles
(Crocodylus palustris) (vulnerable), a national biodiversity indicator species, Cotton Pygmy
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Goose (least concern), 319 birds, and 29 fish species [39]. The Basanta forest corridor enables
wildlife movement from Siwalik to the Western Terai Complex: Bardia and Suklaphanta
National Parks and Dudhwa Tiger Reserve [38]. The GLC provides suitable habitat for
the red-crowned roofed turtle (Kachuga kachuga) (critically endangered), tiger (Panthera
tigris tigris) (endangered), three-striped roof turtle (Kachuga dhongoka), smooth-coated otter
(Lutrogale perspicillata) (vulnerable), common otter (Lutralutra), swamp deer (Cervus du-
vaucelii), lesser adjutant stork (Leptoptilos javanicus), orchid (Aerideso dorata) (endangered),
lotus (Nelumbo nucifera) (threatened), and wild rice (Hygroryza aristata) (threatened) [40].

Figure 1. Location of Ghodaghodi Lake Complex (GLC) in the map of Nepal and its land use.

Tharus are the indigenous and dominant people. The site received an annual rainfall
of 1385 mm (about 4.54 feet) with an average monthly maximum temperature ranging
from 18.8 degrees Celsius to 34.6 degrees and a minimum temperature ranging from 5.5
to 22.9 degrees Celsius in Tikapur (District Profile, 2021, unpublished report). The Chure
Rural Municipality borders the Ghodaghodi Lake Complex in the north, Bardagoriya Rural
Municipality in the east, Gauriganga Municipality in the west, and Vajani Municipality in
the south (Division Forest Office, Pahalmanpur, Kailali, 2022, unpublished report). Ward
numbers 1, 4, and 8 are immediate to the Ghodaghodi Lake area, with 39 settlements, of
which 14 are in Ward 1, 13 are in Ward 4, and 12 are in Ward 8 (Divisional Forest Office,
Pahalmanpur, Kailali, 2022). Tharu have been the significant inhabitants of the area for over
two centuries [41]. Migrants from the mountainous region might create massive pressure
on wetland resources, causing deforestation, encroachment in and around wetlands, and
uncontrolled fishing and illegal hunting. Changes in demographic conditions affect the
traditional use of resources. According to the Division Forest Office, Pahalmanpur, Kailali,
“The lake complex is surrounded by 11 community forests and two main rivers, Doda to
the east and Kauwa to the west”.
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2.2. Data Collection

Sample plots were established through simple random sampling in the study area.
The boundary points of GLC were obtained from the Division Forest Office, Pahalman-
pur, Kailali. The GLC was overlain with an 850 m × 850 m grid, resulting in 722,500 m2

plots. Thirty-one random sampling points were selected. At each sampling point, we set
up four plots: a 12.61 m radius circular plot for tree species (diameter at breast height
(DBH) ≥ 30 cm), 5.64 m for pole species (DBH = 10–29.9 cm), 2.82 m (DBH < 10 cm
(3.94 in), height ≥ 1 m) for saplings, and 1.78 m (30 cm (11.81 in) ≤ height < 1 m) for
short saplings [42]. After the plots were set up, each plot’s total number of species was
recorded (i.e., species richness and number of species per plot). Secondary data were
collected from related sources, articles, and Landsat 7 (ETM+) and 9 (OLI2/TIRS2). Landsat
7 (ETM+) capturing on 1 April 2000 and 29 December 2000, and Landsat 9 (OLI2/TIRS2
images (path 144 and row 40)) capturing on 30 April 2022 and 24 November 2022, were
downloaded from the USGS (https://earthexplorer.usgs.gov/) accessed on 15 August 2022.
Each Landsat image represents the cold and hot seasons in the study area. These Landsat
images were radiometrically and geometrically corrected. These images were processed
using ERDAS Imagine 2015 and ArcGIS 10.8.

2.3. Image Processing

ERDAS Imagine 2015 software combined multiple images into one image to have the
same degree of extent [43]. It also resampled bands with different spatial resolutions into
target spatial resolutions. After stacking the layer, the image was subset from Landsat
images using the area of interest file (AOI) with a defined study area by applying the sub-set
tool in ERDAS Imagine 2015. The Landsat 7 (ETM+) image (2000) has a scanned line error.
We removed the error by overlapping images and using the focal analysis tool in ERDAS
Imagine 2015. Image improvement was conducted to improve the quality, information
content of original data, and visual interpretation of different objects or features in the scene.
ERDAS Imagine 2015 image enhancement tools, such as General Contrast, Radiometric
Correction, and Noise Correction, were used. Various indices have been developed to
extract features of interest from satellite imagery for better classifications [44].

Following supervised classification based on maximum likelihood, five land use–
land cover classes were identified in the GLC (i.e., forest, agricultural land, water body,
settlement, and bare land). Training samples (i.e., area of interest (AOI)) were provided
based on field knowledge [45]. Accuracy assessment plays a significant role in image
classification. It compares the classified image to ground truth data [46]. The ground
truth points were calculated from the field. The classification was evaluated using Kappa
accuracy on a scale between 0 and 1, where 1 stands for complete agreement [47].

Kappa = K∩ =
observed accuracy − chance agreements

1 − chance agreements
(1)

Kappa = K∩ =
N ∑i

i=1 Xii − ∑r
i=1(Xi+ × X+i)

N2 − ∑r
i=1(Xi+ × X+i)

(2)

where

r = number of rows in the error matrix;
Xii = the number of observations in row i and column i (on the same diagonal);
Xi+ = total observations in row i;
sumX+i = total observations in column i;
N = total number of observations included in the matrix.
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The change assessment was calculated for 2000 and 2022. The data on land classifica-
tion class changes were assessed by calculating the percentage in the respective years, and
the annual change rate was calculated using the following formula [48].

Annual change rate =

[(
b
a

)1/n
− 1

]
× 100 (3)

where

a = base year data;
b = end-year data;
n = number of years.

NDVI is commonly used to distinguish vegetation from other features. It measures the
amount and vigor of green foliage in an area of land and is a standardized way to measure
healthy vegetation [49]. It is a dimensionless index [50]. NDVI is sensitive to visible and
near-infrared light reflected by vegetation. The green plant reflects near-infrared and green
light because of chlorophyll, while red and blue light are absorbed. Landsat has bands with
NIR and red. NDVI measures the difference between near-infrared and red light because
near-infrared is strongly reflected by vegetation, while red light is absorbed. So, a high
NDVI value corresponds to dense vegetation.

The NDVI is calculated as follows:

NDVI =
(NIR − RED)

(NIR + RED)
(4)

where RED and NIR reflect red and near-infrared bands, respectively [51].

2.4. Statistical Analysis

Shannon–Wiener’s Diversity Index (H’) was calculated for the 31 sampling plots. We
used H’ as it accounts for species richness and evenness and is not affected by sample
size [52,53]. A t-test was performed between the NDVI of 2000 and 2022. A simple linear
regression test was also performed between the NDVI and plant diversity. We considered
tests to be significant at p = 0.05.

H′ = −
s

∑
i=1

(pi ln pi) (5)

where

H′ = Shannon–Wiener’s Diversity Index;
pi = proportion of individuals in the ith species, i.e., (ni/N);
ni = importance value index of the species;
N = importance value index of all of the species.

3. Results

3.1. Comparing the NDVI of 2000 and 2022 of the Lake Complex

We found vast differences in the NDVI between 2000 and 2022 (Figure 2). We found
that the NDVI was higher in 2022 (mean = 0.47, SE = 0.0084, SD = 0.0467) than in 2000
(mean = 0.37, SE = 0.0144, SD = 0.0804) (p < 0.00001). The NDVI of 31 sampling plots was
compared, which showed that in 2000, Plot 12 had the lowest NDVI (0.11), and Plot 15 had
the highest NDVI (0.51), while in 2022, Plot 12 had an NDVI of 0.45 and plant diversity of
2.52 and Plot 15 had an NDVI of 0.56 and plant diversity of 3.1. This relation shows that an
increase in the NDVI corresponds with an increase in plant diversity. The NDVI showed a
stronger indication of plant diversity in 2022 than in 2000. In 2022, the NDVI ranged from
0.58 to 0.37.
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Figure 2. Comparing normalized difference vegetation index (NDVI) between 2000 and 2022 in
Ghodaghodi Lake Complex, Nepal.

3.2. Land Use and Land Cover Change in the Ghodaghodi Lake Complex

Landsat 7 (ETM+) and Landsat 9 (OLI 2/TIRS 2) images were used for the land use–
land cover classification. The Landsat images showed major changes in the forest and
agricultural land in the GLC (Tables 1–3). The image classification of April 2000 showed
that about 71.05% of the land was covered by forest, the main land cover in the study area,
while agriculture occupied 18.81% (Figures 3 and 4). Water bodies, settlements, and bare
ground occupied 3.57%, 2.02%, and 4.55%, respectively. In December, about 54.48% of the
land was covered by forest; agriculture, water, settlements, and bare land occupied 27.28%,
9.37%, 1.78%, and 7.19%, respectively. Similarly, the image classification of April 2022
shows that forest cover was the dominant land cover (64.76%) (Figures 3 and 5). Likewise,
agriculture was still the primary land use covering 19.17%, while water bodies, settlements,
and barren land covered around 5.75%, 9.01%, and 1.24%, respectively. In November, about
65.3% of the land was covered by forests; agriculture, water, settlements, and bare ground
occupied 18.6%, 5%, 6.9%, and 4.2%, respectively.

Table 1. The change in land use and land cover (LULC) in Ghodaghodi Lake Complex, Nepal,
between April and December 2000.

Site LULC Classes
LULC 2000 (April) LULC 2000 (December)

Area (ha) Area (%) Area (ha) Area (%)

1 Forest 1646.78 71.05 1262.53 54.48
2 Agricultural land 435.99 18.81 632.21 27.28
3 Water bodies 82.72 3.57 214.80 9.27
4 Settlement 46.72 2.02 41.24 1.78
5 Bare land 105.53 4.55 166.62 7.19

Grand total 2317.74 100 2317.39 100
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Table 2. Land use and land cover (LULC) change in Ghodaghodi Lake Complex, Nepal, between
April and November 2022.

Site LULC Classes
LULC 2022 (April) LULC 2022 (November)

Area (ha) Area (%) Area (ha) Area (%)

1 Forest 1500.85 64.762 1513.14 65.29
2 Agricultural land 444.28 19.171 431.36 18.61
3 Water bodies 133.31 5.752 116.74 5.04
4 Settlement 210.36 9.077 159.95 6.90
5 Bare land 28.69 1.238 96.53 4.16

Grand total 2317.48 100 2317.72 100

Table 3. Current land use and land cover (LULC) change in Ghodaghodi Lake Complex, Nepal,
between 2000 (April) and 2022 (April).

Site LULC Classes
LULC 2000 LULC 2022

Area (ha) Area (%) Area (ha) Area (%)

1 Forest 1646.78 71.05 1500.85 64.762
2 Agricultural land 435.99 18.81 444.28 19.171
3 Water bodies 82.72 3.57 133.31 5.752
4 Settlement 46.72 2.02 210.36 9.077
5 Bare land 105.53 4.55 28.69 1.238

Grand total 2317.74 100 2317.48 100

 

Figure 3. Histogram of land use and land cover (LULC) change in Ghodaghodi Lake Complex (GLC),
Nepal, 2000 (April) and 2022 (April).
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Figure 4. Classified land use and land cover (LULC) map of Ghodaghodi Lake Complex, Nepal,
2000 data. (a) LULC map in April, (b) LULC map in December.

Figure 5. Classified land use and land cover (LULC) map of Ghodaghodi Lake Complex, Nepal,
2022 data. (a) LULC map in April, (b) LULC map in November.

Forest cover changed into other land uses and cover from 2000 to 2022 (Table 3). While
water bodies were changed into forests of 33 ha, similarly, settlements were converted into
forest areas of 10 ha (Figures 6 and 7). In contrast, forest cover was transformed into water
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bodies, settlements, forests, bare land, and agricultural land of 49 ha, 99 ha, 1357 ha, 7 ha,
and 133 ha, respectively (Figure 7). Barren land was converted into forests of 23 ha, and
agricultural land was changed into forests of 78 ha (Figure 7).

Figure 6. Change detection of land use and land cover (LULC) change in Ghodaghodi Lake Complex,
Nepal, between 2000 (April) and 2022 (April).

 

Figure 7. Histogram showing changes in land use cover between 2000 and 2022 in the Ghodaghodi
Lake Complex, Nepal.
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3.3. Accuracy Assessment of the Classified Map of 2000 and 2022

Accuracy assessment is integral to any classification project. It compares the classified
image to another source considered to be accurate or ground truth data [46]. One hundred
and fifty ground truth points (fifty from each class) were collected from different land
use–land cover classes. The classification was evaluated using Kappa accuracy. Accuracy
was 88.67% and 90.67% for the classified map of 2000 (Tables 4 and 5) and 86.00% and
89.33% for 2022 (Tables 6 and 7).

Table 4. Accuracy Assessment of Classified Map of April 2000.

Class Name Water Body Bare Land Forest Settlement Agricultural Land TU UA

Water Body 28 1 1 0 0 30 93.33
Bare Land 0 27 0 0 3 30 90

Forest 0 0 28 0 2 30 93.33
Settlement 0 0 1 26 3 30 86.67

Agricultural
Land 2 2 2 0 24 30 80

TP 30 30 32 26 32 150 OA = 88.67PA 93.33 90 87.5 100 75 Kappa = 0.858

TU: total user, TP: total producer, UA: users’ accuracy, PA: producers’ accuracy, OA: overall accuracy.

Table 5. Accuracy Assessment of Classified Map of December 2000.

Class Name Water Body Bare Land Forest Settlement Agricultural Land TU UA

Water Body 26 0 3 1 0 30 86.67
Bare Land 0 26 2 0 2 30 86.67

Forest 0 0 30 0 0 30 100
Settlement 0 1 1 25 3 30 83.33

Agricultural
Land 0 0 1 0 29 30 96.67

TP 26 27 37 26 34 150 OA = 90.67PA 100 96.29 81.08 96.15 85.29 Kappa = 0.883

TU: total user, TP: total producer, UA: users’ accuracy, PA: producers’ accuracy, OA: overall accuracy.

Table 6. Accuracy Assessment of Classified Map of April 2022.

Class Name Water Body Bare Land Forest Settlement Agricultural Land TA UA

Water Body 24 2 3 0 1 30 80
Bare Land 1 21 1 4 3 30 70

Forest 0 0 30 0 0 30 100
Settlement 1 2 0 24 3 30 80

Agricultural
Land 0 0 0 0 30 30 100

TP 26 25 34 28 37 150 OA = 86.00PA 92.3 84 88.23 85.71 81.08 Kappa = 0.825

TU: total user, TP: total producer, UA: users’ accuracy, PA: producers’ accuracy, OA: overall accuracy.

Table 7. Accuracy Assessment of Classified Map of November 2022.

Class Name Water Body Bare Land Forest Settlement Agricultural Land TU UA

Water Body 25 2 3 0 0 30 83.33
Bare Land 0 28 0 0 2 30 93.33

Forest 0 0 30 0 0 30 100
Settlement 0 0 0 23 7 30 76.67

Agricultural
Land 0 0 1 1 28 30 93.33

TP 25 30 34 24 37 150 OA = 89.33PA 100 93.33 88.23 95.83 75.67 Kappa = 0.867

TU: total user, TP: total producer, UA: users’ accuracy, PA: producers’ accuracy, OA: overall accuracy.

3.4. Diversity Dynamic Depicted Using Remote Sensing

Shannon’s Diversity Index was calculated from the field data. The diversity index
ranged from 2.07 to 3.05 (Table 8). Similarly, Plot 15 and Plot 6 have the highest and lowest
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diversity index of 3.05 and 2.07, respectively (Table 8). A regression test was performed
between Shannon’s Diversity Index and NDVI. We found that plant species diversity
depends on NDVI (r = 0.80, p < 0.001). NDVI explained about 65% (r2 = 0.6522) of the
variety in plant species (Figure 8).

Table 8. Shannon’s Diversity Index Calculated from sample plots.

Sample Plots Shannon’s Diversity Index

Plot 1 2.90
Plot 2 2.77
Plot 3 2.58
Plot 4 2.74
Plot 5 2.69
Plot 6 2.07
Plot 7 2.93
Plot 8 3.03
Plot 9 2.75

Plot 10 2.70
Plot 11 2.68
Plot 12 2.52
Plot 13 2.49
Plot 14 2.94
Plot 15 3.05
Plot 16 2.48
Plot 17 2.65
Plot 18 2.34
Plot 19 2.88
Plot 20 2.89
Plot 21 2.52
Plot 22 2.83
Plot 23 2.71
Plot 24 2.53
Plot 25 2.77
Plot 26 2.80
Plot 27 2.55
Plot 28 2.74
Plot 29 2.33
Plot 30 2.63
Plot 31 2.88

Figure 8. Relationship between normalized difference vegetation index (NDVI) and Shannon–Wiener
diversity index (H’) for vegetation in Ghodaghodi Lake Complex, Nepal.
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4. Discussion

The results present the change in land cover over the past 22 years. The forest cover
decreased by 6.29% over 22 years. Similarly, the agricultural area increased by 0.36%, water
bodies increased by 2.18%, settlements increased by 7.06%, and bare land decreased by
3.31%. Although there was a decrease in forest cover, water bodies, primarily impound-
ments and dugouts, grew.

Khanal [54] found that forest cover decreased by 75%, 70%, 65%, and 64% in 1977,
1990, 1999, and 2008, respectively, in three village development committees (VDCs) of the
lake complex (i.e., Darakh, Sadapani, and Ramshikharjhala). The loss in forest cover in
the VDC lake complex was highest between 1990 and 1999 [54]. Anthropogenic activities,
such as continuous grazing, deforestation, roads, encroachment, and illegal forest prod-
uct extraction, were the significant causes of forest cover loss [55,56]. Others have also
indicated the role of road construction on forest loss [54]. However, forest loss associated
with roads is only part of the story. Roads influence vegetative communities [57], fish and
wildlife assemblages [58–61], soil chemistry [62], stream sedimentation [63], stream mor-
phology [64], water quality [65], and benthic macroinvertebrates [63,65]. Khanal [54] found
that southern parts suffer more shrinkage of forest cover than northern parts. This notable
change in northern forest cover was due to the natural disaster of floods and landslides [54].
The southern plain is dominated by the highly productive Sal (Shorea robusta) forests and
has a higher population density than the northern part. Continuous grazing, illicit tree
cutting, and encroachment result in more forest cover loss [54]. Forest cover loss was the
most intensive between 1990 and 1999 because of the construction of roads [54]. However,
the intensity of deforestation was low but still sustained. The active involvement of local
communities, ethnic groups, community forest user groups, and youth groups helped to
conserve the lake area.

Similarly, the relationship between plant diversity and NDVI was also assessed. We
found a strong correlation between the NDVI and plant diversity from this relationship.
Chapungu et al. [27] found that the NDVI explained about 62% of the vegetation index. Our
results support previous research suggesting that the NDVI can substitute for vegetative
species diversity [19,25,27]. Chapungu et al. [27] used the NDVI as a proxy for plant di-
versity to cover the absence of long-term historical data on plant diversity. Wang et al. [66]
presented the linear relationship of NDVI with biomass but a log relationship with vegeta-
tion percentage cover. In the case of sparse canopies (crown cover below 60%), the NDVI
is more sensitive, while the NDVI is less sensitive to dense canopies (crown cover above
60%) [66]. Mahananda et al. [67] modeled three categories of forest (i.e., evergreen forest,
semi-evergreen forest, and deciduous forest) based on the relation between the NDVI and
plant species diversity. Around 2000, heavy road expansion resulted in a significant loss
in forest cover [54], affecting the NDVI and likely biota [57,60,61,63] and environmental
quality [62–65]. However, in 2022, because of the active involvement of local communities
in forest conservation and protection, the NDVI improved. Gould [19] and Levin et al. [25]
also present a positive correlation between the NDVI and species richness. Here, the NDVI
and plant species diversity correspond with each other.

5. Conclusions

The land use and land cover change map showed less forest area in 2022 than in 2000.
There was an increase in water bodies, and most bare lands were converted to forests.
The major change in forest cover might be due to various road construction activities,
migrants from the surrounding hills, various illegal activities, and factors such as climate
change, forest fires, and landslides. Although there has been a decrease in forest cover,
the lake complex has more plant diversity than in 2000. This change might be due to the
involvement of local people in community forest management. The lake complex was
declared a Ramsar site in 2003, bringing international attention to the conservation of
wetlands. Remote sensing attributes play an essential role in assessing plant diversity. The
strong correlation between the NDVI and vegetation species diversity shows that the NDVI
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and plant diversity are surrogates for each other. From this relationship, we conclude that
an increase in plant diversity corresponds to a rise in the NDVI and vice versa.
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Abstract: Tree diversity inventories were undertaken. The goal of this study was to understand
changes in tree community dynamics that may result from common anthropogenic disturbances at the
Reserva Los Cedros, a tropical montane cloud forest reserve in northern Andean Ecuador. The reserve
shows extremely high alpha and beta tree diversity. We found that all primary forest sites, regardless
of age of natural gaps, are quite ecologically resilient, appearing to return to a primary-forest-type
community of trees following gap formation. In contrast, forests regenerating from anthropogenic
disturbance appear to have multiple possible ecological states. Where anthropogenic disturbance
was intense, novel tree communities appear to be assembling, with no indication of return to a
primary forest state. Even in ancient primary forests, new forest types may be forming, as we found
that seedling community composition did not resemble adult tree communities. We also suggest
small watersheds as a useful basic spatial unit for understanding biodiversity patterns in the tropical
Andes that confound more traditional Euclidean distance as a basic proxy of dissimilarity. Finally, we
highlight the conservation value of Reserva Los Cedros, which has managed to reverse deforestation
within its boundaries despite a general trend of extensive deforestation in the surrounding region, to
protect a large, contiguous area of highly endangered Andean primary cloud forest.

Keywords: Reserva Los Cedros; tropical forest ecology; tropical Andean biodiversity hotspot;
alternate stable states; tropical forest conservation; forest succession

1. Introduction

Succession has been a central topic of discussion in ecology for at least a century [1–11].
As with many emergent properties of ecosystems, succession in ecosystems is endlessly con-
troversial: the very existence of stable equilibria states and predictable successional (seral)
stages have long been both called into question and defended [2,9,12,13]. In recent times,
increasing attention has been given to models that lie within a community assembly and/or
coexistence framework to explain and predict community composition in plants [14,15].
Rather than attempting to broadly predict changes in dominant species associations in the
form of seral stages, community-assembly and coexistence models give greater attention to
the importance of individuals, which sum to explain differences in community composi-
tions. These models emphasize dispersal, priority, and stochastic effects on individuals,
and in the case of niche-based or trait-based models, a further discussion of selection or “fil-
tering” by biotic and abiotic factors [16–21]. There is no inherent contradiction among these
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two broad approaches to community modeling: successional and assembly/coexistence
approaches are highly complementary [15,22], and are sometimes packaged into a general
“dynamics” framework [23]. This cultural shift in community ecology is perhaps due to a
desire by ecologists to move away from the highly idiosyncratic, localized knowledge of a
site that is often required to successfully predict successional patterns [12,24], and instead
use more abstract and more universal ecological models.

This shift may also perhaps be partly due to the chaotic times in which we find
ourselves. In the current era, most ecosystem types are experiencing historical rates of
species loss [25,26], and are already undergoing consequences of climate change [27–33].
Ecosystems are also continually receiving new species from human activity [34] and face
direct modification or even wholesale elimination due to land-use change [35–37]. Few
anthropogenically disturbed ecosystems seem to have been successfully “returned” to stable
historical ecological states [34], let alone to states that resemble some type of prehistoric
ecological stability. In our destabilized era, the search for ancient species associations that
require multiple uninterrupted, decadal journeys through intermediate ecological stages
can sometimes seem quixotic.

However, the discussion of succession in forests has taken on particular and new
urgency in the current era of accelerating climate change. Forests and their soils fix a
significant portion of carbon every year, which has probably been essential in slowing
negative effects of anthropogenic atmospheric carbon release [38]. Forests and their soils
are also sitting reservoirs of vast amounts of sequestered carbon in soils that are readily lost
through disturbance [39]. After many decades of underappreciation as essentially carbon-
neutral ecosystems [40], a vibrant discussion has arisen around the role of primary forests
not only as immense storehouses of carbon, but also as continuing carbon sinks [41,42].
New, proforestation-centered prescriptions for climate mitigation have therefore gained
support: primary or late-stage successional forests should be protected as reserves of
existing fixed carbon and potentially high-functioning sinks for further carbon fixation,
and management of secondary forests should enhance characteristics that maximize carbon
sequestration [43–46]. Such characteristics are often exemplified by old forests [47,48].
Tropical forests are the most volatile portion of the global forest carbon sink, and their
role as a sink for atmospheric CO2, rather than a source, will depend greatly on how
they are managed and protected in the coming years [49]. Tropical montane forests are
likely more significant carbon stores than was historically thought, given higher-than-
predicted productivity and their large surface areas, resulting from complex, high-angle
topography [50,51]. Thus, predictive models of succession may now become essential tools
in mitigating the climate crisis: an understanding of seral stages (if indeed they exist!)
in forests will be necessary for reaching maximal carbon storage and protecting existing
carbon reserves.

The current study was undertaken at Reserva Los Cedros, a midelevation cloud forest
reserve located in the heart of the tropical Andean biodiversity hotspot [52]. While the
Tropical Andes may not display the same levels of alpha tree diversity often seen in the
forests of the lower Amazon basin [53,54], the Tropical Andes have long been recognized
for high biodiversity across multiple taxonomic groups [55–63]. This biodiversity is charac-
terized by endemism at very fine spatial scales [64,65], making it an extremely important
conservation priority [66]. The mechanisms for the high biodiversity and endemism in the
tropics at large, including montane forests, have been debated for decades and perhaps
centuries [67,68]. High solar energy and constant, plentiful rainfall are characteristic in
many areas of the neotropics, and these traits are often associated with high biodiversity [69].
Additionally, the neotropics may have higher speciation rates, acting as evolutionary “cra-
dles”, and/or have higher retention of taxa, thus acting as refugia or “museums”, allowing
for greater accumulation of species over geological time [70,71]. The tropical Andes aug-
ment these general biodiversity trends in the tropics with characteristics that promote
the role of endemism even further: complex topography creates diversified habitats and
environmental gradients, as well as increased niches [58,67,72], increasing the potential
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for sympatric speciation, and also adding dispersal barriers to increase the potential for
fine-scale allopatric speciation [73]. The insular or “island” nature of cloud/mountain
systems may be particularly enhanced situations for speciation events that result from
neutral events, especially founder effects [72]. All of these factors can interact and sum to
create the unique patterns of diversity and endemism observed in the Andes.

Here, we examined the dynamics of early (<20 years) forest succession at Reserva Los
Cedros following anthropogenic or natural-gap-forming-disturbances. The landscape of
the reserve is dominated by primary forest, but contains mixed-age secondary forests of
varying land-use histories (see the Results section). In regions where remnants of ancient
forest ecosystems—ecosystems without a history of significant modern anthropogenic
disturbance—persist on the landscape, there are advantages for both ecological analysis
and restoration efforts. First, we have information in the form of local, functioning examples
of the biological complexity and reference points for primary-forest equilibria. Second,
forest recovery is facilitated by the presence of species that have coevolved under local
conditions for many millennia, available to act as nuclei for reforestation efforts [74,75].
The existence of extensive primary forest has proven particularly valuable for the study of
succession and community equilibria in Neotropical forests [22,24,76].

We also examined the spatial signature of this fine-scale beta diversity of trees, with
the working hypothesis that individual, steep-sided catchments may be the spatial unit
of importance for understanding Andean biodiversity. We hypothesized that two char-
acteristics/processes govern the behavior of community similarity in the tropical Andes:
(1) large-scale spatial auto-correlation will cause short-distance comparisons to be more
similar than farther comparisons, and with distance, all site comparisons will approach
complete dissimilarity, a phenomenon known as Tobler’s Law [77]; however, (2) we pre-
dicted significant “noise” around this general trend of decreasing similarity, because the
complex topography of the Andes causes great dissimilarity even among some very lo-
calized comparisons, and conversely, causes highly similar habitats to occur sometimes
at great distances apart due to similar site conditions. We predicted that in systems with
extremely complex topography such as the Andes, the most informative unit for model-
ing community dissimilarity would not be Euclidean distance (meters), but instead the
number of watersheds crossed. If this hypothesis was supported, it would facilitate future
understanding of tropical diversity.

Finally, Los Cedros has succeeded at both forest protection and reforestation, despite
its location in a region of high deforestation and now mineral exploration. Thus, we
examined here the success of Los Cedros in the conservation of a forest in a region of
Ecuador that is under intense extractivist pressure, in terms of forest cover change and
IUCN red-list species observed.

2. Methods

2.1. Site—Reserva Los Cedros

All fieldwork described was performed at or directly adjacent to Reserva Los Cedros
(www.reservaloscedros.org, accessed on 31 April 2022), a protected forest reserve on the
western slope of the Andes, in northwestern Ecuador (00◦18′031.000 N, 78◦46′044.6′00 W),
at 1000–2700 m asl. The reserve lies within the Andean Choco bioregion, one of the
most biodiverse habitats on the planet [72,78,79]. It is also considered to be within the
tropical Andean biodiversity hotspot [66]. The reserve protects 5256 hectares of cloud forest.
Definitions of cloud forest vary and can be quite complex [80], but following Foster [81]
and Stadtmüller [80], we use the term cloud forest to mean a forest “whose characteristics
are tied to the frequent presence of clouds and mist”, and consider the terms montane
rain forest and cloud forest to be synonyms. Following Grubb et al. [82,83], the ecotones
within the reserve are probably most accurately classified as a cloud forest of mostly
lower montane rain forest, with some regions of higher montane cloud forest, and some
Elfin forest zones in its highest, least-explored areas. The Reserve also shares a border
with the 305,000 hectare nationally protected Cotocachi-Cayapas National Park. Rainfall
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averages 2903 (±186 mm) per year according to onsite measurements. Humidity is typically
high (~100%), and daily temperatures at the site range from 15 ◦C to 25 ◦C [84]. Annual
fluctuations in temperatures are minimal. Daily precipitation varies according to the time
of year, with the wet season (October–May) to dry (June–September) seasons [85].

The rarity of primary forest in the north Andean region is due to deforestation from
precolonial times [76,86], and more recently in the 1960s due to land reform efforts that
legalized and encouraged homestead-scale settlement of large government and private
(“Hacienda”) forest holdings [87]. Los Cedros has apparently largely escaped deforestation
during both eras. The land within Los Cedros and the surrounding region was inhabited
by the poorly understood Yumbo indigenous group until 1690. Their activities probably
significantly altered sites, but with unknown effects on the ecology and canopy cover
of the forest, and their economy was likely integrated into the forested setting of the
midelevation Andean region [88,89]. However, the impacts of indigenous land use in
South American forests has been, until recently, greatly underestimated and misunderstood
by scholars [76,90]. Given the rainfall and high humidity, it is unlikely that large-scale
deforestation resulted from fires at Los Cedros. Additionally, fire scares were not observed
in the vicinity of the study, neither within nor outside the study plots. Other than possible
small-scale precolonial indigenous activities, the majority of the Los Cedros forest has seen
relatively few anthropogenic alterations.

Land acquisitions to build the reserve were made between 1988 and 1995. Records of
ownership and land use prior to the establishment of the reserve are generally not available
or are not highly reliable, so oral histories of anthropogenically altered sites were collected
from Los Cedros staff and the community. Tracts purchased by Los Cedros were usually
developed or deforested only in small proportions of their total area, usually for small-scale
mixed (“finca”) agriculture or for cattle and mule pasture. In some cases, these small-
scale clearings were made for assertion of legal rights over land, rather than agricultural
production at scale (Jose DeCoux, pers. comm.). Though acquisitions were made during the
period of 1988–1995, use of these sites by previous landowners often apparently continued
for years. Prior to abandonment to forest regeneration, sites of intensive agricultural use
are understood to usually have been in use for longer periods of time compared to the
pastured sites, as agricultural sites were often the sites of small homesteads or fincas. In
contrast, pasture sites were often cleared merely to establish ownership before sale, or for
temporary hosting of cattle herds.

Once under active management by Reserva Los Cedros, all sites began regeneration
of the forest at approximately the same time. The approximate time of abandonment of
agriculture or grazing for all sites was 6–7 years prior to the initiation of the survey. All
former agricultural and pasture sites were selectively grazed by cattle to reduce competition
from graminoids for protected tree seedlings. Tree seedlings were not planted, but were
allowed to re-establish by encroachment from the adjacent forest during and after selective
grazing. This method is known informally by some workers in the region as “reforestation
by cattle rotation”, and is intended to release naturally regenerated tree seedlings from
intensive competition from pasture grasses [91] without the use of herbicides.

Size and growth forms were used to estimate tree age to corroborate oral history of
each area of anthropogenic alteration. However, given the informal/incomplete historical
record that was available, it was not possible to recover the exact length of human settlement
prior to abandonment for most areas. Sites of plots were selected to be comparable among
their qualitatively classified use history (see the Survey Methods subsection below).

Satellite data on forest cover from 1990 shows ~96% forest cover of Los Cedros (see
results), of which at least 80% is thought to have been primary forest. Non-forest land use
was concentrated in the southeastern portion of the reserve, where the vegetation surveys
were undertaken.
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2.2. Tree Survey and Plant Identification
2.2.1. Selection of Sites and Categorization of Land-Use History

Primary forest was defined as those forests which had no historical record and no phys-
ical evidence of canopy removal or other large structural alteration by humans. However,
forest ecosystems exist continuously as matrices of various states of nonanthropogenic gap
formation and closure [3,92–96], including montane wet forests and cloud forests (Crausbay
and Martin, 2016). As such, primary forest was divided into three categories of land cover
based on their gap characteristics: Bosque Cerrado (Closed Forest) “BC” = mature forest
with no physical signs of a gap-forming disturbance. Canopy is closed. Bosque Secundario
(Secondary Forest) “BS” = sites with evidence of a recent gap, now with a closed canopy.
Claros del Bosque (Forest Clearings) “CLB” = recent, natural gaps in the forest.

In addition to primary forest, sites with histories of anthropogenic disturbance were
placed into two categories: Regeneración de Fincas Agricultura y Ganadería (Regeneration
from Agriculture and Pasture) “RG” = abandoned small family farms, with land use mostly
consisting of pasture maintained for cattle. Regeneración Caña de Azúcar (Regeneration
from Sugar Cane) “RCA” = intensively farmed sites used for sugar cane or corn production.

2.2.2. Survey Methods

Site-selection surveys were undertaken at Reserva Los Cedros for the years of 2005
and 2007. The southern area of Los Cedros was divided into 4 areas of study, which
were then further divided into three sub-blocks each, from which one sub-block was
randomly selected and searched for natural gaps. Once located, each natural gap was also
accompanied by a BS and BC site, at a minimum of 40 m distance between survey sites
(Supplementary Materials Figure S1). Two additional smaller blocks were added in the
vicinity of previously settled areas to increase coverage of anthropogenic disturbances.
Overall, 61 sites from various land-use histories and elevations were sampled (see results.).

Adult trees were defined as trees at the height 1.5 m with a diameter of 10 cm or
greater. Material from all trees fitting this description were sampled within a circle plot
of 30 m2 radius from the center point for morphological identification of species where
possible. Additionally, within each survey site of BC, RCA, and RG plots, all juvenile trees
were examined. Due to time constraints, juvenile trees from BS and CLR plots were not
sampled. Juvenile trees were defined as trees with a maximum diameter less than 10 cm,
growing from 50 cm up to 2 m of species known to be capable of growing to adult tree size
as given above, under ideal circumstances and with sufficient time. Juvenile trees were
surveyed within a square subplot of size 5 × 5 m that was centered within the larger 30 m
circular plot. Nomenclatures of identifications were based on the Flora of Ecuador [97].

2.3. Statistical and Informatic Methods

All analyses were conducted in Python and R. Python version 3.8.10 [98], using Pandas
1.1.3 [99,100] and Matplotlib 3.1.2 [101] for visualization; and R version 3.6.3 [102] with the
in-box R plotter engine were used. All analyses were conducted in an Ubuntu 20.04.2 LTS
environment. Where Bayesian analyses were used, Python version 3.7.3 was used for com-
patibility with the PyMC3 package version 3.8 [103]. All Bayesian models used the default
NUTS sampler to sample the posterior. The code for all pertinent statistical analyses was
run and recorded using a Jupyter Notebook that was stored in the affiliated GitHub repo,
and is viewable as a notebook online (https://nbviewer.jupyter.org/github/danchurch/
losCedrosTrees/blob/master/anaData/MariscalDataExploration.ipynb, accessed on 31
April 2022).

2.3.1. Species Accumulation Curves and Richness Estimators

Species accumulation curves for the entire area studied were calculated as the number
of adult tree species observed per meter-squared of the physically sampled area. Each
subplot covered a circle with a diameter of 30 m, or 0.071 ha. Additionally, a permanent
tree diversity plot was established concurrently with rapid surveys in 2005. Within this,
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trees were sampled in a grid format, every 10 m along an east/west axis and every 5 m
along a north/south axis, in a rectangular half-hectare area (50 × 100 m). Trees were
identified as species where possible, and unidentified trees were grouped into species-
level operational taxonomic designations (Supplementary Table S1). In the case of the
permanent plot, tree species accumulation was modeled as a function of trees examined.
Species accumulation models and species estimators were calculated using the specaccum,
specpool, and associated functions with the Vegan package in R version 2.5–6 [104]. Point
predictions of diversity for a 1 ha area were generated using the predict function, which
when used as a method of specpool model objects, used a Mao Tau rarefaction method [105]
to generate predictions.

2.3.2. Tree Community Turnover (Distance Decay or Beta Diversity)

Turnover in tree communities was modeled and visualized using the Bray–Curtis
dissimilarity [1,106] as a function of (1) physical distance or (2) watershed crossings mapped
at a small scale. The Bray–Curtis dissimilarities and physical distance matrices among
subplots were calculated using the SciPy spatial submodule [107]. Bayesian models of
community dissimilarity decay were conducted using PyMC3 package in Python, with
visualizations created using the companion ArViz package [108].

Turnover by Physical Distance

Tree community turnover by physical distance was calculated using the Bray–Curtis
dissimilarity as a function of physical distance (meters). Two Bayesian models were used
as alternative formulations of the above two processes of local variability and large-scale
spatial autocorrelation.

Asymptotic Model

In one approach, the Bray–Curtis dissimilarity was modeled as an asymptotic function,
or “Michaelis–Menten”-type function:

y =
x

Km + x
(1)

where y is the predicted Bray–Curtis dissimilarity, x is the distance between the compared
sites, and Km is the distance at which half of the maximum Bray–Curtis dissimilarity is
reached. This model honors both theoretical constraints of complete similarity at proximal
sites and maximum dissimilarity. Additionally, we modeled variation around the mean as
a linear variable, reducing as all distant comparisons approached complete dissimilarity
(Bray–Curtis dissimilarity = 1). This shrinking variance term ε was exponentiated to avoid
negative values. As a Bayesian model, this was formulated in probabilistic terms, with
priors, as follows:

y ∼ N
(

x
Km + x

, ε

)
, ε = e(δx+γ) (2)

Km ~ N(μ = 200, σ = 10) (3)

δ ~ N(μ = −0.0006, σ = 0.005) (4)

γ ~ N(μ = 1.5, σ = 0.5) (5)

Prior distribution for Km was loosely estimated based on Draper et al. [53], who
showed that in many Amazonian forest ecosystem types, the decay of tree community
similarity occurs rapidly, losing more than half their similarity within 200 m. Owing to
the novel formulation, priors for delta and gamma of Equation (2) were not found in the
existing literature, and were assigned weak priors, with means intended to reflect the initial
wide variation and its subsequent tightening around the Bray–Curtis dissimilarity = 1.
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Linear Model

In a second formulation, the decay in tree community similarity was modeled as
a simple linear equation. Variance around the mean Bray–Curtis dissimilarity was still
allowed to vary negatively with distance, beginning with a large initial spread to encompass
both highly similar and dissimilar sites at close distances. Additionally, a skewed mean
distribution [109,110] was used to describe the variance around the mean function, given the
long skew that was observable in the data at most distances. As with the asymptotic model,
the variance around the mean function of the Bray–Curtis dissimilarity was described as
an exponentiated linear function.

y ∼ skewNormal(α + βx, ε, α), ε = e(δx+γ) (6)

A ~ N(μ = 0.9, σ = 0.2) (7)

B ~ N(μ = 0.0001, σ = 0.00001) (8)

A ~ N(μ = −2.0, σ = 0.5) (9)

Δ ~ N(μ = −0.0006, σ = 0.005) (10)

Γ ~ N(μ = −1.5, σ = 0.5) (11)

Prior distribution for β was again loosely estimated based on Draper et al. [53], using
data from community turnover of Amazonian terra firme forests. All other priors were
assigned as weakly informative priors.

Model Comparison

Comparisons of performance between these two models were conducted via poste-
rior predictive checks on the data and variance explained (Bayesian R2) using the sam-
ple_posterior_predictive command in the PyMC3 package and the r2_score command in
the ArViz package. Bayesian p-values to indicate a balanced performance were calculated
using the distribution of residual differences between the model predictions and observed
data. To confirm Bayesian linear model results, a classic linear least-squares regression
was also applied to the data, using a Wald test with a null hypothesis that the slope of
community turnover was zero, as implemented with the linregress function in the SciPy
Stats module. Variance defaults (bivariate normal) for the function were not modified.

Overall Turnover by Watershed Crossings

To better understand changes in community as a function of topographic complexity,
we delineated small watersheds in the area of the study area. The original digital elevation
model used was the ASTER Global Digital Elevation Map version 2 [111]. Every subplot was
assigned to a microwatershed and a distance matrix of watershed crossings. Watersheds
were delineated using the pysheds package in Python [112]. The distance matrix of microwa-
tershed crossings was calculated using Dijkstra’s algorithm for shortest paths [113] in the Net-
workX package version 2.4 [114]. Methods for specific watershed delineations are further ex-
plained in the statistical Jupyter Notebook (https://nbviewer.jupyter.org/github/danchurch/
losCedrosTrees/blob/master/anaData/MariscalDataExploration.ipynb#watersheds, accessed
on 31 April 2022).

2.3.3. Ordination by Historical Land Use/Habitat

Structuring in adult tree communities as a function of historical land use/habitat was
visualized using the Bray–Curtis dissimilarity and nonmetric multidimensional scaling (NMDS)
(Legendre and Legendre, 2012) with the metaMDS function in the Vegan package in R.

2.3.4. GIS Data and Additional Environmental Data

Except where otherwise noted, geospatial data were explored and visualized us-
ing tools from GeoPandas (version 0.8.1, https://geopandas.org, accessed on 31 April
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2022), Rasterio (version 1.1.8, https://rasterio.readthedocs.io, accessed on 31 April 2022),
and QGIS (QGIS v3.4.11-Madeira, OSGEO v3.7.1). Several environmental variables were
generated using ASTER Global Digital Elevation Map version 2, including slope, aspect,
elevation, eastern and northern exposures, and distance to nearest stream of all subplots.
Stream data were digitized using Map CT-NII-C3-d of Bosque Protector Los Cedros from
the Ecuadorian Instituto Geográfica Militar. Rasters of slope and aspect were generated
with the Raster Terrain Analysis tool suite in QGIS.

2.3.5. Hierarchical Clustering of Sites

To understand the current types of forests present at Los Cedros, adult tree commu-
nity data from all sites were partitioned into clusters using Ward’s minimum variance
clustering [106] using the Bray–Curtis dissimilarity, as implemented in the hclust com-
mand in the Vegan package in R. The number of clusters was decided by eye from the
resulting dendrogram while taking into consideration the branch lengths and meaningful
ecological groups.

2.3.6. Prediction of Current Ecological State by Land Use History and Elevation

The current ecological state, as defined based on the cluster analysis, was modeled
as a function of historical land-use/habitat data and elevation. Each of the two predictors
(height, land use/habitat) was considered individually, and then a combined model was
created using both elevation and historical land use/habitat. All models were Bayesian
and were written in Python using the PyMC3 package.

For land use/habitat, a multinomial logistic regression model was constructed with a
softmax link function and the following priors:

α~N(μ = 0, σ = 5) (12)

β~N(μ = 0, σ = 5) (13)

θ = softmax(α + βx) (14)

y~categorical(θ|yobserved) (15)

where y is a vector of predicted probabilities for forest type (cluster) of a site, distributed
as a categorical random variable of α, β, and x, and conditioned on our observed current
forest type (i.e., cluster number); x is the observed historical land use/habitat in a dummy
variable matrix format; α is the y-intercept for each current forest type, and β is the vector
of slope coefficients for each of five types of historical land use/habitat for each current
forest type. α and β were assigned weak, normally distributed priors centered on zero.

Elevation: Hierarchical clustering of tree communities and NMS ordinations both
indicated two distinct “natural” forest types occurring within the extent of the survey,
which were designated as forest types III and IV (see the Results section). A logistic
regression model was constructed to model differences among forest types III and IV
from the hierarchical cluster analysis. To further understand differences between these
two forest types, exploratory PERMANOVA models were used to test grouping by all
available environmental predictors (see the Jupyter Notebook). Following this, the forest
type was modeled as a function of elevation using a Bayesian logistic regression model.
Priors and posterior were modeled as follows:

α~N(μ = 0, σ = 10) (16)

β~N(μ = 0, σ = 10) (17)

θ = logistic(α + βx) (18)

y~Bernoulli(θ|yobserved) (19)

288



Forests 2022, 13, 875

where α and β are the intercept and slope controlling the boundary decision between
type III and type IV forests in terms of elevation; θ is the prior probability that a forest site
will be a type III forest given its elevation; and y is a Bernoulli distribution with θ as the
mean conditioned by the observed forest type.

For the combined elevation and historical land-use/habitat model, the elevation and
historical land-use/habitat predictors were combined into one linear model:

α~N(μ = 0, σ = 5) (20)

β~N(μ = 0, σ = 5) (21)

Θ = softmax(α + βx) (22)

y~categorical(θ|yobserved) (23)

where x is the observed historical land use/habitat in a dummy variable matrix format,
with an additional column vector giving the elevation of each site; α is the y-intercept for
each row of x; and β is the vector of slope coefficients for each column of x for each current
forest type (= row of x). α and β were assigned weak, normally distributed priors centered
on zero; y is a vector of predicted probabilities for forest type (cluster) of a site distributed
as a categorical random variable of α, β, and x, and conditioned on our observed current
forest type (i.e., cluster number).

2.3.7. Indicator Species Analysis

Indicator species analyses were conducted to ascertain representative species for both
historical land-use/habitat types and current forest type (cluster analysis results) using the
indicspecies package in R [115] with the multipatt function and Pearson’s phi coefficient
correlation (function “r.g”).

2.3.8. Spatial Analyses

To determine important spatial scales on which the tree community was changing, and
to give shape to possible spatial structuring of the tree community, Moran’s eigenvector
maps (MEMs) were constructed [116] by following examples as found in documenta-
tion for the ADEspatial package (https://cran.r-project.org/web/packages/adespatial/
vignettes/tutorial.html, accessed on 1 August 2020). A spatially weighted neighborhood
matrix of sample sites was constructed using a Gabriel connectivity matrix with an inverse
distance weighting. Abundances of our adult tree community matrix were Hellinger-
transformed [106], and new PCA axes of the transformed were determined with the
dudi.pca command in the ade4 package. Important MEMs were then selected based on
their statistical significance as explanatory terms in a linear model, with the four most
important tree community PCA axes as the response variables. Important MEMS were
determined using a forward model-selection process, as implemented with the mem.select
command in the adespatial package. The default cutoff of alpha = 0.05 was used to decide
the statistical significance of MEMs. All available environmental variables were checked for
correlations with MEMs using standard linear regression, as implemented in the linregress
function in the Python SciPy Stats package. Correction for multiple testing was done with
a Benjamini–Hochberg correction, as implemented in the multipletests command in the
Python Statsmodels package. For exploratory purposes, the false discovery rate was set at
FDR = 0.1.

2.3.9. Juvenile Communities

Juvenile tree community data were available for a subset of historical land-use/habitat
types: “Bosque Cerrado (Closed Forest)” (BC), “Regeneración Caña de Azúcar (Regener-
ation from Sugar Cane)” (RCA), and “Regeneración de Fincas Agricultura y Ganadería
(Regeneration from Agriculture and Pasture)” (RG). Juvenile data were not taken for “Claro
del Bosque (Forest Clearings)” (CLB) or “Bosque Secondario (Secondary Forest)” (BS). Due
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to the difficulties associated with identifying poorly understood herbaceous taxa and/or
juvenile trees, these data required extensive additional cleaning and verification following
the botanical identifications. For the purposes of this study, juvenile trees were defined as
undersized plants that would, in time and with proper growth conditions, reach the stature
of the mature trees as defined above; namely, woody plants with a diameter-at −1.5 m of
10 cm or greater. This was as compared to herbaceous plants or small woody plants (such
as lianas or subshrubs), which would never or rarely reach a 10 cm girth at 1.5 m height.

Samples that did not receive sufficient identification to confidently conclude that
the sample was indeed a juvenile tree were discarded from the analysis. This selection
was done using automated and manual queries of growth form data requested from the
TRY database [117], manual checks of the Encyclopedia of Life [118], and the Smithsonian
Tropical Research collections site (https://stricollections.org/portal/index.php, accessed
on 1 October 2020). The Gentry manual [119] was also frequently consulted. Exact species
information was often not available, and the designation of juvenile tree status was made
using genus growth form data where possible. Juvenile tree communities were compared
to adult trees by subsetting adult tree community data to just those sites with juvenile
data and combining community matrices from both. These were then ordinated using the
Bray–Curtis dissimilarity and nonmetric multidimensional scaling (NMS) via the metaMDS
function in the Vegan package in R.

2.3.10. Deforestation in the Region

To understand the extractive pressure in the region of Los Cedros, as well as the efficacy
of Los Cedros as a conservation project, we examined land-cover changes from 1990 to 2018.
Data on changing land cover were accessed from the Ecuadorian Ministerio del Ambiente’s
(“MAE”) interactive map and GIS catalogue, using the “Cobertura vegetal” layers from 1990
and 2018 (available at https://gis-sigde.maps.arcgis.com/apps/webappviewer/idex.html?
id=8b53f9388c034b5e8e3147f03583d7ec&fbclid=IwAR2XobS46Szpz4A7IGroPuLCZh5GSJC,
accessed on 10 April 2021). Vector data from the MAE were rasterized to a pixel resolution
of 30 m2 using the gdal_rasterize program in the GDAL tool suite of the OSGeo project [120]
and visualized in Matplotlib using the rasterio package. Background deforestation rates
were constrained to the Cotacachi canton of the Imbabura province, in which Los Cedros is
located. Deforestation rates in the similarly-sized, nearby Bosque Protector el Chontal were
quantified for comparison with Los Cedros. BP Chontal is managed by the Cattlemen’s
Association of the nearby town of Brillasol (pers comm. Jose DeCoux). Administrative
boundaries of BP Los Cedros and BP Chontal were supplied using the official boundary
layer “Bosque y Vegetación protectora”, also available at MAE’s interactive map website.

3. Results

Pertinent posterior distributions are described here. Full results of the posterior
distributions of all models are available in the Jupyter Notebook.

3.1. Species Accumulation Curves and Richness Estimators

A total of 343 adult tree species were directly observed in plots. Estimates of total
adult tree species in the study area range from 404 to 566 species (Figure 1A, Table 1).
In the permanent 0.5 ha plot, 43 species of tree were observed, distributed among 36 genera
and 25 plant families, with a range of predicted total species from 51 to 72 species in the
half-hectare (Figure 1B, Table 1). On average, 1 ha in the southern portion of Los Cedros
was predicted to host 169 species of adult tree. Chao estimates, first- and second-order
jackknife, and bootstrap estimates for the total study area and for the permanent 0.5 ha plot
are given in Table 1.
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(a) 

 
(c) 

(b) 

Figure 1. Species accumulation curves (SACs): (a) SAC for entirety of study, with all land uses
combined. Dotted line is the estimated number of species using a Chao estimator, with one standard
error. (b) SAC for single 0.5 hectare permanent plot. Dotted line is the estimated number of species
using a Chao estimator, with one standard error. (c) SAC for entirety of study, itemized by land-
use/habitat type. See Section 2.2.1 for explanation of land-use/habitat abbreviations.

Table 1. Estimates of adult tree species diversity in survey area and permanent plot, Using Chao, First-
and Second-order jackknife, and bootstrap methods. Uncertainties are given as standard error (“.Se”).

Sample Size Species Observed Chao Chao.Se Jack1 Jack1.Se Jack2 Boot Boot.Se

Survey Plots 61 343 516.4 39.2 483.7 21.6 566.8 404.4 10.5
Permanent Plot (Trees) 121 43 65.4 13.8 61.8 4.3 72.7 51.4 2.2

When examined by land-use/habitat type, more adult tree species were observed in
reforested pasture sites, possibly due to deeper sampling, but natural-disturbance sites
(BS, BC, and CLB) were comparable when rarified to a common sample size (Figure 1C,
Supplementary Table S2). Sites with a history of intensive agricultural use were the least
diverse, though the depth of sampling was lowest in this group. Species estimators by
land-use history are given in Supplementary Table S2.
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3.2. Tree Community Turnover (Distance Decay)
3.2.1. Turnover by Physical Distance

1. Asymptotic model

The asymptote model was visualized with the 50% and 95% highest posterior densities
(“HPD”) for the predicted Bray–Curtis values, as shown in Figure 2A. The posterior distri-
bution of our asymptotic model explained a large amount of the variance in the adult tree
community data (R2 = 0.53 ± 0.11). The distribution of posterior predictive values was nearly
symmetric around the observed Bray–Curtis values (Bayesian p-value = 0.49, Supplementary
Figure S2). The posterior distribution of Km was centered on 153 m (± 6.13 m), a shift of
−47 m from the prior estimate of 200 m, with no overlap between the posterior and prior
(Supplementary Figure S3).

 
(a) (b) 

Figure 2. Community turnover and community dissimilarity models. Blue points represent Bray–
Curtis dissimilarities between tree communities among all 61 sites, with increasing physical distance
between sites being compared. Two approaches are considered, an asymptotic model and a simple
linear model. (a) Bayesian, asymptotic (Michaelis–Menten) model fit. In this model, the function of the
mean community dissimilarity value of zero was enforced when comparing sites that were nearly zero
meters apart, and asymptotically approached complete dissimilarity (Bray–Curtis dissimilarity = 1). For
comparison, the classical ordinary-least-squares fit is also given (black dashed line). (b) Bayesian
linear model fit.

2. Linear model

The Bayesian linear model was visualized with the 50% and 95% highest posterior
densities (“HPD”) for the predicted Bray–Curtis values, as shown in Figure 2B. As con-
structed, the posterior distribution of our linear model explained only a small amount of
the variance in the adult tree community data (R2 = 0.06 ± 0.01). The posterior predictive
values tended to be lower than observed Bray–Curtis values (Bayesian p–value = 0.41,
Supplementary Figure S2). The frequentist, least-squares linear regression model highly re-
sembled the Bayesian model, also reporting very little variance explained (R2 = 0.06 ± 0.01,
p = < 0.01, Figure 2B).
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3.2.2. Overall Turnover by Watershed Crossings

When plotted as a function of watershed crossings (Figure 3), the widest range of
Bray–Curtis values occurred among sites within the same watershed (distance class 0), as
did the lowest mean Bray–Curtis score (mean Bray–Curtis dissimilarity = 0.82, ± 0.11).
Following this, other mean Bray–Curtis values of comparisons of other distance class did
not vary heavily, and were mostly statistically indistinguishable (Kruskal–Wallis H-test (H
(5, 1825) = 73.27, p < 0.01; and Tukey HSD (p–adj = 0.001); Tables 2 and 3, Figure 3). After
the first watershed crossing, further comparisons were all approximately equally dissimilar,
with a mean of Bray–Curtis = 0.88 (±0.086).

Figure 3. Binning of community turnover into watershed crossings (“hops”). Red points represent
Bray–Curtis dissimilarities between tree communities among all 61 sites with increasing watershed
crossings between sites.

Table 2. Mean dissimilarity (Bray-Curtis dissimilarity) of survey sites by number of watersheds
crossed.

Watersheds Crossed Sample Size Mean BC Std. dev BC

0 215 0.820 0.114

1 630 0.880 0.089

2 559 0.872 0.085

3 346 0.891 0.079

4 80 0.881 0.096

293



Forests 2022, 13, 875

Table 3. Tukey’s honest significant difference of comparisons among watershed distance classes.

Group1 Group2 Meandiff p-Adj Lower Upper Reject

0 1 0.0601 0.001 0.0408 0.0795 TRUE

0 2 0.0516 0.001 0.0319 0.0713 TRUE

0 3 0.0708 0.001 0.0495 0.0921 TRUE

0 4 0.0609 0.001 0.0287 0.093 TRUE

1 2 −0.0085 0.4759 −0.0228 0.0057 FALSE

1 3 0.0106 0.393 −0.0058 0.0271 FALSE

1 4 0.0007 0.9 −0.0284 0.0299 FALSE

2 3 0.0192 0.0158 0.0024 0.036 TRUE

2 4 0.0093 0.9 −0.0201 0.0386 FALSE

3 4 −0.0099 0.9 −0.0404 0.0205 FALSE

3.3. Hierarchical Clustering of Sites and Prediction of Current Ecological State by Land-Use
History and Elevation

Tree communities were first sorted into two large groups that aligned well with
previous land use: the first grouping contained sites that have historically experienced
anthropogenic disturbances of any type, and the second grouping contained sites with
no recorded history of anthropogenic disturbance, but all types of natural gap-forming
disturbances (Figure 4). Each of these groups then were sorted into two further groups
(for a total of four clusters). Cluster I contained all sites considered to be highly disturbed
by agricultural use (RCA sites) and some sites with intermediate agricultural use as pas-
ture (RG sites) (Figure 4). Cluster II consisted entirely of RG sites, and also contained
the majority of RG sites. Sites with no history of anthropogenic disturbances fell into
two clusters: type III and type IV (Figure 4). The hierarchical clustering results were
congruent with the NMS ordinations (Figure 5, Supplementary Figure S4). A summary
map giving both the current ecological state and the historical land use/habitat is given
in Figure 6.

Figure 4. Hierarchical clustering of all sites using species community composition. Tips of the tree
represent sites. These four obvious groupings were used to categorize the current ecological state of
the forest at each site, or “Forest type”. Site circled with a red-dotted line represents site 10.1, which
was historically pastured but regenerated to resemble an “old” forest type IV. The history of land use
at each site is noted.
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Figure 5. Nonmetric multidimensional scaling (NMS) ordination of adult tree communities using
Bray–Curtis dissimilarity. Kruskal’s stress = 0.29. Both land-use history (hulls) and current ecological
state (“Forest Type”, point fill color) are noted. Site circled with a red-dotted line represents site 10.1,
which was historically pastured but regenerated to resemble an “old” forest type IV.

Figure 6. Map of sites with land-use history and current ecological state (“forest type”). X and Y
coordinates are Universal Transverse Mercator (zone 17S) coordinates in meters.
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A linear model with these ecological states (forest types I–IV) as the response variable
using the single variable of previous land-use/habitat as predictors successfully predicted
the sites that had been modified for pasture or agriculture, and it also well predicted
nonanthropogenically disturbed sites as a type III/IV ecological state (R2 = 0.65 ± 0.04,
Supplementary Figure S5). Posterior predictive checks were correct for 65% of sites, mostly
for sites with type I and type II forests. However, this previous land-use/habitat-only
model could not distinguish among “natural forest” (III and IV) types.

Among sites with no history of anthropogenic disturbance (“natural forests”, types III
and IV), elevation strongly predicted the current ecological category of forest: sites with no
history of anthropogenic disturbance at elevations of 1503 m (95% credible interval = 1469 m
to 1537 m) or higher were categorized almost completely as type III forests, and below this
elevation, sites were categorized as type IV forests (Bayesian logistic regression, R2 = 0.87;
Figures 6 and 7, Supplementary Figure S6).

Figure 7. Current ecological state of sites (“forest type”) and their elevations. Historical land uses of
sites are indicated by color of point fill.

A combined model of previous land use/habitat and elevation explained most of the
variance in the total and predicted the current ecological state very well (Bayesian linear
model, R2 = 0.88 ± 0.16; Supplementary Figure S7), and performed much better in the
posterior predictions, with 87% of sites correctly predicted as their forest type.

3.4. Indicator Species Analysis

Indicator species were detected for all individual land-use-history/habitat types, all
current ecological states (forest types), and for some combinations of site types. The
indicator species analysis results are given in Table 4.
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Table 4. Indicator species for historical land use/habitat, and indicator species for current ecological
state (forest type). “Rpb.G” represents the point-biserial-serial-correlation-coefficient, a measure
of the strength of the co-occurrence pattern observed between a tree species and a habitat-type or
ecological state. Statistical significance codes: “***” p < 0.001; “**” p < 0.01; “*” p < 0.05.

Indicator Species by Land-Use-History/Habitat-Type

SGroup BC

Indicator Species Rpb.G p-Value Sig Code

Pseudolmedia rigida (Moraceae) 0.423 0.0317 *

Ficus subandina (Moraceae) 0.406 0.049 *

Group BS

Rpb.G p-Value Sig Code

Psychotria paeonia (Rubiaceae) 0.478 0.0148 *

Persea pseudofasciculata (Lauraceae) 0.432 0.0351 *

Myrcia aff. aliena (Myrtaceae) 0.425 0.0377 *

Group CLB

Rpb.G p-Value Sig Code

Endlicheria cf. chalisea (Lauraceae) 0.431 0.0268 *

Group RCA

Rpb.G p-Value Sig Code

Cordia colombiana (Boraginaceae) 0.894 0.0001 ***

Saurauia sp. 1 (Actinidaceae) 0.694 0.0003 ***

Miconia aff. brevitheca
(Melastomataceae) 0.683 0.0004 ***

Ficus caldasiana (Moraceae) 0.667 0.0033 **

Turpinia occidentalis (Staphyleaceae) 0.663 0.0006 ***

Clarisia biflora (Moraceae) 0.645 0.0022 **

Nectandra membranacea (Lauraceae) 0.61 0.0027 **

Aegiphila alba (Verbenaceae) 0.594 0.002 **

Ficus andicola (Moraceae) 0.539 0.0191 *

Caryodaphnopsis theobromifolia
(Lauraceae) 0.535 0.0099 **

Nectandra aff. membranacea (Lauraceae) 0.513 0.0106 *

Group RG

Rpb.G p-Value Sig Code

Cecropia andina (Cecropiaceae) 0.662 0.0018 **

Cecropia ficifolia (Cecropiaceae) 0.58 0.0035 **

Cecropia sp. 2 (Cecropiaceae) 0.427 0.031 *

Meriania tomentosa (Melastomataceae) 0.415 0.0426 *

Group BC + BS

Rpb.G p-Value Sig Code

Aniba aff. hostmanniana (Lauraceae) 0.411 0.0471 *

Group RCA + RG

Rpb.G p-Value Sig Code

Solanum lepidotum (Solanaceae) 0.529 0.006 **
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Table 4. Cont.

Indicator Species by Land-Use-History/Habitat-Type

Cestrum megalophyllum (Solanaceae) 0.423 0.0268 *

Group BC + BS + CLB

Rpb.G p-Value Sig Code

Alsophila erinacea (Cyatheaceae) 0.42 0.0423 *

Indicator Species by Current Ecological State (Forest Type)

Group I

Rpb.G p-Value Sig Code

Cordia colombiana (Boraginaceae) 0.661 0.0001 ***

Meriania tomentosa (Melastomataceae) 0.641 0.0001 ***

Saurauia sp. 1 (Actinidaceae) 0.545 0.0003 ***

Cyathea halonata (Cyatheaceae) 0.458 0.0033 **

Senna dariensis (Fab. Caesalpiniaceae) 0.449 0.0046 **

Ficus caldasiana (Moraceae) 0.42 0.0206 *

Leandra subseriata (Melastomataceae) 0.37 0.015 *

Miconia aff. brevitheca
(Melastomataceae) 0.368 0.027 *

Piper fuliginosum (Piperaceae) 0.356 0.05 *

Turpinia occidentalis (Staphyleaceae) 0.346 0.0426 *

Group II

Rpb.G p-Value Sig Code

Cecropia andina (Cecropiaceae) 0.811 0.0001 ***

Cecropia sp. 2 (Cecropiaceae) 0.5 0.0009 ***

Melastomataceae sp. 1 0.468 0.0051 **

Dussia lehmannii (Fab. Faboideae) 0.334 0.0444 *

Group III

Rpb.G p-Value Sig Code

Otoba gordoniifolia (Myristicaceae) 0.524 0.0007 ***

Alsophila erinacea (Cyatheaceae) 0.515 0.0015 **

Persea aff. pseudofasciculata (Lauraceae) 0.494 0.0022 **

Vismia lauriformis (Clusiaceae) 0.44 0.0065 **

Conostegia aff. centronioides
(Melastomataceae) 0.418 0.0083 **

Wettinia aff. oxycarpa (Arecaceae) 0.403 0.0115 *

Persea pseudofasciculata (Lauraceae) 0.386 0.0217 *

Psychotria paeonia (Rubiaceae) 0.373 0.0264 *

Ficus dulciaria (Rubiaceae) 0.354 0.03 *

Group IV

Rpb.G p-Value Sig Code

Dacryodes cupularis (Burseraceae) 0.754 0.0001 ***

Protium ecuadorense (Burseraceae) 0.638 0.0001 ***

Garcinia macrophylla (Clusiaceae) 0.613 0.0001 ***
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Table 4. Cont.

Indicator Species by Land-Use-History/Habitat-Type

.Beilschmiedia aff. costaricensis
(Lauraceae) 0.448 0.0018 **

Conostegia superba (Melastomataceae) 0.444 0.0024 **

Ocotea stenoneura (Lauraceae) 0.369 0.0454 *

Gustavia dodsonii (Lecythidaceae) 0.362 0.029 *

Styrax weberbaueri (Styracaceae) 0.361 0.0408 *

Pseudolmedia rigida (Moraceae) 0.355 0.0263 *

Group I + II

Rpb.G p-Value Sig Code

Cecropia ficifolia (Cecropiaceae) 0.52 0.0005 ***

Solanum lepidotum (Solanaceae) 0.447 0.0055 **

Cecropia reticulata (Cecropiaceae) 0.371 0.0244 *

Aegiphila alba (Verbenaceae) 0.348 0.0465 *

Urera caracasana (Urticaceae) 0.341 0.037 *

Group I + IV

Rpb.G p-Value Sig Code

Caryodaphnopsis theobromifolia
(Lauraceae) 0.416 0.0092 **

Clarisia biflora (Moraceae) 0.403 0.0157 *

Group II + III

Rpb.G p-Value Sig Code

Guatteria megalophylla (Annonaceae) 0.411 0.0133 *

Ficus cuatrecasana (Moraceae) 0.364 0.0299 *

Group III + IV

Rpb.G p-Value Sig Code

Aniba aff. hostmanniana (Lauraceae) 0.401 0.0138 *

Capparis sp. (Capparaceae) 0.385 0.0267 *

Hieronyma asperifolia (Euphorbiaceae) 0.383 0.0226 *

Eschweilera integrifolia (Lecythidaceae) 0.379 0.0199 *

Ocotea insularis (Lauraceae) 0.366 0.0295 *

Faramea oblongifolia (Rubiaceae) 0.362 0.0291 *

Helicostylis tovarensis (Moraceae) 0.346 0.0444 *

3.5. Spatial Analyses

A total of 13 Moran’s eigenvector maps variables were detected as correlated with
changes in tree community (Figure 8; cumulated, adjusted R2 = 0.19, all MEMs p < 0.02
as components in forward model selection). Most were substantially correlated with
1–3 available environmental variables or a particular land-use/habitat history (Table 5),
with the exception of one highly localized MEM variable, MEM3. The most influential MEM
variables in the model, MEM1 and MEM2, presented obvious geographic patterns. MEM1
(contributing R2 = 0.026 to cumulative R2, or 13.9% of explainable variance) indicated a
general difference in tree communities between those of the northeastern and southwestern
sides of the Los Cedros River (Supplementary Figure S8). The second most influential
MEM variable, MEM2 (contributing R2 = 0.026 to cumulative R2, or 13.6% of explainable
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variance), indicated a difference between the highest sites sampled in the study, which were
situated along a ridge that runs ultimately to the highest points in the reserve, and lower
elevations along this ridge system (Supplementary Figure S9). MEM8 also was correlated
with elevation and with distance to nearest stream, likely indicating a difference among
“high and dry” sites and lower, wetter sites (Supplementary Figure S10).

 
Figure 8. All statistically significant Moran’s eigenvector maps (MEMs) detected from tree community
data. Within each map, two sites of large size but differing colors were maximally different (i.e., a
site with a large white circle had some large difference in species composition with a site with a
large black circle). Correlations between these spatial patterns and available environmental data are
given in Table 5.
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Table 5. Moran’s eigenvector maps and their statistically significant environmental correlations.

Slope Dem Aspect
Exposure
(Eastern)

Exposure
(Northen)

Tostream BC BS CLB RCA RG

MEM1 −0.403 0.287

MEM2 −0.344 −0.636 0.308

MEM3

MEM4 0.349

MEM5 −0.503

MEM6 0.306

MEM7 0.385

MEM8 0.404 0.460

MEM9 −0.451

MEM10 −0.340

MEM11 0.282

MEM12 −0.410

MEM13 0.345

3.6. Juvenile Communities

Juvenile communities did not cluster within the groups presented by adult communi-
ties, neither in terms of historical land use/habitat (Figure 9A) nor current ecological state
of adult trees (Figure 9B). Rather, all juvenile communities radiated into new dissimilarity
space from their respective adult communities, possibly indicating recruitment of new
tree species and/or new species combinations at these sites. Of the 148 species of juvenile
tree species observed in the study, 110 species were observed as both juvenile and mature
specimens, and an additional 38 species were observed only as juvenile specimens.

Juvenile tree communities changed along the same axes as were observed for their
respective adult tree communities. When categorized using the historical land-use/habitat
variable, RCA sites and related, similar RG sites were pulled in a negative direction along
the NMS1 axis, as shown in Figure 9A, and nonanthropogenically disturbed sites (BC,
BS, and CLB) were pulled in a positive direction along the NMS2 axis. When categorized
according to the current ecological state of their adult tree communities, the same pat-
tern held (Figure 9B): juvenile tree communities were different and outside of clusters
formed by their respective adult communities, but changed along the same axes as their
adult communities. Two exceptions to this were observed: the juvenile tree communi-
ties of two type I forest sites have come to more closely resemble type III (Figure 9B,
sites 1.2 and 1.3). These sites had a land-use/habitat history of pasture conversion (RG),
and their adult tree communities clustered into a current ecological state of type I forest, the
most anthropogenically disturbed group, and often associated with RCA land-use history
(Figure 5). However, their juvenile tree communities now resemble more “natural” forest
types. Additionally, the site 1.1 juvenile tree community was so unique as to be an outlier
to the rest of the sites studied, and had to be removed for informative examination of the
remaining sites (Supplementary Figure S11).
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(a) (b) 

Figure 9. Nonmetric multidimensional scaling (NMS) ordination of combined juvenile and adult
tree communities using Bray–Curtis dissimilarity. Only sites with both juvenile and adult data are
shown. Each site therefore had two points, a juvenile (triangle) and adult (circle) tree community.
(a) Ordination colored by historical land use. Hulls are drawn around adult communities. (b) Ordina-
tion colored by current ecological state (“forest type”). Hulls are drawn around adult communities.

3.7. Deforestation in the Region

Between 1990 and 2018, forest cover in the Cotacachi canton was reduced from an
estimated 87,967 ha of native forest cover in 1990 to 71,739 ha in 2018, an 18% reduction in
the total forest from 1990 levels, mostly due to conversion to agricultural land (Figure 10). In
terms of total land cover, this equated to a shift from approximately 52% of total Cotacachi
canton land cover being native forest to 42% of total land cover as native forest. Forest cover
in Los Cedros increased from an estimated 5094 ha of native forest cover in 1990 to 5210 ha
in 2018, a 2.3% addition to the total forest at 1990 levels, due mostly to the reforestation
of former pasture (Figure 11). Forest cover in Bosque Protector Chontal decreased from
an estimated 6920 ha of native forest cover in 1990 to 6565 ha in 2018, a 5% reduction in
the total forest from 1990 levels, due mostly to conversion of forest to agricultural land
uses (Figure 11).

Unlike earlier datasets, the 2018 MAE land cover dataset does not include pasture
separately from other forms of agricultural land use, so it was difficult to quantify which
types of agricultural land use were most commonly replacing forest in the region. However,
based on visitation to the surrounding communities, it is the authors’ assessment that much
of the recent deforestation was undertaken to create pasture for cattle grazing.
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Figure 10. Land-cover changes in the Cotacachi canton. Reserva Los Cedros is outlined in red, and
two other nearby protected forests are outlined in blue (B.P. Cebu to the west and B.P. Chontal to the
east). Forest cover is shown in dark green, and agricultural land in beige. Geographic coordinate
system is PSAD56/UTM zone 17S, in meters. (a) 1990; (b) 2018.
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Figure 11. Land-cover changes in Reserva Los Cedros and in nearby protected forest B.P. Chontal.
Forest cover is shown in dark green, pasture in tan-green, and agricultural land in beige. Geographic
coordinate system is PSAD56/UTM zone 17S, in meters. (a) Los Cedros, 1990; (b) Los Cedros, 2018;
(c) B.P. Chontal, 1990; (d) B.P. Chontal, 2018.

4. Discussion

4.1. Stable States in the Andean Cloud Forest

In this study, we examined 61 forest sites with known histories of anthropogenic
disturbance or natural, gap-forming disturbance, and examined this history as a predictor
of current ecological state. We could categorize the southern area of the Los Cedros reserve
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into four forest types based on adult tree communities (Figure 4), and could well predict
these ecological states from past land use/habitat type and elevation. Sites that had no
history of anthropogenic disturbance group were readily categorized into either forest type
III or IV (Figures 4 and 5). These sites were characterized by endemic, forest-dependent tree
species (Table 4). The differences among these “natural” forest types III and IV were strongly
predicted by elevation (Figures 6 and 7, Supplementary Figure S6), exhibiting elevation-
dependent ecological zonation often observed in montane tropical forests [121,122]. Natural
gap-forming disturbances did not change the species compositions of these sites to make
them significantly different from other natural forest sites (Figure 5). As such, these natural
forest types may represent stable equilibria with basins of attraction that give each some
resilience to gap-forming disturbance (Figure 12).

Figure 12. Conceptualization of ecological equilibria at Reserva Los Cedros. Arrows indicate the
direction of change between basins that were hypothesized as possible from our observations. Type
III and Type IV ecological states observed in our study (see Figure 5) probably represented regional
historical basins of attraction that can be “knocked” into a novel forest type (type II) by intermediate
agricultural disturbance, and perhaps even into a more modified type I forest by more intensive
anthropogenic disturbance. Type II forests may also be capable of transition back to ecological states
that resemble historical states, as was directly observed in our study at site 10.1 (see Figure 4).

There were indications that sites that had experienced intermediate disturbance (con-
version to pasture followed by reforestation) had entered a less stable, more pluripotent
ecological state. Nearly all high and low elevation sites that were converted to pasture prior
to reforestation (land-use/habitat type “RG”) then developed into a single community type,
(“forest type II”). This suggested a homogenizing effect on tree communities due to this
kind of disturbance and a common successional response by the forest after conversion to
pasture and abandonment, regardless of elevation. In ordinations of community similarity
(Figure 5, Supplementary Figure S3), type II forest sites were situated in an intermediate
position between all other states. It is therefore possible that the type II forest type repre-
sents a low-sloped, convex, unstable equilibrium that can sometimes allow sites to return
to a natural forest state. In one case, we observed a site that had undergone anthropogenic
disturbance and subsequently developed into a natural forest type (site 10.1, circled in
Figures 4 and 5). Additionally, in the case of two pastured (RG) sites, their adult communi-
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ties resembled the highly affected type I forest, but their juvenile communities currently
more closely resembled the “natural” type III forest (Figure 9, sites 1.2 and 1.3). In a different
successional direction, several pastured (RG) sites developed into the novel Type I forest,
the same forest type into which all the intensive-agriculture sites developed (Figure 5).

The existence of this indeterminate, intermediate ecological state, forest type II, sup-
ported the hypothesis that primary cloud forest has some capacity to “repair” highly
modified agricultural sites, but also indicated that this is not a certain outcome. This
postpasture successional trajectory appeared to be very distinct from that which followed
natural, gap-forming disturbances, and may be intermediate to severe agricultural conver-
sions (cane production followed by natural regeneration), which tended to drive sites to
another state, forest type I. The adult tree communities of sites that experienced intensive
agriculture all developed into forest type I, suggesting that forest type I may be another
stable equilibrium or novel ecosystem type [34]. Additionally, all sites that were observed to
be in a type I state were low-elevation sites that presumably would have otherwise existed
in a type IV state, suggesting vulnerability of these lower-elevation forests to anthropogenic
disturbance. However, all type I sites were also colocalized to the same area of the reserve
(Figure 6), making it difficult to generalize this pattern to the rest of the study area.

Several forces may be at work in creating these equilibria that we observed. In type III
and type IV forests (“natural forest” types), gap-forming incidents appear to keep these
sites within their basins of attraction, and the breakdown of these negative feedbacks and
ecological conditions that are likely responsible for shifts into forest type I equilibria.

4.1.1. Soil Structure

While soil structure data were not available for this survey, researchers at field sites
noted that sites that had undergone intensive agricultural use (“RCA” sites) had more
compacted soils. Agricultural use can incur long-lasting legacy effects on soil structural and
chemical characteristics, even after abandonment and reforestation [123,124]. Deforestation
has been shown to cause long-term changes in soil physical structure and microbial activity
in soils, especially among plant-symbiotic microbes [125–127].

4.1.2. Soil Seed Bank Depletion

In addition to soil compaction, several seasons of indiscriminate grazing or corn or
sugarcane culture probably greatly depleted the residual seed bank of forest plants [128,129].
When soil-seed banks have been exhausted, recolonization of sites by forest plants must
occur through dispersal of seeds to the forest regeneration site.

4.1.3. Large Seeded Plants and Animal Dispersal

Reserva Los Cedros hosts three species of primates: the brown-headed spider monkey
(Ateles fusciceps fusciceps), the white-headed capuchin (Cebus capucinus), and the mantled
howler monkey (Alouatta palliata), in addition to numerous other frugivorous birds and
mammals [52]. These animals likely play an essential role in closing gaps after distur-
bances. Indeed, it is likely that the differences between our results and those observed at
the Maquipucuna Cloud Forest Reserve [130,131], only about 40 km away in a straight line
and at similar elevations, resulted from the presence of primates at Los Cedros and their
extirpation due to hunting at Maquipucuna [52]. Myster recorded little colonization of
pastures, whereas ours were filled with Cecropia, which are commonly dispersed by both
Ateles and Cebus monkeys [132,133]. In recent natural gaps (“CLB”), we observed a single
indicator species: Endlicheria sp. (Table 4). Endlicheria tend to have classic bird-dispersed
fruits, a small drupe with red color in the cupule [134], but some Endolicheria species
have been suggested elsewhere to also be primate-dispersed [135]. Lower-elevation natu-
ral forests (forest type IV) were characterized by copal trees (Protium and Dacryodes spp.,
Table 4), well known locally as primate food sources [136]. In general, type III and IV forest
types were generally characterized by plants with larger seeds or fruits, often primate-
or otherwise vertebrate-dispersed, such as those in Lecythidaceae and Lauraceae, and

306



Forests 2022, 13, 875

Garcinia (Table 4). This prevalence of trees with larger seeds/fruits is typical of tropical
forests, where most trees produce animal-vectored seeds [137]. Absent active transport of
seeds by animals, colonization of pastures by forest trees is expected to be very slow [138]
and to heavily favor wind-dispersed seeds [139] or rapidly spreading cover shrubs, such
as bamboo species [140]. Many ruderal species, conversely, are wind-dispersed [141]
and are likely to readily colonize abandoned field sites, especially when aided by human
vectors [142]. Given Los Cedros’ relatively low elevation among montane tropical forests, it
is not surprising that its forests are heavily populated with large-seeded species that likely
rely on primate dispersal [143]. Additionally, we found four large-seeded tree species that
are commonly associated with primary forests and that are animal fodder, but that were also
observed as having a strong presence, even in highly disturbed sites: Caryodaphnopsis theobromi-
folia [144,145], Clarisia biflora [146], Guatteria megalophylla [147,148], and Ficus cuatrecasana [149]
(see Table 4, indicator species for group I + IV and group II + III). C. theobromifolia is a valuable
timber species in the area, and its presence in highly disturbed sites is welcome economi-
cally and more evidence for the high regenerative potential in these forests, perhaps due to
primate dispersal. A study of forests in Peru that were protected from hunting versus those
that were not only found seedlings and juveniles of Caryodaphnopsis in protected forests,
and they documented more primate and mammal dispersers in the protected forests [144].

4.1.4. Relative Fluxes of Local vs. Exotic Plant Types

Most of the sites examined here were embedded in a landscape of primary forest, and
may have been able to recruit seeds from forest-dependent species even if they experienced
seed-bank depletion [150], while still insulated from outside seed sources. Approximately
half of the type I forest sites, however, were located on the edge of Los Cedros abutting
neighboring farmland, probably allowing for extensive input of small-seeded pioneer
tree species such as Saurauia spp. The remaining type I sites were located along mule
trails that supply the reserve, and also presumably were repeatedly exposed to seeds from
outside locations.

The above mechanisms are primarily “gap-filling” mechanisms, and may fail in the
face of extensive anthropogenic disturbances such as habitat fragmentation and loss (for
example, Cramer et al. [151]). It is probably important to note how dependent these
processes may be on large animal dispersers, and especially on primates, as primate
populations are in decline in the region [52,152]. The importance of seed-dispersal services
by large mammals and spider monkeys in particular can be appreciated by anticipating
their loss: Peres et al. [153] have predicted substantial loss of forest biomass in forests
if large mammal populations are reduced, especially spider monkeys and tapirs. The
importance of the brown-headed spider monkey as a dispersal agent of larger seeds, often
representing tree species sought after by loggers, was clearly seen in a study in Western
Ecuadorian lowland forest systems [154]. A similar positive feedback may be possible with
the loss of forest-dependent birds due to deforestation. Frugivorous, forest-dwelling birds
provide a unique seed-dispersal service to forest trees, but are highly interdependent with
their habitat; their decline in diversity has been directly linked to vegetative diversity loss
and deforestation [155].

Other complex interactions may also be important: the presence of Cecropia spp. as
an indicator species in forest types with intermediate disturbance (forest type II) and
appearance less often in the novel type I forest. In this study, they were also not observed
as extremely prevalent in recent natural gaps. This is possibly important, as Cecropia trees
occupy a somewhat unique position of being an early-successional species while also
producing large fruits and canopy structure characteristics useful to both primates and
frugivorous birds [136,156,157]. Cecropia trees may attract primate dispersers and forest-
dependent birds back to a disturbed site, which therefore bring with them the heavier
seeds of other forest-dependent, heavy-seeded species. At Los Cedros, the smallest primate
dispersers, capuchin monkeys, are regularly observed in Cecropia trees. Cecropia spp. may
therefore act as another gap-repairing negative-feedback mechanism, one that plays out
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in cases of forest gaps of larger size or severity than the smaller natural gaps examined
here. Thus, the success or failure of Cecropia may play a deciding role that allows sites
to return from the ecological state we observed here as forest type II (resulting from
intermediate disturbance), and potentially back to primary-like forest states. Note again,
however, that this mechanism would depend upon the presence of large animal vectors,
especially primates.

Given the relatively short period of time since disturbance prior to surveys (13–18 years),
it was also very difficult to confidently project the stability of the here-proposed candidate
equilibria to larger time scales, especially in times of deep ecosystem change due to climate
change. Sites were surveyed in 2005, so an additional 16 years had passed since the
collection of these data. Indeed, Loughlin et al. [76] suggested that a tropical Andean cloud
forest in a nearby ecoregion may have a single long-term ecological equilibrium. However,
conditions in the Andes are changing dramatically from those that presumably sustained
the long-term resiliency observed by Loughlin. Thus, the candidate alternative states
observed here should not be disregarded, as they may mark the beginning of novel forest
types in the region [34]. For the moment, visual inspection of these sites in the present day
confirmed that unique tree communities continue to exist in type I forest sites compared to
surrounding older forests. Updated systematic surveys are now necessary to investigate
the stability of the ecosystem types suggested here.

4.2. Juvenile Tree Community

It is difficult to assign cause to the lack of structure observed in juvenile tree communi-
ties at Los Cedros (Figure 9). Much of the noise in these juvenile communities presumably
stemmed from the incomplete filtering of young plants at each site [158,159]—the environ-
mental pressures that have shaped the adult tree community at each site likely had yet to
totally act on the juvenile trees at the time of sampling. Additionally, plots with a history of
nonanthropogenic disturbances (BS and CLR plots) were not sampled for juvenile trees,
meaning that we could not comment directly on the importance of environmental filtering
on seedlings due to “natural” successional patterns.

However, it is also inevitable that the same global environmental changes that are
acting on other forests throughout the world [27,160], including cloud forests [81], are at
play in the ancient forests of Los Cedros, and are contributing to the reorganization of future
tree communities, perhaps uncoupling ancient species associations. The disturbance regime
under study (conversion to agriculture, followed by forest regeneration) also introduced
new conditions and plant species to Los Cedros. Thus, in these juvenile trees, we may also
be observing two sources of disturbance that could shift the forests of Los Cedros out of the
basins of attraction of the primary forest state of very different scales: local land-use change
and global climate change. In the terminology of Beisner et al. [161], the former may still be
considered a state variable change from which it is sometimes within the capacity of the
cloud forest to rebound and recover to a primary forest state. The latter, however, is a deep
shift in the parameters of the Andean cloud forest ecosystem, which will no doubt change
the shape of the possible [162–164]. It is not unreasonable to expect interactions between
these two fundamental sources of ecological disturbance [26,162,165,166].

4.3. Beta Diversity and Spatial Heterogeneity in the Andean Cloud Forest

We examined patterns of distance decay in the tree communities of the southern area of
Los Cedros. When community turnover was modeled as a function of Euclidean distance, a
model in the form of an asymptote function fit well to the observed patterns of community
turnover. Our asymptote model suggested turnover at a short distance, reporting that
half of the maximum dissimilarity was reached in just ~150 m, and a mean Bray–Curtis
dissimilarity >0.8 in comparison with distances larger than 600 m (Figure 2). When small
watersheds were used as the basic spatial unit, rather than Euclidean distance, most of the
decay in the tree community similarity occurred with the first crossover to a neighboring
watershed (Figure 3). Following this, the mean dissimilarity among sites increased slightly

308



Forests 2022, 13, 875

but remains uniformly high, and further comparisons were not statistically significantly
different, meaning comparisons between sites five watersheds away were not on average
more or less similar than comparisons of sites that were only two, three, or four watersheds
apart, because so much change in community composition had already occurred just within
the first watershed crossing. This was supportive of the colloquial understanding that in
the Andes, each small drainage can host an almost entirely distinctive community from
its neighbors.

This may also provide more insight into the processes that create the fine-scale of en-
demism often observed in Andean forests. We hypothesized that this fine-scale, watershed-
based community turnover was due to high dispersal limitation and high microsite vari-
ability that resulted from the complex, dramatic topography of the Andes. This microsite
variation was visible to some degree in our Moran’s eigenvector maps and their environ-
mental correlations (Figure 8, Supplementary Figures S9 and S10, Table 5). These MEM
maps showed spatially explicit patterns of difference in tree community that were acting at
very small distances, close to the scale of the microwatersheds we have delineated, and
that correlated with watershed characteristics such as local elevation changes, proximity
to water, and hill tops and rivers as possible dispersal barriers. These observed spatioen-
vironmental patterns may explain up to 19% of variance in the plant community. This
fraction may represent much of the environmental filtering that is occurring within the tree
community at Los Cedros. Dispersal limitation is harder to test, but the predominance of
large-seeded species observed in our ancient forest sites suggested that many important
tree species were dispersal-limited to highly local scales and dependent on large animal
dispersers to overcome this limitation. This preponderance of heavy-seeded species also
might be well approximated by a symmetric dispersal-limited neutral model, a model
that can generate significant small-scale spatial patterning in communities even without
considering additional microsite environmental conditions [17]. Future studies should
incorporate watershed units, as they can explain more in the Andes than simple distance
or elevation.

4.4. Conservation Value of Los Cedros

Since the sounding of an alarm by Gentry and Dodson [72,87], Myers et al. [66,167],
and numerous others [78], there has been much concern about the future of the Chocó and
the tropical Andean biodiversity hotspot by conservation groups. However, there is little
evidence that this call for conservation has resulted in sufficient meaningful change for the
region of Los Cedros—in fact, quite the opposite. Instead, during this time frame, Cotacachi
Canton has lost significant forest cover (Figure 10), as has Ecuador generally [87,168,169]. In
stark contrast, Los Cedros—which has onsite, conservation-oriented staff—has well withstood
the traditional pressures of timbering and settlement, as evidenced by its increase in forest
cover during a time of net forest loss in the Cotacachi Canton. In addition to the historical
habitat conversion from timber extraction and settlement, the tropical Andean biodiversity
hotspot has now found itself in a new center of metal mining exploration [52,170,171], a new
and entirely different extractive pressure on the region. Los Cedros itself is targeted by a
junior mining partner (cornerstoneresources.com, accessed on 31 April 2021). Los Cedros
has responded with a successful legal challenge that reached Ecuador’s highest courts, with
implications for all Bosque Protectores in Ecuador [170]. Due to its proactive defensive
legal efforts, Los Cedros’ conservation effect was thus amplified even beyond the unusually
effective physical protection of its forests.

Going forward, however, conservation of primary forest reserves such as Los Cedros
will face novel challenges. It is widely understood that the high endemism of the Andean
biodiversity hotspot makes it both a conservation priority and an especially difficult conser-
vation challenge. It is less widely appreciated that forests, and especially primary forests,
pose a major additional challenge to conservation. In most cases, we have only a crude
understanding of the numerous ecological interactions required to maintain a primary
ecosystem in its current levels of biodiversity and benefits for human society (“ecosystem
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services”), otherwise known as the ecological complexity of an ecosystem [172,173]. Ancient
ecosystems are unique in large part due to their emergent complexity, and quantifying this
complexity is usually difficult, requiring composite measures of numerous indices of forest
physical structure, plant community, and other ecological properties [174,175]. In complex
ecosystems, the loss of a species is multiplied by disruption of its interactions with other
species, such as with trophic cascades [176]. The number of possible interactions among
species undergoes quadratic growth as biodiversity increases linearly, so the immense
biodiversity of the tropics presents a particular challenge in understanding the local ecolog-
ical complexity. Primary forest fragments are also presumably subject to the well-known
vulnerabilities of “island”—or insular—habitats [177,178]; namely, the stochastic extinction
of species without any nearby “mainland” to replenish populations. This is in addition to
the uniquely dynamic, weather-dependent boundaries that make all cloud forests insular
systems, primary or otherwise, and that may make them very vulnerable to shrinkage from
climate change [72,81,164]. Thus, in insular, highly interdependent ancient ecosystems such
as primary cloud forests, these stochastic species extinctions may have greater cascading
impacts than in simpler ecosystems. Even if completely protected from external changes,
primary forest fragments such as Los Cedros may ecologically simplify or “decay” with
time if they are not sufficiently understood, buffered, and interconnected. As such, the
regional resiliency noted by Loughlin et al. [76] may be subject to novel vulnerabilities that
were not so urgent historically. Michaels et al. [179] have suggested that restoration efforts
should first attempt to diagnose the ecological conditions and feedbacks that allow a basin
of attraction for a desired stable state to persist, and also find the minimum “nucleus” area
needed for those processes to proceed and grow. They and others, such as some proponents
of rewilding [180], suggest seeding landscapes with species consortiums intended to recre-
ate ecological complexity as much as possible. Los Cedros is far from needing rewilding,
but conservation efforts around Los Cedros and other ancient tropical forests will be greatly
enriched by such an awareness of protecting and nurturing ecological complexity, beyond
simple physical protection of reserve borders.

Given the state of fragmentation and loss of forest in the Choco Andean region, and
the poor understanding of its numerous pollination and diaspore dispersal networks,
especially the threatened state and habitat requirements of its primate dispersers [152],
Los Cedros may be at or close to threshold stable patch size for maintaining its level of
biodiversity. Los Cedros may therefore face an important juncture, with a choice of growing
or subsiding. Further reduction or anthropogenic disturbance of cloud forest area risks
nonlinear, catastrophic changes. Additionally, the fragments of Andean primary cloud
forest habitat that persist to date are rare and small enough that there is no economic
justification for eliminating or heavily modifying them. Simply as a matter of scale, any
economic benefit from the degradation of these forest fragments will not be large enough
to justify their loss as reserves of genetic information, providers of ecosystem services, and
protectors of species diversity. Other methods for poverty reduction are available [181,182].
However, great opportunity for the future exists in Los Cedros: the forest of Los Cedros
need not be seen as a delicate ecological island in a storm, nor is its protection an academic
or moral exercise, or a desperate rear-guard conservation strategy. It is instead useful to
think in the sense of Michaels [179], supported by the long-term observations of Loughlin
et al. [76], and see the Los Cedros forest as a nucleus of primary cloud forest that has
prospered for thousands of years, that has weathered the recent waves of deforestation, and
that now stands ready to help reseed and restore the new forests of the northern Andes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f13060875/s1, Figure S1: Sampling design, natural forest sites, Figure S2: Comparison
of predictive performance of models of community turnover, Figure S3: Posterior shift for Km,
Figure S4: Ordination of Hierarchical clustering results (forest type), Figure S5: Predictions of current
ecological state by historical land-use/habitat, Figure S6: Prediction of primary forest type by
elevation, Figure S7: Current forest type, history, and elevation, Figure S8: MEM 1, Figure S9:
MEM 2, Figure S10: MEM 8, Figure S11: Adult and juvenile tree communities, with adult forest
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type, outlier retained, Table S1: Species lists, Table S2: Species diversity estimates for historical
land-use/habitat types.
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Abstract: Plant ecological strategies are shaped by long-term adaptation to the environment and
are beneficial to plant survival and reproduction. Research is ongoing to better understand how
plants best allocate resources for growth, survival and reproduction, as well as how ecological
strategies may shift in plant communities over the course of succession. In this study, 12 forest
dynamics plots in three different successional stages were selected for study in the tropical lowland
rainforest ecosystem of Hainan Island. For each plot, using Grime’s competitor, a stress-tolerator, the
ruderal (CSR) scheme and using the CSR ratio tool “StrateFy”, an ecological strategy spectrum was
constructed using functional trait data obtained by collecting leaf samples from all woody species.
The ecological strategy spectra were compared across successional stages to reveal successional
dynamics. The results showed: (1) The ecological strategy spectra varied among forest communities
belonging to three different successional stages. (2) The community-weighted mean CSR (CWM-CSR)
strategies shifted with succession: CWM-S values decreased, while the CWM-C and CWM-R values
increased. Overall, shifts in plant functional traits occurred slowly and steadily with succession
showing complex and diverse trade-offs and leading to variation among the ecological strategy
spectra of different successional stages.

Keywords: ecological strategy; succession; functional traits; forest vegetation; successional dynamics;
ecosystem function

1. Introduction

Ecological strategies reflect how species optimally allocate resources to growth, sur-
vival and reproduction, thereby, capturing trade-offs among functional traits [1,2]. After
selection by abiotic and biotic environmental factors, a plant’s ecological strategy represents
its ideal combination of traits [3,4]. To remain competitive within their ecological commu-
nity, plants may adjust their resource allocations. Species display different combinations of
traits [5,6] based on their tolerance of current environmental conditions and ability to cope
with resource-poor habitats [7,8].

The study of ecological strategies is an important avenue to understanding biological
community assembly and dynamics in response to environmental change [9]. Many
famous ecologists have investigated different aspects of species’ ecological strategies [10,11].
Additionally, the study of plant functional traits to better our understanding of plant
ecological strategies represents a current research hotspot in ecology [12–14].
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Forests 2022, 13, 973

Grime’s competitor, stress-tolerator, ruderal CSR theory is foundational to research
on ecological strategies and is also based on plant functional traits [15,16]. Recent devel-
opments in CSR theory seek to explain plant ecological strategies in terms of the primary
dimension of functional trait variation. Pierce et al. [1] described how three functional traits
(of plant leaves) can be used to extrapolate the three main dimensions of functional trait
variation and developed a freely available tool, “StrateFy”, to implement these calculations.

Plant species are divided into 19 strategy types, including three primary strategies (C,
S and R), four secondary strategies (CS, CR, SR and CSR) and twelve tertiary strategies
(C/CR, C/CS, C/CSR, CR/CSR, CS/CSR, CS/CSR, R/CR, S/CS, R/CSR, S/CSR, SR/CSR,
R/SR and S/SR) [17,18]. Secondary strategy and tertiary strategy are different combinations
of the three primary strategies. The three primary strategies (i.e., C, S and R) represent
combinations of traits best suited to competition (C), abiotic stress tolerance (S) and ruderal
habitats with periodic biomass destruction (R) [1]. A more detailed description refers to
CSR classification after Hodgson et al.’s CSR classification [19].

Using CSR theory and community-weighted mean (CWM) trait values, differences
in the functional compositions among plant communities can be evaluated. Community-
level ecological strategy spectra can then be estimated using the CWM trait values in
“StrateFy”. These ecological strategy spectra (i.e., the number and relative abundance of
species holding different ecological strategy types in the community) can provide a “func-
tional summary” of the vegetation, which can also be used to study how communities vary
among successional stages [17].

Grime’s CSR theory has been applied to functional analyses, involving global [20],
regional [21] and local [22] scales. Previous studies have shown that ecological strategies can
be used to explain the distribution of species along environmental gradients [23,24]. Shifts
in ecological strategy can reflect the influence of environmental gradients and disturbances
of forest dynamics [25]. While there have been many studies of vegetation function and
community assembly [7,26], little is known about how community ecological strategy
spectra shift with succession.

Succession represents a process of dynamic community construction [27]. Across
successional stages, the environmental factors affecting the vegetation are constantly chang-
ing [28], as are plant–environment interactions. As a result, the community composition
and structure shift over time [29], thus, affecting ecosystem function [30]. Although there
are still disagreements about the predictability of community structure and the role of
historical contingency [31], many studies have shown that, while species composition
during succession is often unpredictable, functional changes are deterministic [32].

Functional analyses of communities may be helpful to better characterize the succes-
sional process and related environmental changes [33]. Studying ecological strategies at the
community-level may provide insights into the resource balance at each restoration stage,
as well as the process of community assembly and ecosystem functioning [34]. However,
the knowledge of how ecological strategy spectra of different successional forests in the
same region in tropical forests is largely unclear.

In restoring abandoned slash-and-burn farmland in the Bawangling tropical lowland
rainforest on Hainan Island, China, communities of different restoration ages have been pro-
duced. This region therefore provides an ideal system to evaluate the relationship between
restoration age and the ecological strategy spectrum. In this study, forests ecological strat-
egy spectra belonging to different successional stages were determined. Then, the following
two questions were discussed: (1) Do the forest ecological strategy spectra change with
succession? (2) What is the effect of succession on forest ecological strategy composition?

This approach is valuable for expanding the study of successional forest ecosystem
functioning [35]. Succession is hypothesized to affect a plant community’s ecological
strategy spectrum, with the community-weighted mean S expected to be dominant in the
later stages of succession and community-weighted mean C dominant early on. Moreover,
plant ecological strategies may become more specialized over the course of succession.
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2. Materials and Methods

2.1. Study Area and Sampling Strategy

This study was carried out in the Bawangling Forest Region on Hainan Island
(18◦52′–19◦12′ N, 108◦53′–109◦20′ E), which occurs at the northern limit of the tropical
rainforest in Asia [36]. Bawangling Forest covers an area of about 500 km2, with an altitudi-
nal range from 100–1654 m. Vegetation in the area varies with altitude; however, this study
focused on the tropical lowland rainforest (<800 m above sea level).

Abandoned slash-and-burn farmland, naturally-restored secondary forest and a few
undisturbed old-growth forests are distributed here. Information on the history of land-use
for the plots was obtained from the management records of the Bawangling National
Nature Reserve [37]. Within the region, the annual average temperature is 23.6 ◦C, and the
annual precipitation is 1677 mm. The rainy season occurs from May to October, and the
dry season from November to April [36].

According to best practices published by the Center for Tropical Forestry Science
(CTFS) [38], twelve forest dynamic monitoring plots of 100 × 100 m were established
(twelve plots belong to three successional stages: 30-year-old secondary growth forest,
60-year-old secondary growth forest and the old growth forest) (Table 1). For the conve-
nience of community survey, each plot was divided into 25 quadrats of 20 × 20 m, and
cement piles were used to mark the four corners of each quadrat. In these fixed plots, all
woody stems with diameter breast height (DBH) > 1 cm were surveyed, and the species
name and DBH were recorded.

Table 1. Overview of forest dynamic monitoring plots in communities of various successional stages.

Stages of Succession Abbreviation Interference History Number of Plots

Early succession E 30-year-old secondary forest 4
Mid-succession M 60-year-old secondary forest 4
Late succession O Old growth forest 4

2.2. Determination of Functional Traits

Ten individuals were sampled from each species (excluding endangered species) in
each plot. Random sampling was conducted if there were more than ten individuals in
each species. In cases where there were less than ten individual per species, all individuals
were sampled. Five to ten mature leaves were collected to measure the leaf functional
traits in the field. To ensure that the leaf materials remained fresh, samples were stored
in fresh-keeping bags and transported to the laboratory for measurement within 24 h [39].
Two healthy leaves were selected for each individual. These were weighed (to determine
the leaf fresh weight [LFW], in mg), then scanned on a flatbed scanner, and the area of each
leaf (or leaf area [LA]) was determined using ImageJ. Afterwards, leaf samples were dried
in an 80 ◦C oven to a constant weight. The leaf dry weight (LDW, in mg) was measured,
and the specific leaf area (SLA) and leaf dry matter content (LDMC) were calculated [39].
Leaf traits were measured for 434 species in total.

2.3. Data Analysis

Using the CSR ratio tool “StrateFy” [1], one can measure three simple and easy-to-
quantify leaf functional traits (the leaf area, specific leaf area and leaf dry matter content)
and then use the trade-offs among them to express the degree of C-, S- and R-selection.
This enables the classification of plant species according to their CSR strategy, as well as
quantitative comparisons among different species or communities [19].

According to the results of the community survey and functional traits determination,
we created two matrices of twelve forest dynamic monitoring plots: one is the species
abundance matrix, and the other is the three functional traits matrix of leaves (leaf area,
specific leaf area and leaf dry matter content) of species. The “dbFD” function in the
“FD” package [40] was used to calculate community-weighted mean (CWM) values of
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leaf area, specific leaf area and leaf dry matter content [41,42]. These were then input into
“StrateFy” to obtain the CSR value of each species to determine the classification of the
ecological strategies.

Then, we calculated the CWM-CSR value of each plot and the number and relative
abundance of species with different ecological strategies in each succession stage. For
each plot, the incidence of each ecological strategy was summed over the individuals to
obtain the overall “strategy richness”. Similarly, the distribution of each strategy in each
sample plot was compiled using a three-level classification scheme (CSR). Variation in
the CWM-CSR values, strategy richness and strategy distributions among successional
stages was assessed using one-way ANOVAs followed by Tukey tests [43]. To compare
community types based on these ecological strategy spectra, nonparametric Kruskal–Wallis
tests and Wilcoxon tests were implemented.

To further explore whether communities varied in terms of their ecological strategy
composition, we established the abundance matrix of each ecological strategy in 12 sample
plots. Non-metric multidimensional scaling (NMDS) was utilized. The NMDS was then
constrained by community type (i.e., successional stage) to evaluate how successional
stage influenced variation in plant ecological strategies. We used an analysis of similarities
(ANOSIM) to test the significance of the constrained axes. The “vegan” package in R was
used to perform the NMDS (with the “metaMDS” function) and the ANOSIM (“ANOSIM”
function). All statistical analyses were conducted in R [44].

The C, S and R values for each species were used to create a “trade-off triangle” in
order to compare among target species. For each succession stage, a ternary (or triangle)
plot was drawn with each axis representing a strategy (i.e., C, S or R). Individual species
were then positioned within the resulting CSR triangle. Ecological strategies are represented
by color: pure red indicates the C strategy, pure green indicates the S strategy, and pure
blue indicates the R strategy. We copy-and-pasted the “Color values in SigmaPlot format”
in “StrateFy” into Sigmaplot to obtain the colors of species. Triangle diagrams were drawn
in SigmaPlot.

3. Results

3.1. Types of Community Ecological Strategies in Successional Stages

A total of 434 plant species were identified across all sample plots. We documented
182 species in forest plots of early succession, 247 species in mid-succession and 320 species
in late succession. The three successional stages differed in terms of the species diver-
sity. In our study, species were assigned to 16 out of the total 19 ecological strategies
by “StrateFy”, with two of the three primary strategies being C and S. There were three
secondary strategies identified, namely CR, CS and CSR, and eleven tertiary strategies
identified: C/CR, C/CS, C/CSR, CR/CSR, CS/CSR, R/CR, R/CSR, S/CS, S/CSR, S/SR
and SR/CSR (Table 2).

Table 2. The types of community-level ecological strategies identified in different successional stages.

Early Succession Mid-Succession Late Succession

C
C/CR
C/CS

C/CSR
CR
CS

CS/CSR
CSR

CR/CSR
R/CSR

S
S/CS

S/CSR
S/SR

SR/CSR

C
C/CR
C/CS

C/CSR
CR

CR/CSR
CS

CS/CSR
CSR

R/CR
S

S/CS
S/CSR

SR/CSR

C
C/CR
C/CS

C/CSR
CR

CR/CSR
CS

CS/CSR
CSR

R/CSR
S/CS

S/CSR
S

(Early succession = E, mid-succession = M and late succession = O).
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3.2. Successional Dynamics in Community Ecological Strategy Spectra

The ecological strategy spectra varied among forest communities belonging to three
different successional stages. The strategy richness represents the total number of CSR
strategy types identified for each successional stage. In total, 16 strategy types (of 19 pos-
sible types) were distinguished: 15 in the early successional stage community, 14 in the
mid-successional stage community and 13 in the mature forest (Table 2). The strategy
richness showed a downward trend with succession.

In early and mid-successional stage communities, species were largely concentrated
in the CS area of the ternary plot, and the three dominant strategies were CS, S/CS and
CS/CSR. In the early successional stage community, no species adopted the R/CR strategy,
while no S/SR and R/CSR strategies were found in the mid-successional stage community.
In the late successional stage community, species were concentrated in the CS/CSR area
of the ternary plot, with CS/CSR, CS and S/CS being the most common strategies. The
R/CR, S/SR and SR/CSR strategies were not identified (Figures 1 and 2).

Figure 1. Ternary plots of species ecological strategies for different successional stages in tropical
lowland rainforests on Hainan Island (E = early succession, M = mid-succession and O = late
succession). C (%), S (%) and R (%) represent the three strategy components C, S and R, respectively.
Ecological strategies are represented by color: pure red indicates the C strategy, pure green indicates
the S strategy, and pure blue indicates the R strategy. Intermediate (mixed) colors indicate the full
range of intermediate strategies (e.g., green/blue = SR strategy).

Figure 2. Changes in the ecological strategy spectra (based on CSR theory) across successional
stages in the tropical lowland rainforest of Hainan Island (gray, E, early succession; blue, M, mid-
succession; and red, O, late succession). Percentages (%) indicate the average number of species in
each strategy category (n = 4), with error bars denoting the standard errors. * indicates a significant
difference among stages (p < 0.05), while ns indicates no significant difference (p > 0.05); green boxes
additionally highlight significant cases. p < 0.001 in the top left indicates a significant difference
among the ecological strategy spectra of three succession stages.

Based on the variance partitioning analysis, the three successional stages differed
significantly in terms of the proportion of S/CSR, C/CSR and CS/CSR strategies adopted
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by the species within each community (Figure 2). As succession proceeded, the proportion
of S, C/CS and S/CS strategies decreased, while the proportion of C/CR, CSR, CR/CSR,
C/CSR and CS/CSR strategies increased (Figure 2).

3.3. Effects of Successions on CSR Strategies Composition

The first NMDS axis separated the early and mid-successional stages from the late
successional stage, with partial overlap between the early and middle stages (Figure 3). In
addition, the ANOSIM (R = 0.6366, p = 0.001 < 0.05) confirmed significant variation among
the ecological strategy spectra of different successional periods. The S/CSR, C/CS and CS
strategies were common in all communities. However, in the NMDS, the distance between
the C/CSR, CS/CSR and C/CR strategies was reduced in the late successional stage com-
munity versus the early and mid-successional stage communities, indicating that there were
more species holding these strategies in mature forest (i.e., later in succession) (Figure 3).

Figure 3. A non–metric multidimensional scaling (NMDS) diagram based on species richness was
used to compare forest communities of different successional stages in the tropical lowland rainforest
of Hainan Island. Polygons of different colors represent different successional stages (gray, E, early
succession; blue, M, mid-succession; and red, O, late succession). Text labels within the plot represent
ecological strategies (C = competitors, S = stress tolerators and R = ruderals); please refer to the CSR
classification of Hodgson et al. (1999) [19] for a more detailed description. For the NMDS, R = 0.6366
and p = 0.001.

The average CWM-CSR values calculated for each of the four sample plots were used
to represent the CSR values for each successional stage. For all three stages, the C and S
components contributed more to the CWMs when compared with the R component. The
CWM-C, CWM-S and CWM-R values varied among successional stages. With succession,
component C increased from 38.19% to 42.22%, while component S declined from a max-
imum value of 53.90% to 45.35% (Figure 4). Further analysis for component C revealed
a significant difference between late versus early/mid- successional stages but no difference
between early and mid-successional stages. For component S, the early and mid-stages
differed; however, the middle and late stages did not. Similarly, for the R component,
the middle and later stages did not differ; however, both were greater than for the early
successional stage (Figure 4).
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Figure 4. CWM-CSR values (for C, S and R strategy components) for tropical lowland rainforest
stands on Hainan Island at different successional stages (gray, E, early succession; blue, M, mid-
succession; and red, O, late succession). ** p < 0.05 and *** p < 0.01 indicate significant differences
according to a one-way ANOVA (n = 4). Different letters indicate significant differences between
stages (Tukey’s test; p < 0.05).

Ecological strategies were classified into three groups: primary, secondary and tertiary.
The proportion of species belonging to each group is shown in Figure 5 for each successional
stage. For all three successional stages, the proportion of species increased with the group
number. The results showed that most of the species in the three succession stages adopted
the ecological strategy with complicated trade-offs. A few species adopted the primary
strategies (the C and S ecological strategies).

Figure 5. The proportion of species in Hainan tropical lowland rainforest stands belonging to
each of three ecological strategies groups for multiple successional stages (E = early succession,
M = mid-succession and O = late succession). Primary strategies (in grey) include C and S. Secondary
strategies (in blue) include CS, CR and CSR. Tertiary strategies (in red) include C/CR, C/CS, C/CSR,
CR/CSR, CS/CSR, R/CR, R/CSR, S/CS, S/CSR, S/SR and SR/CSR. *** p < 0.01 in a one-way ANOVA
(n = 4). Different letters indicate significant differences between ecological strategies groups (Tukey’s
test; p < 0.05).

4. Discussion

4.1. Dynamic Successional Patterns in Community Ecological Strategy Spectra

This study found Grime’s CSR theory allowed the functional interpretation of tropical
lowland rainforest communities along a successional gradient [15] as well as the identifica-
tion of realized functional niches within the communities. Pierce et al. [1] found that the CSR
strategies for species characteristic of primary succession from scree vegetation to siliceous
alpine grassland, terminating with alpine Nardus pasture, were evident. Our work further
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confirms that the applicability and effectiveness of the globally-corrected CSR ecological
strategy spectrum approach was assessed from the perspective of regional succession [19].

This study found that the ecological strategy spectra varied significantly along the
successional gradient. In all three successional stages, most species had intermediate
values for components C and S. This is consistent with previous research results [45].
There are few R-selection ecological strategies, likely because our survey does not include
herbaceous plants [41]. The proportion of species having each strategy type differed over
time. Initially, most species had CS, S/CS or CS/CSR strategies, with only a few having C
or CR/CSR strategies.

As succession proceeded, the proportion of species with these three dominant strate-
gies changed, with CS and S/CS becoming less common (31.66% to 25.06% and 24.46%
to 16.23%, respectively), while CS/CSR increased in frequency (13.42% to 21.81%). Only
a few species possessed C or R/CR strategies. As forests matured (late successional stage),
most species had CS/CSR, CS or S/CS strategies, while only a few species had C or R/CSR
strategies. The diversity of ecological strategies indicates that plants take various trade-offs
to make use of the acquired environmental resources [5,7,26].

However, the environmental driving force behind the changes of these strategies
remains unclear. Strengthening these studies will contribute to reveal the relationship
between environment and ecological strategies [41,46]. Use of this approach may help to
predict patterns of species’ functional trade-offs in a specific environment in addition to
how community processes respond to the environment [1,41]. The number of strategies
tended to decrease over the course of succession. Strategy richness was also negatively
correlated with species richness. This is an interesting discovery. More species are thought
to have more ecological strategy classifications [47].

However, the late succession stage with the largest number of species in this study
showed the least ecological strategy classifications. This may be because, later in succes-
sion, after a long period of environmental screening [48], species’ ecological strategies
have converged [49,50]. The stability of functions shifts during the process of commu-
nity assembly in secondary (restored) forests [47]. Therefore, although the number of
species increases, the number of ecological strategies decreases. The differences in strat-
egy richness (among community types) may be due to variation in the driving forces
underlying successional processes, which may be affected by the interaction of multiple
environmental factors [46,51].

4.2. Community-Level Differences in Ecological Strategy Composition with Succession

By summarizing the ecological strategy spectra for all succession stages, the CS strategy
was found to be the most common strategy across all three successional stages. However,
the proportion of species having a CS strategy (secondary strategy) was highest in the
early stages of succession and was replaced by the CS/CSR strategy (tertiary strategy) in
mature forests (30.40% for CS/CSR vs. 26.19% for CS). For all three successional stages, the
proportion of species increased from primary to secondary to tertiary strategy.

Therefore, more species presented with complex versus simple functional trade-offs
in the study communities. This is consistent with the research results of tropical forest
ecological strategies in these four climatic zones [52]. Primary and secondary strategies were
better represented early in succession, while tertiary strategies were more common during
the mid-to-late stages of succession. This suggests that, over the course of succession, more
complicated trade-offs among traits emerge. As a result, complex combinations of stress
tolerance, competitive acquisition and resource allocation traits become more common.

Scholars have found that, if the influence of the plant community species composition
and diversity on the community is ignored, the functional traits of individual plants cannot
accurately reflect the ecosystem function [5,53]. Instead, the functional traits of plants at
the community level can better reflect the ecosystem function [5]. Differences in CWM-CSR
strategies may reflect changes in the community functional trait composition caused by
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succession. The most competitive community (i.e., the highest C-value) was that of the
mature forest, while the recently abandoned farmland had the lowest C-value.

The latter community was also the most stress-tolerant (i.e., the highest S-score),
in contrast to the mature forest (the lowest degree of S-selection). This contradicts our
hypothesis. The mid-successional stage community showed intermediate C- and S-values
compared to the early and late stages. Stress tolerance (as S-values) was the highest early
during succession and declined over time, likely as the disturbances associated with slash-
and-burn cultivation slowly diminished with the passage of time [54]. During recovery
from slash-and-burn cultivation, a positive feedback loop also develop [55], whereby
vegetation growth provides richer resources to the environment [56], which then, in turn,
further promotes plant growth.

As a result, the C-values (i.e., the ability to compete for resources) rise as resources
become more abundant [48]. Therefore, when compared to the disturbance of slash-and-
burn cultivation, the resource limitations occurring later in succession do not significantly
limit community restoration. These resource limitations also play a positive role in the
process of secondary succession after slash-and-burn cultivation—for instance, the litter
improves the soil environment [57]. In secondary succession, forest habitats and ecosystem
functions are restored.

5. Conclusions

This study demonstrated that the CSR framework (based on functional traits) is an ef-
fective method to evaluate how succession impacts the functional composition of forests.
Over the course of succession in tropical lowland rainforests, both the ecological strategy
spectra and CWM-CSR strategies were found to shift. Species with more complex balance
and combinations of functional traits have greater survival advantages. This study expands
the understanding of ecosystem function in successional forests and provides a perspective
on research regarding the ecological strategy of the community building process.
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Abstract: In order to determine the relationships between bird assemblages and forest habitat, we
conducted surveys for bird assemblages in different forest habitats in the Khentii Mountain region,
Northern Mongolia. A total of 1730 individuals belonging to 71 species from 23 families of 11 orders
were recorded. Our findings revealed that passeriformes are the most species-rich order, accounting
for 86.2% of the total species. The dominant species were Anthus hodgsoni, Parus major, Poecile palustris,
and Sitta europaea in study area. Non-metric multidimensional scaling (NMDS) and permutation
multivariate analysis of variance (PERMANOVA) showed that bird assemblages were affected by
forest habitat types. Our findings also showed significant relationships between bird assemblages and
canopy height and ground cover vegetation structure, whereas there were no relationships between
altitude and other habitat variables. Thus, maintaining diverse forest habitats or restoring forest
would play a key role in bird conservation and sustainable management of forest areas.

Keywords: bird assemblages; environmental variables; habitat; boreal forest

1. Introduction

The boreal biome is located in the Northern Hemispheres, between 50◦ and 60◦ N
latitudes [1]. The boreal forest covers northern Europe and Asia, and stretches from Far
East Siberia to Scandinavia in the west [2]. Temperate conifers with varying proportions of
deciduous trees dominate the boreal forest landscapes [2]. Mongolia is one of the world’s
least forested regions [3]. Forest covers approximately 12% of Mongolia; 84% of the forest
is mostly coniferous and deciduous, but also 16% saxaul forest [4–6]. In Mongolia, boreal
forests mostly exist in the northern parts, which form a transitional zone between the
Siberian Boreal Taiga and the Central Asian steppe [6]. These forests have relatively few
tree species and are composed mainly of Siberian larch (Larix sibirica Ledeb.), Scots pine
(Pinus sylvestris L.), Siberian pine (Pinus sibirica Du Tour.), Siberian fir (Abies sibirica Ledeb.),
and Birch (Betula spp.), along with some deciduous tree species [5]. Mongolian boreal forest
is characterized by a low human population density and a relatively low level of anthro-
pogenic impact compared to other countries with Boreal forest regions [5]. Nevertheless,
human population increases have led to an ever-increasing demand for forest products,
timber harvesting, forest fires, increases in livestock numbers, degradation, and pests pro-
gressively depleting the forest cover [7,8]. Forest depletion totaled four million hectares in
the last three decades, and the rate of deforestation increased to approximately 60,000 ha per
year [5]. Deforestation by legal and illegal logging for especially conifer trees—sawmilling
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targets the largest trees—increased from the beginning of the 1970s [9,10]. Studies in the
Boreal biome and tropical deforestation show that global bird diversity is tending to go
down [11–15], and reforestation is a key action for bird conservation [16]. The relationships
between bird assemblages and forest habitat have been the focus of many studies world-
wide, and it is evident that forest habitat is an important determinant of the condition of
bird assemblages in the boreal forest biome [17]. Bird species diversity has been shown
to increases as forest tree diversity increases [18,19]. In addition, environmental variables
such as habitat heterogeneity, canopy cover, tree size, and seasonal and climate changes are
important effects on the growth and reproduction of the forest bird assemblages [20].

Most of the research is bird composition on boreal forest has concentrated on countries
with boreal biomes, such as those in Europe, North America, and several Russian regions [2].
In Mongolia, the study of forest habitat and its biological communities (especially birds) has
just started, and a limited number of studies on forest birds and their habitats are available.
Most studies on bird diversity and biological communities have focused on waterfowl and
threatened bird species, but there are only a few studies on the relationship between forest
habitat and bird assemblages [10,21]. Unfortunately, ecological studies of the forest bird
in the area are rare or have been mostly published in the Russian or Mongolian journals
in their native languages and thus are hardly accessible to other scientists. Moreover, as
noted by Bold’s (2003) [22], the early ecological finds from the forest bird assemblages of
different habitats were reported based on bird species distribution as a result of a Russian–
Mongolian joint expedition. His research focuses on bird species distribution and avifauna
(Bold, 1973) [23]. In 1969, Bold [24] described some additional ecological and behavioral
characteristics of some forest birds in different habitats of Mongolia. [25,26]. However, there
are research gaps in Mongolia, especially regarding biological and ecological characteristics,
such as forest bird species density, population dynamics, and the heterogeneity of micro
habitat variables [10,21]. This his study aimed to quantify the forest structure, bird species
composition, community assemblages, and occurrences of birds in different habitats of
boreal forests, and to investigate the relationships between the avian community and
forest conditions.

2. Materials and Methods

2.1. Study Sites

The research mainly focused on the surrounding regions of the Khentii Mountains
(Figure 1). The Khentii Mountains are known as a forest region that is in northern Mon-
golia [27]. The annual average precipitation is 250–320 mm [3,28], and approximately
50–60% of precipitation is recorded in the summer [29]. The average annual temperature
varies between −1.9 and −3.8 ◦C [30]. The forest of Khentii Mountains accounts for 33.5%
(3755.2 ha, thousand) of the total forest area of Mongolia [24]. In the Khentii region, the
western Siberian dark taiga forests with Spruce-Picea obovata, Fir-Abies sibirica, Pinus sibirica,
and Siberian larch-Larix sibirica meet the eastern Siberian light taiga forests composed of
species such as Birch-Betula platyphylla and related species, Larch-Larix sp. and Scotch
pine-Pinus sylvestris [3,31–33]. Tree species of Khentii Mountain, especially mixed conifer
and deciduous trees, and the plants, are relatively different in ecological regions from the
other parts of Mongolia [34].
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Figure 1. Study area location and sampling sites in a forested area of the Khentii Mountains.

2.2. Sample Collection and Analyses

The survey was carried out at twenty plot sites on Kentii Mountain for native forested
areas and five plots within a pine plantation area (Tujiin Nars). Five plots at plantation
areas were selected based on the restorative time period since reforestation [35]. Bird
surveys were conducted from June to August in 2019, a period recognized as breeding
season for most species in the region [24]. All birds were counted and recorded via visual
observation [36,37]. Each species was assigned to several functional groups based on
migrations and diet preferences (Table 1) [21]. Field surveys were carried out from 6:00 to
11:00 AM during suitable weather conditions (without rain and with wind less than 5 m/s)
and birds were recorded in point-counts of 10 min with a 50 or 80 m radius [36,37]. Survey
plots were 1 km2 area with a 4 × 4 grid of 16 points, and a total of 400 point-counts were
completed (Figure 1) [38,39]. The distance between points within plots was 250 m [37,38],
and when we selected points at the forest’s edge, the distance between a point and the
interior of the forest was 50 m. The occurrences of bird species and study sites were
recorded using a global positioning system (GPS; German map62), and these positions
were used to map in QGIS version 3.22 [40].
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We estimated forest tree (height, diameter at breast height—dbh) cover, and ground-
cover variables (percentage of vegetation cover, bare ground, and down wood) of each point
in a 50 m radius [39], and snag samples were 20 m in radius. Tree height was measured
at ≥10 dominant trees at each point (around the center points). These data were grouped
as mean values at the point-count level. The forest vegetation was sampled immediately
after the end of bird counts. Forest characteristics were described as forest pattern, average
tree height, cover, and tree component in the study area, the habitat was classified into five
groups: the forest patterns and structure variables of each habitat type are shown in Table 2.

The relative abundance (RA) of a bird species was determined using the following
expression: (number of individuals for species n/N total number of individuals) × 100%.
To find differences in environmental factors and bird community attributes (i.e., species
richness, abundance, and forest structure variables) among different habitat types, we
performed analysis of variance (ANOVA) and Tukey’s post hoc test using the function aov
in R software [41].

Differences in bird species richness among forest habitats were assessed through the
rarefaction and extrapolation method based on sample coverage [42]. The species richness
was calculated for each forest habitat based on the lowest sample coverage among the
five habitats obtained within the 95% confidence intervals. This analysis was performed
with the iNEXT and devtools package, using R [43,44].

To visualize the differences in bird assemblage composition between habitat types, we
used permutational multivariate analysis of variance (PERMANOVA). Before performing
PERMANOVA, the multivariate homogeneity of group dispersions was tested by the func-
tion betadisper, which indicated that there was a difference in dispersion between groups
(F = 4.95, p < 0.01). The habitat type was used as an explanatory factor for PERMANOVA,
which was tested using the function Adonis in the R package vegan [45]. The five forest
types were considered a fixed effect in the analysis. Differences in species composition
among samples collected in each site and forest type are presented in non-metric multidi-
mensional scaling (NMDS) using the function metaMDS in the R package vegan 2.6-2 [46].
Moreover, similarity percentage (SIMPER) was also used to determine species that con-
tributed most to the dissimilarities observed. All recorded species were included in the
analysis. For SIMPER, we reported species that contributed to 83% of the bird community
assemblages [45].

Redundancy analysis (RDA) was used as a direct gradient approach in order to de-
termine how much variation in bird assemblages could be explained by environmental
variables. Then, bird abundance data with total species were Hellinger transformed [47]
using the function decosdtand in the R package vegan, in order to reduce the weights of
abundant species while preserving the BrayCurtis index between samples in multidimen-
sional space [45]. We performed RDA using the function RDA and tested the significance
using the function ANOVA. In order to reduce the number of environmental variables
entering the RDA, we used forward selection to get a parsimonious model. The forward
selection was performed using the function ordiR2step with a permutation test (999 per-
mutations) via the R package vegan [45]. The level of significance for all results was set to
p < 0.05. All statistical analyses were performed using R version 3.5.1 [41].
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3. Results

3.1. Bird Assemblage Composition

A total of 1730 birds were recorded during this study, belonging to 71 species from
23 families and 11 orders (Table 2). Of these, Passeriformes was the most species-rich order,
accounting for 89% of the total species. The dominant species were Anthus hodgsoni—olive
backed pipit (12.72%), Parus major—great tit (8.32%), Poecile palustris—marsh tit (7.34%),
Sitta europaea—wood nuthatch (6.88%), Emberiza leucocephalos—pine bunting (6.07%), and
Poecile montanus—willow tit (5.66%) which comprised 46.99% of the total bird count in
this study. The dominant species varied among habitat types. For instance, A. hodgsoni,
P. major, and P. montanus were generalists, which were dominant species in the most habitats.
Moreover, E. leucocephalos was dominant in larix, pine, and pine plantation habitats, whereas
P. palusris and S. europaea were dominant species in most habitats, but these species were not
recorded in habitats with pine plantations. The high values of estimated sample coverage
(ranges from 0.97 in LA and MC to 0.99 in PP) indicate that the sampling was sufficient
to detect most species (Figure 2 and Table 3). In the forest habitats, species richness was
higher in the larch (46 species) and pine-dominated habitats (31 species), compared to the
pine plantation (28 species) and mixed conifer (16 species). We grouped the 71 species into
four guilds: insectivores (38 species), omnivores (14), carnivores (13), and granivores (6)
(Table 3). Insectivores were the most abundant group (68.09%), followed by granivores
(14.85%), omnivores (12.2%), and carnivores (4.86%).

 

Figure 2. Species richness of birds was recorded during this survey in the Khentii Mountains. Habitat
variables are deciduous woodland (DW), larch (LA), pine (PI), pine plantation (PP), and mixed
conifer (MC). Solid and dashed lines are interpolated and extrapolated data, respectively, based on
rarefaction and extrapolation methods, with their associated 95% confidence intervals.
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Table 3. Bird richness in areas with different forest habitats in Khentii Mountains.

Habitat Type Observed Richness Sample Coverage S.LCL CI

Table 1 Deciduous Woodland 31 0.983 27.4 32–64.5

Larch 46 0.977 41.0 51–168.9

Pine 36 0.978 31.7 38.8–98.7

Pine Plantation 28 0.991 25.2 28.2–42.3

Mixed Conifer 16 0.973 13.4 16.1–28.7

Note: S.LCL = richness based on the lowest sample coverage for that forest habitat type; CI = 95% confidence
interval. Differences between letters next to the CI indicate significant differences between forest types.

3.2. Correlations between Bird Assemblage and Habitat Types

Results of one-way ANOVA showed that the bird abundance per point for pine plan-
tations was significantly higher than that for mixed conifer forest habitats (F (4, 395) = 3.14,
p < 0.05). Bird species richness per point in the pine plantation habitat was significantly
higher than for other habitat types (F (4, 395) = 3.97, p < 0.05) (Figure 3A,B). Permutation
analysis of variance and NMDS (stress = 0.22) revealed bird assemblages were signifi-
cantly affected by habitat type (PERMANOVA, pseudo-F = 2.59, p < 0.001) (Figure 4). In
addition, SIMPER analysis confirmed these dissimilarities and revealed that A. hodgsoni,
P. major, P. palustris, E. leucocephalos, S. europaea, and P. montanus are major contributors to
dissimilarities between habitat types (Table 4).

Figure 3. Analysis of variance (ANOVA) for abundance (A) and species richness (B) of birds in the
number of birds per point among selected habitats. Forest types are deciduous woodland (DW), larch
(LA), pine (PI), pine plantation (PP), and mixed conifer (MC).
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Figure 4. Non-metric multidimensional scaling (NMDS) ordination of selected bird assemblages in
different habitat types in the forest of the Khentii Mountains. Forest types are deciduous woodland
(DW), larch (LA), pine (PI), pine plantation (PP), and mixed conifer (MC). Note: Species names are
generic acronyms or the four letters of the scientific names in Table 1.

Table 4. SIMPER analysis of dissimilarity among forest habitat types by most abundant species.

Species Av. Dissim Contrib. % Cumulative % Mean DW Mean LA Mean MC Mean PI Mean PP

Anthus hodgsoni 10.95 11.70 11.70 0.18 0.63 0.28 0.47 1.25
Parus major 8.28 8.85 20.55 0.61 0.28 1.07 0.36 0.05

Poecile palustris 7.32 7.82 28.37 0.88 0.32 0.14 0.23 -
Sitta europaea 5.65 6.04 34.41 0.13 0.32 0.38 0.75 -

Emberiza
leucocephalos 5.23 5.59 40.00 - 0.14 - 0.27 0.89

Poecile montanus 5.08 5.43 45.42 0.11 0.33 0.48 0.48 0.01
Emberiza cioides 3.96 4.23 49.66 - 0.18 - 0.30 0.33
Corvus corone 3.88 4.15 53.80 0.13 0.12 0.31 0.10 0.24

Anthus trivialis 3.45 3.69 57.49 0.12 0.01 - 0.31 0.37
Milvus migrans 2.80 2.99 60.49 0.15 0.20 0.10 0.08 0.15
Periparus ater 2.57 2.75 63.24 0.32 0.09 0.24 0.01 -
Phylloscopus
proregulus 1.98 2.12 65.35 0.32 0.05 0.03 0.06 -

Phoenicurus
phoenicurus 1.97 2.10 67.46 0.18 0.10 0.07 0.03 -

Cuculus canorus 1.91 2.04 69.49 - 0.05 - - 0.35
Ficedula albicilla 1.71 1.82 71.32 0.10 0.16 - 0.05 -

Dendrocopos major 1.66 1.77 73.09 0.06 0.03 0.10 0.02 0.15
Garrulus glandarius 1.60 1.71 74.80 0.11 0.03 0.35 0.06 -

Corvus corax 1.42 1.51 76.32 0.05 0.05 0.07 0.06 0.19
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Table 4. Cont.

Species Av. Dissim Contrib. % Cumulative % Mean DW Mean LA Mean MC Mean PI Mean PP

Pica pica 1.16 1.24 77.56 0.04 0.09 - 0.17 -
Apus apus 1.12 1.19 78.75 - - - 0.06 0.28

Alauda arvensis 1.04 1.11 79.87 - - - - 0.37
Oenanthe isabellina 1.04 1.11 80.97 0.02 0.04 - - 0.31

Phoenicurus auroreus 1.03 1.11 82.08 - 0.09 - 0.01 0.08
Saxicola torquatus 1.01 1.08 83.15 0.02 0.10 - 0.05 0.03

3.3. Relationships between Bird Assemblages and Environmental Variables

One-way ANOVA revealed that mixed conifer had the highest average altitude
(1688.6 ± 204.6 m), followed by larch-dominant habitats (1374.7 ± 267.9 m), and the pine
plantation habitat altitude was lower still (701.7 ± 18.3 m). The forest habitat types were
significantly different at different altitudes (F4, 395 = 240.1, p < 0.01). The average numbers
of snags of deciduous woodland and larch habitats were significantly higher than other
habitat types (F4, 395 = 10.95, p < 0.05). The dbh sizes in deciduous woodland, larch, and
mixed conifer habitats were significantly larger than in other habitat types (F4, 395 = 4.71,
p < 0.05). The overstory, understory, and ground-level were significantly different in habitat
structural variables (Table 5).

Table 5. Results of one-way analysis of variance (ANOVA) with Tukey’s HSD test for environmental
variables (mean ± SD) among different forest habitat types in the Khentii Mountains.

Habitat
Types

Overstory Level Understory Level
Alt (m) Sna (n) Dbh (cm) Ste (n) Osh (m) Osc (%) Usc (%) Ush (m)

DW 1139.4 ± 119.9 c 4.6 ± 4.3 a 15.4 ± 6.9 a 46.8 ± 46.2 b 7.7 ± 3.4 b 25.8 ± 20.7 c 32.5 ± 15.5 a 2.3 ± 1 a

LA 1374.7 ± 267.9 b 3.8 ± 3.8 a 20.5 ± 8.7 a 66.5 ± 69.4 ab 10.8 ± 4 a 32.5 ± 25.5 bc 12.4 ± 10.5 b 1.4 ± 0.8 bc

MC 1688.6 ± 204.6 a 3.3 ± 3.1 ab 20.5 ± 8 a 86.2 ± 52.3 a 12.0 ± 4.8 a 53.1 ± 28.1 a 9.8 ± 7 b 1.8 ± 0.6 ab

PI 956.7 ± 205.29 d 2.4 ± 2.8 b 18.7 ± 8.7 b 63.5 ± 62.6 ab 10.5 ± 4.3 a 39.7 ± 29 ab 13.4 ± 12.7 b 1.8 ± 1.1 c

PP 701.7 ± 18.3 e 1.6 ± 1.6 b 13.0 ± 4.6 b 88.1 ± 85.9 a 7.2 ± 2.6 b 36.9 ± 31.1 bc 16.7 ± 16.9 b 2.2 ± 0.6 a

Ground level
DaD (%) Her (%) Bal (%) Lig (%) Mos (%) Lgh (cm)

DW 7.8 ± 6 a 31.7 ± 11.3 a 19.9 ± 13 a 32.1 ± 14.2 bc 1.3 ± 2.3 c 27.8 ± 8.9 a

LA 5.5 ± 6 b 31.3 ± 16.8 a 14.0 ± 10.6 a 38.220.5 b 3.8 ± 9.8 bc 21.0 ± 8.3 b

MC 8.6 ± 7.3 a 23.3 ± 17.7 b 12.9 ± 8.5 b 26.1 ± 16.2 c 26.6 ± 28.2 a 16.0 ± 7.5 c

PI 5.5 ± 6.5 b 16.8 ± 12.7 b 19.3 ± 13.5 b 39.0 ± 21.1 b 7.0 ± 11.3 b 16.3 ± 9.8 c

PP 0.5 ± 1.1 c 6.9 ± 6 c 5.4 ± 2.9 c 63.5 ± 5.8 a 0.0 c 28.2 ± 10 a

Notes: Different habitat types with different letters (a, b, c, d, e) in the same column indicate significant differences
(p < 0.05). Forest types are deciduous woodland (DW), larch (LA), pine (PI), pine plantation (PP), and mixed
conifer (MC). Habitat structural variable names were used by generic acronyms letters of the names in Table 2.

A total of 23 bird species were selected for redundancy analysis (RDA) with frequency
of occurrence, and seven environmental variables were selected after a forward stepwise
selection, including overstory, live grass, and dead grass height; and herbaceous, dead grass,
live grass, and dead down wood cover. The first two axes (RDA1 and RDA2) accounted
for 22.75% and 15.14% of the variation of 23 bird species, respectively (Figure 5). Different
bird species preferred different environmental variables, which supports hypothesis ii.
For instance, Sitta europaea, Parus major, and Pica pica were positively correlated with
overstory height and dead wood, but negatively related to ground cover grass and height.
Ficedula albicilla was positively related to herbaceous cover, but negatively related to dead
standing grass cover. Moreover, Emberiza cioides, Emberiza leucocephalos, and Anthus hodgsoni
also were positively correlated with grass cover dominant and pine plantation habitats,
and negatively correlated with overstory height and dead down wood habitats.
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Figure 5. Redundancy analysis (RDA) ordination among bird assemblage and habitat types and
environmental variables in the forest of the Khentii Mountains. Forest types are deciduous wood-
land (DW), larch (LA), pine (PI), pine plantation (PP), and mixed conifer (MC). Note: Species and
habitat structural variable names are generic acronyms or the four or three letters of the names
in Tables 1 and 2.

4. Discussion and Conclusions

Our study demonstrates the species richness and composition of bird assemblages, and
the relations of forest habitat patterns of the Khentii Mountain boreal forest. Other studies
have provided overviews of the taxonomic richness and composition of the avifauna across
the Northern Mongolia [24–26,48]. Nevertheless, these only focused on avifauna, which
resulted in forest regions remaining understudied. In total, 71 species were seen by the end
of the survey, which were recorded in 400 point-counts, and on average, 3.14 species were
seen per point. Birds in the study area account for 36.4% of the total species richness in
the Khentii Mountains region and contribute to bird diversity [24], suggesting that forest
habitat variables play an important role in bird diversity in forest areas [10,25]. Of this total,
fourteen bird species occurred in all habitat types. Bird assemblages in the Khentii forested
area were dominated mainly by Anthus hodgsoni, Parus major, Poecile palustris, Sitta europaea,
Emberiza leucocephalos, and Poecile montanus. These species had relative abundance values of
5 to 12%, thereby contributing a lot to bird diversity in this area, accounting for 45% of total
species richness. The bird species richness increased from the taiga zone to the forest-steppe
zone. More specifically, our study found that bird richness was higher in larch dominated
forests. Light mixed deciduous and larch forest communities have highly diverse bird
assemblages, more so than taiga forest communities [24]. Larch forests, especially those
burned by wildfires, change their landscapes and increase the forest layers of young birch,
shrubs, and grasses [3]. The presence of deciduous trees in conifer-dominated forests
generally allows for higher bird diversity compared to pure conifer stands [49,50].
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In this study, forest habitat variables (altitude, overstory, understory, and ground
composition) changed markedly by forest type. Different habitats are essential for bird
assemblages in this forested area. The total species richness in the Khentii forested area
was found to play an important role in the breeding and growth of the bird community,
and a refuge for bird assemblages in the breeding season, for 57.3% of Mongolian bird
species [25,26]. Among all types of habitats, the avifauna abundances were similar: the
resident and migrant species accounted for 47.2% and 52.8%, respectively. The guild types
also have a certain impact on the habitat selection of birds [25]; thus, insectivores (DW, LA,
PI, PP, MC) were the dominant guild within each habitat type, and in our study area, there
were 38 (53.5%) insectivores out of the 71 species sampled. The researchers have mentioned
that insectivores are commonly observed to dominate forest habitats in terms of species
richness and abundance; they are very important to forest regeneration [25,26,51].

Moreover, the present study showed bird assemblages in forest habitats of the Khentii
Mountains were structured by a combination of overstory height and ground-layer features
(e.g., dead down wood, herbaceous, and grass). Among these, ground layer-factors acted
as the most important contributors to forest habitat types. The importance of forest habitat
heterogeneity to the compositions of bird assemblages has been demonstrated by numerous
studies [51–55]. The habitat variability and the diversity of the bird community are strongly
influenced by the structure of the vegetation heterogeneity [56,57]. Our study found
a significant difference in the tree and vegetation cover between forest type and canopy
layer-based forested areas. Thus, in our study areas, ground-nesting bird species associated
with grass (e.g., Anthus hodgsoni, Emberiza leucocephalos, Anthus trivialis, Alauda arvensis,
and Emberiza cioides) tended to occupy areas with tall grass, such as pine plantations,
and pines were often high in these habitats. The species that prefer an open forest canopy
structure often tend to dominate the assemblages of dry Scots pine stands with sparse crown
cover [20,58]. The high canopy-dominated conifer tree sites (LA, PI, MC) provide habitats
for secondary cavity-nester bird species associated with low grasses and herbaceous cover
(e.g., Sitta europaea, Parus major, and Poecile montanus). Those habitats are the most abundant
in dead and down trees. Moreover, these species did not occur in pine plantation sites,
and some secondary cavity-nester species were less abundant. Natural mature forests are
highly suitable for cavity nesters or bark feeding species [59,60] and the abundance of the
insectivores responds positively to an increase in basal area or dead wood volume [11].
On the other hand, the Phylloscopus proregulus, Poecile palustris, and Periparus ater have
been recorded in high-herbaceous-cover areas dominated by deciduous woodland and
some conifer habitats. As well, four species (Poecile palustris, Periparus ater, Phoenicurus
phoenicurus, and Ficedula albicilla) are hole-nesters, and two species are low canopy nesters
(Phylloscopus proregulus, and Garrulus glandarius), suggesting that the presence of deciduous
trees is suitable for nesting for these species. Especially, species that generally require the
presence of deciduous trees within stands are woodpeckers, tits, some nuthatches, and
songbirds [54,61,62]. In deciduous woodland and deciduous mixed conifer forests, tits and
warblers represented by far the most abundant portions of the community, and in pine and
pine plantations, Emberiza species were more abundant than tits. However, woodpeckers
were often the smallest fraction of the community. Our results showed that some species
are more associated with sites with taller vegetation, whereas other species occupy sites
with shorter vegetation and diverse herbaceous cover.

This study was the first to describe the forest-type variations of bird assemblages in
the Khentii Mountains forest in Northern Mongolia. Identifying the assemblage pattern
is useful for the conservation of not only birds but also biodiversity in general. In the
course of the investigation, 71 bird species from 23 families and 11 orders were registered
in the forest habitats of the Khentii partially of the forest area, and the Passeriformes order
dominated; this result is the most up-to-date and systematically collected baseline data
for future forest bird research. Information obtained from this study will enhance our
understanding of the variation in bird assemblages, and then help to develop strategies
for future forest bird conservation in such areas. Among these, insectivore birds dominate
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in all forest habitats. Many studies have also shown that insectivorous birds are more
sensitive to habitat disturbance and loss than other feeding guilds [51,55,62–64]. From 2004
to 2014, the burned forest in the area increased by 1.4 million hectares, and the logging
and insect-affected forest area increased by 340 thousand hectares [6]. Unfortunately, at
the same time, the reforestation area increased by 2 thousand hectares [6], which shows
a lack of reforestation. The bird community structure was affected by many factors, such as
vegetation, the size and structure of the forest, and forest type.

In conclusion, according to our findings, Khentii forest areas are outstanding sites for
migratory and resident birds. The results from this study show the importance of forest
habitat structure for the abundance and diversity of birds in mixed tree and conifer forests.
The bird species diversity and distribution of Khentii region can be currently regarded as
moderately well studied. However, considering the bird assemblages of forested regions
in Mongolia, further study is needed to fine-tune the species population estimates. In
the future, we aim to study the co-effects of habitat disturbance and temporal variation
on bird communities and bird density in different forest habitats. Thus, further studies
on the relationship between temporal variation and bird density are important not only
for ecological theory, but also for the scientific fundamentals of forest management and
environmental protection in Mongolia.
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Abstract: Two new spider species of the genus Pholcus Walckenaer, 1805, Pholcus deokjeok sp. nov.

and Pholcus gangneung sp. nov. in the family Pholcidae C. L. Koch, 1850 are newly described from
South Korea. The present new species belong to the phungiformes group in the genus. They are found
on rock walls in mountainous mixed forests. This work provides diagnoses, detailed descriptions,
and taxonomic photographs for these new species. The unusual shaped and strongly sclerotized
embolus of P. gangneung sp. nov. in the Pholcus phungiformes group is the first to be reported.

Keywords: diagnosis; habitat; new species; phungiformes group; rock wall; taxonomy

1. Introduction

Pholcidae C. L. Koch, 1850 is one of the most diversified and largest families compris-
ing 1836 species in 97 genera within the order Araneae Clerck, 1757 [1]. To date, 43 species
of pholcid spiders have been described in 3 genera from various ecosystems in Korea [1–9].
Pholcidae is one of the taxa that has not been explored much yet in Korea. The genus
Pholcus Walckenaer, 1805 among the largest genera in the family is known to mainly thrive
on dusky, humid spaces such as rock walls and road drains in mountainous regions [8,10].
As of 2021, Korea’s forest area was 6298 ha, accounting for 62.7% of the total national area;
most of them are mountainous areas composed of conifer and deciduous mixed forests [11],
and most mountainous forests have many rock walls suitable for the habitat of Pholcus
spiders. The genus Pholcus can be distinguished from other genera by the combination of
the male chelicerae with a pair of proximal frontal apophyses and epigynum sclerotized
with a knob [12]. The Pholcus phungiformes group can be distinguished from other species
group by the male chelicera with frontal apophysis, male palpal tibia with prolatero-ventral
modification, male genital bulb without an appendix or having a pseudoappendix, dor-
sal spine on the procursus, and epigynum sclerotized with a knob [9,10,12]. In Korea,
37 Pholcus species belonging to this species group have been described [9]. Two new spi-
ders belonging to the P. phungiformes group were collected during a seasonal survey on
the spider fauna of mountainous mixed forests in 2022 (Figure 1) and are described with
measurements, illustrations, and a diagnosis.

Forests 2023, 14, 538. https://doi.org/10.3390/f14030538 https://www.mdpi.com/journal/forests346
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Figure 1. Distribution map and habitats of new Pholcus species. (a) Distribution of the new Pholcus in
South Korea. (b) Habitat of Pholcus deokjeok sp. nov. (c) Habitat of Pholcus deokjeok sp. nov.

2. Materials and Methods

All specimens were preserved in 98% ethyl alcohol, and external morphology was
examined under a Leica S8APO (Leica, Singapore) stereomicroscope. Images were captured
with a Tucsen Dhyana 400DC digital camera (Fuzhou Tucsen Photonics Co., Ltd., Fuzhou,
China) mounted on a Leica S8APO and assembled using Helicon Focus 8.2.0 image stacking
software [13]. The female epigynum was dissected and cleared in 10% KOH for 2 h to
examine the internal genitalia before illustration. Leg measurements are shown as follows:
total length (femur, patella, tibia, metatarsus, tarsus). The morphological terminology
follows Huber [12]. The holotype specimens studied are deposited in the Animal Resources
Division of the National Institute of Biological Resources, Incheon (NIBR), and the paratype
specimens are deposited in the Life and Environment Research Institute of Konkuk Uni-
versity, Seoul (KKU), South Korea. The distribution map was produced by modifying
SimpleMappr [14]. The following abbreviations are used in the descriptions: ALE = ante-
rior lateral eye; AME = anterior median eye; PLE = posterior lateral eye; PME = posterior
median eye; ALE–AME = distance between ALE–AME; ALE–PME = distance between
ALE–PME; AME–AME = distance between AMEs; AME–PME = distance between AME–
PME; PLE–PME = distance between PLE–PME; PME–PME = distance between PMEs in
the eye region; L/d = length/diameter in the leg measurement.

3. Results

Taxonomic accounts (Figures 2 and 3)
Family Pholcidae C. L. Koch, 1850

Genus Pholcus Walckenaer, 1805

Pholcus phungiformes species group
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Figure 2. Pholcus deokjeok sp. nov. (a) Holotype male (Habitus). (b) Paratype female (Habitus).
(c) Male chelicerae, frontal view. (d) Ditto, lateral view. (e) Female epigynum, ventral view. (f) Ditto,
lateral view. (g) Female internal genitalia, dorsal view. (h) Male palp, prolateral view. (i) Ditto, frontal
view. (j) Ditto, retrolateral view. (k) Embolic division (1 = ventral apophysis, 2 = retrolateral apophysis,
3 = dorsal apophysis, 4 = prolateral apophysis, B = bulb, DA = distal apophysis, E = embolus,
FA = frontal apophysis, PA = proximo-lateral apophysis, Pa = pseudoappendix, PP = pore plate,
Pr = procursus, Pvm = prolatero-ventral modification, U = uncus). Scale bars in mm.

348



Forests 2023, 14, 538

Figure 3. Pholcus gangneung sp. nov. (a) Holotype male (Habitus). (b) Paratype female (Habitus).
(c) Male chelicerae, frontal view. (d) Ditto, lateral view. (e) Female epigynum, ventral view. (f) Ditto,
lateral view. (g) Female internal genitalia, dorsal view. (h) Male palp, prolateral view. (i) Ditto,
frontal view. (j) Ditto, retrolateral view. (k) Embolic division (1 = prolatero-ventral apophysis,
2 = retrolateral apophysis, B = bulb, DA = distal apophysis, E = embolus, FA = frontal apophysis,
PA = proximo-lateral apophysis, PP = pore plate, Pr = procursus, U = uncus). Scale bars in mm.

3.1. Pholcus deokjeok sp. nov.

(Figure 1a,b and Figure 2)
Type material. Holotype: ♂, Bijobong Peak, Deokjeokdo Island, Jin-ri, Deokjeok-

myeon, Ongjin-gun, Incheon-si, South Korea (37.214236N, 126.124386E, alt. 65 m), 26
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July 2022, C.M. Jang leg. (NIBR, #WGJTIV0000000568). Paratypes: 6♀♀, same data as the
holotype (KKU, #Ara_Phol_Deokjeok_202201~06_PT).

Etymology. The specific name is a noun in apposition and refers to the type locality,
Deokjeokdo Island.

Diagnosis. The new species is similar to Pholcus chiakensis Seo, 2014 in the shape of
the palpal organ and body appearance but can be easily distinguished from the latter by
the combination of the following characters: Male—uncus with two short and long hook-
shaped pseudoappendices (Figure 2h,k); procursus with four distal apophyses (two thick
ventral and retrolateral apophyses with hooked tips numbered 1 and 2 in Figure 2h–j; one
spear-shaped and broad dorsal apophysis with appointed numbered 3 in Figure 2h–j; one
thick, finger-shaped, and membranous prolateral apophysis with a pointed tip numbered 4
in Figure 2h,i) versus uncus with two slender and knife-shaped, and pointed short pseu-
doappendices; procursus with four distal apophyses (one small pointed ventral apophysis;
one retrolateral apophysis with a hooked tip; one spear-shaped and broad dorsal apophysis
with a twisted tip; and one thick, irregular-shaped, and membranous prolateral apophysis
with a blunt tip) in P. chiakensis (Figure 2A–C) [15]. Female—a pair of semicircle-shaped
pore plates and projected inward in the internal genitalia (Figure 2e–g) versus a pair of
European pear-shaped pore plates in the internal genitalia in P. chiakensis (Figure 2G,H) [15].

Description. Male (holotype). Habitus as in Figure 2a. Total length 5.56. Carapace:
1.84 long/1.95 wide. Eyes: AER 0.70, PER 0.74, ALE 0.18, AME 0.11, PLE 0.18, PME 0.16,
ALE–PLE contiguous, AME–ALE 0.06, AME–AME 0.08, AME–PME 0.05, PME–PLE 0.04,
PME–PME 0.30. Chelicera: 1.18 long/0.34 wide. Endite: 0.58 long/0.35 wide. Labium:
0.30 long/0.39 wide. Sternum: 0.90 long/1.19 wide. Legs: I 48.15 (12.19, 0.71, 12.62, 20.27,
2.36)/II 31.78 (8.96, 0.68, 8.02, 12.64, 1.48)/III 22.51 (6.46, 0.68, 5.55, 8.54, 1.28)/IV 28.19
(8.16, 0.64, 7.16, 11.04, 1.19), tibia I L/d 83. Palp: 3.71 (0.78, 0.41, 1.15, -, 1.37). Abdomen:
3.72 long/1.68 wide.

Carapace pale yellowish brown, cephalic region with pale blackish brown median
and marginal bands, thoracic region with pale blackish brown radial and marginal bands
(Figure 2a). Chelicera with three apophyses; blunt proximo-lateral apophysis diagonally
upward and protrudent out of chelicera, small and pointed frontal apophysis protrudent
forward, and thick and pointed distal apophysis diagonally downward (Figure 2c,d).
Legs yellowish brown, retrolateral trichobothrium on tibia I at 4% proximally, tarsus I
with >40 pseudosegments (only distally about 10 visible), 3/4 of femora brown or pale
blackish brown proximally with one brown distal annulus, tibia I with one brown annulus
at proximal end and two distal annuli, tibiae II–IV with two brown proximal annuli
and two distal annuli, metatarsi with one brown annulus at proximal end, leg formula
I–II–IV–III. Abdomen elliptical, pale greenish yellow with a long cardiac pattern and
many black irregular spots (Figure 2a). Palp (Figure 2h–k): trochanter with blunt and
bulged retrolatero-ventral apophysis, shorter than femur; palpal tibia with finger-shaped
prolatero-ventral modification (Figure 2h); bulb pale yellowish brown, cordiform, appendix
absent (Figure 2h); uncus dark blackish brown and fist-shaped with fine scales, edge finely
serrated, two hook-shaped pseudoappendices present, pseudoappendix 1 shorter than
pseudoappendix 2 (Figure 2h,k); embolus unmodified, weakly sclerotized with some semi-
transparent distal fringed processes (Figure 2h,k); procursus large and brown with dark
blackish brown margin, distinct ventral knee present, four distal apophyses present, two
thick ventral and retrolateral apophyses with hooked tips (numbered 1, 2 in Figure 2h–j);
one spear-shaped (in lateral view) and broad (in frontal view) dorsal apophysis partly
sclerotized and membranous with many distal processes (numbered 3 in Figure 2h–j); one
thick, finger-shaped, and membranous prolateral apophysis with a pointed tip (numbered
4 in Figure 2h,i); dorsal spine absent.

Female. General appearance similar to male, habitus as in Figure 2b. Total length
4.92. Carapace: 1.63 long/1.88 wide. Eyes: AER 0.64, PER 0.70, ALE 0.17, AME 0.12, PLE
0.18, PME 0.15, ALE–PLE contiguous, AME–ALE 0.07, AME–AME 0.05, AME–PME 0.06,
PME–PLE 0.06, PME–PME 0.23. Chelicera: 1.01 long/0.32 wide. Endite: 0.55 long/0.29
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wide. Labium: 0.24 long/0.37 wide. Sternum: 0.87 long/1.14 wide. Legs: I 35.25 (8.88,
0.69, 8.98, 14.54, 2.16)/II 28.35 (8.04, 0.63, 7.15, 11.24, 1.29)/III 17.31 (5.02, 0.57, 4.24, 6.54,
0.94)/IV 24.08 (7.01, 0.58, 6.05, 9.25, 1.19), tibia I L/d 60. Palp: 1.17 (0.38, 0.17, 0.21, -, 0.41).
Abdomen: 3.29 long/1.58 wide. Epigynum: 1.14 wide.

Legs yellowish brown, femora with two pale brown proximal annuli and two brown
distal annuli, tibiae with two brown proximal annuli and two brown distal annuli, metatarsi
with one brown annulus at proximal end, leg formula I–II–IV–III. Epigynum (Figure 2e,f):
sclerotized, anterior epigynal plate strongly protrudent, anterior arch with median portion
almost straight; small and short knob with a blunt tip. Internal genitalia (Figure 2g):
anterior arch straight with a pair of semicircle-shaped pore plates and projected inward.

Habitat. The species was collected by hand on rock walls and under rocks in a hilly
mixed forest (Figure 1b).

Distribution. South Korea (Deokjeokdo Island, Incheon-si) (Figure 1a).

3.2. Pholcus gangneung sp. nov.

(Figure 1a,c and Figure 3)
Type material. Holotype: ♂, Mt. Jabyeongsan, Sangye-ri, Okgye-myeon, Gangneung-

si, Gangwon-do, South Korea (37.573733N, 128.961348E, alt. 119 m), 19 September 2022,
C.M. Jang & S.T. Kim leg. (NIBR, #NIBRIV0000901598). Paratypes: 11♀♀4♂♂, same data as
the holotype (KKU, #Ara_Phol_Gangneung_202201~15_PT).

Etymology. The specific name is a noun in apposition and refers to the type
locality, Gangneung-si.

Diagnosis. This species can be distinguished from the other Pholcus phungiformes group
members by the combination of the following characters: Male—embolus highly modified,
sclerotized with 16–17 distal spiny process (Figure 3h,k); procursus with two simple distal
apophyses present (one bifurcate and broad prolatero-ventral apophysis with pointed cor-
ners numbered 1 in Figure 3h–j, one round retrolateral apophysis numbered 2 in Figure 3h–j);
two ventral spines present at the distal end (arrowed in Figure 3h–j). Female—epigynal ante-
rior arch with median portion procurved, a small knob with a blunt tip curved downward;
anterior arch chevron-shaped with a pair of kidney-shaped pore plates in the internal geni-
talia (Figure 3e–g). The unusual shaped and strongly sclerotized embolus of P. gangneung
sp. nov. in the Pholcus phungiformes group is the first to be reported.

Description. Male (holotype). Habitus as in Figure 3a. Total length 4.49. Carapace:
1.54 long/1.62 wide. Eyes: AER 0.71, PER 0.77, ALE 0.18, AME 0.15, PLE 0.19, PME 0.18,
ALE–PLE contiguous, AME–ALE 0.05, AME–AME 0.07, AME–PME 0.05, PME–PLE 0.05,
PME–PME 0.29. Chelicera: 1.05 long/0.30 wide. Endite: 0.47 long/0.29 wide. Labium:
0.28 long/0.37 wide. Sternum: 0.84 long/1.11 wide. Legs: I 37.78 (9.71, 0.61, 9.75, 15.57,
2.14)/II 28.45 (7.32, 0.67, 6.63, 12.50, 1.33)/III 19.72 (5.36, 0.54, 4.54, 8.22, 1.06)/IV 25.55
(6.66, 0.60, 6.01, 11.02, 1.26), tibia I L/d 66. Palp: 3.39 (0.66, 0.38, 1.01, -, 1.34). Abdomen:
2.95 long/1.71 wide.

Carapace pale yellowish brown, cephalic region with pale blackish brown median
and marginal bands, thoracic region with pale blackish brown radial and marginal bands
(Figure 3a). Chelicera with three apophyses; blunt proximo-lateral apophysis diagonally
upward and unprotrudent out of chelicera, small and pointed frontal apophysis pro-
trudent forward, and thick and pointed distal apophysis slightly diagonally downward
(Figure 3c,d). Legs pale yellowish brown, retrolateral trichobothrium on tibia I at 4% proxi-
mally, tarsus I with >35 pseudosegments (only distally about 10 visible), femora with two
faint proximal annuli and two blackish brown distal annuli, tibia I with one blackish brown
proximal annulus and one distal annulus, tibiae II–IV with two blackish brown proximal
annuli and two distal annuli, metatarsi with one blackish brown annulus at proximal
end, leg formula I–II–IV–III. Abdomen elliptical, pale yellowish red with a long cardiac
pattern and many black irregular spots (Figure 3a). Palp (Figure 3h–k): trochanter with
blunt and finger-like retrolatero-ventral apophysis, shorter than femur; palpal tibia with
finger-shaped prolatero-ventral modification hidden by uncus; bulb pale yellowish brown,
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pocket-shaped, appendix absent (Figure 3h); uncus dark blackish brown and fist-shaped
with a truncated edge and fine scales, edge finely serrated, pseudoappendix absent; em-
bolus strongly modified, brown, thick, sclerotized, and elongated elliptical in prolateral
view, broad spatula-shaped with 16–17 spiny processes distally such as a cactus in frontal
view (Figure 3h,k); procursus large, simple, and brown with dark blackish brown margin,
distinct ventral knee present, two distal apophyses present, one bifurcate (in lateral view)
and broad (in frontal view) prolatero-ventral apophysis partly sclerotized and membra-
nous with pointed corners (numbered 1 in Figure 3h–j), one round retrolateral apophysis
(numbered 2 in Figure 3h–j); dorsal spine absent; two ventral spines present at distal end
(arrowed in Figure 3h–j).

Female. General appearance similar to male, habitus as in Figure 3b. Total length
4.89. Carapace: 1.57 long/1.72 wide. Eyes: AER 0.59, PER 0.66, ALE 0.17, AME 0.11, PLE
0.15, PME 0.16, ALE–PLE contiguous, AME–ALE 0.03, AME–AME 0.06, AME–PME 0.04,
PME–PLE 0.06, PME–PME 0.22. Chelicera: 0.94 long/0.31 wide. Endite: 0.47 long/0.28
wide. Labium: 0.26 long/0.34 wide. Sternum: 0.78 long/1.04 wide. Legs: I 33.62 (8.47, 0.66,
8.48, 13.84, 2.17)/II 23.06 (6.24, 0.65, 5.75, 9.04, 1.38)/III 16.56 (4.71, 0.60, 3.98, 6.20, 1.07)/IV
22.3 (6.35, 0.60, 5.40, 8.58, 1.37), tibia I L/d 57. Palp: 1.39 (0.39, 0.17, 0.26, -, 0.45). Abdomen:
3.32 long/1.44 wide. Epigynum: 1.12 wide.

Legs yellowish brown, femora with two pale brown proximal annuli and two blackish
brown distal annuli, tibiae with two brown proximal annuli and two brown distal annuli,
metatarsi with a blackish brown annulus at the proximal end, leg formula I–II–IV–III.
Epigynum (Figure 3e,f): anterior epigynal plate slightly protrudent, anterior arch with
median portion procurved; a small knob with a blunt tip curved downward. Internal
genitalia (Figure 3g): sclerotized, anterior arch chevron-shaped with a pair of kidney-
shaped pore plates.

Habitat. The species was collected by hand on artificially constructed rock walls in a
mountainous mixed forest (Figure 1c).

Distribution. South Korea (Gangneung-si, Gangwon-do) (Figure 1a).

4. Discussion

This study taxonomically describes two new species belonging to the Pholcus phungi-
formes group in the genus Pholcus and is considered to be an important contribution to
understand the Korean spider fauna. Huber described that the P. phungiformes group is
distinguished from other species groups by the combination of the following diagnos-
tic characters: male chelicerae with proximo-frontal apophyses (absent in P. beijingensis),
male palpal tibia with prolatero-ventral modification, procursus with dorsal spines (absent
in P. alloctospilus, P. beijingensis, P. chiakensis, P. palgongensis, P. piagolensis, P. uiseongensis,
and P. yeongwol), appendix absent, sometimes with a pseudoappendix, and epigynum
sclerotized with a knob [12,15–18]. Of the newly described spiders in the present study,
P. gangneung sp. nov. has proximo-frontal apophyses on male chelicerae (Figure 3c,d),
prolatero-ventral modification on male palpal tibia, and sclerotized epigynum with a knob
(Figure 3e,f). In view of these diagnostic characters, P. gangneung sp. nov. is considered to
belong to the P. phungiformes group. However, Huber described that the embolus in this
species group is weakly sclerotized [12], while that of P. gangneung sp. nov. is strongly
sclerotized (Figure 3h,k). Nevertheless, we tentatively placed this new species in the
P. phungiformes group instead of erecting a new species group only with a degree of scle-
rotization because the diagnostic characters of P. gangneung sp. nov. are still close to this
species group in the current taxonomic status. The P. phungiformes group is largely restricted
to northeastern China, the Korean Peninsula, and Russia (Far East) [12,18]. Recently, tax-
onomic studies belonging to this species group have been actively conducted in Korea
and China, and many species have been newly described in the past decade [8–10,16–18].
Despite many recent studies on this species group, Pholcidae is still one of the taxa that
has not been explored much yet, and many species that have not yet been taxonomically
studied appear to be waiting for new names in Korea. Further studies will be needed to
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provide more definitive answers to the difference of the embolus of P. gangneung sp. nov.

within the P. phungiformes group.
The phungiformes species in the genus Pholcus are mostly found around rocky areas in

mountainous mixed forests and is therefore an important natural enemy of forest insect
pests flying around such environments. In addition to exploring the species that have
not yet been discovered, it would also be important to accumulate further biological
information of the Pholcus spiders for the understanding of the various ecological roles they
play within their ecosystems.
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Abstract: The disturbance of mangrove forests could affect climate regulation, hydrological cycles,
biodiversity, and many other unique ecological functions and services. Proper biomass estimation
and carbon storage potential are needed to improve forest reference on biomass accumulation. The
establishment of a site-specific allometric equation is crucial to avert destructive sampling in future
biomass estimation. This study aimed to develop a site-specific allometric equation for biomass
estimation of a mix-mature mangrove forest at Sungai Pulai Forest Reserve, Johor. A stratified line
transect was set up and a total of 1000 standing trees encompassing seven mangrove tree species
were inventoried. Destructive sampling was conducted using the selective random sampling method
on 15 standing trees. Five allometric equations were derived by using diameter at breast height
(D), stem height (H), and wood density (ρ) which were then compared to the common equation.
Simulations of each allometric equation regarding species were performed on 1000 standing trees.
Results showed that the single variable (D) equation provided an accurate estimation, which was
slightly improved when incorporated with the H variable. Both D and H variables, however, gave
inconsistent results for large-scale data and imbalance of sampled species. Meanwhile, the best fit
either for small-scale or large-scale data, as well as for imbalanced sample species was achieved
following the inclusion of the ρ variable when developing the equation. Hence, excluding the H
variable while including the ρ variable should be considered as an important determinant in mixed
mangrove species and uneven-aged stand for aboveground biomass estimation. This valuation can
both improve and influence decision-making in forest development and conservation.

Keywords: mangrove; aboveground biomass; tree component; allometric equation; power function

1. Introduction

Mangrove forests play unique ecological functions in subtropical coastal regions [1–4].
It takes years for the ecosystem to reach the maturity phase to facilitate the provision
of providing essential services, such as fisheries, timber and fuelwood production [5,6],
habitat protection [7], coastal defense [8], and carbon sink production in the tropics [9–11].
In compliance with the Reduced Emission from Deforestation and Land Degradation
(REDD+) [12,13], the Malaysian Government must provide the national Forest Reference
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Level of mangrove forest biomass productivity and carbon stock to the United Nations
Framework Convention on Climate Change (UNFCC). The proper and accurate estimation
of forest biomass is one of the 22 elements to determine the Total Economic Valuation (TEV)
for forest ecosystems and services based on the framework by The Economics of Ecosystem
and Biodiversity (TEEB) [14] as explained by De Groot et al. [15].

The mangrove forest geomorphological condition is limited in terms of accessibility,
time consumption, and in posing a threat to worker’s safety. In relation to the tidal water,
mangrove root systems such as the numerous massive stilt roots, knee roots and pneu-
matophores systems that outgrow the trunk and grow vertically above the soil, these may
threaten worker’s safety. Nevertheless, the aboveground biomass of mangrove forests still
needs to be estimated, considering their exceptional roles and services to the environment.

There is a growing interest in estimating forest composition by using Unmanned Aerial
Vehicles (UAVs), such as drones and remote sensing in capturing forest imagery based on
forest canopy that can be further described based on color features. The use of UAVs is
advantageous, especially in forest areas that are difficult to access. Additionally, the use of
drones and remote sensing is vital in managing and monitoring forests from undesirable
practices, such as illegal logging. However, UAVs are unreliable is estimating certain crucial
data for determining forest carbon stock. Examples of these data include wood density
and biomass by tree component (trunk, branch, leaves, flowers, and fruits) that support
the aboveground biomass accumulation. On the other hand, different definitions of forest
canopy height (such as the mean height of all trees, basal-area weighted height, or height
of the tallest tree within a certain area) that are generated from airborne lasers/Lidar (ALS),
lead to contracting results from the same datasets, [16–18] as regular inundation might
result in an error in the height retrievals [19].

Mathematically, various methods have been developed by forest ecologists in esti-
mating forest biomass, involving the relationship between the biomass of whole trees and,
their components, as well as some readily measured parameters such as the diameter of the
stem at breast height (DBH), stem height (H), and wood density (ρ). One of the methods
is by developing allometric equations with destructive biomass, which requires a small
number of tree samples to be harvested and the estimation may be performed by either
the whole or partial tree weight from the measurable tree dimension. This method was
preferred instead of the destructive and mean-tree methods that require the harvest of all
the trees in developing the equation [11,20–25].

Allometric relationships between the aboveground biomass and the DBH parame-
ter have been reported for specific mangrove species, such as Rhizophora apiculata (L.)
Blume [26,27] and Bruguiera parviflora (R.) Wight [26]. The present study focused on de-
termining the biomass accumulation on a natural mature mangrove forest occupied by
mixed species. This study will improve the current knowledge on forest conditions facing
other land areas (Singapore) or mangrove islands, where possibly seed sources are received
from the nearest forest, rather than the areas directly facing the vast ocean of rough tides,
huge waves, strong winds, and tropical storms, such as typhoons and hurricanes. By using
primary data, the verified single developed equation (with several relationships) that fits the
available mangrove species could help in efficiently managing forest. It will also provide the
relevant figures of forest canopy layers and forest profiles regarding biomass accumulation
and carbon stock at this forest area, instead of applying single species models that may
require higher cost and are time consuming in data inventory, gathering, and presenting.

Nonetheless, in ensuring the validity of the equation that will be developed, there is a
need to have an existing equation to rely on by considering the geographical origin and
species that make up the data set of the derived equation. A previous study conducted by
Hazandy et al. [28] developed allometric equations for estimating aboveground biomass in
the Matang Forest Reserve (northern part of Peninsular Malaysia), however, the researchers
found the equation to be less suitable for application in the present study. Moreover, the
equation developed by Hazandy et al. [28] focused on the even-age planted mangrove.
In this study, the equation developed by Komiyama et al. [11] known as ‘the common
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equation’ was applied for both practical and comparison application due to the segregation
of the species and the similarity of the study site conditions to that of the Asian region.

Apart from the D and H, the wood density (ρ) is one of the important enablers in
estimating aboveground biomass as it differs significantly among various mangroves
species [21]. A lower difference of ρ is only found for various individuals within a
species [29]. This study aimed to develop a site-specific allometric equation by considering
tree wood density ρ in relationship to DBH and H for a mixed mature mangrove forest in
the Sungai Pulai Forest Reserve in the southern part of the Peninsular Malaysia.

2. Materials and Methods

2.1. Sampling

The site for the study is located at Sungai Pulai Forest Reserve; in the southeast of
Pontian and Johor Bahru district (01◦27′ N, 103◦33′ E). It is the largest mangrove forest
in Johor state and the second largest in Peninsular Malaysia. Ground-truthing (visual
assessment) was conducted to identify high, medium, and low standing tree distribution
to ensure that the range of biomass is sampled [30,31]. The transect line was set up across
Compartments 16, 259A, 412B, and 453B Sungai Pulai Forest Reserve, Johor (Figure 1). Plot
establishments were performed near the river or the estuary. For each compartment, two
plot designs of 50 × 50 m each (total plot area = 2 hectares) were randomly established
from the marine to the center of the compartment [31]. Parameters such as D and H were
measured for trees of 5 cm diameter and above, and the species were identified. In the
total of 2 hectares (ha), a total of 1386 standing trees were inventoried in the plotted area of
2 hectares (ha). Thereafter, 1000 of the standing trees were randomly selected to derive the
perform equation.

 

Figure 1. Study area in the Sungai Pulai Forest Reserve showing the forest compartment of the data
inventory sampling plot.

The D was measured using the Forestry Suppliers Metric Fabric Diameter Tape (Model
283D/10M, Jackson, MS, USA), whereas the H was measured using the Suunto Compass
Clinometer (Model PM-5, Tammiston Kauppatie, Vaanta, Findland). Main stem tree di-
ameter was measured at diameter breast height, approximately 1.37 m above the ground.
Stem diameter is often measured above the highest stilt root for stilt rooted trees such
as Rhizophora spp. [29,32]. Two-compartments (Compartment 16 and 259A) were then
selected to perform the destructive sampling by considering the suitability of the accuracy
of biomass distribution, sampling time, and cost efficiency [31]. A selective random sam-
pling method was used in selecting 15 standing trees that represented seven mangrove
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species (Table 1) based on the normal distribution of diameter at breast height, stem height
(Figure A1 in Appendix B), and species composition.

Table 1. The number of sampled tree species and range of the diameter and height.

Species Local Name Sample Trees D (cm) H (m) Tree Density

Bruguiera cylindrica (L.)
Blume Bakau putih 3 17.13 ± 3.85 17.17 ± 1.23 715.62 ± 10.2

Bruguiera parviflora (R.)
Wight Lenggadai 1 18.7 ± 0 18.0 ± 0 736.81 ± 0

Bruguiera sexangula (L.)
Poir Tumu putih 2 24.9 ± 1.10 20.50 ± 0.50 713.72 ± 7.87

Ceriops tagal (P.) Rob Tengar 1 15.5 ± 0 14.5 ± 0 745.45 ± 0

Rhizophora apiculata (L.)
Blume Bakau minyak 5 20.08 ± 4.21 19.92 ± 1.69 842.22 ± 28.5

Rhizophora mucronata (L.)
Lam Bakau kurap 1 16.8 ± 0 18.1 ± 0 801.41 ± 0

Xylocarpus granatum (J.)
Koenig Nyireh bunga 2 14.70 ± 4.10 13.88 ± 2.63 708.65 ± 17.9

2.2. Sample Preparation

The fresh weight of each component (trunk, branches, and leaves) from the 15 destruc-
tive trees was measured in situ using the Brecknell 235 10X 300 kg mechanical hanging
scale. For all trunk sample trees, the trunk diameters were measured at the lower, middle,
and upper part of the log that was cut from ground level in the following lengths: (0–0.3 m,
0.3–1.3 m, 3.3–5.3 m and followed then for every 2 m lengths) [29]. The log was cut into
several cutting logs—modified from Doruska et al. [33] to avoid exceeding the load of the
weight balance as the trunk was assumed to be conical in shape [29] and to standardize
the cutting log length for each tree. The lower part from each log sample was cut into
a disc form (2 cm to 3 cm thickness) to obtain the range of ρ because the variation of
ρ in individual species correlates with carbon allocation [34] and effective vertical stem
expansion [35]. This could reduce the error with the different scaling factors among vertical
log positions such as butt log, middle log, and upper log [33]. Thereafter, 500 g from the
fresh weight of branch, twig, and leaf components were taken to the laboratory [29]. The
samples were then oven-dried for 15 days at 70 ◦C until a constant weight was attained
to calculate the dry weight conversions for each component [36]. The ρ of the wooden
disc (mass contained in a unit volume) [37] was determined from the stem and the largest
branches [28].

2.3. Approach in Biomass Estimation

The biomass of each component was calculated by B = MFre × (Msam,Dry/Msam,Fre),
where MFre is the fresh mass of each component and Msam,Dry and Msam,Fre are the dry mass
and fresh mass of the samples of each component, respectively. The total aboveground
biomass was obtained by summing the biomasses of each component.

The data were fitted to a non-linear regression model in the form of an intrinsically
linear model of the power function, whereas the accuracy of the calculation was based on
the coefficient of determination (R). The equation was derived as a single parameter by
combining the diameters at breast height, stem height, and wood density to determine the
variability explained by the model [38]. The equations were simplified as in the model
shown below:

M = aDbe (1)

M = aD2Hbe (2)

358



Forests 2022, 13, 325

where,

M = Aboveground biomass
D = Diameter at breast height
H = Stem height
a and b = constant
e = error term

The allometric relationship of Equation (3) in a linear form was derived by taking the
natural logarithms of both sides of the equation [38]:

ln M = ln a + b ln ρ + b ln D + ln e (3)

where,

ρ = wood density

In this form, linear regression can be used to build the regression model that fits the
biomass data. The calculated result is aimed at presenting the known values (common
equation), whereas the percent error formula is used to determine the precision of the
calculations. The experimental value is the calculated value while, the theoretical values
are the common equation value. All the parameters used to develop the equation are
influenced by measurement error, notably having different effects on the model param-
eters [39]. Meanwhile, the absolute error is the magnitude of the difference between the
actual value and the estimated value. According to Bellasen and Stephan [40], an error
value is acceptable if it is lower than 10% at a 90% confidence interval with an uncertainty
factor of 1.5%.

The formula of the percentage of error is presented below:[
(Theoretical − Experimental)

Theoretical

]
× 100 (4)

where,

Theoretical = Known value
Experimental = Calculated value

2.4. Statistical Analysis

Further, the allometric equations of 15 destructive samples were derived using the
General Linear Model, IBM SPSS statistic software version 25.0, IBM Corp, Armonk, NY,
USA using the following: diameter at D, H, and ρ variables, the aboveground biomass (kg)
comparison between the observed value and predicted value for the equation using D, D2H
and ρ variables, homoscedasticity of residuals, and the developed equations of aboveground
biomass (kg) estimation regarding species of 1000 trees in a 1 ha plot inventory of the Sungai
Pulai Forest Reserve. The developed equations of aboveground biomass (kg) estimation
regarding species of 1000 trees in the 1 ha plot inventory of Sungai Pulai Forest Reserve
were derived using SigmaPlot Version 12.5, Systat Software, Inc., San Jose, CA, USA.

3. Results and Discussion

3.1. Allometric Equations Derived from 15 Destructive Trees

The allometric equation derived for the relationship between D, H, and ρ variables
from 15 destructive sampling trees of seven species was in the range of DBH from 9.0 cm
to 33.0 cm. Equations (1) and (2) were derived for each part of the tree samples (mass
of stem, leaves, branch, and twigs) in a single D variable and a combination with the H
variable (Table 2). The combination of the variables in the second equation was derived to
study the level or degree of variability explained in the biomass accumulation on the stem,
leaves, branch, and twigs. The equation derived is accepted to be normal distributed as the
standardized and unstandardized residual normality were of the same value and greater
than 0.05 (Table 2). Regardless of species, the results in Table 2 indicate that the R2 values
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were in the range 0.5834 to 0.9543 for Equation (1) (single D variable) and from 0.553 to
0.9556 for Equation (2) (incorporating the D and H variables).

Table 2. Summary of the allometric equation derived from 15 destructive samples using diameter at
breast height, stem height, and wood density variables.

Model No. of Equation Component Equation R2
Standardized and

Unstandardized Residual
Normality

M = aDb 1
(a) M of stem 0.1761D2.3769 0.9223 0.107

(b) M of branches
and twigs 0.0553D2.3055 0.7792 0.499

(c) M of leaves 0.0347D1.9762 0.5834 0.206

M = aD2Hb 2
(a) M of stem 0.0355D2H0.9778 0.9579 0.833

(b) M of branches
and twigs 0.0221D2H0.8745 0.6880 0.853

(c) M of leaves 0.0125D2H0.7767 0.5530 0.246

M = aDb 1 Total biomass 0.2999D2.3001 0.9543 0.117

M = aD2Hb 2 Total biomass 0.0739D2H0.9291 0.9556 0.813

M = aρb1Db2 3 Total biomass 0.00475ρ0.6309D2.28787 0.9697 0.724

Note: M = biomass; D = diameter at breast height; H = stem height; ρ = wood density; a and b = constant.

The results revealed that the biomass of different tree components could be estimated
using power equations based on a single D variable (stem R2 = 0.9223; branch R2 = 0.7792;
and leaves R2 = 0.5834) and the combination of D and H variables (stem R2 = 0.9579; branch
R2 = 0.688; and leaves R2 = 0.553). Equations (1) and (2) explained the aboveground biomass
accumulation in tree components, in which the stem biomass was allocated the biggest
biomass, followed by branches and twigs. This finding depicts that by either ignoring or
excluding branch and twig samples during destructive sampling, the resulting equation
becomes invalid. Meanwhile, the lowest R2 value for both Equations (1) and (2) (Table 2)
was from the leaf component, showing that crown distribution plays a minimum role in
biomass allocation as highlighted by Komiyama et al. [11]. The exclusion of leaf biomass
might be considered, however, the development of the equation remains inaccurate.

The equations that incorporated the H variable (Equation (2)) were found to be slightly
higher compared to the equations using a single variable, D (Equation (1)). Meanwhile, the
equation that incorporated both D and ρ variables (Equation (3)) resulted in the highest R2

value (0.9697) compared to the equation that incorporated both the D and H variables, and
the single D variable. Independent t-test (Table 3) also indicates that the allometric equations
derived were statistically significantly different. Thus, the inclusion of the ρ variable to
develop an allometric equation is not significant for aboveground biomass estimation that
involves low species variation (planted forest) [36], nonetheless, the ρ variable must be
considered in the biomass estimation of a variety of species, especially for uneven age
mangrove forest [32,41,42].
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Table 3. Summary of the independent samples t-test of the allometric equation derived from 15
destructive samples using diameter at breast height, stem height, and wood density variables.

No. of
Equation

N Mean SD SE t-Value p-Value
95% Lower

Bound
95% Upper

Bound

1
(a) 15 5.0923 0.8731 0.1914 12.4186 1.3858 × 10−8 1.9634 2.7904

(b) 15 3.7284 0.8470 0.3404 6.7726 1.3161 × 10−5 1.5701 3.0410

(c) 15 2.3163 0.7260 0.4632 4.2667 0.0009 0.9756 2.9768

2
(a) 15 5.0923 0.8898 0.0569 17.1905 2.5414 × 10−10 0.8549 1.1007

(b) 15 3.7293 0.7942 0.1636 5.3369 0.0001 0.5216 1.2274

(c) 15 2.3163 0.7068 0.1937 4.0105 0.0015 0.3583 1.1951

1 15 5.4042 0.8449 0.1395 16.4836 4.2895 × 10−10 1.9986 2.6015

2 15 5.4042 0.8455 0.0555 16.7277 3.572 × 10−10 0.8091 1.0491

3 15 5.4042 0.8517 0.1184;
0.2555

19.3310;
2.4701

2.0743 × 10−10;
0.0295

1.9838;
−1.2527

1.6592;
2.6144

The scatter plot (Figure 2) of predicted value and residual value shows how much of
an error the regression equation made with respect to predicting individual values in the
dataset. The result indicates that the distribution of the residual values (dependent variable)
is distributed uniformly and does not have any clusters forming together. The average
proportions of biomass allocation of 15 destructive samples were 74% in stems, 20% in
branches, and 6% in leaves. This result is consistent with the study conducted by Gong
and Ong [43] on other mangrove forests in Peninsular Malaysia. Biomass accumulation of
standing trees is relatively higher for the structural tissue and lower for the leaves [26,44–46].
This is due to a gradual increase in the absolute mass of stem and branches while the
absolute mass of leaves tends to stabilize or be shed as litter upon attaining a certain tree
size [47–49].

 

Figure 2. Cont.
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Figure 2. The test of homoscedasticity of residuals.

Five developed equations of 15 destructive trees were then regressed between the
observed value (total biomass collected from the field) and the predicted value (D, H, and
ρ value that were applied to the developed equation) (Figure 3). Regardless of species, the
R2 single variables (Equation (1)) were in the range of 0.9717 to 0.9718 and were found
to be slightly increased (from 0.9717 to 0.972) for incorporated variables (Equation (2)).
Meanwhile, the estimation of total aboveground biomass was similar upon applying the
single D variable (Equation (1)) and incorporated variables (Equation (2)).

These two estimations (observed versus predicted) indicate the presence of a strong
relationship between the tree variables (D and D2H) for mixed species and uneven age
of mangrove stand. Smith and Whelan [50] also found a good relationship between stem
height and tree biomass in Florida mangroves and similar results were obtain when the
diameter variable was used. Henry and Aarssen [51] reviewed the regressions between
stem diameter and height and reported a lack of uniformity that might be influenced by
biomechanical constraints and near neighbor effects. Comparatively, Equation (3) (0.9760)
revealed that small destructive sampling (15 trees) with the inclusion of ρ variable provided
a reliable and validated equation instead of the common equation (R2 = 0.9730) (Figure 3)
developed by Komiyama et al. [29] that used 104 destructive sampling trees (Appendix A).
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To ascertain if the developed equation could fit large-scale data [51], the equation was
applied to the primary data of 1000 standing trees.

  

  

  
Figure 3. Comparison of the observed value and predicted value of aboveground biomass (kg) for a
single variable (D) and incorporated variables (D2H, and D and ρ variables) of 15 destructive trees.
Blue: Bruguiera cylindrica (L.) Blume, red: Bruguiera parviflora (R.) Wight; green: Bruguiera sexangula
(L.) Poir; orange: Ceriops tagal (P.) Rob; purple: Rhizophora apiculata (L.) Blume; dark grey: Rhizophora
mucronata (L.) Lam; and yellow: Xylocarpus granatum (J.) Koenig.

3.2. Allometric Equations Applied to 1000 Standing Trees

Primary data inventory of seven species with a total of 1000 standing trees in Sungai
Pulai Forest Reserve are listed in Table 4 with normal distributions of DBH and H as in
Appendix B. Regardless of species, the range of D of 1000 standing trees in the study site
was smaller but was still in the range of those used by Komiyama et al. [29] to develop a
common equation (Appendix A). The reason for the limited size in the study site could be due

363



Forests 2022, 13, 325

to the regeneration process of an uneven-aged stand from the previous harvest of charcoal
production [52]. The R. apiculata species (553 individual trees) dominated a total of 1 ha area,
followed by Bruguiera cylindrica (L.) Blume (185 trees), Bruguiera sexangula (L.) Poir (131 trees),
Rhizophora mucronata (L.) Lam (44 trees), B. parviflora (40 trees), Xylocarpus granatum (J.) Koenig
(39 trees), and Ceriops tagal (P.) Rob (8 trees). Species distribution in the study site revealed
that R. apiculata accounted for 65.5% of the 1000 individual trees (Table 3).

Table 4. Summary of descriptive statistics for aboveground biomass 1000 standing trees in Sg. Pulai
Forest Reserve.

Species No. of Tree
Diameter (cm) Height (m)

Min Max Mean Min Max Mean

B. cylindrica 185 5 31.5 1 15.09 ± 10.38 4.2 30 15.99 ± 0.33
B. parviflora 40 6.9 34 18.05 ± 1.13 6.5 28 18.75 ± 0.77
B. sexangula 131 6.1 34 16.35 ± 0.39 4.1 28 17.25 ± 0.30

C. tagal 8 13 25.2 19.45 ± 1.40 15 26 19.32 ± 1.26
R. apiculata 553 9.9 40.5 20.03 ± 0.24 10 35 19.51 ± 0.16

R. mucronata 44 11 27.8 17.38 ± 0.65 11 24 18.16 ± 0.42
X. granatum 39 2 2.4 43.2 19.74 ± 1.21 5.2 24 14.83 ± 0.71

Note: 1 ± represent standard error, 2 The minimum value for X. granatum is below 5 cm diameter because the
data were obtained from multiple leader trees.

A bigger dimensional size (mean D = 20 cm; mean H = 19.5 m) was also found from
R. apiculata species. Likewise, previous studies showed that R. apiculata was the dominant
species in other mangrove forests in Peninsular Malaysia and East Malaysia [26,53–56].
B. cylindrica, on the other hand, was documented to have the smallest dimensional size
(mean D = 15 cm; mean H = 15.9 m) despite being the second-highest in the total number
of individual trees. Plot establishments were performed near to the river, and the estuary
because species distribution may be dominant for the seaward zone and mid-zone of
mangrove species. However, it yielded an unbiased effect to the development of the
equation due to the un-even age of the natural regeneration mix species. Moreover, the
number of destructive samples on each species was based on the number of trees of each
species in the primary inventory.

To perform in-depth study, to ascertain the internal consistency of the developed
equation, the equation was applied to the primary data of 1000 standing trees regardless of
species and in comparison, to the common equation (Figure 4). The best fit was found for
Equation (3) with an R2 value of 0.9979 and the lowest percentage error of 5.93% (Figure 4).
The fitting (R2 value) for both Equation (1) (R2 = 0.9892) and Equation (3) (R2 = 0.9888) were
slightly lower than the Equation (3) with corresponding percentages error of 10.06% and
9.94%, respectively. The inclusion of the H variable for Equation (2) yielded the lowest data
fit (R2 = 0.9205 and 0.9196 respectively) and the highest percentage error (15.42% and 15.62%
respectively). Haase and Haase [57], Rayachhetry et al. [58], and Chave et al. [41] reported
that it is not advisable to include the H variable for equation development. Furthermore,
Novitzky [59] found that the H increases with an increase in temperature and precipitation
as the latitude decreases. On the other hand, Kodikara et al. [60] stressed that the effect
varied with the soil salinity.
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Figure 4. Five developed equations of aboveground biomass (kg) estimation of 1000 standing trees
regarding species in the 1 ha plot inventory of Sungai Pulai Forest Reserve. Blue: B. cylindrica, red:
B. parviflora; green: B. sexangula; orange: C. tagal; purple: R. apiculata; dark grey: R. mucronata; and
yellow: X. granatum.

The H variable is not a good estimator for biomass estimation, and it produced
the highest percentage error (>15%) when implemented in a large data set (Figure 4).
Conversely, the combination of D and ρ variables resulted in the largest improvement
(R2 values close to one) for aboveground biomass estimation and showed the lowest
percentage error (<6%) (Figure 4). These findings align with the earlier observations by
Putz and Chan [27] and Ong et al. [26] that D and ρ variables for mangrove species provide
a reliable means of estimating aboveground biomass (Equation (3)).

Further regression analysis was performed for the developed equation regarding
the species to depict the values of which species were overestimated or underestimated
for large-scale data estimation. Figure 5 indicates that the Equation (3) recorded the
highest R2 value (0.9943), followed by both equations of the single D variable (Equation (1)
R2 = 0.9337; Equation (3) R2 = 0.9355). The inclusion of the H variable for Equation (2)
yielded the lowest R2 value (0.8388 and 0.8367, respectively). Equation (2) in Figure 5
showed inconsistent results when the H variable was incorporated. This may be due to the
difficulty of stem height measurement in situ, the mangrove soil condition (muddy soil),
and the tidal water that always introduce a bias and greater inaccuracy of measurements.
Meanwhile, the regression line indicates the equation over-estimated and under-estimated
biomass at low observed value and high observed value, respectively (Figure 5).
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Figure 5. Five developed equations of aboveground biomass (kg) estimation of 1000 standing trees
regarding species in the 1 ha plot inventory of Sungai Pulai Forest Reserve. Blue: B. cylindrica, red:
B. parviflora; green: B. sexangula; orange: C. tagal; purple: R. apiculata; dark grey: R. mucronata; and
yellow: X. granatum.
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The estimation point (species) located under the regression line yielded an under-
estimate of the biomass, meanwhile the point (species) located above the line yielded
an over-estimate of the biomass. All equations showed both underestimation and over-
estimation of the total biomass of the seven species except Equation (3), which yielded
well-fitted data for the seven species (Figure 5). Meanwhile, Figure 4 indicates that the
biomass estimation was accurately estimated in the large data set regardless of the species
by considering the ρ variable. Other equations fitted the data only when the ρ variable
was included. In contrast, excluding the ρ variable in the developed equation yields an
inaccurate model both for small-scale (15 trees) and large-scale data (1000 trees), as the
species sample becomes imbalanced. Thus, the ρ variable is important in reducing the error
in the biomass estimation. Therefore, the best-fit equation for all seven species was found
for Equation (3). The developed equation of mixed species and uneven age in the study
site provides a different successful establishment of the equation (Table 2), as compared to
the single species equation [61,62].

4. Conclusions

The single variable (D) equation provides an accurate estimation, which is slightly
improved when incorporated with the H variable. The exclusion of the variable H might
be considered on time consuming grounds and for difficult events, however, both D and
H variables show inconsistent results for large-scale data and imbalanced sample species.
Meanwhile, the best fit either for small-scale or large scale-data, as well as for imbalanced
sample species was achieved following the inclusion of the ρ variable. We suggest that the
ρ variable should be considered as an important determinant variable in mixed mangrove
species and uneven-aged stand for aboveground biomass estimation. This valuation can
both improve and influence decision-making in forest development and conservation.
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Appendix A

Table A1. List of allometric equations for estimating aboveground biomass (ABG) by using DBH (D),
height (H) and wood density (ρ).

Species
Group

Equation R2 N Data Origin D Max (cm) Source

General
equation

B = ρ × exp [−1.349 + 1.980 ×
ln(D) + 0.207 × (ln(D))2 − 0.0281

× (ln(D))3]
unknown 84 Americas 42.0 Chave et al. [41]

General
equation B = 0.168 × ρ × (D)2.471 0.99 84 Americas 42.0 Chave et al. [41];

Komiyama et al. [11]

General
equation B = 0.251 ρ (D)2.46 0.98 104 Asia 49.0 Komiyama et al. [29]
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Table A1. Cont.

Species Group Equation R2 N Data Origin D Max (cm) Source

Specific tree equations—Asia-Pacific region

Rhizophora
apiculata B = 0.1709D2.516 0.98 20 Malaysia 30.0 Putz & Chan [27]

Rhizophora
apiculata B = 0.043D2.63 0.97 34 Indonesia 40.0 Amira [63]

Rhizophora
apiculata (wood

mass)
Bwood = 0.0695D2.644 × ρ 0.89 191 Micronesia 60.0

Modified from Cole
et al. [64]; Kauffman

& Cole [65]

Xylocapus
granatum B = 0.1832D2.21 0.95 30 Indonesia 41.0 Tarlan [66]

Appendix B

 

Figure A1. Histogram of (a) the diameter and (b) the height distribution of 1000 standing trees in the
2-ha plot of Sungai Pulai Forest Reserve.
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Abstract: The Mediterranean area is one of the most significantly altered biodiversity hotspots on the
Earth’s surface; it has been intensively affected by anthropogenic activity for millennia, forming com-
plex socioecological systems. In parallel, the long history of natural ecological processes and the deep
interlinking with human populations led to landscape patterns, such as spatial heterogeneity, that
facilitate the provision of essential ecosystem services (ESs). As such, a comprehensive understanding
of the underlying factors that influence the supply of ESs is of paramount importance for effective
forest management policies that ensure both ecological integrity and human welfare. This study
aimed at identifying local specific interactions across three different spatial scales between landscape
metrics and ESs using global and geographical random forest models. The findings showed that
dense forest cover may have a positive effect on the supply of ESs, such as climate regulation and
timber provision. Although landscape heterogeneity is considered among the main facilitators of
ecosystem multifunctionality, this did not fully apply for the Marathasa region, as forest homogeneity
seems to be linked with provision of multiple services. By assessing under which landscape con-
ditions and characteristics forest ESs thrive, local stakeholders and managers can support effective
forest management to ensure the co-occurrence of ESs and societal wellbeing.

Keywords: ecosystem services; landscape structure; random forest (RF); geographical random forest
(GRF); Mediterranean forest; Marathasa; Cyprus

1. Introduction

The composition and structure of landscapes have been shown to have a significant
impact on ecological processes and the multifunctionality of ecosystems [1]. The spe-
cific characteristics of a given landscape are mainly formed by anthropogenic activities
(such as deforestation, urbanisation, agriculture, tourism, and mining) along with cli-
matic conditions, geomorphological characteristics, and natural and human disasters. The
Mediterranean region, where human–nature interactions have been ongoing for millennia,
is characterized by highly heterogeneous vegetation, habitat types, and landscapes, result-
ing in rich biodiversity and a vast supply of ecosystem services (ESs) [2–5]. Mediterranean
forests are an example of dynamic ecosystems with a variety of ESs to human society [6,7].
However, increasing environmental changes and alterations in the intensity of human
activities have led to two main patterns. The first pattern has resulted from increased
human pressures, leading to landscape diversification and the creation of isolated patches
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that function as biodiversity islets and support important ESs [8]. The second pattern
has arisen from the abandonment of agricultural and pastoral activities, resulting in the
gradual homogenization of forests and often in a negative impact on biodiversity and
several ESs [9–11].

Landscape structure has extensively been used to assess the integrity of ecosystems
(especially regarding their capacity to maintain biodiversity) and to study the influence
of humans in its transition processes [12]. In parallel, several studies have investigated
the relationships between the configuration of a landscape and the supply of essential
ESs [5,13–16]. Considering the dependency between Ess and a landscape’s composition
and structure, Termorshuizen and Opdam (2009) [17] introduced the concept of “landscape
services (LSs)”, describing them as “the range of functions that are or can be retrieved by a
landscape and be valued by humans for economic, sociocultural, and ecological reasons”.
Although the concepts of LSs and Ess overlap, the difference between these is that for the
former, the supply of ESs is linked to the landscape’s patterns and its social dimension;
while for the latter, the supply of ESs is based solely on ecosystems and their spatial
configuration [18–20]. Given that the spatial characteristics and patterns of a landscape
are considered among the main principles for the provision of ESs, the identification and
understanding of how specific landscape features act in favour of ES supply is of primary
importance [21,22]. Furthermore, the quantification of a landscape’s structure delivers
crucial knowledge about the impacts of landscape feature on ecological processes, and
for this reason, it can be used as a tool to systematically monitor the effects of landscape
changes on ecosystems [23].

Landscape metrics are the means used for quantifying the spatial configuration of a
given landscape, and they are usually employed to assess the impact of landscape structure
on ecological functionality and biodiversity [12,24]. The ease of obtaining landscape metrics
over large geographical regions and their rapid calculation feasibility compared to data-
and time-intensive models, such as species distribution models, field data assessments,
and/or other modeling procedures, has led to their widespread use [25,26]. By using
a land use/cover map, landscapes can be analyzed at three levels (namely, patch, class,
and landscape level) allowing for the characterization of patch size, shape, and/or the
connectivity land use/cover classes, and the diversity of an entire landscape [27,28]. It
is well documented that in order to completely comprehend a landscape’s structure it
is necessary to estimate and evaluate a set of multiple landscape metrics, as each metric
studies a unique characteristic of the landscape. However, in most cases, landscape metrics
are highly correlated, leading to the misinterpretation of findings, hindering their use in
multivariate statistical analyses [26,29]. To address these issues and select a representative
set of metrics, many statistical and theoretical frameworks have been developed. Such
frameworks are based on expert knowledge and literature review [4,30–32], principal com-
ponent analysis and factor analysis [29,33,34], regression models [35], and, more recently,
on machine learning (ML) algorithms that are used in ecological applications [5,36].

Machine learning algorithms have become one of the main tools used in Earth and
life sciences, such as remote sensing [37], GIS and environmental spatial analysis [38,39],
ESs [40,41], and ecology [42,43]. Compared to traditional statistical techniques, ML has sev-
eral advantages, such as accurate predictive and classification capabilities, increased ability
to manage complex relationships (non-linear), and the capability to automate tasks [44].
There are two types of ML approaches, namely, supervised and the unsupervised al-
gorithms; and multiple methods/algorithms, such as tree-based methods, neural net-
works, support vector machines, genetic algorithm, fuzzy inference systems, and Bayesian
methods [41,45]. The most frequently used ML method in ecological applications is ran-
dom forest (RF) due to its versatility and high accuracy in responding to different research
questions [36]. Among the advantages of RF are included the internal self-testing pro-
cedures, the high predictive accuracy, and the ability to estimate the importance of each
input variable [46]. However, despite the important advantages of all ML algorithms,
in most cases, the spatial aspect of the data cannot be used in the model calibration pro-
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cedure. Considering the spatial heterogeneity of ecological datasets, the use of “global”
algorithms/techniques limits the identification of spatially varying relationships within
the study area. To address this issue, geographical weighted regression (GWR) was devel-
oped by Fotheringham et al. [47], which is based on the traditional regression technique.
Georganos et al. [48] and Georganos and Kalogirou [49] have introduced the geographical
random forest (GRF) approach, which is based on GWR principals and is increasingly used
in various scientific fields, including epidemiology [50], socioeconomic studies [48], natural
disasters [51], forestry [52], and agriculture [53], where in all cases GRF outperformed RF.

The recent advances in remote sensing data and methods allow the thematically and
spatially accurate mapping of land uses and habitats across various spatial scales. This, in
turn, allows the analysis of landscape structure and composition in a quantitative manner
using landscape metrics. However, the relationship between landscape structure and
composition and the supply of ecosystem services in forest dominated landscapes is poorly
understood. This study implements a spatially explicit approach using random forest
and geographical random forest algorithms to assess ES supply in relation to landscape
metrics across three spatial scales. The aim of the study is to investigate the validity of
using landscape spatial characteristics as indicators of ES supply. The specific objectives
of the study are (a) to generate a thematically and spatially accurate land use/cover map
of the area using readily available remote sensing data and well documented methods;
(b) to assess the performance of two modeling approaches for identifying relationships
between landscape spatial characteristics and supply of ES; and (c) to identify the spatial
characteristics that appear to be most highly related to the supply of ES. The results of the
study are expected to provide a useful tool for the monitoring of ES supply and valuable
information regarding the specific landscape characteristics that can support ecosystem
multifunctionality by enabling co-occurrence of multiple ES.

2. Materials and Methods

2.1. Study Area

Marathasa is a geographical area of the mountainous mass of the Troodos Mountain
range and occupies an area of ~208 Km2; that is, 2.2% of the total area of Cyprus (data
source: https://www.data.gov.cy/, accessed on 1 January 2023). The largest part of
the Marathasa area is covered by state forests, while the geological structure of the area
is that of the Troodos ophiolite (igneous rocks which make up the oceanic crust). The
landscape’s morphology is characterized by a mountainous topography with high and
variable mountain peaks, often over 1000 m in altitude (altitude range: 163 m to 1932 m).
The Marathasa region is particularly characterized by gorges, which have resulted from
the changes of the sea surface and those of the sea and the renewal of the rivers and
the marine terraces. The landscape contributed to the shape of a dense network of river
systems which are often of a dendritic pattern and which maintain their flow over a long
period [54]. The natural ecosystems have evolved through both environmental conditions
and human impact. The presence of human communities in Marathasa is observed as
early as the 6th–9th century (647–965 AD), where several small settlements (5–10 houses)
were established on the mountains of Marathasa when the inhabitants of the coastal areas
sought safer places in the mainland [55]. During the past two centuries, the region of
Marathasa has been defined by the administrative boundaries of 14 communities (villages).
The northern and western communities showed a population increase over time in relation
to the communities of southern Marathasa [55]. The region’s professional activity has been
directly linked to the primary sector of economy, namely, agricultural activities and timber
sale [54]. However, since 1980, urbanization contributed to the population reduction in the
area (inhabitants in 1982: 4341; inhabitants in 2011: 1523). Data from CORINE Land Cover
(CLC) inventory in 2018 show that most of the land is occupied by forests (Figure 1).
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Figure 1. Map of the study area and the main LULC classes according to CORINE.

2.2. Mapping Land Cover and Ecosystem Services Supply

The land use/cover (LULC) dataset was produced using a pre-processed Level 1 Landsat
8 OLI image acquired in 2021 and an object-oriented classification scheme (OBIA) developed
and evaluated by Kefalas et al. [56]. The applied OBIA scheme is stepwise, and it is based
solely on crisp or fuzzy rules that use vegetation indices (Table A1). Through this procedure,
the study area was divided into seven LULC classes (three density-based vegetation classes,
open/rocky areas, croplands, settlements, and inland water). The accuracy assessment
was based on the use of ground-truth data, verified in situ, and the estimation of statistical
measures such as Kappa index (K) and overall accuracy (OA).

Based on data availability and the merit for estimating ESs to achieve effective for-
est management on the study area, four ESs were selected and mapped covering all
ES categories (following the Common International Classification of Ecosystem Services
(CICES)) [57]. Specifically, one ES refers to the Provisioning ES section, two in the Regulat-
ing and Maintenance section, and one in the Cultural section (Table 1).

Table 1. The estimated ecosystem services and their indicators/proxies.

ES Section Ecosystem Service Indicator/Proxy Data Source

Provisioning Materials from timber (MT) Presence of forest and agroforest land 1

Regulating and Maintenance Climate regulation (CR) Below and above ground carbon storage 1 & 2
Erosion protection (EP) Soil erosion prevention 1, 3, 4, & 5

Cultural Recreation (RC) Recreation potential 1, 3, 6, 7

Data sources code: (1) Land Cover data; (2) Carbon Dioxide Information Analysis Centre (15 December 2022) [58];
(3) ASTER Digital Elevation Model (DEM) (15 December 2022) [59]; (4) Soil erodibility index (K-factor)
(15 December 2022) [60]; (5) Rainfall erosivity index (R-factor) (15 December 2022) [60]; (6) Hiking trails (available
in: https://www.prettymap.gr/troodos/geotourism/el.html (10 December 2022); https://www.data.gov.cy/
(accessed on 12 January 2023); mapping by the project WaterWays); (7) Sites with touristic and/or cultural merit
(mapping by the WaterWays project).

Provisioning ESs are all nutritional, material, and energetic outputs that are derived
from a living ecosystem [57]. Materials from timber (MT) represent the products from trees
harvested from natural forests and plantations [61], and to map this service, the presence
of forest and agroforest land was considered.

Regulating and maintenance ESs are defined as the way in which local ecosystems
control the biotic and abiotic features of the environment in order to enhance human
well-being [57,61]. The Intergovernmental Panel on Climate Change (IPCC) reported that
transitions and processes in a given landscape, such as LULC changes, soil degradation,
and deforestation, play a crucial role in the emissions of greenhouse gases [62]. Natural
ecosystems, and especially forests, regulate climatic conditions through several processes
including carbon sequestration, moisture production, and temperature control [63]. The Cli-
mate regulation (CR) service was mapped considering the carbon pool table derived from
the INVEST Carbon Storage and Sequestration model. This model combines the amount of
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carbon stored in four carbon pools (aboveground biomass, belowground biomass, soil or-
ganic matter, and dead organic matter) based on LULC. Erosion prevention (EP) represents
the capacity of ecosystems to prevent erosion, and was calculated using the soil erosion
prevention framework based on the RUSLE equation [64]:

Es = Y − βe, {Y = R × LS × K, βe = Y × a},

where Es represents the actual ES provision (tons of soil not eroded), Y represents the
structural impact, βe represents the mitigated impact (where a = C and es = 1 − a), R
represents the rainfall erosivity factor, LS represents the topographic factor, K represents
the soil erodibility factors, and C represents the vegetation cover factor.

The non-material services offered from ecosystems that affect the physical and mental
state of people are defined as cultural services. To estimate and map the potential of the
Marathasa forest to offer recreational activities (RC), a multicriterial model was developed
considering two main factors: (a) the biophysical factor; and (b) the cultural factor. The
biophysical factor was a combination of four indicators that characterize ecosystems in
terms of natural attractiveness; these indicators were the Normalized Difference Vegetation
Index (estimated from Landsat 8 OLI image), the Shannon’s Landscape Diversity Index
(estimated using the LULC thematic map), and the Geodiversity index [65]. The cultural
factor was defined by the presence of hiking trails and sites with touristic and/or cultural
merit (such as camping sites, churches, old bridges, and water mills) as those indicators
were either point or line features, while a kernel density tool was used to create a continuous
raster layer.

To estimate and map the total ES supply, each ES map was standardized to a scale
between 0 and 1, based on the minimum and maximum values (higher values corresponded
to a greater magnitude of ES) and combined.

2.3. Landscape Characteristics That Contribute to ES Supply

This study identified the landscape characteristics that are related to ES supply across
three scales. The unit of analysis was based on hexagonal grids of three sizes, with apothem
of 50, 250, and 500 m. For each hexagonal grid, a set of 17 landscape metrics were estimated
at class and landscape level (56 metrices in total). The selected metrics refer to the area,
the core area, and the edges of a given landscape and class (Total Area (TA), Total Core
Area (TCA), Total Edge (TE), Edge Density (ED), Largest Patch Index (LPI)), the shape of a
landscape (Landscape Shape Index (LSI)), the aggregation of landscape and classes (Patch
Density (PD), Cohesion, Division, Effective Mesh Size (MESH), and Contagion), and the
landscape diversity (Patch Richness (PR), Patch Richness Density (PRD), Relative Patch
Richness (RPR), Shannon’s Diversity Index (SHDI), and Simpson’s Diversity Index (SIDI)).

The identification of landscape metrics related to ESs was based on global and local
random forest (RF) algorithms. Landscape metrics were used as explanatory variables.
while the total ES supply formed the response variables (Figure A1). Random forest is a
non-parametric machine learning approach which is used for classification and regression
purposes. It is suitable when the relationship among variables is non-linear and when
multicollinearity is evident [66–68]. The first step when employing an RF model is the
creation of a training set, on which the model development is based, and a test set, which is
used to validate the initial model. In the case of Marathasa forest, we created the training
dataset from 70% of randomly selected samples of the initial dataset. The remaining 30%,
namely, the out-of-bag (OOB) set, is excluded from the model training and is used to
estimate the RF’s model efficiency [69]. The total number of randomly selected samples
used for training and testing vary according to the spatial scale, and they were 36,817 in
the apothem of 50 m, 1586 in the apothem of 250 m, and 428 in the apothem of 500 m.
The second step is to parameterize the RF model by setting the appropriate (1) number
of randomly selected predictors at each tree (mtry); (2) the minimum number of records
contained in a leaf (nodesize); and (3) the number of trees (ntrees). The optimal number
for mtry was estimated using the function “rf.mtry.optim” given from the spatialML
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R package [49], while the node size was set to 1, as suggested by Breiman (2001) and
Lorilla et al. (2020) [5,66]. Regarding the ntrees parameter, different values were tested,
and the ones with the highest accuracy were selected as more appropriate for their use in
the RF model (Table A3). The third step was the implementation of the RF model. In the
case of a regression, the main outputs are the variables’ importance and error rate that are
estimated by the OOB method [50].

Despite the advantages of RF models, the spatial heterogeneity of the data cannot
be assessed and validated. To address this issue, Georganos et al. [48] extended the
“traditional” RF model by developing the geographical random forest (GRF), which is a
disaggregation containing several local sub-models. The fundamental principles of GRF
are same to the ones of geographical weighed regression (GWR) [47], where the model
is calibrated locally rather than globally. Thus, using a GRF model, for each spatial unit
i, an RF local model is estimated, taking into consideration an n number of neighbour
observations. Each local model has its own performance, predictive power, and variables
importance. A simplistic GRF equation is [48] as follows:

Yi = a(ui, vi)xi + e, i = 1 : n,

where Yi is the value of the dependent variable for the ith observation, a(ui, vi)x is the
prediction of an RF model calibrated on location i, (ui, vi) are the coordinates, and e is an
error term.

Similar to GWR, important factors in a GRF are the “kernel” or “neighbourhood” (the
area that the local model considers in calibration) and the “bandwidth” (the maximum
distance away from the RF location) [48,49]. There are two types of kernels (a) the “fixed
kernel” and (b) the “adaptive kernel”, where in the former, the neighbourhood is defined
by a circle; while in the latter, as the number of nearest neighbours that are to be included
in the modeling procedure [70]. The size of the bandwidth also plays a significant role
in the modeling procedure as it determines the distance limit at which observations are
considered to fall in the sub-model. If the bandwidth is large, then local models would
be turned into a global model as all observations are used. In contrast, if the bandwidth
is small, the independent variables are less biased [71]. In this study, we used adaptive
kernel with the appropriate bandwidth size estimated using an automated function offered
in spatialML R package [72], which re-testes various bandwidth sizes to obtain the highest
R2 value for the local model. The performance of both global and local RF models was
assessed by estimating the coefficient of determination R2 and the mean square error. The
modeling procedures were implemented using the open-source R version 4.2.2, R Studio
version 2022.12.0, and the R packages: rgdal [73], spatialML [72], cli [74], and caret [75].

It is worth noting that GRF produces a map for each independent variable, presenting
the local importance to the dependent variable. To present the direction of the relationship
between ESs supply and LM, the local bivariate relationship mapping procedure was used,
considering the total ES supply and the two most important LMs for each scale of analysis.
The output of this procedure is a map presenting six classes: (a) not significant; (b) positive
linear; (c) negative linear; (d) concave; (e) convex; and (f) undefined complex.

3. Results

3.1. Distribution of LULC and ES Supply

After applying the OBIA classification scheme in Marathasa forest, the overall accuracy
assessment and the Kappa statistics index were 91% and 0.89, respectively (Table A2).
The LULC class with the highest thematic and spatial accuracy was the open and rocky
areas (producer accuracy: 0.97) followed by high-density natural vegetation (producer
accuracy 0.91) (Table A2). The accuracy of LULC classes varied between 0.80 in the
agricultural areas and 0.97 for open/rocky areas (Table A2). The dominant LULC class was
the medium-density natural vegetation covering more than 40% of the study area (Table 2).
Areas covered by high- or low-density vegetation were less intense, as in both cases they
extended approximately at the 25% of Marathasa (Table 2). High- and medium-density
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natural vegetation mainly occupied the central part of the area, while small stands of dense
vegetation were located in the northwest part of the Marathasa (Figure 2). Open and rocky
areas are distributed mainly in northern and eastern parts, covering 1200 ha (~5% of the
area), while the agricultural areas, shaping four agricultural zones (three on the east and
one on the west), covered almost 1640 ha (little more than 5% of the area) (Table 2 and
Figure 2).

 
Figure 2. Distribution of (A) land use/cover and (B) total ecosystem services supply and the in-
dividual ESs (MT: Material from Timber; CR: Climate Regulation; EP: Erosion Prevention; RC:
Recreation Potential).
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Table 2. Part A: extend of LULC; Part B: the mean value of ESs supply.

Part A Part B

LULC Area (ha) % ES Mean Value

HDNV 7571.91 24.22 MT 0.48

MDNV 12,973.78 41.50 EP 0.55

LDNV 7824.86 25.03 CR 0.63

OR 1252.06 4.01 RC 0.28

AA 1639.63 5.24

TOTAL 31,262.23
HDNV: High Density Natural Vegetation; MDNV: Medium Density Natural Vegetation; LDNV: Low Density
Natural Vegetation; OR: Open and Rocky areas; AA: Agricultural Area; MT: Material from Timber; EP: Erosion
Prevention; CR: Climate Regulation; RC: Recreation Potential.

The total ES supply exhibited lower values in the northern part of the study area,
which is occupied mainly by low-density vegetation, while at the central forested part, the
mean total value showed higher ES supply (Figure 2). Due to the forest’s nature to support
ecological functions, ESs presented high mean value (Table 2). Depending on the relation
between individual ESs and forest cover, ESs presented two different spatial distribution
patterns. The first relates to the “materials from timber” and “climate regulation” services,
where the distribution of their higher values was aligned with the distribution of the
high-density natural vegetation (Figure 2); the second spatial pattern is linked to “erosion
prevention” and “recreation potential” services. In the case of “erosion prevention”, higher
supply was located in the eastern and in the northwest parts of the study area (Figure 2);
those areas are not only characterized by forest cover but also by a smooth surface relief.
Regarding the service of “recreation potential”, higher values were observed in the eastern
part of the Marathasa forest, where sites with touristic and/or cultural merit were located
(Figure 2).

3.2. Contributing Landscape Characteristics to ES Supply

Global and geographical random forest was used to identify the specific landscape
characteristics that are correlated to the total supply of ES. Both global and local RF models
for the total ES supply had excellent performance, as indicated by the R2 measures, which
were close to 90% across all scales (Table 3). Specifically, for the global and local RF models
for the 250 m and 500 m apothem grids, R2 exceeded 87%, while in the case of the 50 m
apothem, R2 values were slightly lower, reaching 86.64% and 87.63% for the global and
local models, respectively (Table 3). The pseudo-local coefficient of determination showed
different patterns among the spatial scales (Figure 3). Specifically, at the 50 m scale, the
performance of GRF was excellent in the majority of the area (pseudo-R2 > 80%), while
in areas occupied by sparse vegetation or characterized as open/rocks, the performance
was poor (pseudo-R2 < 40%). This pattern was also evident at the 500 m scale, where
better performance was found in areas occupied by dense forests. Finally, at the 250 m
scale, higher performance was observed in areas primarily covered by medium and low-
density vegetation, while in areas occupied by forest, the performance was moderate
(40% < pseudo-R2 < 60%) (Figure 3).

Figure 4 shows the ranking of the ten most important landscape metrics (LMs). Across
all three scales of analysis, the majority of the most important LM variables were related to
the high-density vegetation class. These metrics mainly express aggregation (estimated
through the Effective Mesh Size, Largest Patch Index, Cohesion, and Division) and con-
figuration (estimated through the Total Core Area and Edge Density). Exceptions to this
pattern were the metrics Contagion, Proximity, and Simpson’s Diversity Index calculated
at the landscape level, and the metrics of Edge Density and Cohesion calculated for the
medium-density natural vegetation class. The former metrics express the landscape’s
aggregation and were found to be important in the case of 250 m, while the latter metrics
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express the class aggregation and configuration and were found to be important in the case
of 500 m.

Table 3. Performance of global and local random forest models on the different scales of analysis.

RF Model GRF Model
Mean Total ES Supply Mean Total ES Supply

R2

(OOB)
R2

(Not OOB)
R2

(OOB)
R2

(Not OOB)
MSE MSE MSE MSE

50 m
86.64% 93.45 87.63% 98.71

0.01 0.01 0.01 0.00

250 m
87.45% 95.78% 87.84% 98.85%

0.02 0.0. 0.01 0.00

500 m
87.64% 97.56% 88.98% 99.58%

0.02 0.01 0.01 0.00

Figure 3. Pseudo-local coefficient of determination of GRF: (A): 50 m; (B): 250 m; and (C): 500 m apothem.

Figure 4. Ten most important variables for mean total ES supply per each scale of analysis: (A): 50 m;
(B): 250 m; and (C): 500 m apothem.

To further analyze the spatial distribution of local variable importance, the magnitude
(Figure 5 and Table A4) and direction (Figure 6) were mapped for the two most important
landscape metrics (LMs) at each scale of analysis. At the 500 m scale, the Largest Patch
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Index and Cohesion LMs for the HDNV class were found to be highly important and
positively related in two main parts of the Marathasa forest, which were characterized by
high-density vegetation. At the 250 m scale, the LM contagion, which expresses landscape
aggregation, was found to be highly important mainly in the central part of the study area,
characterized by high landscape heterogeneity. However, in the central part of the forest,
the relationship was negative, while in areas around the main forest body, the relationship
was significant but complex (neither positive nor negative). Finally, at the 50 m scale, one
can identify specific places where the importance of LMs was high. The importance of
individual and smaller forest stands can be recognized, considering the relatively higher
values of importance of LMs in areas where high-density natural vegetation was not in
excess (Figures 2 and 5). In parallel, the direction of the relationships was positive (linear
positive or convex) in the MESH index, indicating that extended forest stands favourably
affect ES supply. The Cohesion Index for the 50 m scale was positively related in areas
mainly characterized by high-density natural vegetation, while in areas where medium-
or low-density vegetation was the primary land cover type, the relationship was negative
(linear negative or concave) (Figures 5 and 6).

 
Figure 5. Maps of the two most important landscape metrics for mean total ES supply per each scale
of analysis.
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Figure 6. Local bivariate relationships among the two most important landscape metrices and the
mean total ES supply per each scale of analysis.

4. Discussion

Forests in the Mediterranean basin have been characterized as a biodiversity and
ecosystem services (ESs) hotspot primarily due to the complex and heterogeneous land-
scapes shaped by long-term interactions among human activities, natural environment, and
climatic conditions [2,76]. As the material and non-material products derived from forests
are strongly linked to human well-being, mapping the provision of essential services, as
well as examining the conditions under which these ESs thrive, provides essential knowl-
edge towards effective forest management policies that secure both ecological integrity and
human welfare [77]. From this perspective, several studies on Mediterranean forests have
shown that previous or existing forest management policies have played a significant role
in the provision of ES, especially supporting various ecological processes [6,8].

The analysis of the landscape’s composition and structure provides information re-
quired for developing conservation measures and sustainable management strategies for
natural ecosystems [78], as well as data that can be used to further develop products
indicating the status, the processes, and the functioning of an area. For this reason, a
state-of-the-art object-oriented image (OBIA) classification procedure was applied pro-
viding land use/cover data with high thematic and spatial accuracy, similar to products
produced via OBIA for other Mediterranean landscapes [57,79]. It is worth noting that in
areas where landscape is characterized by high complexity, OBIA outperforms traditional
pixel-based classification procedures [77], while in parallel, it can be used as a tool for
systematic monitoring [11]. The composition of Marathasa’s landscape is characterized
mainly by medium density vegetation, i.e., shrubs and maquis; followed by low density
vegetation, i.e., phryganic vegetation and natural grasses; and finally, by high density
vegetation i.e., dense stands of maquis and pines. Considering the dynamics of Mediter-
ranean forest [4,11,79], and especially the dynamics and status of Cypriot forests [80–84],
this composition seems to be the result of the progressive evaluation of the more degraded
ecosystems transitioning gradually from sparse vegetation to more dense forest stands
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through secondary ecological succession. In parallel, in the western part of the study area,
where dense forest stands mainly occur, several management actions have been applied
aiming to conserve the narrowly-distributed Cedar forest (Cedrus brevifolia). The imple-
mented measures consisted of silvicultural interventions (i.e., forest thinning and natural
and artificial plantations) shaping a dense and heterogenous forest landscape [81].

The Marathasa region was found to provide essential forest-related ESs that are
strongly linked to both physical characteristics and the presence of anthropogenic activ-
ities and cultural elements. Overall, areas occupied by high-density vegetation provide
multiple ES, while areas characterized by low-density vegetation or open rocks have lower
supply values. The individual ESs presented two different patterns regarding their spatial
distribution. The services of “materials from timber” and “climate regulation” tend to
co-occur across the study area and reach their highest supply in areas where dense forest
is dominant. This pattern is rather expected, given the crucial role of forests as carbon
sinks with significant impact in mitigating the effects of climate change [76,81,84] and the
importance of forested areas in providing materials to local communities. The second
spatial pattern referred to the services of “soil erosion prevention” and “recreation poten-
tial”; these did not strictly follow the distribution of high-density forest, as both services
were mapped following multicriteria modeling procedures which take into consideration
various geospatial data [64,65]. In the case of EP, as expected, higher values were not only
observed in forested areas but also in areas where the surface relief is smooth, which is in
line with other studies that examined erosion risk and control at various scales [9,65,82].
Similarly, the RC supply had greater values in areas covered by high-density vegetation
as a result of the higher weight value given to the degree of the biophysical factor. At the
same time, the RC value is higher in areas in which sites with tourist and cultural merit
are present, and, as indicated by De Valck et al. [85], mixed landscapes that include forest,
farmlands, infrastructure, and cultural elements are assessed positively by visitors [85].

As previously mentioned, examining the conditions under which ESs are maximized
offers fundamental knowledge to support effective forest management and planning. One
way to estimate and assess the status, dynamics, and shaping factors of a given landscape is
through landscape metrics [12], which were employed in this study as explanatory variables
of ES supply. The implementation of the cutting-edge machine learning algorithms of
random forests and geographical random forests at three different spatial scales proved
effective in identifying the spatial and thematic parameters that lead to increased provision
of significant ES. Overall, both RF and GRF showed excellent performance in all scales,
with GRF outperforming the aspatial RF, as has been observed in other cases where both
spatial and aspatial RF models have been used [48–50]. However, the main advantage
of GRF models is not their performance (predictive or explanatory) but their ability to
produce maps presenting a possible spatial interaction among explanatory and response
variables [48]. Regardless of the scale of analysis, the outputs from the modeling procedure
showed that the configuration and aggregation of dense vegetation positively influence
the supply of ESs, which aligns with the findings of a previous study demonstrating that
regulating and recreational services are significantly and positively affected by homogenous
forests [5]. Although the aforementioned results are in contrast with the main ESs concept
which states that areas with diverse landscapes supply a high number of ESs [86], in the
current study, the mapped ESs are strongly linked to forest cover. This result indicates that
landscape diversity alone does not necessarily lead to the supply of multiple ESs, and that
the dominant vegetation that characterizes a given landscape plays a fundamental role in
the provision of ESs [5,87].

The holistic framework used here offers a comprehensive understanding of how the
composition and structure of a given landscape contribute to the supply of ES. Since
landscapes are mainly influenced by the presence or absence of humans, considering
landscape structure in the ES context offers useful insights towards understanding the
complex relationship between humans and nature. Additionally, contemporary mapping
and modeling procedures can assist spatial planners, conservationists, and decision makers
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in developing and applying strategies, actions, and measures that consider both the global
and local characteristics of an area, thereby ensuring effective management.

Limitations of the Study

Due to the complexity of Mediterranean forest landscapes, revealing the interlinkages
between ecosystem services and landscape characteristics is not a straightforward task.
Here, we attempted to assess these relationships by combining the conceptual framework of
ecosystem and landscape services and a cutting-edge methodological approach. However,
there are some limitations and improvements that should be considered when interpreting
the findings of such approaches.

In terms of the use of random forest, such models can be prone to overfitting if the
number of trees is too large or if the model is overly complex. This can result in an
underestimation or overestimation of the relationship between landscape metrics and
ecosystem services, leading to the generalization of the results. While random forest
models can provide variable importance measures, the interpretation of these measures for
landscape metrics may be challenging as their complex interactions with ESs may not be
clearly evident through variable importance rankings. Finally, the accuracy and availability
of data used to derive landscape metrics and measure ESs can significantly impact the
results. Incomplete or biased data may introduce errors and uncertainties in the model,
affecting the reliability of the relationship assessment.

In regard to the ESs studied in Marathasa forest, future research should consider
multiple ESs to provide more insights into landscape multifunctionality and the relevant
underlying processes. Our study, due to the limited available data, focused on four forest-
related ESs and did not consider other important ESs, such as food provision, which could
be related to the agricultural regions distributed across the studied region. Furthermore, the
relationships between ESs and landscape metrices were assessed for a single year, which
restricted the extraction of knowledge on the dynamic nature of Mediterranean forest
landscapes.

5. Conclusions

The spatial arrangement and configuration of different land-cover types within a land-
scape can influence the provision and distribution of ES. By using global and geographically
weighted random forest models, this study aimed to assess the provision of ESs in relation
to the composition and structure of a forest-dominated landscape.

Prior to the mapping of ES, an object-based image classification was applied to identify
the LULC evident in the study area. More than 90% of the landscape was occupied by
natural vegetation with medium density vegetation (shrubs and maquis) covering approx-
imately 41% of the total area, followed by low (phryganic vegetation) and high-density
vegetation (dense stands of maquis and pines) reaching ~25% and ~24%, respectively.
This composition of land cover classes resulted from the succession of vegetation where
ecological processes and management interventions facilitated the transition from sparse
vegetation to more dense forest stands.

The holistic approach applied in this study offers improves our understanding of how
the composition and structure of a given landscape contribute to the supply of ESs. The
existence of high-density forests, although it may reduce landscape heterogeneity, leads
at the same time to the maximization of ESs related to climate regulation and provision
to local communities. Future research should focus on providing an overview of Ess not
studied here for a comprehensive understanding of how a landscape’s composition can
influence the multifunctionality of forests and the human population that depends on
healthy ecosystems.
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Appendix A

Table A1. Vegetation indices used in LULC mapping.

Vegetation Index Formula

Normalized Differencing Vegetation Index (NDVI) NDMI = NIR−RED
NIR+RED

Modified Soil-Adjusted Vegetation Index (EVI) MSAVI =
2ρNIR+1−

√
(2ρNIR+1)2−8(ρNIR−ρRED)

2

Normalized Differencing Moisture Index (NDMI) NDMI = NIR−SWIR1
NIR+SWIR1

Where: NIR: Near-infrared band; RED: Red band; and SWIR1: Short-wave infrared band.

Table A2. Accuracy assessment.

HDNV MDNV LDNV OR AA Total UA

HDNV 32 3 0 0 0 35 0.91
MDNV 3 31 1 0 1 36 0.86
LDNV 0 1 31 1 4 33 0.94

OR 0 0 2 34 2 36 0.94
AA 0 1 2 0 28 31 0.81

Total 35 35 35 35 35 156
PA 0.91 0.89 0.89 0.97 0.80
OA 0.91

Kappa 0.89
HDNV: High-Density Natural Vegetation; MDNV: Medium-Density Natural Vegetation; LDNV: Low-Density
Natural Vegetation; OR: Open and Rocky Areas; AA: Agricultural Area, OA: Overall Accuracy, PA: Producer’s
Accuracy, UA: User’s Accuracy.

Table A3. RF models accuracy setting different values on “ntrees” parameter.

50 m 250 m 500 m
ntrees R2 (OOB) R2 (NOT OOB) R2 (OOB) R2 (NOT OOB) R2 (OOB) R2 (NOT OOB)

100 83.43% 92.86% 86.97% 95.42% 86.99% 96.84%
200 83.88% 92.88% 87.24% 95.53% 87.09% 97.11%
300 84.04% 92.92% 87.38% 95.69% 87.28% 97.26%
400 84.18% 93.16% 87.45% 95.78% 87.52% 97.49%
500 86.64% 93.45% 87.42% 95.74% 87.64% 97.56%
600 86.47% 93.34% 87.37% 95.67% 87.63% 97.51%
700 86.42% 93.12% 87.26% 95.53% 87.56% 97.42%
800 85.64% 92.83% 87.14% 95.41% 87.37% 97.36%
900 85.51% 92.74% 87.01% 95.39% 87.09% 97.17%
1000 84.98% 92.68% 86.92% 95.22% 87.00% 97.05%

Table A4. Descriptive statistics of the selected two explanatory variables outputting from GRF models.

Min Max Mean SD

50
Cohesion_HDNV 0.00 1.57 0.27 0.24

MESH_HDNV 0.00 1.46 0.24 0.20

250
Contagion 0.02 0.49 0.15 0.07
ED_HDNV 0.00 0.23 0.07 0.04

500
LPI_HDNV 0.00 0.10 0.02 0.02

Cohesion_HDNV 0.00 0.09 0.02 0.02
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Figure A1. Graphs (A–C) are the ES supply maps at 50 m, 250 m, and 500 m scale analysis, respectively.
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