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Emil Crişan
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Forest ecosystems contribute to human wellbeing and the economy through the
complex ecosystem services they provide [1–6]. The sustainable and regular supply of
ecosystem services by forests requires excellent knowledge of the functional and biological
diversity in these complex ecosystems [7–10]. This is related to the management of forests,
which evolves over time in order to face contemporary challenges [11–15]. One of the
major challenges in forest management is the sustainability of the resource itself, while
the challenge for the conservation of biological diversity is to secure a minimum set
of strategically located primary forests in representative areas with high diversity and
endemism [16–21].

This Special Issue contains a total of 18 articles from many different countries, includ-
ing Brazil, Bulgaria, Ecuador, Germany, Malaysia, Peru, Poland, Romania, Slovakia, and
Slovenia situated on three continents (Figure 1).

 

Figure 1. Countries where the research articles were conducted.

These research articles are highly varied and can be classified into eight sub-domains
that are representative of the chosen domain: natural and human disturbances, genetics,
site conditions, tropical forest, peri-urban forest, forest soils, forest reserves, and mountain
ecosystems (Figure 2).
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Figure 2. Research domains.

Ecosystems and individuals or local communities are important aspects in the recent
research conducted to assess such relations and their effects. In this Special Issue, there are
four papers that focus on this research topic.

Peri-urban forests [22–25], like urban forests [20,26–30], play an important role for
urban agglomerations. This theme is highlighted in this Special Issue via the analysis of
tree species, the position and shapes of trees, and the biometric characteristics of trees
(diameter at breast height). The results indicate that the stand will be highly stable for
future generations, meaning that the human–nature interactions, such as recreational and
outdoor activities, are secure.

In addition to its relation to human activities, the main objective of ecotourism, i.e.,
ecological tourism [31–33], is to promote sustainable development by visiting natural en-
vironments to minimize the negative impact of traditional tourist activities and support
the conservation efforts of those regions [34–37]. The second paper in this sub-domain
discusses the how local communities can use such knowledge related to plant diversity
and cultural–archaeological offerings. The authors of this study conducted a survey which
detected 384 species of vascular plants with 220 genera and 69 families, the main pro-
portion of which comprised Asteraceae, Poaceae, and Fabaceae. Through applying methods
centered around biological, ecosystem, and cultural values, this study revealed the potential
mitigation measures that local authorities should implement.

A paper in this sub-domain [38] investigated an urbanization gradient of a tropical city
where 96 woody plant species belonging to 71 genera and 42 families were present in the
research area. This study reports remarkable results that emphasize that when urbanization
spread from wildland areas to suburban areas, a 67.6% reduction in the native species took
place, whereas the non-native species remained stable.

The last paper in this sub-domain also focuses on human factors through describing
the perceptions of local inhabitants on the used land management systems in the rainforest
of Ecuador [39]. In this study, natural forests were the most positively rated type of forest,
while the managed ones were the least positively rated, revealing an important trend
among the participants, and human intervention was not the foremost landscape-related
factor affecting this perception.

Also, research papers concerning management, non-management practices, tree
growth, or disturbances that may occur have made an important contribution to the
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understanding of such practices [40–43]. Five papers in this Special Issues address these
topics through collecting data from various forests, from the Amazon area to European
forests. The first of these papers deals with the effects of management abandonment on
vegetation dynamics in a non-native Douglas fir forest in Germany. It is worth noting
that such analyses are of great importance to understand the impact of some non-native
species on biodiversity. This paper’s survey showed consistent development after man-
agement abandonment while also showing that the species became less diverse and more
shade-tolerant.

In addition to human intervention in the context of forests, natural phenomena can
also have important impacts, as noted by the authors of [44] in their analysis of species
turnover. For this paper, five plots and one control plot were analyzed in the southern part
of Slovenia. The total number of species recorded in the gaps was 184, with the highest
number (106) being recorded for the largest forest gap and 58 species being recorded for the
control one. Based on their findings, the authors determined that a forest gap represents a
significant habitat patch, especially for plant species which were not present there before.

Economical aspects are also import in a forestry system [45–47]. The third paper
in this sub-domain proposes a silvicultural management system that has the potential
to recover and improve the productivity of an intensively logged tropical forest due to
the fact that the applied management techniques are intended for natural forests. The
targeted area spanned 535.6 ha (selected trees with dbh ≥ 25), and two treatments were
designed. Applying the harvesting criteria resulted in a positive cost–benefit ratio, which
was superior to the control treatment in all scenarios. This can favor the maintenance of
biodiversity, promote the expansion of populations of low density species, and improve
the quality of forests.

The fourth paper in this sub-domain documents the impact that forest management can
have on the germination and growth [48] of seeds and seedlings from different geographic
provenances rich in Robinia pseudoacacia. In total, eight Romanian provenances were selected
for the study. The researchers applied water-soaked seeds and heat/cold treatment on one
side and sulfuric acid on the other side. The results highlighted that one provenance (Satu
Mare) had the lowest germination with both treatments, while the highest germination
occurred in the Bihor provenance (68.2%). Such aspects are of great importance to forest
managers, as they can help inform their decisions to ensure they apply the correct method
when preparing new seedlings.

The last paper in this sub-domain focuses on examining black locust (Robinia pseu-
doacacia L.) from a silvicultural point of view; for this study, the authors conducted a
literature review [49] with special emphasis on Romania wherein aspects such as species
propagation, stand management, and vulnerability issues were covered and addressed
to highlight the knowledge accumulated by Romanian foresters and researchers. Aspects
such as ecological adaptability, CO2 sequestration, and biomass yield are highlighted as
positive, while short lifespan, invasiveness, and even dieback in drought were listed as
negative aspects. However, aspects such as genetics, invasive potential, and adaptation to
climate change require more research.

Also, another paper in this Special Issue analyzes harvesting operations and their
outcomes from a practical point of view [50]. Damage and tolerability thresholds for the
remaining trees was established for specific stands from southwest Romania. It has been
well documented that damages to remnant trees will cause health deterioration and rot
development. Equations were created to determine the tolerance threshold, and record
values of 0.09 for thinning, cuttings, and final cuttings from shelterwood were obtained;
a final value of 0.10 was obtained for the first intervention cuttings, as well as for the
preparatory and seed cuttings.

Trees can be affected by biotic factors that can harm the health and productivity
of certain species. In order to fight the effects of such aspects, certain genotypes can
be selected [51–53] over time to improve the presence of the species. In another study,
Ophiostoma novo-ulmi in Romania after 1990 was extensively studied for three years through
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conducting tests on Ulmus minor, Ulmus glabra, and Ulmus laevis in 38 provenances. The
authors of this study artificially inoculated a local strain of O. novo-ulmi to observe the
outcomes. New observations materialized after almost 30 years, and a new hybrid form
was identified between O. novo-ulmi ssp. americana x O. novo-ulmi ssp. novo-ulmi. Of the
three elm species, European white elm showed a constant tolerance to the disease, while
Wych elm was extremely sensitive to it.

Three papers in this Special Issue analyze soil aspects. The first paper focused on
microbial abundance in post-bauxite mining land [54]. Mining activities leave a footprint
on the environment for decades; even though restorative measures can be taken, they
require a great amount of energy consumption. Soils are a reservoir for bacteria, and in this
study, the bacterial potential was calculated by using the bacterial soil quality index (BSQI),
while the Shannon diversity index and the Jaccard distance was used to show the level of
bacterial diversity for the two studied plots. The results of this study are promising; the
chemical and microbiological parameters determined in the adjacent area indicated similar
soil conditions to the site that had been ecologically reconstructed 15 years earlier.

Even though no anthropic activities were observed, importantly, the authors of [55]
researched the changes made to the soil microbiota by planting different tree species. The
analyses took place in central Slovakia. The researchers created special areas wherein
pasture land was afforested to observe the possible changes in soil properties that took
place after decades to gain insights into the relation between soil and trees. After applying
multivariate physico-chemical analyses to the soil, there was an overlap in terms of soil
between Douglas fir and spruce areas but a clear separation of beech from sycamore. It is
notable that microbial activity and diversity were highest under Douglas fir, followed by
sycamore, with the beech and spruce having the lowest values.

Relief and soils were the focus of the last article from this sub-section [56], in which en-
vironmental and stand conditions were analyzed for silver fir (Abies alba Mill.). The database
used in this study consisted of 77,251 stands covering an area of 211,954 ha. Data were
computed by using MATLAB scripts (The MathWorks Inc. (2022)); eight factors—altitude,
field aspect, field slope, soil type, participation percentage, road distance, structure, and
consistency—were processed. It is well known that forest owners and managers wish to
maximize the potential of afforested areas. This study revealed that the highest silver fir
productivity is found at altitudes of up to 1200 m, on mid and upper slopes, on NW field
aspects, and on eutric cambisols and dystric cambisols, with a 10–20% participation in
stand composition among relatively even aged, fully consistent stands.

The environmental conditions in the tropical rain forest are studied in one paper in this
Special Issue. In this specific paper, a non-metric multidimensional analyses was conducted
to determine the correlation between plot altitude and stand characteristics. Support was
provided by the Biological Reserve of San Francisco, and a 13 ha area was monitored. By
using statistical methods like CCA (canonical correspondence analysis) and “Four Corners”
analysis, the hypothesis that altitude and some stand characteristics are the key factors for
the formation of the two studied forest types were validated.

Elsewhere in this Special Issue, climate change aspects were analyzed in the Rila
Mountain, Bulgaria, with the help of modern technologies such as remote sensing vegeta-
tion indices from a period spanning 42 years, Copernicus High-Resolution Layer products,
and climate change reanalysis data from a period spanning 40 years. A series of trends
in ecosystem extent and functioning were found, and new candidate indicators that are
suitable for the remote monitoring of climate change effects were defined. Climate change
is an important topic as its effects affect both communities and nature.

The final two papers in this Special Issue deal with genetics, analyzing in depth
information that normally cannot be perceived by the human eye.

Conservation can ensure the timely propagation of tree species, and the authors of the
penultimate paper in this Special Issue observed genetic processes in the largest national
forest park in Poland. The focus of this study was the core mother pine stand from the
protected area, with its progeny generation occurring on the basis of its chloroplast DNA
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(cpDNA). The degree of variations observed declined by generation, with the results
showing that the significant genetic diversity of the studied stands was found to be reduced
over the course of generations.

The authors of the final paper in this Special Issue utilized noninvasive genetic mon-
itoring, sampling, and collection techniques to achieve desirable results. They reviewed
148 genetic research papers that had specific content pertinent to the geographic region. In
North America, hair samples were collected in favor of feces, while in Europe, both types of
samples are recommended, though there is more focus on feces. Also, methods like Isohelix
can be applied on a national level, while in the field, trained dogs for feces detection could
be used, along with specialized personnel during the autumn and winter periods. Due
to the field’s difficulties in obtaining these samples, the large-scale noninvasive genetic
monitoring of large bear populations represents a challenge; however, if this challenge
can be alleviated valuable insights into biodiversity monitoring and climate change could
be gained.

The papers contained in this Special Issue address many research topics, from the
bacterial world to trees, animals, communities, and climate change. Even though we
may initially think that some research topics are not linked to each other, as is the case in
nature, everything is connected. For example, by understanding genetics, we can apply
valid conservation methods and promote and preserve genetic heritage; by improving the
awareness of local authorities, sustainable management can be applied; by understanding
diseases, we can mitigate their effects; by understanding what is in the Earth’s soils, we
can draw correlations regarding above-ground vegetation. The main goal of all of these
research endeavors is to promote the understanding and wellbeing of the ecosystem.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Genetic monitoring has proven helpful in estimating species presence and abundance, and
detecting trends in genetic diversity, to be incorporated in providing data and recommendations
to management authorities for action and policy development. We reviewed 148 genetics research
papers conducted on the bear species worldwide retrieved from Web of Science, SCOPUS, and Google
Scholar. This review aims to reveal sampling methodology and data collection instructions, and
to unveil innovative noninvasively genetic monitoring techniques that may be integrated into the
genetic monitoring of a large bear population. In North American studies, hair samples were collected
more often than faeces, whereas in Europe, both faeces and hair samples surveys are recommended,
usually focusing on faeces. The use of the Isohelix sample collection method, previously tested locally
and, if suitable, applied at the national level, could generate numerous advantages by reducing
shortcomings. Additionally, dogs trained for faeces sampling could be used in parallel with hunting
managers, foresters, and volunteers for sample collection organised during autumn and winter. It
was stated that this is the best period in terms of cost-efficiency and high quality of the gathered
samples. We conclude that large-scale noninvasive genetic monitoring of a large bear population
represents a challenge; nevertheless, it provides valuable insights for biodiversity monitoring and
actions to respond to climate change.

Keywords: noninvasive genetic sampling; brown bear; management plan

1. Introduction

Some anthropogenic activities harm the environment [1,2]; however, reducing these
disturbances in human-dominated landscapes is a challenge for humanity [2]. The negative
impact on the environment can be easily observed in the species’ biodiversity, which is also
negatively impacted [3]. Species loss due to human impact is documented in various studies
and books [3–6]. Biodiversity is also correlated to climatic changes [7,8]. The challenge of
predicting the complex action of climate evolution makes biodiversity conservation even
more difficult [8]. However various models have been developed to predict changes in
climate [8,9]; therefore, diminishing potential climate change impacts on species loss is
possible [10–12].

Wildlife populations are disturbed in various ways by humanised landscapes, through
poaching [13], habitats’ alteration under different climatic [7] and vegetation type con-
ditions [14], loss of habitats [3,15], and gene flow limitation, thus reducing landscape
connectivity [16–18]. The consequences following these threats affect the survival of
wildlife populations [19–21]. At the same time, there is a clear need for considering climate
change adaptation and long-term sustainability that is well anchored in very effective
policies [22,23]. Wildlife conservation is closely related to population management [24],

Diversity 2022, 14, 121. https://doi.org/10.3390/d14020121 https://www.mdpi.com/journal/diversity
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and appropriate management of wildlife populations implies constant species monitor-
ing [25] and conservation measures specific to targeted species, or, even more specifically,
sex-biased conservation measures, if needed [26]. However, genetic monitoring has played
a significant role in the conservation and management of species, and the understanding of
their ecology [27,28].

Most of the worldwide genetic studies related to bear species are mainly targeted at
the regional level. Previous studies, such as in North America, Scandinavia, and the Life
DINALP BEAR project (across Croatia, Slovenia, Austria, and Italy), delivered valuable
information from comprehensive genetic studies, including interconnected transboundary
bears’ populations. Therefore, the conservation actions should consider the particularities
of species conservation statuses at each country level, with a high focus on the shared
transboundary populations [29]. Moreover, the periodic monitoring of threatened large
carnivores’ populations reveals changes in population conservation status, documented
in the European Habitats Directive Annexes 92/43/EEC [30,31]. Genetic methods used
for population size estimation and population monitoring are essential for the effective
long-term management of wildlife populations [28]. Consequently, each country should
allocate resources for establishing permanent genetic monitoring programs [32]. Accurate
monitoring efforts of the large carnivores usually require high costs [33–37]. These are also
difficult to conduct for wide-ranging species [38], especially because the individuals have
greater ecological importance than economic importance [39].

Ursids are of great importance worldwide; however, in addition to their charisma [40],
the bear has an ecological and economic value in its habitats [39,41,42]. The brown bear
(Ursus arctos) has the widest distribution worldwide; it ranges from North America to
Eurasia [41]. The species is known for its opportunistic behaviour regarding diet [43].
However, the intraspecific competition for food can be high [44], even if their diet is
omnivorous [43,45]. Some of the populations, depending on the living area, have a great
preference for plants and a low interest in a carnivorous diet [45]. Interesting facts have been
concluded following this behaviour, such as the bears becoming more aggressive towards
humans due to higher intraspecific predation [44]. For some studied bears, the feeding
locations during the hyperphagia period impacted the selection of their den locations
during winter [46].

The brown bear is listed for protection and conservation by several international
acts and regulations (Bern Convention, Washington Convention on International Trade
in Endangered Species of Wild Fauna and Flora) [41]. Large carnivores, including brown
bears, have high priority in conservation across the European continent [47]; the species
was declared to have a community interest that needs high protection (it was included in
Annex IV of the Habitats Directive), so that the bear population conservation required a
declaration of SAC within the Natura 2000 network (Annex II of the Habitats Directive) [48].
Therefore, conservation efforts were considered when bear hunting was banned for some
states [49], better-quality habitats were modelled [50], and reintroduction actions of brown
bears in specific ecosystems were accomplished [51].

Twenty-two European countries share ten brown bear populations with a permanent
species presence, mostly native [47]. The Carpathian population is shared between the
Czech Republic, Slovakia, Eastern Serbia, Romania, Ukraine, and Poland [52]. The roaming
of individuals between these countries is facilitated by favourable and untouched habi-
tats, the lowest fragmentation rate in Europe, and primarily by the high rate of human
acceptance [52].

In Romania, this apex predator population registers approximately 6000 individu-
als [53], and human–bear conflict across the country has continuously increased in recent
years (according to the A2 action in the frame of the LIFE FOR BEAR). The National Action
Plan (NAP) (http://www.forbear.icaswildlife.ro/wp-content/uploads/2018/05/plan.pdf
last accessed on the 21 December 2021) was approved in 2018 and establishes the main
direction for species management and preservation of the favourable conservation status as
defined by the last report to the European Commission under Article 17 of the Habitat Direc-
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tive (https://ec.europa.eu/environment/nature/knowledge/rep_habitats/index_en.htm
last accessed on the 19 December 2021). Proper implementation of the NAP requires
rigorous monitoring of the population in Romania, as part of the intensive population
monitoring objective. However, by analysing the relative strengths and weaknesses of
different monitoring field methods, noninvasive genetics could contribute in choosing the
optimal strategy and the more efficient allocation of resources for monitoring the Roma-
nian brown bear population [27]. In this way, the human errors when collecting genetic
samples (faeces and hair samples) will be reduced to the minimum. At the same time,
proper genetic methods will deliver useful biological information, such as that regarding
genetic diversity, demography, population bottlenecks, inbreeding, gene flow, or isolated
populations [27,53–55]. Moreover, a well-established noninvasive genetic monitoring pro-
gramme will improve data and information about the bear population’s evolutionary
history, connectivity, and genetic health [56].

Consequently, this research review aims to provide: (1) relevant insights to develop
and improve the methodology for organising the sampling in the Romanian brown bear
population, which may lead to a successful research development, with promising results
enhancing the institutional (National Institute for Research and Development in Forestry
Marin Dracea) and national capacity (Ministry of Environment, Water and Forests); (2) to
build upon clear instructions for rigorous training concerning the methodology and instruc-
tions for data collection; and (3) to unveil innovative noninvasive better-adapted genetic
monitoring techniques. These objectives will contribute to establishing the noninvasive
genetic monitoring method that best fits the Romanian brown bear population. Moreover,
our approach will impact on future management actions taken for the bear population, and
thus increase the degree of conservation of the brown bear population in Romania.

2. Materials and Methods

This research was conducted following the guidelines provided by the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses (PRSIMA) (Figure 1). Two of
the most popular scientific databases—Web of Science and SCOPUS [57]—were used for
identifying relevant scientific literature. Moreover, the web-based database Google Scholar
was used, achieving good results in combination with the Web of Science database [58]. All
three authors searched within the mentioned databases using the keyword searches “nonin-
vasive” AND “genetic” AND “bear”/”brown bear”. Sometimes, the country was specified as a
keyword to receive the necessary results from the searched databases. The authors worked
independently and shared their results periodically. The ending date for the search was
December 2021.

The first assessment was performed to determine whether to include the records in this
review. Therefore, before screening the full text, the studies considered appropriate were
selected by (1) title, (2) abstract, and (3) keywords. As the first exclusion, documents from
the results that were not on bear species or within the objective of this review were excluded.
The grey literature was not an exclusion criterion, even if peer-reviewed literature was
preferred; hence, reports following national bear projects, guidelines for noninvasive genetic
methods, and national management action plans for bear populations were considered
important for this literature review (Table 1).

Table 1. The categories of the reviewed literature related to noninvasive genetics on bear populations.

Category Peer-Reviewed Guidelines Reports Action Plans

N 140 3 3 2

Total 148
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Figure 1. PRISMA literature search flow diagram. The number of works (n) screened, included and
excluded in our review are identified at each step of the process.

In the second step, we applied the inclusion/exclusion criteria. The inclusion criteria
were (a) studies focused on noninvasive genetic sampling methods, which include sampling
detailing, samples’ collection and storage, and quality assessment of the sample; (b) efficacy
of noninvasive genetic sampling (cost and resources effectiveness); (c) research performed
on bear populations across the world; (d) studies published in English (from Europe,
North America, and Asia); (e) studies that had significant results/recommendations for
developing a good workflow for future research. The exclusion criteria were: (A) studies
in fields other than wildlife research; (B) studies that only contained recommendations
regarding the laboratory work; (C) studies that used the same datasets and had no new
information about the noninvasive genetic sampling; (D) studies that only analysed samples
collected invasively.

Although documents from the first results that were not on bear species or within the
objective of this review were excluded, 6 of the included studies addressed other species
and obtained promising results that we assumed we could adapt to our species of interest.
Moreover, a total of 9 studies included in this review used the same samples’ database
(partially or completely) from another research.

This review encompasses significant information about sampling and sample collec-
tion methods used by authors in their studies to monitor bear populations with noninvasive
genetics. Additionally of interest were the studies that assessed the quality of the collected
samples depending on the bears’ diet, the location of the collected samples, the weather
conditions when the samples were collected, human error, and other factors [59]. From
all the studies identified as appropriate for the review, data were extracted as follows: (1)
sampling scheme, including location and bear population type/size, (2) data collection and
storage, and (3) significant results and recommendations. Thereby, most of the topic-specific
studies should be covered by the chosen web-based databases.
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3. Results

Using the three databases, 35,802 papers (peer-reviewed and grey literature) were
retrieved, from which 247 were considered relevant for full text screening according to
the first exclusion step (Figure 1). Table 1 shows the quantity of the scientific literature
according to its classification, based on the inclusion/exclusion criteria after completing
the second step, namely, the screening. Finally, the present review consisted of 148 relevant
studies, of which the majority are peer-reviewed articles (n = 137), with the remainder
being grey literature (three guidelines, three reviews, three reports, and two national
action plans).

The final database on the noninvasive genetic sampling (nNGS) of different bear
populations worldwide is represented in Figure 2. It includes Europe (Cantabrian, Pyre-
nees, Apennine, Dinaric—Pindos, East Balkan, Carpathian, and Scandinavian brown bear
populations), North America (black bear and grizzly brown bear populations), and Asia
(brown bear and Asiatic black bear populations, Malayan sun bear, and Gobi bear).

Figure 2. Locations referred to in the retrieved literature.

3.1. Sampling Scheme Including Location and Bear Population Size

The genetic sampling scheme is one of the preliminary stages when conducting genetic
research and monitoring [60]. Pilot studies are recommended for establishing the proper
sampling strategy (including sampling scheme, timespan between investigations, trap
spacing, and subsampling, if necessary) [61]. Table 2 reveals essential information of the
evaluated studies worldwide related to the nNGS of the bear population. It includes the
sampling scheme used by the authors, the type and number of samples that were analysed,
the bear population, and the location of the study.
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The samples used for the genetic analyses were mainly faeces (scat samples) and hair
samples collected with different hair traps (further information is presented in Section 3.2).
Sometimes, to improve the data collection, samples from accidentally killed bears were also
included [72]. Moreover, in the regions where bears were hunted, most studies included
tissue samples, typically in Northern Europe [38,62,67,112] and North America [104]. Tissue
samples collected from GPS-collared bears and from legally killed individuals following a
derogation have also been used in Bulgaria [79].

The sampling methods were correlated to the size of the bear population, the objectives
of the study, and the expected results. Both opportunistic and systematic samplings were
used in the literature listed in Table 2 (in 57 peer-reviewed research studies).

The studies covering large areas with large bear populations generally adopted the
systematic sampling scheme in combination with other sample-collection methods to en-
large the capture probability, as was the case of the Northern Europe population [62,69], the
Dinaric—Pindos population, including the transboundary population [71], the Carpathian
population [113], and the North America bear populations [36,91,104].

Specific regions where bears usually live were opportunistically surveyed [62,66,77],
but not as a single sampling scheme, mainly for the small bear populations. In this sit-
uation, the samples can be dispersed across the range, and sample collection may be
challenging [86,88,114,115] The research from Italy on a sized population using various
monitoring methods has proven that not a single scheme has managed to identify all the
individuals. The sampling methods combined several techniques, namely, hair trapping,
opportunistic collection of faeces and hair samples, and the transect method. In addi-
tion, this study (Table 2) suggested that opportunistic samples are usually helpful when
gathering evidence following bear damage [33]. In addition, samples gathered through
opportunistic methods usually had lower genotyping success than the samples from hair
traps [51].

Sampling a large bear population is challenging; the number of the collected samples
has a significant impact on the quality of the study [68]. The large population implies many
samples need to be collected and many resources are required. Data collection is critical,
and a highly intensive noninvasive genetic sampling can provide good results for large
bear populations, as was previously successfully conducted in LIFE DINALP BEAR, in
which the target of 3000 samples was exceeded by over 56%, and samples were collected
with “good temporal and spatial coverage” [71]. In another study (sampling in November–
December 2017), 128 bear faeces samples were collected from the eastern part of the small
Cantabrian bear population using 25 km2 plots. As a result of the sampling of 624.5 km of
transects and 151 collected samples (faeces and hair), a minimum of 33 individual bears
were identified [31].

Generally, known areas with permanent bear presence have been sampled using equal
grids [31,36,86,91,100] or by having the entire range surveyed [65,71,88,104]. The grids
can be geographically biased, e.g., Bulgaria, where they were unequally scattered in the
targeted mountain regions with a bear presence [79]. Sometimes the sporadic presence of
bears was also targeted [72]. Furthermore, areas where bears were known not to exist were
included in the sampling scheme in Sweden [69].

When sampling, it is essential to consider the bear behaviour, particularly when
hair collection is the goal of the sampling scheme, and the method includes natural
rubs [78,81,83,85]. Usually, when sampling for hair collection, the area was divided into
grids so that at least one hair trap was placed in an established grid [33,62,78,81,86,116].
The fixed points were specific for hair-collection methods, while hair samples were also op-
portunistically collected from areas with bear frequency, such as certain power poles used
for rubbing [83–85,117], rub trees [78], or buckthorn patches during the berries ripening
season [86].

In North America, hair samples were collected more often than faeces, whereas in
Europe, the surveys generally included both faeces and hair samples, especially when
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monitoring rare and elusive species [118]. Some authors even recommended using both
types of samples for accurate results following the monitoring of a bear population [113].

Choosing the best sampling scheme is essential; therefore, combining more types
of sampling may lead to identifying more individuals or improving the capture mark
recapture (CMR) results and resolution.

3.2. Samples’ Collection and Storage

Samples’ collection and storage significantly influence the genetic analyses’ results, in
addition to the sampling scheme. A suitable protocol requires a low human error; thereby,
it may contribute to accurate DNA extraction and consequently to high qualitative study
results [93].

The samples’ collection can be conducted by people with different backgrounds as
long as they follow a well-established set of instructions. Therefore, pre-season training
for the personnel is needed, along with regular updates on results [33,59,71]. In Swe-
den, for instance, one monitoring technique collected samples opportunistically by moose
hunters together with volunteers and personnel from the Scandinavian Brown Bear Re-
search Project [69]. Data collection using volunteers in the framework of bear monitoring
programmes has been successfully implemented in other studies [55,69,71,73]. A clear
advantage is to monitor the sampling effort in real time by plotting samples on maps;
in this way, the “blank areas” are avoided, and forces can be concentrated in particular
areas [71].

The number of collected samples plays a significant role, and it is recommended to
establish the number of samples to be collected (faeces and/or hair samples) from the
beginning. However, 2.5–3 times more scat samples should be collected relative to the
number of assumed bear individuals from the study area because it is supposed that 20–30%
of the samples will not be genotyped [68].

Regarding the samples’ labelling, most of the studies included the geographic location
and additional data about the sample registered from the field, while several studies used
georeferenced samples [31], including location and date [69,81]. Additionally, the name of
the team/person who collected the sample can be recorded [69] to monitor the operators’
work. Thereby, remarks can be made, if necessary, which will address the specific issue the
operator is facing; thus, human errors may decrease, resulting in a more qualitative study
with reduced costs.

As mentioned previously, the sample type (faeces or hair samples) determines the
protocol for a noninvasive sample collection from the field. The following subsections
present recommendations and relevant remarks for collecting bear faeces and hair samples
retrieved from the reviewed articles.

3.2.1. Faeces Collection

First, the age of each faeces sample must be approximated according to the specific
smell, visual appearance, and presence of mucous and insect larvae to decide if the sample
should be gathered. According to other similar studies, subjective age estimation must
be considered for the success of DNA genotyping [59,97,107,113]. Usually, it is suggested
not to collect scat samples older than five days because the chances of being properly
genotyped are small in a sample of this age [59]. Moreover, the sampling season increases
the effectiveness of future noninvasive genetic studies on European bear populations if this
is planned correctly [59]. In addition, laboratory costs may also be lower if only higher-
quality DNA samples are genotyped, which usually means faeces collected during the
autumn period [33].

Approximately 1 cm3 of scat sample [90,119] was collected with a wood stick [107]
and stored in a collection tube/bag [69] in most of the reviewed studies. According to the
instructions, the scat sample should be collected from the outer layer (no ground contact)
and not from the scat top because the DNA from there could have been washed by rain [59].
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In many cases, the sample was collected in solutions with different percentages of
ethanol [89,120], from 95% [33,68,90,107] to 96% [31,59,79]. Similarly, it is recommended to
use a scat-detection dog, as the mean number of bear scats collected per year may increase
significantly; for instance, in the study from the French Pyrenees it was four times higher,
and the costs were much lower, because of the validation of the bear scat. The dog also
managed to detect the bear cub scats, which are the most difficult to collect by humans
because they can be easily confused with faeces from other species. Moreover, a better
understanding of the bear’s diet is possible using this method. Human-only teams collected
337 scat samples, and the trained dog indicated 239 of them; however, using trained dogs
is also cost-effective [90,121].

Another innovative method for faeces collection was revealed in elephant monitoring
from Africa, whereby a swab to collect the sample was used [122]. This swab was initially
used for collecting saliva samples [123]. The swab was used to scrub the entire surface of
the dung pile without touching the ground and the sample was stored in a lysis buffer
(Isohelix), in a 2 mL Eppendorf safe-lock tube. This nNGS collection method was efficiently
used for elephant monitoring in Gabon, Central Africa, and may be feasible for European
brown bear population monitoring. The swab method provides several advantages: the
storage tube is smaller and safer than the classic 50 mL tube, the operator error decreases
in this case, and the samples may be stored at ambient temperature for 1–4 weeks. A
limitation of this practice is that the scat sample is preferably fresh in the field [124] (not
older than 3 days) or at least in good condition. Moreover, it should be taken into account
that this method does not fit every bear population, regardless of its size, because finding
fresh faeces samples in a low-density bear population is difficult [125].

Similarly, in another study from Oman and the United Arab Emirates, a combination
of the Isohelix DNA Isolation Kit (provided by Cell Projects Ltd., Harrietsham, Kent, UK)
and the QIAamp DNA Stool Mini Kit (provided by Qiagen Ltd., Germantown, MD, USA)
was used for faeces collection and DNA extraction from the endangered Arabian tahr [126].
During the research on phylogenetic evidence for the ancient Himalayan wolf, the wolf
scat samples were swabbed and stored in Isohelix solution [124]. The swabbing technique
provided a higher quality of DNA concentration following the extraction [122].

Following the evaluated studies, some recommendations for faeces collection can be
made. The sampling period has a significant impact on the results [68]; thus, it should be
chosen accordingly. Therefore, it is recommended to sample bears during autumn and
winter because these seasons overlap with the hyperphagia behaviour and it does not
interfere with the cubs’ period (April–June) [31,127]. Hence, in this period, the number of
samples may increase significantly.

In addition to the sampling month, the bear’s diet can negatively influence genetic
scat analyses. For instance, scats with beech nuts have a high genotyping success rate, but
scat age estimates may bias this because faeces with beech nut content may look older than
they are [59]. Several studies suggest that plants in the bear diet will affect DNA extraction
and inhibit PCR reactions [63,128]. However, other studies obtained acceptable results from
faeces samples composed predominantly of plants [107,125].

In addition, rainfall and sunlight exposure were considered other factors of DNA
degradation [59,129,130]. However, if the scats are exposed to sunlight and rainfall, they
may look older and be excluded by the sampler, as documented in recent research [59].

3.2.2. Hair Samples Collection

Hair sample collection methods from the reviewed research studies are presented in
this section in terms of the sample characteristics, followed by the description of the collec-
tion and storage techniques. The types of hair traps that may be suitable for monitoring the
Carpathian brown bear are mentioned, along with the recommended sampling periods for
their installation, and the guidance regarding improving the DNA quality.

The hair traps can be baited, or passive (unbaited); further information regarding
the baits and/or lures that can be used as attractants is presented in this chapter [131].
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First, it is also necessary to mention the types of hair traps that are successfully used for
noninvasive samples collection from ursids. Therefore, Table 3 presents the studies in
which several types of hair traps have been used, with their specific characteristics, if they
placed bait/lure, and where the research was conducted.

Table 3. Types of bear hair traps.

Hair Trap Specifications Bait and/or Lure Location Study

Hair corral

At least a single strand
of barbed wire

stretched around 4 or
more trees at 50–55 cm

above ground

yes

Italy, Poland, Malaysia,
Turkey, California,

Michigan, Montana,
Alberta, BC, Quebec

(Canada)

[33,35,36,78,86,94,109,
110,132–134]

Adhesive rub stations
Tree trunk or wooden
blocks wrapped with

duct tape
yes Malaysia [110]

Power poles Covered with barbed
wire yes, not on purpose

Greece, Albania, FYR
Macedonia, Turkey,

Montana
[81–83,85,109,117,135]

Natural rubs (bear rub
trees)

equipped hair snagging
devices (e.g., barbed

wire)
no

Italy, Greece, Bulgaria,
Romania, Poland,

Alberta, Montana, BC,
California, Alaska,
Mongolia, Japan,
Russian Far East,

[37,77,78,108,132,133,
135,136]

Path traps

Barbed wire installed
across known bear
travel routes or at

feeding routes

no Italy, Poland, Alaska,
Yellowstone Lake, [37,77–79,108,133]

Modified hair snares

Barbed wire
constructed in such
way, that allows the
bear to escape but
keeps hair samples

while doing it, and it
disables after the

process

no Southeast Alaska [97]

There are different types of hair traps, and it has been proved that this has a significant
influence on trapping success [78]. The relevant studies are described in Table 3, which
illustrates the type of bear hair traps and the operating procedures from different study
locations. Some studies have used natural rubs, taking advantage of the bears’ natural
behaviour to rub on wooden and/or power poles [81,83–85,117]. The use of power poles
as hair traps is not feasible everywhere, e.g., in Albania; although some of are made of
wood, others are concrete, and bears do not rub on them [85]. In addition, in Turkey, most
of the poles were exposed to sunlight, so that their genotyping success was very low in
comparison to the rub trees [109].

Hair corrals were the most common hair traps, consisting of a single or even double-
strand (designed for cubs [33]) stretched around four or more trees at the height of
50–53 cm [36,37,94] above the ground, enclosing a pile of branches and woody debris
in the centre, frequently with attractants [35,36,78,94,131]. The height of the strand usually
depends on the field personnel who installs it.

These were followed by natural rubs. In Eurasia, it seems that hair traps based on the
rubbing behaviour (the natural rubs) are more effective than corrals [37], in comparison
to North America [78]. Habituation may be a severe issue; therefore, traps’ movement is
recommended (≥1 km) within each sampling grid [37,86] every session or at the middle of
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the sampling session [33]. It is underlined that previously detected bears are likely to be
captured again, lured by the baited station. Moving traps is recommended in other similar
studies [93,101].

Other studies have used path traps. Barbed wire was installed with different methods
in areas where bears were frequently seen (ungulated feeding sites, locations where salmon
aggregates during spawning, known den locations, feeding points). Usually, the locations
of the hair traps were chosen according to the experts’ opinion [36,93] The subjective
sampling increases the capture probability [137]. For instance, in a study in Banff National
Park, these traps were placed 1 km apart in the vicinity of seasonal food sources or known
wildlife paths, far from heavy anthropic areas and tourists’ trails [36]. Being far from
anthropic areas, the chances of the trap being vandalised were minimal [104]. A study
from Poland concluded that the natural rubs had the highest efficiency, followed by smola
tree traps. The path traps were considered to be the most ineffective in this situation [78]
and were recommended to only be used in known important feeding sites, where bears
aggregate [138]. Conversely, these have been successfully used across known spawning
streams in Lake Aleknagik (Alaska). The traps have been placed across salmon spawning
streams where bears tend to agglomerate. In addition, camera traps were installed nearby
to evaluate the bears’ behaviour regarding the passive path traps [116]. Some of the
researchers have used camera traps to assess the bears’ behaviour when reaching the hair
trap to make future remarks and recommendations [78,116], an action that is helpful for
future studies. Unbaited path traps were also installed in Kenai Fjords National Park, in
south-central Alaska, in targeted locations near salmon spawning streams or dense berry
patches. This forces the operator to deploy the traps during specific periods (late July–early
August, to coincide with the berry productivity and salmon runs) [98]. The passive traps
are preferred, especially in CMR studies, because they may increase the sample size without
affecting the species’ behaviour [98,118].

Bear’s attitude regarding the barbed wire was studied, and it was concluded that
female bears accompanied by cubs are shyer when contacting the barbed wire compared
to the males [116,139]. Additionally, single individuals were more intimidated by the
wire than in groups, and cubs were the most curious. However, the percentage of bears
that contacted the wire was still high (80.9%), of which 28 were females and 90 males. In
another study from Alaska, the bears were less reluctant to contact the wire at night (44.9%),
followed by daylight (23.7%), dusk (17.1%), and, finally, dawn (14.3%) [116].

a. Hair clumps: qualitative collection and storage.

Only hair clumps that match the bear hair should be chosen following the sampling.
The operator’s experience is crucial because he must identify the species hair from the
barbed wire. A hair clump is considered a sample worth collecting when it contains a mini-
mum of five underfur hairs on a set of barbs [37,81]. The number of hair follicles from a sam-
ple is usually positively associated with the amplification success [63,69,109,110,117,134].
The bunch of hair from one wire is usually considered an individual [78] and is kept sep-
arate from others [89]. If the operator succeeds in identifying hair clumps from different
individuals, it would be a significant advantage in terms of the costs and quality of the
study. In addition, the contamination of the sample with other DNA (from other individuals
or humans) should be avoided as much as possible [97].

Many studies collected the hair samples with sterilised forceps or latex gloves [33].
These are generally maintained in the dark in paper envelopes [90,97] and, in some situa-
tions, with silica gel packs [37,77,86,109,135,140,141]. In this way, they can be preserved at
room temperature [31,79,109]. Prior to the laboratory analyses, some studies recommend
freezing the hair samples [142]. In Macedonia, the envelopes were placed in Ziplock bags
with silica gel [84], whereas in Slovakia and Italy, the hair material was stored either in
paper envelopes or in 70% [108] or 95% ethanol [54]. In the studies on the Pasvik population
and in Banff National Park, the hair material was stored dry in paper envelopes [36,62];
some were labelled with barcodes [36,100].
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The trap checking interval is crucial for the quality of the collected sample. The hair
traps were visited at least once per month [84], at 14-day intervals [36,37,78], or even as
often as 7 days [61,104,110], to prevent contamination between individuals’ DNA. It is
recommended to have the trap checked once a week, or at least every 14 days [97]. After the
samples’ collection, the barbed wire must be flamed [36,86,100,102,105]. In addition, the
functionality of the trap should also be checked, so that the trap’s effectiveness is high [78].

Concerning the samples’ analysis prioritisation, the hair samples must be examined
as soon as possible due to quick DNA degradation [143]. It should be noted that the hair
samples are sensitive to sunlight and moisture. When wet samples were collected because
of the traps’ location (path traps placed near streams; Table 3), they were dried near a heat
source [97]. This fact was also observed in another study when hair samples from grizzly
and black bears that were not in direct sunlight or exposed to moisture produced high
quality genotypes [135,140].

The bear activity season did not substantially impact the hair-trapping success in
the situation from Poland [78]. However, the laboratory costs may be lower if the hair
sampling period is favourable, and only samples with high-quality DNA are processed,
which usually means hair collected during spring [33].

b. Attractants.

The use of attractants is vital to create effective unnatural hair traps. When surveying
wildlife, bait and lure have different meanings. There are two types of attractants: natural
and unnatural. The first are objects from the habitat which are used by the bear species,
such as the rub trees or snags. The unnatural attractants can be divided into rewarding
attractants, such as bait (any type of food preferred by ursids), and non-rewarding attrac-
tants, such as a scent lure (attractive smells for bears) [131]. There are cases when the bears
are involuntarily attracted to some places that are man-made, such as the wooden power
poles (Table 3) from Greece and FYR Macedonia that were treated with creosote. This was
enough to trigger the bears’ rubbing behaviour [81–84,117]. Equivalent to creosote effects,
the smola trees from Poland have been used due to their effectiveness as hair traps [78].

The sampling plots for the natural traps depend on the most visited sites where the
bears rubbed in the past [81]. The rubbing behaviour is easily observed in the field through
the presence of bites and claw signs [84]. Buckthorn was also used as natural rubs [86],
even if further studies indicate that bears tend to prefer coniferous trees for rubbing, mainly
fir and spruce [78,136,144] with large diameters [78,136,145,146].

For food bait, a mixture of peanut butter and oats or bacon was used [134]. For ursids,
raw chicken, fish (also canned), meat (also rotten), carcasses, honey, fruit jam, maple syrup,
livestock blood, fruits and vegetables, and pastries [105] are recommended to be used as
baits [131].

As scent lures, cattle blood or/and rotten fish may be used. In Poland, ~300 mL of
inedible liquid of cattle blood and rotten fish juice (3:1) was used as a lure [91]. In Italy,
aged cattle blood (~5–6 L) and decomposed fish oil (2:1) were used as a lure placed on
the pile of rotten wood from the centre of a barbed wire encasement (hair corral trap type
from Table 3). The pile was covered with leaves, moss, and other forest debris [86,94,131].
Scents of milk, eggs, canned fish, and food scraps (one month old) were used in another
study as non-rewarding liquid scent lures [37]. Scent lures and food bait were also used
in Michigan’s northern Lower Peninsula study. Cherry syrup and scat from black bear
individuals at a zoo were used as attractants [134]. Another study from North America
used bacon and anise extract to lure bears to the installed hair snares [104].

It is important to replace the bait and refresh lures after the hair sample collection, and
especially after precipitation [37].

c. Effectiveness of hair sampling.

It has been revealed that hair sampling had a higher success (86%) in identifying
individual grizzly bears; the hair samples’ DNA identified nearly two times more unique
bears than the DNA from the scat samples. In addition, gender identification also had
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higher success from hair sampling than scat sampling [91]. Compared to other European
studies (from Italy and Sweden), the scat sampling success was significantly lower in the
present situation [51,91]. However, when studying large bear populations, competition
can also affect the efficiency of hair traps, e.g., the study conducted in Banff National Park
indicates that detection varies between the two studied bear populations (grizzly versus
black bear), whereas differences between genders’ behaviour due to the same variation in
the hair trap type have also been observed [36].

Nevertheless, in the case of the small Apennine bear population, future recommen-
dations include the hair snagging method as a primary sampling method, together with
at least two different secondary types of hair traps [86]. Hair trapping and opportunistic
sampling may provide vital information for the other small bear population from the Italian
Alps, following a two-year pilot study where different methods have been tested [33]. These
two methods are the most feasible and cost-effective for monitoring this bear population;
moreover, it was observed that the hair trapping cost per bear sample may decrease if
sampling occurs from the end of May to mid-August, when capture probability is max-
imised [33,93]. In North America, the standard monitoring method for the grizzly bear
population is hair snag sampling, but faeces sampling is promising [91].

On the contrary, the pilot study conducted in the Southern Carpathians on the large
Romanian bear population recommends that the sampling is focused on faeces collec-
tion in future studies, and that hair samples be considered an alternative [113]. The
limitation of the hair traps in this situation is that they can be male-biased, especially
during the mating season, and this drawback is also revealed in other research studies and
guidelines [37,78,83,100,116,131,147,148].

Regardless of these factors, the capture probability is a limitation when using hair traps.
Almost every reviewed study recommends improving the capture probability [34,61,98] or
also including other sample-collection methods [33,61,77].

4. Noninvasive Genetics in Bear Conservation and Management

Following noninvasive genetic monitoring of the bear populations, valuable findings
can improve management and conservation actions. It was proven that further research on
the Gobi bear and implementation of conservation management actions are necessary, due
to a noninvasive study conducted to determine its status [108].

Genetic analysis always facilitates an appropriately developed management plan [89,104].
It has been proven that a bear population’s genetic structure at a large spatial and tem-
poral scale may be investigated using noninvasively collected genetic data, and even the
future shape of the population can be predicted based on the results following the genetic
study [62,66,149–151]; however, if needed, the restocking demand can be assessed [87].

Particular attention has been drawn to the increasing bear population from Sweden
and its consequences, particularly regarding the coexistence of humans and bears. The
bear population has been monitored, including using noninvasive genetic methods, and
potential upcoming management issues were identified. A solution was found by the
specialists, namely, zoning the targeted areas’ carrying capacity [152].

Following the Slovakian genetic study, the recommendations were that the continu-
ous brown bear habitat must be kept to ensure the genetic diversity of West Carpathian
bears [108]. However, genetic diversity is not the only condition for long-term population
survival. This is also influenced by other factors, such as environment and life history
factors [67].

The nNGS proves the need to study transboundary bear populations to provide
interesting outcomes [64,71,79,84,153,154]. Three individuals’ DNA from FYR Macedonia
was also detected in Greece, and this demonstrates the presence of a single interconnected
population [84]. The research on the Bulgarian bear population revealed that the apparent
mitochondrial lineage separation shows a pattern of male-triggered gene flow. Sample
material from two male bears was found following the noninvasive genetic method in both
Bulgarian regions; hence, this is considered evidence that narrow corridors exist [79,155].
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Female philopatry is demonstrated in this study, as observed in other studies [66,74,79,156].
Dispersal behaviour is mainly exhibited, regardless of sex, due to the increased population
density [95].

However, it is suggested that the increased population size and individuals’ dispersal
do not necessarily imply an increase in the gene flow [65]. The results of an older study
indicated some limitations of gene flow between the population from the eastern and
western part of Northern Europe [62], even if in recent decades the Scandinavian brown
bear population has recovered substantially [65].

Additionally, the results from noninvasive studies may be used as forensic samples.
In Norway, DNA extracted in a research study matched with a bear from an illegal hunting
case, and the outcome of the study was used as evidence in the trial [112].

Most of the genetic studies conducted on brown bear populations from Europe esti-
mated the number of individuals, their density, and sex ratio to reveal the species’ conser-
vation status and distribution [69,81]. Some authors made assumptions and demonstrated
the current need for connectivity between bear populations starting from these indica-
tors [56,64,65,71,76,79,80,84,87,89,107] or the sex-biased philopatry [53,65,74,79,95,156–158].

A total of 10 European studies conducted in Northern Europe were retrieved following
the results of their noninvasive genetic sampling. Sweden and Norway have developed
national bear monitoring plans in which both noninvasive (scats and hairs) and invasive
samples are collected permanently (tissue and/or blood from legally harvested bears) [159].

Usually, CMR estimations are difficult to obtain because of the large sample sizes
needed, especially if there are extensive areas that must be covered [69,160]. The oppor-
tunistic monitoring and the national bear monitoring program provide the management
authorities of Northern Europe with a significant amount of data regarding the Scan-
dinavian bear population [159]. The genetic monitoring programs could include the Y
chromosome, which is essential for male survival [161], e.g., a study from Northern Europe
included the Y-SNP (UAY318.2C839) [67], and this has also been found among the East
European bear population [85]. Other studies included additional samples to increase the
recapture probability (e.g., tissues from legally harvested bears [104]) and build a diverse
dataset. It is acknowledged that bear populations are dynamic, and the “ideal” population
size will change depending on the landscape alteration and human dimension [73]. For
this reason, a permanent, long-term genetic monitoring program is valuable for every state
that hosts a bear population [81,86].

Sustainable genetic monitoring programmes that involve local volunteers are effective.
Some of them were found to be rewarding [42], whereas others were not but were still
successfully accomplished [55,69,71,73,91,117]. It is suggested that the monitoring effort
may increase by having volunteers and standardised data-collection techniques [69,71].
Therefore, the developed database contains essential information that could be, and already
is, used in other research studies [59,64–68,72,112], e.g., two different genetic studies
concluded that, in addition to the small population effects and habitat quality, mortality
thresholds are critical when recovering a large carnivore population [133].

The LIFE DINALP BEAR project provided important outcomes following an exhaus-
tive effort replicated with the help of volunteers. It concluded that the size of the brown bear
population from Slovenia increased 41.3% in the last eight years. A total of 1962 samples (in-
cluding transboundary individuals) were successfully genotyped, resulting in 599 unique
bears (545–655 individuals). A total of 552 participants were involved in this intensive
sampling with a high recapture rate of 69.5% [71]. This study was challenging in terms of
resources, but provided valuable results to be transferred into the species’ management
and conservation and into the noninvasive genetic knowledge.

For nuisance bear identification, saliva samples were collected by swabbing the surface
of a corn-bite sample from a damaged corn field. However, from 99 corn-bite samples,
only 30% contained sufficient DNA, and a minimum number of 21 individuals responsible
for the damage were detected. Consequently, this study from Japan demonstrated that if
agricultural damage samples are collected as quickly as possible, individual bears can be
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identified [111]. Additionally, saliva samples from partially consumed salmon carcasses
were proven to be more cost-effective and have higher quality than the faeces samples in
another study [99].

In addition to the genetic approaches, conventional monitoring techniques are also
recommended to be used. When data are available from telemetry, direct observations,
harvest records, and presence signs, they should be combined with the genetic data to
achieve accurate maps of species distribution and relative local population densities, which
can be further analysed [34,36,65,152]. Another study concluded that noninvasive genetic
sampling and the CMR modelling approach are promising tools when monitoring large
carnivore species at a regional scale [31]. Additionally, in another study it is mentioned
that, currently, traditional monitoring of bear populations is frequently supplemented by
the genetic identification of the species based on samples collected noninvasively [51,162].
Moreover, noninvasively genetic collected data were successfully complemented by the
traditional bear population monitoring in the Cantabrian Mountains, namely, the direct
observation method through counting females with cubs of the year [163].

Very often, it is suggested to use both noninvasive DNA sampling and the photo-
trapping method. If combined with traditional monitoring techniques, the genetic approach
will improve the quality of the population study. Consequently, the noninvasive genetic
approach does not exclusively assess the individual attributes (age, body condition, repro-
duction status, distinct signs) [38]. Moreover, it was concluded that the camera trap was
more likely to detect grizzly bears than the hair trap in the sampling sites where they both
were deployed. The same situation occurred for sun bears, when the camera detected more
visits than the hair trap [110].

Another limitation in noninvasive population evaluation is individual heterogeneity
(IH), which must be carefully considered. This problem can be solved by developing better
laboratory and field protocols. It is even recommended to conduct a pilot study to assess
genotyping error rates [164] and detect IH bias sources in the study area. Biological and
ecological knowledge and information should be included to validate a model [165]. The
use of two capture methods (e.g., hair traps and tissue from hunting individuals) contributes
to minimising the individual capture heterogeneity [104]. Avoiding DNA contamination is
also vital. Maintaining rigorous conduct is very important while manipulating the sample,
beginning with collecting, transporting, storage, and laboratory analysis [70,97,104,106].
For this reason, guidance from similar studies should be considered. In addition to the
quality, the low DNA quantity can negatively influence accurate genetic typing; hence, the
laboratory personnel should be further instructed to be careful about the amount of DNA
extracted from field samples [75].

Noninvasive genetic monitoring requires some resources in the field and the laboratory.
From all the reviewed methods, opportunistic sampling showed lower costs and was less
challenging for a small bear population. During this research, the opportunistic approach
was considered to be the most affordable, at approximately 600 euros per individual [33],
which is higher than the Romanian 2021 minimum wage of about 500 euros. Due to budgets
being constrained in some situations, it is recommended that only high-quality samples are
genotyped [61].

The interpretation of the results after a noninvasive genetic study is essential. The
bear population estimation following the study conducted in Bulgaria was not considered
to be reliable for the decision-making process when discussing management actions. It
was deemed that cubs and individuals from neighbouring countries were included in the
three-year sampling period (e.g., migrants from Greece or other mountainous regions).
Establishing a wide area may achieve more accurate population size estimation and an
improved dataset, including sampling of genetic material, sampling across state bound-
aries [71,84,153], and a standardised capture–recapture design [79]. The importance of
sampling neighbouring countries was also proven in a recent study that underlined the
need to closely monitor the Fennoscandian bear, including a regular sampling of bear
populations from Finland, Sweden, and Norway. The researchers recommended the holis-
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tic approach with a regular sampling of noninvasive genetic material to assess the bear
populations [64].

5. Conclusions

A comprehensive noninvasive genetic study can be developed following this review,
which evaluated former research studies related to the nNGS on bear populations across
the world. The three databases (WoS, SCOPUS and Google Scholar) provided the needed
literature; thus, the 148 screened papers allowed the collation of important information
related to noninvasive sampling schemes, faeces and hair sample collection, and recom-
mendations from the worldwide studies on bear populations. Depending on the size of
the bear population, the location of the study, and the available resources, various sugges-
tions were extracted to enhance the knowledge about noninvasive genetic sampling of the
bear population.

The insights from the peer-reviewed and grey literature cited in this manuscript high-
light that the minimum number of individuals in the Romanian brown bear population
could be estimated through a rigorous genetic study, with considerable efforts and coor-
dination during sampling, and will contribute to the proper implementation of the NAP.
Following this review, the development and improvement of the methodology and instruc-
tions for genetic sampling are achievable; innovative data collection is vital for large bear
population monitoring. The minimum number of individuals and species’ genetic diversity
and evolutionary potential could be effectively assessed through a large-scale noninvasive
genetic monitoring study that embraces large bear habitats. However, this goal represents
a significant challenge.

A number of main ideas to be applied at the national scale can be derived from
this review:

• The Isohelix method to collect the samples needs to be tested in a local study and, if
suitable, applied nationally, by considering the numerous advantages of this method
and the high number of people involved in sample gathering, in addition to the
shortcomings associated with the storage of such large quantities of samples.

• Trained dogs for faeces gathering should be used across the brown bear distribution,
in parallel with hunting managers, foresters, and volunteers.

• Both faeces and hair samples should be collected using the systematic and opportunis-
tic schemes, with a large focus on faeces.

• Samples following damage should be gathered without allowing much time to pass
after the damaging event (these can be used for further forensic analysis).

• Sampling should be organised during autumn and winter because these seasons over-
lap with the hyperphagia behaviour, and it does not interfere with the cub’s period.

Therefore, we advocate the noninvasive genetics approach for the establishment of a
permanent monitoring program with multi-year coverage. This is recommended as the
primary mechanism for better understanding of functional connectivity, gathering species’
presence and abundance, and detecting trends in genetic diversity. These strategies provide
rich information to be incorporated in recommendations to management authorities for
action and policy development, which are crucial for the species survival.
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Abstract: This paper presents a literature review of black locust (Robinia pseudoacacia L.) and the
knowledge accumulated by Romanian foresters and researchers, covering species propagation, stand
management, and vulnerability issues. As highlighted by numerous authors, black locust manifests
dual features, both as an exogenous species and one that is already naturalized. The main drivers for
this species’ expansion in Romania is its ecological adaptability on degraded lands, fast growth, and
high biomass yields, in addition to other economic benefits. Black locust plantations and coppices
also offer an important range of ecosystem services such as CO2 sequestration, landscape reclamation,
fuel wood, or maintaining traditional crafts in regions with little to no forest cover. Highlighted
disadvantages include short lifespan, invasiveness when introduced on fertile sites, and dieback in
drought/frost prone areas. The results of extensive research and studies are captured in technical
norms, although aspects such as species genetics, invasive potential, and adaptation to climate change
dynamics call for more research and optimizing in species management. As Romania rallies its efforts
with those of the international community in order to address climate change and desertification,
black locust stands out as a proven solution for reclaiming degraded lands when native species are
not an alternative.

Keywords: black locust; silviculture; ecology; management; risks; uses; impact

1. Introduction

Black locust (Robinia pseudoacacia L.) is a North American species that was introduced
in Romania around the end of the 17th century [1], and it was first used in large-scale
afforestation of degraded lands in the year 1852 [2]. Due to its remarkable adaptability,
fast growth, and vigorous sprouting capacity, it has become one of the most widely spread
exotic species in Romania [3]. Using black locust for afforestation, Romanian foresters
successfully reclaimed large areas of abandoned agricultural land degraded by “flying
sands” in southwest of the country [4], thus contributing to mitigation of the aridization
phenomena [4].

Driving the extensive use of the species was its durable and versatile wood, much
appreciated by rural communities, complemented with major benefits from crop fields
and settlement protection against wind/sand deflation [5], as well as economically viable
byproducts. In addition to the immediate improvements to local microclimate, afforesta-
tions also contributed to long-term climate change mitigation by sequestering atmospheric
CO2 [6–9] in the carbon pools (living tree biomass, soil organic matter, litter) as well as
downstream wood products (e.g., furniture). Nevertheless, in the past decade, awareness
has been raised towards its invasive potential in protected areas.

The authors aim at highlighting the peculiarities of this species in Romanian forestry
with regard to its ecology and management, but also its economic importance and potential
environmental impact.
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2. Materials and Methods

This work aims for a comprehensive review of Romanian research and studies about
the silviculture, management, and impact of black locust. The literature on the subject was
found by consulting the archive of the National Institute for research and Development
in Forestry “Marin Dracea” (approx. 150 publications), and by using the Google search
engine. The largest pool of publications occurred at a national level between 1950 and
1990, regarding the silviculture and genetics of the species. The literature survey shows a
poor post-1990 focus on this species, with a limited number of papers, especially regarding
management, damaging factors, and risks.

3. Results

3.1. Black Locust in Romania—Areal and Ecological Behavior

Robinia pseudoacacia is a fast-growing species, reaching heights above 30 m and ages in
excess of 100 years, while maturing at early ages of 5–7 years old. It regenerates both from
stump sprouts and root suckers, and it can be easily propagated by cutting or grafting,
although in Romanian forestry natural regeneration from root suckers and plantation of
seedlings are almost exclusively used. It is reported to become invasive if inadequately
planted in sites with high productivity potential [10], but also on poor sites due to its
intolerance to other large tree species, so much that it forms pure stands. Nevertheless,
it was also reported in association with shrubs and a few other compatible tree species
whenever adequate planting schemes are applied [10,11]. Being a sun loving species, it
prefers areas with long summers (mean annual temperatures above 10 ◦C), and annual
rainfall between 400 and 600 mm. According to Ivanschi et al. [12] it grows well on
sandy and sandy loam soils, with loose to lightly compaction, deep, with a medium
humidity regime; conversely, it does not grow/survive on compact soils with calcium
carbonates or soluble salts in top layers of soil or in the case of excess of humidity. Calcium
carbonates (CaCO3) in the top layers of soil (<40 cm) inhibit growth. Due to its nutritional
particularities, it fixes nitrogen (N) in the soil (in symbiosis with N fixing bacteria) but it
also consumes large quantities of soil minerals. It has a hard and durable wood, comparable
with that of oak, which makes it very appreciated by rural populations.

Geographically, black locust stands occupy about 5% of the national forested area
(250,000 ha), concentrated in the southwest, west, and in the east of the country [13].

The largest areas of compact stands and also the most valuable ones are located in the
southwest of the country in the Oltenia region (Figure 1), which was also the location of its
first introduction in Romania. Currently, the species is considered as a sub-spontaneous
one, its range spreading from the plains to the lower mountain regions [3].
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Figure 1. Distribution of black locust stands in the main culture regions of Romania [10].

3.2. Overview of Management Approaches
3.2.1. Forest Regeneration and Establishment of Plantations

Although black locust produces annually a very large number of seeds, because of their
thick tegument, successful natural stand regeneration is missing almost completely [13].
Exceptionally isolated trees can be recognized as being from seeds in very particular
sites, such as upper sides of river banks [14] or at pile burning sites where forest residues
are burned [15]. Therefore, vegetative regeneration of harvested stands by mechanical
stimulation of root sprouting and artificial regeneration by plantation of nursery seedlings
in reforestation and afforestation of non-forest lands are preferred and largely practiced
across the country [2].

3.2.2. Vegetative Regeneration

While the harvesting technique is always clear cutting, stand regeneration occurs via
sprouts on the aboveground part of the stump or suckers by mechanical stimulation of
roots by: (a) ploughing of the soil among the stumps at 20 cm depth; or (b) digging out
the stump together with the roots around it in a radius of 50 cm combined with additional
ploughing. When regeneration targets root-suckers, the sprouts must be removed through
early tending operations, so as to not overwhelm the slow growing root suckers [13]. After
two cycles of vegetative regeneration from sprouts, the stumps weaken and lose their
sprouting capacity (due to fungal impact and soil nutrient depletion); and by the third
generation, the stand’s productivity drops to 40% of that of plantations [16]. That is why,
after a second generation of sprouts, regeneration must be ensured from root-suckers [17].
In any case, after the third generation of vegetative regeneration, all of the stumps must
be removed from the harvested area and further regeneration is ensured via the planting
of seedlings. Recent studies have showed that, after clearcutting and stump removal, the
density of root suckers can reach 50,000 plants per hectare [13].
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3.2.3. Generative Regeneration

The recommended technique for seedling production includes harvesting the seeds
directly from trees (late in the winter or early January) or separated from litter and me-
chanical or chemical ‘forcing’ before sowing next spring. Seedlings are almost without
exception ready for transplantation after one season of growth (e.g., root collar diameter of
4 mm). After a second year in the nursery, they generally surpass the planting dimension
standards which are associated with substantial risk of not surviving summer drought.
Although, for afforestation in such areas, specific standards apply to ensure more robust
plants are used—e.g., root collar diameter of 8 mm [17]. The seeds for nursery production
of seedlings are often collected from seed orchards and have to meet standard requirements
for purity, technical germination, and mass [18].

3.2.4. Afforestation Techniques

According to technical norms in force in Romania [19], afforestation with black locust
is exclusively carried out by planting bare-root seedlings in hand-dug holes. This method
has proved so successful in practice that there has been no more research on other methods,
although associated costs may be prohibitive in an expensive labor market. The literature
states that sowing the previously treated seeds can be used to create black locust stands [13].
Planting can be done both in spring as in autumn. Spring planting ensures adequate
soil humidity (common in upper altitude regions), while planting in autumn (usually in
the southern ad low-altitude regions) ensures root growth over winter and avoids spring
flooding and early droughts [20].

The technical norms state that, in the case of sandy soils or degraded lands, optimum
planting density for black locust is 5000 seedlings per hectare—with 2.0 m of distance
between rows and 1.0 m between seedlings—and the planting pit is 40 cm wide and
40 cm deep. In the case of non-degraded lands, the planting density for black locust is
4000 seedlings per hectare—with 2.0 m of distance between rows and 1.25 m between
seedlings—and the planting pit width, length, and depth is 40 cm. In order to ensure the
highest survival rate, a key technical intervention after planting seedlings is trimming of
their stems 1 cm above the soil before growing season starts [20]. Further on, to ensure
success of plantations, regular maintenance involves gap filling in the first 2–3 years after
planting, if necessary. The survival rate of plantations is checked yearly, with dead seedlings
being replaced until canopy closure (2–4 years).

3.2.5. Tending Operations

Being a fast-growing species, canopy closure takes place early (1–3 years following
planting), therefore tending operations (especially cleaning and thinning) need to be made
at shorter periods of time (3–5 years) depending on the tree origin (seedlings or root-suckers)
and density of the stand. Periodicity of tendings varies in function of stand development
(size of trees) and influences its productivity (stand density influences the rate of growth)
as well as its protective function, in which case higher stand densities are preferable only
on degraded lands due to the slenderness coefficient [17].

Research and experiments have allowed development of technical norms to guide
forest operations according to site features (Table 1). First cleaning should be applied
starting at 3–5 years for normal sites and, slightly later, 4–7 years (depending on site
density) in the case of plantations on degraded sites.

The second intervention should occur after 3–5 years. Adequate results will be ob-
tained when thinning operations are performed before stands reach an average diameter of
about 20 cm (e.g., around 8–10 years old stands), and then this process is repeated every
4–6 years [21]. Intensity of tending operations (% of extracted trees), and especially that
of thinning, plays an important role in the stand’s further development with respect to
growth and wood quality. Experimenting on the effects of type and intensity of thinning,
Armasescu et al. [22] concluded that black locust reacts to thinning even at ages > 20;
natural self-thinning continues after thinning operations; classical thinning (low and high)
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does not lead to significant increase in total stand volume. The study also showed that very
intensive thinning (>35% of total volume extracted) that lowers the stand density index
below 0.8 actually leads to a decrease in stand production of up to 10%, in comparison to
moderate thinning (25–30% of total volume extracted from all Kraft categories across the
entire stand) which leads to an increase in stand productivity of up to 25%.

Table 1. Tending operations for black locust stands on degraded lands [20].

Tending Operation
Characteristics
Depending on
Stand Density

Normal Tending Operations
(Trees x ha−1)

Delayed Tending Operations
(Trees x ha−1)

>5000 Trees x ha−1

Age of stand when tending
is done (years) 4–6 6–7 10–20 10–20

Tending operation and
intensity of extraction

(% of volume or basal area)

Cleaning I Cleaning I Cleaning I Cleaning I

strong/very strong
(16–30%)

strong
(16–25%)

strong
(16–25%)

moderate/strong
(10–20%)

Trees per ha after the
extraction

Periodicity (years)

4000–5000
3–5

3000–5000
3–5

2000–3500
3–5

2500–3000
3–5

Tending operation and
intensity of extraction

(% of volume or basal area)

Cleaning II Cleaning II Cleaning II/Thinning I Cleaning II/Thinning I

strong
(16–25%)

strong
(16–25%)

strong
(16–20%)

moderate
(6–15%)

Trees per ha after
the extraction

Periodicity (years)

2500–3000
5–7

2000–2500
5–7

2000–2500
5–7

2000–2500
5–7

Tending operation and
intensity of extraction

(% of volume or basal area)

Cleaning III Cleaning III Cleaning III/Thinning II Cleaning III/Thinning II

moderate
(6–15%)

moderate
(6–15%)

moderate
(6–15%)

moderate
(6–15%)

Trees per ha after
the extraction 1500–2000 1500–2000 1500–2000 1500–2000

3.2.6. Stand Management

Forest management planning sets either productive or protective objectives for black
locust forests, following strict management indicators: land use, silvicultural regime,
stand structure, rotation, and harvesting technique. When dealing with such technical
requirements, the forest management plan has to follow ecological, social, and economic
local needs. While some stands’ fate is wood production (mainly timber and construction
wood), many stands have additional strong protective functions (e.g., degraded land
reclamation, protection of soils and infrastructure, etc.).

3.2.7. Silvicultural Regime

In Romanian forestry law and official technical norms [19], the recommended form
of management system for black locust stands is the coppice. Two forms can be differen-
tiated: the simple one applied extensively and the selection coppice applied locally and
occasionally. The simple coppice consists of clear-cutting of the stand followed by vege-
tative regeneration or seedling plantations. In the coppice selection system, a part of the
sprouts/root-suckers from each stump can be preserved, eliminating only the crooked ones
and those that have reached the targeted diameter. It can be applied with experimental
purpose in the case of plantations on severely degraded lands or with small privately
owned forests. In the past, some stands were managed as coppices with reserves, meaning
that a percentage of the old stands were held until the following cycle in order to obtain
trees with larger diameters [23].
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3.2.8. Stand Composition and Structure

Black locust generally achieves large areas of continuous pure stands. Being a typical
exclusivist species, stands are generally pure and even aged, their intraspecific competi-
tion being poor [24]. Nevertheless, on degraded lands, it is planted together with other
exotic species.

Black locust can tolerate other species, most commonly honey locust (Gleditsia triacanthos
L.) on sandy soils in the south and east of the country, or with black pine (Pinus nigra L.)
on eroded slopes in the east of Romania [24,25]. It behaves as an exclusivist species for
ground vegetation, black locust stands have very poor herbaceous diversity (e.g., frequent
are Urtica sp., Sambucus ebulus).

3.2.9. Harvesting and Rotation/Cycle Length

Black locust stands have the shortest rotation length in Romanian forestry. Rotation
length differs as a function of the forest primary purpose (wood production or protection).
If the stand primarily has a production purpose (e.g., timber or construction wood), harvest-
ing age varies between 15 years for coppices classified under the lowest production class to
35 years for the planted stands classified as the highest production class. If classified as
having protection function (e.g., steep terrains prone to soil erosion), the harvesting age
can reach 40 years in stands [19]. Wood harvesting occurs through clear-cuts in plots with a
maximum area of 5 ha.

3.3. Genetics, Selection, and Tree Breeding

An outstanding natural variety—Robinia pseudoacacia var. oltenica—was identified
in the stands located in the south-west part of Romania (Oltenia region) by Bârlănescu,
Costea, and Stoiculescu in 1966 [26]. Due to its valuable auxological and morphological
characteristics [27,28], this variety was the subject of tree selection and breeding by graft-
ing/cutting [29,30] and in vitro micropropagation. Later on, eco-physiological research by
Bolea at al. [31] showed that this variety has both higher intensity of photosynthesis and
tolerance to droughts, due to larger leaf area index (LAI), compared to common stands.
Conservation and expansion of the Oltenica variety was continued in recent years by
producing seedlings from cuttings, as maternal lineages of identified plus-trees [13].

Genetics research prior to 1990 focused on tree selection and breeding for enhancement
of productivity and wood standing volume [29,32,33], as well as selection of valuable
forest and beekeeping genotypes by hybridization. Trials consisting in testing different
provenances in comparative cultures, identified “plus” trees and enhanced the number of
clones and establishing vegetative propagation methods (e.g., grafting) for the valuable
forms [34]. Currently, Romania has six qualified seed orchards with a combined area of
27 ha [35].

Recently, in vitro micropropagation—as the most modern technology used in tree
genetics—achieved important results in selecting valuable forms of black locust via organo-
genesis and somatic embryogenesis [36,37]. Over the last two decades, black locust genetic
research also focused on isolation, culture, and regeneration of protoplasts [37], and the
influence of endogenic and exogenic factors on somatic embryogenesis [38,39] determined
the genetic parameters of half-sib (free pollinated) and full-sib (controlled pollinated) black
locust descendants [40]. Mirancea I. [36] tested black locust multiplication and rooting
in vitro phases on different cultural media and hormonal balances, concluding that the
optimum concentrations for which explants can multiply is 6 g/L for NaCl and 100 g/L
for CaCO3. More recently, Băbeanu et al. [41] studied the isoperoxidase pattern of in vitro
culture of R. pseudoacacia var. oltenica on various media, learning how isoperoxidase activity
can be modulated through media. Further tests have showed the resistance of the plantlets
obtained by micropropagation to severe ecological conditions of R. pseudoacacia var. oltenica,
emphasizing how deuterium-depleted water-based media amplifies the caulogenesis.
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3.4. Vulnerability of Black Locust

Systematic records of biotic and non-biotic factors and damage data in Romanian
forests have been collected through the Forest National Survey and Forecast System op-
erations since 1958. Based on such data, the main cryptogamic diseases affecting Robinia
pseudoacacia L. were listed as follows [18]: virosis, Fusarium sp. and Cuscuta sp. attacks on
seedlings, mildew (Oidium sp.), sooty mold (Coniothyrium sp., Alternaria sp., Cladosporium
sp.), leaf spots (Phleospora robiniae) and tar spots on leaves (Ectostroma sp.), twig blight
(Pseudovalsa sp.) and Chorostate sp. on young shoots, black spots (Cucurbitaria sp.) on old
shoots, and wood-destroying fungi (Hironela sp, Trametes sp., Phellinus sp.).

A comprehensive inventory in the main black locust biotopes (seedling nurseries,
young plantations, and mature stands), as well as complete description of biology and
adequate means of control of all harmful insects of black locusts was achieved by [42].
Most infestation power was assessed for defoliating Lymantria dispar L. and fruit damaging
Etiella zinckenella Tr. Later on, Trantescu et al. [43] concluded that it is not economically
justified to spray insecticide except in the case of very valuable stands (e.g., seed orchards).
Semiothisa alternaria Hb. (Macaria alternaria Hb.) was identified as an important pest for
black locust [44] and it was estimated that the damage critical number by Lymantria dispar L.
is 2–6 times higher for black locust stands than oak [45]. Information was brought forward
on novel attacks in the south-western part of Romania of three leaf-miner moths of North
American origin (Parectopa robinella and Phyllonorycter robiniella Clemens), accidentally
introduced in Europe and apparently expanding their area [46,47].

Older stands show tree dieback in drought-prone areas, a fact apparently linked to
higher cycles of vegetative regeneration and stands on poor sites [25,46]. Furthermore,
dieback of black locust trees was reported in industrial zones, one example being near the
town of Cops, a Mică (in central Romania) due to soil and air pollution with sulfur and
heavy metal compounds generated by industry (carbon black smoke) until the early 1990s.
The main symptom was leaf necrosis, with the effects diminishing after the pollution source
was removed in past decades [48–52].

Black locust bark leaves and young shoots are occasionally consumed by herbivores,
such as game species, especially European brown hares and deer (roe-deer and red-deer).
Domestic livestock (e.g., sheep, goats) consume leaves and young shoots on an occasional
basis, with no national references regarding toxicity on animals or milk products. Locally,
near villages—especially in private owned forests—black locust stands are under multiple
human pressures such as illegal logging, erratic wood collection, and grazing [49].

Because plantations occur more often in low lands and drought prone areas, close to
agricultural crops locations, black locust stands are subject to wildfires in which trees—
even younger ones—survive while litter is burnt completely [51]. Long periods with very
little/no rainfall were assumed as the main cause for dieback and decline of stands in 1980s
and 1990s in the south and east of the country [53].

3.5. Wood Products and Other Uses of Black Locust
3.5.1. Wood Production

As a result of high percentage of coppice stands [54], the size of the black locust
round wood usually does not exceed 20 cm in diameter at thin end, and quality of timber
is relatively poor compared to key native species (Table 2). In most of the Romanian
regions, short longevity because of the tree dieback is the main cause for rather small
tree dimensions comparative to local broadleaved tree species. Therefore, majority of
wood generated by black locust stands is mostly used as firewood or in rural construction
(e.g., fences, sheds, poles) or less for props for gardening and vineyards [55]. The good
quality wood can also be used for interior and garden furniture, parquet and floors or
woodchip boards while more common uses are for fenceposts, poles, railroad crossties,
stakes and fuel wood [56–58]. Traditionally, its wood is very appreciated for making barrels,
handles for tools (e.g., axes, shovels, etc.).
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Table 2. Black locust yield compared to main broadleaf species in Romania (for average yield
production class III, pure, and even aged stands at 20 years old) [59].

Species Stand Structure Age (Years) Mean Diameter (cm) Average Height (m) Standing Volume (m3/ha)

R. pseudoacacia coppice 20 13.7 15.9 185

R. pseudoacacia plantation 20 13.8 16.1 195

Quercus robur high stand 20 8.0 8.3 97

Populus sp. High stand 20 18.4 14.4 226

Fagus sylvatica high stand 20 5.2 7 56

3.5.2. Non-Wood Products

Black locust is so appreciated by foresters and farmers alike due to a range of non-wood
products that are available already at an early age of stands [60]. The most valued non-
wood byproduct is honey, considered of the highest quality [61], which makes it the most
expensive on the market. Compared to the traditional melliferous species (linden/lime,
black locust, sunflower, rapeseed), black locust is the first to bloom (in May); therefore,
beekeepers start the pastoral beekeeping in the black locust forests. Black locust stands
have a high melliferous potential in Romania with up to 697,000 tonnes of honey per year.
In order to ensure that the full benefit is reached, an application to support the planning of
the pastoral beekeeping was developed based on forest maps, as a tool for decision makers
at a national level in the planning of pastoral activity of the beekeepers. Black locust flowers
show medicinal use in teas or infusions for digestive and pulmonary effects, and they have
a calming effect on the nervous system [62–64]. A mix of flowers and leaves can be used as
a tea drink to treat stomach pains and migraine. Generally, they have to be used in small
quantities due to slight toxicity [65]. The seeds and bark of black locust are not used in
traditional medicine because they contain substances that are toxic to humans [66].

3.6. Landscape Improvement Contribution

In Romania, black locust was very successful in reclaiming degraded lands [67] by
exercising its anti-erosion role together with phytoremediation [68], and biomass accumu-
lation in site conditions strongly prohibitive to other species [69]. On industrial or mining
dumps, black locust plantations reached volumes of up to 73 m3/ha among 8-year-old
stands [70]. It was also successfully used in the ecological remediation of historically heavily
polluted lands [71]. In a Kyoto Protocol project of afforestation implemented in Romania,
about 2500 ha were afforested with black locust in the south of the country to reclaim
degraded and marginal agricultural lands [72]. Ten years after their afforestation, black
locust plantations have reached heights of 14 m and basal diameters of 16 cm (Figure 2).

Biomass production and CO2 sequestration of young trees was highlighted in recent
years through allometric models of growth [73]. Black locust plantation biomass production
on degraded lands in the south-west of Romania can reach 9.4 tons of dry mass per hectare
at age 4, while coppiced stands average about 7.0 t dry mass ha−1 [74].

Short rotation crops (SRC) for biomass energy use based on Robinia pseudoacacacia
represent a viable solution for degraded lands across Romania; however, a lack of state
subsidies for afforestation investments by private land owners kept this branch relatively
undeveloped [75]. Across Europe, recent studies have highlighted the increased use of
black locust in SRC for bioenergy compared with the traditional species used such as poplar
and willow. Among advantages of using Robinia are large biomass yields, high density
wood, low moisture, and greater calorific output [76–79].

The potential of Robinia pseudoacacia plantations is significant in the efforts to mitigate
the effects of climate change [74]. In the short term, the largest amount of C accumulation
occurs in tree biomass, because the C is stored at least for the rotation period/life span of
the forest, or even longer when manufactured into furniture, while litter and organic matter
of mineral soils also act as steady growing carbon pools. Whether planted on degraded
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agricultural lands [80,81] or as agroforestry shelterbelts [82], black locust C accumulation
capacity is surpassed only by that of native and hybrid poplars (Table 3).

(a) (b)

Figure 2. (a) Four-year-old black locust plantation; (b) Ten-year-old plantations of oak mix (left) and
black locust (right).

Table 3. Carbon (tC ha−1) stock in woody living biomass in plantations/shelterbelts for black locust
and poplar.

Age
(Years)

C stock in Plantations on Degraded
Agricultural Lands [82]

C stock in Forest Shelterbelts [4]

Robinia
pseudoacacia Populus sp.

Robinia
pseudoacacia

Populus x
euroamericana

(tC ha−1) (tC ha−1) (tC ha−1) (tC ha−1)

5 3.52 1.66 5.47 3.71
10 16.90 10.20 17.02 14.56
15 23.79 17.12 - 29.89
20 32,73 39,77 41 43.38
25 - - 53.93 54.51
30 - - 60.51 63.21

3.7. Ecosystem Services

When used on degraded lands, social benefits include improving local microclimate
and mitigating the negative effects of climate change [83,84]. Shortly after planting, the
stands start ensuring improvement of local biodiversity by offering shelter and food sources
for birds, mammals, and other species. The economic and ecological role of black locust
in agroforestry is represented by the forest shelterbelts to protect crop fields in the south
of Romania [85–88], showing that the presence of shelterbelts in the Oltenia region led
to an increase in different crop productions (e.g., wheat) of up to 130%, as opposed to
unprotected fields. The shelterbelts are also a source of wood, honey, and they offer shelter
for game and bird species. As one of the main species used in degraded land restoration,
black locust plays an important role at both local and regional levels [13] in the effort to
adapt and mitigate climate change by diversifying local supply for wood and feedstock
or revenues from improved land use. Under recent more advanced ecosystem services
payments, afforestation of degraded lands allowed further economic benefits, by trading
greenhouse gas emissions reductions generated by tree plantations as financial instruments
provided by the Kyoto Protocol [81]. Black locust is also appreciated in landscaping or
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gardening, for its decorative grape-like—sweet perfumed—white flowers, and also for its
robustness and adaptability [89].

3.8. Invasiveness and Control of Black Locust

In some European countries, the species is considered invasive [90]. Caused in general
by inappropriate silvicultural decision-making and practices, the invasive character of
black locust manifests itself as a result of the species great adaptability, highly developed
vegetative regeneration (especially sprouting), soil condition alteration, and fast rate of
growth compared to native species. When planted in close mixtures with slower growing
species (e.g., oak) it overwhelmed them, after which it was extremely difficult and expensive
to substitute it [91]. In this respect, Romanian forestry law and technical norms provide for
the use of black locust only on degraded lands that prohibit the use of native species (severe
site conditions). Its invasion on non-forest lands—e.g., orchards and vineyards especially—
has occurred on lands abandoned after 1990. While, in other cases, it expands especially
because of soil disturbance and stimulation of root-sucker growth. According to Enescu
and Dănescu [92] “black locust should be regarded more as a very useful multi-purpose
tree species with a high potential for forest land reclamation, rather than a dangerous
invasive neophyte. Nevertheless, the presence of this species should be carefully monitored
around nature reserves and fragile landscapes in nutrient-poor and dry locations.”

The official status of black locust in the European Union is addressed in the EU
Regulation 1143/2014 on invasive alien species [93] where black locust is included in the
list of 80 invasive alien species (IAS) provided by the European Commission, but each EU
country has to manage this species according to their national specificity.

4. Discussion

The knowledge regarding black locust has steadily progressed as the experience of
Romanian foresters in cultivating this species increased. Nevertheless, research has brought
forward the complexity and also vulnerability of this species that was considered to be the
answer to more problems than it could solve.

The main strong point of black locust management in Romania is the successful use of
the species to reclaim large areas of degraded lands [93–95], thus improving local landscape,
biodiversity, and socioeconomic aspects (e.g., fuel and construction wood, beekeeping) for
many rural communities [2,10,17,18].

Further improvement through selection/tree breeding is still needed in order to
increase the quality of the plantation stands; however, unfortunately there is no ongoing
program on this matter. Furthermore, forest managers have to take into account the
importance and effects of periodic tending operations in black locust stands [28,29,35,37].
The demand on the market for material resulted from tending operations making the latter
economically viable, thus it was implemented at the required development stages and
intervals which in turn had a positive influence on stand growth and development. In
these respects, applying cleaning and thinning operations at appropriate intervals could
lead to increases in stand productivity of up to 25% [17,23].

The management mistakes of the past have revealed both the invasive ability of the
species when planted extensively on productive sites in the detriment of native species,
and also its limitations if planted in inappropriate site conditions (e.g., soils with excess
humidity, high calcium carbonates) [10,92].

Being a relatively new species in the Romanian flora, black locust has few major
threats; although this seems to be changing, especially due to more frequent migration of
some allochthonous insects accidentally released in Europe [42–47].

The present work highlights the results of research carried out at national level on black
locust management, vulnerability, and uses in the past 150 years in Romania. Although
most papers cited in this review were published before 1990, this does not necessarily mean
that this species presents less interest today for forestry researchers and practitioners.
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Having in mind the large areas of degraded lands still existent in Romania, as well as
the international efforts to support the use of renewable energy sources, black locust stands
out as one of the most suitable species for the phytoremediation of these unproductive
areas, thus helping to mitigate the negative effects of global climate change.

Author Contributions: Conceptualization, A.L.C.; Methodology, A.L.C.; Software, A.L. and C.M.;
Validation, I.V.A. and L.D.; Formal analysis, A.L.C.; Investigation, A.L.C.; Data curation, A.L.C.;
Writing—original draft preparation, A.L.C.; Writing—review and editing, C.G.C.; Visualization,
C.G.C. and B.S.; Supervision, I.V.A. and L.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This paper was supported by the Sectoral Operational Programme Human
Resources Development (SOP HRD), ID76945 financed from the European Social Fund and by the
Romanian Government.

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

References

1. Drăcea, M. Beiträge zur Kenntnis der Robinie in Rumänien unter besonderer Berücksichtigung ihrer Kultur auf Sandböden in Oltenien
[Contributions to the Study of Black Locusts in Romania with a Special Emphasis on Culture on Sandy Soils in the Region of Oltenia];
Tipografia Lucia: Bucureşti, Romania, 1928; 112p.
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de mediu şi Sociale ale Industriei Extractive şi Energetice. Studiu Monographic; Editura Universitaria Craiova: Craiova, Romania,
2011; pp. 191–219.

69. Mantovani, D.; Veste, M.; Freese, D. Black locust (Robinia pseudoacacia L.) ecophysiological and morphological adaptations to
drought and their consequence on biomass production and water-use efficiency. New Zealand J. For. Sci. 2014, 44, 29. [CrossRef]

70. Cântar, I.C.; Chisălit,ă, I.; Dincă, L. Structure of some stands installed on tailing dumps: Case study from Moldova Noua, Romania.
Int. Multidiscip. Sci. GeoConference SGEM 2018, 18, 757–764.
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90. Cierjacks, A.; Kowarik, I.; Joshi, J.; Hempel, S.; Ristow, M.; Von der Lippe, M.; Weber, E. Biological Flora of the British Isles:

Robinia pseudoacacia. J. Ecol. 2013, 101, 1623–1640. [CrossRef]
91. Constandache, C.; Peticilă, A.; Dincă, L.; Vasile, D. The usage of Sea Buckthorn (Hippophae rhamnoides L.) for improving Romania’s

degraded lands. AgroLife Sci. J. 2016, 5, 50–58.
92. Enescu, C.M.; Danescu, A. Black Locust (Robinia pseudoacacia L.)—An Invasive Neophyte in the Conventional Land Reclamation Flora in

Romania; Bulletion of the Transilvania University from Brasov; Series II. 6(55); Transilvania University: Bras, ov, Romania, 2013; pp. 23–30.
93. Regulation (EU) No 1143/2014 of the European Parliament and of the Council of 22 October 2014 on the Prevention and

Management of the Introduction and Spread of Invasive Alien Species. 21p. Available online: https://www.eea.europa.eu/
policy-documents/ec-2014-regulation-eu-no (accessed on 12 September 2022).

94. Nicolescu, V.; Cornelia, H. Black Locust (Robinia pseudoacacia L.), a Key Species for the Forest-Related Rural Economy in the
West of Romania. In Proceedings of the Conference, Coppice FORESTS in Europe: A Traditional Resource with Great Potential,
Limoges, France, 21 June 2017; Available online: https://www.eurocoppice.uni-freiburg.de/intern/pdf/conference-limoges-20
17/limoges-pres-nicolescu (accessed on 12 September 2022).

95. Cornelia, H.; Corneanu, M.; Net,oiu, C.; Buzatu, A.; Lăcătus, u, A.R.; Cojocaru, L. Black Locust stand structure on the sterile dump
in the Middle Basin of Jiu River (Romania). Reforesta 2020, 9, 9–19.

48



diversity

Article

Silvicultural Management System Applied to Logged Forests in
the Brazilian Amazon: A Case Study of Adaptation of
Techniques to Increase the Yield and Diversity of
Species Forestry

Agust Sales 1,2,*, Marco Antonio Siviero 2, Sabrina Benmuyal Vieira 2, Jorge Alberto Gazel Yared 2,

Ademir Roberto Ruschel 3 and Márcio Lopes da Silva 1

Citation: Sales, A.; Siviero, M.A.;

Vieira, S.B.; Yared, J.A.G.; Ruschel,

A.R.; da Silva, M.L. Silvicultural

Management System Applied to

Logged Forests in the Brazilian

Amazon: A Case Study of Adaptation

of Techniques to Increase the Yield

and Diversity of Species Forestry.

Diversity 2021, 13, 509. https://

doi.org/10.3390/d13110509

Academic Editors: Lucian Dinca,

Miglena Zhiyanski and Michael Wink

Received: 14 September 2021

Accepted: 12 October 2021

Published: 20 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Department of Forest Engineering, Universidade Federal de Viçosa, Viçosa 36570-000, MG, Brazil;
marlosil@ufv.br

2 Department of Research and Innovation, Grupo Arboris, Dom Eliseu 68633-000, PA, Brazil;
marco.siviero@grupoarboris.com.br (M.A.S.); sabrina.benmuyal@grupoarboris.com.br (S.B.V.);
jagyared@gmail.com (J.A.G.Y.)

3 Department of Research and Development in Forestry and Forest Management, Embrapa Amazônia Oriental,
Belém 66095-100, PA, Brazil; ademir.ruschel@embrapa.br

* Correspondence: agust.sales@ufv.br

Abstract: The existence of degraded forests is common in the Eastern Amazon. The maintenance of
these forests standing and the recovery of their productivity play an important role in the conservation
of biodiversity, storage and carbon sequestration. However, the management techniques currently
employed are designed for natural forests in the first harvest cycle or lightly explored and do not
apply adequately to forests that have gone through several harvest cycles. Therefore, adaptations
and the establishment of new management criteria that take into account other characteristics of
these types of forests are necessary to ensure their sustainability. The objective of this study was
to propose a silvicultural management system that has the potential to recover and perpetuate the
productivity of an intensively logged tropical forest. A forest census was carried out on 535.6 ha for
trees with dbh ≥ 25 cm. With these data, the following two treatments were designed: (1) criteria:
the BDq method was applied from B = 9.8 m2 ha−1, D = 100 cm and q = 2. The criteria for standing
wood commercialization were, in this order, first, Health; second, Tree Stem; third, Tree Density and
fourth, dbh ≥ 105 cm. (2) Control: the planning was in accordance with Brazilian regulations. For the
cost–benefit and sensitivity analysis, the Net Present Value (NPV) was used and a projection of ±20%
was made in the commercial price of standing wood. In the criteria treatment, a higher number of
trees and species destined for the commercialization of standing wood was verified in relation to the
control treatment, showing a greater diversity of species. In the criteria treatment, NPV was positive
and superior to the control treatment in all scenarios. The proposed silvicultural management system
with an object of an explored and enriched forest, with criteria for harvesting trees with a minimum
cut diameter of 25 cm, proved to be viable to generate economic returns and with conservationist
potential for the continuous supply of forest products and maintaining biodiversity.

Keywords: BDq method; Eastern Amazon; degraded tropical forest; forest restoration; forest
economy; logging selection criteria; sustainable forest management

1. Introduction

Procedures for forest management in the Brazilian Amazon have not been regulated
based on technical parameters appropriated to all types of forests. There are also questions
that normative instructions, government policies and forest management are the main
barriers to make the management effective, efficient and sustainable [1–6].
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It is estimated that 4.8% (4.5 million hectares) of natural forests classified as degraded,
that is, forests in which successive logging cycles have occurred, are in the Legal Amazon [7].
These forests have a high richness of tree species with a diversified floristic composition,
with potential for biodiversity conservation. A promising aspect is that, in recent decades,
research in the area of forest restoration has been intensified for the profile of exploited
or degraded forest, as an attempt to encourage the use of techniques that can keep the
forest standing [8–10].

A forest restoration and management system proved to be viable to generate economic
returns with continuous supply of wood products [11,12] and potential for the maintenance
of the diversity of species forestry [13,14] as well contribute to mitigating the effects of
climate change [15].

One of the key elements for forest restoration and natural forest management is un-
derstanding the structure of natural forests, especially the use of indicators such as floristic
composition and diametric structure [3,16,17]. The diversity of species and their distri-
bution in different classes of diameters are important factors, among many others, that
provide stability to ecosystems [18]. The “J-inverted” shape, diametric distribution or nega-
tive exponential distribution for uneven-aged forests, indicates that populations of a forest
naturally recompose themselves through the balance between mortality and entrance of in-
dividuals [19,20]. However, in order to maintain the forest’s balanced diametric structure, it
is necessary to apply management techniques to lead it to a “balanced” distribution [21,22].

The diametric distribution models that estimate growth and production provide
support for forest planning, making it possible to identify the trees that make up the forest
by diameter classes and predict forest production [18,23,24]. They also determine the
interventions in the forest in a way to guarantee the ecological and economic sustainability
of the stands [25].

The advance in management techniques in uneven-aged forests has led to the devel-
opment of the BDq (B = remaining basal area, D = maximum diameter and q = De Liocourt
constant) method of selection [19]. This method was also used in forests in Brazil [20,26,27]
to determine the balanced harvest intensity in the diametric classes [28]. This method is
conditioned to the values of the remaining basal area, the maximum intended diameter,
the number of individuals per class of diameter per hectare and the choice of species to
be harvested [29]. Associated with the balanced distribution model, the application of
post-harvest silvicultural treatments, such as conduction of regeneration, thinning and
enrichment planting, has been an alternative to recover the forest structure as well as the
populations of species of interest [11,12,30–35].

The consolidation of new technical parameters is important to make forest man-
agement effectively sustainable from an environmental, social and economic point of
view [36,37]. This case study deals with the use of the BDq Method and ecological and
economic criteria for tree selection for planning the harvest and commercialization of
standing wood in an intensively logged tropical forest.

The objective of this case study is to provide technical and economic information to
promote a sustainable silvicultural management system for the commercialization of wood
in an intensely logged tropical forest and make it desirable for environmental protection
and conservation as a perpetual financial asset, with the maintenance of biodiversity and
expansion of populations of low-density species and the quality of the forest.

2. Materials and Methods

2.1. Study Area

The study was conducted in the forest management area (535.6 ha) of the Fazenda
Shet farm, located in the municipality of Dom Eliseu, State of Pará, Brazil (altitude, 320 m;
4◦30′48′′ S and 47◦39′36′′ W) (Figure 1), owned by the Arboris Group®.
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Figure 1. Forest management area of Fazenda Shet, Dom Eliseu, State of Pará, Brazil.

The region’s climate is Aw (Köpen), tropical with summer rains, with an average annual
rainfall of 2500 mm [38,39]. The average annual temperature is 25 ◦C. The municipality’s
vegetation type is Dense Ombrophilous Submontane Emerging Canopy Forest [40]. The
predominant soils are dystrophic Yellow Latosol and dystrophic Red–Yellow Argisol [41].

The forest management area of Fazenda Shet is represented by an exploited natural
forest characteristic of the region of the arch of deforestation in the Amazon [42]. This
forest underwent successive forest exploitation processes that took place between the 1970s
and the 1990s, and the volume of wood extracted is unknown. After the establishment of
legal regulations for management, the first logging in the area, permitted by environmental
agencies, occurred in 1993 and 1994. The average harvest volume was 65 m3 ha−1. The
current regulation that prescribes a maximum harvest of 30 m3 ha−1 for the Brazilian
Amazon only began in 2006 [6]. In the clearings formed by logging, enrichment planting
with direct seeding of Schizolobium parahyba var. amazonicum was performed by [11].

2.2. Forest Census

A forest census was carried out in 2008, considering the methodology presented in
Technical Guidelines for Exploration of Reduced Impact in Forest Operations of Terra
Firme in the Brazilian Amazon [43] for all trees with a dbh (diameter at 1.3 m high) ≥25 cm.
On that occasion, the following procedures were performed: botanical identification proce-
dures, cutting vines, fixing a numbered label at the base of the trunk, measuring the dbh,
visual estimate of the commercial height, classification of the quality of the tree stem (tree
stem 1—straight and cylindrical tree stem; tree stem 2—slightly tortuous and/or corru-
gated; tree stem 3—crooked, strongly corrugated or forked) and sanity (rot, senescence,
broken, dead and/or fallen canopy).

The species were divided into three groups of market value. For groups 1, 2 and 3,
13, 41 and 52 species are included, respectively, in which the species in group 1 represent
the highest economic value, followed by the species in group 2 and the species in group 3
representing the lowest economic value (Table 1 and Supplementary Materials).
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Table 1. Species (popular and scientific name) classified by market value group, forest management
area of Fazenda Shet (535.6 ha), Dom Eliseu, State of Pará, Brazil.

Group 1

Angelim-pedra (Hymenolobium petraeum Ducke); cedro (Cedrela odorata L.); copaíba (Copaifera
Ducke); cumaru (Dipteryx odorata (Aubl.) Willd.); freijó-cinza (Cordia goeldiana Huber);
ipê-amarelo (Handrohanthus serratifolius (Vahl) S. Grose); jatobá (Hymenaea courbaril L.);
jatobá-curuba (Hymenaea parvifolia Huber); louro-canela (Nectandra sp.); maçaranduba (Manilkara
elata (Allemão ex Miq.) Monach.); muiracatiara (Astronium lecointei Ducke); roxinho (Peltogyne
lecointei Ducke) and tatajuba (Bagassa guianensis Aubl.).

Group 2

Amapá (Brosimum guianense (Aubl.) Huber); amarelão (Apuleia leiocarpa (Vogel) J. F. Macbr.);
amescla/breu (Trattinnickia burseraefolia Mart. Willd.); amesclão (Trattinnickia rhoifolia Willd.);
amesclinha (Protium altissimum (Aubl.)) Marchand); angico/timborana (Pseudopiptadenia
suaveolens (Miq.) J. W. Grimes); caju (Anacardium giganteum W. Hancock ex Engl.); caneleiro
(Cenostigma tocantinum Ducke); casca seca (Licania sp. Aubl.); catuaba (Lacmellea aculeata (Ducke)
Monach.); cedrorana (Vochysia maxima Ducke); coco-pau (Coupeia robusta Huber); cupiúba (Goupia
glabra Aubl.); axixá/envira-quiabo (Sterculia pruriens (Aubl.) K. Schum.); envira/envira-preta
(Guatteria punctata (Aubl.) R. A. Howard); escorrega-macaco (Albizia pedicellaris (DC.) L. Rico);
estopeiro/tauari (Couratari sp. Aubl.); farinha-seca (Ampelocera edentula Kuhlm.); faveira (Parkia
multijuga Benth.); goiabão (Pouteria bilocularis (H. K. A. Winkl.) Baehni); inharé (Helicostylis
pedunculata Benoist); jarana (Lecythis lurida (Miers) S.A. Mori); louro-pimenta (Ocotea sp.);
louro-vermelho (Sextonia rubra (Mez) van der Werff); mandiocão/morototó (Didymopanax
morototoni (Aubl.) Decne. & Planch.); marupá (Simarouba amara Aubl.); orelha-de-macaco
(Enterolobium schomburgkii (Benth.) Benth.); paricá (Schizolobium parahyba var. amazonicum (Huber
ex Ducke) Barneby); pau-santo (Zollernia paraensis Huber); pequiá (Caryocar vilosum (Aubl.) Pers.);
pequiarana (Caryocar glabrum (Aubl.) Pers.); quina (Geissospermum sericeum Miers); quina-rosa
(Quiina amazonica A.C.Sm.); sapucaia (Lecythis pisonis Cambess.); seringarana (Ecclinusa guianensis
Eyma); sumaúma (Ceiba pentandra (L.) Gaertn.); tanibuca (Terminalia tanibouca Rich.); itaúba
(Mezilaurus itauba (Meisn.) Taub. ex Mez); tauari (Couratari ssp. /Eschweilera coriacea (DC.) S. A.
Mori) and uxi (Endopleura uchi (Huber) Cuatrec.).

Group 3

Amarelinho (Neoraputia paraensis (Ducke) Emmerich ex Kallunki); andirobarana (Guarea kunthiana
A. Juss.); ata (Annona sp.); atraca (Ficus sp.); baço-de-boi (Myrocarpus venezuelensis Rudd);
bicuíba/ucuúba-da-terra-firme (Virola michelii Heckel); Buranju (Neea floribunda Poepp. & Endl.);
Cacau (Theobroma speciosa Willd. ex Spreng.); canafístula (Senna multijuga (Rich.) H. S. Irwin &
Barneby); capa-bode (Bauhinia acreana Harms.); conduru (Cynometra bauhiniifolia Benth.);
cravinho/goiabarana (Myrcia paivae O.Berg); embaúba (Cecropia distachya Huber./C. sciadophylla
Mart./C. palmata Willd.; Pourouma guianensis Aubl.); freijó-branco (Cordia alliodora (Ruiz & Pav.)
Cham.); Gabiroba (Campomanesia grandiflora (Aubl.) Sagot); gema-de-ovo (Amphiodon effusus
HuberPoecilanthe); goiabinha (Eugenia lambertiana DC.); inajarana (Quararibea guianensis Aubl.);
ingá (Inga spp.; Inga alba (Sw.) Willd.; jaca-braba (Abarema campestres (Spruce ex Benth.) Barneby &
J. W. Grimes); jambo/muúba (Bellucia grossularioides (L.) Triana); jiboião/matamatá-preto
(Eschweilera grandiflora (Aubl.) Sandwith); jurema (Senna polyphylla (Jacq.) H. S. Irwin & Barneby);
juruparana (Gustavia augusta L.); limãozinho (Zanthoxylum rhoifolia Lam /Z. ekmanii (Urb.) Alain);
mangaba/abiu-mangabarana (Micropholis guyanensis (A. DC.) Pierre); mangue (Buchenavia capitata
(Vahl) Eichler); maria-preta (Ziziphus cinnamomum Triana & Planch.); matamata/matamata-jibóia
(Eschweilera ovata (Cambess.) Mart. ex Miers); mirindiba (Glycydendron amazonicum Ducke);
moreira (Maclura tinctoria (L.) D. Don ex Steud.); mutamba (Guazuma umifolia Lam.); pele de sapo
(Pausandra trianae (Müll.Arg.) Baill.); pitomba (Talisia sp.); seringueira (Hevea brasiliensis (Willd. ex
A Juss) Mull. Arg.); tamburil (Enterolobium maximum Ducke); taxi/taxi-branco (Tachigali vulgaris L.
G. Silva & H. C. Lima /Tachigali glauca Tul.) and tuturubá/abiurana (Pouteria guianensis Aubl.
/Pouteria venosa subsp. amazonica T. D. Penn).

Based on the forest census data of forest management area (535.6 ha) of Fazenda Shet,
the following two scenarios in harvest planning were designed for the same area of the
case study: (1) criteria treatment: trees with a dbh ≥ 25 cm, quantifying 46,010 trees and
106 species; and (2) control treatment: trees with a dbh ≥ 40 cm, accounting for 13,638 trees
and 91 species.
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2.3. Criteria Treatment

BDq method: to plan the wood harvest with the aim of maintaining a balanced
structure of the forest, we performed the BDq method of selection [19], which was first
used in Brazil in the Atlantic forest [26]. The diametric structure was characterized by
the distribution of the number of trees, the basal area and the volume, per hectare and by
diameter class. To perform this analysis, trees with a dbh ≥ 25 cm were grouped according
to classes of diameter, previously fixing the class width of 10 cm.

The remaining basal area (B = 9.8 m2 ha−1) was obtained through the forest census; a
maximum desirable diameter was established (D = 100 cm, amplitude of ±5 cm) because
generally trees with a dbh > 105 cm have already fulfilled their reproductive role [12] and
reached the culmination (asymptote) growth, presenting an increase in volume relatively
lower than that trees of predecessor diameter class [44]. Trees with diameters above 100 cm
may eventually remain in the area, if they are rare species or if they have very dense
crowns, since they can promote large clearings in their fall. The quotient (q = 2) of Liocourt
was adjusted in order to minimize the diameter classes with deficits and to allocate to
commercialization a larger number of standing trees of a specific diameter class in relation
to the successor diameter class.

From the BDq parameters, coefficients β0 and β1 were calculated using the following
equations:

β1 =
Ln (q)

Xi − Xi+1
β0 = Ln.

40000.B
π. ∑n

i=1 dbh2
i .eβ1.dbhi

(1)

The parameters were included in the function for the calculation of the remaining
frequencies, thus the classes with surplus or deficit in number of trees were defined using
the following equation:

Y = eβ0+β1.Xi + ei (2)

where Y = the estimated number of trees per diameter class per hectare; X = the diam-
eter class center; e = the base of the Neperian logarithm; ei = random error and β0 and
β1 = function parameters.

The number of trees destined for commercialization of standing wood (harvest) within
each dbh class was obtained by subtracting the number of trees in the “forest” by the
number of “remaining” trees [20]. In this way, balancing curves of the forest were gen-
erated with the number of trees, per hectare, observed (forest), estimated by the BDq
method (remaining) and destined for commercialization of standing wood (harvest) by
dbh class center.

Criteria for commercialization of standing wood: considering the number of trees
by diameter class center, with surplus or destined for commercialization of standing
wood (harvest) using the BDq method, a selection was made, considering the silvicultural
conditions and the tree density by species, in the following order:

• 1st, Health: trees identified with rot, senescence, broken crown, signs of disease or
that were dead were selected for sale of standing wood.

Traditionally, trees with compromised health are not selected for harvest. However, the
permanence of these trees causes negative influences on the quality of the future forest, as
they are more susceptible to pests and diseases, facilitating their proliferation. Furthermore,
trees in these conditions use growth resources (space, light, water and nutrients) that could
be made available to healthy and productive trees. In general, trees with compromised
health have a reduced life cycle. Branches of different sizes and leaves remain in the forest,
which allows for the survival of other living organisms that have a habitat or feed on this
type of material.

• 2nd, Tree Stem: trees with quality of tree stem 2 and 3 were selected for commercial-
ization of standing wood, aiming at maintaining trees with quality tree stem 1;

• 3rd, Density: trees of the 15 species with the higher tree density values located in
the management area were selected to be commercialized as standing wood. This
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procedure aims to conserve low density species and to maintain biodiversity. The
density was obtained using the following equation [45]:

Da =
ni
A

(3)

where Da = Absolute density; ni = the number of inventoried trees of the i-th species
and A = total area sampled, in hectares.

• 4th, dbh > 105 cm: trees with a dbh > 105 cm were selected to be commercialized as
standing wood. This criterion aimed at reducing the number of senescent trees and
increasing the population of trees with smaller diameters. The current harvest of trees
with larger diameters aims to make the future industrial plant compatible, which will
be adequate for a larger number of trees with smaller diameters.

• 5th, abundance: prioritized the selection of the most abundant species. These species
have characteristics of pioneers, fast growing, with greater ease of propagation and
were less pressured in previous harvests.

2.4. Control Treatment

Harvest planning in control treatment was carried out in the same forest manage-
ment area (535.6 ha) of Fazenda Shet that was used for the criteria treatment. The dif-
ference is that the control treatment was conducted according to the following Brazilian
regulations [2,6,46]:

• Minimum interval of 12 years from the last logging;
• Maximum harvest (m3 ha−1) determined by multiplying the constant “0.86 m3 ha−1”,

which is the average annual increase in volume of the portfolio of commercial species,
by the number of years that have elapsed since the last logging [6];

• Forest census for all trees with a dbh ≥ 40 cm, from which trees with dbh ≥ 50 and
≤200 cm were destined for the commercialization of standing wood;

• Minimum maintenance of 3 trees per species, per 100 hectares (or 0.03 trees ha−1) with
a dbh ≥ 50 cm;

• Exclusion of prohibited species or of those with harvesting restriction;
• Selection of trees with tree stem form quality 1 and 2 for commercialization of stand-

ing timber.

2.5. Cost–Benefit and Sensitivity Analysis

The Net Present Value (NPV) was the indicator used to estimate the financial viability
of applying the BDq method and criteria for commercialization of standing wood in forests
explored in the Amazon (i.e., the criteria treatment), and the control treatment as well. The
NPV is a tool to calculate the profitability of projects through the analysis of discounted
cash flow [47].

NPV =
n

∑
t=0

Bt

(1 + r)t −
Ct

(1 + r)t (4)

where t is the year when revenue or cost occurs, Bt is the income from the commercialization
of standing wood in the year t, Ct is the total cost in the year t, r is the discount rate per
year and n is the time demanded for incomes. Only an NPV greater than zero indicates a
return on investment [48]. The profitability of standing timber sale was calculated based
on the 13 years of forest growth, after the last logging at Fazenda Shet. This period was
defined as a function of monitoring the productivity of the site, carried out in permanent
sample plots considering the growth of the species planted in the enrichment of clearings,
of species with a short life cycle that regenerated and the abundance of other species in
the area, making an assortment of 30 m3 ha−1 harvest, which is the maximum production
allowed for harvesting according to Brazilian regulations [2,6,46].
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The cash flow was based on field spreadsheets provided by the Arboris Group. Costs
totaled USD 29.70 ha−1 for criteria treatment and USD 23.31 ha−1 for control, resulting
from the sum of the annual cost, forest census and administration.

The incomes were calculated from the volumes of each tree destined for the com-
mercialization of standing wood from the criteria and control treatments. The calculated
volumes were multiplied by the price determined by the business group for the inventoried
species, according to the market value group: 1 (USD 183.76 m−3), 2 (USD 74.25 m−3) and
3 (USD 62.25 m−3).

Profitability per hectare (NPV ha−1) was calculated based on a yearly nominal interest
of 7%. This is the current interest rate on the capital loan adopted by the Banco do Brasil
Commercial Forest Planting Program (PROPFLORA) and by other banks accredited by the
National Bank for Economic and Social Development (BNDES) for forest investment and
production.

Different price scenarios for the wood commercialization were built through a sen-
sitivity analysis to project the profitability of the commercialization of standing trees. In
addition to the wood commercialization values established for the groups of the species
1, 2 and 3, two other scenarios were built varying from −20% to +20% on the wood
commercialization price.

3. Results

3.1. Criteria and Control Treatment

BDq method: the dbh class centers with surpluses and deficits in the number of trees
ha−1 in relation to the adjusted balanced curve (remaining curve) are shown in Figure 2.
By means of balancing, the commercialization of trees in the surplus classes (harvest curve)
until they reach the desired remaining number and the maintenance of the trees in the
deficit classes was proposed. In the dbh class centers of 30, 40 and 50 cm, there were
surpluses of 10.414, 6.985 and 0.732 trees ha−1, respectively, totaling 18.131 trees ha−1,
which were destined for the commercialization of standing wood. For the other dbh class
centers, deficits ranging from 0.134 to 1.231 ha−1 were found.
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Figure 2. Balancing curves of the forest with the number of trees, per hectare, observed (forest),
estimated using the BDq method (remaining) and destined for the commercialization of standing
wood (harvest) by dbh class center, management area of the Fazenda Shet, Dom Eliseu, State of
Pará, Brazil.

In the criteria treatment’s forest census, 85.907 trees ha−1 with a dbh ≥ 25 cm were
inventoried, corresponding to 106 species (535.6 ha). Of the inventoried population, 29.78%
are trees of the species S. parahyba var. amazonicum (12.880 trees ha−1) and C. obtusa
(12.705 trees ha−1). When applying the BDq method and the criteria for the commercializa-
tion of standing wood, 18.332 trees ha−1 were selected, referring to 77 species (535.6 ha).
Some trees were selected by more than one criterion, totaling 1.752 trees ha−1 for compro-
mised health, 10.951 trees ha−1 by tree stem (quality two and three), 16.173 trees ha−1 by
tree density and 0.224 trees ha−1 per dbh > 105 cm.
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Concerning the population destined for the commercialization of standing wood
in the criteria treatment, S. parahyba var. amazonicum and C. obtusa contributed with
6.614 trees ha−1, the largest number of trees being selected for harvest by the density
criterion. In addition to these species, Inga sp., J. spinosa, T. burseraefolia, P. densiflora,
P. guianensis, C. tocantinum, P. effusa, S. parviflora, S. pruriens, Z. rhoifolium, G. sericeum,
C. aliodora and Nectandra sp. had trees selected for standing wood commercialization by the
density criterion. The sum of the trees of these species corresponded to 16.173 trees ha−1,
corresponding to the 15 species with the highest tree density.

The trees selected by the health criterion represented 1.752 trees ha−1, with 44 verified
species (535.6 ha). The species with the highest frequency of trees with compromised
health destined for the sale of standing wood were C. obstusa, Inga sp., T. burseraefolia
and P. guianensis, adding up to 1.205 trees ha−1. Regarding the tree stem form criterion
(quality two and three), 10.951 trees ha−1 of 74 species (535.6 ha) were destined to be
commercialized as standing timber. The species selected by the tree stem criterion with the
highest frequency of trees were J. spinosa, Inga sp., T. burseraefolia and C. obstusa, totaling
5.804 trees ha−1.

Considering the dbh criterion >105 cm, 0.224 trees ha−1 of 26 species (535.6 ha) were
destined for the commercialization of standing wood. The species most frequently found
in trees with a dbh >105 cm were C. tocantinum, P. suaveolens, G. sericeum and T. burseraefolia,
totaling 0.127 trees ha−1.

In the control treatment, 25.463 trees ha−1 were inventoried, which presented a dbh
≥40 cm and belonged to 91 species. Of the inventoried population, 27.79% were trees of
the species S. parahyba var. amazonicum (3.462 trees ha−1) and N. paraensis (3.615 trees ha−1).
Following Brazilian regulations, 2.112 trees ha−1 were selected for the commercialization
of standing wood, which refer to 41 species (535.6 ha).

Trees and species destined for the sale of standing wood by the dbh class center
and market value group for the criteria and control treatments are shown in Figure 3.
In the criteria treatment, a higher quantity of trees ha−1 and species destined for the
commercialization of wood was verified in relation to the control treatment, with the
largest quantity present in the dbh class centers of 30, 40 and 50 cm (Figure 3a).

3.2. Cost–Benefit and Sensitivity Analysis

The treatments (criteria and control) were profitable for the commercialization of
standing wood under the nominal interest rate of 7% per year, since its NPVs were greater
than zero in all scenarios (Figure 4a). The differences, however, were in favor of criteria
treatment in all scenarios. The scenarios with a variation of ±20% for the commercial-
ization price of standing wood showed that the criteria treatment is more profitable than
conducting this forest profile based on the technical guidelines contained in the Brazilian
regulations (i.e., the control treatment).

The scenarios indicated an NPV variation from 156.27 to USD 263.84 ha−1 in the
criteria treatment and 124.80 to USD 198.74 ha−1 in the control treatment, under the
nominal interest rate of 7% per year. In the criteria treatment, total production (m3 ha−1)
was found to be 44% higher than the control treatment, with higher production observed
in market value groups two and three (Figure 4b).

For the control treatment, the highest production was found in the market value group
one, indicating the preference that is generally destined for the species with the greatest
economic value. However, the highest trade demand for the use of a reduced number
of species, even though they have greater commercial value, does not guarantee greater
profitability as shown in Figure 4b, besides the fact that loss in species diversity may occur
due to high selective logging pressure on certain and few species.
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Figure 3. Trees and species destined for the sale of standing wood by the market value group (a) and dbh class center (b) for
the criteria and control treatments, forest management area of Fazenda Shet, Dom Eliseu, State of Pará, Brazil.

Figure 4. Financial indicators (NPV ha−1) (a) and production (m3 ha−1) by the market value group of species destined for
the commercialization of standing wood (b) for the criteria and control treatments, forest management area of Fazenda Shet,
Dom Eliseu, State of Pará, Brazil. * NPV result of the projection of ±20% in the commercialization price of standing wood.

4. Discussion

4.1. Criteria and Control Treatment

In exploited natural forests, similar to the one present in this study, it is common
to have an imbalance in relation to the abundance or lack of trees in certain centers of
diameter classes, reflecting the result in general of human action [19,27,49].
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However, it is observed that the studied forest maintains its structure in the inverted-J
form, although it may change slightly after harvesting and decrease the abundance of
species. Additionally, it presents a sufficient tree stock to be recovered, as shown in other
studies [11,44]. Considering the minimum dbh of 25 cm and the regulation of the remaining
stock of trees, the application of the BDq method in this forest profile demonstrates a trend
in improving the future stock of wood with greater commercial attractiveness, which
should promote greater industry sustainability in the short, medium and long terms [12].

Our findings demonstrate that there is greater diversity and possibilities in the choice
of species, as an advantageous result of the application of the BDq method, just as of the
criteria for the commercialization of standing wood in these dbh class centers, an alternative
that would not be possible when following the Brazilian regulations for this forest profile.
This fact is confirmed by the number of species per market value group verified according
to the criteria treatment (Figure 3b), which shows a higher number of species selected for
the commercialization of standing wood, distributed in dbh class centers, in relation to the
control treatment.

The application of the BDq method and the criteria for the commercialization of stand-
ing wood could be seen as a silvicultural treatment of thinning, in which the selected trees
(all trees with a dbh ≥25 cm) from the enrichment planting and from natural regeneration
are commercialized. For instance, at Fazenda Shet, there was a high trees stock of vari-
ous species not included in the first line of commercialization (those with a dbh ≥25 cm)
that could serve as an assortment for the harvest and generate revenue in successive in-
termediate periods of the harvest cycle. Therefore, with forest growth monitoring, it is
possible to identify the peculiarities of each species for proper management. Fast-growing
species could be commercialized in shorter periods of time, while slower-growing species
would be part of a longer-term crop assortment. Therefore, silvicultural systems that take
into account the management by species or group of species with similar characteristics
are an option potentially applicable to the reality of small, medium and large areas of
forest management.

The authorization for logging in Amazon natural forests is subject to regulations for
harvesting trees with a dbh ≥50 cm. With this regulation, trees of larger diameters and high
commercial value are prioritized, establishing greater pressure under a reduced number of
species after consecutive harvests. This fact compromises the richness of the forest and the
perpetuation of timber productivity [6,13,50,51].

The commercialization of trees with a dbh ≥25 cm will make possible the inclusion of
new species in the market that do not reach a dbh ≥50 cm due to biological characteristics,
as they would be excluded according to Brazilian regulations. These species are repre-
sented by a high density of trees in the forest in this studied region, as is the example of
C. obtusa [52]. On the other hand, species from enrichment sowing in clearings, such as the
species S. parahyba var. amazonicum in this study, also present a high tree density [11].

In addition to this, it is preferable to allocate species with high tree abundance for
commercialization, with the objective of favoring the maintenance of biodiversity and the
regeneration of low abundance species that, in some cases, have been widely pressured in
previous logging.

Enrichment sowing in a clearing with S. parahyba var. amazonicum is a consolidated
practice in the areas of the studied company. This practice has made it possible to ac-
celerate the recovery of the wood stock in a shorter time than indicated by Brazilian
regulations [6,11,34].

The application of the BDq method and the definition of criteria for the commercial-
ization of standing wood imply rational management aimed at maintaining the richness
of species in the forest, based on the conservation of species and the use of trees with
compromised health and senescent, promoting the species of greater and lowest value in
the forest. Still, the application of these criteria for harvesting promotes continuous forest
production, as this is an essential factor for this type of forest to become a desirable asset
for conservation.
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It is worth mentioning that, in general, the mortality rate in forest ecosystems is
influenced by the health of the trees [53]. The mortality rate of trees for health reasons
has been wrongly treated with little environmental and economic relevance. Although
the importance of compromised health trees for nutrient cycling has been questioned, the
presence of these trees in the forest promotes the function of hosts and precursors of pests
and diseases, in addition to the poor reproductive quality [54].

The use of silvicultural practices aiming at profitability in the short, medium and
long term tends to make the management of tropical forests truly sustainable in order to
maintain wealth and productivity. This study demonstrates the application of technical
and economic tools with the potential to increase the health and productivity of these
forest profiles, contributing significantly to breaking paradigms and encouraging effective
sustainable management practices of tropical forests exploited in recent decades.

Trees destined for the commercialization of standing wood by the health criterion
represent a relatively low percentage. However, harvesting trees with compromised
health is an efficient and profitable method to eliminate host trees for pests and diseases,
and to make more growth resources available (space, light, water and nutrients) for the
remaining healthy and productive trees [12]. Harvesting interventions in exploited forests
are one of the factors that influence the composition of future species in the forest, mainly
promoting the abundance of pioneer species, with no significant negative effect on shade-
tolerant species [55].

In a certain way, the management of natural forests for wood production is signifi-
cantly questioned regarding the impact on species composition and richness [14,56], the
provision and maintenance of ecosystem services [57], the frequency of silvicultural harvest
and post-harvest operations [11,13] and the economic viability [12]. However, research
on management in forests that were exploited in the past and that take into account the
harvest criteria [58], techniques of harvest optimization and forest densification [11,33] and
management compatible with the behavior of each species [59] has revealed great potential
for the recovery and rational use of forests.

4.2. Cost–Benefit and Sensitivity Analysis

As a financially viable alternative, the application of the BDq method and the definition
of standing wood commercialization criteria have the potential to be applied in exploited
tropical forests. This fact is highly promising to keep the forest stand; otherwise, there are
serious risks of converting land use to other economic activities [60,61]. This silvicultural
management system tends to provide high wood production, while the treated forest
maintains its environmental services.

The results found in this study become even more important considering that this
region is in the Brazilian Amazon’s arc of deforestation [62–64]. In this region, there is great
demographic pressure and strong demand for land use in order to develop agricultural
and livestock activities.

The deforestation arc is an area of 50 million hectares located in the south and southeast
regions of the Amazon and it has high rates of forest degradation due to decades of
disorganized and illegal exploitation. The arc’s landscapes are composed of a mosaic of
lands submitted to agricultural and forestry crops, pastures and exploited forests [65,66].

Financial returns, however, are not the only benefit of applying the BDq method and
criteria for the commercialization of standing timber in forests exploited in the Amazon.
Fazenda Shet is not part of a public protected area (conservation unit), but of a private area
under significant risk of suppression in the face of pressure on alternative land use.

This pressure is due to the advantages of changing the forest cover of the property
for land use in more financially competitive activities, such as agriculture and livestock.
In this context, the silvicultural management system adopted is considered promising to
promote more financially competitive activities in exploited tropical forests in relation to
agriculture and livestock.
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At this moment, it is necessary to comment on the management of natural forests in
the Brazilian Amazon and forests exploited in the past. The forest regulation, according
to the current rules, considers a maximum harvest of up to 30 m3 ha−1 in cutting cycles
of up to 35 years and a minimum diameter of 50 cm. Within a conservative view, these
technical procedures are acceptable for the management of unexploited dense natural
forests. However, for the management of already exploited forests or other forest types
whenever associated with clearings enrichment, forest regulation should have other criteria
that could be similar to the principles of planted forests management such as the use
of thinning.

Species that are more commercially known and that have suffered greater pressure due
to exploitation, such as H. courbaril, M. huberi and others with a low growth rate [7], should
be harvested with diameters over 50 cm and in cycles of 60 years or more. Intermediate
release thinning should occur to reduce competition between trees of different species
and improve cash flow, increasing revenues and making management more economically
attractive. It is worth mentioning that specific regulations directed to the management of
exploited tropical forests are necessary to guarantee their conservation, as well as their
productive perpetuity and economic viability.

Finally, it is noteworthy that the identification of a viable solution for the use of
degraded forests in eastern Pará is of great importance before they are replaced by other
alternatives for using the tarra that are more economically viable. A relevant aspect of our
findings in this case study is that there is the possibility of keeping this forest standing
productively, through sustainable management and offering wood to local industries.
In addition, these forests play an important role in carbon retention in plant biomass
and sequestration by faster tree growth, contributing to the mitigation of the effects of
climate change.

5. Conclusions

The proposed silvicultural management system has as an object an exploited forest in
the Amazon and criteria for harvesting trees with a minimum cut diameter of 25 cm. This
management system proved to be viable to generate economic returns, with conservation
potential for the continuous supply of forest products and maintenance of the diversity
of species forestry. The proposed management system requires normative adjustments in
the current legislation for these types of forests, in relation to cutting cycles and technical
criteria for harvest planning.

The selection of trees, mainly from market value groups two and three, with a mini-
mum cut diameter of 25 cm in shorter cycles has the potential to promote new commercial
species, diversify the income of forest owners and reduce the pressure on more pressed
species in the past.

The application of harvesting criteria resulted in positive cost–benefit ratios, being
superior to the control treatment in all scenarios.

The set of actions presented is promising to favor the maintenance of biodiversity and
expand populations of low density species and the quality of the forest. Besides that, it is
more viable for the supply of forest products in a shorter period than that provided for in
Brazilian regulations, favoring the viability and the economic sustainability of management.

Exploited tropical forests similar to the one of this study tend to be susceptible to
silvicultural interventions in shorter cycles, as long as they are verified to the specificities
of each species, as well as the location of the forest and industry. Harvesting must be
carried out in areas that are enriched and have a natural regeneration of species with a high
tree density, considering the appropriate health conditions of the trees and the biological
characteristics of the species.

With the recommendation of solid forest management strategies in the exploited
tropical forests worldwide, it is expected to motivate, in a practical way, the maintenance
of the forest standing, making it a sustainable financial asset from an environmental, social
and economic point of view.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13110509/s1. Table S1: Species (scientific name and common name) listed by market value
group of criteria treatments in the forest census and trees selected for harvest and remaining trees
with a dbh ≥25 cm. forest management area (535.6 ha) at Shet Farm. Dom Eliseu. Pará. Brazil. Table
S2: Species (scientific name and common name) listed by market value group of control treatments
in the forest census and trees selected for harvest and remaining trees with a dbh ≥25 cm. forest
management area (535.6 ha) at Shet Farm. Dom Eliseu. Pará. Brazil. Table S3: Species (scientific
name and common name) listed description by market value group in the forest at Shet Farm. Dom
Eliseu. Pará. Brazil.
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Abstract: Land management policy and practice affects a wide segment of stakeholders, including
the general population of a given area. This study evaluates the perceptions of local inhabitants
towards the land management systems used in the rainforest area of Ecuador—namely, unmanaged
(natural) forest, managed forest, croplands, and pasturelands. Data collected as ratings on 12 pictures
were used to check the aggregated perceptions by developing the relative frequencies of ratings, in
order to see how the perception rating data were associated with the types of land management
systems depicted by the pictures, and to see whether the four types of land management could be
mathematically represented by a clustering solution. A distinctive result was that the natural forests
were the most positively rated, while the managed forests were the least positively rated among
the respondents. It seems, however, that human intervention was not the landscape-related factor
affecting this perception, since croplands and pasturelands also received high ratings. The ratings
generated a clear clustering solution only in the case of forest management, indicating three groups:
natural forests, managed forests, and the rest of the land management systems. Based on the results
of this study, a combination of the four land use systems would balance the expectations of different
stakeholders from the area, while also being consistent to some extent with the current diversity in
land management systems. However, a more developed system of information propagation would
be beneficial to educate the local population with regards to the benefits and drawbacks of different
types of land management systems and their distribution.

Keywords: visual perception; rainforest; land use; aesthetics; Amazon; management implications

1. Introduction

Forests sustain human societies via the provision of a wide range of ecosystem ser-
vices [1] that are essential for the existence and wellbeing of humans [2]. Forest ecosystems
have been always seen by humans as an important source of goods and services, which
have supported human existence [3]. However, the sustainable management of forest
ecosystems entails a great challenge for all those involved, requiring large spatial and
temporal scales [4].

There are nine forest types in Ecuador, one of which is the rainforest [5]. Rainforests are
biodiverse, and play an important role in the functioning of the Earth [6,7], accounting for
~36% (14.5 million km2) of the world’s forested areas [8]. The forests of Ecuador are spread
over 12.5 million ha, and rainforests account for 42.32% of the country’s forested area [9,10];
they provide a wide range of services—such as food, energy, products for medical care,
and building materials [11]—for the benefit of their owners and users [12]. In addition, for
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local communities, forests hold an intrinsic sociocultural value [13], which is why the forest
management approach is increasingly considered through the framework of environmental
policies [14]. The sustainable management of forest ecosystems requires the legitimacy
of key political actors and an integrated support framework in the form of governmental
and non-governmental institutions [15,16]. Involving communities in these processes is
considered to be one of the key factors for effective forest governance [17]—even more so
when the indigenous people are increasingly convinced of their role as guardians of the
forest [18]. However, the lack of support policies for land tenure and ownership in local
communities prevents the fulfillment of the objectives of sustainable forest management in
certain cases [19,20]. For this reason, different forms of forest management have emerged,
through which forest authorities work together with local governments and communities to
make decisions on forest management, via a participatory approach [21]. The participatory
approach to land management planning is seen as a fundamental way to involve local
people in the planning process by integrating local knowledge and perspectives [22].

Among the participatory methods for the management of forest ecosystems, and
for valuing the landscapes, are those of visual aesthetics. Globally, visual aesthetics is
considered an important resource for the assessment of ecosystems, and it is a reliable
method used to increase the visual quality of a landscape by design and management ac-
tivities [23,24]. Visual assessment of landscape quality, or “visual assessment”, refers to the
procedures implemented to characterize the scenic beauty of landscapes [25]. Accordingly,
visual assessment places value on beauty, and identifies key aspects of the landscapes [26].
Aesthetic evaluation is known to be divided into two approaches: the objective approach,
which is supported by the physical paradigm, and the subjective approach, which is sup-
ported by the psychological paradigm [25,27]. The objective approach considers aesthetic
quality as an intrinsic attribute of a landscape, while the subjective approach assumes that
aesthetic quality is a subjective value shaped in the evaluator’s mind [27,28]. However,
many of those who conducted research on the evaluation of aesthetic preferences believe
that aesthetic quality is located at the interaction between the physical and psychological
characteristics of the landscape and of those who evaluate the landscape (e.g., [28–31]).
In addition, taking into account the landscape’s quality can increase our understanding
of how landscapes change [32]. Today, in environmental planning and management, the
approach of preserving the aesthetic diversity of landscapes has become an important part
of decision making [33]. On the other hand, the definition of landscape has evolved over
the years, so as to focus it on aesthetic values, resources, and the combination of physical,
biological, ecological, and human components. The landscape can now be seen as the scene
of human activity, and any artificially induced change may affect human perceptions of it.
The actions that have generated landscape losses have been mainly anthropogenic, and
they have caused a growing and rapid deterioration of the landscape’s quality. Therefore,
a continuous evaluation of the landscape is required—particularly to measure the state of
degradation or improvement of ecosystems. Consequently, data are needed to support the
implementation of actions by local governments and competent entities to improve the
state of the landscapes.

The aim of this study was to evaluate the perceptions of local inhabitants towards the
land management systems used in the rainforest area of Ecuador, based on visual rating of
the main land use types. In this sense, the first objective of this study was to evaluate the
visual perceptions of local inhabitants with regard to different types of land management
systems—namely, natural forests, managed forests, croplands, and pasturelands—by a
picture-rating approach. The second objective was to check whether there are important
associations of the locals’ ratings with the type of land management system, while the third
objective of the study was to check whether the locals’ ratings shape individualized groups
of land management as a collective reflection over the rated land management systems.
Potential effects of sociodemographic features, as well as some implications of the study’s
findings, are also discussed.
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2. Materials and Methods

2.1. Study Location

Simón Bolívar Parish (SBP), which is located in the Pastaza Province of the Ecuadorian
Amazon Region (Figure 1)—a place with a high biodiversity in the tropical forest—was
chosen as the area of study. According to Gavilanes et al. [34], the province is quite
abundant in species, as it hosts 540 plants species, of which 507 are native and 12 are
included in the endemic group [34]. The choice of this area for study was based on a
specific distribution, where the primary (natural, native) forest accounts for 84.31% of
the total area of SBP [35], and which is representative for the rest of the rainforest area
from Ecuador. The primary (natural) forest is commonly described as a place with a high
species richness and without a significant presence of human activities [36]. In addition, the
Amazon Region encompasses approximately 75% of the total forested area of Ecuador [37].
The main forest ecosystems in the study area are (1) evergreen forest of the Northern
Oriental Mountain Range of the Andes (53.13%); (2) evergreen lowland forest of the “Tigre–
Pastaza” Basin (28.56%); (3) floodplain forest of the alluvial plain of the rivers of Andean
origin and of the Amazonian mountain ranges (15.72%); (4) floodplain forest with palms
from the alluvial plain of the Amazon (0.57%), and (5) flooded forest of the alluvial plain of
rivers of Amazonian origin (0.42%) [35].

Figure 1. Map of the study area. (A) Simon Bolivar Parish location (B) location in relation to South America, Ecuador and
Pastaza Province.

Ecuador holds natural forests that cover 12,631,198 ha, and which are distributed
across 65 locations [38]. The main types of land management systems of SBP are (1) primary
(natural) forests, which correspond to rainforest with a coverage of 92,716.38 ha; (2) pas-
turelands, which include pastures and other systems that are used for cattle breeding
(6,831.84 ha); (3) croplands (477.35 ha), as in the study area extensive agriculture is cur-
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rently used to cultivate cassava, sugar cane, cocoa, and bananas; and (iv) secondary
(managed) forest, which is represented by species such as bamboo and palms, with a
coverage of 46.44 ha [39].

The majority of SBP’s population (67.41%) carries out economic activities related
to agriculture, livestock farming, forestry, and fishing. Consequently, the future trend
of increasing the categories of land management systems—such as crops, pastures, and
inhabited areas—will be maintained at least proportional to the increase in the population
and to the development of economic activities, which implies a reduction in the forested
area. For instance, in Ecuador, the loss of vegetation cover is frequently associated with
anthropogenic activity, population density, dependence on the quality of the land, accessi-
bility, and the level of education [40]. Table 1 describes the main stakeholders in the area
of study, their roles related to the land management systems, and their competencies to
manage them. These stakeholders evaluated the natural resources of the study area with
reference to their knowledge of the local environment, its benefits, and associated activities,
as well as the land management systems of the territory.

Table 1. Description of the stakeholders from the study area.

Name Roles
Decision
Making

Use of
Resources

Management of
Resources

Government of SBP Activities related to the parish and land planning. X X X
Department of public

irrigation of SBP Controls the use of irrigation water and its rates. X X

Public department of
potable water Provision and quality control of water for human use. X X

Municipality of
Puyo Canton

Plans the categories of land management systems and
occupation to regulate the activities to be developed. X X

Prefecture of Pastaza
Contributes to the productivity and environment.

Develops programs to promote agriculture,
conservation, and aquaculture.

X X

Population of SBP Consumes the natural resources. X X

Farmer organizations Contribute to decision making in
agricultural activities. X X

Simón Bolivar Church Religious components linked to
environmental practices. X

According to the latest SBP population census, 78.08% of the population was identified
in different indigenous ethnic groups, such as the Awa, Achuar, Cofan, Secoya, Shiwiar,
Shuar, Waorani, Zapara, Andoa, Kichwa de la Sierra, and Manta. These ethnic groups
have occupations mainly related to agriculture, livestock farming, forestry, and fishing [35].
The relationship between biodiversity and the these ethnic groups is based on the values
provided by rainforests in biological, ethnobotanical, economic, and cultural terms [41].

2.2. Questionnaire Survey

The research was based on a questionnaire survey implemented through face-to-
face interviews with randomly chosen representatives of SBP’s local population. The
choice of face-to-face interviews was aimed at reducing the incorrect completion of the
questionnaires. The original version of the questionnaire was developed by considering
five main sections—namely, the (1) sociodemographic features; (2) local context related to
the level of importance of rainforests and water resources; (3) socioeconomic component;
(4) environmental and cultural components, which included the visual rating of the main
land management system types; and (5) willingness to pay for conservation and other
attributes. The data on sociodemographic features and visual ratings were used as a
baseline for this study. The preliminary version of the questionnaire was tested and refined
by the personnel from “Escuela Superior Politecnica de Chimborazo” before being used
in the data collection. To estimate the sample size, a probabilistic formula was used at a
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confidence level of 95%, using as input the population of SBP (8348 inhabitants according
to the management plan [35]), which resulted in 368 questionnaires to be implemented.
However, a total of 451 questionnaire-based interviews were applied in the field, in order
to provide a sufficient pool of respondents, assuming that in some of them the data
would be incomplete. The field phase of the study was implemented with the support
of 30 researchers who were trained in advance and had an academic background in
environmental engineering. The respondents were selected so as to be people over the age
of 18 years or the heads of their families.

For the visual perception section, 12 pictures were randomly selected from a larger
picture pool and shown to the respondents in order to evaluate how much they liked each
of them, using a Likert scale from 1 to 5, where 1 stood for “not at all” and 5 for “very
much”. The pictures emulated three types of perspective (landscape view, close view, and
inside view), and they were shown in three groups and ordered sequentially according to
the main land management systems and economic activities of the population described in
the management plan [35]: (1) primary (natural) or unmanaged forest, (2) secondary or
managed forest, (3) pasturelands, and (4) croplands. Table A1 depicts and describes the
pictures shown to the respondents in more detail. The data used in this study were part
of a larger study dealing with both subjective and objective views of the inhabitants with
regard to the evaluated landscapes [42].

2.3. Data Processing and Statistical Analysis

The data collected via pen-and-paper questionnaires were transferred into a database
developed in Microsoft Excel® in the form of binary codes, in order to indicate the presence
or absence of given sociodemographic attributes and the ratings given by the respondents.
Then, the data were checked for consistency so as to identify the data coming from those
questionnaires that were completely filled in. Incomplete data were removed, and only
the data from 376 valid questionnaires were retained for further processing, representing
ca. 83.4% of the initial sample (451 questionnaires implemented in the field). These data
were recoded and reorganized based on sociodemographic features and ratings given at
the picture level.

Sociodemographic characteristics were analyzed by the means of absolute and relative
frequency of data—a step which was implemented for each sociodemographic feature.
For gender, civil status, and age, the number of attributes was kept the same as in the
case of those included in the original questionnaire. However, due to a low frequency
of responses to some of the attributes, the data on ethnicity and monthly income were
reorganized; in addition, for the sake of simplicity, the data on education were reorganized
so as to reflect only the main categories, irrespective of the completion of a given education
level—a procedure that was also applied to the data on occupation, with the aim being to
reflect only the main categories.

Ratings of the respondents were analyzed by the use of relative frequency of responses
given on the Likert scale (1 to 5), at two levels of aggregation: The first level was that of the
entire respondent cohort, for which the perceptions of the land management systems were
characterized by the relative frequencies of ratings from 1 to 5 computed for the 12 pictures
shown to the respondents. The second level of aggregation was that characterizing the
reorganized attributes of sociodemographic data; as such, relative frequencies of each
response given on the Likert scale were computed for the gender (i.e., female vs. male
respondents), civil status, age, education level, ethnicity, monthly income, and occupation
attributes. For both levels of data aggregation, the results were prepared in the form of
radar plots.

Inherently, the used data were available in a multidimensional form. To be able to
check the data association and similarity with regard to the instances (pictures) and the
ratings (1 to 5), a dimensionality reduction procedure was required. Given the type of
the data (categorical), a correspondence analysis was carried out based on a contingency
table (5 × 12), which was developed to contain the frequency of ratings (1 to 5) as rows
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(5 rows) and the picture numbers (P1 to P12) as columns (12 columns). The workflow
was implemented in R Studio, based on the tutorial available at [43], with the aims of
(1) checking whether there were dependencies between the rows and columns (based
on the χ2 statistic), (2) choosing the number of dimensions to characterize the data in a
lower dimensional space (based on the inertia and explained variance), (3) characterizing
the contribution of row and column data to the developed dimensional solution, and
(4) characterizing the data association via symmetrical and asymmetrical biplots.

To answer to the question of whether the respondents’ ratings in terms of visual per-
ception would shape individual and cohesive groups of land use management, irrespective
of the pictures’ scale of view, a hierarchical cluster analysis was implemented by the use
of Orange Visual Programming software [44]. For this purpose, the Excel database was
fed into a workflow that aimed at computing a distance matrix, a distance map, and a
cluster solution, all of which were based on the ratings given by the respondents. Among
the parameters used to reach a clustering solution were Spearman’s dissimilarity index,
which was used as a distance metric, and the complete-linkage algorithm for hierarchical
clustering. The choice of Spearman’s dissimilarity metric was based on its ability to work
with categorical, ranked data, as it represents the square of Euclidian distance applied to
given rank vectors. This metric outputs the linear correlation between the rank values
remapped as distances in an interval from 0 to 1, where 0 means that there is a perfect
match between two given features, while 1 means that the features are dissimilar. The
use of the complete-linkage algorithm was chosen as an intermediary solution, mainly to
avoid the chaining effect specific to the single-linkage algorithm. The final cluster solution
was chosen based on the data grouping so as to reflect the main land use types; to do
so, several clustering distances were tested, and the solutions outputted by them were
visually evaluated.

3. Results

3.1. Sociodemographic Characteristics

The main statistics of the sample’s sociodemographic characteristics are given in
Table 2. The share of female (ca. 49%) and male (ca. 51%) respondents was balanced in the
sample under study.

More than half of the respondents (ca. 55%) declared to be engaged in some sort of
relationship, and most of them (ca. 68%) were aged less than 40 years. Dominant in the
sample were those having completed or still studying at the high school level (47%), as
well as those belonging to the Metis ethnic group (ca. 75%).

The monthly income was consistent with the wealth of Ecuador [45], and most of
the respondents declared that they had a monthly income of less than USD 394. The
majority (ca. 86%) of the questioned people had some sort of occupation, such as being
employed (ca. 61%) or house care (ca. 25%). According to the statistics available in
June 2021, poverty at the national level stood at 32.2%, and extreme poverty at 14.7%
of the population, taking into account that a person is considered poor if they have a
per capita family income of less than USD 84.71 per month, and extremely poor for
an income less than USD 47.74 per month [45]. In addition, according to the National
Institute of Statistics and Censuses, the characteristics of employment in the rural sector
are described in the following groups: formal sector (21.2%), informal sector (71.6%),
domestic employment (1.1%), and not classified by sector (6.1%) [46]. Accordingly, the
national data were consistent with the information obtained from the study area, which
was representative in terms of sociodemographic statistics.
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Table 2. Main statistics of sociodemographic characteristics.

Feature Item Absolute Frequency Relative Frequency (%)

Gender Female 184 48.9
Male 192 51.1

Civil status Single 134 35.6
Common law 82 21.8

Married 123 32.7
Divorced 25 6.6

Widow(er) 12 3.2
Age Less than 30 years old 155 41.2

30–41 years old 103 27.4
41–50 years old 52 13.8
51–60 years old 36 9.6

More than 60 years old 30 8.0
Education Elementary 128 34.0

High school 178 47.3
Bachelor’s degree 64 17.0

Master’s degree or more 6 1.6
Ethnicity Caucasian 6 1.6

Indigenous 90 23.9
Metis and Other 280 74.5

Monthly income Less than USD 394 270 71.8
USD 395–793 66 17.6
USD 794–901 21 5.6

More than USD 901 19 5.1
Occupation Employed 230 61.2

House care 92 24.5
Student 39 10.4

Unemployed 15 4.0

3.2. Aggregated Frequencies of Ratings

Figure 2 shows the relative frequency of ratings aggregated at the picture level for the
sample of respondents under study. For interpretation, in the following section, some of
the results are discussed as positive (ratings of 4 and 5), neutral (rating of 3), and negative
(ratings of 1 and 2) ratings.

Figure 2. Relative frequencies of ratings at the picture level, aggregated for the sample under study.
Legend: 1 to 5 stand for ratings of 1 to 5, P1 to P12 stand for Pictures 1 to 12.

71



Diversity 2021, 13, 592

Picture 1, depicting a natural forest landscape, was rated by more than 70% of the
respondents as being liked, by ca. 16% as being neutral, and by close to 14% as not being
liked. Picture 1 received the most ratings of 5 (ca. 48%), being followed in this regard by
Picture 3 (ca. 38%), Picture 8 (ca. 37%), Picture 12 (ca. 36%), and Picture 2 (ca. 36%). At the
opposite end of the spectrum, pictures depicting managed forests (P4–P6) received the least
positive ratings (by 33, 35, and 34% of the respondents, respectively), and neutral responses
dominated the responses with regard to this type of land use management system.

Among the set of pictures describing the continuum in the land use management
system, only Pictures 1 to 3 (native forests), 7 and 8 (croplands), and 11 and 12 (pasturelands)
were rated positively by more than 50% of the respondents. In the case of pictures depicting
native forests, these positive ratings were given by ca. 69–70% of the respondents, while in
the case of pictures 7 and 8, depicting croplands, the positive ratings were given by 53 and
63% of the respondents, respectively. Last, but not least, in the case of pictures 11 and 12,
positive ratings were given by 50 and 58% of the respondents, respectively.

A rating pattern similar to that shown in Figure 2 was preserved in the case of data
that were aggregated at the gender level (Figure A1 in Appendix A), with the difference
being that female respondents rated Picture 8 (cropland) better, while male respondents
rated the pictures depicting natural forests better. In relation to ethnic groups, the data
shown in Figure A2 indicate that Metis and indigenous groups had similar evaluation
patterns, with Pictures 1 and 3 (natural forest) being the best rated, while Caucasians gave
the highest ratings for Picture 8 (croplands). The ratings associated with marital status
are shown in Figure A3, showing that Picture 1 was the best evaluated; however, the
group of widowers mostly preferred Picture 8 (croplands) and Picture 12 (pasturelands).
Figure A4 shows the results in relation to age category. Those aged less than 30, as well as
those aged 41–50 years, gave better ratings to Pictures 1–3 (natural forest) and Picture 8
(croplands). In addition to these ratings, the group of 31–40-year-old respondents positively
rated Pictures 11 and 12 (pasturelands). Finally, for the group of those over 60 years old,
the best evaluated landscapes were croplands (Picture 8) and pasturelands (Picture 12).
Figure A5 shows a relationship between the ratings and education level. The ratings of the
primary forest (Pictures 1–3) were correlated with the educational level, being higher as
the respondents declared a higher educational level. Figure A6 shows the ratings given
by different groups in relation to their occupation. Employees gave the best ratings to
Picture 1, while those from the house care group gave the best ratings to the natural forests
(Pictures 1–3), croplands (Picture 8), and pasturelands (P12). On the other hand, students
highly rated the natural forests (Pictures 1–3) and croplands (Picture 7). Ratings of the
groups by monthly income are shown in Figure A7, indicating a trend of highly rating the
native forests (Pictures 1–3), with the exception of those with a salary less than USD 394,
who also positively rated the agricultural activities (Picture 8).

3.3. Association between Land Use Management Systems and Ratings

The main results of the correspondence analysis are shown in Figures 3 and 4, in
the form of symmetrical and asymmetrical biplots complemented with the proportion
of explained variance and with the contributions of the row and column data to the
dimensions. Finally, a solution with two dimensions was kept, explaining more than
94% of the data variability. Some interesting findings can be seen from a closer look at
Figures 3 and 4. Informatively, P1 was the most associated with the rating of 5 (Figure 3a),
and it was represented at a considerable distance from its counterparts in the native forest
category. P11 was the closest to the average profile of responses and, in general, the
grouping of the data on the four types of land management systems was not cohesive.
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Figure 3. Symmetrical biplot of the correspondence analysis (a) and proportion of explained variance (b). Legend: blue
dots (rows) represent the ratings given, and red triangles (columns) represent the rated pictures.
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Figure 4. Cont.
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Figure 4. Asymmetrical plot (a), and contributions of columns (b) and rows (c) to the dimensions.

Figure 4a shows the asymmetrical biplot of the data, by plotting the row (ratings)
profiles in the column space (pictures). Interpretation of data on an asymmetrical plot
may be done based on the angles made by the arrows and the projection of the data
characterizing a given row on the arrows depicting the column profiles [43]. For instance,
if the angle between two given arrows is more acute, the association between them is
stronger. As such, P1 was more associated with ratings of 5, while at the opposite end was
the association between P10 and ratings of 1. Ratings of 1 and 5, and data characterizing
P1, P4, P10, P3, P6, and P2, contributed the most to the first two dimensions generated by
the correspondence analysis.

In terms of profiles set by the ratings, P1 stood apart from P2 and P3, which were
more similar. P9 and P10 seemed to be more similar to P6, although these pictures repre-
sented three different land management systems—namely, croplands, pasturelands, and
managed forest.

3.4. Grouping of Land Management Systems Based on Collective Visual Ratings

The results of the workflow implemented for the hierarchical cluster analysis are
shown in Figures 5 and 6. Figure 5a shows the distance map based on Spearman’s dissimi-
larity metric, while Figure 5b gives the actual distances computed in the range of 0 to 1.
Finally, Figure 6 shows the dendrogram built via cluster analysis, in which three clusters
were kept in the final solution.
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Figure 5. Distance map (a) and distance matrix (b) of the data used as inputs for clustering.

Figure 6. Dendrogram of the land management systems built based on the rating data. Legend: blue—cluster of pictures
depicting the natural forest; red—cluster of pictures depicting managed forest; green—cluster of pictures depicting croplands
and pasturelands.

The distance set at 0.4 was arbitrarily chosen based on several iterations aiming to
make sense of the final data clustering. For instance, P10 and P11 (pasturelands) merged
in a cluster at a distance of 0.181, and then they joined a new cluster that included P7
(cropland) at the distance of 0.330 (Figures 5 and 6). The same was found for P8 and P9
(croplands), which merged in a cluster at a distance of 0.227, and then were clustered
together with P12 (pasturelands) at a distance of 0.292 (Figures 5 and 6). By moving the
distance threshold at which this solution was found (0.4) to 0.335, the data from the cluster of
pictures depicting the croplands and pasturelands were split into two new clusters—namely,
P7, P10, and P11, and P8, P9, and P1, respectively—which were heterogeneous in terms of
land use type (Figure 6). The same solution (distance set at 0.335) has split the first cluster
(natural forest) in two new clusters. The data shown in Figure 5 may be used to evaluate
the distance at which each two pictures in a given pair are located.

4. Discussion

The fact that people build high consensus in the evaluation of positively perceived
land management systems provides a valid argument for the management of valuable
landscape scenes in terms of sustainability [33]. This study evaluated the perceptions of the
local inhabitants towards the land management systems in the rainforest area of Ecuador,
based on 12 pictures depicting the main land management systems in the area—namely,
unmanaged (natural) forest, managed forest, croplands, and pasturelands—at three levels
of landscape view: far, medium, and inside. A study carried out in Tanzania described the
importance of the opinion of the population located near a forest, due to the fact that people
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carry out economic activities and have an environmental knowledge of the area [47]. In
addition, the incidence of the population allows the management of activities that affect the
environment and the biophysical aspects of the forest [48]. The importance of accounting
for the preferences of local inhabitants with regard to the land management systems was
also described by a case study from Botswana where, based on such information, forest
management regimes were developed to protect and conserve rainforests via an inclusive,
participatory approach [49]. Similar studies have evaluated the importance of forest ecosys-
tems by considering variables such as the ecosystem services, forest area, levels of human
intervention, sociodemographic variables [50], ecosystem services categories (provisioning,
regulating or cultural) [51], and variables associated with landscape resources [52].

In this study, the respondents’ visual perceptions of the types of land management
systems were evaluated by considering the typical land use continuum in the area of study.
As such, the study included the land use types without human intervention, characterized
by density and abundance of vegetation (Pictures 1–3). Previous studies relating the visual
perception with the types of scenes shown to respondents have indicated that higher
evaluation rates are given to scenes depicting continuous vegetative cover [53], as was the
case with the natural forest from this study. Pasturelands, on the other hand, are generally
given lower ratings, because they are typically associated with agricultural and livestock
practices [54], so respondents associate this type of land management system with human
activities and intensive-use practices. Resources such as water, soil, and biodiversity of
flora and fauna cause emotive feelings towards a place [55]. It was found in this study
that the pictures that showed land management systems from an intermediate perspective
(P5—managed forest, and P8—croplands) produced some of the highest ratings within
their land management system group. This may be the effect of a differentiated visual
perception, owing to recognition of the components of diversity, along with other features
such as the shape, density, and position of the landscape features [56].

Thus far, the main sociodemographic variables that may act as drivers of the visual
perceptions of the landscapes were found to be the gender, level of education, age, and
employment [57,58]. In addition, a study on landscape preferences carried out in Germany
reported that female respondents who have completed tertiary education, as well as people
with knowledge about the environment, gave positive ratings to different landscapes [54].
However, this study shows that men rated the managed and unmanaged forests higher,
which may have been due to the fact that they develop their work in relation to forests,
and probably understand the functions and services provided by the forests better [59].
In relation to levels of education, respondents from the bachelor’s degree group and
above evaluated natural forests with higher scores, but they gave low ratings to croplands
(Pictures 7–9); this most likely suggests that their environmental knowledge allowed them
to better understand the importance of the rainforest.

The trend of giving higher scores to the natural forest, considering the shares of
responses per type of landscape and management system, is possibly related to features
such as abundance, structure, and vegetation’s diversity. In support of this, a study on
the visual quality of rural landscapes indicated that the beauty of a given landscape is
linked to its share of flora, and to low homogeneity (color contrast) [23]. In addition,
other studies have mentioned that visual perceptions of forests change in relation to the
type of ecosystem, stand age, abundance, and diversity [60,61]. For instance, studies on
the structural attributes of forests indicate that the population perceives forests under
close-to-nature management and low-intensity managed ecosystems positively [62], while
the perceptions of the visitors are often related to the functionality and management of the
forests [63].

The results of cluster analysis, showing that there is a collective view that can be
differentiated into three groups of land management systems, are consistent with past
studies on visual perception. For instance, local users liked natural environments, although
other groups of people liked scenes depicting various levels of management or human
intervention [64]. According to Schmidt et al. [65], people can be characterized as “forest
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and nature enthusiasts”, “traditionalists”, and “multi-functionalists”. Accordingly, this
study indicates that a mathematical differentiation of the main land use systems can be
derived based on the collective perception; however, it was more a differentiation between
the forest (natural and managed) and the rest of the land management systems. Moreover,
in some cases, the results were contradictory, in the sense that some liked both untouched
and highly managed land use systems. This contradiction arises from the fact that, in
the study area, croplands and pasturelands are commonly created by removing natural
forests, thereby changing the land use type. Although the locals’ perceptions of intensively
managed land uses may be driven by the acknowledgement of the potential economic
and professional development, which is not necessarily an unsustainable perspective,
public dissemination of knowledge would be useful in order for the local population to
understand the benefits and the drawbacks of different land use scenarios, including their
share in a given area. This would help not only in shaping, but also in accepting and
smoothly implementing local governance policies.

The results of this study highlight the importance of the evaluation of visual perception
for the purposes of land use planning and management. To the best of our knowledge,
this is the first study of its kind implemented in Ecuador. In addition, a study by De
Meo et al. [66] mentioned that the knowledge of communities’ perceptions of forests is
important for decision makers to develop and implement management strategies [66]; such
data are also important for planning or design activities [67]. Finally, we acknowledge that
user perceptions may vary according to various factors [68]—for instance, the landscape
components and their aesthetic values [69], the backgrounds of different people [70],
and lack of knowledge about agricultural practices and environmental attitudes [65]. In
this context, our findings provide an overview of the perceptions towards different land
management systems, related to the sociodemographic variables. The results of this study
can be used to shape a new management approach and objectives taking public perceptions
into account, considering that the current management plan of SBP ends in 2021. In
addition, some data from this study indicate the importance of educating the local people,
in order for them to be more informed about the types of land management systems in
the area.

This study evaluated the visual perceptions of the local inhabitants with regard to
land management systems via a rather subjective approach which, in addition, implied the
use of categorical data in the analytic part of the study. These two important components
of the study can also constitute some of its limitations. To what extent other features and
mechanisms—such as local and national economics, economic implications, and internal
and external trading policies and regulations—would have changed the perceptions of the
respondents if brought into the study as quantitative features, remains an open question. In
fact, visual assessment is just one component that can be used to evaluate the sustainability
of a landscape, and its outcomes need to be balanced with the findings of other quantitative
studies. Future studies should add to these findings by extending the assessments over the
economic component. By using quantitative data, such studies could elucidate whether
the perceptions would remain the same or be shifted based on policy issues and economic
implications—particularly those typically brought about by conservation.

5. Conclusions

The results of this research indicate that the natural forest was the most liked by the
local people in comparison with the rest of the land use systems. Managed forest was less
liked, probably due to the visible impact of human activities. However, one cannot infer
that those land management systems with evident human intervention were less liked, as
in some cases croplands and pasturelands received high ratings. In addition, there were
no significant differences between the scores given to croplands and pasturelands—a fact
that was reflected in the clusters formed based on the collective perceptions. Therefore, the
results show that locals generally perceived the natural forests positively. Despite that, the
perceptions of local people were differentiated, because croplands and pasturelands were
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probably associated with sources of economic income. However, such land use systems are
derived from the removal of natural forest. A combination of the four land use systems
would balance the expectations of different stakeholders from the area, while also being
consistent to some extent with the current diversity in land management systems. However,
a more developed system of information propagation would be beneficial to educate the
local population with regards to the benefits and drawbacks of different types of land use
and their share.
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Appendix A

Table A1. Description of the pictures used for the evaluation of visual preferences.

Photo Content
Name

(Abbreviation)
Description

Picture 1
(P1) Primary (natural) forest from a far perspective.

Picture 2
(P2)

Primary (natural) forest from an intermediate
position of the observer.
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Table A1. Cont.

Photo Content
Name

(Abbreviation)
Description

Picture 3
(P3)

Primary (natural) forest from a close perspective
of the observer.

Picture 4
(P4)

Secondary (managed) forest from a far
perspective

Picture 5
(P5)

Secondary (managed) forest from an
intermediate position of the observer.

Picture 6
(P6)

Secondary (managed) forest from a close
perspective of the observer.

Picture 7
(P7) Croplands from a far perspective.

Picture 8
(P8)

Croplands from an intermediate position of
the observer.

Picture 9
(P9)

Croplands from a close perspective of
the observer.

Picture 10
(P10) Pasturelands from a far perspective.

Picture 11
(P11)

Pasturelands from an intermediate position of
the observer.

Picture 12
(P12)

Pasturelands from a close perspective of
the observer.
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Figure A1. Relative frequency of ratings as a function of gender: (a) female respondents; (b) male respondents. Legend: P1
to P12—pictures 1 to 12; 1 to 5 stand for ratings of 1 (“not at all”) to 5 (“very much”).
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Figure A2. Relative frequency of ratings as a function of the ethnicity: (a) Caucasian; (b) indigenous; (c) Metis and other.
Legend: P1 to P12—pictures 1 to 12; 1 to 5 stand for ratings of 1 (“not at all”) to 5 (“very much”).
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Figure A3. Relative frequency of ratings as a function of marital status: (a) single; (b) common law; (c) married; (d) divorced;
(e) widow(er). Legend: P1 to P12—pictures 1 to 12; 1 to 5 stand for ratings of 1 (“not at all”) to 5 (“very much”).
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Figure A4. Relative frequency of ratings as a function of the age category: (a) less than 30 years old; (b) 31 to 40 years old;
(c) 41 to 50 years old; (d) 51 to 60 years old; (e) more than 60 years old. Legend: P1 to P12—pictures 1 to 12; 1 to 5 stand for
ratings of 1 (“not at all”) to 5 (“very much”).
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Figure A5. Relative frequency of ratings as a function of the education category: (a) elementary school; (b) high school;
(c) bachelor’s degree; (d) master’s degree or more. Legend: P1 to P12—pictures 1 to 12; 1 to 5 stand for ratings of 1 (“not at
all”) to 5 (“very much”).

Figure A6. Cont.
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Figure A6. Relative frequency of ratings as a function of the occupation category: (a) employed; (b) house care; (c) student;
(d) unemployed. Legend: P1 to P12—pictures 1 to 12; 1 to 5 stand for ratings of 1 (“not at all”) to 5 (“very much”).

Figure A7. Relative frequency of ratings as a function of the monthly income category: (a) less than USD 394; (b) USD
395–733; (c) USD 734–901; (d) more than USD 901. Legend: P1 to P12—pictures 1 to 12; 1 to 5 stand for ratings of 1 (“not at
all”) to 5 (“very much”).
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Abstract: Black locust (Robinia pseudoacacia) is recognised as a forest species of interest due to its
multiple uses. The management of forest genetic resources and their efficient conservation suffer from
variations in traits and start with seed germination. The aim of the current study was to investigate
the germination of seeds obtained from plus trees selected in eight Romanian provenances, as well as
to investigate the influence of the origin upon plants’ growth and development. Two experiments
were undertaken to test seed germination: one treatment involved water-soaked seeds and heat/cold
treatment, while the other treatment was based on sulphuric acid, at different concentrations (50, 70,
90%). The results were correlated with the morphological analysis of the seeds. Satu-Mare had the
lowest germination rate within both treatments. Sulphuric acid did not improve seed germination as
much as the heat treatment. The highest germination rate occurred for the water and temperature
treatment on seeds from Bihor provenance (68.2%). The most distant provenance was Bihor, in
inverse correlation with Bistrit,a Năsăud and grouped separately within the hierarchical dendrogram
of cluster analysis based on the analysed parameters of the provenances investigated. The results
demonstrated that the genotypes and environmental heterogeneity of the seed origin within the
provenances may finally result in different performances.

Keywords: black locust; forest; germination; provenances; seed dormancy

1. Introduction

The Robinia genus includes 19 botanical taxa, eight of which are classified as
species, while the others are considered natural varieties or hybrids [1,2]. Black locust
(Robinia pseudoacacia L.) is native to the eastern part of North America—the Appalachian
region [3,4]. In Europe, it was first introduced in France and England around 1600 for orna-
mental purposes (parks, botanical gardens), from where it spread throughout the continent
and some parts of Asia [5]. Nowadays, black locust appears in many European countries,
such as Germany, Hungary, Czech Republic, Poland, Slovakia, Austria and Romania [6,7],
being added for forestry purposes. R. pseudoacacia has been studied because of its economic
value rather than its ecology [8,9]. In Romania, it was introduced around 1750 and is
considered an important woody species, imposing itself as a forest tree, even though black
locust has multiple other uses and exploitation [10], with extensive plantations that cover
an area of more than 2,306,000 ha [11].

As a species with rapid growth, R. pseudoacacia is also distinguished by the ease of its
cultivation and the value of its wood, as it produces durable and rot-resistant wood [12].
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Due to the fast vegetative development (production of 14 tons of dried subs/year/ha), it
has potential for bio-oil production and fuel ethanol derived from biomass [13–16]. Black
locust’s rusticity and ecological plasticity (it is the most cultivated exotic species in Europe)
are other factors that have determined its spread and wide use. Even more, as part of the
Fabaceae family, R. pseudoacacia is a nitrogen-fixing species [7], often used on abandoned
fields and dry slopes [17]; it also grows on acid, dry and infertile sandy soils, and is also
drought-tolerant [18]. Thus, the species is widely planted for revegetation and to control
soil erosion. It is also considered a pioneer tree species due to its fast growth, resistance to
pollution and strong capacity for improving soil nitrogen content and nutrient availability,
the available phosphorus pool and organic carbon sequestration, as well as enhancing
erodible sandy soil chemical and microbiological properties [19–22].

Nowadays, Robinia is considered as a melliferous species, with the honey collected
being highly appreciated [23]; in Romania, there are almost 30 ha of qualified seed orchards,
as well as other areas with provenance and melliferous (honey producing) orchards [10].
Other values to be mentioned for black locust are derived from processed products (e.g.,
wine from black-locust honey), dense wood that can be used for multiple purposes: habitat
for insects, birds, fungi and birds and to increase carbon footprint [24]. Some areas lack
highly productive native species with wood or growth characteristics suitable for forestry
plantation; thus, there is a need to focus largely on exotic species, such as black locust, as it
can be easily established on certain sites. Even though this is not necessarily the case for
Romania, the species is considered valuable due to its wider physiological adaptability in
terms of site conditions, especially on slopes, exploitations and sandy or erodible soils. In
Romania, the area occupied by black locust has increased continuously [25,26]. Depending
on the favorable ecological conditions, black locust could contribute in the same way as
other forest species or by supplementing them, ensuring the multiple functions of the forest
at local, zonal, regional, national or global levels [27–34]. The quality of the seeds is the
first condition for the afforestation to be successful and for the resulting forests to fulfil
their numerous functions; i.e., production, protection, ecological, cultural, educational,
etc. [27,35,36]

R. pseudoacacia is considered to be a fast-growing species, as mentioned: in the first
season (in the case of sprouts), it can reach heights of 6 m and get to heights of 30 m
at the age of 30–35 years, with basal diameters of 30 cm at 15 years, depending on the
type of regeneration and site conditions. Several black locust populations cultivated in
Romania achieve average increases of 15–17 m3/year/ha and reach the age of absolute
exploitability at 30 years [27,37]. R. pseudoacacia reproduces sexually and asexually [17].
The first flowering occurs at the age of 5–6 years old, whereas the fruit is a pod that matures
in autumn. A pod contains 4–10 dark brown seeds without endosperm, which are 4–6 mm
in length. Every 1 or 2 years, it produces a high quantity of seeds [38]. Black locust seeds
can be stored for more than 10 years at a temperature of 0–5 ◦C [39].

Normally, seed propagation is the easiest and most advantageous method of grow-
ing plants, but without previous treatments, black locust seed germination may be low
due to the physiological dormancy induced by the impermeable tegument covering the
seeds [40,41]. Seed propagation can be an easy and advantageous method of growing,
but without previous treatments, seed germination may be low due to the physiological
dormancy induced by the impermeable tegument [42], such as within Robinia species.
The function of the seed coat has multiple benefits, such as protecting the embryo and
endosperm from desiccation, mechanical injury, unfavourable temperatures and attacks by
bacteria, fungi and insects, but breaking physical dormancy in some forest seeds is a chal-
lenge if one is to obtain homogeneous germination for larger seed samples. Both embryo
and coat dormancies are components of physiological dormancy, and their interaction de-
termine the degree of “whole-seed” physiological dormancy. The transition from dormancy
to germination is a critical control point, leading to the initiation of vegetative growth.

Regarding the germination capacity, various chemical and mechanical treatments are
used in forestry to improve the germination rate. Black locust seeds require pre-treatment
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before sowing in order to break exogenous dormancy, due to the structure of the seed coat,
which is impermeable to water and gases [38]. Moreover, the imbibition and course of
processes that are essential for germination are inhibited in the dormancy stage [33,43]. The
impermeability of the seed coat, understood as physical dormancy, is a very important
ecological mechanism for species to ensure that germination occurs only in favorable
conditions for seedling growth [44,45]. However, this phenomenon is undesirable when
seeds are intended for commercial use and forest practice [46]. Thus, to break the dormancy
of seeds, the seed coat must be damaged. Under natural conditions, the coat of black locust
seeds can be damaged by either low (frosts) or high temperatures (fires) or by the activity
of the soil microflora [47]. For research and practical purposes, three methods are used:
mechanical (scarification), thermal and chemical [2,48].

The aim of the present study was to determine the efficiency of two treatments based
on sulphuric acid at different concentrations and thermal shock treatment upon seeds to
increase the germination rate of black locust seeds as well as to analyse the effect of the
treatments and influence of the origin provenances on the development of seedlings in
their first stage after emergence.

2. Materials and Methods

2.1. Biological Material

The seeds were collected from mature plus trees from eight Romanian provenances
(Figure 1): (1) Galat, i, (2) Ias, i, (3) Botos, ani, (4) Bihor, (5) Râmnicu Vâlcea, (6) Satu-Mare,
(7) Bistrit,a-Năsăud and (8) Arad, corresponding to the Romanian Gene Reserved Forests
and Seed Stands included in National Catalogue of Forest Genetic Resources and Forest
Reproductive Materials [49].

 

Figure 1. The Romanian provenances of R. pseudoacacia seeds.

To characterise the climatic heterogeneity of the different collection sites, mean annual
temperature and mean precipitation were considered (Table 1).
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Seeds were collected in the autumn of 2020. After harvesting, seeds were labeled for
each provenance and deposited in paper bags in a refrigerator (at approximately +4 ◦C)
until further analysis.

Table 1. Location and climatic characteristics of the eight R. pseudoacacia seeds provenances
in Romania.

Provenance-
Population

County
Administrative

Location 1
Latitude/

Longitude
Average Yearly

Temperature (◦C)
Average Annual

Precipitation (mm)
Altitude
(m asl)

Foieni Satu Mare OS Carei, UPIII,
u.a.57L, 58A

47◦42′
N/22◦24′ E 10.9 619.2 130–130

Budes, ti Vâlcea
RNP Romsilva, OS

Stoiceni UPII, u.a.5L,
5M

45◦03′
N/24◦26′ E 8.2 813.1 300–350

Pădurea Cetăt, ii
Bistrit,a
Năsăud

RNP Romsilva, OSE
Lechint,a UP.7,

u.a.80C

47◦00′
N/24◦20′ E 6.3 802.9 380–400

Moneasa Arad
Private Orchard
Bărzani (Ruben

Budău)

46◦19′
N/21◦40′ E 11.8 575.7 110–150

Drăgănes, ti Galat, i
RNP Romsilva, OS

Tecuci UP.VI, u.a.49B
45◦46′

N/27◦30′ E 11.6 480.1 45–45

Bors, a Ias, i
RNP Romsilva, OS
Ias, i UP. III, u.a.105E

47◦25′
N/27◦20′ E 10.5 540.9 60–160

Curtuis, eni Bihor
RNP Romsilva, OS

Săcuieni UP. IV,
u.a.45C

47◦32′
N/22◦09′ E 10.7 617.6 140–140

Liveni Botos, ani
RNP Romsilva, OS

Darabani UP. III,
u.a.26D

48◦02′
N/27◦01′ E 10.1 526.6 200–200

1 Population description according to the National Catalogue of Forest Reproductive Materials, Bucharest (2012).

Moreover, since water stress is known to induce both morphological and anatomical
changes [50–52], seedlings were also studied [53]. The seedlings obtained from treated
seeds were further analysed by being kept in the laboratory for three months, then taken
outside in natural conditions; at the end of six months, morphological traits were measured:
height, stem diameter and number of branches.

2.2. Experimental Procedures Performed in Order to Investigate the Germination Rate

Seed analysis began in March 2021, following the established protocol and steps for
the analysis of germination and seedling growth (Figure 2). Before starting the treatments,
several measurements of the main phenotypic elements were performed for the seeds:
height, diameter and weight. Two treatments were undertaken, each one with three
concentrations, at three different temperatures. Four replicates, with 50 seeds per replicate,
were used for each combination of population and treatment method. The first treatment
involved water-soaked seeds and heat treatment (noted as thermal treatment), as follows: 1.
seeds were soaked for 24 h in water at a temperature of 18 ◦C and then seeded and watered,
while kept at room temperature; 2. seeds were stored at an air temperature of 45 ◦C for two
hours (Memmet UF110 oven) and thereafter stored in a refrigerator at −20 ◦C for two hours
and then seeded and watered; 3. seeds were stored at 60 ◦C for two hours, stored at −20 ◦C
for a further two hours and then seeded and watered. The second treatment was based on
sulphuric acid solution at different concentrations (50%, 70% and 90%), within which seeds
were soaked for 20 min, at room temperature and light, and then seeded and watered.

For all treatments, watering was performed twice a week with tap water, for a total of
four weeks of investigation; all replicates were kept at laboratory temperature (18 ◦C) and
light. To calculate the germination rate, observations were made on days 4, 7, 10, 14, 21 and
28 for all treatments.
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Figure 2. Stages of analysis of seed morphological characteristics, seed germination and
seedling growth.

2.3. Statistical Analyses

The registered data of the seeds and seedlings were processed as the mean of the traits
and standard error of the mean (SEM). An analysis of variance (ANOVA) was applied to
the analysed traits, and if the null hypothesis was rejected, a post hoc test was used for the
analysis of differences. Among the general class of multiple comparisons procedures, the
most suitable for our data and sets of means comparison was considered to be Duncan’s
Multiple Range Test (Duncan’s MRT, p < 0.05) [54]. The data were subjected to multivariate
statistical analysis, namely principal component analysis (PCA). A multivariate principal
components analysis graph for the eight provenances of R. pseudoacacia was created using
Past software [55]. This software was used also for the construction of a dendrogram, as
Euclidean distances among provenances.

3. Results

The treatments investigated to promote black locust germination—respectively, heat
treatment and a chemical treatment using diluted sulphuric acid—had different results.
Morphological trsaits of the seeds were measured and are presented in Table 2, indicating
that their origin was relevant. The longest seeds were found from Bihor provenance, with
distinct significative differences, while the shortest seeds were those from Bistrit,a Năsăud
and Galat, i. In regard to the diameter of block locust seeds, the best value was recorded
for Satu-Mare provenance. On the opposite side, the smallest diameter was obtained for
seeds from Galat, i and Botos, ani. The heaviest seeds were obtained from plus trees from
Satu-Mare and Ias, i, followed by Bihor seeds.

It is worthwhile to note that the longest seeds were not the same as those that had
the largest diameter, nor the heaviest seeds. The only provenance that had high values,
meaning that the investigated traits were statistically superior, was Satu-Mare (Table 2).

Traits that have a CV% less than 10% are considered to have a low variability; in this
regard, the most uniform length for the seeds was noted within Bihor provenance and the
highest value for CV% was 16.9 for Bistrit,a N., which means the variability was medium
for these seeds. Even more, CV% values between 20–30% can illustrate a large variability,
and over 30% shows a very high variability [56]. It is to be further analysed if these results
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correlate with the germination rate after the proposed treatments, so that conclusions can
be made with regard to the interaction of seed traits and the capacity of germination. Data
are presented in tables that summarise both treatments with all replicates, whereas the
results are noted separately and as means, with the significance of differences (Tables 3–6).

Table 2. The main morphological traits of the black locust seeds, as mean * and standard error of the
mean (SEM).

Provenance
Seeds Length (mm) Seeds Width (mm) Seeds Weight (g)

Mean ± SEM CV% Mean ± SEM CV% Mean ± SEM CV%

Satu-Mare 3.13 ab ± 0.27 15.0 1.14 a ± 0.04 6.1 0.031 a ± 0.002 10.2
Vâlcea 3.00 ab ± 0.06 3.2 0.63 cd ± 0.05 14.6 0.022 bc ± 0.001 16.0

Bistrit,a N. 2.28 c ± 0.22 16.9 0.56 cd ± 0.19 5.7 0.017 d ± 0.001 4.5
Arad 2.77 bc ± 0.15 9.4 0.72 bc ± 0.10 22.9 0.024 b ± 0.001 7.7
Galat, i 2.36 c ± 0.10 7.3 0.40 d ± 0.02 8.3 0.019 cd ± 0.000 3.1

Ias, i 2.78 bc ± 0.13 8.4 0.89 b ± 0.10 19.2 0.031 a ± 0.000 1.1
Bihor 3.25 a ± 0.03 1.4 0.61 cd ± 0.09 24.1 0.028 a ± 0.002 11.3

Botos, ani 2.71 bc ± 0.15 9.6 0.43 d ± 0.06 23.7 0.023 bc ± 0.000 11.5

* The means on the column followed by different letters are significantly different according to Duncan’s MRT test
(p < 0.05).

Table 3. Black locust seed germination (%) depending on the treatments applied.

Provenance
Sulphuric Acid Treatment/Concentration Mean

Provenance **50% 70% 90%

Satu-Mare 5.5 gh * 15.8 e–g 40.0 ab 20.4 CD

Vâlcea 45.3 a 21.5 d–f 30.0 b–d 32.3 A

Bistrit,a N. 30.5 b–d 25.0 c–e 34.8 a–c 30.1 AB

Arad 39.8 ab 10.3 f–h 25.5 c–e 25.2 A–C

Galat, i 39.8 ab 16.0 e–g 20.5 d–f 25.4 A–C

Ias, i 40.8 ab 16.3 e–g 26.8 c–e 27.9 A–C

Bihor 0.0 h 34.8 a–c 0.0 h 11.6 D

Botos, ani 45.0 a 4.8 gh 20.5 d–f 23.4 CD

Mean treatment *** 30.8 Z 18.0 Y 24.7 X -

Provenance
Thermal Treatment/Temperatures Mean

Provenance18 ◦C 45 ◦C, −20 ◦C 60 ◦C, −20 ◦C

Satu-Mare 20.5 ij 49.8 b–d 10.3 k 26.8 EF

Vâlcea 30.0 g–j 37.0 d–h 43.8 b–f 36.9 CD

Bistrit,a N. 40.3 c–g 25.0 h–j 31.0 f–j 32.1 DE

Arad 25.5 h–j 25.5 h–j 20.0 i–j 23.7 F

Galat, i 70.8 a 20.8 ij 49.8 b–d 47.1 B

Ias, i 51.8 bc 46.8 b–e 34.5 e–i 44.3 BC

Bihor 55.3 b 75.0 a 74.3 a 68.2 A

Botos, ani 30.5 f–j 50.0 b–d 55.0 b 45.2 BC

Mean treatment 40.6 Z 41.2 Z 39.8 Z -
* The means on the column inside the table followed by different small letters are significantly different according
to Duncan’s MRT test (p < 0.05). ** The means on the last column reflect the influence of the provenances,
regardless of the treatment applied. The means followed by different capital letters are significantly different
according to Duncan’s MRT test (p < 0.05). *** The means on the last row reflect the influence of the treatments,
regardless of the provenances. The means followed by different capital letters are significantly different according
to Duncan’s MRT test (p < 0.05).

Regarding seed germination, the obtained results indicated that the highest germi-
nation rate for black locust occurred in the water and temperature variation treatment on
seeds from Bihor provenance (68.2%) (Table 3); interestingly, the same location had the
smallest values of germination when seeds were treated with sulphuric acid (11.6%). Thus,
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it can be said that the provenance of seeds and the different treatments had a significant
effect on the dynamics of germination.

Table 4. Seedling’s height (cm) depending on the treatments applied to black locust seeds.

Provenance
Sulphuric Acid Treatment/Concentration Mean

Provenance **50% 70% 90%

Satu-Mare 24.5 f–j * 28.5 e–h 31.5 c–f 28.2 BC

Vâlcea 10.8 l 8.3 l 9.3 l 9.4 E

Bistrit,a N. 20.3 h–k 19.5 i–k 21.5 g–k 20.4 D

Arad 45.0 a 37.5 a–d 40.5 ab 41.0 A

Galat, i 30.0 d–g 24.0 f–k 27.5 e–i 27.2 C

Ias, i 39.3 a–c 29.8 d–g 33.8 b–e 34.3 B

Bihor 0.0 m 31.8 c–f 0.0 m 10.6 E

Botos, ani 22.0 g–k 15.5 k–l 18.8 jk 18.8 D

Mean treatment *** 24.0 x 24.3 x 22.8 x -

Provenance
Thermal Treatment/Temperatures Mean

Provenance18 ◦C 45 ◦C, −20 ◦C 60 ◦C, −20 ◦C

Satu-Mare 24.0 h–l 31.0 e–g 18.8 kl 24.6 C

Vâlcea 8.0 m 8.6 m 9.5 m 8.7 F

Bistrit,a N. 21.0 j–l 17.6 l 20.0 k–l 19.5 E

Arad 45.0 a 42.5 ab 38.5 bc 42.0 A

Galat, i 26.9 f–j 18.7 kl 25.3 g–k 23.6 CD

Ias, i 38.0 b–d 36.0 c–e 30.8 e–g 34.9 A

Bihor 28.5 f–i 30.0 e–h 32.1 d–f 30.2 B

Botos, ani 17.5 l 22.0 i–l 23.8 h–l 21.1 DE

Mean treatment 26.1 X 25.8 X 24.8 X -
* The means on the column inside the table followed by different small letters are significantly different according
to Duncan’s MRT test (p < 0.05). ** The means on the last column reflect the influence of the provenances,
regardless of the treatment applied. The means followed by different capital letters are significantly different
according to Duncan’s MRT test (p < 0.05). *** The means on the last row reflect the influence of the treatments,
regardless of the provenances. The means followed by different capital letters are significantly different according
to Duncan’s MRT test (p < 0.05).

Even more, the germination rate was significantly higher for the water treatment
compared with the sulphuric acid treatment (Table 3). The differences were consistent
among provenances, but the strongest impact was found for the applied treatment. The
highest percentage of seed germination was obtained for water and 45 ◦C temperature
treatment (41.2%), compared with the other values obtained, which ranged between 18.0%
and 30.8% for different concentrations of sulphuric acid treatment.

The results obtained were directly influenced by the concentration of acid (Table 3);
in the investigation, the exposure of seeds to 50% sulphuric acid for 20 min resulted in
the highest mean for germination for the relevant treatment (30.8% compared with 18%
and 24.7%).

Overall, the seeds treated within the thermal variations treatment (45 ◦C, −20 ◦C) had
the highest germination rate (41.2%). Even so, the water and temperature treatment applied
better stimulated the germination of black locust seeds (ranging between 39.8–41.2%)
(Table 3).

Depending on the concentration, the doses of 50% and 90% of sulphuric acid deter-
mined the continuous increase of the percentage of germinated seeds, after 4, 7, 10 and
14 days from the treatment, after which there was a decrease in the proportion of germi-
nated black locust seeds until the 21 day interval (Figure 3). The regression equation for the
70% concentration did not ensure the same upward trend of the regression line. However,
at a concentration of 70%, the coefficient of determination showed the largest contribution
of the independent variable (the time interval in which the germination was analysed) of
the total variance (37.3%). In addition, it was noted that the correlation coefficient had the
highest value (0.611).
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Figure 3. Black locust seed germination (%) evolution in days, depending on the treatments applied
with three concentrations of sulphuric acid.

Table 5. Seedling diameter (cm) depending on the treatments applied to black locust seeds.

Provenance
Sulphuric Acid Treatment/Concentration Mean

Provenance **50% 70% 90%

Satu-Mare 3.2 c–g * 4.3 a–d 5.2 a 4.2 A

Vâlcea 5.0 a 3.7 b–f 4.4 a–c 4.3 A

Bistrit,a N. 2.2 g 2.5 fg 3.1 d–g 2.6 B

Arad 5.3 a 4.0 a–e 4.8 ab 4.7 A

Galat, i 3.1 d–g 2.2 g 3.0 e–g 2.7 B

Ias, i 3.5 c–g 2.3 g 2.6 fg 2.8 A

Bihor 0.0 h 3.3 c–g 0.0 h 1.1 C

Botos, ani 3.1 c–g 2.3 g 2.5 fg 2.6 B

Mean treatment *** 3.1 X 3.1 X 3.2 X -

Provenance
Thermal Treatment/Temperatures Mean

Provenance18 ◦C 45 ◦C, −20 ◦C 60 ◦C, −20 ◦C

Satu-Mare 4.2 a–e 5.3 a 3.7 b–g 4.4 AB

Vâlcea 3.1 c–g 4.0 a–e 4.3 a–d 3.8 BC

Bistrit,a N. 3.3 c–g 2.8 e–g 3.1 c–g 3.0 CD

Arad 5.3 a 4.7 ab 4.5 a–c 4.8 A

Galat, i 2.8 e–g 2.3 g 3.0 d–g 2.7 D

Ias, i 3.8 b–f 3.0 d–g 2.9 e–g 3.2 CD

Bihor 2.9 d–g 3.0 d–g 3.5 b–g 3.1 CD

Botos, ani 2.5 f–g 3.4 b–g 3.5 b–g 3.1 CD

Mean treatment 3.5 X 3.5 X 3.7 X -
* The means on the column inside the table followed by different small letters are significantly different according
to Duncan’s MRT test (p < 0.05). ** The means on the last column reflect the influence of the provenances,
regardless of the treatment applied. The means followed by different capital letters are significantly different
according to Duncan’s MRT test (p < 0.05). *** The means on the last row reflect the influence of the treatments,
regardless of the provenances. The means followed by different capital letters are significantly different according
to Duncan’s MRT test (p < 0.05).

The three types of thermal variation within the treatments applied to the seeds pro-
vided relatively close equations and regression lines (Figure 4). The coefficients of de-
termination had quite low values, whereas the lowest value of the correlation coefficient
was registered in the case of the treatment in which the high temperature (+60 ◦C) was
alternated with the low temperature (−20 ◦C).
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Table 6. Seedlings’ number of branches per stem depending on the treatments applied to black
locust seeds.

Provenance
Sulphuric Acid Treatment/Concentration Mean

Provenance **50% 70% 90%

Satu-Mare 7 d–f * 7 d–f 11.9 a 8.6 AB

Vâlcea 9 b–d 7 d–f 7 d–f 7.7 BC

Bistrit,a N. 8 c–e 6 ef 10 a–c 8.0 AB

Arad 11 ab 9.1 bd 8 c–e 9.4 A

Galat, i 8 c–e 5 f 6 ef 6.3 CD

Ias, i 10 a–c 7 d–f 8 c–e 8.3 AB

Bihor 0 g 11 ab 0 g 3.7 E

Botos, ani 7 d–f 4.9 f 6 ef 6.0 D

Mean treatment *** 7.5 X 7.1 X 7.1 X -

Provenance
Thermal Treatment/Temperatures Mean

Provenance18 ◦C 45 ◦C, −20 ◦C 60 ◦C, −20 ◦C

Satu-Mare 9 d–e 12 a 7 d–g 9.3 AB

Vâlcea 6 fg 7 d–g 7 d–g 6.7 CD

Bistrit,a N. 10 a–c 6 fg 7 d–g 7.7 BC

Arad 9.3 b–d 9 d–e 7 d–g 8.4 B

Galat, i 6.3 e–g 5 g 6 fg 5.8 D

Ias, i 9.8 a–d 8.3 c–f 6.3 e–g 8.1 BC

Bihor 10.0 a–c 11.8 ab 10.8 a–c 10.8 A

Botos, ani 7.3 d–g 8 c–f 8.3 c–f 7.8 BC

Mean treatment 8.4 X 8.4 X 7.4 Y -
* The means on the column inside the table followed by different small letters are significantly different according
to Duncan’s MRT test (p < 0.05). ** The means on the last column reflect the influence of the provenances,
regardless of the treatment applied. The means followed by different capital letters are significantly different
according to Duncan’s MRT test (p < 0.05). *** The means on the last row reflect the influence of the treatments,
regardless of the provenances. The means followed by different capital letters are significantly different according
to Duncan’s MRT test (p < 0.05).

 

Figure 4. Black locust seed germination (%) evolution in days, depending on the thermal treatments
applied with three different levels.

Regarding the seedlings’ height, it was noted that Arad provenance seeds had higher
values in both treatments (41.0 cm for sulphuric acid treatment and 42.0 cm for thermal treat-
ment). On the other hand, the data obtained for Vâlcea seeds had the smallest values (9.4 cm
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and 8.7 cm, respectively), with significant differences from the rest of the provenances
(Table 4). The smaller concentrations of sulphuric acid tested (50 and 70%) performed better
in the current investigation, even though the differences were not statistically assured.

The investigation of the diameter of seedlings confirmed that seeds from Arad prove-
nance are valuable, meaning that the highest values were statistically assured (4.7 cm for
acid treatment and 4.8 cm for temperature treatment) (Table 5). Even more, the water
imbibition and exposure to heat/low temperature positively influenced the growth of
the seedlings after thermal shock, compared with sulphuric acid, both for black locust
seedlings’ height and diameter.

With reference to the number of branches, it was noted that seeds from Bihor prove-
nance showed different results. Seeds treated with sulphuric acid had the smallest number
of ramifications (3.7), while in the water and temperature treatment, the same provenance
gave the highest number of branches (10.8) (Table 6).

Different populations of R. pseudoacacia show significant differences in terms of seed
characteristics and germination capacity, but also variability in terms of the growth and
development of seedlings, potentially increasing the ability of this species to adapt to
different environmental conditions.

Because the data sets obtained from the combinations of provenances and treatments
were large, referring to both seeds and seedlings, it was intended to reduce their size with
the help of PCA but maintain all information. The principal component analysis (PCA)
illustrated in Figure 5 provides a presentation of the “variability” of the variables, while
retaining all the elements analysed in the current study. By identifying new variables as
linear functions of those in the original data set, it was found that the first component
of the PCA, respectively PC1, accounted for 40.8%, while the second component (PC2)
accounted for 26.6% of the total variation observed. The values of these new variables,
which successively maximize the variance, and even more are uncorrelated with each other,
allowed the reduction of data sets and the summarisation of the eigenvalue problems in
a descriptive rather than inferential way. Of the eight Romanian provenances, Satu-Mare
and Ias, i form a relatively homogeneous group, but they are in opposition with Galat, i and
Botos, ani, which form another homogeneous group. The most distant provenance is Bihor,
which is in a negative correlation with Bistrit,a Năsăud.

 

Figure 5. The hierarchical dendrogram of cluster analysis–paired group UPGMA (Unweighted
Pair Group Method with Arithmetic Mean)–similarity index (Euclidean), based on the analysed
parameters of the R. pseudoacacia provenances.

Furthermore, the obtained dendrogram (Figure 6) shows the clusters of the prove-
nances according to the grouping of the observations made and the levels of similarity.
The tree diagram confirms the results presented above, both by the pattern by which the
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clusters were formed and also by the similarity or distance levels of the clusters that contain
the analysed R. pseudoacacia provenances.

Figure 6. The hierarchical dendrogram of cluster analysis based on the analysed parameters of the
R. pseudoacacia provenances.

As stated in the discussion about PCA analysis, the distinct cluster of Bihor provenance
is obvious. Another cluster consists of Arad and Satu-Mare, separated by a third cluster,
the last with two distinct subclusters. Of these subclusters, the one located at the right end
of the dendrogram consists of two provenances with certain geographical proximity (Galat, i
and Ias, i). The other subcluster, which occurs at a close similarity level, contains three
provenances—two grouped together at the same level of similarity or distance (Vâlcea and
Botos, ani) and a separate one (Bistrit,a Năsăud).

4. Discussion

The management of genetic resources of forest species and their efficient conservation
suffer from variations in traits and seed germination [57]. Morphological traits noted for
black locust seeds indicated that the origin was relevant for the current investigation, with
the data being quite variable. The differences among investigated populations were statisti-
cally assured, and the germination was surely influenced by the ecological parameters in
the area of provenance, along with the applied treatment.

The environmental heterogeneity of the black locust seed origin within the Romanian
provenances may finally result in different germination performances. Indeed, variability in
the germination responses of seeds from different collection sites is well documented even
in other Fabaceae species [58,59]. According to the specialty literature, larger seeds tend to
have a higher germination rate, mainly because it is assumed they contain more resources
to support such an intense biological process, which needs a great deal of energy [60] and
also leads to healthier seedlings [61]. In the current investigation, Bihor had the largest
seeds and also promoted a good germination within the thermal treatment. It is interesting
to further analyse the fact that Satu-Mare seeds, which had significant higher values for
seed traits, were not found among the provenances with a good germination within all
treatments, nor for seedlings with a significant height and diameter. The longest seeds
were found from Bihor provenance, with distinct significative differences, which also had
the best germination rate for the thermal treatment; interestingly, however, seeds from the
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same origin also had the poorest germination after being treated with sulphuric acid at the
three concentrations tested.

For the germination assay, high germination rates were obtained by immersing seeds
in boiled water at temperatures of 60–80 ◦C, with a soaking time between 20 min to 72 h
and several heating water cycles/cooling [62,63]. It can be concluded that the results
can be influenced by the treatment that should destroy the seeds’ tegument, on which
the physiological parameters can interact. Thus, seeds collected in sites characterised by
different environmental parameters display a noteworthy difference in the germination
dynamics [53], and this aspect should always be considered when procuring biological
material and correlated with the final goal.

There are several studies that have shown that the application of sulphuric acid can be
more effective compared with other treatments for R. pseudoacacia seed germination [48,60,64].
Black locust seeds have a hard and waterproof tegument [65], meaning that scarification
is usually applied [61]. Nevertheless [7], seeds soaked for 24 h stimulated a final value of
8% as a germination percentage. By heating the seeds for two hours at 45 ◦C and 60 ◦C,
followed by two hours at 20 ◦C as a hot–cold variation, germination reached 23% and
69%, respectively. Thus, the variation among treatments is real, and the best method
is still under investigation. Furthermore, in the current investigation, treatments with
sulphuric acid were less efficient (the values ranged between 18–30.8%) than the thermic
shock (values between 39.8 and 41.2%). Even more, it was observed [7] that the best results
on germination capacity were obtained by mechanical scarification [66]. Furthermore,
the experiment showed that germination capacity increased with the best results after
extreme hot–cold thermal variation (60 ◦C, −20 ◦C). It is assumed that after thermal shock,
micro-cracks appear in the tegument, meaning that water enters rapidly and light stimuli
facilitate the growth processes.

The treatments applied to black locust seeds with both sulphuric acid and thermal
differences influenced the germination during the period in which the observations were
made. As a whole, the current results confirmed the phenotypic plasticity of black locust
as a response to variable water availability and provided evidence for the potential high
germination capacity when thermal shock is properly managed. It is important to note
the practical results obtained and the resulting grouping of the data, using principal
component analysis, for black locust seed germination and the hierarchical dendrogram
of cluster analysis; in this context, Bihor provenance stands out, followed by Arad and
Satu-Mare, which were at the same level of similarity, as seen in the tree dendogram. It will
be interesting to further investigate the possibility to test the seedlings in an experimental
field and conduct different studies of similarities (differences) upon their growth.

The geographical area potentially occupied or invaded by R. pseudoacacia is expected
to increase significantly under the future scenario of global warming [67], despite the
germination difficulties. Hence, it is highly recommended to integrate bio-ecological
information and to study the species’ behaviour and its adaptive capacity [68] under
varying environmental factors, with the aim of planning its management and control [69,70].
Conversely, the species tolerates drastic variations of soil water availability in Central
Europe and is thus becoming an important tree species to be cultivated on dry, even
marginal lands [71]. Nevertheless, the black locust genus is not native to Romania, and
some even consider it invasive, but its uses can overcome this inconvenience when proper
techniques are applied and the cultivation is made rationally.

5. Conclusions

Germination assays performed in the current study revealed a noteworthy variability
in seed germination responses across provenances. The different germination behaviour of
R. pseudoacacia seeds of the examined Romanian populations may be related to the different
environmental parameters of the collection sites. The thermal shock applied to black locust
seeds can be concluded to be more efficient with regard to their germination compared
with the sulphuric acid treatment. The exposure to heat/cold significantly improved
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germination but also black locust seedlings’ height, diameter and number of branches. As
a whole, the current results confirmed that the phenotypic plasticity of black locust may be
a response to variable ecological parameters and provided evidence for its potential high
germination capacity with proper treatments.
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Abstract: In the old pine stands of national parks, it is possible to observe genetic processes in a state
free from disturbance by humans. Studies of this type make it possible to evaluate the effectiveness
of the conservation of genetic variation and its transfer between generations. The present study was
conducted in the largest national forest park in Poland, located in the Central European pine area.
The oldest stands of Kampinos National Park and their natural descendants were selected for detailed
analyses. The main objective of the study was to compare the mother pine stand, excluded from
forest management, with its progeny generations on the basis of their chloroplast DNA (cpDNA),
which was used as a diagnostic tool. The results demonstrate significant genetic difference between
the maternal and progeny generations of the studied sites. The degree of variation observed in the
maternal generation haplotypes in the present study was found to be reduced in the next generation.
A significant proportion of the genetic diversity of the studied stands was also lost in the subsequent
progeny generation. The obtained results allow conclusions to be drawn about the genetic processes
taking place in valuable old-growth forests.

Keywords: old growth forests; gene flow; molecular markers; legally protected forests

1. Introduction

Scots pine (Pinus sylvestris L.), the species investigated in this study, is the second most
widespread conifer in the world and has great economic and ecological importance [1].
Pine forests cover 37% of the total global land area and 70% of the land area of the Northern
Hemisphere, making pine one of the most important forest-forming trees in the world [1].
Pine is characterised by high morphological and genetic diversity. The maintenance of
considerable pine variability is favoured by the transmission of pine genetic information by
seeds [2] and pollen [3]. Natural processes affecting the genetic diversity of pine populations
can be roughly observed in national parks. In economic stands, forest management leads
to the suppression of natural gene flow due to the fragmentation of forest sites, which
results from regulation based on forest stand age [4]. The present study was conducted in
the largest national forest park in Poland, Kampinos National Park (KNP). Unfortunately,
the history of the Kampinos forests indicates periods of the complete deforestation of the
national park area influenced by armed conflicts of a global character [5]. On the other
hand, the studied ecosystems have been under full legal protection for over 50 years.
Therefore, it can be assumed that while the genetic variability of the ancient forests of
KNP has been influenced by humans, their regeneration processes are spontaneous. The
presented results can be interpreted in the context of adaptation of pine trees to different
growth conditions, which follows the results of earlier studies by Przybylski et al. [6].
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The results of the presented studies, based on Krzanowska et al. [7] and others, suggest
that stands with a high degree of genetic differentiation have a much higher chance of
survival and can consequently pass on favourable gene combinations to their offspring.
The dynamic changes in climate observed around the world are producing ecosystems
that are in a state of dynamic equilibrium in responding to this change. Changes in stands
are observed to occur both within and between species [8]. It is undisputed that genetic
diversity is important for the long-term survival of species and plays a crucial role in their
conservation [9–11]. The genetic diversity of organisms has a major influence on both the
adaptive potential of individuals and the response of entire populations to external selection
factors [12,13]. However, regulations and policies have long been primarily focused on
the more visible elements of biodiversity, such as species or populations, while genetics
has been mostly neglected [14]. Ongoing genetic research mainly focuses on stands before
and after certain events that have a significant impact on genetic pools, with little work
in natural populations under legal protection. The associated analyses usually employ
autosomal markers such as microsatellite loci [15,16]. The work presented here replicates
the trend of microsatellite DNA sequence analyses, and it should be noted that the study
focused on microsatellites in chloroplast DNA (cpDNA). A trend in the study of conifers
is the increasing importance of chloroplast DNA analyses (cpSSRs), as observed in, e.g.,
Fady et al. [17] and Gómez et al. [18]. In Scots pine in Poland, cpDNA has mainly been used
to detect hybridisation between P. sylvestris × P. mugo [19]. Another important scientific
study is the description of the complete chloroplast genome of Pinus uliginosa (Neumann),
which is helpful in explaining the complex taxonomic position of the species [20]. Only a
few studies, such as Semerikov et al. [21], have used cpDNA to describe variation in pine
stands. The study mentioned above shows a variation between natural populations in Asia
and Eastern Europe of 2.1% [21], and slightly lower results were found for populations
from Estonia [22]. In Poland, a study of cpDNA diversity between age classes of stocks was
conducted [23], which showed a similar level of diversity as between different populations.
Wojnicka-Póltorak et al. [23] point to the transfer of foreign pollen to the parent population
as one of the reasons for the detected differentiation.

The research presented in this paper focuses on stands excluded from forest manage-
ment and protected by law in Kampinos National Park, the largest national forest park in
Poland. Due to historical events (for example, the First and Second World Wars), it is likely
that evolution did not occur by natural regeneration for the stands in the studied areas, in
contrast to their progeny. Therefore, the analysis of changes in the gene pool is interesting
in terms of the possibility of the intergenerational preservation of genetic diversity and
the intensity of gene flow. The formulated hypotheses of the conducted research state that
allelic diversity may be preserved in the next generation of a stand. At the same time, it
is suspected that pollen from local commercial forest stands influences the formation of
the gene pool of the subsequent generation. The main objective of the research presented
in this publication is to compare the maternal and progeny generations of pine stands
excluded from forest management from the perspective of cpDNA genetic diversity. The
obtained results will expand upon basic knowledge regarding the behaviour of pine in
natural conditions.

2. Materials and Methods

2.1. Research Area

The study was conducted in Kampinos National Park (52◦19′13′′ N, 20◦47′23′′ E), a
location dominated by Scots stands in the upper layer and located in strictly protected
areas. The characteristics of the study locations are presented in Table 1 and Figure 1.
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Table 1. The characteristics of the study locations.

Location
Czerwińskie

Góry
Wilków Granica Sieraków Wiersze Nart Krzywa Góra

Abbreviation CG W Gr S Wi N KG

Coordinates 20◦23′36.67′′ E
52◦20′27.693′′ N

20◦32′34.005′′ E
52◦21′45.607′′ N

20◦27′50.019′′ E
52◦17′21.605′′ N

20◦46′34.957′′ E
52◦20′12.144′′ N

20◦39′45.706′′ E
52◦18′34.157′′ N

20◦30′2.718′′ E
52◦17′49.844′′ N

20◦25′14.603′′ E
52◦20′27.744′′ N

Age * of the
dominant P.

sylvestris

200–210
(avg.: 205)

180–200
(avg.: 190)

160–170
(avg.: 165)

190–200
(avg.: 195) app. 160 210–230

(avg.: 220) app. 108

Plant community Querco
roboris-Pinetum

Querco
roboris-Pinetum

SNFPC/Querco
Carpinetum

Querco
roboris-Pinetum

Querco
roboris-Pinetum Tilio-Carpinetum Querco

roboris-Pinetum

* Unpublished data from Kampinoski National Park.

 

Figure 1. Location of the studied stands in the Kampinos NP area. Points mark survey locations
based on their area according to the outermost sampled trees. The size of the marked point is based
on the differences in the plots. Description according to the abbreviations used.

2.2. Sample Collection

Plant material (needles) was collected from each location (Table 1) from 50 randomly
selected pines constituting the maternal generation (F1) and 50 randomly selected 1-year-
old seedlings, referred to as the progeny generation (F2). The condition for selecting F1 was
the distance between samples of at least one height of the dominant stand, while F2 was
collected in close proximity to F1 (see Tables S1–S7 in the Supplementary Materials). The
planned number of individuals of the F2 generation was not collected for most populations
because there were no pine seedlings at the study sites (Tables S1–S7, Supplementary
Materials). In addition, the vigour of some samples of the F2 generation was poor. The
material in the field was placed in 1.5 mL Eppendorf tubes then was stored in the laboratory
under cryogenic conditions (−85 ◦C).

2.3. DNA Extraction and Microsatellites Genotyping

Total genomic DNA was isolated from the collected material using a commercial kit
(Macherey–Nagel Gmbh&Co Valencienner Str. 11; 52,355, Dueren, Germany). The quality
of the DNA isolate was controlled using 2% agarose gel and a Quawell (LabX, 334 King
street, Midland, ON Canada) spectrophotometer. All samples were diluted to 20–30 ng/uL
using deionised water. Molecular analyses were performed using 6 (PCP26106; PCP30277;
PCP36567; PCP450712; PCP719872; PCP873142) chloroplast microsatellite markers selected
on the basis of other research work [24–26]; the forward primers were fluorescently labelled
with the fluorochromes VIC, PET, NED, and 6-FAM. Amplification was performed through
two multiplex reactions. Each PCR reaction was performed in a volume of 10 μL, with
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the following composition: 5 μL Multiplex buffer (Qiagen, Poland), 0.2 μL (10 μM) of
each primer, 1 μL of extracted DNA, and PCR-grade water up to a final volume of 10 μL.
The PCR thermal profile was as follows: 95 ◦C for 15 min; followed by 30 cycles at 95 ◦C
for 30 s, 55 ◦C for 30 s, and 72 ◦ C for 1 min, with a final extension of 60 ◦C for 30 min.
Genotyping analysis was performed on an ABI 3500 Genetic Analyzer capillary sequencer
(Applied Biosystems, Foster City, CA, USA) and allele length analysis was performed using
GeneMapper® version 5 (Thermo Fisher Scientific Inc., Carlsbad, CA, USA).

2.4. Data Analysis

Haplotypes were determined as a combination of different microsatellite variants
across the cpDNA loci. The chloroplast haplotype variation within populations, i.e., the
number of haplotypes (A), genetic diversity (He), haplotype richness (Rh), the number
of private haplotypes (P), and mean genetic distance between individuals (D2sh) were
calculated using HAPLOTYPE version 1.05 [27].

Genetic structuring of the cpDNA between and within populations was assessed using
analysis of molecular variance (AMOVA), implemented in ARLEQUIN version 3.0 [28],
with significance tests based on 10,000 permutations. The distance matrix generated by
pairwise FST values between populations was calculated using ARLEQUIN version 3.0 [25].
The statistical significance of FST values was assessed using 10,000 permutations. The
grouping of analysed stands on the basis of the genetic distance of Nei using Principal
Coordinates Analisis (PCoA) as implemented in the GenALEx 6.5 [29] program.

The isolation by distance was tested using the Mantel test [30] of association between
the FST-based pairwise genetic distance matrix (i.e., Fij/(1 − Fij), where Fij is the FST for
the i-th and the j-th populations) and the matrix of the natural logarithm of geographic
distance using GENEPOP version 4.4 software [31]. The significance was assessed with
10,000 random permutations.

3. Results

An average of 4.07 alleles were found in F1 generation populations (Table S8 in the
Supplementary Materials), with most in the S location (4.5) and the least in CG (3.7).
The average effective number of alleles (Ne) was 2.2, between 2.3 and 2.0. Private allele
frequencies were described for S (0.5), Wi (0.33), and KG (0.17), while no private alleles
were detected for the other populations. The genetic diversity in the 6 stands of the F1
generation was equal to h = 0.5, except for N, where it was 0.4.

For the F2 generation, the average number of alleles was 3.83 (Table S8 in the Sup-
plementary Materials), with the highest in the KG locality (4.2), while the lowest was in S
(3.5). The average effective number of alleles (Ne) in the F2 generation was 2.1, between 2.4
and 1.8. Private allele frequencies were indicated for the locations S (0.16), KG (0.33), and
Gr (0.33). The genetic diversity in the 6 stands of the F2 generation was equal to h = 0.5,
except for S where it was 0.4. The genetic variability of haplotypes between F1 and F2
of the analysed locations is shown in Figure 2. Note that most of the generated haplo-
types are identical for the analysed populations. Genetic diversity arises from differences
in allele frequencies between populations and generations and from the occurrence of
private alleles.

The genetic diversity parameters of the studied locations are summarised in Table 2.
At the studied sites, results were obtained for an average of 47.28 plants of the maternal
generation (F1) and an average of 34.42 plants of the progeny generation (F2) (Table 2).
The determined number of haplotypes (A) ranged from 32–44 for F1 and from 15–34 for
F2. The lower number of determined F2 haplotypes is related to the number of samples
analysed (N) (Table 2). Private haplotypes (Ph) were indicated for each site, of which there
were much more for F1. The (Ph) value was dependent on the haplotype richness (Rh). The
results showed no differences in genetic diversity (He) among generations and locations
(Table 2). The values of mean genetic distance between individuals (D2sh) were higher for
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F1 and particularly high for Sieraków (4.29) and Wiersze (5.52), which were not maintained
for F2 (Table 2).

Figure 2. Haplotype frequencies expressed as a percentage (Y-axis) for the analysed locations of
maternal (F1) and progeny (F2) generations. Each colour on the graph corresponds to one of the 254
identified haplotypes.

Table 2. Genetic diversity within a population of P. sylvestris L. based on 6 cpDNA markers. Number
of haplotypes (A), the number of private haplotypes (Ph), haplotype richness (Rh), genetic diversity
(He), and mean genetic distance between individuals (D2sh).

Population N A Ph Rh He D2sh

F1 generation

Sieraków 50 44 28 35.586 0.992 4.297

Cz. Góry 50 36 19 29.532 0.976 3.625

Granica 46 35 19 31.015 0.986 3.218

Wiersze 49 41 23 34.303 0.992 5.523

Wilków 49 40 18 33.606 0.991 2.754

Krzywa Góra 41 37 17 36.000 0.995 3.594

Nart 46 32 13 28.145 0.971 2.584

Mean 47.286 37.857 19.571 32.598 0.986 3.657

F2 generation

Sieraków 24 20 11 13.261 0.986 2.557

Cz. Góry 38 27 14 12.642 0.977 2.893

Granica 46 34 13 13.292 0.985 2.783

Wiersze 43 30 13 12.123 0.961 2.508

Wilków 16 15 8 14.000 0.992 3.950

Krzywa Góra 39 30 13 13.078 0.981 3.620

Nart 35 29 16 13.790 0.990 3.369

Mean 34.429 26.429 12.571 13.170 0.982 3.097
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AMOVA analysis of genetic variation demonstrated the presence of significant genetic
differentiation between the studied sites for populations in both F1 (pvalue = 0.000) and F2
(pvalue = 0.006). The intra-site variation coefficient was significant for F1 and F2 (Table 3,
Figure 2) and the percentage of intra-site variation in F1 was more than 0.86, and for F2, it
was almost additionally 0.11 higher (Table 3). The Mantel analysis [30] did not demonstrate
any relationship between geographical and genetic distances for both F1 (pvalue = 0.978)
and F2 (pvalue = 0.699) (Table 3, Figures S1 and S2, Supplementary Materials).

Table 3. AMOVA and IBD Mantel [30] results for the two analysed generations of stands.

Source of Variation d.f.
Sum of
Squares

Variance
Components

Percentage of
Variation

F1 generation

Among populations 6 147.358 0.22803 13.17 ***

Among individuals
within populations 324 974.007 1.50310 86.83 ***

Within individuals 0 0.000 0.00000 0.00

Total 661 1121.366 1.73112

IBD Mantel R p-value

0.0064 0.978

F2 generation

Among populations 6 34.026 0.04251 2.96 **

Among individuals
within populations 234 651.633 1.39238 97.04 ***

Within individuals 241 0.000 0.00000 0.00

Total 481 685.660 1.43489

IBD Mantel R p-value

−0.0897 0.6991
Statistical significance of p-value ** < 0.01; *** < 0.001.

The value obtained for genetic distance (Fst) between F1 locations ranged from
0.00786 to 0.25852 and was considered statistically significant in most cases (Table 4).
A lack of genetic distance was detected for two F1 pairs: Granica and Czerwińskie Góry
(pvalue = 0.25586) and Wilków and Sieraków (pvalue = 0.55176) (Table 4). In F2, the diversity
coefficients ranged from 0.0018 to 0.11074 (Table 4), and in 0.47 of cases were not considered
genetically diverse in terms of statistical significance. The clustering of analysed loca-
tions for F1 and F2 generations allows the visualisation of F2 aggregation into a separate
subgroup relative to all locations belonging to the maternal generation (Figure 3).
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Figure 3. Grouping of studied Scot pine locations using principal coordinates analysis (PCoA) based
on Nei genetic distance [32].

4. Discussion

The results of the presented study show that the maternal generation (F1) has a higher
number of alleles than the progeny generation (F2). This result is further confirmed by an
analysis of the effective number of alleles, the value of which is higher in the F1 generation,
and the phenomenon is particularly evident for the S population. Detailed visualisation of
the haplotype frequencies for F1 and F2 locations confirmed not only the depletion of the
gene pool in F2 but also the presence of haplotypes foreign to F1. This tendency cannot be
explained by the presence of private alleles only in F1, which could be due to individual
selection during the growth phase of the stand [33], as the mean value of private alleles is
identical between generations. The observed differences in the numbers of private alleles
are only observed at the level of individual sites, which is evident in the example of stand
S, where the value of private alleles in F2 was much lower compared to F1. The observed
phenomenon of reductions in the allele numbers for other locations in the F2 generation can
be explained by the preference for certain alleles during the reproductive process, which
may facilitate population adjustments [34]. In the presented analyses, a more viable cause
of changes in the frequency and occurrence of haplotypes may be due to the old forests
being contaminated with pollen from younger, surrounding stands. KNP stands younger
than those examined in the present study were planted for regeneration after war damage.
Their genetic pool is therefore probably poorer in terms of diversity, and intensive pollen
production is important for the creation of new generations of KNP. The effect of pollen
flow between stands has been described by Lindgren et al. [35], Harju and Nikkanen [36],
and Adams and Burczyk [37], among others, who confirm its role in forming the allele pools
of the next generation of stands. Detailed analyses of haplotypes confirmed significantly
higher values of haplotype richness (Rh) in the F1 generation of the studied sites. The
values obtained for both the Rh and D2sh parameters were almost twice as high in the F1
generation as in F2 generation. On the other hand, it should be noted that there are no
clear differences in the values of genetic variability (He) between the studied generations.
The obtained He results were high for both F1 and F2, which is a typical phenomenon in
conifers [38]. The results demonstrate significant differentiation at the studied sites, both
between and within populations. Typically for conifers, the studied stands show the largest
amount of within-population genetic variation, 0.86 for F1 and 0.97 for F2. Notably, the
observed variation between populations showed significance of the difference at the level
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of p = 0.001 for F1 and p = 0.01 for F2. The IBD–Mantel analysis [30] did not indicate any
significant relationship between the values of genetic and geographical distances for the
studied sites. Effective pollen transfer between the study sites should therefore be ruled
out. The obtained results confirm those discussed above, and we can assume that the
emergence of genetic richness was dominated by foreign pollen, probably originating from
younger stands in the vicinity. However, this hypothesis requires further investigation,
especially in the context of the function of national parks for biodiversity conservation at the
genetic level. On 21 January 2000, KNP was recognised by the International Coordinating
Council of the UNESCO MaB (Man and Biosphere) Programme as a “Puszcza Kampinoska”
Biosphere Reserve with an area of 76 232.57 ha. Since 2004, a fragment of KNP with an
area of 37,469.70 ha, which includes the central and buffer zones, has been part of the
European Natura 2000 network as a Natura 2000 site with the number PLC 140,001 (https:
//www.kampinoski-pn.gov.pl/ochrona-przyrody/natura-2000, accessed on 10 April 2021)
due to its high bird species richness and unique diversity of plant communities. Ensuring
the stability of biodiversity, including at the genetic level, is an important aim for KNP.
Considering the results obtained, it is likely that the implementation of total protection
for the areas analysed in the project will result in the loss of private alleles. According to
some predictions, private alleles may be carriers of genetic variation that allow populations
to adapt to a changing environment in the future, even though their current impact on
populations may be marginal [39,40]. For the above reasons, we recommend rare genotypes
at selected naturally valuable sites be conserved through an ex situ conservation method.
Under legally protected natural conditions, it may not be possible to maintain a unique set
of alleles for ecologically valuable stands. The genetic distances determined for the studied
sites were significant for F1, and the evaluation for F2 indicated that 47% of sites have
lost their individual character. The grouping of the studied sites, as presented, illustrates
the unification of the genetic variation of F2 in relation to the studied F1. This result
confirms the loss, through natural processes, of rare genetic information that determines
the individual character of the studied ecosystems and their high ecological value.

5. Conclusions

Significant differences in revealed haplotypes between the analysed generations were
shown at the studied sites in the present analyses. Significant genetic differences between
sites were also demonstrated, but it should be noted that the genetic distance decreased
significantly in the next stand generation. In addition, the studied sites showed higher
allelic diversity in F1, but this was not maintained in the subsequent stand generation. It
is suggested that this is due to the high influence of site contamination by foreign pollen.
However, determining whether this is indeed the cause requires further research. The
obtained results indicate the need to maintain, ex situ, the genetic variability of naturally
valuable old forest stands.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14020093/s1, Tables S1–S8: Geographical coordinates of F1 and F2 plant material from
the analysed locations; Figures S1 and S2: Correlation of geographical and genetic distance in IBD
Mantel [30] for F1 and F2.
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Abstract: The present study analyses the damage of remaining trees after timber harvesting from
24 logging sites from southwest Romania. The purpose was to establish tolerability thresholds
within which damaged trees recover in a short amount of time, reducing the possibility of further
rot apparition and tree health deterioration. Observations were resumed after the growing season
had passed. Healed damage was analysed in regard to damage type, width, orientation and tree
circumference. By using the ratio between the width of healed damage and the circumference of
trees as experimental variants, equations were elaborated to determine the tolerance threshold of
trees in logging. This is expressed as a maximum value between the damage width and the damaged
tree circumference for which the damage is curable. The correlation between the circumference
and the abovementioned relation was analysed, and differences between the values of the analysed
relation for different cardinal orientations of the damage were statistically tested. The value of this
ratio, which can be considered a tolerance threshold for trees in logging, records values of 0.09 (for
thinnings, for cuttings to increase the light availability for regeneration and for final cuttings from
shelterwood systems) and 0.10 (for first-intervention cuttings, as well as preparatory and seed cutting
from shelterwood systems or selections systems).

Keywords: residual trees; logging technology; silvicultural works; tree healed wound

1. Introduction

Timber extraction from forests must be realized in profitable economic conditions,
with expenses accepted by society at a given moment. This means using machines with a
high productivity while remaining in compliance with the objectives of sustainable forest
management. For logging, this involves activities with a damage level that does not exceed
the tolerance threshold of the forest ecosystem.

Timber logging affects all the forest ecosystem’s components: residual trees, soil [1,2]
and seedlings [3–5]. Logs are usually extracted from the forest site to the landing areas
by machines on skid trails [6]. As they are moved, these transported loads harm the
abovementioned components of forest ecosystems, especially trees, in which case injury
can lead to death. Different management practices in timber harvesting can lead to different
tree mortality rates, even within the same forest type [7]. Silvicultural treatments are
sometimes applied to maintain forest health and productivity. However, the necessary
interventions vary from one forest to another [8], leading to differences in the number and
intensity of injuries caused to trees. Damage from harvesting using different technologies
has been studied by different authors and has shown a proportion of 22–44% wounded
stems for conventional logging using chainsaw and skidder and 20–31% for mechanized
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operations using a harvester [9]. Regarding logging technologies with reduced impact on
forest ecosystems, such as cable yarding systems, higher first-year mortality rates have
been observed in less severely damaged trees located in conventional logging areas than
in those from logging areas with a reduced impact [10]. Wound area and the ratio of the
maximum wound’s width-to-tree circumference at breast height, as well as the percentage
of dead crown and the growth rate, have been tested as variables in some models that
determine tree mortality risks [11].

Some studies have compared the influence of timber harvesting with that of forest
fires on forest biodiversity and productivity. The resulting perturbation did not decrease
productivity or plant diversity when compared with fires, which represent the main nat-
ural disturbance in these areas [12]. Other researchers have shown that anthropogenic
disturbances, such as timber harvesting, can promote the stability of certain non-native and
invasive plants [13].

Silvicultural and harvesting activities are commonly believed to primarily affect forest
populations and species content [14]. The negative impact of logging extends not only
to trees, soil and seedlings but also to wildlife and the entire regional landscape [15,16].
Regardless of this, some biodiversity benefits from reduced-impact logging may accrue
over longer periods after logging ends [17]. Selective logging poses a lesser threat, largely
because most—although not all—of the species found in primary forests appear to be able
to persist in logged forests [18]. Windstorms can improve biodiversity indicators in these
areas, but salvage logging may reduce these positive impacts across most indicators [19,20].
Similarly to logging, extreme phenomena, such as storms, can cause torrential leaks, with
a negative impact on forests, leading to extensive damage to trees, seedling and soil [21].
Furthermore, besides the damage caused by logging and extreme phenomena, a major
impact on exploited stands can also be caused by climatic changes [22–24].

The scope and severity of residual tree damage depends on, among other things, the
harvest intensities and the layout of the skid trail network. Most damage occurs due to
construction of main roads, but with an increase in harvest intensity, damage resulting
from tree felling and skid trails dominates [25]. Additionally, different curvatures of skid
trails and different site conditions (soil moisture, soil type, terrain slope) contribute to the
amount and intensity of residual tree damage [26]. A high damage rate within mechanized
harvesting was reported in stands impacted by the handling of wood parts and trees. Thus,
the experience of machine operators can correlate with a lower handling rate of wood in
forests, resulting in a low damage rate of residual trees. The actions of operators and the
harvested tree size can influence an important part of residual tree damage [27]. The choice
of mechanized harvesting machines used in logging should be based on their impact on
the forest ecosystem because mechanized harvesting has a longer-lasting effect for residual
trees compared to non-mechanized harvesting [28]. Residual tree damage produced by
forwarders is approximately half the damage produced by harvesters [29].

Another factor that influences the number and intensity of residual tree damage is the
size of the harvested trees and the size of the skidded wood piece. The amount of residual
tree damage significantly increases when the harvested diameter of harvested trees at breast
height increases [30]. The length of wood pieces is dictated by the logging method used.
Some research has shown that using the cut-to-length method can lead to residual trees
being more damaged than when using the tree-length method [31]. The most widely used
harvesting methods in Romania are tree-length, usually used in the mountainous and hilly
area, and the cut-to-length method, used in lowland forest areas or in mountainous areas
in the process of installing cable yarding capabilities [32]. The most damaging method to
the forest ecosystem is the whole-tree method, which is forbidden in Romania [32].

In order to avoid tree mortality after harvesting and the previously mentioned con-
nected negative effects on biodiversity, it is necessary to coordinate logging technologies
with treatments that are appropriate for the essential characteristics of stands in order to
preserve the protection potential of forests. This practice is necessary in order to harvest
wood material and fulfil the necessary conditions for natural regeneration and the creation
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of healthy and economically valuable stands. In this way, causing damage that exceed the
tolerance thresholds of trees is avoided so that the damaged samples recover in a short
period of time.

Silvicultural and functional requirements can be satisfied by establishing damage
thresholds (limits) for the remaining standing trees, seedlings and soil. These thresholds
can be tolerated by the forest, avoiding derangement of the production and protection
functions of the forest ecosystems [33]. If a wound closes quickly, the tree is less prone to
decay at the stem level [34]. Based on tree DBH, as well as hierarchical and geographical
positions within the stand, and based on position, size and depth of wound, some authors
calculated the average synthetic index, establishing values for “tolerable” damage [35].
Knowing the tolerance thresholds of trees and the impact of logging within the limit where
trees heal without developing rot can lead to management solutions that will increase the
quality of the wood that will be harvested in the following periods.

Based on field observations realized before the present study, our hypothesis was that
there is a link between healed damage, damage width, tree circumference and the damage
cardinal orientation. Our observations have shown that only a certain percentage of tree
damage heals in a short period of time after logging.

The purpose of this study was to establish the tolerance thresholds for trees under
timber harvesting actions from the southwest of Romania. This purpose can be achieved
by attaining objectives based on the study’s hypothesis, which are detailed below.

The first objective is to identify and evaluate tree damage from harvesting sites located
in southwestern Romania from all relief forms and including a wide range of work. The
healed damage was identified after the growing season had passed.

The second objective consists in establishing a link between healed damage and
damage width, tree circumference and damage orientation.

The third objective consists in establishing tree tolerance thresholds against the action
posed by timber extraction based on an existent relationship between healed damage and
different variables.

Based on the results of this research, a series of good practices for the management of
timber harvesting were brought forward in order to minimize the negative impact on both
the forest ecosystem and biodiversity.

Based on the abovementioned scope and objectives, the goal of the research is to
establish the tolerability thresholds for trees in logging at harvesting sites in southwest-
ern Romania.

2. Materials and Methods

The research for this study was conducted at 24 harvesting sites in southwestern
Romania in forests located in the plains, mountains and hill areas. The distribution of
research variants was realized by taking into account the harvesting sites, depending on
silvicultural work, for variants and, within them, depending on the relief by repeating the
observations twice at harvesting sites from each relief form.

In this study, the harvesting sites were chosen as variants depending on applied
silvicultural work as follows: thinnings (variant V1), shelterwood systems (variants V2, V3
and V4) and selection systems (variant V2). For variant V2, we studied harvesting sites
with first-intervention cuttings, as well as preparatory and seed cuttings in shelterwood
systems or selection systems.

A regular shelterwood system is a silvicultural system wherein regeneration is initiated
and supported by the removal of the harvestable trees in two or more successive steps of
cutting [36]. In this paper, three steps were used, which correspond to preparatory and seed
cutting (V2), as well as several successive cuttings, in order to increase the light availability
for regeneration (V3) and final cutting (V4). The temporarily remaining old trees provide
seeds and protect the natural regeneration from climatic extremes. The higher amount of
light available due to these cuttings also promotes the growth of the remaining old tress [36].
Shelterwood cutting and later thinning produce an evenly aged stand with a homogenous
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vertical and horizontal structure. Only at the regeneration stage, when the shelter of mature
trees covers seedlings and saplings, is the shelterwood system characterized by two clear
canopies [36].

A selection system (V2) is a silvicultural system that results in unevenly aged stands.
Individual trees or small groups of trees are cut periodically to obtain a yield in order to
improve the forest structure and growth and to support the regeneration at the same time
and in the same area. There are no defined cutting areas that are managed or harvested at a
specific time [36].

Considering the above descriptions of applied treatments, their structure with respect
considered variants is as follows: variant V1: thinnings; variant V2: first-intervention
cuttings, preparatory and seed-cutting (as part of shelterwood system) or selections system;
variant V3: cuttings to increase light availability for regeneration (as part of the shelterwood
system); variant V4: final cuttings (as part of the shelterwood system).

Harvesting operations on harvesting sites considered in the study were finished during
the year 2018. The period between the finishing time of the harvesting operation and the
assessment was one vegetation season. Tree damage was identified and evaluated during
the vegetative resting period between November 2019 and March 2020. The re-evaluation
of damage was conducted between September 2021 and November 2021. The research was
conducted at harvesting sites in Banat region managed by the Caransebeş Experimental
Basis of INCDS “Marin Drăcea” and the forest departments of the Caraş-Severin forest
directorate that belong to ROMSILVA (Băile Herculane, Bocs, a Montană, Bocs, a Română,
Moldova Nouă and Văliug) (Figure 1).

 

Figure 1. Location of the analysed harvesting sites [37,38].

Data collection was performed in the established sample plots with FieldMap equip-
ment, Vertex, a compass, a riglet, and writing and labelling instruments. These were used
to determine the tree position within the sample plots, to mark trees, to determine their
biometric characteristics, to measure and determine the locations of the identified damage
and to note the gathered data. The data were processed with specific software for table
calculation and graphics processing.
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The distribution of harvesting sites in terms of variants and replicates in the study is
as follows (see Appendix A):

• Variant V1: harvesting sites with thinnings; two harvesting sites on each relief form;
• Variant V2: harvesting sites with first-intervention cuttings; preparatory and seed-

cutting from shelterwood systems or selection systems; two harvesting sites on each
relief form;

• Variant V3: harvesting sites with cuttings to increase light availability for regeneration
from shelterwood systems; two harvesting sites on each relief form;

• Variant V4: harvesting sites with final cuttings from the shelterwood system; two
harvesting sites on each relief form.

Tree damage was identified, evaluated and re-evaluated along skid trails in three
sample plots with a length of 100 metres, measured along the driving direction of forest
machines on the main skid trail for each logging site. This was done for each harvesting
site on the ascent, at the middle and on the descent (Figure 2a).

 
(a) (b) 

 
(c) (d) 

Figure 2. Location of sample plots: (a) along skid trails (schematic view); (b) inside the harvesting
site (schematic view); (c) FieldMap representation of a sample plot from the skid trail; (d) FieldMap
representation of a surface from inside the harvesting site.

The same tree observations were made in a circular sample plot of 2500 square metres
in the middle of the harvesting site, avoiding skid trails (Figure 2b). This prevented the
sample plot from overlapping with the skid trails. Random distribution of sample plots was
not used because the harvesting operations took place only in certain parcels covered with
regeneration or thinning works and only in certain accessible areas in which regeneration
meshes were opened according to the applied treatment. In this case, inherent bias was
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avoided by placing sample plots according to a similar previous plan for all studied plots,
regardless of the field situation, using three criteria: (1) to be as far away as possible from
the border of the harvesting site; (2) to be as far away as possible from the skid trails; and
(3) to be in an area where harvesting operations had been applied.

Injuries caused after timber extraction were identified and evaluated in the sections
located along the skid trails. On the other hand, injuries caused during the collection and
harvesting were identified and evaluated in the circular sample plot.

The classification of the identified types of tree damage was adapted from specialized
literature classifications [39,40] as follows:

• Galling: partial removal of bark or rind without affecting the cambial area;
• Barking: removing parts of the bark up to the wood;
• Splintering: removing parts of bark and wood;
• Breaking branches or the trunk;
• Partial or total uprooting.

In addition to the identified types of damage, other characteristics were noted and
stored, presented below in the FieldMap system.

During the initial evaluation of trees with injuries, several aspects were recorded: the
species, damage type, age of damage based on previous forestry work (new/old), position
of the damaged tree (FieldMap or polar coordinates), tree height (measured with VERTEX),
tree circumference (at 1.3 m high), damage measurements (length, width and depth),
position on the tree (trunk, crown or root insertion), height of the damage, cardinal position
(exposition) of the damage and phase of the timber-harvesting technological process. When
re-evaluating trees, we aimed to identify the tree, observe the status of the tree (dead/alive),
identify the previously determined damage based on its type (galling, barking, splintering,
breaking or uprooting) [39,40], remeasure the width of the damage, frame a new type of
damage if it had changed and identify repeated damage.

The width of the damage that was taken into account represents the maximum distance
between the edges of the damage found on the trunk of the tree, measured horizontally
along the circumference of the tree (Figure 3).

We established a link between the healed damage width, tree circumference and the
damage cardinal orientation by analysing the considered variants; the minimum and maxi-
mum value of the ratio between the healed damage’s width; and the tree’s circumference,
amplitude, average, standard deviation and variation coefficient for ratio values.

The average value of cardinal orientation for the ratio between the healed width
of the damage and the circumference of the damaged tree was identified, together with
the standard deviation and the variation coefficient of the obtained value. An ANOVA
test was applied in order to test the hypothesis that significant differences exist between
the values of the ratio between the healed damage widths and the tree circumference for
different damage orientations. The cardinal orientation of the damage was considered
the cardinal orientation from the middle of the width of the damage, measured in the
horizontal direction. The correlation between the studied relation and the circumference of
the damaged tree was analysed with the help of the Pearson correlation coefficients.

Assuming that tree-growth reduction and the possible death of trees is mainly caused
by reduced sap flow, some authors have used the ratio between the width of the damage
and circumference of the damaged trees to describe the severity of damage [41,42]. In the
case of similar investigations, because the normality of wound size and data regarding
wound–stem size was not satisfying in the initial assumption, wound size and wound–stem
ratio values were analysed [43].
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Figure 3. Diagram of measuring damage width and tree circumference and determining
damage orientation.

We establishing the tree tolerance thresholds for the remaining trees after timber
harvesting based on the relationship between the tree circumference (C) and the ratio of
healed damage width and tree circumference (w × C−1). We assumed that damage that does
not heal is more likely to develop rot, which can cause wood and tree health to depreciate.
Tolerance thresholds were established for damage, considering silvicultural works from
the harvesting sites and the cardinal orientation of the damage. This fact was obtained by
analysing the value of the ratio between the damage width and the tree circumference for
the damage that healed during the analysed period, modelling the statistical connections
between the considered variables (w and C) using power functions.

Equations that lead to tree tolerance thresholds towards harvesting operations were
elaborated. In order to see whether the observed data corresponded sufficiently to the
expected values, χ2 for goodness of fit was used to test the obtained models. The tolerance
threshold was expressed as a maximum value of the relation between the damaged width
and the tree circumference, for which the damage is curable. The correlation between
the circumference and the abovementioned relation was analysed with the Pearson corre-
lation coefficient. A model for the tolerance threshold concerning the main species was
also elaborated.

For each silvicultural works, according to the considered variants, we identified the
minimum and the maximum value of the ratio between the width of the healed damage and
the circumference of the tree, the amplitude and average values of this ratio, the standard
deviation and the coefficient of variation of values obtained from this ratio. As for tolerance
threshold, expressed as the value of the ratio between the width of the healed damage and
the circumference of the tree, we used the averages of the data sets with the lowest spread
(lowest coefficient of variation) among the studied variants.

The experimental design of the conducted research, as well as the workflow of field
work and data processing, according to the method presented above, is schematically
represented in Figure 4 [44].
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Figure 4. Design of conducted research and the workflow of field work and data processing [44].

The specific work conditions from the 24 harvesting sites (Table 1) have a direct impact
on the development of the harvesting operations, as they define the spaces in which this
work occurs. The cut-to-length-method was the harvesting method used in 23 of the
24 harvesting sites. The tree-length-method was applied only in one harvesting site. These
are most often used harvesting methods in Romania, but depending on the operational
conditions and the equipment used, many intermediary adaptations are in practice [32].
This is also the case of western Romania, which is the reason for taking into consideration
the last harvesting site with a different harvesting method than the others, respecting the
percentage of usage of this method in the studied area. Considering the above, the obtained
results below are representative from this point of view.
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3. Results

3.1. Tree Damage and Healed Damage

The research allowed us to compare data from re-evaluations to those from initial
evaluations and to emphasize the damage dynamics regarding dimension, migration
towards other types of damage (e.g., transforming galling in barkings by slicing bark under
the pressure of cambial growth), the apparition or evolution of rot, or, on the contrary, the
healing of damage.

The tree tolerance threshold was established in relation to the size of the damage
identified in the initial evaluation but considered healed during re-evaluations. The other
evaluated variables were also taken into account.

A total of 1237 damaged trees were identified in the sample plots from analysed
harvesting sites in the initial evaluation. These were distributed as follows: 537 trees in
variant V1, 254 trees in variant V2, 215 trees in variant V3 and 231 trees in variant V4. We
identified 1945 injuries, with many trees presenting multiple injuries. Barking represented
the majority of injuries (78.9%), followed by splintering (11%), galling (7.7%), broken trees
(1.8%) and uprooting (0.6%).

Most cases of damage were identified as thinnings (V1), where stand density was the
highest (Figure 5).

 
Figure 5. Distribution of healed and unhealed damage by variant.

The synthesis shown in Table A1 was created based on the field data gathered from
the sample plots.

Taking into account the fact that a significant amount of the studied damage healed
during the analysed period, it is important to find a dimensional damage threshold up to
which healing was possible. In the analysed sample plots, 64 cases of damage were initially
identified as healed, whereas 108 cases of damage healed during the two years in which
the research was realized. From a percentage perspective, healed damage represents 8.8%
of the total amount of damage.

The research was carried out mostly in beech stands in the mountains and hills and
in mixed stands in the plains, with resinous species found in a small percentage of the
analysed areas. However, the percentage of injuries healed in the specimens of sampled
conifers was 28% (17 cases of damage healed out of a total of 60 cases found). In deciduous
species, the healing rate of damage was only 8.2%.
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3.2. Tolerance Thresholds concerning Types of Forestry Work and Species

If the growing type of damaged bark and field observations are taken into considera-
tion, it can be said that the most significant influence on damage healing is represented by
damage width in relation with the entire circumference of the damaged tree. As such, in the
analysed sample plots, the average of the ratio between the healed damaged widths and
the tree circumference is approximately 0.10 (0.09 for damage healed during the analysed
period and 0.12 for damage identified as healed in the initial evaluation).

The value of the ratio between the damage width and the tree circumference for the
damage healed in the studied variants, as well as the statistical indicators that characterize
the value of this relation, is presented in Table 2.

Table 2. Values of the ratio between the healed damage width (w) and the tree circumference (C) in
the studied variants.

Galling

Statistical
indicator

Minimum value
of w × C−1

Maximum value
of w × C−1

Average value of
w × C−1

Standard
deviation

Variation
coefficient

V1—Thinnings 0.0164 0.2128 0.0696 0.0493 70.8320

V2—First-
intervention

cuttings
0.0192 0.2963 0.1047 0.0799 76.2434

V3—Cuttings to
increase light

availability for
regeneration

0.0195 0.2286 0.0868 0.0595 68.5909

V4—Final cuttings 0.0323 0.2429 0.0914 0.0676 73.9230

TOTAL 0.0164 0.2963 0.0896 0.0650 72.5425

Barking

Statistical
indicators

Minimum value
of w × C−1

Maximum value
of w × C−1

Average
value of w × C−1

Standard
deviation

Variation
coefficient

V1—Thinnings 0.0088 0.2222 0.0889 0.0529 59.5267

V2—First-
intervention

cuttings
0.0244 0.3684 0.1265 0.1002 79.1722

V3—Cuttings to
increase light

availability for
regeneration

0.0137 0.1852 0.0734 0.0547 74.5544

V4—Final cuttings 0.0072 0.2653 0.0954 0.0797 83.6130

TOTAL 0.0072 0.3684 0.0969 0.0729 75.2008

Splintering

Statistical
indicators

Minimum value
of w × C−1

Maximum value
of w × C−1

Average
value of w × C−1

Standard
deviation

Variation
coefficient

V1—Thinning 0.0781 0.3214 0.1792 0.1268 70.7651

V4—Final cuttings 0.0606 0.3846 0.2226 0.2291 10.9195

TOTAL 0.0606 0.3846 0.1965 0.1474 74.9960
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Table 2. Cont.

Amount of total damage

Statistical
indicators

Minimum value
of w × C−1

Maximum value
of w × C−1

Average
value of w × C−1

Standard
deviation

Variation
coefficient

V1—Thinnings 0.0088 0.3214 0.0886 0.0592 66.7758

V2—First-
intervention

cuttings
0.0192 0.3684 0.1186 0.0908 76.6220

V3—Cuttings to
increase light

availability for
regeneration

0.0137 0.2286 0.0827 0.0564 68.2538

V4—Final cuttings 0.0072 0.3846 0.0994 0.0869 87.4290

TOTAL 0.0072 0.3846 0.0971 0.0744 76.6439

The variation coefficient of the ratio between the damage width and the circumference
had values over 50% in all analysed cases, namely for all three damage types identified as
healed and for all studied variants. The highest values for the variation coefficient were
recorded in splintering, for which the amount of healed damage was very small. Generally
speaking, splintering is a type of width damage that affects not only the bark but also
the wood. In the current research, the average diameter of splintered and healed trees
was 11.5 cm during the studied period. Most of these trees were young and identified
in thinnings and final cuttings. They had some of the lowest values of the ratio between
the width of the healed damage and the circumference of the tree when compared with
other splinterings.

A high variation coefficient signals a spreading of the studied relation in all variants.
This means that the damage with a small width reported to the tree circumference is most
likely to heal. However, over time, the amplitude value of this relation increases.

As can be seen in Table 2, the amplitude value of the ratio between the healed damage
width and the tree circumference has the lowest values for variant V3.

The low amplitude of variant V3 indicates that the healing process occurs only at a
low value within this relation. The widest healed damage reported in relation the tree
circumference was observed in the variant where forestry work opening regeneration areas
was applied, namely V2. Here, the amplitude of the studied relation is the highest, with
the exception of splintering. However, the maximum value of the studied relation for most
cases is higher than 0.2.

Taking this information into account, in order to determine the tolerance threshold
(expressed as the value of the ratio between the healed damage width and tree circumfer-
ence), one can use the average of data sets with the lowest spreading rounded to decimals
(the lowest variation coefficient) from the studied variants (emphasized in the last column
of Table 2).

As such, the following tolerance thresholds for timber harvesting were proposed.
They are expressed as a ratio between the damage width (l) and the circumference of the
damaged tree (C):

- V1—Thinnings: w × C−1 = 0.09;
- V2—First-intervention cuttings: w × C−1 = 0.10;
- V3—Cuttings to increase light availability for regeneration: w × C−1 = 0.09;
- V4—Final cuttings: w × C−1 = 0.09.

As can be seen, the value of the ratio between the damage width and the tree circum-
ference, which can be considered a tolerance threshold for trees from timber harvesting
operations, has similar values for all studied variants. The value of this ratio is of 0.09 for
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thinnings, cuttings to increase light availability for regeneration and final cuttings and 0.10
for first-intervention cuttings.

If the ratio of damage width to circumference is higher than 0.10 in first-intervention
cuttings or higher than 0.09 for the other cuttings, the damage is not likely to heal within
three years of the end of harvesting operations.

Although the variation coefficient of w × C−1 is big, a connection was observed to
exist between tree circumference and the ratio between damage width and circumference
(Figure 6).

  
(a) (b) 

  
(c) (d) 

Figure 6. The relation between tree circumference and the ratio between healed damage width and
tree circumference: (a) V1 –thinnings; (b) V2—first-intervention cuttings; (c) V3—cuttings to increase
light availability for regeneration; (d) V4—final cuttings.

In the above figure, the average values for w × C−1 (y axis) are as shown in Table 2.
The average values for circumference (C; x axis) are as follows: 60 for V1, 64 for V2, 88 for
V3 and 42 for V4.

For all variants, the functions that define the abovementioned relation are exponen-
tial monotonous decreasing functions of data intervals of studied circumferences in the
following form:

y = 0.4458x−0.453 for V1—Thinnings;
y = 0.5295x−0.454 for V2—First-intervention cuttings;
y = 1.5817x−0.737 for V3—Cuttings to increase light availability for regeneration;
y = 1.3675x−0.830 for V4—Final cuttings.
where y = w × C−1; x = C, in which:
w—the width of the healed damage;
C—the circumference of the damaged tree.
The equations for models that establish the link between circumference and w × C−1

for the healed damage are presented in Figure 6. By calibrating the models presented above
using the average values obtained for the studied ratio of 0.10 in V2 and 0.09 in the other
variants, it can be observed that the w × C−1 value can exceed these values for some small
circumferences (C < 35 in V1; C < 40 in V2; C < 49 in V3; C < 27 in V4; values determined
with the obtained equations). By calibrating the models for the minimum values of the ratio
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between width and circumference for which healed damage was identified as respecting the
equations from the figure above, namely solving the equations, we obtained the maximum
circumferences for proposed models of 124 cm in V1 (thinnings), 201 cm in V2 (first-
intervention cuttings), 154 cm in V3 (cuttings to increase light availability for regeneration)
and 78 cm in V4 (final cuttings).

Therefore, the validity of the models presented above may be applied to damage in
trees with circumferences within the above values but larger than 35 cm in thinnings, 40 cm
in first-intervention cuttings, 49 cm in cuttings to increase light availability for regeneration
and larger than 27 cm in final cuttings.

The fitting of models was tested using χ2 for goodness of fit between observed values
for w × C−1 and expected values of this ratio obtained using the above models for studied
variants (Table 3).

Table 3. Statistical data used to test models for goodness of fit.

Variant χ2 Values
Confidence

Level
Degree of
Freedom

Critical Values
of χ2

V1—Thinnings 3.109 95% 64 63.335

V2—First-intervention
cuttings 3.451 95% 41 56.943

V3—Cuttings to increase light
availability for regeneration 1.107 95% 30 43.773

V4—Final cuttings 4.777 95% 37 52.192

As can be observed for all variants, the proposed models fit the obtained experimental
data; in all cases χ2 obtained by testing was lower than the critical value for χ2 for a specific
degree of freedom. With 95% confidence, we conclude that the observed data follow the
distribution of the proposed models.

By calculating the Pearson correlation coefficient between circumference and w × C−1

for healed damage, negative correlation coefficients were obtained. This marks an inverted
correlation of different degrees, which are presented below, together with the value of the
correlation coefficient for each variant:

- In V1, r = −0.21—weak correlation;
- In V2, r = −0.33—weak correlation;
- In V3, r = −0.57—reasonable correlation;
- In V4, r = −0.20—weak correlation.

Neither variant showed an inexistent correlation (r > −0.2). A linear Person correla-
tion (not only exponential, as shown above) is also present in all variants, although this
correlation is between weak and reasonable.

For each variant (type of silvicultural work), if we replace x from the equations in
Figure 6 with the circumference of the damaged tree, we obtain the tolerance threshold (y),
expressed as a maximum value of the ratio between damage width and tree circumference
from which the damage can heal.

The relationship between the circumference of the trees and the ratio between the
width of the healed injury and the circumference for groups of species and for the main
species is shown in Figure 7.

As can be seen, the small amount of damage in conifers and various deciduous species
and the implicitly low percentage of participation of these species in the studied stands led
to a poor statistical fitting of the above relationship. (Figure 7a,b).

For European beech, the coefficient of determination, R2, takes the highest values
in the case of variant V3 (cuttings to increase light availability for regeneration). In this
variant, the damage was not exposed to sunstroke as in the case of sparse stands in variant
V4; the trees were mature, unlike variant V1 (thinnings) and were not diseased with rot or
other defects because they were extracted at the first cutting of the shelterwood system.
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(a) (b) 

  
(c) (d) 

Figure 7. The relation between the tree circumference and the ratio between healed damage width
and tree circumference: (a) coniferous species, all variants; (b) various deciduous species, all variants;
(c) European beech, all variants; (d) European beech in V2 (first-intervention cuttings).

In view of the above, the maximum value of the relationship between the damage
width and the circumference described by the model below can be proposed as a threshold
of tolerability for beech:

y = 0.1732 e−0.011x

where y = w × C−1; x = C, in which:
w—the width of the healed damage;
C—the circumference of the damaged tree.
The value of the correlation coefficient of r = −0.61 is obtained by calculating the

Pearson correlation coefficient between the circumference and w × C−1 of the healed
damage in European beech in V3. There is therefore a high inverse correlation between the
values considered in the proposed model (r < −0.6).

3.3. Tolerance Threshold and the Orientation of Damage

A factor with an important influence on the healing of damage in trees is represented
by damage orientation. This is expressed through the cardinal position towards which the
damage is oriented. It can be observed that healed damage is oriented towards all cardinal
orientations, with N as the most common orientation (Table 4).

Analysing Table 4 and Figure 8 regarding the percentage of healed damage in relation
to the total amount of damage (without breaks and uprooting) in each cardinal orientations
(N, NE, E, SE, S, SW, W, NW), it can be seen that the most important percentage of healed
damage is oriented in the N orientation, with 13.5% of the observed damage already
healed. High percentages of healed damage are also observed in the neighbouring cardinal
orientations, namely NW (11.3%) and NE (10.3%).
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Table 4. Healed tree damage in relation to the orientation of damage and total damage.

Damage Orientation
Amount of Healed

Damage
Total Amount of

Damage

Percentage of
Healed Damage

Based on
Orientation (%)

N 35 260 13.5

NE 19 184 10.3

E 26 310 8.4

SE 17 188 9.0

S 19 226 8.4

SW 12 191 6.3

W 21 337 6.2

NW 23 203 11.3

 

Figure 8. Percentage expression of the amount of healed damage based on orientation.

The lowest percentage of healing is in the W (6.2%) and SW orientations (6.3%).
The differences regarding the healing rate depending on the orientation of the damage

may be due to the fact that the sunstrike is stronger in the case of south-facing injuries.
These are exposed to drying, and bark growth is inhibited, which leads to a lower healing
rate compared to that of north-facing damage. In the latter case, at the level of injury,
the humidity is higher and does not negatively influence the healing rate but favours the
long-term development of rot for the injuries that fail to heal.

In regard to the tolerance threshold of damaged trees according to cardinal orientation,
as can be seen in Table 5, the w × C−1 average, which can be considered a tolerance
threshold, varies based on the orientation. The values range between 0.076 in NE and 0.138
in SW orientation.

Although the percentage of healed damage is the highest for damage with a NW-N-NE
orientation, the widest damage reported in relation the damaged tree circumference was
found in the SW orientation (Table 5). Here, the variation coefficient is relatively small
when compared with the other cases (Table 5). Furthermore, the average of the studied
relation is higher than 0.1 for healed damage oriented to the N, NW and W.

An ANOVA test was applied in order to test the hypothesis that significant differences
exist between the w × C−1 values between different damage orientations. These types of
significant differences (p* < 5%) can be observed only for two pairs of samples, namely
between SW and S orientations and between SW and NE orientations (Table 6).
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Table 5. Values of the ratio between healed damage width and damaged tree circumference based on
cardinal orientation.

Damage Orientation Average Standard Deviation Variation Coefficient

N 0.101 0.101 100.000

NE 0.076 0.045 59.278

E 0.091 0.081 88.792

SE 0.087 0.058 66.173

S 0.075 0.053 70.198

SW 0.138 0.094 67.941

W 0.110 0.082 74.216

NW 0.106 0.076 71.802

Table 6. p values (ANOVA test) to test different w × C−1 values between different damage orientations
(significant (p < 5%) = *).

Damage
Orientation

N NE E SE S SW W NW

N 1 0.207 0.635 0.532 0.221 0.192 0.705 0.836

NE 0.207 1 0.440 0.519 0.952 0.016 * 0.111 0.129

E 0.636 0.440 1 0.845 0.446 0.114 0.446 0.519

SE 0.532 0.519 0.845 1 0.527 0.084 0.349 0.407

S 0.221 0.952 0.446 0.527 1 0.024 * 0.130 0.147

SW 0.192 0.016 * 0.114 0.084 0.024 * 1 0.384 0.261

W 0.705 0.111 0.446 0.349 0.130 0.384 1 0.851

NW 0.836 0.129 0.519 0.407 0.147 0.261 0.851 1

As such, differences between samples with different damage orientations are mainly
insignificant, so representative w × C−1 values could not be determined to be considered
tolerance thresholds based on cardinal orientation.

The Pearson correlation coefficients between the studied relation and the tree circum-
ference indicate a reverse correlation for some orientations, as follows:

- N, r = −0.23—weak correlation;
- NE, r = −0.13—very weak correlation;
- E, r = −0.21—weak correlation;
- SE, r = −0.29—weak correlation;
- S, r = −0.54—reasonable correlation;
- SW, r = −0.44—reasonable correlation;
- On V, r = −0.31—weak correlation;
- On NV, r = −0.32—weak correlation.

A very weak correlation (r > −0.2) is present in the NE orientation between w × C−1

and the circumference, whereas the correlation is reasonable in the S and SW orientations
(−0.6 < r < −0.4). All the other cases present a weak correlation (−0.4 < r < −0.2).

If all this is considered, the lack of significant differences from a statistical perspective
regarding the w × C−1 value between different orientations, as well as the existence of a
linear Pearson correlation between the relation’s value and the circumference, the previously
obtained average values (Table 5) are proposed as tolerance thresholds with respect to
circumference intervals obtained by calibrating and validating the models presented above.
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4. Discussion

4.1. Tree Damage and Tolerance Thresholds

Similar results regarding tree damage were obtained in studies focused on animal
logging in which barking was identified as the most common damage (61.5%), a lower
percentage than that obtained in the present study (78.9%) [39]. Unlike the current study,
the higher percentage of minor damage was due to the use of animal logging, a low-
impact logging technique. Thus, animal logging is correlated with a high percentage of
light damage, such as squashed bark (23.1%), compared to the percentage obtained in the
current study (7.7%), where conventional logging was used. Other studies have shown
that, on average, logging damage affected 40% of residual trees, with 21% injured and 19%
killed trees [45].

Related investigations have shown similar values for healed damage, representing 12%
of the total amount of identified damage but in smaller samples (10 healed damage) [34].
The present study comprises 172 cases of healed damage during the research period,
representing 13.5% of the total amount of identified damage.

In young trees, some authors have mentioned that the cambial tissue never survives
exposure. Thus, even if only small bark pieces are removed, the xylem is open to an
invasion of pathogenic agents [8]. In the studied variants in the present study, the amount
of healed damage was superior in variants where thinnings were applied, where the trees’
healing power is higher than in old stands. The healing of bark lesions varies by the
quantity of removed bark, as well as by vigour and species, whereas all damaged trees
maintain rot pockets even after minor injury, regardless of age. Heavier damage results in
interior trunk rot over the following decades [8]. Healing tree damage to the greatest extent
possible in stands where thinnings were applied reduced the risk of obtaining depreciated
wood with root at harvesting age. In the present study, most of the damage was found
in thinnings. This is due to the space between the residual trees because when spacing
is narrow, there is a higher probability of increased residual tree damage when logs are
skidded [46].

Regarding the ratio between damage width and tree circumference, some research has
shown that in the case of using skidders, the ratio between damage width and the stem
circumference has values of 0.093 (9.3%) for the most frequent damage and 0.12 (12%) for
the most severe damage [42]. These data are similar to those obtained in the current study,
where the average of the ratio between the width of healed damage and tree circumference
was approximately 0.10 in the analysed sample plots (0.09 for damage healed during the
analysed period and 0.12 for damage identified as healed in the initial evaluation). The
wound healing rate is related to DBH (circumference in the present study), and the rate
decreases with increasing wound width [47].

The results of other investigations regarding the ratio between stem and wound for
scrapes were similar among treatments, but the same ratios for gouges and scuffs were
larger under high-intensity treatment [43]. In the present study, there was an increase in
the value of this ratio from 0.09 for thinning to 0.10 for first-intervention cuttings.

Observations in beech stands show that all wounds with an initial width of less than
5 cm were healed [48]. Results of the present study reveal a high inverse correlation
between the width and the circumference of damage in beech trees.

Similar investigations studying the healing rate of damage from poplars have found
similar healing rates. This is especially true in the N orientation, where the highest per-
centage of healed damage is recorded [49]. Similarly, in the present study, the highest
percentage of healed damage was recorded for damage with N orientation (13.5%), al-
though significant percentages of healed damage were also maintained in the neighbouring
cardinal orientations, namely NW (11,3%) and NE (10.3%).
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4.2. Discussion and Recommendations Regarding Good Practices for Logging Management and
Respecting Tolerance Thresholds

To protect the forest ecosystem, some studies have shown that applying specific
measures can reduce the damage to residual trees by 25–33% [50]. One such measure is
equipping forests with a network of roads to reduce the average distances for collecting
wood [51].

A basic necessity for the ecological harvesting of forests is the use of a method with a
low impact on the forest ecosystem. This includes the cut-to-length harvesting method [52].
This method was used in 23 out of the 24 studied harvesting sites. As previously mentioned,
this harvesting method causes the fewest seedling and soil injuries, as well as using
collecting methods at capacity. Using the shortwood system in the final cutting is the
dominant practice in Nordic countries [53]. Studies from Poland have shown that the
shortwood system caused the fewest tree injuries in stands of all ages [54].

Another basic condition for the long-lasting development of forests that is not widely
used in Romania (a fact also observed in the studied variants) is represented by linking a
system of improved machines with the forest regeneration regimes and treatments. For
example, modern machines were used in the thinning work and in certain field conditions
that were developed and improved along with other adaptations for agricultural trac-
tors [55]. Different adaptations and improvements of forest equipment are necessary, as the
damage potential increases in some cases due to the difficulty of manipulating machines in
very dense stands [56].

By studying the ratio between the damage width and tree circumference, research
comparing crawlers with cable yarders for collecting timber has shown a smaller surface
affected by damage in the latter case [42]. A series of additional measures are recommended
to ensure favorable effects after harvesting operations. These measures must be technically
feasible and economically acceptable [57].

These measures were not typically seen in the analysed parcels; however, some of
the practical measures that can decrease the damage caused by timber harvesting will
be mentioned. The measures that can be applied include using sustaining coils for load
cables to transport pieces by semi-suspension and using direction coils to form the load;
using tractors equipped with roller chains in fields with a low carrying capacity; proper
assignments; protecting the soil and trees in places where timber is stocked; protecting
trees that border skid trails; protecting seedlings by placing paths and collecting tracks
outside seedling loci; protecting seedlings with wood ramparts; and using harvest remains
to reduce erosion in certain areas.

The results of these studies suggest that low-impact timber harvesting operations
should be accompanied by a close surveillance of field personnel, by a financial motivation
to encourage—or, based on the case, to discourage—negative activities and by post-harvest
inspections to verify proper implementation [58].

5. Conclusions

Based on the data obtained from sample plots, we established that the value of
the ratio between the damage width and the tree circumference can be considered a
tolerance threshold for trees in logging. The value of this ratio is of 0.09 for thinnings,
cuttings to increase light availability for regeneration and final cuttings and 0.10 for first-
intervention cuttings.

Equations for each variant and for the main species have been elaborated. The equa-
tions were used to obtain the tolerance threshold expressed as the maximum value of the
relation between the damage width and the tree circumference, for which the damage
is curable.

The ANOVA test showed significant differences (p* < 5%) between the damage width
and the tree circumference ratio for two pairs of samples, namely SW and S orientations, as
well as SW and NE. As such, differences between samples based on damage orientation
are mainly insignificant, so it is not possible to determine representative values that can be
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considered tolerance thresholds according to cardinal orientation. Therefore, we adopted
values obtained previously in silvicultural work as tolerance thresholds concerning the limit
to which tree damage in different cardinal orientations is healed in a certain time period.
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Appendix A

The arrangement of the harvesting sites in variants and relief forms is the following:

• V1—harvesting sites with thinnings from:

o Plains: Forest department (OS) Bocşa Română—Production unit (UP) II, man-
agement unit (u.a.) 58A and UP III, u.a. 49;

o Hill: OS Bocşa Montană—UP VI, u.a. 95A and OS Moldova Nouă—UP III,
u.a. 15B;

o Mountain: OS Băile Herculane—UP II, u.a. 23 and Caransebeş experimental
basis (BE)—UP VI, u.a. 99A.

• V2—harvesting sites with first-intervention cuttings—preparatory and seed-cutting
from shelterwood system or selections system, from:

o Plains: OS Bocşa Română—UP I, u.a. 11C and UP II, u.a. 55;
o Hill: OS Bocşa Montană—UP IV, u.a. 62B and OS Moldova Nouă—UP III,

u.a. 212A;
o Mountain: OS Văliug—UP VI, u.a. 15A and u.a. 16A.

• V3—harvesting sites with cuttings to increase light availability for regeneration from
shelterwood system, from:

o Plains: OS Bocşa Română—UP III, u.a. 28B and 76A;
o Hill: BE Caransebeş—UP II, u.a. 30B and OS Moldova Nouă—UP III, u.a. 176A;
o Mountain: OS BăileHerculane—UP II, u.a. 99A and 100A.

• V4—harvesting sites with final cuttings from shelterwood system, from:

o Plains: OS Bocşa Română—UPI, u.a. 1E and 14A;
o Hill: BECaransebeş—UP I, u.a 46D şi OS Moldova Nouă—UP III, u.a. 15B;
o Mountain: OS BăileHerculane—UP IV, u.a. 98A şi BE Caransebeş—UP V,

u.a. 16A.
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Abstract: We studied species turnover and changes of ecological conditions and plant strategies on
forest gaps created by natural disturbances (sleet, windthrow). We studied five forest gaps and a
control plot within in the Dinaric silver fir-beech forest in the southern part of Slovenia. Forest gaps
varied in age and size. The total number of recorded species in gaps was 184, with the highest number
(106) at the largest forest gap and with the 58 species at the control locality in a juvenile beech forest.
Forest gaps were predominantly colonised mostly by species of understory, forest margins, and forest
clearings. The species presented in all forest gaps are representatives of the understory of beech
forests. Species colonising forest gaps prefer habitats with more sunlight, medium wet to dry soil,
and are tolerant to high daily and seasonal temperature fluctuations. In gaps, the community of plant
species has a competitive strategy, which is also complemented with a stress-tolerator strategy. We
determined that a forest gap represents a significant habitat patch, especially for those plant species
which were not present there before.

Keywords: forest gaps; plant colonisation; community strategy; Dinaric fir-beech forests;
Ellenberg values

1. Introduction

Forest gaps are areas in a forest stand that have been created by the death of individual
or multiple trees [1]. Forest gaps are part of forests and a typical stage of forest dynam-
ics [2]. Every newly formatted gap results in changes to certain environmental factors,
also affecting the flora and fauna. The created forest gaps can vary in size and shape.
Depending on the size and gap shape, there are also changes in environmental factors [3].
When a forest gap forms, the light availability and precipitation regime change (increased
soil moisture) in the gap area [4,5]. Illumination of the forest gap largely depends on the
size of the gap and the size of the surrounding tree stand. Large trees shade the edges
of the forest gap and, if the gap is small, can shade it almost in full [3]. The amount of
light that reaches the floor of the forest gap also depends on the latitude at which the gap
is located, the slope of the terrain, and its position on the sunny or shady side. All three
items affect the angle of incidence of sunlight. The amount of incoming light also varies
depending on the season and daily rhythm [5–8]. The greater the gap, the more surface is
exposed to light. Air temperature largely depends on location exposure to sunlight and
wind. Kermavnar et al. [5] showed that the microclimate in Dinaric fir-beech forests also
depends on topographic factors (i.e., within-sinkhole position). Temperature fluctuations
in forest gaps are greater than those in a compact forest [9]. Higher daily and seasonal
fluctuations in air temperatures were also shown by Kermavnar et al. [5]. A forest gap has
higher soil humidity than the forest, as it is directly exposed to precipitation [3]. Humidity
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depends on the amount of litterfall remaining in the forest gap after its formation. Woody
debris (trunks, branches, leaves) retains moisture [3,8,10].

The forest dynamics in forest gaps are similar in all forest types and progress in the
direction of overgrowing with tree species [2], but can also differ among gaps according
to pre-disturbance biotic and abiotic conditions [11]. However, there is a difference in
the rate of overgrowing and the species composition of the plants. At the beginning of a
newly formatted forest gap, the trees growing on the edges of the forest gap start spreading
their canopies towards the gap, i.e., where they have sufficient space. This is noticeable
particularly in deciduous trees [12]. This is an edge effect that, in addition to the effect
on light, also has an effect on the expansion of plants from the edge to the forest gap [8].
In forest gaps, the tree species that stagnated in the understory before the formation of
the gap, where they did not have enough light to grow, begin growing more quickly.
Specimens of some plant species adapted to a dense forest stand (growing there before
gap formation) either die or adapt to new conditions [13], like Cyclamen purpurascens, in
which the synthesis of anthocyanins is increased at forest gaps compared to a compact
forest stand [14]. In deciduous forests of temperate climates, the first colonisers of forest
gaps are spring flowering plant species (like Omphalodes verna) of the herbaceous layer from
a nearby forest stand [15]. They begin their vegetation period when trees do not develop
leaves yet and, of course, they retain this trait at forest gaps. In forest gaps near roads with
high traffic, some invasive plant species can also occur [16].

For some seeds, a forest gap also represents a favourable environment for germination.
The soil seed banks at the gaps as a form of post-disturbance regeneration are especially
important for some herbaceous plant species. A forest gap represents a sink for seeds
from near and far surroundings, carried there by winds, animals, or man [12]. The more
successful colonisers of forest gaps include species that have long-lived seeds in a seed
bank and species whose seeds can disperse over long distances [17]. Generally, the species
whose seeds are spread by animals are more successful.

Shortly after the gap formation, the species richness is increasing and continues to rise
over time, until the last stages of succession when the gap is again overgrown. Constantly
changing abiotic and biotic factors, as well as interspecific relation over the years, cause
species turnover. Some species disappear or decrease, others appear or increase, but at
the beginning of the succession process on newly formed forest gaps, the species richness
increases [17]. Forest gaps, as a result of disturbance, affect changes in the community
structure which depend on the type [18] and intensity of the disturbance and interactions
of various disturbances in time and space [19–22].

In relation to the occurrence of limiting stress factors (altered water and light regime,
suboptimal temperature, change in the amount of nutrients) and the disturbance itself
(partial or complete destruction of plant biomass), the strategy of the whole community in
the forest gap changes, from the time of formation to overgrowing along the succession
line [23]. Understanding the changes resulting from the formation of the forest gap in
the forest ecosystem and its effects on local biodiversity can be very important for forest
management [24].

Based on findings of other studies [2,9,16,25] describing the change of abiotic and
biotic factors in forest gaps and general patterns of colonisation of plant species in forest
gaps, our study examined the occurrence of plant species in the initial stages (immediately
after disturbance) of newly formed forest gaps and of those older ones (after four years).
However, we selected only forest gaps that were formed as a result of disasters and were,
therefore, of different sizes. Disturbances, e.g., ice storms and windthrow, are increasingly
common in forests due to climate changes, resulting in greater likelihood of forest gap
formation [26]. In forest management, the question arises as to whether such newly formed
areas should be actively managed or left to natural processes. By studying colonisation
of such areas by plant species, we can obtain important data that will help in forest
management and thus preserve the great biodiversity of the forest as an ecosystem.
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The goal of our study was to determine the plant species population dynamics at
forest gaps in Dinaric silver fir-beech forests (Omphalodo-Fagetum). We studied the plant
species turnover at forest gaps, which is a result of colonised and resident plant species.
Our study focused on species diversity, composition of plant community, and its ecological
strategy in relation to the size and age of the forest gaps. We predicted:

− that plant species diversity would vary between specific forest gaps, depending on their age;
− that mostly plant species from surrounding the forest will spread to the forest gaps;
− there would be no significant appearance of invasive plants;
− that beech would be the most common tree species in forest gaps.

With the research, we want to enlighten about the natural succession and forest
dynamics at naturally formed forest gaps. Our research could help forest management to
make decisions about whether newly formed gaps should be planted with tree species or
should be left to natural succession with higher plant diversity at the first stage of forest
gap formation.

2. Materials and Methods

2.1. Study Sites

The study was conducted in Dinaric silver fir-beech forests (Omphalodo-Fagetum) in
the southern part of Slovenia (Kočevje-Ribnica area). The geological substrate of the area is
diverse soils changing in a small scale due to local topography and is formed predominantly
by Jurassic and Cretaceous limestone and, to a lesser extent, dolomite. The surface in higher
areas is drier because of shallow humus limestone soil (rendzina), which is formed on
parent material, while more or less shallow brown soil formed in the lowlands.

The average annual rainfall in the lowlands is between 1400 and 1500 mm and, at
higher altitudes, from 1600 mm to 2000 mm [27]. The two peak rainfall times usually occur
in June and from September to October (www.meteo.arso.gov.si/met/sl/climate/maps/
monthly-mean-precipitation-maps, accessed on 14 February 2022). The average annual
temperature of the Kočevje-Ribnica area ranges between 7 ◦C and 9 ◦C in the lowlands and
between 6 ◦C and 7 ◦C in the mountain range [27]. Weather phenomena include frequent
sleet and wet snow, which cause trees to break and fall. Windthrow can occur in summer
months due to a strong south-western wind [27,28]. Thunderstorm winds cause the most
severe damage, but blowdown patches are typically limited to stand-scales (e.g., 10 s of
ha). Ice storms and heavy snow typically cause intermediate severity damage and affect
much larger areas [29]. Because of these weather phenomena and their consequences, the
formation of forest gaps in this area is very common. Dinaric silver fir-beech forests of the
studied area are part of the Dinaric phytogeographic region [30]. The area is characterised
by Central European flora with a more or less strong influence of the Illyrian-Balkan flora
and Alpine floral element [30–32].

For the purposes of our study, we selected six survey localities (L) within the research
area (Figure 1), of which five were forest gaps that were formed at different times and of
different sizes (other features are listed in Table 1) and one was in the stand of juvenile beech
trees (with trunk diameter ≤ 10 cm) (Stone Wall). Namely in the rejuvenation phase of the
stand, beech predominates, and only later the fir saplings develop under the beech [33].
The localities were chosen according to their position in the same region, (Kočevje-Ribnica
area), similarities in gap formation, altitude, and exposition. We could not obtain exact data
on their formation, so we estimated the age of forest gaps on the basis of the state of bigger
organic decomposing material (trunks and branches) and the annual growth of spruce
saplings (faster growth on sunlight and habitus of a single plant) [34–36]. All forest gaps
formed as a result of natural disturbances (sleet or windthrow), which was determined on
the basis of uprooted and decaying trees, the condition of tree trunks, and the size of the
forest gap [37,38].
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Figure 1. Locations of 6 sampling sites on map (1: Stone Wall, 2: Below Barnik, 3: Above Barnik, 4:
Goteniški Snežnik, 5: Goteniška gora, 6: Above Draga). (Source: http://gis.arso.gov.si/atlasokolja/
profile.aspx?id=Atlas_Okolja_AXL@Arso, accessed on 12 January 2022).

Table 1. Forest gaps and their features (coordinates, UTM quadrant, altitude, aspect, substrate, soil,
year of origin). The location marked * is control site with juvenile phase of beech forest.

Locality/Forest Gap Coordinates Altit. Ex. Surface Substrate Year

L1
(Stone wall) *

Y: 5479575
X: 5052223 1068 m SE 175 m2 limestone 2000

L2
(Below Barnik)

Y: 5478774
X: 5051499 1132 m SW 600 m2 dolomite 2007

L3
(Above Barnik)

Y: 5478904
X: 5051210 1161 m SE 1400 m2 limestone,

dolomite 2007

L4
(Goteniški Snežnik)

Y: 5480085
X: 5049403 1205 m E 1300 m2 limestone,

dolomite 2013

L5
(Goteniška gora)

X: 5055948
Y: 5476338 1100 m SE 3200 m2 limestone,

dolomite 2011

L6
(Above Draga)

Y: 5473400
X: 5052341 954 m E 1480 m2 dolomite 2014

2.2. Floristic Survey and Sampling

In 2016 and 2017, vegetation surveys were performed a total of nine times on all five
forest gaps and in the beech stand in order to (Table 2) get a total species pool at localities
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(hereafter they will be named with the locality number and year of creation, e.g., L1-2000).
We conducted 9 surveys over three years because we wanted to obtain, during different
seasons, a record of plant species as comprehensive as possible at each forest gap [39].
Floristic surveys at total forest gap area were done for a control, including how many
and which species can we expect at a single gap. In addition, we estimated the spatial
distribution of plant species at a single forest gap.

Table 2. Floristic surveys and sampling scheme.

Locality Floristic Survey Dates
Sampling Dates and No. of

Sampling Plots

L1
(Stone wall) *

24 August 2015
21 April, 7 June, 8 July, 3

August, 27 September 2016
29 March., 25 April, 24 May, 11

July 2017

11 July 2017/8 plots

L2
(Below Barnik)

24 August 2015
21 April, 7 June, 8 July, 3

August, 27 September 2016
29 March, 25 April, 24 May, 11

July 2017

11 July 2017/8 plots

L3
(Above Barnik)

24 August 2015
21 April, 7 June, 8 July, 3

August, 27 September 2016
29 March, 25 April, 24 May, 11

July 2017

11 July 2017/8 plots

L4
(Goteniški Snežnik)

24 August 2015
21 April, 7 June, 8 July, 3

August, 27 September 2016
29 March, 25 April, 24 May, 20

July 2017

20 July 2017/14 plots

L5
(Goteniška gora)

24 August 2015
21 April, 7 June, 8 July, 3

August, 27 September 2016
29 March, 25 April, 24 May,12

July 2017

12 July 2017/20 plots

L6
(Above Draga)

24 August 2015
21 April, 7 June, 8 July, 3

August, 27 September 2016
29 March, 25 April, 24 May, 21

July 2017

21 July 2017/20 plots

During the last vegetation survey in 2017 (in July), we divided the forest gaps into 3-
by-3-metre sample plots, which were evenly (systematically) distributed over the surface of
each locality. The number of sample plots per locality/forest gap varied between individual
gaps, as the forest gaps were of different sizes (Tables 1 and 2). We selected 8 sample plots
at L1-2000 (beech stand), L2-2007, and L3-2007 forest gaps, 14 at the L4-2013 gap, and 20 at
the L5-2011 and L6-2014 gaps. In each sample plot, we conducted a sampling using the
Braun-Blanquet method [40] to get more objective sampling for statistical analyses (Table 2).
We used the Braun-Blanquet cover score, which was then transformed in cover percentage
in JUICE 7.0 software [40]. Only herb [41] and shrub layer were included in the recording.
The sampling was done during the last floristic survey in July because, at that time, there is
a peak of vegetation season.
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2.3. Data Analysis

For the data analyses, we used data collected in sample plots. Analyses of plant species
composition in sample plots at individual forest gaps (location) were conducted using the
JUICE 7.0 software [42]. The calculation of parameters was based on averages calculated
from all sample plots at a single locality (forest gap). Since we wanted to determine whether
the coverage of the species present in a single forest gap is changing during succession, we
calculated the minimum, maximum, and average cover of each species at each forest gap
and the frequency of their occurrence in forest gaps. For species that occurred in at least
five or six forest gaps (locations), and whose cover differed between locations, we used the
Kruskal-Wallis test with Bonferoni correction for multiple comparisons in the Statistica 8.0
software [43] to calculate whether the difference in cover between individual forest gaps
was statistically significant for these species (p < 0.05). The calculation was also based on
data obtained in sample plots.

We attributed geoelements according to Pignatti et al. [44] to all species and calculated
the share of species belonging to a specific geoelement. For each forest gap, we identified
unique species, as well as diagnostic, constant, and dominant plant species [45]. For the
fidelity threshold of diagnostic species, we chose the occurrence of the species in at least
50% of the sample plots at each locality compared to other localities (at phi between −1 and
1). A species was constant if it occurred in at least 60% of sample plots, and dominant when
it had a cover of more than 30% on each sample plot. Incidental species were those that
were present at only one sample plot [42]. The Fischer test in the JUICE 7.0 software was
used to identify rare species [46]. To determine similarities in plant community (species
composition) between forest gaps, we used the Jaccard similarity coefficients [39,47] and
nearest neighbour amalgamation procedure, which were calculated using JUICE 7.0 (as
Cluster Analysis–PC-ORD) [48] and plotted a dendrogram.

Using the BIOLFLOR database [49] and the C-S-R Signature Calculator 1.2 soft-
ware [50], we determined the life strategy of plant communities at individual locality
and produced a C-S-R diagram [23]. With the help of Ellenberg indicator values [51], we
analysed the environmental factors of individual locality and consequently determined the
ecological requirements of plant species that inhabit the studied forest gaps.

3. Results

3.1. Species Richness

A total of 184 different plant species were recorded in the herb layer together on all
localities (forest gaps and beech stand) and a total of 140 species on all sample plots (78
plots of size 3 × 3). Comparatively among forest gaps, the highest number of species was
found in the largest 5-year-old forest gap, L5-2011, namely, in the survey of entire locality,
106 and, in the surveys within single sample plot, 74 species. The fewest (84) were found
on the smallest 9-year-old forest gap, L2-2007 (Table 3).

Table 3. Number of plant species at single locality (L1–2000; L2–2007; L3–2007; L4–2013; L5–2011; L6–2014).

L1 L2 L3 L4 L5 L6

No. of all species per locality/forest gap 58 84 92 96 106 93

Only on individual locality 2 9 9 8 13 23

Only on sample plots 0 3 4 10 7 14

Only outside sample plots but at the locality 27 27 26 28 32 20

Of all the species, only one non-native invasive species (Erigeron annuus) was recorded.
It was present at two forest gaps, with one or two specimens. The highest number of species
present only at an individual forest gap was found at the youngest forest gap, L6-2014 (23),
and the largest forest gap, L5-2011 (13) (Table 3).

150



Diversity 2022, 14, 209

The locations/forest gaps differed from each other also in the diagnostic, constant,
and dominant species and in its number. The youngest forest gap, L6-2014, had the largest
number of diagnostic species (7). The highest number of constant species was recorded on
the forest gap L3-2007 (14) and the highest of dominant species on the L5–2011 forest gap.
The dominant species on all forest gaps was F. sylvatica. All other diagnostic, constant, and
dominant species at single locations are shown in Table 4.

According to the Jaccard and coefficients, the locations L3-2007 and L4-2013 were the
most similar, and the least similar were the locations L3-2007 and L6-2014 (Figure 2). The
spatial distribution of investigated forest gaps is similar, which indicates that the similarities
and differences between them (according to the plant community) are due to conditions at
the given location.

Table 4. Diagnostic, constant, and dominant plant species on the studied forest gaps (1: L6-2014, 2:
L4-2013, 3: L5-2011, 4: L2-2007, 5: L3-2007, 6: L1-2000 (control)). The presence of species in studied
forest gaps is marked with *.

Species
Diagnostic Constant Dominant

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

Abies alba *
Acer pseudoplatanus * * * * * *
Adenostyles glabra *
Aegopodium podagraria *
Agrimonia eupatoria * *
Ajuga reptans * *
Anemone nemorosa *
Asarum europaeum *
Athyrium filix-femina *
Brachypodium sylvaticum * * * * * * * *
Calamagrostis epigejos * *
Calamintha grandiflora *
Cardamine trifolia * *
Carex sylvatica * * *
Circaea lutetiana *
Cyclamen purpurascens *
Digitalis ambigua *
Epimedium alpinum *
Euphorbia amygdaloides * * *
Fagus sylvatica * * * * * * * * * * * *
Fragaria vesca * * * * * *
Galeobdolon flavidum * * * *
Galium odoratum * * * * * *
Hacquetia epipactis * *
Hedera helix *
Helleborus niger *
Heracleum sphondylium *
Hypericum perforatum *
Laserpitium krapfii *
Maianthemum bifolium *
Mercurialis perennis * * *
Mycelis muralis * * * *
Omphalodes verna * * * * * *
Oxalis acetosella *
Petasites albus * *
Picea abies * * *
Polygonatum verticillatum * *
Polystichum aculeatum *
Prunella vulgaris *
Ranunculus platanifolius *
Rosa pendulina *
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Table 4. Cont.

Species
Diagnostic Constant Dominant

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

Rubus idaeus * * * * * *
Salvia glutinosa * * *
Sanicula europaea * * * *
Scrophularia nodosa * *
Senecio ovatus * * * * * *
Tussilago farfara * *
Urtica dioica *
Veronica officinalis *
Vicia oroboides *
Viola canina *

Figure 2. Dendrogram of similarities between individual locations based on Jaccard coefficient (1:
control L1-2000; 2: L3-2007 and L4-2013; 3: L5-2011; 4: L2-2007; 5: L6-2014).

3.2. Analysis of Species Composition

At individual forest gaps, the cover of most plant species was less than 50% in the
sample plots. In terms of forest gap age, at the youngest forest gap, L6-2014, and oldest,
L5-2011, less than a quarter of species in the sample plots had average cover below 2%
and at second youngest, L4-2013, even less. At L6-2014, Epimedium alpinum L. had the
highest average coverage (21%) and at L4-2013, species Fragaria vesca L. (26%), F. sylvatica
(25%), and S. glutinosa (22%). At the forest gap L5-2011, species Tussilago farfara L. (36%), B.
sylvaticum (27%), and F. vesca (24%) had the highest average cover. This is followed by the
oldest forest gaps, with species T. farfara (63%), F. sylvatica (38%), B. sylvaticum (22%), and
S. ovatus (21%) having the highest percentage of average cover in the sample plots at the
forest gap L2-2007. Comparing to other forest gaps, this forest gap had many more species
with a cover of less than 2%. At the forest gap L3-2007, as many as one third of the species
had an average cover of less than 2% in the sample plots, with species Petasites albus (L.)
Gaertn. (55%) having high average cover in addition to species F. sylvatica (32%) and B.
sylvaticum (44%). The highest average (at least 20% or more) and maximum cover (more
than 60%) of species in total at all forest gaps are shown in Table 5. In terms of frequency
of occurrence of species on sample plots, F. sylvatica (100%) and A. pseudoplatanus (above
60%) had the highest frequency at all localities, Galium odoratum (L.) Scop. (above 70%) and
Galeobdolon flavidum (F. Herm.) (above 50%) at five localities and B. sylvaticum (over 70%)
and Carex sylvatica Huds. and F. vesca at four localities with more than 50%.
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Table 5. Plant species with highest average (at least 20% or more) and maximum (more than 60%)
cover at all sample plots of studied forest gaps.

Average Cover in % Maximum Cover in %

Fagus sylvatica (29%) Fagus sylvatica (88%)
Brachypodium sylvaticum (24%) Brachypodium sylvaticum (63%)

Tussilago farfara (20%) Tusilago farfara (63%)
Epimedium alpinum (21%) Fragaria vesca (63%)

Petasites albus (63%)
Salvia glutinosa (63%)
Senecio ovatus (63%)

For 15 species that were present in the sample plots on most forest gaps, statistically
significant differences in cover were observed between individual forest gaps (Figure 3a,b).
Species B. sylvaticum had a statistically higher average cover on the forest gap L3-2007
compared to the forest gap L6-2014, where this species was not present at all, and from
the beech stand L1-2000 and the forest gap L2-2007. For species C. grandiflora, there were
statistically significant differences in the average cover between the site L3-2007 and the
sites L5-2011, L4-2013, beech stand L1-2000, and L6-2014, but at L3-2007, this species had
greater cover than at other sites. At L2-2007, species Cardamine trifolia L., G. odoratum,
Omphalodes verna Moench and S. ovatus had a statistically significant highest cover of all
in comparison to other five sites. At the site L6-2014, however, Mercurialis perennis L.,
Mycelis muralis (L.) Dumort. and Euphorbia amygdaloides L. had a statistically significant
higher average cover than at the other five sites. While species F. vesca had a statistically
significant higher average cover at the location L4-2013 compared to the locations L6-2014,
beech stand L1-2000 and L2-2007, species S. glutinosa had, in addition to the same statistical
differences as the previously mentioned species, significant differences in cover compared
to locations L3-2007 and L5-2011. Species Sanicula europaea L. had characteristically the
highest average cover at the site L5-2011 compared to the beech stand L1-2000, L3-2007,
L4-2013, and L2-2007. For species A. reptans, there were statistically significant differences
only between the sites L5-2011 and L4-2013, where its average cover was significantly lower
or was absent. Species C. sylvatica and G. flavidum also had a significantly different cover
on L5-2011. The first one had the highest cover and the second one, the lowest cover on
L5-2011. The first one had a significantly higher average cover there than at the location
L6-2014, and the latter, the lowest compared to the location L2-2007.

3.3. Analysis of Environmental Factors and Ecological Strategy of Community

Based on Ellenberg phytoindication estimates of environmental variables, we found
that the Ellenberg light index at all studied forest gaps was between 4 and 5, temperature
index between 4.8 and 5.2, and humidity index between 5 and 5.4. In the Ellenberg index
that describes the pH of the soil, there were differences between the forest gap L6-2014
and others. At the forest gap L6-2014, it was 7, while in the other four forest gaps, it was
between 6 and 7. In terms of the amount of nitrogen and other nutrients in the soil, the
average Ellenberg index was between 5.5 and 6 for four locations and between 6 and 6.5
for two locations. According to the Ellenberg continentality index, which was between 3
and 4 on forest gaps, forest gaps in the studied area are mainly inhabited by plant species
widespread in Central Europe.

By analysing the ecological strategy of plant communities, we found that plant com-
munities have a stress tolerator–competitor/competitor–stress tolerator–ruderal (SC/CSR)
strategy in most of the studied forest gaps. Only the plant community at the forest gap
L2-2007 differs slightly, as it has a competitor/competitor–stress tolerator–ruderal (C/CSR)
strategy. In all communities of studied forest gaps, the largest component is represented by
strategy C (competitor), which has a share of over 45% in all of them (Figure 4).
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Figure 3. (a) Cover percentage change diagram between single sampling sites for first set of 15
chosen plant species (Above Draga/L6-2014, Goteniški Snežnik/L4-2013, Goteniška gora/L5-2011,
Below Barnik/L2-2007, Above Barnik/L3-2007, control Stone Wall/L1-2000). (b) Cover percentage
change diagram between single sampling sites for second set of 15 chosen plant species (Above
Draga/L6-2014, Goteniški Snežnik/L4-2013, Goteniška gora/L5-2011, Below Barnik/L2-2007, Above
Barnik/L3-2007, control Stone Wall/L1- 2000).
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Figure 4. C-S-R strategy of plant communities at single sampling sites (L4-2013 (Pod Goteniškim
Snežnikom), L2-2007 (Pod Barnikom), L6-2014 (Nad DRago), L3-2007 (Nad Barnikom), L1-2000
(Kamen zid), L5-2011 (Gotaniška gora)).

4. Discussion

In our study, we recorded a total of 186 species in forest gaps, which is much more
than in a similar study in Hungary, where the largest number of species was 61 [2,52]. We
can, therefore, conclude that the plant species diversity in forest gaps included in our study
is rich and contributes to the impact on the biodiversity of the entire area [53]. This can
already be explained by the high α-diversity (local diversity) of individual forest gaps,
which in turn leads to high β-diversity (ratio between regional and local diversity) [47].
Therefore, forest gaps L5-2011 and L2-2007 provide support for the fact that the size of
the forest gap affects its biodiversity [7,14,53]. At the first one, we recorded the largest
number of species, which is due to the fact that it is the largest of all gaps and its mosaic
structure, which is a result of a natural disturbance, provides many microhabitats for the
growth of plant species with different ecological niches [14]. Some shade species (e.g.,
O. verna, M. perennis, Maianthemum bifolium (L.) F. W. Schmidt) were still present at this
gap, representing the remnants of forest understory species [54], while species of sunny
habitats were predominant on shallow soils and locations exposed to the sun. Furthermore,
next to decaying organic material, we observed species that thrive on nutrient-rich soils
(e.g., Urtica dioica L., R. idaeus) [55] and representatives of species with high stalk plants,
characteristic of forest gaps (e.g., S. glutinosa, S. nodosa, S. ovatus) [54]. A higher degree of
mineralisation occurs in the initial stages of forest gaps, as the disturbance causes more
decomposing organic material on the ground [56]. The opposite was found out for the
smallest forest gap, L2-2007. Lower species number is the influence of the canopy of edge
trees. Specifically, in this forest gap, there appear no plants of sunny habitats because the
canopies of edge trees form shade over most of the forest gap [2,7,16].

The species present in our studied forest gaps were mostly species of forest understory,
forest edge, and clear-fells [14,53]. There were almost no meadow species, which is logical
since the studied forest gaps are located in the middle of forests, and there are no such
meadow surfaces nearby that could be a source of meadow plant species colonisation.
Some meadow species, e.g., Bellis perennis L., Plantago major L., Medicago lupulina L., Crepis
biennis L., and Taraxacum officinale Weber in Wiggers, probably spread to forest gaps through
forest roads and trails, which are used for wood harvesting and are connected to non-forest
surfaces [57]. These species were predominantly located along forest trails. Colonisation
of non-forest species along roads and trails to forest gaps also represents a potentially
dangerous possibility for transfer of invasive plant species, so biodiversity along paths
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should be regularly monitored in forest management to promptly prevent the introduction
of invasive species. However, at each of the forest gaps, we recorded a few species that
appeared only there and nowhere else. We surveyed most of such species (23) at the forest
gap L6-2014. The reason for this could be that this forest gap is the farthest from all the
others. Therefore, the floristic composition of the surroundings (as a source of colonising
species) of the forest gap L6-2014 may be different from those surrounding areas of other
forest gaps [58]. The other reason is also that the gap was formed the most recently. This
forest gap also had a larger share of annuals and biennials, which are mainly pioneer
species–this is characteristic mainly of the initial phase of succession [12].

The species that were present at all forest gaps can be classified into two groups,
specifically those that are typical representatives of beech forest understory (e.g., O. verna,
C. trifolia, C. sylvatica, G. flavidum, E. amygdaloides, M. muralis, S. europaea) [59,60] and those
that are common representatives of forest edges and clearings (e.g., F. vesca, S. glutinosa,
Scrophularia nodosa, R. idaeus) [61]. Differences in their cover between individual forest gaps,
however, indicate that the age and size of the forest gaps have an impact on their occurrence
and spread. Namely, the greater cover of species M. perennis, H. epipactis, and E. alpinum at
the forest gap L6-2014 again indicates that this forest gap was still in formation phase at
the time of the study, as the forest understory species had the largest cover. These again
represent the remnants of species that grew under canopy before the felling of trees and
forest gap formation [16,53,62]. This is also confirmed by the statistically significant higher
cover of forest understory species M. muralis and E. amygdaloides (in addition to M. perennis)
at the site L6-2014. The same was found in the study by Kermavnar et al. [12]. At the forest
gap L2-2007, shade-loving species (forest understory species) had a statistically significant
higher cover because this forest gap is the smallest and longest and, consequently, shadier.
These species of forest understory in forest gaps are, in a way, remnants of the former beech
forest [12], which still thrive primarily on the shadier parts of forest gaps, and are, therefore,
characteristic of newly formed forest gaps. However, they reappear in the final stages of
succession overgrowing, when tree vegetation begins overgrowing the forest gap [16]. For
species of forest edges, the forest gaps represent a new favourable environment, to which
they colonise from already existing forest edges. These species thus tolerate more open
surfaces with more light, as well as partial shade. These are species that are present on
forest gaps of medium age [2,6,53,63].

However, the low cover of plant species (at least one third of the species on forest gaps
did not exceed cover of 2%) indicates that the plant species on forest gaps did not appear in
larger closed populations. Small cover of species allows the coexistence of a larger number
of species, increasing the biodiversity of the site [14,53]. Species, which appeared with
the highest cover on all forest gaps, except the youngest one, L6-2014, were F. sylvatica, T.
farfara, B. sylvaticum, F. vesca, S. glutinosa, P. albus, and S. ovatus. The gap L6-2014 was at
the beginning of succession and species did not yet develop bigger populations. The high
cover of F. sylvatica is expected, as it represents the predominant tree species in all locations.
Species B. sylvaticum is also a common species in forests. The greater cover of species T.
farfara and P. albus indicates their pioneer character and morphological adaptations, which
allow them to propagate rapidly (production of large quantity of seeds and propagation by
rhizomes) primarily on moist limestone soils with rock debris [63].

The frequency of occurrence on the sample plots and the constancy of specific species
confirmed their uniform even distribution on the entire surface of the forest gaps, as the
sample plots were evenly distributed on the forest gaps. The uniform representation of
a species on the surface can again be either the result of environmental factors (uniform
influence of the environmental factor on the entire surface) or the adaptability of a specific
species to various environmental factors. One third of the species were present in more
than 50% of the sample plots of an individual forest gap, i.e., they were more or less evenly
distributed on the forest gaps. Their share varied slightly between forest gaps. On the forest
gap L2-2007 thrive most such species, probably because of its small size, which resulted
in lower fluctuations of environmental factors. Species S. ovatus stood out with its 100%
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frequency of occurrence at three forest gaps. We can conclude that this species has a wide
ecological niche. It appeared on all sample plots, both on the smallest and shadiest forest
gap, L2-2007, as well as on the largest forest gap with a very mosaic structure, L5-2011,
and on the nutrient-rich forest gap, L4-2013. Its broad ecological valence is also cited in
the literature. It is even said to be a typical species of forest gaps formed after fires, snow
damage, and blowdowns [54,64].

According to Ellenberg indices, we found that forest gaps are colonised primarily by
semi-shady plant species that grow in places with more than 10% light intensity, but rarely
thrive in full light and are characteristic of moderately warm and submontane areas [51].
These are also species that thrive on moderately moist to dry soils, as forest gaps are open
surfaces where fluctuations in humidity are greater. The surface of all forest gaps is also
structured into pit and mound, with humidity being higher in pit with accumulated organic
material than in raised, exposed parts [65–67]. The mosaic structure thus allows those
species that need slightly more moisture to thrive as well as those that grow in dry habitats.
According to Ellenberg indices, differences between forest gaps became apparent in the
amount of nutrients in the soil, which is the result of the gap formatting time and the
decaying plant material left there after the disturbance. On L5-2011 and L4-2013, there were
several species that grow in soils richer in nutrients, which is the result of a larger amount
of litterfall (branches, trunks, stumps) that is in the last stage of decomposition at both
forest gaps. As decomposition increases, the pH of the soil decreases [68,69], which we
determined by the Ellenberg index. Therefore, plant species growing on soils with medium
to weak acidity are present at all forest gaps except the youngest (L6-2014). At the youngest
forest gap, Ellenberg soil pH index determined the presence of plant species growing on
moderately acidic to weakly alkaline soils. The reason for this is that decomposition of
organic material after ice storms and salvage harvesting is only in its initial phase.

Every newly formed forest gap can represent a new area either for colonisation by
plant species or for increasing the population of species already present there. Compet-
itively more successful plant species occupy the surface with sufficient resources faster
or their population there increases more rapidly [47]. Due to the larger amounts of de-
composing plant material in the soil, there are enough nutrients and also enough light
for photosynthesis in the studied forest gaps. Therefore, when studying the ecological
strategy of communities at all forest gaps, we found the most pronounced competitor
component of the C-S-R diagram that characterises the community of plant species with
a competitor strategy [23]. At the same time, it is classified as a community that has a
stress-tolerator strategy [70]. The opposite was found by Eller et. al. [71], where the C-S-R
strategy shifted from stress-tolerators in pre-logging conditions to a more ruderal compo-
nent in post-logging stands (when the forest gap was formed). One reason for differences
in research could be that, in our research, the gaps were in the middle of dense forest stands
and there were no donor populations of ruderal plant species around, and the second
reason is that our forest gaps, except one Above Draga, were not newly formed gaps and
were not at the beginning of succession. Additionally, in our research, we chose naturally
formed forest gaps, and in aforementioned research of Eller et al. [71], they were formed
by logging. The difference between gap forming is that, with logging, process machines
damage the understory vegetation and forest floor. The ‘opened’ floor patches are then
suitable environments for ruderal species. The same happens on forest gaps where high
digging activity of bigger forest mammals is present [15]. With natural gap formatting and
leaving the trunks and fallen wood on the floor, there are fewer ‘opened’ floor patches and
a less suitable environment for ruderal species.

The study confirmed the complexity of colonisation of forest gaps by plant species.
The characteristics of plant species colonisation in gaps is that, in the initial stage of a
gap (after formation of a gap), the most common species are sciophytic plants, which
represent the remaining forest understory and ruderal species. With time, an older gap
starts to be colonised by heliophytic plant species (representative of species with tall stems),
with greater populations of grasses and sedges. Tree species start growing on gap edges,
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primarily beech in the Dinaric fir-beech forests. The species that grow in forest gaps prefer
habitats with more sunlight, medium wet to dry soil, and are tolerant to high daily and
seasonal temperature fluctuations, but at same time, forest gaps are a habitat patch for
some species that did not exist there before. Colonisation, as well as species turnover,
occurs very quickly with the change of environment in the process of overgrowing. Forest
gaps also represent important windows of increased biodiversity and the chance for forest
regeneration. Regrowth is fast enough, so there is no need for additional planting on
formed forest gaps.

5. Conclusions

In the forest ecosystem, forest gaps represent an important developmental stage of
the forest and a habitat for certain plant species. In our research, we found that the species
composition and distribution of plants at forest gaps are significantly influenced by the size of
forest gaps, their greater or lesser structure in microenvironment, amount of woody debris,
abiotic factors, plant species composition of nearby forest gaps, and colonisation pathways.

In our study, we found greater biodiversity of plant species at forest gaps compared
to the juvenile beech stand. The number of species was highest at the largest of the forest
gaps. We found that the investigated forest gaps inhabit mostly species of forest understory,
forest edges, and felling. The species present at all forest gaps are typical representatives
of the beech forest understory, as well as common representatives of forest edges. Forest
understory species are only remnants of former compacted forest before the forest gaps
formatting, which thrive mainly on the shadier parts of forest gaps.

Plant species typical of forest understory have a greater cover on newly emerging
forest gaps. In older forest gaps (4 years and older), there is a species turnover, where
species typical of more open areas have a greater coverage. Populations of forest understory
species are beginning to decrease, while populations of grasses, sedges, and other plant
species typical of open areas are beginning to increase.

The plant species composition of an individual forest gap largely depends on the
proximity of donor populations. Our studied forest gaps were inhabited by plant species
characteristic of temperate and submontane areas. Characteristics of species that colonise
forest gaps are preference for sites with more light, with moderately moist to dry soils, and
tolerance to large daytime, night, and seasonal temperature fluctuations. Those forest gaps,
on which more decaying plant material is present, are inhabited by species that need more
nutrients in the soil to grow. Due to this, forest gaps colonisation with plant species is also
significantly influenced by the amount of decaying plant material.
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Abstract: To study climate impacts, data integration from heterogeneous sources is imperative for
long-term monitoring in data sparse areas such as the High Mountain Ecosystems in the Rila Moun-
tain, Bulgaria—difficult to both access and observe remotely due to frequent clouds. This task is
especially challenging because discerning trends in vegetation location, condition and functioning
requires observing over decades. To integrate the existing sparse data, we apply the Whole System
framework adapted nationally in the Bulgarian Methodological Framework for Mapping and Assess-
ment of ecosystem services. As the framework mainly relies on field data, we complement it with
remote sensing vegetation indices (NDVI, NDWI and NDGI) for 42 years, together with Copernicus
High Resolution Layer products and climate change reanalysis data for 40 years. We confirmed that
the Whole System framework is extensible and semantically, ontologically and methodologically well
suited for heterogeneous data fusion, co-analysis, reanalysis and joint interpretation. We found trends
in ecosystem extent and functioning, in particular species composition, in line with climate change
trends since around 1990 and exclusively attributable to climate change since 2015. Furthermore,
we specified a data crosswalk between habitats and ecosystems at Level 3 (ecosystem subtype), and
define new candidate indicators suitable for remotely monitoring climate change’s effects on the
ecosystems’ extent and condition, as candidates for inclusion in the methodological framework.

Keywords: whole system approach; data fusion and integration; semantic and ontological
compatibility; mountain ecosystems; ecosystem condition; remote sensing; vegetation indices; climate
change reanalysis; dominant species level forest ecosystem classification

1. Introduction

The ecologically complex high mountain ecosystems (HMEs) are important study
areas for climate change impact on ecosystem structure and functions. There is a wide
range of concepts about ecosystem functioning, reviewed by Pettorelli et al. (2017) [1].

Scientists studying HMEs attempt to explain the influence of climate change on the
vegetation structure [2,3], causation processes [4], spatial distribution in HMEs [5–7] and
the adaptive capacity of HMEs to the influence of natural and/or anthropogenic changes [8].
In doing so, they invariably come across the overwhelming complexity of the interrelated
study objects of HMEs and climate change.

As a means to reduce complexity, research often focuses on specific aspects such as
the ecotone rather than the entire ecosystem [5,9–15], abiotic factors [16], species compo-
sition and dynamics [17,18]. However, a truly holistic assessment of both condition and
functioning trends for these highly sensitive and vulnerable zones in their entirety requires
an integrated interdisciplinary approach. Different types of data are collected at different
points in time and space, different scale, for different purposes and using different—in the
cases of remote sensing and climate modelling significantly improved—instruments and
methods over time. These objective challenges include:
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• Combining continuous and discrete data. Verifying ecosystem type typically relates to
one-off observations of ground data; remote sensing imagery is continuous in space
but discrete in time, while climate models have spatial and temporal continuity;

• Data heterogeneity. Even within the same ecosystem, the scope, field measurement
methods and even the underlying indicators, classifications and other conceptual
elements may vary significantly, making the results difficult to reconcile and reuse.
Climate models render differently accurate results and are periodically corrected
through reanalysis, resulting in different variables for the new data series;

• Data imbalances—biases in the scientific and management interest with data collection
(predominantly about the forest ecosystem), and technological imbalances due to the
different quality of remote sensing equipment over time and the increasing number
of missions in the last years. As a result, there is a much better availability and
quality of remote sensing scenes in the last five years than at any time before, and this
development is accelerating;

• In addition to the usual difficulties of data integration listed above, the study of HMEs
meets specific difficulties that lead to a data scarcity:

� HMEs are often difficult to access physically for surveys, species inventories or
installing/maintaining monitoring equipment for long-term observations;

� Automated measurements meet the challenges of weak or lacking internet
connectivity and natural hazards such as avalanches that damage or annihilate
the equipment;

� During the vegetation season HMEs in good condition act as a biotic pump
that increases air humidity [19,20] and hence their remote sensing often reveals
clouds. Even where there are no visible clouds, there often are variable patterns
of mist or fog [21,22] that may remain undetected in cloud masking. These
atmospheric conditions distort the sensor readings and cause errors in the
values of vegetation indices; their precise detection typically requires another
data source, i.e., ground data validation or accurate meteorological data. This
makes remote phenological observations virtually unfeasible;

� Scale discrepancies: Microclimatic influences largely shape developments on
the ground, while climate models such as ECMWF Re-Analysis (ERA) we use
in this study are much coarser. Satellite imagery is constantly improving, with
the pixel size reduced by orders of magnitude between early products and
current very high-resolution ones, making it commensurate with the size of
field sites. Such great differences in scale make data fusion imperative for the
use of ERA Interim and future use of ERA 5 together with other available data
since no sufficient downscaling is possible in such a discrepant scenario. While
ERA Interim uncertainty is relatively low at a large scale for the key parameters
relevant to our study (precipitation dry bias of −1% for Europe according
to [23], temperature uncertainty of ±2% according to [24]), regional (micro-
climatic) variation is not captured well due to their coarse granularity [25]
and downscaling them is challenging (as evidenced by the modelling effort
behind the Vito dataset “Climate variables for cities in Europe from 2008 to
2017” documented at https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis
-urban-climate-cities?tab=overview (accessed on 17 March 2022) which is not
maintained beyond the contract and did not manage significant downscaling
even in areas with a high density of meteorological observation points). This
great difference in scales of datasets is the reason to consider climate mod-
els only for exploring HMEs qualitatively at this stage, as they are far from
sufficiently detailed at the scales commensurate with most monitoring needs.
Their use remains indispensable despite the large scale since they are the only
available approximation of weather information in data poor areas.
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� Finally yet importantly, protected areas containing HMEs are not so interesting
commercially which exacerbates the bias of data collection and monitoring
towards inhabited or managed territories such as cities or agricultural areas.

Despite these challenges, complex assessments mandate going beyond the sole use
of field observation methods that mainly inform on ecosystem structure, not functions [1].
This is especially true for Bulgaria where field observations are still the preferred method
of ecosystem research (also reflected in the parameter measurement methods in [26]).
Climate models are increasingly accessible and precise, and the verification in different
regions shows their suitability for observing trends even in the presence of biases in
some parameters [27]. They therefore provide useful guidelines on climate change over
longer periods in areas with no direct observations available. Remote sensing methods are
applicable to ecosystem monitoring [28] and widely used for landscape (ecosystem) change
detection and land cover classification, monitoring condition and functioning trends and
disturbance factors [29], changes in growth conditions, growing season length, shifts in
vegetation [30] and natural capital accounting [31,32]. The latest observations benefit from
the improved data quality due to the technological (sensor) innovation in the past decades
and increasingly allow for observing ecosystem services [33].

Combining data from sources as diverse as field surveys, remote sensing and con-
strained climate reanalysis models bring their own set of technological and cognitive
challenges. Different data require different sets of expertise to process and analyze. No
single researcher is equally proficient in all these methods and structuring teamwork for
interdisciplinary data integration requires each member of the interdisciplinary team to
be sufficiently aware of all data and the processing steps everyone else performs on it.
Therefore, the optimal and efficient reuse of the efforts of large teams in producing as-
sessments and models on the national or continental scale becomes essential for smaller
research teams. Data processing disciplines like ecoinformatics [34] rely upon solutions
that follow the Findable, Accessible, Interoperable and Reusable (FAIR) data principles [35]
and use standardized technology [36–39]. However, attempting to bridge the data silos
between research disciplines for interdisciplinary ecosystem research meet their cognitive
limits, as abundantly discussed by Villa et al. [40] who note the domain dependence of any
formalized system of terms and their relations (ontology). Each scientific discipline has
its own semantic structure, data and metadata collection models, and nomenclatures and
indicator systems (a few examples: (1) Mapping ecosystem to habitat types is a difficult task
which becomes ambiguous if such mapping is sought across climatic zones; (2) taxonomical
standards for Animalia and Plantae obey similar but not identical principles; (3) the way
anthropogenic pressures are described varies between the Driver-Pressure-State-Impact-
Response framework (DPSIR) and the reporting guidelines to the EU Habitats Directive;
(4) even the same indicator such as biomass may be observed differently depending on
the ecosystem type, e.g., using NDVI for terrestrial ecosystems and Chlorophyll A for
water bodies, and intercalibrating such different methods to obtain comparable results
may be very difficult); some researchers argue that assumptions not contained in the se-
matic annotation (priors, as termed by Chollet [41]) will always implicitly influence such
semantic structures and models. At the end, due to the very diverse and complex nature
of their research object, ecosystem researchers have the task to unify conceptual bases in
a convergent manner as a mean to integrate the corresponding data initially collected for
other purposes (divergent exploration [42]).

In effect, not resolving these issues prevents researchers from efficiently analyzing all
available data. Therefore, our first hypothesis is based on the assumption that, by design, a
unifying conceptual framework at the ecosystem scale allows for data integration that

(1) is more ecologically meaningful,
(2) is more reliable,
(3) is extensible in terms of indicators and methods, especially in cases of sparse and bi-

ased data which can significantly reduce the accuracy of many automated approaches
such as machine learning; and
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(4) allows for using all available data from multiple sources across space and time to the
extent possible.

In the context of this hypothesis, ecologically meaningful data integration refers to
the explainability, through known ecological processes, of data with different types and
provenances measured/modelled either at the same time or within ecologically meaningful
time intervals. For example, change trends in climate parameters (such as temperature and
precipitation) modeled over time, if correlating with field data indicating change of species
composition, are consistent with the ecologically meaningful process of upward shift of
deciduous species in coniferous forests. Similarly, climate change datasets together with
remote sensing data on changing ecosystem extent in the absence of land management are
consistent with succession. Of course, having a single ecologically meaningful hypothesis
consistent with the data is seldom the case, and in practice it is often necessary to estimate
the influence of different co-occurring natural or anthropogenic environmental factors to
avoid double counting [43,44]. More reliable data integration refers to the formulation
within the same conceptual framework of reproducible new indicators for new policy
or research purposes [45]. Such extension must by necessity be founded on the use of
different data sources to crosscheck data and exclude incorrect data instances and outliers.
Extensible data integration refers to integration methods that allow for adding more data,
updating data to perform reanalysis, upscaling or downscaling of data or other necessary
changes in the types and properties of data used in the analysis, while at the same time
preserving the ecologically meaningful interpretation. To test this hypothesis, in this study
we apply the Whole System approach [46,47] as adapted in the Methodological Framework
for assessment and mapping of ecosystem condition and ecosystem services in Bulgaria [26],
and use all available heterogeneous data. For more on the framework, see Section 2.2.

To our knowledge, to date no studies have been performed in the Whole System
context for the long timeframe of several decades on HMEs in Bulgaria or elsewhere.

Based on earlier work [2,5,7], we formulated a second hypothesis, namely: We ex-
pected that the species in our study areas’ HME develop in a changing climate, and assess
the response of the HME to changes in climate parameters.

The objective of this study is testing these two closely linked hypotheses—the first
pertaining to the general methodological principles of data fusion in the Whole System
context, and the second to a specific application concerning studying effects of climate
change in a representative ecologically interesting but data poor HME area. Testing the
second hypothesis using the framework of the first hypothesis allows for simultaneously
testing both the method and the ecological hypothesis at once.

To the extent possible, quantitative evaluation criteria are a focus of this assessment—
both measurable changes in ecosystems’ spatial distribution at the landscape level (e.g.,
succession), and observable ecosystem change parameters such as change in species com-
position [48,49] traceable over the past decades.

2. Materials and Methods

2.1. Study Area

The selected study area is located in the southwestern part of Rila Mountain, Bulgaria
(Figure 1). It has a total area of 14,334 ha and includes parts of the communal lands of
several populated settlements in Blagoevgrad District, as well as the Parangalitsa Reserve
which has been assigned as a reserve since 1933 and was later included in the National
Ecological Network Natura 2000 as a protected area for birds and habitats. The highest
point of the study area is Dzherman peak (also called Ezernik, 2485 m). Its main ecosystems
are woodland and forests, shrubs and grasslands as characterized by [50–54]. Small water
bodies including Lake Dzherman and the upper stream of Draglishka river (water body
BG4ME800R089 as per the River Basin Management Plan of the West Aegean River Basin
Directorate, Blagoevgrad) belong to “rivers and lakes” ecosystem type [53]. The steep
rocky surfaces near the top contain sparsely vegetated areas [54]. Thus, five of the nine
ecosystem types found in Bulgaria are present in the study area. Due to its inaccessibility,
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harsh climate, the lack of long series of ground data and the limited number of usable
remote sensing images, the study area is representative in terms of data sparsity in the
context of being rich in biotic and abiotic diversity—traits it shares with many of Bulgaria’s
remote wild areas.

Figure 1. Map of the area of interest: Potential study area (yellow) and parts of it studied in the
current paper (green).

Land use is mainly limited to pastoral habitat. Protection measures under the Common
Agricultural Policy include subsidy schemes for managed extensive grazing in protected
areas within the Natura 2000 network (we verified this using the Copernicus Ploughing
layers for 2015 and 2018). While no logging permits are issued in the study area itself,
the surrounding forests are logged actively, in some cases beyond the permitted scope—
as visualized in the forest website maintained by the Executive Forestry Agency and
WWF Bulgaria, which also contains crowdsourced information on irregularities (https:
//gis.wwf.bg/mobilz/#/23.38057/42.01433/12 (accessed on 17 March 2022).

This study area, although too small for regional or other large-scale assessments, is
commensurate with the characteristic scale [55] of the objects of our observation—high
mountain ecosystems and ecotones, and their growth patterns and dynamics. Having in
mind the availability of ground data on the location of ecosystems, we were able to use the
fact-based basic entity approach ([56]) instead of resorting to statistical methods that may
increase uncertainty. The study area satisfies three key criteria:

(i) its scale corresponds to the study objects;
(ii) it contains the widest possible variety of HME ecosystems and representative forest-

grassland and forest-shrub ecotones; and
(iii) it only covers protected areas so that the impact of other factors, in particular abandon-

ing the grazing or transition from intensive to extensive grazing, would not overlap
on the effects caused by climate change and distort the observations.

The selected study area is furthermore a good example of a place with biased and
sparse available data. Large scale field verification is limited due to the inaccessibility of the
alpine landscape; moreover, field verification through digitalization or combining datasets
is difficult to perform and often impossible for older data. Testing our first hypothesis in
such an environment is important since in such places it typically is much more difficult to
ensure the reliability and reach desired lower uncertainty levels when including them in
national or European scale wall-to-wall maps and models.
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In addition, the study area illustrates the great variety of scales in available data
sources. ERA Interim pixel size is 12 km and the size of our study area is covered by
approximately 2 pixels of that model while it also contains over 22,000,000 pixels of very
high resolution satellite products. The lack of meteorological data time series makes climate
models the only source of information on temperature and precipitation which we cannot
derive from other remote sensing data. At the same time, the large pixel size of ERA
Interim causes this dataset to be very imprecise at the smaller scale of the actual ecological
processes, which in turn increases the uncertainty of any statistical processing (as discussed
by Jelinski and Wu [56] in their exploration of the scale problem’s dependence on grain
size in the data).

2.2. The Whole System Framework—A Versatile Tool for Data Fusion and Co-Analysis

The Whole System approach regards the ecosystem as a complex of five subsystems—
structural (biodiversity, abiotic heterogeneity) and functional (balance of energy, matter
and water). As such, it is integrative to the extent of unifying the research subjects of
ecosystem functioning (as part of the biodiversity subsystem) and climate change (as part
of the abiotic heterogeneity subsystem). Being dynamic, the Whole System framework is
furthermore conductive to working with time series by observing the manifestations of the
matter balance and water balance subsystems through vegetation indices and the energy
balance—indirectly through the changes in temperature and the related evapotranspiration
intensity. Therefore, it is possible to use both climate models and remote sensing methods
for observing the system level structural and functional parameters within this framework,
as presented in Table S1 of the Supplementary Materials.

Our first hypothesis is based on the understanding that, by its design, the Method-
ological Framework for assessment and mapping of ecosystem condition and ecosystem
services in Bulgaria further facilitates wall-to-wall landscape, regional and national data
integration on a number of levels in a manner supportive of data fusion and, ultimately,
data integration and co-analysis. The layers of compatibility built into the framework are:

• Semantic compatibility: This applies the same indicator system to all ecosystems, as
detailed in Figure 2. In this manner, indicators vary little across ecosystems, creating
semantic links, whereas the huge diversity of observable ecosystem manifestations
is mostly contained at the parameter level but clearly linked to the indicators and,
through them, to the ecosystem structure or functioning.

• Ontological compatibility (for the purpose of this article, we understand ontology not
in the philosophical sense but as commonly defined in information technology and se-
mantic web applications as a means for users to create their own set of definitions—in
our case, definitions of ecosystem types/subtypes, habitats, etc. Pan (2006) [58] and
Serafini and Bogrida (2005) [59] derive mathematical formalism of ontological compat-
ibility and reasoning in the context of decentralized systems such as a multi-ecosystem
assessment): Creating links (crosswalks) is another systematic feature of the Method-
ological Framework. Each Level 2 ecosystem type contains more differentiated Level 3
subtypes (Figure 3). This creates an unambiguous basis for cross-referencing of indica-
tors and parameters collected under reference frameworks as different as ecosystem or
habitat classification, plant or animal taxonomies or genetic sequences specific to each
subtype. Thus, if lacking ground truth observations, field data collected in another
context (e.g., forest inventory including habitat data) about a subset of parameters can
be sufficient to find the ecosystem subtype (Level 3), as we demonstrate in this study.
Cross-referencing the classification of Level 3 to finer grained ecological concepts
such as habitats, while not replacing a detailed assessment, may allow to narrow
down the expected habitat types, species composition and other ecosystem traits even
with sparse ground data. Moreover, the Methodological Framework includes an in
situ verification guide [60] that provides a mechanism for resolving inconsistencies
between observations in a landscape, thus addressing the concerns raised by Pan [58].
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Figure 2. Semantic compatibility of the Methodological Framework: Translating highly variable
ecosystem structure and functions to a coherent set of indicators and parameters (general principle
and hierarchy of ecosystem subdivision). Adapted from [26,57].

Figure 3. Crosswalk links between different hierarchies of the Whole System and different observa-
tions at the appropriate scale: Above—system level; below—species and populations level.

We note that obtaining ontological compatibility across knowledge domains comes at
the cost of losing precision and growing uncertainty [61]. Therefore, automated fusion and
processing of datasets matched on the ontological level will be subject to using appropriate
mathematical apparatus and methods such as fuzzy logic [62] and fuzzy graphs [63] in the
inference of semantic and ontological links and processing of big data.

• Methodological compatibility: One key step of the Methodological Framework is to
assign non-dimensional numeric values between 1 and 5 to the ecological parameters
and 0 to 5 for ecosystem services (0 being assigned when a service is not provided by
this ecosystem). These scores are based on initial expert assessment and later field
verification (Table 1). This step ensures the possibility to assess semi-quantitatively
different parameters measured using different methods and expressed in diverse
measurement units, against the reference values established for different ecosystem
condition. Furthermore, the Framework foresees aggregating these semi-qualitative
reference values to form single indices for assessing the ecosystem integrity, overall
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condition and service provision capacity (IP index). Akin to the carbon equivalent
in climate change, the IP index both enables a numeric expression of the ecosystem
condition/service provisioning capacity, and allows for an overall cross-ecosystem
comparison at the indicator or ecosystem level, which facilitates the compilation of
wall-to-wall assessments and analyses by IP index or indicator across all ecosystems
present on the landscape level.

Table 1. Example of cross-ecosystem compatibility of parameter assessments—(a) assessment scale
for a grassland condition parameter; (b) assessment scale for grassland ecosystem services; and
(c) adjustment of reference values for the same parameter after field verification with reference values
determined by ecosystem subtype (red indicates subtype present in our study area). These reference
values may be candidates for incorporating an update of the Methodological Framework.
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As with the ontological compatibility, the selected approach to methodological com-
patibility also introduces a degree of uncertainty and therefore any future automated
workflow for data processing may also require the use of fuzzy methods when analyzing
and modelling data across ecosystems.

• Information compatibility: Data reuse is possible by utilizing parameter observations
from existing sources, e.g., for forest ecosystems—data from forest inventories; for
water ecosystems—monitoring data collected while implementing the Water Frame-
work Directive or Marine Strategy Framework Directive (Figure 4a). In addition, the
Methodological Framework prescribes the same database structure and processing
workflow in the specific methodologies for assessing each ecosystem type (Figure 4b),
hence allowing for a meaningful data fusion [64] from the semantical down to the
instrumental level.
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Figure 4. Cont.
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Figure 4. Data fusion, processing and integration into workflows: (a) Example of cross-ecosystem
comparison of indicators by semi-quantitative parameter assessment (here, the key biodiversity
indicators for plants for the ecosystem types presented in our study area); (b) workflow of a landscape
level assessment, standard database structure and results for mapping and assessment.

• Extensibility: Incremental improvement within the same framework is key for ac-
commodating changes in research objectives and methods of observation. This is
especially important in a time of rapidly emerging new or improved technologies, and
is a key test of our first hypothesis. To enable data cross-checking, a necessary first
step is to match the available datasets to ecosystem parameters and, from there, to
condition indicators in the Methodological Framework. In this process, we also assess
the existing indicators on their fitness for purpose. The extent and condition indicators
for the ecosystems grassland, forest and heathland and shrubs (based on vegetation
cover and species composition) are static and therefore by themselves insufficiently
informative for assessing the ecosystem extent dynamics over time. This dynamic
must, however, be captured in order to cross-analyze it with time series on the climate
change parameters and other possible processes influencing the ecosystems such as
land management practices or protected-area management plans. This makes the
formulation of new indicators necessary. Since establishing these indicators at the
national scale is a process beyond the scope of this study, the testing of the extensibility
as part of our first hypothesis is limited to formulating candidate indicators based on
observations in a single study area.

The sparsity of existing field data is an additional challenge that renders difficult to
impossible the application of many of the existing approaches to fusing heterogeneous data
to a complete and consistent dataset, as proposed by [58]:

• Yager [65] implies that there is a single, well-defined variable that can be inferred
from different data sources, which is not the case in established literature either with
ecosystem integrity or with climate change. While such a variable is defined in the
Methodological Framework through the use of IP index, it has not yet been used to
characterize NATURA 2000 protected areas (including our study area).

• The too large scale of data derived from climate models (effectively the entire study
area is covered by a small number of pixels) makes them too coarse for automated
processing until reliable downscaling is developed—a problem faced even in data rich
areas like the cities that need more detailed projections to tackle urban heat islands
(the difficulties of downscaling climate models are apparent from the dataset Climate
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Variables for Cities in Europe from 2008 to 2017—a project that required standalone
modelling, has higher local uncertainty and is apparently no longer maintained. The
dataset is available online at https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis
-urban-climate-cities?tab=overview (accessed on 17 March 2022)).

• Automated data fusion through machine learning or AI typically uses high-resolution
images or consistent single-ecosystem data series [66,67], or performs experiments
with ground truth knowledge in curated datasets [68,69]. The latter also perpetuate
bias in algorithmic data fusion by being highly anthropocentric (such as [70], and
the datasets quoted therein, US Merced (http://weegee.vision.ucmerced.edu/datas
ets/landuse.html (accessed on 17 March 2022))), focused on ground truth labeling a
single ecosystem [71,72] or generally labeling a single variable for a given task ([73],
the Brazilian coffee dataset (www.patreo.dcc.ufmg.br/downloads/brazilian-coffee-da
taset/ (accessed on 17 March 2022), etc.). In contrast, our remote sensing data is sparse,
of different resolution over time, heavily biased and does not form a regular data
series that covers the annual vegetation growth cycles. Its ancillary ground data is also
sparse and biased. Furthermore, landscape level classification including more than
one ecosystem type is more difficult algorithmically due to additional bias caused by
the different scale or area of landscape features representing different ecosystems and
their representation in a limited number of satellite bands. For example, rivers and
small landscape forms, like small woody features occupying in some cases less than
one pixel, need specific extraction different from the processing of remote sensing data
for vegetation massives like forest and grassland; these are in turn less homogeneous
than cropland monocultures. Finally yet importantly, its land cover (and the seasonal
land cover dynamics) is quite different from the existing labeled datasets, so transfer
learning would be difficult to impossible.

Due to these limitations, in this study we resort to joint semi-quantitative analysis of
existing data sources as detailed in the following sections. Automating the method through
a consequent implementation of fuzzy graph analysis is the subject of ongoing research,
and therefore outside the scope of this study.

The Methodological Framework focuses on fieldwork or other existing terrestrial data
while it mainly uses remote sensing information such as ortho-photo for visual inspection
and study object identification at the preparation stage prior to fieldwork. This approach,
however, causes a number of qualified scientists to become a bottleneck for large-scale data
collection, leading to data deficits, particularly in inaccessible or difficult study areas like
ours. In the currently accepted parameter system and its respective protocols, there are no
parameters based on vegetation indices or modeling (including climate change reanalysis).
Thus, the existing indicator and parameter system of the Methodological Framework is well
suited for mapping and assessment but not for continuous remote monitoring. This poses
another significant challenge in data sparse and/or inaccessible areas. Therefore, our cur-
rent study contributes to extending the Methodological Framework by proposing a means
to complement it additively with back-up methods for continuous remote monitoring in
sparse data environments (as detailed in sections Results and Discussion).

The Methodological Framework was developed in 2015–2017 before some significant
developments in the mapping and assessment of ecosystem services at the global and EU
level (such as the 2020 revision of the System of Environmental Economic Accounting
(https://seea.un.org/content/seea-experimental-ecosystem-accounting-revision (accessed
on 17 March 2022)) and the development of a systematic supply and demand spatial
analysis for ecosystem services led by the EU’s Joint Research Centre [74,75]). It therefore
lacks the conceptual basis for ecosystem extent and condition accounts and the supply
side of ecosystem services is insufficiently linked with the demand side. Against this
background, we emphasize the extent and condition assessment as two important elements
of extensibility when testing the first hypothesis in this study.
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2.3. Data and Its Processing

Based on the Whole System approach outlined above, we test our first hypothesis
by attempting to use all available data to the extent possible. Therefore, we collected
heterogeneous data outlined below, and did not exclude any data available to us based on
metadata only (e.g., due to insufficient spatial or temporal resolution). This scope used
data wider than in studies that focus on a smaller number of datasets. Our approach is to
seek ways to ensure, for each available dataset, as a minimum semantic, but ideally also
ontological, methodological and/or information compatibility. The data selection process
also ensures that we aim at achieving at least partial data availability for the ecosystems’
biodiversity, abiotic structure and functions across all five subsystems of the Whole System.
We deem data to be similar in the temporal scale if the observed ecosystems’ phenomena
remain stable between two data points. For example when exploring phenology, similar
data are the data collected within the same vegetation stage, whereas, when studying
succession, the similar data may include data points collected within 2 or even 5 years.
We derive such timeframes for the different ecosystem types based on the Monitoring
Guide [76] of the Methodological Framework. For the purpose of our study, data from
Copernicus products for base year 2018 and data on the most dynamic meadow ecosystems
from the forestry database (2016) are less than 3 years apart and therefore we consider the
two datasets essentially similar across all ecosystems. If considering only slowly changing
ecosystems like forests, this interval may be even larger. Grounds for excluding a data
item or dataset may be its redundancy to more detailed or reliable data, or its proven high
uncertainty when cross analyzing with other data. Still, the exclusion of data is rather the
exception and not the rule in our data fusion method. Such an all-inclusive approach to
data collection and processing is important for uncovering synergies between datasets;
there is also the important emergent effect of ecologically meaningful reanalysis of multiple
datasets to improve the overall analytical quality or spatial/temporal scale.

2.3.1. Field Data

As a main source of information, we used official partial forestry inventory data in
GIS format (Executive Forestry Agency, 2016) to distinguish the main ecosystems on the
territory of the study area. This data includes information on non-forest formations such
as meadows, and was therefore suitable to delineate spatially the ecosystem types. Since
mapping and assessment of ecosystems within Natura 2000 protected areas has not been
performed yet in Bulgaria, for the ecosystems other than forest we used a variety of other
available data sources:

• data from the official agricultural subsidy layers for High Natural Value pasture
grasslands eligible for funding and actually funded (since 2015) (State Agriculture
Fund, access rules at https://www.dfz.bg/bg/selskostopanski-pazarni-mehanizmi/
school_milk/doc-up-uml-3-2/ (accessed on 17 March 2022))

• data from the surface water monitoring under the Water Framework Directive as
contained in the River Basin Management Plan 2013–2015 (A central database is
maintained by the Executive Environment Agency, more at http://eea.government.b
g/bg/nsmos/water (accessed on 17 March 2022) (in Bulgarian only))

• field photography data obtained by the lead author using a drone in the period
2016–2017

• publications (Bondev, 1991) [77] as digitized in 2013; other scientific publications on
ecosystem condition for the study area

• soil map (Executive Environment Agency) (the metadata for this dataset is available
at http://eea.government.bg/bg/nsmos/spravki/Spravka_2020/soil (accessed on
17 March 2022) (in Bulgarian only)

• real-time forest information system maintained by the Executive Forestry Agency and
WWF-Bulgaria and containing data on old forests, land use mode, logging permits
and crowdsourced information on irregularities reported by volunteers (view at https:
//gis.wwf.bg/mobilz/, accessed on 17 March 2022).
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We found a strong bias both in the research and administrative efforts made to inven-
tory the different ecosystem types. Forest ecosystems are subject to routine data collection,
and their growth, disturbances and pests are much better studied and mapped with a
relatively high level of detail on species composition (dominant species and up to 7 other
species are being entered). In contrast, much sparser data was available in the forestry
database on ecosystems other than forest, except for the heathland and shrub ecosystems
also classified under the EU Habitats Directive as habitat 4070—bushes with Pinus mugo
and Rhododendron hirsutum. In contrast, the only description of grasslands as “meadow” is
very broad. Data on the availability of alpine and subalpine grasslands outside the forest
management area are insufficiently georeferenced (either due to missing coordinates or due
to coarse scale mapping). In the sense of data integration, this limited the scope of much of
the present analysis—determining Level 3 ecosystem subtype had to be constrained to the
spatial–temporal trends in the parts of the study area inventoried in the forest management
databases (colored in green in Figure 1). At this time, the only practical way to classify
ecosystems in the remaining part of the potential study area (outlined in yellow in Figure 1)
is to resort to Level 2 classification as the use of remote sensing and climate data requires
additional ground truth validation by a larger team.

The study area is subject to vivid scientific interest with over 100 publications. How-
ever, there is a strong disparity of study objects on the ecosystem level, with prevailing
forestry studies and scarcely any publications on the grassland, sparsely vegetated or
river/lake ecosystems. Forestry publications taken into consideration include forest con-
dition assessments, climate studies fieldwork, water balance and pollution studies; we
discarded species level papers focusing on single species of flora, fauna or fungi, which
form the bulk of the publications. Particularly relevant to our study are publications on the
condition of forest ecosystems, including publications on large-scale disturbances causing
changes in condition or functioning that may influence the vegetation index values [78–85].
These sources show that windthrows seem to be the major cause of disturbance. To further
specify the classification of ecosystems across the study area, we restored to the crosswalks
defined by Kostov et al. (2017) [50], Velev et al. (2017) [51] and Apostolova et al. (2017) [52].

2.3.2. Remote Sensing Data and Products

In this study, we use three types of remote sensing data: Ortho-photo data (2013) (Data
upon request, GIS viewer at http://gis.mrrb.government.bg/ (Bulgarian only) (accessed
on 17 March 2022)), satellite derived expert products to determine the current ecosystem
extent and a long time series of remote sensing scenes as means to derive vegetation
indices to assess ecosystem condition. This section lists and describes the data while details
of data processing to overcome the shortcomings in each product type are provided in
Supplementary Materials, Section S5.

Expert products are better suited for static features such as the positioning and char-
acteristics of specific vegetation types. They are released in a sparse data series (for
Copernicus—typically every 3 or every 6 years, depending on the product) and their
production involves significant processing and quality control that does not need to be
repeated by the authors. A shortcoming of expert products is that they do not provide
complete (wall-to-wall) coverage but focus on single ecosystem types and therefore their
joint use leaves gaps when pixels do not belong to any of the ecosystem types in the
respective products.

For ecosystem extent, we chose the Copernicus High Resolution Layers (HRL) expert
products for grassland (grassland extent layers) and forest (tree cover density and dominant
leaf type), the two products that, taken together, provide the most coverage in our study
area’s landscape, while also distinguishing between dominant forest type and detailing the
tree density. We chose reference years 2015 and 2018 since these are the only two reference
years available for both the grassland and forest HRLs.

In contrast, remote sensing scenes are processed to a much lesser extent (e.g., orthorec-
tification, cloud removal, etc.) but are available on average once in two to three weeks,
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which makes them suitable for forming longer, seasonal data series to perform functional
observations or confirm vegetation location to explore spatial extent.

On ecosystem condition, we performed a selection of vegetation indices (VIs). Essen-
tially, VIs are based on the reflectance properties of the vegetation and are designed to
measure vegetation quantity and vitality in different aspects—canopy area and structure,
concentration of chlorophyll [86]. For the long-term condition and functional assessment
of the selected HME in Bulgaria’s Rila Mountain, we applied an empirical method based
on two well documented vegetation indices (the Normalized Difference Vegetation Index
(NDVI) and Normalized Difference Water Index (NDWI) [87]) as well as the newly devel-
oped Normalized Difference Greenness Index (NDGI) [88]. Research on the relationships
between NDVI and climatic variables already enables predictions and trend definitions [89],
albeit at much larger scale.

We selected for use of multispectral satellite data from MultiSpectral Instrument
(MSI) sensors of Landsat from the United States Geological Survey (USGS) database cover-
ing 42 years (1977–2019) and Sentinel 2 data with high spatial, spectral and radiometric
resolution [90].

2.3.3. Climate Data

In our study, we use climate data for the parameters ‘t2m’ (temperature 2 m above
ground level), ‘tp’ (total precipitations), ‘evpt’ (evaporation) and ‘v10’ (10 m V wind com-
ponent) extracted from the public daily subset of the ECMWF Re-Analysis (ERA Interim)
dataset of the European Centre for Medium-Range Weather Forecasts (ECMWF) database.

The multidimensional files in NC format contain information for each parameter
within the vegetation periods (May–September) for most of the studied period—40 years
from 1979 (the starting year of ERA Interim reanalysis time series), to the time series’ end
in August 2019. We prepared these NC files for further use by ArcMap 10.3 processing. We
produced raster files of each parameter for every month within the vegetation period for
the 40 years of climate simulations and converted them into shapefiles to facilitate data
extraction. We extracted the attribute data and transferred it to SigmaPlot 11.0 where we
performed the regression and line plot analyses.

The retrieval and processing of climate data also has some limitations. ECMWF
discontinued ERA Interim—the dataset containing relevant variables for our study in
August 2019. It provides the follow-up reanalysis dataset ERA 5 [91] in stages and currently
ERA 5 is only available starting 1981. In addition, it had some errata and is still being
verified across the globe [91–93] with no verification yet for Europe on all climate variables
needed for replicating our study using ERA 5 data.

2.3.4. Data Processing Workflow
Processing of Single Datasets

The remote sensing data preprocessing steps include:

• Review and selection of scenes from both sensors. While satellite missions regularly
fly over our study area, it often is cloudy or misty, and in some years there is snow
in parts of it well into May. Therefore, we had to handpick suitable scenes (listed in
Table S4 in Supplementary Materials). Unfortunately, these scenes do not adequately
cover all vegetation seasons with satellite imagery. Even in the handpicked scenes that
we analyze in this study, there are still some clouded areas (visible in the false color
renderings in Figures S7e, S9d, S10a,d, S12a,h, S13d and S16d,g,j of the Supplementary
Materials and Figure 5). Based on cloud coverage masks over the study area and
additional visual review, we selected a set of 33 satellite scenes with minimal to no
cloud coverage, taken within a time frame of 42 years;

• Creating composite images containing spectral bands of the images. In this step we
used ERDAS 14.0 software.

• Creating a raster file of each scene containing the Area of Interest (AOI), i.e., study
area boundary.
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• Calculation of VI from the selected scenes. We calculated Normalized Difference
Vegetation Index (NDVI) for all 33 scenes and produced raster files. Older Landsat
sensors with fewer bands do not allow calculating NDWI and therefore in 12 of the
Landsat MSI satellite scenes we could not obtain the values of this index.

Figure 5. Processing of climate data series: t2m (a,b) and tp (c,d) plots and regression results for the
months of June and July in 1979–2019.
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Table S4 of the Supplementary Materials contains a summary of the data provenance
of the satellite scenes used in the study.

NDVI is the most widespread index for vegetation condition assessment indicating
its energy absorption and reflectance capabilities, photosynthetic capacity and biomass
concentration [94–97]. According to Pettorelli et al., 2005 [89], “it could be used to predict
the ecological effects of environmental change on ecosystems functioning”.

To clarify the relationship between climate parameters and NDVI values and define
their influence on NDVI values within the studied period (1977–2019), we analyze the VIs
of single scenes within a vegetation season together with the available climate data. We
aim at inferring trends of condition changes for the HME in the study period.

We visualize the distribution of NDVI through 3D graphics including the index values
for the forest within the HME as a whole. Because of the large data volume, the elaboration
of a single 3D graph for this period is challenging, both computationally and visually.
Therefore, we constructed six 3D graphs (Figure S6 of the Supplementary Materials) con-
taining NDVI data from dates in the beginning (Figure S6a,b), in the middle (Figure S6c,d)
and in the end of the period (Figure S6e,f) to present the distribution of NDVI values. We
based the data grouping by dates on calculation of correlation coefficients between NDVI
values in the satellite scenes.

After the calculation of the VIs, we prepared 33 thematic maps (TM) of NDVI, 21 TM
of NDWI and 5 TM of NDGI using ArcMap 10.3, as well as six 3D graphic models using
SigmaPlot 11.0.

Since our satellite time series is composed of images from several satellite missions
with different sensor characteristics that influence the respective NDVI values, we cross-
verified the results using the sensor-invariant Normalized Differential Greenness Index
(NDGI) [88]. NDGI is a dynamic index calculated for pairs of satellite scenes in remote
sensing time series and therefore suitable for change detection and verifying the changes in
vegetation conditions in situations where NDVI from different sensors may not be fully
compatible between scenes. It is very sensitive to even small increments of vegetation
development; furthermore, it is designed to detect changes in vegetation cover for a specific
time interval, which makes it useful for vegetation processes (photosynthetic capacity),
i.e., vegetation functional assessment. Based on the spectral reflectance characteristics
of the vegetation, this index is defined through the greenness component obtained via
orthogonalization of the satellite images. Using the greenness component causes NDGI
to be sensor and time invariant. Furthermore, the error stemming from external factor
influences during satellite image capturing is significantly diminished [88]. The index
values range from −1 to +1, where the negative values (NDGI < 0) correspond to a decrease
of the vegetation process (loss of vegetation) and the positive values (NDGI > 0) indicate
an increase of the vegetation process, i.e., photosynthesis takes place (appearance, devel-
opment of vegetation). When NDGI = 0, biomass production remains unchanged for the
studied period.

Due to the limited number of available cloud free scenes, we only generated five NDGI
TMs (Figure 8). Four of them have a full set of correspondent climate parameters for the
years in which the starting and final scenes of the NDVI comparison were taken. For the
period 1984–1977, we lack the climate parameters for 1977 to compare with NDGI. We
assessed the suitability of scene pairs for calculating NDGI based on correlation analysis.

For Copernicus HRL products, we performed GIS-based analysis and identified areas
of interest based on the different attributive information in pixels with the same location in
2015 and 2018 to identify changes over time. We used this data to localize changes in extent
for grassland and forest ecosystems, as well as changes in species composition in forests.

For the retrieved climate data, we extracted the single variables of interest for each
month and performed regression analysis on them. Figure 5 presents a sample of the
results, for the variables t2m and tp in the months of June and July during the period
1979–2019, while the full range of climate data time series plots and regression analyses for
tp is available in the Supplementary Materials (Figures S1–S5).
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Cross-Validation of All Available Data

We use the Whole System paradigm to organize data and jointly analyze different high
mountain ecosystems in our study area and the different datasets available from their mea-
surements. To this end, we re-compiled a table of combined data sources complementing
the parameters in the Methodological Framework (for a list of indicators common across
the ecosystems see Table S1 and for their availability in the ecosystems in our study area
Table S2 of the Supplementary Materials). We furthermore perform the following analyses:

• At the semantic level, we explore relationships between potential new parameters
derived from remote sensing and climate models, and the indicator they describe. This
approach allows for identifying and proposing alternative observation techniques for
the same indicator (see Table S3 of the Supplementary Materials). Cross-calibrating
such data sources to identify their accuracy, measuring ecosystem parameters can
help to establish them as alternatives to field observation data (the standardization of
observations for different ecosystem types is part of ongoing work in the European
Long-Term Ecosystem Research Network and globally in several initiatives. As such,
performing it is currently outside of this paper’s scope). Furthermore, complement-
ing the Methodological Framework with Earth observation and climate modelling
allows us to look at a larger scale landscape mosaic and easily locate the most dy-
namically changing areas of interest such as the forest ecotone or areas with rapid
changes in species distribution. In this manner data co-analysis at the semantic level
allows for using the synergies between available data from all sources to both observe
changes in the whole area of interest and identify focus areas for observation efficiency,
both within the same conceptual framework. The semantic linking also allows us to
combine data mostly related to ecosystem extent and data typically used to study
ecosystem conditions by applying ecological knowledge to infer the links between
extent and condition.

• At the ontology level, we verify/specify the crosswalks between habitat type data in
the forestry database and ecosystem types, as applicable to this specific study area.
The crosswalks are established as a one-to-many relationship in the respective ecosys-
tem mapping methodologies—parts of the Methodological Framework [50–54]; see
Figure 6a. Verification consists of a georeferenced view of available data for habitats
and an on-the-spot check of respective ecosystem type/subtype having in mind the
overall ecosystem structure. The level of detail of the crosswalk depends on the rela-
tions of different labels of available data according to different classifications in the
crosswalk. For example, the finer grained habitat labelling of a polygon allows for
deducing the coarser ecosystem subtype or type classification for the same polygon
while data on the ecosystem type does not automatically translate to ecosystem sub-
types or habitats and typically requires further field validation and/or co-analysis
with other available data. Heathland and shrub ecosystems are specified in the forestry
database to have Pinus mugo as their dominant species and were therefore assumed
to be of the “Arctic, alpine and subalpine shrub” ecosystem subtype. To overcome
the limitations of existing data on grasslands, we analyzed the forestry database’s
information on elevation, slope, exposition and soil types (the latter being also verified
using the classification in the Executive Environment Agency’s soil type layer). We
then defined the possible ecosystem type as Alpine and subalpine grasslands based
on Apostolova et al. (2017) [52] and an unpublished interpretation key produced
during the mapping and assessment of grassland ecosystems in 2015–2017 by the
same authors.

• At the methodological level, we fuse semantically and ontologically compatible
datasets to verify the hypothesis that climate change causes changes in ecosystem
spatial distribution within the landscape mosaic and ecosystem condition/functioning
over time, including change in species composition. We use the spatial distribution
of ecosystem types in this crosswalk derived from ortho-photo and forest database
data, together with Copernicus HRL products for grassland distribution and forest
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tree cover density for 2015 and 2018 to geolocate areas of recent location and dynami-
cally changing composition of ecosystems in the landscape. In the resulting mosaic
(Figure 6b, bottom), the data fusion of remote sensing and climate data conforms
to the ground truth observations concerning the dominance and location of forest
ecosystems. The highest parts of the study area are covered with shrub vegetation and
grasslands, which are unevenly distributed, covering sub-alpine and alpine territories.
Following the crosswalk validation, we combined data from the different available
sources to form time series in the sequence depicted in Figure 6b. We performed a
correlation analysis of the NDVI TMs generated for the satellite images to analyze
the spatial correlation of NDVI across satellite scenes and find pairs of scenes of an-
alytical interest (Figure 7). This data is complemented with ecosystem location and
species composition towards the end of the period, as derived from ground data and
Copernicus HRL.

• Having in mind the need to update the Methodological Framework with developments
that occurred after its publication, we furthermore used the co-analysis of climate and
spatial distribution data from satellite products to derive reference values for candidate
indicators based on remote sensing and thus test the framework’s extensibility.

Figure 6. (a) Whole System approach: Conceptual view, data crosswalking and ecosystem type
(level 2 or level 3) distribution on the ground; (b) Selection of pairs of satellite scenes by correlation
analysis of NDVI between scenes; 3D graphic of the correlation coefficient values obtained via Pearson
correlation analyses of NDVI between scenes, and georeferenced supplementary information on
ecosystem types derived earlier and used for reference along with the results of vegetation change
detection in Copernicus HRL products.
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Figure 7. Cross-verification of single satellite images’ time series using different vegetation indices.
Anomalies in NDVI and NDWI can help locate the residual clouds in the TM (such is the case over
the mountain ridge in the scene from August 2011).

Using all available data on both extent and condition proved necessary for the re-
analysis of data in the earlier part of the study period and therefore complements the
missing or insufficiently detailed ground data on the beginning of succession in the forest–
grassland ecotone, as well as the upward crawl of deciduous species, causing the change in
species composition in forests. To verify the data fusion, we defined that the datasets for
spatial extent must contain georeferenced data on ecosystem existence at least at Level 3
(ecosystem type) but preferably at ecosystem subtype or habitat level. Data on ecosystem
condition must relate to condition and functional parameters over time, such as biomass
production observed via the proxy of vegetation indices. The stages of cross-validation at
the methodological level are detailed below:
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(1) We performed a combined analysis of NDVI and where available—also NDWI to
verify the observed vegetation growth in each scene. A sample of such results is
presented in Figure 7, while the full set of processed images is available in the Supple-
mentary Materials (Figures S7–S16 and S18). This approach is necessary due to the
chosen scale of observation—in contrast to expert products that cover all of a given
ecosystem type but do not contain its dynamic characteristics, factors like clouds ren-
der parts of the few available scenes unusable, which only allows partial processing
of these scenes.

(2) We analyze the derived vegetation indices (NDVI and where available—NDWI) for
each year together with climate data for the respective vegetation season to observe
the ecosystem functioning and its relations to the climate parameters in the respective
year. Since the climate reanalysis does not yield detailed projections, the only way
to observe the influence of local parameters determining the microclimate, such
as elevation, slope, aspect, is by comparing the geolocated vegetation indices in
scenes from different stages of the vegetation period with the data on abiotic factors
derived from the forestry database. At this stage, we perform this analysis in a
qualitative manner.

(3) To improve the precision of change detection in the early Landsat images, we restore
to the sensitive NDGI index [88]. NDGI is a valuable part of the remote sensing
indices portfolio for different purposes, including crop monitoring [98,99], disturbance
detection and response [100,101], flood detection [102], ecosystem risk assessment [28],
wetland ecosystem services [103], etc. Earlier work [7,90] proves its usefulness for
evaluating shorter time series of remote sensing images in this same study area. In
this study, we use NDGI to cope with the lack of georeferenced historical data on
ecosystem species composition. The earliest available spatial atlas [77] has very low
resolution (1:600,000) and a description of communities that is very different from
the current EU level and global classifications. Therefore, its usefulness concerning
inferring the semantic and ontological compatibility is only limited to ecosystem
type and does not allow for tracking subtler changes in ecosystem conditions or
species composition. In a first analytical step, we analyzed the NDGI TMs together
with climate data (Figure 8) to identify the climatic constraints to vegetation growth
(such as extreme temperatures or insufficient precipitation). The resulting scenes
are useful both for observing the ecosystem conditions’ dependence on climate and
local environmental factors influencing microclimate (in particular elevation), and
for determining changes in spatial distribution/exploring species composition, as
detailed below.

As an additional analytical step, the generated NDGI TMs also proved useful for
detecting outliers and eliminating problematic satellite scenes such as the image derived
on 13 September 2019, which we identified through co-analyzing the NDGI TM between
13 June 2009 and 16 September 2019 and climate data. The reasoning behind this process is
detailed in the Supplementary Materials, Section S5.
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Figure 8. Cont.
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Figure 8. Cont.
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Figure 8. Relation between NDGI and the respective climate conditions: (a) TM of NDGI between
22 August 1977 and 23 May 1984 and diagram of climate parameter dynamics for 1984; (b) TM of
NDGI between 27 June 1985 and 29 June 1994 and diagrams of climate parameter dynamics for 1985
and 1994; (c) TM of NDGI between 3 July 1987 and 11 July 1990 and diagrams of climate parameter
dynamics for 1987 and 1990; (d) TM of NDGI between 13 June 2009 and 23 September 2011 and
diagrams of climate parameter dynamics for 2009 and 2011; (e) TM of NDGI between 12 August 2019
and 13 September 2019 and diagram of climate parameter dynamics for August and September 2019.

(4) The lack of a long time series for tracking changes in spatial extent of the ecosystems
within the landscape is a particularly challenging case for data fusion. This is so
partially due to the coarser resolution of early satellite imagery that increases the
uncertainty in detecting succession, and partly due to the changing signal within the
same ecosystem type caused by changes in species composition, local microclimate,
etc., which prevents geospatial reasoning on ecosystem extent based on single satellite
scenes. At the same time, our data does not cover full vegetation seasons to enable
reliable location of vegetation types by phenology. The most convenient data sources
on ecosystem extent among the available data are the Copernicus High Resolution
Layer (HRL)—new products currently only available with the information needed
for our analysis in two baseline years, 2015 and 2018. Such a short “timeline” of
two points is by itself insufficient for exploring trends in the change of ecosystem
extent, being at most sufficient to specify the current extent and approximate species
composition of ecosystems. Observing long-term changes in extent therefore requires
creating a semantic link to data not directly attributable to extent. Such semantic
linking allows, in effect, for performing reanalysis of multiple, various scale data
sources for extent and condition. In the case of succession, the semantic inference
that enables reanalysis back in time includes detecting the earliest signals of active
growth in locations with proven later changes in ecosystem extent detected at the
end of the period. In this manner we can use, information on the ecosystem type,
location and first detection of the vigorous new growth to approximately date the
beginning of the succession. Such an approach also has its limitations since it only
applies to clearly defined and spatially stable ecosystems (deciduous and coniferous
forests, heathland and shrubs). It is therefore not applicable to ecosystems with
features less discernible through remote sensing (in our study area: Grasslands, water
ecosystems). The data reanalysis consists of locating stable features detected at the
end of the period and locating the earliest available signals for the forming of these
features. To cross-check the changes in ecosystem extent, we compared the resulting
change maps from the Copernicus Grassland HRL to the corresponding decline in
grassland extent, and cross-validated the findings with earlier ortho-photo, our own
drone imagery and the forestry database. Figure 9 shows representative spots of cross-
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checking the spatial extent. Targeted collection of dendrochronological information
through ground studies in the identified spots could provide for further reduction of
uncertainties, better dating and ground-truthing to form datasets for machine learning
or AI applications.

Figure 9. Cross-verification of ecosystem extent change detection in the upper ecotone—succession
from grasslands through shrubs to coniferous forests. Verification of Copernicus HRL change in tree
cover density (red pixel centroids represent increase in tree cover density between the base years
2015 and 2018 at 100 m pixel) as compared to the actual vegetation cover in (a) ortho-photography
(2011), and (b) our georeferenced drone imagery (2016). The northernmost and southernmost of these
centroids are outside the scope of the 2016 forestry database, whereas the remaining are within a
polygon of the coniferous ecosystem type.

For the purpose of species composition data reanalysis, semantic inference on the
change in species composition includes locating places of known changes in the ecosys-
tem composition in Copernicus HRL between 2015 and 2018 (in our case—spread of
broadleaved species within coniferous forests) and observing the vegetation indices back
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in time to date the beginning of this process. The process is illustrated for representative
parts of our study area in Figure 10.

Figure 10. Data reanalysis: Spatial patterns of change in species composition at locations with known
long-term modifications. Copernicus HRL change in tree cover density (red pixel centroids represent
increase in coniferous and green pixel centroids represent increase in the broadleaved tree cover
density between the base years 2015 and 2018 at 100 m pixel) is the baseline to locate changes in
NDGI values for earlier periods: (a) 07.1987 to 07.1990; (b) 06.1985 to 06.1994. Similar values of NDGI
correspond to similar changes in vegetation growth intensity between the pairs of years used to
generate NDGI. A comparison between the two NDGI TMs and the HRL spatial overlay suggests
that active change in tree species composition started around 1990. The higher precipitation in June
1985 strengthens the baseline signal and therefore accounts for smaller differences found in NDGI
and vegetation growth in the second scene.

In this manner, the fusion of different data sources can form a longer quasi time series
of heterogeneous data sources on extent and condition. In our case, the composite data
series covers the period 1987–2018 and includes the earliest Landsat 1–3 missions at the
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beginning of the period (images of 80 m pixel in two spectral bands); orto-photo and
terrestrial data for the 2011–2016 period; and Copernicus HRL (100 m pixel) grassland and
tree cover density products for the base years 2015 and 2018.

3. Results

3.1. Results of the Remote Sensing Data Processing
3.1.1. Remote Sensing of Spatial Extent and Distribution Trends

The cross-verification of the expert products together with forest database data shows
a high degree of correlation between the datasets (see Figure 11). The available HRL
products for grassland and forest ecosystems (which comprise most of the landscape
mosaic) are presently insufficient to form a timeline of only two data points for three years.
However, as detailed in Section 2.3.4, data fusion and re-analysis allows for forming a
longer timeline of different but semantically compatible datasets. In particular, the co-
analysis with NDGI for earlier satellite scenes and climate data (correlations can be seen in
Table S5 of the Supplementary Materials) supports our second hypothesis about climate
change-induced ecosystem dynamics. This is so since the remaining abiotic parameters are
largely unchanged, while anthropogenic activity was traditionally weaker and extensive
in most of the inaccessible parts of the study area and has ceased completely since its
inclusion in the Natura 2000 protected areas network. The comparison of spatial trends
shows upward expansion of both broadleaved and coniferous forests—with broadleaved
expansion occurring as high as 2000–2100 m—and decline in grassland ecosystems’ extent
in the lower elevations bordering the forest. Figure 11 presents the results of data reanalysis
and fusion across the entire study area. The upward extension found by joint analysis
of Copernicus HRL and the forest database is confirmed and dated more precisely by
extending the data series back in time through NDGI between selected satellite scenes. The
fused data further reveal that southern slopes are more conductive to accelerated growth
of broadleaved species, whereas accelerated upward expansion of coniferous species is
more frequent on the northern slopes. This finding is important for focusing future field
monitoring and dendrochronological verification.

The available ground data also support the observation on the transition from conif-
erous to deciduous forests due to climate change. In addition to our spatial analysis, all
24 polygons assigned to coppices in the forestry database are marked as “forest in transition”
in the “forest type” field, some having been earlier classified as “rock” or “non-afforestable”.
After disturbances, four polygons underwent transition to habitat 9130—Asperulo-Fagetum
beech forests.

We observe the same general dynamics across the study area when analyzing the
earlier vegetation growth through NDGI (see Figure S18 in the Supplementary Materials).
The only negative NDGI values we observed are in the comparison of August 1977 and
May 1984. They are attributable to the earlier stage of seasonal vegetation growth in the
second scene.

The greatest difference in the NDGI TMS comparing scenes taken in the same stage
of vegetation growth (between July 1987 and July 1990, and between June 1985 and June
1994) is noticeable in higher altitudes, both in coniferous forests and shrubs. There are areas
showing growth trends despite the seasonal difference in temperature and precipitation in
the two years (coppices, broadleaf deciduous forests, coniferous forests in lower altitudes).
They contain faster growing vegetation that has net biomass gain and builds up carbon
depots in the seven years between scenes, whereas grasslands’ small positive and negative
NDGI numbers point to a relatively stable state or decline.
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Figure 11. Changes in spatial distribution of grassland and forest ecosystems at pixel size of 100 m
between base years 2015 and 2018. The extent of areas with higher tree cover density in 2018 is
marked with coniferous and deciduous symbols at the centroids of the respective pixels. The changes
are confirmed by NDGI in satellite scenes as early as 1990.

Both NDGI TMs between July 1987 and July 1990, and between June 1985 and June
1994 demonstrate the importance of temperature differences for the vegetation growth,
especially in higher-altitude coniferous forests and shrubs containing coniferous trees.
With most of the parameters being similar, both the rise in temperature between 1987 and
1990 and the earlier onset of higher temperatures seem to have a positive influence on all
ecosystem types in the higher altitudes. Almost lacking precipitation appears to be the
limiting factor on growth for all ecosystem types in the lower altitudes. The earlier onset of
higher temperatures has an even more marked effect in June (comparison between 1985
and 1994) even though the temperature differences themselves are minimal and 1985 was a
year with higher precipitation at the beginning of the vegetation season.

3.1.2. Condition and Functional Dynamics of the HME—Vegetation Indices (VI) and
Climate Data Co-Analysis

Following the reanalysis of combined climate and vegetation indices data, we found
correlations between NDGI that indicate patterns of active vegetation growth between two
satellite scenes to be much stronger when calculated at the observation object’s characteristic
scale. This is illustrated in Figure 12, which compares potential determinants of growth
for each characteristic area of rapid coniferous and broadleaf growth (as identified by the
changes in extent towards the end of the period) with the much more heterogeneous and
large scale study area as a whole. In both focal areas, the correlation between ecosystem
type and overall seasonal growth indicated by the NDGI signal is stronger than the same
type of correlation in the entire study area (Figure 12b,c).
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Figure 12. Cont.

190



Diversity 2022, 14, 240

Figure 12. (a) Location of smaller scale focal areas with observed predominant coniferous and
predominant broadleaf active growth within the study area; (b) Correlation coefficients between
NDGI mean and other environmental factors within a vegetation season (note that correlations
in the first scene are inverse since the 1977 scene is later in the vegetation season than the 1984
scene); (c) Correlation coefficients between NDGI mean and other environment factors as year-to-year
comparison in the same part of the vegetation season.

In addition, both in areas with broadleaf and coniferous expansion, the seasonal
growth strengthens between earlier and later NDGI scenes as the expanding species grow
in their new location, indicating their role as driver of overall growth (Figure 12b).

At the same time, the strong positive correlation of coniferous growth and elevation in
coniferous expansion areas on a year-to-year basis between 1987 and 1990 (Figure 12c) is
in line with the observed upward shift in ecosystem extent and emergence of succession
in former grassland areas. The relatively strong negative correlation between dominant
coniferous species and the expanding broadleaf species in the same year is in line with the
change in species composition from coniferous towards mixed forest.

Annual climate differences, however, can significantly influence the year-to-year
growth patterns, as shown in the NDGI comparison between early seasons of 1985 and
1994 (Figure 12c). While ERA Interim’s scale is much greater than the two focus areas, it
informs the understanding of observed NDGI correlation anomalies. The climate mod-
elling shows that 1994 had virtually no precipitation in June, whereas in 1985 the peak
precipitation was in June (Figure S18c–e). As a result, the much weaker growth for 1994
in the more water-deprived higher plots of coniferous forest translates to a negative cor-
relation between year-on-year growth and elevation (and to smaller extent, aspect). A
slower upward expansion of broadleaf species is also observed in the less water deprived
broadleaf focus area where the dominant coniferous species have grown much stronger
than the expanding broadleaf species (as evidenced by the positive correlation between the
coniferous dominated ecosystem type and NDGI in the 1985–1994 scene).

Positive NDVI values prevailed throughout the study period, which indicates good
conditions with the HMEs. NDVI values vary according to the phenological stage within
the vegetation period; we found that they correspond to the changes of t2m parameter,
which confirms the correlation between t2m and NDVI established by a number of authors—
Wang et al. (2003) [97], Pavlova and Nedkov (2005) [94], Katrandzhiev (2018) [90] and
Katrandzhiev and Bratanova-Doncheva (2019) [7]. The seasonal dynamics of NDVI is
most obvious in the last 3D graphic (Figure S6f) which presents the dynamics of NDVI
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changes in 2019. At the beginning of the VP (24 April 2019) when t2m values varied within
4 ◦C (see Figure 9) NDVI values were negative and close to 0 due to the presence of snow
cover (Figure S16a). In the middle of the VP (03 July 2019) when the t2m varied within
16.5 ◦C high values of the NDVI were observed (0.5–1), i.e., the amount of the leaf biomass
increased and the functioning of the vegetation cover became more active. At the end of
the VP (Figure S17b,e,h,j) we observe decreased NDVI values, suggesting decreased values
of the t2m parameter. This confirms the expected influence of temperature on NDVI.

We assessed the selected HME condition by means of NDVI calculation based on a
set of satellite data and the influence of the t2m parameter on the NDVI. We verified the
results via NDWI and NDGI calculations (Figures S7–S18)

Snow cover is one of the major distorting factors in analyzing time series of veg-
etation indices from satellite imagery during the vegetation period, appearing as late
as May/June and as early as October (Figures S7c, S8d, S14a,i, S15a and S16a in the
Supplementary Materials).

Close to the beginning of the VP, the seasonal fluctuations in temperature and precipi-
tation seem to have a strong influence on the intensity of vegetation growth. The snow in
April and early May in Figures S14b,j, S15b and S16b had less impact on vegetation growth
farther down from the ridge than the snow in late May at the beginning of the time series
(Figures S7d and S8e). This finding corresponds to the trend of rising temperatures over
the period, as well as a steepening of the temperature curves in the 1990s. It suggests that
the lengthening of the vegetation season in September contributes to increasing the HME’s
resilience to cold spells occurring at the beginning of the vegetation season, with overall
conditions remaining good despite the seasonal shift. This proves that resilient ecosystems
can better mitigate climate stress.

The presence of snow in remote sensing imagery corresponds to low values of t2m
from the climate model, thus proving the value of fusing these two types of data despite the
lack of sufficient spatial resolution in the climate model. Temperatures vary between 6 ◦C
in May 1984 and up to 8 ◦C in May 2017, and the NDVI values are correspondingly low
(0–0.2 for the alpine shrub and grass vegetation, 0.2–0.4 in conifer forests and above 0.5 in
the broadleaf and coppice stands in May). As a reference, NDVI is almost uniform 0.2–0.4 in
most ecosystems and 0–0.2 in the shrubs closest to the snow cover. This finding confirms
the usefulness of cross-referencing between the remote sensing data and climate model.

There is strong seasonal dynamics during the growing season, with similar growth
patterns in June and July for all ecosystem types except the broadleaf deciduous forests:
Growth has not reached its maximum and its speed distribution appears to be mostly
dependent on the altitude and not so much on the ecosystem type. The leaf biomass
of broadleaved deciduous forests grows faster than all other ecosystem types. At the
beginning of the available observations, NDVI is in the range 0–0.2 for the alpine shrub
and grass vegetation, 0.2–0.4 in conifer forests and above 0.5 in the broadleaf and coppice
stands. In this period, whenever precipitation is not a constraining factor, the intensity
of leaf biomass growth appears to best correlate with temperature (and grow as the tem-
perature rises and the vegetation season possibly lengthens). This progression is visible
in Figures S9b,e, S10b, S11b,f and S13e,h,k. At the end of the period, the NDVI values in-
creased (0.6–0.8) in the dominant conifer forests in unison with the rise in temperature
(~12 ◦C in June 2019, Figure S16g in the Supplementary materials).

The vegetation growth peaks in August and September, as seen in the higher NDVI
values in the late summer thematic maps. Apart from 1977 which has low NDVI values
in most ecosystems, the index varies between 0.4 and 0.6 in most territories in the study
area in 1985 (Figure S8b) and between 0.4 and 0.6 for shrubs, 0.6 and 0.8 for the dominant
forests and up to 1 for deciduous forests in 2019, confirming the increase in forest biomass
production and carbon sequestration with warming climate.

At the end of the VP, the prevailing NDVI values vary from 0.2 to 0.4 in the higher
parts and 0.4 to 0.6 in the lower part of the study area in the first available scene from
October 1986 (Figure S8e,h). With growing temperatures, vegetation is more active in
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October with slowdown mostly in the shrubs at the highest elevation, as evidenced in the
two scenes of Figure S15h,k.

Apart from these general trends, the second part of the study period displays a number
of anomalies. In 1994, the climate model shows the lowest precipitation in the entire time
series, causing a break in the early season growth pattern. There is a relation between
the climate model showing almost no precipitation at the beginning of the vegetation
season (Figure S10f), and the NDVI readings of a slow growth in the NDVI thematic
map (Figure S10e). In comparison, low precipitation in September 1992 after the high
precipitation in mid-season is still a limiting factor for high NDVI, but to a lesser extent
(Figure S10b,c). We observed a similar albeit less acute water limitation in 2000. The
years 2009, 2011, 2016 and 2018 show an unseasonal high precipitation peak preceded
by too low precipitation in the beginning of the VP (Figures S12g,n, S13g and S15m).
The frequency of such occurrences suggests that they may form a new trend in shifting
precipitation patterns with climate change, which needs close monitoring in the coming
years. However, the existence of such a trend is not certain since 2019 displayed a double
peak in precipitation (Figure S17l)—a possible stress factor for the vegetation growth. While
there appears to be corresponding fluctuations of NDVI readings within just one month in
Figure S17b,e,h,j, we infer that one of the scenes in 2019 may be an outlier (see Section S5 in
Supplementary Materials).

In observing these fluctuations, the cross-verification of NDVI with NDWI for the
same scene has a growing importance. It can be used to explain spatial differentiation
in growth patterns. For example, Figure S8f shows a correlation of growth patterns with
NDVI in Figure S8e but also a correlation with the climate model in Figure S8i since the
precipitation modeled for early June (Figure S8c) is still visible as evaporating water reserve
in the snow on the ridge. Where available, NDWI also demonstrates the spatial distribution
of water content in the foliage at a much more fine-grained scale than the climate model’s
precipitation component (Figure S11d). In combination with NDVI and climate modeling,
it can help verify time lags between precipitation and changes in vegetation growth. An
example of such verification is the overall correlation of timing between high NDWI and
precipitation fluctuations; e.g., the June 2009 simultaneous dip in NDWI and precipitation
was followed by increased precipitation and a delayed recovery in July 2009; the opposite
correlation of peak precipitation, growth and leaf water content occurred in August 2011—
see Figure S12. NDWI is also prone to distortion by clouds (as shown in Figure S13d–f),
and to avoid misconstruing the simultaneous dip in NDVI and NDWI as disturbance, there
is a need to use improved cloud masks as these become available in newer remote sensing
products, observing a longer time series over such spots or using ground measurements
from meteorological stations. The usefulness of NDWI grows with the number of high
quality satellite images available. For example, in 2018 the interplay of NDVI, NDWI and
climate modeling shows the decrease of available water in parallel with vegetation growth
in May. While there is almost no precipitation, the available moisture is absorbed by the
vegetation and does not evaporate even after the rainfalls in August (Figure S15), indicating
resilient ecosystem functioning. Similarly, better understanding the effect of the double dip
in precipitation in 2019 is possible once we account for:

(a) the using of water from melting snow in April (higher water content despite lacking
precipitation—Figure S16a,c);

(b) a slowdown of growth in August as the June rains are absorbed and no additional
precipitation comes while the temperature keeps rising (Figure S17a,c), and

(c) the second surge in growth in the second half of September with the new precipitation—
see Figure S17d,f,j,k.

Based on the findings of this and the previous sections, we can find ecologically
meaningful links between different datasets and can go beyond the statistical analysis,
therefore confirming the first hypothesis on the utility of data fusion on the semantic and
methodological levels and utilizing all available data.
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We furthermore achieved a co-benefit of testing the hypothesis of data extensibility
by developing corresponding candidate indicators that use remote sensing data sources
and address a more integrated approach to ecosystem monitoring by widening the data
sources used in it. These indicators are adapted for easy remote monitoring with a min-
imum of ground data, thus contributing towards the ongoing monitoring of changes in
ecosystem extent and condition caused by climate change. We settled for proposing for
future use two linked indicators describing the ecosystem dynamics related to extent and
condition of HME that are sufficiently underpinned by existing data: “Habitat extent
increase/reduction attributable to climate change”, and “Ecosystem succession attributable
to climate change”. These two candidate indicators on ecosystem condition may, after veri-
fication, become part of the methodologies for terrestrial ecosystems (Table 2) and facilitate
automated monitoring of climate change impacts on HME through remote sensing. Both
candidate indicators aim at complementing the existing indicators in the methodologies
of the respective ecosystems that form the landscape in our study area. Adding them to
the Methodological Framework is important with a view to the scientifically established
acceleration of climate change.

Table 2. Candidate indicators and their parameters proposed for inclusion in the terrestrial ecosystem
methodologies. Data sources: (a) Copernicus HRL change product or difference between status prod-
ucts of two consecutive releases (every three years), with spatial resolution of 20 m per pixel or below;
(b) Difference between Copernicus HRL status products for the two ecosystem types/subtypes.
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(a) Condition indicator: Habitat
extent increase/reduction

attributable to climate change
Parameter: Change in area (%)
covered with ecosystem of 10%

vegetation cover or above.

Woodland and
Forest

Coniferous >−1.7 −1.7 to −0.75 −0.75 to 1.5 1.5 to 3.5 >3.5

Deciduous >−9.6 −9.6 to −5 −5 to 12 12 to 25.9 >25.9

Grassland Alpine &
Subalpine >−17.2 −17.2 to−12 −12 to −7 −7 to 0 >0

Heathland &
Shrubs

Only one reference product layer available yet; to be filled in once HRL
Small Woody Features 2018 is released

(b) Condition indicator:
Ecosystem succession attributable

to climate change
Parameter: Change in area, %,

due to climate related succession
between two ecosystem types

Woodland and forest: coniferous
to deciduous >−20 −20 to −15 −15 to −10 −10 to −5 >−5

Grassland to Heathland
and Shrubs

Only one reference product layer available yet; to be filled in once HRL
Small Woody Features 2018 is released (announced for the end of 2021)

The proposed indicators require a quite rigorous approach to distinguishing between
extent change and succession caused by climate change, and similar changes caused
by other factors, notably grazing and land management that are identified as the main
factor influencing the speed of changes in the HME grassland–forest ecotone [5,104,105].
Therefore, they are only suitable for forward-looking remote monitoring of the spatial
ecosystem extent in our study area and other HMEs with a high degree of naturalness
(reusing them in intensively managed HMEs would require additional research and their
adaptation to account for human influence on the ecotone and species composition). While
our study area has been protected with no large-scale anthropogenic influences since 1933,
the data in [77] proves the existence of land management and grazing in the late 1980s.
Therefore, we take the expansion of the NATURA 2000 network in Bulgaria (legislation
adopted in 2007 and extended in 2008) as the moment in which these influences were
legally suspended.

To avoid biases in the indicators, establishing the causes underlying the change in
extent is important. At the same time, it would be difficult or even impossible by only
looking at ecosystem information since there is a need to consider a time lag after the
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establishment of the legal protection status of NATURA 2000. Therefore, we verified the
lack of disturbances in the ecosystem by other means available, including:

- scientific publications and official documents: The orders determining the manage-
ment regimes for the Parangalitsa reserve (in force during our entire study period)
and NATURA 2000 protected areas for the rest of our study area (in force since 2007,
extended in 2008)—both stipulating the seizing of economic activities;

- georeferenced sources: Bondev [77] for the land use and management regimes in the
1980s as well as the subsidy eligibility layers for grassland management (since 2015);

- agricultural data to confirm that the alpine and subalpine grasslands are largely
undisturbed after this date and any occurring grazing is extensive (therefore, not
significantly influencing the landscape).

In this context, the use of semantically consistent data fusion allows the deduction
that the main driver of succession in this landscape since 2008 is climate change.

Based on the above, we can evaluate the parameters for the two candidate indicators
only for periods of proven lack of anthropogenic disturbances for at least 8–10 years of
undisturbed ecosystem development to ensure that the dynamics of ecosystem processes is
exclusively attributable to climate change. This means that, in our study, only the latest part
of the study timeframe is useful for deriving reference values for our candidate indicators—
a minimum of 5 to 10 years without disturbance, that is from 2015 onwards for the entire
study area.

We selected the reference values of the parameters measured to contain easily available
but quality controlled remote sensing and expert products. In this manner, changes in data
sources will be easily traceable through the metadata of the expert product versions and
a reanalysis in the expert products performed by their publisher can be monitored and
trigger a reanalysis of our indicators as well.

We estimate the initial values in Table 2 having in mind the observed speed of ecosys-
tem change in Copernicus products produced for two base years, by ecosystem type.
However, as more such products will become available in the form of continuous data
series, these values will have to be reviewed and verified before including them in the
Methodological Framework. The availability of new data or satellite products is very
likely to prompt an adjustment of reference percentage values, especially for the proposed
succession indicator (red in Table 2). We expect that with establishing the Long-Term
Ecosystem Research site Parangalitsa (whose infrastructure development started in 2021),
better ground data on biodiversity and abiotic heterogeneity will also become available
over time and will be conductive in establishing the proper reference values for these
candidate indicators.

Having in mind the observed dynamics in ecosystem condition (Section 3.1.2) and
the observed NDVI values in our time series, we propose a new, functional parameter to
complement the largely static IP index of the terrestrial ecosystems where a detailed field
inventory is not possible (Table 3). A correlation analysis with the IP index calculated using
the forest database or a future forest inventory will allow for finding outliers and reducing
uncertainty, for a more robust remote monitoring of ecosystem conditions. In this manner,
it can also semantically and ontologically connect the ecosystem condition and ecosystem
service indicators in the methodologies.

This candidate indicator requires additional verification, including some or all of
the following: Cross-verification with NDWI and climate data time series (temperature,
precipitation); error correction via NDGI; field verification: Vegetation inventories and IP
index if it becomes available for NATURA 2000. In addition, a more precise localization
of heathland and shrubs is a prerequisite for determining the missing reference values for
this ecosystem type since it has very few polygons in the forest database but according
to the Copernicus HRL products is likely to be one of the most dynamically developing
ecosystem types.
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Table 3. Candidate indicator for remote ecosystem monitoring of the terrestrial ecosystems. Data
source: Copernicus and Landsat remote sensing. Due to the very limited extent of heathland and
shrubs, we were not able to derive reliable reference values of all reference states and left these
reference values empty for further research and verification.
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Condition indicator:
Ecosystem functioning

Parameter: Peak
vegetation season

NDVI

Woodland and
Forest

Coniferous −1–0 0–0.2 0.2–0.4 0.4–0.6 0.61–0.76

Deciduous −1–0 0–0.2 0.2–0.4 0.4–0.6 0.68–0.84

Grassland Alpine & Subalpine −1–0 0–0.2 0.2–0.4 0.4–0.6 0.69–0.87

Heathland & Shrubs 0.37–0.77

3.2. Analysis of Climate Parameters and Cross-Validation with Vegetation Indices

We analyzed the climate parameters ‘t2m’ (temperature 2 m above ground level), ‘tp’
(total precipitations), ‘evpt’ (evaporation) and ‘v10’ (10 m V wind component) (Table S5 in
the Supplementary Materials) and plotted graphics of their dynamics for the entire period
of available ERA Interim data (40 years) within the vegetation periods (VP). Based on the
results by climate parameter, we could establish a trend of increasing values of the t2m
parameter during the months May–July and September for the full 40-year period. Only for
August, we found a trend of decreasing t2m values (Figure S3 in Supplementary Materials).

In order to test if there is an acceleration in climate change, we divided the 40-year
period of ERA Interim data into two shorter periods: (1) 1979–1999 and (2) 1999–2019 (ex-
cept for September parameters that are not available for 2019 in ERA Interim and therefore
end in 2018). In each half period, we calculated the mean values of t2m given the minimal
and maximal values for each month within the VP (Table S5 in Supplementary Materials).
We observe trends of increasing mean temperatures in May–July and September during
the studied period. In the second period, we observed increased mean values of the t2m
parameter compared to the first period—for May by 2.2 ◦C, June by 1.1 ◦C, July by 0.9 ◦C
and September by 1.2 ◦C. The only exception is August when we observe a trend towards
decrease in the mean values of t2m by 0.6 ◦C for the study period (Table S6 in Supplemen-
tary Materials). We carried out Pearson correlation analysis between the NDVI and the
t2m parameter in the study area which revealed sufficiently strong correlation between
these variables (correlation coefficient- R2 = 0.605). The correlation table for this analysis is
available in Table S5 in the Supplementary Materials.

The review and analysis of the annual climate plots reveal that, apart from the overall
rise in t2m, high temperatures occur about a month earlier at the end of the period as
compared to 1977, 1984 and 1985, suggesting a lengthening of the vegetation period.
Confirmation by studying even longer-term observations and/or the new Copernicus
Phenology HRL product when it becomes available for our study area appears necessary
to confirm this conclusion as it may provide insights into the drivers of vegetation change.

Based on regression analyses and temporal dynamics analysis (Figures S1 and S2),
we establish trends of tp decline in May (Figure S2a) and June (Figure S2b) within the
studied period. In addition, we observe trends of tp increase in July (Figure S2c), August
(Figure S2d) and September (Figure S2e) for the same period within the study area. In order
to test the existence of a relationship between the NDVI and tp, we conducted Pearson
correlation analysis (Table S5) between them in the study area. We found R2 = 0.0228
and p = 0.907 (i.e., p > 0.050). We established negative correlations for both NDVI–evpt
and NDVI–v10, with correlation coefficients −0.275 and −0.0184, respectively. Therefore,
we did not find definite trends of influence of the evpt and v10 in the NDVI. The find-
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ings of Section 3.1.1, however, suggest that such trends may well exist in some parts of
the study area where other abiotic factors influence a strong dynamic of the ecosystem
development/succession.

In Figures S4 and S5, we present the change dynamics of these parameters. When
compared to the changes in the NDVI values throughout the study period, we were not able
to establish a connection. Therefore, in the current study we establish that cross-analyzing
the influence of the t2m parameter on the NDVI and HME conditions yields the best results
as it is the only parameter showing strong correlation to the NDVI (R2 = 0.605).

This semi-qualitative analysis is in line with the complicated interplay of environmen-
tal factors that limit vegetation growth in different parts of the vegetation season; climate
parameters are only part of these factors. Among climate variables, temperature seems to
be the most obvious overall limitation to vegetation growth, while other parameters may
influence it in different years without a clear trend.

We performed correlation analysis of NDGI and local parameters from the forestry
database using the corrplot library in R (Figure S19 of the Supplementary Materials). The
overall weak correlations between any two parameters taken across the whole study area
is ecologically meaningful since it confirms the complex interrelations between growth
and microclimatic environmental parameters, in line with the findings of Section 3.1.1
about the microclimate’s importance. It also reveals a scale mismatch for some of the
possible correlations as they likely occur only in parts of our study area, as suggested by
the data fusion reanalysis in Section 2.3.4. On the current scale of observation, the higher
correlations would exist only in areas where favorable microclimatic conditions influence
the vegetation dynamics, whereas large areas with relatively homogeneous microclimate
or vegetation or weaker changes in vegetation growth (typically alpine grasslands or
shrubs) yield weaker signals and therefore weaken the overall correlation. This is visible
in Figure S19b, where the strongest observed correlations are to parameters determining
the microclimate—elevation and slope. In contrast, strong climate fluctuations lessen the
impact of local microclimate—see Figure S19c for year-to-year comparison and Figure S19c
for the seasonal comparison. As such, the sensitive NDGI must be used at smaller scale for
cross-validation of both NDVI and NDWI.

As to the nature of microclimatic determinants, the spatial analysis of Figure 9 strongly
suggests the need for more detailed, field-measured climate data in focal points of par-
ticularly dynamic ecosystem change, specifically the southern facing slopes in the higher
altitudes and the forest—alpine grassland ecotone, especially in locations with established
succession. Such targeted data collection would enable a georeferenced and hopefully
much more precise correlation analysis.

4. Discussion

The present study in some of its parts repeats the methodology of earlier work of
some of the authors in the same study area [7]. However, it is much wider in terms
of data integration and consistent application of the Whole System approach. To our
knowledge, this is the first study that makes use of the ontological and semantical power
of structured indicator–parameter systems as defined in the Bulgarian Methodological
Framework [26] and, in this sense, also contributes to the worldwide research on the Whole
System application. A summary of the results follows in this part.

4.1. Methodological Results

With a view to ontological similarity defining one-to-many relations between ecosys-
tems and habitats, forestry data and our field verification (Section 2.3.4), we were able to
narrow down the ontological similarity on level 3 (ecosystem subtype to habitat) for the
forest ecosystems in the study area by verifying the types of habitats occurring in the forest
ecosystems (Figure 7, middle). Due to insufficiently granular data about the other ecosys-
tem types, we were only able to verify the level 2 relation for the other ecosystems present.
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4.2. Hypothesis Verification

Our study confirms both the working hypotheses we presented in the introduction. In
support of our first hypothesis:

• We confirm the semantic consistency of the Methodological Framework by using
new data sources in a manner consistent with the Whole System approach. Based on
this work, we propose an ecologically meaningful extension by adding a candidate
indicator set on climate change impact. These indicators are of particular importance
for the sensitive HME. They are balanced on a landscape level and reflect the trade-offs
between the extent and condition of different ecosystems in the course of climate
change-induced succession since in the limited habitat the expansion of one ecosystem
type is at the expense of another. In addition, we explore the scale of observation and
confirm its importance in reducing uncertainty when a dataset’s scale (in our case,
ERA Interim) significantly exceeds the characteristic scale of the object of observation.

• We use an ontologically consistent approach to utilize data collected for different
purposes (in this case use habitat data) for verification of a Level 3 crosswalk for forest
ecosystems. In addition, through this crosswalk field data on habitats can be useful
in conjunction with vegetation indices for a future remote monitoring of forest areas
where the dominant vegetation type consists of climate-vulnerable species. This allows
for focusing our limited fieldwork resources on problem spots.

• The production pipeline of Copernicus remote sensing products delivered by the
European Environment Agency utilizes significant human and financial resources to
ensure their methodological consistency within a single information infrastructure;
they also undergo rigorous quality checking and control of both data and metadata.
Incorporating them in a future remote monitoring within the Bulgarian Methodologi-
cal Framework would therefore add to the strong methodological and information-
technical consistency of the Whole System approach with very low additional costs
for exploring data poor biodiversity hotspots like our study area. This seamless incor-
poration of a new data source as a basis for new candidate indicators further confirms
the extensibility clause of our first hypothesis. Data fusion and co-analysis form the
basis to confirm the possibility to derive ecologically meaningful information from all
available data sources.

• We use data fusion also to cross-check and verify data sources, thus reducing un-
certainty and supporting our hypothesis that applying the Whole System approach
allows for more reliable data integration. In the course of our research, we confirm
the suitability of the selection of vegetation indices and their combination with expert
remote sensing products, climate models, publications or other non-georeferenced
documents and field data as a set of mutually complementary data sources that allows
confirming synergies and identifying outliers.

• Beyond the expected results, we further found that using data integration:

� allows the additive introduction and use of a higher number of very diverse
data sources for a more reliable monitoring of both the ecosystem extent and
conditions in data sparse environments;

� supports finding the appropriate observation scale for different scientific ques-
tions; and

� enables extending the holistic approach of the Methodological Framework to
accommodate for future ecologically meaningful linking of ecosystem condition
and ecosystem services in the sense of natural capital accounting principles that
can replace their current assessment within the Methodological Framework.
This, in turn, underpins the use of the Whole System approach in a socio-
ecological context.

The analysis of fused data also supports our second hypothesis. We were able to
observe the impact of climate change on both ecosystem conditions and functioning, and
the landscape level changes in the spatial distribution of different ecosystems and the

198



Diversity 2022, 14, 240

species composition. Based on the conceptual and instrumental advantages of the Whole
System approach, the selected toolbox allows for complex monitoring that goes beyond the
observation of species, ecotones or single ecosystems.

In terms of ecosystem extent, our study suggests that climate change may influence
the ecosystem succession. A longer time series may confirm an acceleration as suggested
by NDGI observations of early succession signals in the 1990s and the more rigorous recent
changes found in Copernicus HRL data. In such cases, regular ecosystem extent monitoring
may identify the possible approaching of tipping points in extent reduction or species
composition for some ecosystems. For the grassland ecosystems in our study area, such
speeding decline may also influence the overall ecosystem resilience and reduce the habitat
of endemic species. Should the observation of a longer time series confirm such accelerating
trends, the observation frequency for some ecosystem types might also need reconsidering
in the Monitoring Guide [76] of the Methodological Framework.

On ecosystem condition and functioning, we made a number of observations.
We established the correlation between vegetation indices and the changes of selected

climate parameters (temperature, t2m; total precipitation, tp; evaporation, evpt; and 10 m
V wind component, v10) throughout the 40-year period—from 1979 to 2019—within the
study area. We found an overall increase in the t2m parameter during the vegetation period
between the start and end years of observation; with the exception of August the values
of the t2m decrease. In addition, based on the regression analysis, we found an overall
increase of the tp parameter. These trends suggest that climate change challenges the
resilience of HME ecosystems, which are increasingly subject to dryer and hotter weather
during the vegetation peak seasons. At the same time, lengthening the vegetation season
contributes to increase in biomass production and overall resilience. Seasonal shift in
phenology is important to observe closely, as revealed by the NDGI correlation analysis
(Section S5 in Supplementary Materials).

With regard to the forests, we could not establish conclusive long-term links between
tp, evpt and v10 parameter change and the NDVI changes over the entire study area. The
results of detailed analysis in different years suggest that the limiting factor to growth
changes depending on the combination of climatic variables and can be precipitation (years
1994, 2000) or temperature (years 1986, 2009). The only direct connection and dependence
we were able to confirm is the connection between the t2m parameter and NDVI. Overall,
the interplay and combined influence of both the t2m and tp on the NDVI across the study
area confirms the findings of previous studies.

At the same time, the spatial analysis of species change patterns in the forest parts of
our study area suggest the importance of microclimatic parameters, in particular elevation
and slope. This finding points out the need for meteorological ground data and smaller scale
data fusion to verify the importance of these factors in the conditions of climate change.

We observed seasonal and annual dynamics arising from these interrelations in the
NDVI value distribution in the main ecosystem types and forest ecosystem subtypes, form-
ing the composition of the studied HME. The increasing temperature and total precipitation
in the last two decades appear to have led to an increase in the NDVI values, suggesting an
improvement in the vegetation functioning and conditions through the last 20 years, as
well as changes in species composition accompanied by growth acceleration. The subalpine
and alpine grassland and shrub ecosystems may be more susceptible to climate parameter
changes compared to the forest ecosystems. Since grassland ecosystem dynamics develop
at a higher speed, the collection of time series for these sensitive ecosystems is necessary
to facilitate better remote monitoring. On a subtype level, conifer forest ecosystems show
resilience to changes in climate parameters and remain functionally stable; there is also a
trend of succession towards higher altitudes. The more vigorous vegetation process that
we observed in the broadleaf and coppice forests is an indication of future changes in their
distribution to higher habitats atypical for them, thus influencing the species composition.
We furthermore found indications that the changes in climate parameters led to a longer
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vegetation season, most clearly seen in 2019. Future phenological observations and analyses
are necessary to confirm and specify these trends.

By introducing a rigorous approach to extent and condition observations, our study
also creates a basis for further research on the HME’s capacity to provide ecosystem
services related to the primary production ecosystem function along with the new UN
System of Environment Economic Accounting (SEEA) standard. Further analyses based on
a combination of field observations of the energy budget and remote sensing are necessary
to specify and assess the dynamics of these ecosystem services. A more detailed study of
some key services such as pollination will also require additional holistic methods such
as pollinator efficiency studies [106–108], observation of environmental stress [109] or
eDNA [110,111] to establish a better overview of species composition and within our large
study area.

The evaluation of vegetation indices confirms the resilience of the HME ecosystems,
whereas the spatial analysis using HRL products demonstrates spatial changes at the
landscape level. Since the study area is protected and human intervention is minimal, we
expect that climate change will remain the main driver for most of the developments in
quickly developing ecosystems (grassland, sparsely vegetated areas). As tree growth is
much slower than the retreat of grasslands, we expect these ecosystems’ dynamic to benefit
from increased observation frequency enabled by the better availability of remote sensing
imagery. While both forest and grassland ecosystems show increasing growth dynamics as
climate change accelerates (as confirmed by joint analysis of the Copernicus HRL products
for the end of our observation period), the relatively late appointment of NATURA 2000
protection for all of our study area means that both succession and change in species
composition started before its full protection. Therefore, we cannot fully attribute the
succession in the tree line ecotone to climate change for the period 1990–2015. Nonetheless,
we can conclude that:

• Observing the gaps between the Copernicus Grassland and Tree Cover Density HRL
products is a good way to localize succession areas of particular monitoring interest for
both future fieldwork and observation of the newly formulated extent and condition
candidate indicators for climate change impact;

• The use of new remote sensing products will allow for a finer grained monitoring. This,
in turn, would enable downscaled monitoring, the early identification of potential tip-
ping points and problematic areas resulting from climate change-induced disturbances
such as storms, hails or pests. Such upcoming potentially useful new products to add
to our remote sensing portfolio are the small woody features for remote localization
of heathland and shrub ecosystems and phenology for better tracing the effects of
climate change on the ecosystem.

• Changes in forest ecosystems are slower but still observable over longer timescales.
Due to the slower processes in forests, both the impact of earlier anthropogenic activity
and the results of natural disasters are of stronger local influence. As they require more
accurate and frequent observation, the introduction of Synthetic Apreture Radar (SAR)
products for monitoring in cloudy days and the upcoming launch of hyperspectral
Copernicus missions are prospective important directions for enhancing the remote
sensing parameter portfolio of the Methodological Framework.

• Together, these directions will largely enhance the toolbox available for the monitoring
of climate change effects on HME. They will be better suited to inform and support:

• future directions for targeted fieldwork,
• scientific products delivered through the European Long-Term Ecosystem Research

Network, and
• the implementation of national and regional climate change adaptation policies.

5. Conclusions

The current paper presents, for the first time in a Bulgarian high-mountain ecosystem,
a Whole System approach to long-term (42-year period) assessment of the response of the
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worldwide sensitive HME ecosystems to changes in climate parameters. We demonstrate
the usefulness of a toolset of complementary approaches: Selected indices from satellite-
derived data (NDVI was verified by the NDWI and the NDGI), HRL products and cross-
validation with climate modeling data and ground observations/inventories as an integral
part of the Whole System approach.

Studying long time series also presents a number of challenges and uncertainties. In
our study area; these consisted in:

� Technical constraints of the sensors used in the earlier years. Since missions of different
space agencies overlap, the granularity of available imagery varies with the imaging
satellite’s sensors, sometimes even within the same year or month. Thus, a source of
uncertainty is the need to intercallibrate data series, e.g., between different Landsat
sensors and Sentinel—which is only partially alleviated by the use of NDGI.

� Uniform and precise climate modeling is not available for the first years of our study
period. The ERA Interim data series started in 1985 and was discontinued in August
2019; the replacing dataset ERA 5 was not available for the entire period at the time
of data processing. Using ERA 5 in later studies requires careful cross-checking of
available data and identifying (where possible—also assessing) the cross-calibration
uncertainties and errors.

� A dearth of suitable satellite images due to the shorter vegetation season and the
frequent occurrence of clouds. Therefore, our dataset is imbalanced towards the last
years when Landsat was complemented by Sentinel imagery and both the frequency
and quality of available image data, as well as the number of vegetation indices
retrievable from the new sensors, increased.

� Uncertainty of data in the forestry database. The existing forestry database has no
QA information either in the published official data collection guidelines or in the
dataset itself. Furthermore, the relatively limited data on species composition suggests
limitations in the scope of field surveys over the years.

� We found significant data and research bias towards studying forest ecosystems and,
consequently, could not perform the same quality analysis on the grassland, shrubs
and sparsely vegetated ecosystems in the study area. To be able to repeat the study
uniformly within the entire area of interest, a more detailed mapping, aimed at filling
the spatial gaps on an extended study area (yellow colored parts from the outline in
Figure 1), would be necessary.

� The great scale disparity of data sources at the appropriate observation scale for
our study object limits the current climate data fusion approach to semi-qualitative
observations.

All of the above, along with the incorporation of new remote sensing products as spec-
ified in the Discussion section above, presents a number of instrumental research directions
to improve the methodology of our study as new methods and products become available.

At the same time, this toolbox of complementary methods allows for specifying new
ecological research questions that present a wide field for future work:

� Exploring a denser time series of satellite imagery and the corresponding ERA 5 cli-
mate parameters along with field data would be conductive to determining the best
time slots for reliably identifying ecosystem types and subtypes depending on the
best correlations with other environmental factors during the vegetation period.

� Data fusion involving climate models requires additional research in finding the
appropriate observation scales of complementary ground and remote sensing data.

� The joint analysis also allows for hypothesizing on a shift in the extent and upper bor-
der of the forest ecotone, as evidenced by the surge in the vegetation growth of shrubs
(containing coniferous trees) located in the highest parts of the study area. Another
key direction, therefore, is the regular observation of phenology shifts and seasonal
differences between the reflectance of ecosystem types/subtypes, with broadleaf
forests being easiest to spot remotely within the vegetation season.
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� Focused dendrochronological studies, in areas where persistent changes in ecosystem
extent, conditions or species composition are detected, are necessary to support the
automation of monitoring through machine learning and AI.

� Due to the sensitivity of NDGI, a correlation between the NDVI variation and distur-
bances (e.g., windthorows) in much smaller spots as described by Panayotov [81] in
some parts of our study area could be the object of further research.

� With a view to the delay in mapping and assessment of ecosystems within Natura 2000,
another important research direction is the field verification and detailed mapping of
the location of ecosystems other than forest, by incorporating a wider toolset of field
methods such as the ones mentioned in the Discussion section above.

� The assessment of the provisioning capacity for ecosystem services related to the biomass
is likely to become easier as more and better quality remote sensing imagery becomes
available in conjunction with field data using new standard observation methods.

� The use of climatologic publications may prove useful for cross-checking climate
model projections for longer time series before 1985.

� Downscaling of ERA Interim/ERA 5 or obtaining finer grained climate projections—or
even better, targeted collection of field data on climate variables—would be beneficial
for a geospatially detailed correlation analysis of factors determining changes in the
ecosystems. This, in turn, would yield better understanding of the drivers of change
over the study area which has significant variation in its relief, slope and elevation.
Until such data are available, coping with datasets whose resolution is much coarser
than the characteristic scale of HMEs remains an important research direction.

� Scaling up our approach to data integration to cover entire landscapes at a national or
regional scale (wall-to-wall mapping).

� Exploring the use of fuzzy logic and fuzzy graphs for automating the data processing.

The greatest research challenge is undoubtedly the smooth and incremental integration
of these future work directions in an automated and holistic manner beyond the statistical
analysis. The speed with which new open data and research tools become available will
make the shift towards machine learning and artificial intelligence an imperative next step
for near-real time processing of ensembles containing ground data, climate models and
satellite imagery in order to better assess the response of HME to climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14040240/s1: Tables: Table S1: Whole System condition indi-
cator set grouped by subsystem of the ecosystem as defined in Methodological Framework, 2017;
Table S2: Cross-reference of indicators between ecosystem types—Biodiversity subsystem; Table S3:
Measurement methods for ecosystem parameters according to the Whole System approach as per
the Bulgarian Methodological Framework for mapping and assessment of ecosystem condition and
services (Methodological Framework, 2017). Preferred single methods are marked in bold. Models
(in italic) are only applicable for areas with sufficient and consistent data; Table S4: Satellite data
sources. Note that Landsat images before Landsat 7 TM have a coarser grid; Table S5: Data collection
of the NDVI and climate parameter values used for Pearson Correlation analyses and correlation
coefficients; Table S6: Changes in t2m parameter values during the months May, June, July and
August for the period 1979–2019 and 1979–2018 for September. Figures: Figure S1: Long-term
trends in tp parameter during the vegetation season: (a) May; (b) June; (c) July; (d) August, and
(e) September; Figure S2: Long-term linear regression trends of tp by month: (a) May; (b) June;
(c) July; (d) August, and (e) September; Figure S3: Long-term trends in monthly temperatures in
the active vegetation months (May to September); Figure S4: Graph of evpt by month: (a) May;
(b) June; (c) July; (d) August, and (e) September; Figure S5: Long-term graph of v10 by month:
(a) May; (b) June; (c) July; (d) August, and (e) September; Figure S6: 3D graphics of the NDVI
values for the period 1977–2019: a,b—in the beginning; c,d—in the middle; e,f—in the end of the
period; Figure S7: Data collection for vegetation periods in 1977 and 1984: (a,c,e)—satellite images;
(b,d,f)—TM of NDVI: (b) The NDVI values were above 0 all over the study area and the advanced
vegetation phase (i.e., leaf biomass production), which suggests overall good functionality of the
HME; (g)—diagram of climate parameters dynamics. Due to the lack of t2m data, for 1977 we only
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show NDVI data; Figure S8: Data collection for vegetation period in 1985 and 1986: (a,d,g)—satellite
images; (b,e,h)—TM of NDVI; (f)—TM of NDWI; (c,i)—diagrams of climate parameters dynamics;
Figure S9: Data collection for vegetation periods in 1987 and 1990: (a,d)—satellite images; (b,e)—TM
of NDVI; (c,f)—diagrams of climate parameters dynamics; Figure S10: Data collection for vegetation
periods in 1992 and 1994: (a,d)—satellite images; (b,e)—TM of NDVI; (c,f)—diagrams of climate
parameters dynamics; Figure S11: Data collection for vegetation period in 2000: (a)—satellite image;
(b)—TM of NDVI; (c)—diagram of climate parameters dynamics; (d)—TM of NDWI; Figure S12:
Data collection for vegetation periods in 2009 and 2011: (a,d,h,k)—satellite images; (b,e,i,l)—TM
of NDVI; (c,f,j,m)—TM of NDWI; (g,n)—diagrams of climate parameters dynamics; Figure S13:
Data collection for vegetation periods in 2012 and 2016: (a,d)—satellite images; (b,e)—TM of NDVI;
(f)—TM of NDWI; (c,g)—diagrams of climate parameters dynamics; Figure S14: Data collection for
vegetation period in 2017: (a,f,i)—satellite images; (b,d,g,j)—TM of NDVI; (c,e,h)—TM of NDWI;
(k)—diagram of climate parameters dynamics; Figure S15: Data collection for vegetation period
in 2018: (a,d,g,j)—satellite images; (b,e,h,k)—TM of NDVI; (c,f,i,l)—TM of NDWI; (m)—diagram
of climate parameters dynamics; Figure S16: Data collection for vegetation period in 2019-part 1:
(a,d,g,j)—satellite images; (b,e,h,k)—TM of NDVI; (c,f,i,l)—TM of NDWI; Figure S17. Data collection
for vegetation period in 2019-part 2: (a,d,g,i)—satellite images; (b, e, h, j)—TM of NDVI; (c,f,k)—TM
of NDWI and diagram of climate parameters dynamics (l); Figure S18: Relation between NDGI and
the respective climate conditions: (a) TM of NDGI between 22/08/1977 and 23/05/1984; (c) TM of
NDGI between 03/07/1987 and 11/07/1990; (f) TM of NDGI between 27/06.1985 and 29/06.1994
(i) TM of NDGI between 13/06/2009 and 23/09/2011; (l) TM of NDGI between 12/08/2019 and
13/09/2019; (b,d,e,g,h,j,k,m)—diagrams of climate parameter dynamics for 1984, 1987, 1990, 1985,
1994, 2009, 2011 and 2019, respectively.
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Abstract: Several decades ago, many former pastures in Central Europe were afforested or colonized
by trees after being abandoned. Knowledge of the effects of tree species on soil properties is important
for planning of the composition of future forests. In this regard, a research location in Vrchdobroč
(Central Slovakia), which is former agricultural land used as pasture, enables the exploration of
ecosystem processes and properties in stands of different tree species after afforestation. The goal of
our study was to find out whether changes in soil properties, including soil microbial activity and
diversity among different stands, were already observable 45 years after the afforestation, and how
the effects differed among stands of different tree species. The study was conducted in the pure stands
of Norway spruce (Picea abies L. Karst.), Douglas fir (Pseudotsuga menziesi (Mirb.) Franco), European
beech (Fagus sylvatica L.) and sycamore maple (Acer pseudoplatanus L.). Multivariate analyses of
physico-chemical soil properties indicated an overlap between the soils under the Douglas fir and
the spruce, but a clear separation of beech from sycamore. In general, both microbial activity and
diversity were, surprisingly, highest under the Douglas fir, followed by the sycamore, with the beech
and the spruce showing mostly lower values.
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1. Introduction

Soil and plants are linked very tightly. Soil properties affect plant growth and, con-
versely, plants affect soil attributes. The effect of plants on soil properties is very distinct,
especially in forest ecosystems because of the long-term influence of forest stand on soil.
Trees can affect soil properties directly through the input of organic material (dead organic
matter, root exudates), living tissues (roots) and/or indirectly via modification of micro-
climate, e.g., radiation reaching the ground, evaporation from the soil surface, relative air
humidity, air circulation, water input to the soil, etc., [1–5]. The effects differ depending on
tree species, because of the different qualities and quantities of organic residues left on the
soil surface or going directly into the soil, as well as different crown and root architecture,
canopy openness, stemflow rate, etc., [5–7]. Numerous studies have shown that differences
in tree cover are reflected especially in the thickness of the surface organic layer, in the
soil acidity, in the base saturation, and in the carbon and nitrogen concentrations, and
consequently in the responses of the soil microbial biomass, the activity and structure, and
the diversity of the microbial communities [8–10].

Human activity has often caused decreases in forest areas—especially in favor of
agriculture—in many parts of the world, and deforestation has persisted. In Europe, the
minimum of forest cover occurred during the 18th and 19th centuries [1]. Increasing
demand for wood production led to the planting and extensive use of conifers in many
European countries, often at the expense of native deciduous tree species. Conifers and
deciduous trees are traditionally considered to differ in their effect on soil properties,
especially because of their different qualities of litter input which, in the case of conifers,
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can lead to soil acidification, deterioration and podzolization in the long term [11,12].
Nevertheless, there are also contradictory results indicating similar or even better soil
properties under certain conifer species in comparison to broadleaves [13,14]. According
to a meta-analysis by Augusto, et al. [1], the discrepancy can be partially explained by
variation between the soils of some of the study sites; therefore, they emphasized the
importance of experimental design. As they stated, there are only a few sufficiently
replicated studies with the same stand age and stand management, on the same soil type
and with the same land use history.

In Slovakia, the locality of Vrchdobroč is former agricultural land which was used
for decades as pasture. In 1960, the area, comprising 26,000 ha, was declared important
for water management, as it contained the source of two rivers. During 1960–1985, an
area of over 5166 ha was afforested to increase the forest cover from 29 to 49%. Within
this area, 283 ha, afforested by 17 tree species, was used for research and demonstration
purposes, managed by the Forestry Research Institute of the National Forestry Centre in
Zvolen (Slovakia). Some of the plots were damaged by drought, animals, snow, etc., and
nowadays conifers and broadleaves represent 85% and 15% of the area, respectively [15].

The research location allows for the exploration of ecosystem processes and properties
in stands of different tree species after afforestation. In this study, we used it to evaluate the
impact of different tree species on soil, with emphasis on chemical and microbial properties.
We focused on pure forest stands of two coniferous and two deciduous species of the same
age and management history, growing under almost identical environmental conditions
(soil type, altitude, climate, etc.). Our goal was to find out whether changes in soil properties
among different stands were already observable 45 years after the afforestation; what had
been the respective effects of the different tree species; and whether those effects had also
been reflected in the properties of the microbial community (biomass, activity, diversity).
We hypothesized that 45 years was sufficiently long enough for the effects of trees on soil
properties to be manifested, and that changes would have occurred especially in the surface
organic layer, which started to form after afforestation, and probably also in the top 10 cm
of the mineral soil horizons. As the quality of the litter of conifers essentially differs from
that of broadleaves, we expected differences to be especially notable between these two
groups of trees.

2. Materials and Methods

2.1. Study Sites and Soil Sampling

The study area, Vrchdobroč, is located in the Veporské vrchy Mts., Central Slovakia.
The mean annual temperature is 5 ◦C; mean temperature in July 15 ◦C; and in January
−6 ◦C. The yearly precipitation reaches 920 mm. The dominant soil type is Cambisol with
a sandy loam texture formed from porphyric granodiorites and granites. The soil skeleton
content is 20–50%.

Pure 45-year-old stands of Norway spruce (Picea abies (L.) Karst.), Douglas fir
(Pseudotsuga menziesi (Mirb.) Franco), European beech (Fagus sylvatica L.) and sycamore
maple (Acer pseudoplatanus L.), randomly distributed across the area, were selected for the
study. Three stands of each species were chosen. The stand area of each tree species varied
between 0.40 and 1.59 ha. The plots were situated at the altitudes of 815–850 m a. s. l.,
with S-SE aspect, on a slope of 5–10◦. The stands were managed with sylvicultural meth-
ods, which are traditional in the Carpathian mountain forests: conifer stands underwent
cleaning every 20 years, and thinning from below at around 35 years; broadleaved stands
were cleaned twice (at 15 and 25 years), and subsequently thinned from above at the age of
40 years [15].

Five soil samples were collected along linear transects, with 10 m spacing in each
stand, in July 2015. Samples from the O-horizon were collected, using a 0.2 m × 0.2 m
frame placed on the soil surface, while the humus layer underneath the template was cut by
knife from its surroundings. After removing the surface organic layer, mineral soil samples
were taken from a depth of 0–0.1 m (the A-horizon), using the knife and shovel with a
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depth scale indication. We did not use a probe sampler because of high skeleton content in
the soil. Approximately 400 g of soil samples were put into plastic bags, i.e., a comparable
soil weight from all sampling plots. Visible coarse particles (e.g., roots, fauna, stones) were
removed. Samples from deeper layers were not taken because we assumed that the effect
of the trees would be notable, especially in the topsoil horizons. In total, 120 soil samples
were collected (4 tree species × 3 stands × 2 horizons × 5 replications).

2.2. Laboratory Analyses

After bringing the samples to the laboratory, they were divided into two parts. One
part, intended for microbial analyses, was stored in a refrigerator. The second part was
air-dried immediately after being brought in, and analyzed for chemical properties. For the
determination of soil moisture and dry weight, a gravimetric method was used, based on
oven-drying of fresh soil samples from the O-horizon at 60 ◦C and from the A-horizon at
105 ◦C until a constant weight. Soil acidity (pH-CaCl2) was determined potentiometrically
in suspension prepared from 2.5 g of litter or 10 g of mineral soil and 25 mL of 0.01 M CaCl2.
The C, N and S concentrations were measured using a VarioMacro Elemental Analyzer
(CNS Version, Elementar Gmbh, Langenselbold, Germany), employing the dry combustion
method. Exchangeable cations of Ca2+, Mg2+ and K+ were determined in 1 M extract of
NH4Cl, using atomic absorption spectrometry (GBC Avanta AAS, Dandenong, Victoria,
Australia), and evaluated only for samples from the mineral A-horizon.

Determination of basal respiration (BR) was performed according to Isermeyer’s
method [16]. The amount of CO2 released from a fresh soil sample in a glass container
for 24 h and absorbed in 0.05 M NaOH was measured. The amount of carbonate was
determined by titration with 0.05 M HCl after 5 mL of BaCl2 and phenolphthalein were
added. For the determination of substrate-induced respiration (SIR), 0.5 g and 0.125 g
of glucose was added to samples from the A-horizon and the O-horizon, respectively.
The evolved CO2 was measured, as described above, after 4.5 h [16]. Catalase activity
(Cat) was estimated according to the method described by Khaziev [17], based on the
measurement of the released O2, 10 min after 3% H2O2 was added to a fresh soil sample.
Microbial biomass carbon (Cmic) was determined using the microwave-irradiation proce-
dure [18]. C concentration was quantified titrimetrically, after the oxidation of the extract
with K2Cr2O7/H2SO4. N-mineralization (Nmin) was measured according to the procedure
described by Kandeler [19]. Soil samples under anaerobic conditions were incubated at
40 ◦C for 7 days, and the released NH4-N was estimated by a colorimetric procedure. Nmin
was determined only in the samples from the A-horizon.

The Biolog® method was used to determine the activity of the microbial functional
groups [20]. 0.5 g of soil sample was placed into a plastic bank. After the addition of 50 mL
0.85% NaCl solution, the suspension was left for 45 min on automatic shaker, and then
filtered. Subsequently, the supernatant was diluted to 1:1000 and 1:10,000 for samples
from the O- and A-horizon, respectively. 150 μL of the extract was pipetted into BIOLOG
Ecoplates, and incubated at 27 ◦C for 5 days. Absorbance at 590 nm was measured spec-
trophotometrically using a Sunrise Microplate reader (Tecan, Salzburg, Austria) every
24 h. Absorbance values were blanked against the control well. The metabolic activity
was calculated as the area below the time–absorbance curve, and was used as a measure
of the abundance of the respective functional group. The richness of the soil functional
groups was assessed as the number of substrates with a non-zero response. The func-
tional diversity of the microbial community was assessed by Hill’s diversity index (N2)
Equation (1) [21]:

N2 = 1/∑pi2 (1)

where pi is the ratio of the activity on a particular substrate to the sum of activities on all
substrates.
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2.3. Statistical Analysis

The effect of different tree species on soil and microbial properties was evaluated by
one-way ANOVA (tree species being considered a fixed-effect factor), with subsequent
Tukey’s HSD post-hoc tests conducted separately for the O- and A-horizons, using Statistica
12 software [22].

As microbial richness and diversity do not completely explain how the structure of
community changes with stand-forming trees species, a multivariate analysis (canonical
correspondence analysis; CCA) was performed using CANOCO 5 software [23]. Analyses
were done separately for physico-chemical properties, microbial community parameters
and community-level physiological profiles assessed by the Biolog® method.

3. Results

3.1. Soil Chemical Properties

We observed significant differences in the effects of tree species on soil chemical
properties; however, the effects differed between soil horizons (Table 1). CCA ordination
diagrams (Figure 1), based on physico-chemical properties, clearly show the distinction
between sycamore maple, beech and coniferous stands. No significant differences were
found in soil chemical characteristics between the spruce and the Douglas fir stands in both
horizons; however, litter weight was higher in spruce stands. The differences between the
beech and sycamore stands in the O-horizon were less pronounced than in the A-horizon:
generally, chemical soil properties (SOC, nutrients, base saturation) were more favorable in
sycamore stands. Nevertheless, no general difference in favor of broadleaves compared to
conifers was observed.

Table 1. Basic statistics (means ± standard deviations) of physico-chemical soil properties in stands
of different tree species.

Physico-Chemical
Properties

Horizon P Picea Pseudotsuga Fagus Acer

pH/CaCl2 O <0.1 4.85 ± 0.40 a 5.08 ± 0.35 a 5.06 ± 0.21 a 5.06 ± 0.35 a
A <0.001 3.73 ± 0.09 b 3.94 ± 0.28 b 3.89 ± 0.23 b 4.28 ± 0.26 a

Soil moisture (%) O <0.01 29.71 ± 6.90 c 61.62 ± 54.34 a 32.47 ± 12.37 bc 37.63 ± 13.76 b
A <0.001 17.10 ± 3.12 b 15.29 ± 5.52 b 23.28 ± 7.22 ab 36.80 ± 10.18 a

C (%) O <0.001 32.37 ± 10.05 a 32.53 ± 8.64 a 22.61 ± 7.79 b 21.42 ± 5.01 b
A <0.001 4.60 ± 0.85 b 4.15 ± 1.05 b 3.73 ± 0.71 b 7.19 ± 1.07 a

N (%) O <0.001 1.65 ± 0.48 a 1.70 ± 0.40 a 1.22 ± 0.35 b 1.48 ± 0.25 ab
A <0.001 0.37 ± 0.06 b 0.35 ± 0.08 b 0.34 ± 0.05 b 0.67 ± 0.09 a

S (%) O 0.92 0.24 ± 0.06 a 0.24 ± 0.05 a 0.23 ± 0.23 a 0.21 ± 0.05 a
A <0.001 0.07 ± 0.03 b 0.07 ± 0.02 b 0.06 ± 0.01 b 0.10 ± 0.02 a

C:N ratio O <0.001 19.40 ± 1.41 a 18.97 ± 2.07 a 18.19 ± 1.46 a 14.37 ± 1.05 b
A <0.001 12.46 ± 0.92 a 11.87 ± 1.02 a 10.81 ± 0.67 b 10.82 ± 0.70 b

Litter weight (kg·m−2) O <0.001 1.46 ± 0.36 a 1.24 ± 0.31 b 0.85 ± 0.27 b 1.45 ± 0.44 a
Ca2+ (mg·kg−1) A <0.001 475.1 ± 168.6 b 742.8 ± 413.1 b 692.7 ± 163.5 b 1272.5 ± 379.5 a
Mg2+ (mg·kg−1) A <0.001 116.0 ± 33.9 b 131.2 ± 21.9 b 135.6 ± 13.3 b 178.3 ± 29.8 a

K+ (mg·kg−1) A <0.001 49.13 ± 6.37 b 56.11 ± 36.41 b 67.23 ± 15.61 b 86.99 ± 27.51 a

P—probability associated with ANOVA F-test for tree species effect; different letters designate homogeneous
groups based on Tukey’s HSD post-hoc tests. O—forest floor; A—mineral horizon.

The O-horizon exhibited lower soil acidity, higher C/N ratio and higher concentration
of C, N, S than the A-horizon. Generally, higher decline of C and N content from the O-
to the A-horizon was observed under conifers in comparison to deciduous stands. Soil
pH of the O-horizon, surprisingly, did not differ significantly among tree species. On the
other hand, significantly higher C concentration was found in the litter of conifers than
the deciduous trees. Beech litter exhibited the lowest N content, and the litter of maple
the lowest C/N ratio. However, in the A-horizon the pattern differed. Soils in the maple
stands showed the lowest acidity and the highest content of all nutrients, in comparison to
other stands. Surprisingly, soil properties under beech stands did not differ significantly

214



Diversity 2022, 14, 515

from those under the conifers. The C/N ratio was the only parameter that differed between
the two groups —conifers and deciduous stands.

Figure 1. Canonical correspondence analysis for physico-chemical soil properties and different forest
stands within the O-horizon (left) and the A-horizon (right). Arrows represent the direction of the
steepest increase of individual physico-chemical properties. Circles represent individual sampling
sites, with color distinctions of dominant tree species in the stands (blue—Pseudotsuga menziesii;
green—Picea abies; yellow—Fagus sylvatica; red—Acer pseudoplatanus).

3.2. Soil Microbial Characteristics

Like chemical properties, soil microbial characteristics also differed significantly be-
tween the stands of different tree species (Table 2). However, as shown by the CCA ordina-
tion, the pattern of differences did not follow completely that of the soil physico-chemical
properties, and especially in the O-horizon, clear differences in microbial characteristics
between the conifer stands were obvious (Figure 2). Again, in general, microbial character-
istics in deciduous stands did not significantly differ from those of the conifer stands.

Table 2. Basic statistics (means ± standard deviations) of soil microbial characteristics in stands of
different tree species.

Microbial Properties Horizon P Picea Pseudotsuga Fagus Acer

Basal respiration
(μg CO2·g−1·h−1)

O <0.001 1.37 ± 0.49 b 4.47 ± 2.89 a 1.88 ± 1.51 b 2.61 ± 2.38 ab
A 0.11 0.18 ± 0.04 a 0.16 ± 0.09 a 0.20 ± 0.09 a 0.42 ± 0.63 a

Substrate-induced
respiration (μg CO2·g−1·h−1)

O <0.001 5.02 ± 1.97 b 22.00 ± 23.62 a 5.37 ± 2.42 b 9.64 ± 6.67 b
A <0.001 1.09 ± 0.61 b 0.63 ± 0.29 b 1.11 ± 0.46 b 2.40 ± 0.82 a

Catalase activity
(ml O2·g−1·min−1)

O <0.05 5.26 ± 0.93 b 6.02 ± 2.26 ab 6.62 ± 1.26 ab 6.76 ± 1.39 a
A <0.001 0.65 ± 0.20 a 0.56 ± 0.17 a 0.62 ± 0.21 a 1.06 ± 0.26 a

N mineralization
(μg NH4

+-N·g−1·d−1)
A <0.001 0.74 ± 0.50 b 1.41 ± 1.04 b 4.00 ± 2.17 a 5.38 ± 4.36 a

Microbial biomass carbon
(μg·g−1)

O <0.001 6440 ± 1250 ab 7869 ± 3339 a 4338 ± 1047 c 4894 ± 1747 bc
A <0.001 568.2 ± 169.7 b 420.3 ± 99.2 c 361.8 ± 105.3 c 912.4 ± 185.4 a

Richness of functional groups O <0.001 26.87 ± 2.13 c 28.93 ± 1.79 a 27.47 ± 1.99 ab 28.40 ± 1.59 ab
A <0.001 27.80 ± 1.01 a 26.87 ± 2.13 a 25.07 ± 1.79 b 26.93 ± 1.75 a

Diversity of functional groups O <0.001 10.48 ± 2.63 b 17.60 ± 1.97 a 16.55 ± 2.33 a 13.53 ± 3.01 b
A 0.01 11.45 ± 1.88 c 15.18 ± 2.63 a 12.99 ± 1.37 b 11.18 ± 1.78 c

P—probability associated with ANOVA F-test for tree species effect; different letters designate homogeneous
groups based on Tukey’s HSD post-hoc tests. O—forest floor; A—mineral horizon.

215



Diversity 2022, 14, 515

Figure 2. Canonical correspondence analysis for soil microbial community properties in relation to
stand tree species composition within the O-horizon (left) and A-horizon (right). Arrows represent
the direction of the steepest increase of individual microbial properties. Circles represent individual
sampling sites, with color distinctions of dominant tree species in the stands (blue—Pseudotsuga
menziesii; green—Picea abies; yellow—Fagus sylvatica; red—Acer pseudoplatanus).

Generally, the Douglas fir litter exhibited higher microbial activity, as well as richness
and diversity of functional groups, than the spruce litter. Unlike the conifers, the differences
in microbial characteristics (except the diversity index) between the broadleaves were
negligible. Interestingly, the litter of deciduous trees exhibited lower microbial biomass
than the litter of conifers. The highest microbial biomass activity, as well as richness and
diversity of microbial functional groups, were typical for the litter in the Douglas fir stands.

While, in the O-horizon, the Douglas fir litter differed significantly from the others in
microbial characteristics, in the A-horizon the situation was quite different and, generally,
no differences were found between the soils of the spruce and the Douglas fir stands (except
the diversity index). On the other hand, while basal respiration and enzyme activity did
not differ between the beech and the maple stands, the microbial biomass, SIR and indices
of microbial community structure did. In soils under the maples, higher microbial biomass
occurred, and there seemed to be a trend of higher activity as well. Within the A-horizon,
N-min was the only microbial property that distinguished deciduous and coniferous forest
stands.

The community structure, based on the Biolog® method, showed differences in the
utilization of 25 substrates in the O-horizon, and of only 16 in the A-horizon between the
evaluated forest stands (Figure 3, Table S1). The Douglas fir litter showed high utilization in
the majority of substrates, followed by the litter of the beech and the maple, while the litter
of the spruce generally showed the lowest utilization rates. Surprisingly, the most distinct
differences in utilization were observed between the litter of two conifers. Glycogen was
the only substrate for which utilization was found to be the lowest in the Douglas litter.
Xylose showed different utilization between the litter of the conifers and the broadleaves,
with higher intensity in coniferous stands. For the sycamore, maple and beech stands,
differences in utilization were observed only in five substrates—D-xylose, α-cyclodextrin,
glycogen, α-ketobutyric acid and putrescine.
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Figure 3. Canonical correspondence analysis based on community-level physiological profiles in
different forest stands in O-horizon (left) and A-horizon (right). Arrows represent the direction of the
steepest increase of activity within individual functional groups. Triangles represent individual tree
species (2—β-methyl-D-glucoside; 3—D-galactonic acid γ-lactone; 4—L-arginine; 5—pyruvic acid
methyl ester; 6—D-xylose; 7—D-galacturonic acid; 8—L-asparagine; 9—Tween 40; 10—i-erythritol;
11—2-hydroxy benzoic acid; 12—L-phenylalanine; 13—Tween 80; 14—D-mannitol; 15—4-hydroxy
benzoic acid; 16—L-serine; 17—α-cyclodextrin; 18—N-acetyl-D-glucosamine; 19—γ-hydroxybutyric
acid; 20—L-threonine; 21—glycogen; 22—D-glucosaminic acid; 23—itaconic acid; 24—glycyl-L-
glutamic acid; 25—D-cellobiose; 26—glucose-1-phosphate; 27—α-ketobutyric acid; 28—phenylethyl-
amine; 29—α-D-lactose; 30—D,L-α-glycerol phosphate; 31—D-malic acid; 32—putrescine).

In the A-horizon, the utilization pattern of substrates differed compared to litter. While
in the Douglas fir stands, litter exhibited higher utilisation activity than the spruce litter, in
the A-horizon four substrates were found (glycogen, D-glucosaminic acid, α-ketobutyric
acid, D-malic acid) with higher utilization in soils under the spruce. In the soils under the
beech stands, L-asparagine, α-cyclodextrin, glycyl-L-glutamic acid and α-D-lactose were
more utilized, while D-xylose was less utilized than in the sycamore maple stands.

4. Discussion

Conversion of agricultural land to forest is known to change soil chemical properties,
including carbon stocks serving as the main energy source for soil microbiota [24–26]. Shifts
in vegetation cover, whether through afforestation or natural colonization of agricultural
areas by trees, cause changes in carbon sequestration [27]. They also affect the storage of
soil organic matter by changing the quality and quantity of litter entering the soil [28–31].
This has been the main focus of studies hitherto: the effect of tree species was mostly
studied in relation to soil organic matter content, carbon sequestration and soil reaction.
Several studies have shown that in forest soils more SOC was stored under coniferous trees
in the upper horizons than under broadleaves, while in afforested agricultural soils SOC
sequestration did not differ between broadleaf and coniferous trees [32]. Generally, soils
under conifers were found to be more acid, with higher thickness of surface organic layer
and C:N ratio, and less water-soluble substances leached from litter [8]. This is explained
by the chemical composition of conifer litter containing more components recalcitrant to
decomposition than broadleaf litter, which can result in litter accumulation on the soil
surface, and the formation of acidic compounds [7]. Tree species also exert differential
effects on soil fauna (microarthropods, earthworms, nematodes), while litter quality seems
to be an important factor [33]. Soil fauna also mediates the effect of trees on soil prop-
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erties such as layer thickness or carbon accumulation [34]. The dominant tree species
have a greater effect on soil biota richness and composition than tree richness per se [35].
Changes in soil properties affect the function, structure and activity of the soil microbial
community [36,37]. As the quality of litter and root exudates vary considerably among tree
species, the effects on soil microbial community composition and microbial activity are ex-
pected to differ depending on dominant tree species, stand management and other factors,
and need not necessarily be positive in terms of diversity and microbial functions [38].

Our results confirmed that a period of 45 years is long enough for the manifestation of
changes in soil properties in the uppermost soil horizons triggered by the tree layer. The
succession of all communities associated with trees (including soil microbiota) started in a
relatively homogeneous area: pasture grasslands with small variation in the herbaceous
vegetation, located within a narrow altitudinal range on a shallow slope with the same
aspect, covered by the same soil type. Consequently, soil properties can reasonably be
expected to have been quite similar across the area. In spite of this homogeneity, both
soil physical and chemical properties and soil microbiota composition diverged during
the 45 years, depending on the dominant tree species. However, the differences in suc-
cessional trajectories cannot be simplified as contrasts between conifers and broadleaves.
Multivariate analyses of physico-chemical soil properties indicated an overlap between the
soils under the Douglas fir and the spruce, but a clear separation of beech from sycamore.
Acidifying effect has frequently been attributed solely to conifers [11,39,40]. However,
more recent studies contradict this assumption [14]. Soil pH and base saturation is often
lower in stands dominated by beech compared to other temperate broadleaves [41,42].
This was confirmed by our study: no difference was observed in the O-horizon, and beech
stands exhibited the same pH in the A-horizon as both conifers, while only the soils under
the sycamore stands were less acidic, and richer in base cations. Conifers also exhibited
generally higher C and N content in the O-horizon, but in the top 10 cm of mineral soil
the C and N content was significantly higher only under the maple stands. Litter quality,
especially with regard to the content of recalcitrant substances and decomposition rate,
seems to be the main driver of nutrient cycling and soil chemical properties [42–44].

Changes in soil properties also mean changing living conditions for soil microbiota.
Plant species are unique in their effects on the belowground system. Providing the matter
decomposed by soil microorganisms, trees influence soil microbiota essentially in the
same way as other plants, but their effect is potentially stronger because of a greater
biomass [45,46]. The effect of afforestation on the composition, biomass and activity of
microbial communities after afforestation is thus usually dramatic [31,37,47,48]. As in the
case of physico-chemical properties, soil microbial community parameters in our study
significantly differed depending on the stand-forming tree species, but again without a
clear conifer-broadleaf contrast, and with different patterns in the soil horizons. In general,
both microbial activity and diversity were, surprisingly, highest under the Douglas fir,
followed by the sycamore, with the beech and the spruce showing mostly lower values.
Utilization patterns of Biolog® substrates also differed between tree species, although by
no means identically in both soil horizons. This is not surprising, as in the A-horizon the
organic fraction represented only a small part of the soil mass compared to the surface
organic layer, and had undergone chemical transformation.

5. Conclusions

Land cover in central Europe has undergone dramatic changes during the last few
centuries, especially in mountainous areas. Initially, large areas were deforested to gain
pastures and partly also arable land. Currently, this trend was reversed, and many former
pastures were afforested or colonized by trees after being abandoned. The same applies to
tree species composition of forest stands: since the 18th century Norway spruce monocul-
tures gradually replaced natural broadleaved and mixed forests on a large scale because of
its relatively fast growth and wood quality, but prolonged drought periods and climate
warming during the last decades have led to increasing spruce mortality especially in
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pure stands. Alternatives to spruce are currently sought also among introduced species;
Douglas fir, which seems to be more tolerant to heat and drought, is considered a suitable
replacement of Norway spruce in many parts of Europe [49,50]. The knowledge of the
effects of tree species on soil processes is thus indispensable for planning of the composition
of future forests. Objects such as the Vrchdobroč area, where stands of various species have
been planted in a relatively homogeneous area and have undergone various sylvicultural
treatments, are invaluable for studying the effects on soil properties and soil microbial
community.

Supplementary Materials: The following are available online at https://www.mdpi.com/xxx/s1,
Table S1: Means and results of Tukey’s HSD tests for differences between tree species of microbial
activity of functional groups (utilization of different carbon sources)
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Abstract: Silver fir (Abies alba Mill.) is one of the most valuable and productive tree species across
European mountains, that accomplish multiple economic, protective and ecologic functions. Along-
side spruce (Picea abies (L.) Karst) and beech (Fagus sylvatica L.), silver fir is a characteristic species
for the Romanian Carpathians. Although silver fir tree is recommended for the diversification of
forests in order to increase the resistance to climate change, it is very sensitive to climatic excesses,
especially those that proceed rapidly. Therefore, the aim of this study is to investigate both the
environmental conditions and stand characteristics of fir from five mountain ranges of the Romanian
Carpathians. The study is based on data recorded over a period of 10 years (1990–2000). As such,
a total of 77,251 stands that occupy 211,954 hectares have been investigated in regard to silver fir
behaviour. MATLAB scripts were used for analysing consistent data volumes as well as the impact of
eight factors on the silver fir productivity (altitude, field aspect, field slope, soil type, participation
percentage, road distance, structure and consistency). Our analysis has revealed that higher silver fir
productivity is found at altitudes of up to 1200 m, on mid and upper slopes, on NW field aspects,
on eutric cambisols and dystric cambisols, with a 10–20% participation in stand composition and
in relatively-even aged stands with a full consistency. This study offers valuable insights for forest
managers that require comprehensive information in adopting effective strategies to enhance forest
resilience under climate change.

Keywords: silver fir; Romanian Carpathians; stand productivity; forest sustainability

1. Introduction

Considering the essential role of forests in providing many ecosystem services, the
scientific community has been interested in the last years in evaluating the connections
between forest diversity and their productivity [1,2]. Climatic changes influence forest
productivity both directly (by altering temperature and rainfall patterns) [3,4] as well as
indirectly (through the action of different harmful and pathogen agents) [5–7]. Even though
forest productivity at European level has followed a growing trend, forecasts regarding the
growth of extreme phenomena in intensity and frequency will alter water resources and,
implicitly, forest productivity through water-limiting [2,5,8,9].

Silver fir (Abies alba Mill.) is considered one of the most valuable and productive
species from mountainous areas of Europe, due to its ecologic, economic and soil protection
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functions [10,11]. Due to its high productivity, silver fir is recommended in forest diver-
sification in order to enhance the resistance towards climatic changes [12] as well as for
protecting carbon stocks from European forests during the following centuries [13,14]. Euro-
pean forests, comprised mainly of silver fir, common beech (Fagus sylvatica L.) and Norway
spruce (Picea abies (L.) Karst) and widespread on over 10 million hectares, are very sensitive
towards climatic changes, especially those that occur more rapidly and do not allow trees
to adapt over time [15,16]. Silver fir is one of the species with high requirements towards
stational conditions, having high requests towards soil and air humidity [17–19]. Very sen-
sitive towards climatic excesses, especially during youth, seedlings suffer from drought,
insolation, late frosts, excessive frost, cold and dry winds and soil and air dryness. Hence,
during the last decades, silver fir faced a European decline due to atmospheric pollution
and climatic changes, that led to a decrease up to 80% within the Carpathians [20,21].

Romania owns an important part of Europe’s natural resources. Some of the largest
compact forests from the temperate area are located in our country, together with the oldest
forests from Europe [22,23]. Due to the fact that mountain areas occupy 23% of the total
global forest surface, a sustainable management of these ecosystems is emphasized in
the 2030 Agenda for Sustainable Development [24,25]. Romania holds over 50% of the
Carpathians’ surface, considered the largest mountain chain from Central Europe [26]. Sil-
ver fir occupies 5% of their afforested surface, being widespread in the Eastern Carpathians,
Southern Carpathians, Curvature Carpathians, Apuseni and Banat Mountains [19].

If we consider silver fir’s ecologic and economic importance, as well as its sensibil-
ity towards climate excesses, numerous international and national studies focused on
assessing the influence of stational conditions on the specie’s development. As such, some
authors [27] pursued to identify the role of soil properties on the growth of silver fir
and have shown that soil parameters influence the growth of this species. Furthermore,
Pinto [28] mentions that, besides soil properties, climate and stand composition also control
the growth and development of silver fir. On the other hand, Bosela’s study [29] has
shown that the specie’s genetic diversity has an important role in the silver fir’s growth
and resistance towards climatic changes. Mohytych [30] intended to identify the most
favourable conditions for the regeneration of this species. In addition, research by Lasch
and Sperlich [9,31] have emphasized that silver fir’s productivity will decrease in the
following years as a consequence of climatic changes.

Studies conducted in Romania have shown that some resinous species, among which
Abies alba Mill., are affected by Viscum album ssp. abietis. Mistletoe attack is among the
factors that degrades old silver tree stands [7,17,32]. The study performed by Dincă and
his collaborators [33] shows that silver fir stands located on the north slopes of Southern
Carpathians evince superior productivity compared to the south slopes. The study realized
by Tudoran [34] emphasizes that silver tree record height growths up to the age of 80,
reaching a maximum between 50 and 60 years after which, trees accumulate growths in
diameter. Dendrochronological growths performed by Kern and Popa [35] have shown that
the radial growth of silver tree is positively correlated with both abundant precipitation
from spring and summer and mild winters, as well as with temperatures recorded during
summer months and early winter [36]. On the other hand, studies conducted by Dinulică
shown that a radial growth is influenced by wind. However, an important role in mitigating
the impact of climate changes is posed by the genetic variation of local, regional and national
silver fir populations, as mentioned by Teodosiu [19,37].

Therefore, the purpose of this study is to identify the key characteristics (stational or
stand) that lead to the occurrence of superior productivity classes in silver fir from the five
Romanian Carpathians Mountain chains. In order to reach this goal, we have established
two specific objectives, namely: (1) evaluating stational conditions, namely altitude, field
aspect, slope and soil type in each of the five areas; and (2) evaluating stand conditions,
namely participation percentage, distance from the road, stand structure and consistency
within the five mountain chains. The research’s outcomes are useful for forest managers in

224



Diversity 2022, 14, 547

establishing the most adequate management measures that can increase the resilience of
silver fir in the context of different changes (climatic and environmental).

Climate factors are important for the specific composition of forests, while stational
conditions can determine sensible changes at smaller scales. Amongst these, the topo-
graphic ones influence both forest structure, species distribution and diversity as well as
floristic composition [38].

The studies performed by Sidor and his collaborators in Banat (Romania), have shown
that the average surface growth for silver tree presents almost double values, compared with
Scots pine and larch. Furthermore, silver fir had a positive response to the precipitations
from the beginning of the vegetation season [39]. The positive influence of temperature
from the cold season on the radial growth of silver fir was emphasized in other areas from
the Romanian Carpathians as well as from Europe [36,40,41].

Studies focused on silver fir behaviour in south-east Carpathians revealed both a neg-
ative correlation between radial growth and temperature, as well as a positive correlation
between radial growth and precipitation during the growth season.

The aim of this study is to investigate both the environmental conditions and stand
characteristics of fir from five mountain ranges of the Romanian Carpathians.

The working hypotheses were:

(a) there is a strong connection and a certain dependence between the production classes
from the forest areas of different mountain massifs?

(b) are the productivity classes are influenced by a series of parameters?

As the preliminary investigation the distributions of the studied parameters was a
priori performed, it was observed that the obtained results do not always respect the
conditions of normal distribution.

2. Materials and Methods

2.1. Study Area

The study area comprehended all silver fir stands from the five Romanian Carpathians
Mountain chains, namely: Apuseni Mountains (AM), Banatului Mountains (BM), East-
ern Carpathians (EC), Curvature Carpathians (CC) and Southern Carpathians (SC), that
comprises silver fir in their composition (Figure 1).

 

Figure 1. Carpathian Mouintains: Apuseni Mountains (AM), Banatului Mountains (BM), Eastern
Carpathians (EC), Curvature Carpathians (CC), Souuthern Carpathians (SC).
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The analysed silver fir stands were: in the AM: 4203 stands and 10,143 ha; in the BM:
4185 stands and 11,980 ha; in the EC: 37,385 stands, 103,020 ha; in the CC: 15,304 stands,
41,778 ha; in the SC: 16,174 stands, 45,024 ha. Total Carpathians: 77,251 stands, 211,945 ha.

2.2. Data Collection and Methods

For each stand, we used information from forest management plans for 1990–2000
period. Data regarding productivity classes were extracted in order to analyse the influence
of environment factors (altitude, field aspect, field slope and soil type) and stand factors
(participation percentage, road distance, structure and consistency) on the productivity of
silver fir stands. Data from forest management plans for 1990–2000 period were used [42].
This period was chosen as it precedes the massive transmission of forests towards previous
owners, in which case, complete forest management plans are no longer requested.

The altitude was measured on the field with GPS devices, the field aspect was estab-
lished based on the area’s mapping. The fields slope was measured with a hypsometer.
The soil type was determined by realizing soil profiles, gathering samples and analysing
them in specialty laboratories. The participation percentage in the stand’s composition,
as well as stand structure and consistency were established visually. Road distance and
altitude was analysed from maps with level curves.

In the case of even-aged stands, the site index can be established based on the average
height and age. For uneven-aged stands, this value can be determined by the average
height that corresponds to the average diameter of 50 cm. The site index reports the height
of dominant and co-dominant trees in a stand at a base age. Thus, it is used to measure
the site productivity, to determine site management options and to describe the potential
of forest trees to grow at a particular site. In our case, the site index was calculated for
each stand.

In order to determine the optimal stational and stand conditions for silver fir, we have
grouped all values for the first and second productivity classes (CP) and afterwards com-
pared them with the sum of the other values (belonging to classes productivity 3 + 4 + 5).

2.3. Statistical Calculations

The data used in this study was processed with StatSoft Statistica and MATLAB
statistical analysis scripts which is specific for a consistent volume of data [43]. In order
to verify the distribution type in the case of all parameters we applied the Kolmogorov-
Smirnov tests. As it is already known, the Kolmogorov-Smirnov test is used for testing
large sets of data [44].

The parametric ANOVA and Non-Parametric Tests, such as Kruskal-Wallace Test,
were applied simultaneously to highlight the simultaneously to highlight the consistency
of the addiction investigation.

Moreover, the comparison T statistical tests of Fisher two tails type were applied for
observing significant statistical differences between the values of the studied parameters. In
the case where the p threshold parameter’s value was under 0.05, we have considered the
differences between averages as significant and added an observation in the presentation’s
text. If the threshold’s value is superior to the imposed value, the observed differences
were considered as insignificant.

3. Results

3.1. Altitude

Regarding the distribution of altitude for the silver fir stands for each of the five area
(Table 1; Figure 2) we can observe that, in AM, EC, SC and Total, the high productivity
silver tree is founded at altitudes between 857–1042. In contrast, in the BM, the upper
silver fir productivity class (CP) occurs at high altitudes (over 900 m), while in the case of
CC, high attitudes are responsible for the lower-class fir (996 m). For the Total of the five
mountain ranges analysed, the upper-class fir is found at low altitudes (800–900 m).
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Table 1. Average altitude (m) for silver fir trees located in the Carpathians.

Mountain Area Altitude (m) for Productivity Classes

1 2 3 4 5

Apuseni Mountains = AM 870 1020 1054 1035 1055

Banatului Mountains = BM 939 915 845 864 879

Eastern Carpathians = EC 886 940 962 950 1010

Curvature Carpathians = CC 1011 1003 996 1034 1026

Southern Carpathians = SC 1042 1063 1096 1105 1110

Total Carpathians 857 917 972 986 1033

   

  

  

Figure 2. (a) Altitude AM. (b) Altitude BM. (c) Altitude EC. (d) Altitude CC. (e) Altitude SC.
(f) Altitude TOTAL.
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In this sense, we have applied comparison T statistical tests of Fisher type which
shown that the height distribution for the superior class has a significantly lower average
than the other distributions (p = 0.0001). These tests have proved significant differences for
both T one tail tests as well as for two tails.

We investigated the existence of significant differences in the average values obtained
for the series of parameters related to each production class. We were able to demonstrate
by using Fisher-type tests that there were no significant differences.

In principle—according to the reference [26], the preliminary evaluation of the dis-
tribution of the studied parameters was performed. The obtained distributions do not
always respect the conditions of normal distribution. Under these conditions, parametric
and non-parametric ANOVA analyses were applied.

3.2. Field Aspect

Silver fir has the largest propagation in the Romanian Carpathians on the NW field
aspect (Figure 3a). This phenomenon is more significant in superior and average productiv-
ity stands. The Curvature Carpathians do not record field aspect differences, probably due
to their shape (the curvature comes from their shape, with a transition from N-S to E-W).
The same context is present in Carpathians Total (Figure 3b).

  

(a) (b) 

Figure 3. (a) AM-field aspect for classes 2 prod. (b) Total-Carpathians field aspect.

Analysing the data from Table 2 see can see a preference for shadowed field aspects
(for AM, EC and SC). In the case of the BM, on the other hand, the shaded exposures host fir
trees of lower productivity classes, while for the CC, there are no differences in exposures,
probably due to their shape (the curvature comes from their shape, with a transition from
N-S direction to E-V).

3.3. Field Slope

The field slope on productivity classes is given in Figure 4, for each of the five areas.
Analysing the figures below, we distinguish the fact that significant differences between
the productivity class and the slope of the land appear at the lower productivity classes
(CP4 and CP5) in each of the five mountain ranges analysed. The same situation is encoun-
tered in the case of Total Carpathians where productivity classes 4 and 5 show the most
significant differences.
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Table 2. The distribution of silver fir trees from the Carpathians on altitudes (%).

Mountains Prod Class N NE NV E SE S SV V

AM 1 13 13 22 12 16 9 9 6

2 18 16 18 8 9 9 11 11

3 16 15 17 9 11 7 13 12

4 17 14 15 9 11 10 11 13

5 7 3 23 6 13 23 19 6

Total 17 15 17 9 10 7 13 12

BM 1 9 17 18 9 16 10 12 9

2 13 12 15 10 14 13 15 8

3 14 13 15 9 13 12 13 11

4 16 12 14 8 13 16 9 12

5 27 9 - 9 - 28 18 9

Total 14 13 15 9 14 12 13 10

EC 1 14 16 16 11 13 8 12 10

2 14 14 17 9 13 10 12 11

3 14 14 16 10 13 10 12 11

4 12 12 15 14 11 15 11 10

5 18 9 12 14 12 12 18 5

Total 14 14 17 9 13 10 12 11

CC 1 10 14 17 9 16 9 13 12

2 12 15 17 9 12 10 14 11

3 15 15 14 9 11 12 12 12

4 14 12 15 9 11 12 11 16

5 6 7 13 7 19 19 13 16

Total 14 15 15 9 11 11 13 12

SC 1 10 17 16 12 12 10 11 12

2 13 16 19 12 10 8 11 11

3 12 17 19 10 10 7 12 13

4 11 13 22 12 10 7 12 13

5 14 12 26 8 6 9 10 15

Total 13 16 19 11 10 7 12 12

TOTAL 1 13 16 16 11 13 8 12 11

2 13 15 17 10 12 10 12 11

3 14 15 16 9 11 10 13 12

4 13 12 18 11 11 11 12 12

5 13 10 21 9 9 13 13 12

Total 13 15 17 10 12 10 12 11
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Figure 4. (a) Field slope AM. (b) Field slope B. (c) Field slope EC. (d) Field slope CC. (e) Field slope
SC. (f) Field slope Total.
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Low productivity silver firs are located in all cases on fields with a very high slope
(27–44%) (Table 3). In this regard, we have applied T statistic tests of Fisher type and proved
that height distribution on superior classes has a significantly lower average than the other
distributions (p = 0.0001). These tests showed significant differences for both one tail and
two tails T tests.

Table 3. Average slope for silver firs located in the Carpathians.

Mountain Area Slope (%) for Productivity Classes

1 2 3 4 5

Apuseni Mountains = AM 23.88 25.97 27.56 37.80 41.00

Banatului Mountains = BM 24.85 25.55 27.05 33.27 27.45

Eastern Carpathians = EC 23.14 25.34 29.46 37.25 37.70

Curvature Carpathians = CC 24.21 24.54 27.26 38.04 37.03

Southern Carpathians = SC 25.94 26.63 31.91 39.17 44.27

Total Carpathians 23.54 25.41 29.33 38.01 41.27

3.4. Soil Type and Subtype

The graphical representation of the main soil types and subtypes is shown in Figure 5.
As we can see, there are no significant differences between the 2nd and 3rd productivity
classes in any of the studied mountain areas. We can observe that calcic eutric cambisol is
largest in BM (9%), while is very few SC (under 1%). Entic podzol is low at BM and more
at EC (9%). For Total Carpathians, eutric cambisol and dystric cambisol occupy the same
area (38%), with biggest differences between the two soils at AM, where dystric cambisol is
larger than eutric cambisol (41% comapred with 28%).

The distribution of silver fir by soil types and subtypes for all five areas is shown in
Table 4. Due to the large number of soil subtypes, we have taken into account only the 2nd
(CP2) and 3rd productivity classes (CP3) as well as 3 soil types (eutric cambisol, dystric
cambisol, entic podzol) + 2 subtypes (calcic eutric cambisol and lythic dystric cambisol),
(according to the WRB soil classification).

Table 4. Soil type for silver fir stands located in the Carpathians.

Mountain Area Soil (%)

Eutric
Cambisol

Calcic Eutric
Cambisol

Dystric
Cambisol

Lythic Dystric
Cambisol

Entic Podzol Other Soils

Apuseni Mountains = AM CP2 35 3 43 1 0 18

AM-CP3 26 5 43 4 0 22

AP-Total 28 5 41 5 3 18

Banatului Mountains = BM CP2 37 11 41 0 0 11

BM-CP3 41 8 34 1 0 16

BM-Total 38 9 39 1 0 13

Eastern Carpathians = EC CP2 43 1 44 3 0 9

EC-CP3 30 0 37 12 2 19

EC-Total 38 1 42 5 9 5

Curvature Carpathians = CC CP2 48 0 34 2 1 15

CC-CP3 39 0 44 7 2 8

CC-Total 42 0 38 6 2 12

Southern Carpathians = SC CP2 46 0 25 3 2 24

SC-CP3 32 0 36 7 6 19

SC-Total 35 0 29 7 4 25

Total Carpathians CP2 44 1 41 3 1 10

Total-CP3 33 3 39 8 3 14

Total-Total 38 1 38 5 2 16
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. (a) Soil AM. (b) Soil BM. (c) Soil EC. (d) Soil CC. (e) Soil SC. (f) Soil Total.

3.5. The Participation Percentage of Silver Firs in the Stand Composition

The participation percentage of the silver tree in the stand’s composition is very similar
for all five mountain chains (Table 5). The largest percentages are of 10% and 20%, a fact
that confirms the predilection of silver fir for mixed stands. Pure silver fir stands (100%
composition) are extremely rare.
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Table 5. Participation of silver fir in the stand compositions from the Carpathians (%).

Mountain Area Participation Percentage (%)

10 20 30 40 50 60 70 80 90 100

Apuseni Mountains = AM CP1 44 38 6 3 9

CP2 41 27 15 7 4 2 1 1 1 1

CP3 41 28 15 8 4 2 1 1

CP4 47 29 11 6 3 3 1

CP5 58 32 3 7

Total 42 28 14 8 4 2 1 1

Banatului Mountains = BM-CP1 37 24 13 4 3 3 4 4 6 2

CP2 40 26 12 7 5 3 3 2 1 1

CP3 42 26 12 7 5 3 2 1 1 1

CP4 48 30 8 4 3 3 2 1 1

CP5 27 46 9 9 9

Total 41 26 12 7 4 3 3 2 1 1

Eastern Carpathians = EC 38 30 17 7 3 2 2 1

CP2 45 31 13 6 3 1 1

CP3 47 31 12 5 2 2 1

CP4 48 30 13 5 3 1

CP5 44 35 12 5 2 2

Total 45 31 13 6 2 2 1

Curvature Carpathians = CC-CP1 21 25 21 12 9 6 3 1 1

CP2 34 31 15 8 5 3 2 1 1

CP3 40 32 15 6 3 2 1 1

CP4 44 32 14 6 2 1 1

CP5 50 34 6 6 4

Total 38 31 15 7 4 3 1 1

Southern Carpathians = SC-CP1 25 23 17 10 9 8 4 1 2 1

CP2 35 29 15 8 6 3 2 1 1

CP3 43 34 14 5 2 1 1

CP4 42 35 14 5 2 2

CP5 37 37 14 5 4 2 1

Total 40 32 14 6 3 2 1 1 1

Total Carpathians-CP1 35 29 17 7 4 3 2 1 1 1

CP2 41 30 14 7 4 2 1 1

CP3 44 31 13 6 2 2 1 1

CP4 45 32 13 5 2 1 1 1

CP5 42 36 11 5 3 2 1

Total 42 31 14 6 3 2 1 1

3.6. Distance from the Road

The obtained data regarding the distance of silver firs from the road are not relevant:
superior productivity stands are closer to existent roads in BM, while the situation is
opposite in CC and SC where stands are far-off from roads (Table 6).
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Table 6. Distance from the road (km) of silver firs located in the Carpathians.

Mountain Area Distance from the Road (km) for Productivity Classes

1 2 3 4 5

Apuseni Mountains = AM 5.63 6.78 7.69 6.84 6.71

Banatului Mountains = BM 5.92 6.28 9.43 10.72 9.10

Eastern Carpathians = EC 7.50 8.13 8.94 8.73 7.51

Curvature Carpathians = CC 7.14 7.12 7.87 10.86 6.94

Southern Carpathians = SC 5.48 5.46 6.42 8.61 8.13

Total Carpathians 7.19 7.34 7.36 8.69 7.28

3.7. Stand Structure

The majority of silver firs from the Carpathians are relatively uneven-aged (Table 7).
There are no significant differences between the five analysed areas and between produc-
tivity classes.

Table 7. Stand structure of silver firs located in the Carpathians (%).

Mountain Area Structure

1 2 3 4

Apuseni Mountains = AM-CP1 6 60 34

CP2 5 57 38

CP3 9 43 48

CP4 2 33 63 2

CP5 45 55

Total 7 45 47 1

Banatului Mountains = BM-CP1 5 55 37 3

CP2 8 46 43 3

CP3 19 56 24 1

CP4 7 68 24 1

CP5 9 55 36

Total 12 51 35 2

Eastern Carpathians = EC-CP1 2 55 42 1

CP2 4 40 55 1

CP3 7 41 51 1

CP4 6 42 51 1

CP5 9 44 47

Total 5 42 52 1

Curvature Carpathians = CC-CP1 10 27 58 5

CP2 10 24 61 5

CP3 15 25 55 5

CP4 7 27 59 7

CP5 13 34 34 19

Total 12 25 58 5
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Table 7. Cont.

Mountain Area Structure

1 2 3 4

Southern Carpathians = SC-CP1 9 23 64 4

CP2 8 26 59 7

CP3 25 17 53 5

CP4 19 14 58 9

CP5 29 20 42 9

Total 19 20 55 6

Total Carpathians-CP1 4 50 44 2

CP2 6 36 55 3

CP3 15 31 51 3

CP4 11 28 55 6

CP5 20 30 43 7

Total 10 35 52 3

The meaning of numbers from Table 7: 1= even-aged stand; 2= relatively even-aged
stand; 3= relatively uneven-aged stand; 4= uneven-aged stand

3.8. Crown Density

In the following table (Table 8), we have shown the crown density of the fir groves in
the Carpathians. We can notice that most of the trees from the five mountain ranges of the
Romanian Carpathians are trees of almost full consistency (0.7−0.9). The trees characterized by
a degraded crown density (0.3) are located mainly in stands from EC and Total Carpathians.

Over 40% of the fir trees in the BM, EC and CC are almost full-grown trees, while the
full consistency is found in up to 3% of the fir trees (Figure 6). Regarding Total Carpathians,
about 40% of the fir trees have a consistency of 0.8 (almost full), while the full consistency
is found in less than 2% of the fir trees.

In all cases, the predominant consistency is of 0.8, followed by 0.7 and 0.9 (Table 8).

3.9. The Characteristics of Superior Productivity Silver Fir Stands

By grouping productivity classes in three groups (superior, average and inferior),
we obtain similar results with those from points 3.1–3.8. As such, it can be observed that the
Carpathian silver fir has superior productivity classes at lower altitudes, on shadowed field
aspects (North, North-East and North-West), and on fields with lower slopes. Significant
altitude and field aspect differences are found at AM, EC and SC.

These are the most representative mountain chains as surface and geographic position.
The other environment (soil type), stand (composition, structure, consistency) or

location characteristics (distance from the road) do not differ significantly based on produc-
tivity class.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 6. (a) AM surface according to crown density. (b) BM surface according to crown density.
(c) EC surface according to crown density. (d) CC surface according to crown density. (e) Crown
density SC. (f) Total Carpathians surface according to crown density.
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Table 8. The crown density of silver firs located in the Carpathians (ha).

Mountain Area Crown Density

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Apuseni Mountains = AM-CP2 85 179 187 459 679 294

CP3 226 362 374 717 2283 2121 1117 98

CP4 81 132 194 86

Total 304 480 647 1053 2956 2908 1457 166

Banatului Mountains = BM-Cp1 188 427 227

CP2 172 576 1301 3299 1135 93

CP3 50 218 723 1610 1139 223

CP4 91 106 90

Total 243 863 2309 5453 2591 353

Eastern Carpathians = EC-CP1 177 240 575 941 4113 6393 2148 291

CP2 879 1464 2412 5106 15,590 25,267 8601 1091

CP3 403 663 1250 2445 6672 8983 4540 354

CP4 124 211 503 328

Total 1480 2437 4377 8725 26,913 40,974 15,353 1742

Curvature Carpathians = CC1 147 415 652 185

CP2 190 263 780 1610 4421 8958 2530 486

CP3 381 636 1057 4345 8474 4189 296

CP4 94 478 531 133

Total 306 684 1518 2914 9669 18,640 7038 830

Southern Carpathians = SC1 167 161 523 555 86

CP2 187 268 658 1591 4282 6038 1912 319

CP3 163 497 821 1914 6072 9121 5088 493

CP4 270 488 1399

Total 379 827 1968 4263 12,511 16,630 7339 837

Total Carpathians-C1 195 277 750 1156 4836 7396 2491 343

CP2 1143 1884 3421 7460 21,632 35,283 11,943 1553

CP3 800 2533 2495 5293 15,750 21,835 11,884 1167

CP4 53 115 486 853 2187 1334 399

Total 2191 4809 7152 14,762 44,405 65,848 26,717 3063

4. Discussion

Due to the tremendous importance of silver fir in providing the manifolds economic,
protective and ecologic functions this study focused on assessing the influence of environ-
mental conditions and stand characteristics of silver fir stands from five mountain ranges
of the Romanian Carpathians.

4.1. Altitude

The present study has shown that silver fir of superior productivity class is located
at low altitudes (870−1040 m) in most Carpathian chains from Romania. This fact is
justified by the fact that stands located at higher altitudes undergo less intense silvicultural
interventions so that their productivity is reduced [21]. Furthermore, these stands fulfil
different protective functions [33,45]. As a result, stands located at higher altitudes fulfil
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especially the protection function and are mainly covered by special conservation works
that are not aiming the increase of forest productivity. This type of management is similar to
the forest’s natural structure, whose evolution is controlled by attitudes as key factor of the
local climate. Although in the case of silver fir, higher altitudes limit the development of this
species because of its shadow requirements, this practice ensures a better resistance towards
the disturbing factors [46]. On the other hand, silver fir is present especially in common
beech mixtures at altitudes between 700 m and 1200 m [34]. A predominance of silver
fir mixture stands at altitudes of up to 1100 m is also reported by Klopčič [21]. Mixtures
between evergreen and deciduous species favour a more vigorous silver fir growth due to
leaf phenology [47].

Silver fir crowns entrap light all along the year, fact that leads to superior productivity
classes as was noticed also in our research [48,49]. The influence of some environmen-
tal conditions (especially climatic) over the productivity of silver fir stands is also stated
by other authors who emphasize that altitude is strictly correlated with climate condi-
tions [16,35–37]. Hilmers [16] has shown that the productivity of silver fir stands increases
as temperature grows at high altitudes while Toromani [50] mentions that the extension of
the vegetation season favours the increase of silver fir productivity. These projections are
confirmed both for the territory of our country and for the Carpathian area, which may
confirm the higher productivity of silver fir in some Carpathian chains such as Eastern and
Southern parts [51,52]. Moreover, the silver fir productivity increment in stands located
at altitudes of up to 1100 m as we observed in our research, is correlated with the temper-
atures from the cold season (January-March) as other authors have already shown [40].
This situation can be explained by the temperature increase during winter that reduces
the risk of frost so that stand productivity is not affected [50]. On the other hand, the soil
water deficit is a limiting factor that can increase the silver fir’s vulnerability to drought
and a decrease of its productivity if it appears in the warm season [48]. However, other
authors have shown that, although silver fir stands are located at lower altitudes, those can
record inferior productivity classes [48]. This is the case of stands from BM, that although
are located in Western Romania, area which is not exposed to could waves, but in which
reduced precipitation influence stands productivity due to the reduced water deficit [53].

4.2. Field Aspect

Our results regarding the preference of superior productivity silver firs for shadowed
field aspects are in accordance with the shadow character of this species, mentioned by
many authors [33,53–56]. The growing stock of fir in the northern field aspect exceeds
that in the southern field aspect [57–59] because the fir is supplied with a more suitable
light and water regime on northern field aspect [60,61]. Other authors have shown that,
compared with the sunny areas, the shadowed ones favour an increased tree diversity as
this is characterized by optimum temperature and humidity conditions [55]. More than
that, silver fir is a species resistant to low temperatures, frosts and high precipitation quan-
tities [11,28,61,62]. On the other hand, water availability is a limiting factor in the growth
and development of silver fir. South field aspects are characterized by a higher probability
for the appearance of water deficit due to a more accentuated solar radiation [46,55,63].
However, when high temperatures do not overlay with a precipitation deficit, the silver fir
growth is favoured, thus leading to higher classes of productivity [50].

4.3. Field Slope

Our observation that low productivity silver fir is located, in all cases, on fields with a
very high slope is correlated with the fact that those are situated at the highest altitudes.
This corresponds in the mountain area with fields near mountain peaks that also have a
high slope. As other studies highlighted these fields have a low accessibility degree so that
the intervention with silvicultural treatment which sustain silver fir growth is limited [64].
Similar results were also reported by other authors who observed a predisposition of this
species for mid to upper and steep gradients, especially when silver fir appears in common
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beech and Norway spruce mixtures [65]. This situation can be caused by the fact that fields
located on steeper slopes are mainly fields with superficial soils characterized by a low soil
water content that are not favourable for silver firs, as it was mentioned in other studies [41].

4.4. The Soil

Silver fir prefers acid, deep soils, with a high humidity content [66]. Eutric cambisol
and dystric cambisol are the characteristic soils for silver fir. Besides a sufficient depth and
humidity, these soils are rich in nutritive substances and are characterized by an intense
biologic activity [67–69]. As a consequence, our results show the preponderance of silver
fir stands on eutric cambisol and dystric cambisol, a fact that is in line with this specie’s
ecologic requirements. Other authors have also observed vigorous silver fir growths on acid
soils [66]. Tree growth is influenced by soil depth, and thickness of genetic soil horizons [27].
Soils rich in calcium are more favourable for silver fir [15,70,71]. This is the case of calcic
eutric cambisol, which has a higher presence in one of the causes of spreading valuable
stands in this region [72]. On the other hand, lithic soils are not favourable for silver fir
due to its taproot system [34,73,74]. In this contest, silver fir stands from the Southern
Carpathians have lower productivities.

4.5. Participation Percentage of Silver Fir in the Stand’s Composition

The participation percentage of silver fir in the stand’s composition depends not only
on the local specific (region, soil, humidity conditions) but also on the applied silvicul-
tural system applied [66]. Our study revealed that the largest proportions of silver fir
participation in the stand composition are 10% and 20% respectively. This fact confirms
the silver fir’s predilection for mixed stands, while pure and even aged silver fir stands
(composition: 100%) are extremely rare [66]. Unlike pure stands, mixed stands offer a better
resilience against harmful factors (biotic and abiotic) and, implicitly, a better phytosani-
tary stand state [47,75]. In addition, a silver fir participation percentage of up to 20% in
the stand’s composition contributes significantly to ensuring the sustainability of forest
ecosystems [76].

Similar data with our research were also obtained in other studies: the participation
of silver fir does not exceed 0.1–0.4 of stand composition in fir-spruce and lime-fir-spruce
forests from Vyatka-Kama biome, Russia [77]; the participation of silver fir in mature stand
composition was about 20–30% at altitudes between 900 and 1200 m in Eastern Carpathians.
Over this altitude the presence of silver fir in stand composition decreases sharply [17].
Furthermore, a high percentage of silver fir in the stand’s composition will lead to the
decline of this species especially in mountain areas where the effects of climate changes are
more evident and where they diminish the vitality of this species [46,75].

These participation percentages can also be connected with the decline of silver fir
from the last decades. Numerous similar situations were identified only in the Carpathian
area in Western Carpathians from Slovakia [78,79], in the northern Carpathians (Czech
Republic, Slovakia), in Slovenia and Croatia [66], and in the Ukrainian Carpathians [80].

The distance from the road is normal to not be a decisive factor in distributing stands
on productivity classes. Other authors [81,82] have also observed that the spatial extent of
road effects on plant communities from forests remains unclear. However, closeness to a
network of existent roads facilitates the appliance of silvicultural treatments that lead stands
towards superior productivity classes, as it was obtained in BM. On the other hand, distance
from the road and, implicitly, limiting the intervention of silvicultural or exploitation works
leads to a decrease of stand productivity [45]. However, we have obtained an inferior
productivity in CC for a minimum distance from the road. We consider that this situation
is caused by superior altitudes that limits the appliance of silvicultural interventions and
favours the protection function against the productivity one.

Stand structure plays a fundamental role in improving tree resilience, especially in the
context of climate changes [83]. Furthermore, it is important to know stand structure for
understanding forest management [34,84]. In the case of silver fir stands, their characteristic
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structure is relatively even-aged and relatively uneven-aged [34,85]. These management
practices are economically efficient as they ensure a vigorous tree growth and, consequently
superior productivity classes [85]. Many studies have shown that silver fir stands managed
in this way are characterized by a better resistance and stability against harmful factors,
including SO2 emissions that, in high percentages, increase silver fir mortality rates [83,86].
Nevertheless, some authors mention that a relatively uneven-aged structure favours silver
fir better [21,66].

4.6. Stand Crown Density

The study performed for resinous stands located in the Southern Carpathians, Romania,
has shown that structure, consistency, relief, slope and flora type are the most important
factors in defining stand structure [26]. Our results show that in the case of the five studied
mountain chains, the majority of silver fir stands (approximately 45%) are stands with an
almost full consistency. This observation is in accordance with this specie’s temperament,
the silver fir being a shadow species [32,66]. Alternatively, full consistency stands occupy
very small percentages (2–3%). This type of consistency is not recommended in the case
of silver fir stands because even though the species has a shadow temperament, a full
consistency would endanger the regeneration’s success [53,59,83]. Being mainly found
in mixtures, silver fir records higher growth rates when compared with other species.
This fact can be attributed to a larger amplitude of silver fir crowns that can occupy more
than half of the tree’s height [21,66]. Crown length and consistency has a decisive role in
the growth of tree vitality, as it is also mentioned by other authors [87]. In addition, stands
with an almost full consistency have a better resistance against harmful factors such as
mistletoe infection [17]. As a consequence, we can consider that stands with an almost full
consistency are favourable to the silver fir’s sustained growth which, in these conditions
realizes superior productivity classes.

The best conditions where silver fir realizes superior productivity classes are:

� lower altitudes up to approximately 1100−1200 m [26,88];
� shadowed field aspects, characterized through better temperature and humidity

conditions [46,59];
� fields with a slope up to 30◦, which is favourable to a sustained development that

favours the superior productivity classes [41,65];
� a silver fir’s tree participation percentage up to 20% in mixtures with other species [76,77];
� stands characterized by an uneven-aged structure [46] and incomplete canopy closure

(0.7–0.9) [17].

5. Conclusions

There is already evidence that silver fir has been declining at European level due to
air pollution and the effects of excessive climates. In this context, changes in the forest
management are necessary to improve forest resilience under climate change, particularly
considering the silver fir’s potential to ensure multiple productive and protective functions.

Our analysis revealed that a higher silver fir productivity class is found on sites located
at altitudes of up to 1200 m (AM, EC, SC). Regarding the field aspect, we found that the
most suitable sites have NW field aspects (AM, EC and SC) because these ensure the most
favourable conditions of light and water compared to the southern field aspects. These
findings are in line with the specie’s shade temperament. Silver fir growth performances
are recorded on mid- to upper and steep slopes, which can be explained through the depth
and water content of the soil layer. Another important characteristic that controls silver fir
productivity is soil, with eutric cambisol and dystric cambisol being the most favourable
for silver fir growth performance in all considered sites. Our study suggests that silver
fir participation in the stand composition should be between 10−20% in order to ensure
an increased silver fir stand resilience on various disturbing factors. Other fundamental
characteristics of silver fir are stand structure and consistency. Hence, our findings revealed
that the application of relatively even-aged structure and almost full crown density ensures
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not only a vigorous growth of silver fir and implicitly higher productivity classes but
also optimum requirements for species regeneration. However, some characteristics, like
positioning (distance from the road) of the silver fir trees did not show important differences
in the productivity class.

Overall, we can conclude that the fist hypothesis established at the beginning of this
study is confirmed, there is a strong connection and a certain dependence between the
production classes from the forest areas of different mountain massifs. Regarding the
second hypothesis we can assert that altitude, filed aspect, slope, the percentage of tree
participation and stand structure are influencing the silver fir productivity class.

The findings of the present study are consistent with numerous previous studies
that concluded that a higher growth performance of silver fir is recorded in certain relief-
stand conditions. Under these conditions, mainly mixed silver fir stands would ensure
the provision of ecosystem services. Despite its increased adaptation potential to climate
change, it is fundamental that forest managers pay more attention to these driving factors
when designing future strategies that aim towards forest resilience and sustainability.
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27. Kobal, M.; Grčman, H.; Zupan, M.; Levanič, T.; Simončič, P.; Kadunc, A.; Hladnik, D. Influence of soil properties on silver fir

(Abies alba Mill.) growth in the Dinaric Mountains. For. Ecol. Manag. 2015, 337, 77–87. [CrossRef]
28. Pinto, P.E.; Gégout, J.C.; Hervé, J.C.; Dhôte, J.F. Respective importance of ecological conditions and stand composition on Abies

alba Mill. dominant height growth. For. Ecol. Manag. 2008, 255, 619–629. [CrossRef]
29. Bosela, M.; Popa, I.; Gömöry, D.; Longauer, R.; Tobin, B.; Kyncl, J.; Kyncl, T.; Nechita, C.; Petráš, R.; Sidor, C.G.; et al. Effects of

post-glacial phylogeny and genetic diversity on the growth variability and climate sensitivity of European silver fir. J. Ecol. 2016,
104, 716–724. [CrossRef]

30. Mohytych, V.; Sułkowska, M.; Klisz, M. Reproduction of silver fir (Abies alba Mill) forests in the Ukrainian Carpathians. Folia For.
Pol. 2019, 61, 156–158. [CrossRef]

31. Lasch, P.; Lindner, M.; Erhard, M.; Lasch, P.; Lindner, M.; Erhard, M.; Suckow, F.; Wenzel, A. Regional impact assessment on forest
structure and functions under climate change-The Brandenburg case study. Artic. For. Ecol. Manag. 2002, 17. [CrossRef]

32. Dincă, L.; Murariu, G.; Enescu, C.M.; Achim, F.; Georgescu, L.; Murariu, A.; Timis-Gânsac, V.; Holonec, L. Productivity differences
between southern and northern slopes of Southern Carpathians (Romania) for Norway spruce, silver fir, birch and black alder.
Not. Bot. Horti Agrobot. 2020, 48, 1070–1084. [CrossRef]

33. Dincă, L.; Achim, F. The management of forests situated on fields susceptible to landslides and erosion from the Southern
Carpathians. Sci. Pap. Ser. Manag. Econ. Eng. Agric. Rural. Dev. 2019, 19, 183–188.

34. Tudoran, G.M.; Cicsa, A.; Boroeanu, M.; Dobre, A.C.; Pascu, I.S. Forest Dynamics after Five Decades of Management in the
Romanian Carpathians. Forests 2021, 12, 783. [CrossRef]

242



Diversity 2022, 14, 547

35. Kern, Z.; Popa, I. Climate–growth relationship of tree species from a mixed stand of Apuseni Mts., Romania. Dendrochronologia
2007, 24, 109–115. [CrossRef]

36. Popa, I.; Cheval, S. Early winter temperature reconstruction of Sinaia area (Romania) derived from tree-rings of Silver Fir (Abies
alba Mill.). Rom. J. Meteorol. 2007, 9, 47–54.

37. Dinulică, F.; Marcu, V.; Borz, S.A.; Vasilescu, M.-M.; Petritan, I.C. Wind contribution to yearly silver fir (Abies alba Mill.)
compression wood development in the Romanian Carpathians. iForest 2016, 9, 927–936. [CrossRef]

38. Sellan, G.; Thompson, J.; Majalap, N.; Brearley, F. Soil characteristics influence species composition and forest structure differen-
tially among tree size classes in a Bornean heath forest. Plant Soil 2019, 483, 173–185. [CrossRef]

39. Sidor, G.C.; Popa, I.; Vlad, R.; Cherubini, P. Different tree-ring responses of Norway spruce to air temperature across an altitudinal
gradient in the Eastern Carpathians (Romania). Trees 2015, 29, 985–997. [CrossRef]

40. Maaten-Theunissen, M.; Kahle, H.P.; van der Maaten, E. Drought sensitivity of Norway spruce is higher than that of silver fir
along an altitudinal gradient in southwestern Germany. Ann. For. Sci. 2013, 70, 185–193. [CrossRef]

41. Bouriaud, O.; Popa, I. Site and species influence on tree growth response to climate in Vrancea Mountains. Proc. Rom. Acad. 2007,
9, 63–72.

42. Forest management plans of the forest districts: Campina (2020), Azuga (1999), Sinaia (2002), Pietrosita (2005), Rucar (1996),
Câmpulung (2006), Aninoasa (2005), Domnesti (2004), Musatesti (1994), Vidraru (2005), Cornet (1993), Suici (2008), Brezoi (1991),
Voineasa (2003), Latorit,a (1994), Bumbes, ti (2002), Polovragi (2001), Lupeni (2000), Petrosani (2001), Runcu (2000), Novaci (2002),
Râs, nov (1993), Zarnesti (1993), S, ercaia (1986), Fagaras (1985), Voila (1985), Arpas (1986), Avrig (2005), Talmaciu (1980), Valea
Sadului (1982), Valea Cibinului (1982), Cugir (1993), Bistra (1999), Orastie (1993), Gradiste (2004), Petrila (2000), Baru (1996),
Pui (2005), Retezat (1996), Dobra (1997), Hunedoara (1993), Ana Lugojana (1999), Ot,elul Ros, u (2000), Rusca Montană (1991),
Caransebes, (1995), Teregova (1992), Mehadia (1993), Băile Herculane (2001), Bocs, a Română (2004), Păltinis, (1998), Res, it,a (2001),
Văliug (1992), Oravit,a (2008), Anina (2007), Nera (2004), Deva (1991), Ilia (1998), Cosava (2002), Berzeasca (1995), Bocsa Montana
(2003), Bozovici (2004), Moldova Noua (2006), Sasca Montana (2007), Remet, i (2005), Huedin (2003), Sudrigiu (1998), Vas, cău
(2004), Belis, (2002), Somes, ul Rece (2005), Turda (2007), Gilau (2007), Gârda (2001), Valea Aries, ului (1990), Baia de Aries, (1998),
Câmpeni (1987), Baia de Cris (2007), Brad (1997), Beius (2002), Codru Moma (2002), Dobresti (1997), Barzava (1996), Gurahont
(1994), Halmagiu (1994), Sebis-Moneasa (1994), Valea Mare (1997), Breaza (2003), Brodina (2004), Putna (2000), Tomnatec (2002),
Frasin (1988), Moldovita (1994), Pojorata (2003), Vama (1990), Crucea (1999), Mălini (1998), Stulpicani (2000), Bros, teni (1999),
Borca (1999), Galu (1999), Ceahlau (2000), Tarcău (2001), Brates (2001), Bicaz (2003), Agas (1985), Comanesti (1994), Darmanesti
(2005), Targu Ocna (2005), Oituz (2005), Manastirea Casin (2006), Sânmartin (2004), Miercurea Ciuc (1981), Izvorul Mures, (2002),
Zetea (2007), Gheorgheni (2002), Borsec (2002), Tulghes (2002), Sovata (2000), Fâncel (2000), Lunca Bradului (1999), Răstolit,a
(1999), Gurghiu (2000), Toplita (1991), Cos, na (1999), Iacobeni (1998), Cârlibaba (1998), Rodna (1996), Sângiorz Bai (1992), Năsăud
(1993), Ilva Mica (1995), Prundu Bargaului (1990), Sălăut,a (1993), Strâmbu Băiut, i (2007), Dragomires, ti (1996), Borsa (1999), Viseu
(2008), Mara (2005), Sighet (2005), Poieni (2006), Ruscova (2005), Baia Mare (2002), Baia Sprie (1991), Tauti Magheraus (2001),
Negresti-Oas (2005), Brasov (1993), Sacele (1993), Teliu (1993), Maneciu (1999), Nehoiasu (1999), Nehoiu (1999), Gura Teghii
(2001), Intorsura Buzaului (1982), Comandau (1991), Covasna (1999), Bretcu (1995), Naruja (1991), Nereju (2004), Tulnici (1981),
Leps, a (1980), Soveja (2001).

43. Iticescu, C.; Murariu, G.; Georgescu, L.P.; Burada, A.; T, opa, M.C. Seasonal variation of the physico-chemical parameters and
water quality index (WQI) of Danube Water in the transborder Lower Danube area. Rev. Chim. 2016, 67, 1843–1849.

44. Iticescu, C.; Georgescu, L.P.; Murariu, G.; Topa, C.; Timofti, M.; Pintilie, V. Lower Danube Water Quality Quantified through WQI
and Multivariate Analysis. Water 2019, 11, 1305. [CrossRef]

45. Bebi, P.; Kienast, F.; Schönenberger, W. Assessing structures in mountain forests as a basis for investigating the forests’ dynamics
and protective function. For. Ecol. Manag. 2001, 145, 3–14. [CrossRef]
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Abstract: The non-native Douglas fir (Pseudotsuga menziesii) is widely distributed in Europe and
promoted by forestry due to its assumed resistance against climate change. An increasing cultivation
area is, however, viewed critically by nature conservation as negative effects on native biodiver-
sity and naturalness are expected. We investigated plant species diversity and composition in
two strict forest reserves (SFR) dominated by Douglas fir in southwest Germany. These reserves were
established in the years 2001/2002 to study the development of Douglas fir forests after management
abandonment. Vegetation surveys were conducted in 2005 and repeated in 2017. We used re-survey
data from a nearby SFR dominated by native tree species as a reference. The understory vegetation
showed consistent development after management abandonment, irrespective of tree species identity
and origin. It became less diverse and more shade-tolerant over time due to missing soil disturbance
and decreasing light availability. In contrast to a native canopy, though, Douglas fir promoted the
share of generalist species. Regeneration of Douglas fir largely decreased in the SFRs underlining
its competitive weakness against native tree species, mainly against European beech (Fagus sylvat-
ica). Thereby, regeneration patterns of Douglas fir in the SFR were similar to those observed in the
native range.

Keywords: competitive strength; forest management; nature conservation; naturalness; European
beech; species diversity; invasiveness; homogenization

1. Introduction

The potentials and risks of integrating non-native tree species into native forests of
Central Europe are highly debated [1]. Stand-replacing disturbances caused by drought
and windthrow in recent decades [2], as well as consequent reforestation plans that aim to
complement natural succession, intensified this debate [3–5]. Among non-native species
cultivated in Central Europe, the North American Douglas fir (Pseudotsuga menziesii) is one
of the most widely distributed species [6] that is currently further promoted by forestry. The
species is characterized by a higher productivity and resistance against drought compared
to native coniferous tree species, mainly compared to Norway spruce (Picea abies), and is
therefore considered as an important replacement to mitigate the effects of climate change
and to secure main ecosystem services [7–12].

At the same time, Douglas fir is regarded critically among nature conservationists
who see a potential for invasion with negative effects for native biodiversity in the fu-
ture [13,14], further discussed in [15]. With a larger cultivation area, an increased re-
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production and spread of the early reproducing Douglas fir into conservation-relevant
native ecosystems is expected, as well as a shift in floristic and faunistic species compo-
sition towards conditions far from the potential natural vegetation. In native mountain
forests of Spain, Broncano et al. [16] recorded a Douglas fir invasion that started already
30 years after planting. Invasion was also detected in heathland ecosystems of Europe [17].
Bindewald et al. [18] assessed national forest inventory data of Germany and detected
an increase in the total stand area of Douglas fir between the years 2002 and 2012 and an
increasing number of inventory plots with Douglas fir regeneration. Among conservation-
relevant forest ecosystems, Douglas fir regeneration had the highest share (18% on total
habitat area) in open and acidic oak forests (Quercus spec.) supporting results by Kno-
erzer [19]. For most of the inventory plots considered by Bindewald et al. [18], though,
regeneration was mainly restricted to a Douglas fir canopy showing the impact of propagule
pressure and dispersal limitation [20] as well as the importance of competition by other tree
species in restricting the establishment of Douglas fir in Central Europe [21]. Though the
potential invasiveness is evaluated differently among forestry and nature conservation [15],
there is unity about the need for management and cultivation concepts that prevent a
further spread into conservation-relevant ecosystems as well as potential negative effects
on native biodiversity [22–24]. These concepts include the establishment of buffer zones
around susceptible ecosystems and the establishment of Douglas fir only in mixture with
native tree species up to a proportion of 30% [25].

The fear of invasion of Douglas fir is based on the generally strong invasiveness of
species of Pinaceae (including Douglas fir) around the world that affected native flora and
fauna and led to the establishment of “novel ecosystems” especially in the southern hemi-
sphere [26–28]. The invasive success of Pinaceae species can be explained by its low seed
mass associated with wind distribution, its short juvenile period, and the short intervals
between mast years [27]. For Douglas fir in Central Europe, though, the ecological impact
has been less severe up until now [29–31]. It was for example found that species diversity
and composition often resemble native Norway spruce forests [32–34]. Nevertheless, when
focusing on distinct species groups, research on the effect of Douglas fir on species diversity
revealed mixed results. A reduced species diversity compared to native tree species was
found for fungi [29,35], for spiders [36], for arthropods and dependent birds in the Douglas
fir canopy [37], and for early successional saproxylic beetles [38]. Ground beetles, on the
other hand, were more abundant and diverse in pure Douglas fir compared to European
beech (Fagus sylvatica, hereafter beech) and Norway spruce forests and mixtures of these
tree species [39]. However, the authors also state that the non-native Douglas fir seems to
provide no habitat for specialized beech-associated species [39]. The understory vegetation
was found to mostly benefit in terms of abundance and species richness from a Douglas fir
canopy compared to native beech forests [34,40,41]; but see [42]. If this finding results from
a (different) forest management of Douglas fir and beech stands or from individual traits of
both tree species is, however, not completely clear yet.

Despite growing data on the effects of Douglas fir on different species groups, investi-
gations on long-term development of Douglas fir stands and its associated diversity are
largely missing in Germany and Central Europe until now. According to Eberhard and
Hasenauer [43], Douglas fir regeneration requires silvicultural management to survive
indicating that a natural forest development represents a natural barrier for a further spread
of Douglas fir. Here, monitoring in strict forest reserves (SFR) can deliver valuable insights
and might help to disentangle effects of forest management and tree species identity. SFR
are formerly managed forests, where management was abandoned to conserve natural
forest ecosystems and to monitor and investigate the natural forest development without
human influence under changing abiotic conditions. Another important aim is to deduce
nature-based management and conservation concepts for managed forests [44,45]. In SFR of
Bavaria, southern Germany, regeneration of Douglas fir was recorded in 27 of 160 reserves
with small abundances only, supporting a low regeneration potential in unmanaged forests
and a competitive strength of native tree species [46]. There, however, Douglas fir only
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comprised on average 2% of the basal area. A dominance of Douglas fir in the overstorey
may result in a different regeneration pattern.

Two strict forest reserves (the SFR Grünberg and SFR Eselskopf), established in the
years 2001 and 2002 in the federal state of Rhineland-Palatinate in southwest Germany with
areas dominated by Douglas fir can provide evidence on long-term development of Douglas
fir forests without forest management in the introduced range. Next to forest inventories,
vegetation surveys are part of the regular monitoring program in many SFR. The understory
vegetation is the key component of plant diversity in temperate forests and contributes to
element cycling and functioning of above and belowground food webs [47–49]. Due to the
specific environmental requirements of most plant species, the understory vegetation is
also an important indicator of abiotic conditions and its changes. Based on compositional
differences in the understory vegetation found between non-native Douglas fir and native
beech forests [34], contrasting vegetation dynamics after management abandonment can
be expected indicating effects of tree species identity on native biodiversity.

To investigate the diversity dynamics of non-native Douglas fir forests after forest
management abandonment also in comparison to native forests, we conducted vegetation
surveys at two points in time in the SFRs Grünberg and Eselskopf dominated by Douglas
fir and in a nearby SFR dominated by native tree species (the SFR Adelsberg-Lutzelhardt)
in southwest Germany. In detail, we wanted to know (1) how vegetation structure, com-
position, and species richness have changed within a time span of 12 years in Douglas fir
dominated unmanaged forests up to 35 years after forest management abandonment and
(2) if this development differs from vegetation dynamics in a SFR dominated by native
tree species. Furthermore, we focused (3) on the development of Douglas fir in different
vegetation layers (tree, shrub and herb layer) compared to native tree species to draw
conclusions on its natural development and regeneration over time, its competitiveness
against native tree species and its potential invasiveness. Our study will contribute to the
increasing knowledge on the effects of Douglas fir on native forest ecosystems and can
give important indications on necessary forest management activities for mitigating the
potential impact of Douglas fir on native biodiversity.

2. Materials and Methods

2.1. Study Areas

We studied vegetation dynamics in two strict forest reserves (SFR) partly dominated
by Douglas fir in southwestern Germany in the federal state of Rhineland-Palatinate, the
SFRs Grünberg (GB-DF) and Eselskopf (EK-DF, Table 1). With 6.4% on total forest area,
the federal state of Rhineland-Palatinate has the highest share of Douglas fir in Germany
(2% for whole Germany; [50]). We contrasted the vegetation development to another SFR
of the region, the SFR Adelsberg-Lutzelhardt, that is dominated by native tree species
(abbreviation AB-NAT; see Table 1).

The SFRs GB-DF and EK-DF are geologically formed on acidic bedrock that developed
to podzolic brown soils in GB-DF, while the Lower Devonian argillite with insertions of
fine sand in EK-DF weathered to mesotrophic brown soils (Table 1). The landscape around
both SFR would be naturally dominated by acidic beech forests admixed with sessile oak
(Quercus petraea, [51]). Due to the mesotrophic site character, the EK-DF area is partly in
transition to slightly more nutrient rich beech forest communities ([52]; Table 1).

In both SFR, we investigated a fenced representation area of 1 ha in size (= a core area
with a forest fence of 2 m height preventing entry for ungulates and European brown hares
(Lepus europaeus)) that was established within Douglas fir dominated stands. These stands
were established as pure stands ca. 120 years ago. Today, naturally regenerating beech
accompanies Douglas fir in the core area of GB-DF. In the core area of EK-DF, Douglas fir
was still largely dominant in the tree layer in the year 2005 with minor contributions of
other tree species, mainly Norway spruce, that established after several small windthrow
events in the early 1990s [52]. Windthrow and ice break also affected the core area in GB-DF
in 1972 and in 1990. Regular forest management operations in the core areas had already
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ceased ca. 20 years before the official management abandonment in the years 2001 and
2002 (Table 1).

Table 1. Characteristics of the investigated strict forest reserves and its investigated core areas
(following Gauer and Aldinger [51], BLE [53]). DF and NAT indicate the tree species dominance in
the core area being Douglas fir or native tree species.

Strict Forest Reserve (SFR) Grünberg (GB-DF) Eselskopf (EK-DF) Adelsberg (AB-NAT)

Geographic location 49◦20′8′′ N 7◦58′12′′ E 50◦2′51′′ N 6◦37′11′′ E 49◦3′32′′ N 7◦30′24′′ E
Forest ecoregion
(and subregion)

Pfälzerwald (Middle
Pfälzerwald)

Nordwesteifel (Islek and
Oesling)

Pfälzerwald (Southern
Pfälzerwald, Wasgau)

Reserve total size 64 ha 30 ha 192 ha
Year of establishment 2001 2002 1976

Geology Bunter
(Trifels subdivision) Lower Devonian argillite Bunter

(Rehberg subdivision)
Soil type Dystric Cambisol Spodic Cambisol Dystric Cambisol

Nutrient status Oligotrophic Mesotrophic Oligotrophic
Elevation 210–420 m a. s. l. 310–440 m a. s. l. 245–399 m a. s. l.

Potential natural vegetation Acidic beech forests
(Luzulo-Fagetum)

Acidic to mesotrophic beech
forests (Luzulo-Fagetum to

Galio-Fagetum [52])

Acidic beech forests
(Luzulo-Fagetum)

Mean annual air temperature
(subregion) 8.4 ◦C 7.6 ◦C 8.8 ◦C

Mean annual precipitation
(subregion) 933 mm 928 mm 926 mm

Tree species composition of
core area (>7 cm diameter at

breast height (DBH))

~73% Pseudotsuga menziesii,
17% Fagus sylvatica, 7% Pinus

sylvestris, 3% Picea abies
(Year 2004)

~95% Pseudotsuga menziesii,
4% Picea abies, others

(Year 2006)

54% Quercus petraea, 30% Tilia
cordata, 14% Fagus sylvatica, 2%

Carpinus betulus (Year 2006)

Years of vegetation surveys
(core area) 2005 and 2017 2005 and 2017 2000 and 2016

Number of permanent
subplots (400 m2) surveyed in

the core area
13 14 29

Beyond the Douglas fir dominated core area, the SFR GB-DF was characterized by
mixed forests of beech with Scots pine (Pinus sylvestris) or Norway spruce. According to
the last forest inventory in 1995, tree species shares were 37.6% Scots Pine, 28.3% Douglas
fir, 21.0% beech, 11.5% Norway spruce and others. In the SFR EK-DF, mixed forests of
sessile oak with beech and hornbeam (Carpinus betulus) existed next to stands composed of
Norway spruce and different non-native tree species (e.g., Larix kaempferi, Thuja spec., Tsuga
spec.) that had been planted ca. 50 to 70 years ago. The last forest inventory in 1997 gave
the following tree species composition in the SFR EK-DF: 49% Douglas fir, 30% Norway
spruce, 5% Japanese larch, 4% hornbeam, 3% sessile oak, 3% beech and others including
the mentioned not-natives.

We used a 1.5 ha fenced core area of the third SFR AB-NAT as a natural reference
(Table 1). AB-NAT lies in the same forest ecoregion and is characterized by similar site
conditions as the SFR GB-DF, but the reserve was already established in 1976. The tree
species composition represents the potential natural tree species composition for the moun-
tain ridges of this region with sessile oak, small-leaved lime (Tilia cordata) and beech [54].
The share of sessile oak was, however, largely promoted by forest management in former
times [51,54]. This also accounts for the whole reserve where sessile oak was the dominant
tree species (48%) in the year 2006 followed by Scots pine (25%) and beech (11%). Douglas
fir made up 3% of the tree species share in the SFR AB-NAT.
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2.2. Data Sampling and Analysis

The three core areas were separated into 13 (GB-DF), 14 (EK-DF) and 29 (AB-NAT)
subplots of 400 m2 (20 × 20 m) that represented the sampling unit for original vegetation
surveys conducted in the years 2000 (AB-NAT) and 2005 (GB-DF, EK-DF), respectively, and
for resurveys conducted 12 to 16 years later (Table 1). For the old and recent surveys, plant
species were recorded separately for the tree layer (woody species >5 m), the shrub layer
(woody species > 0.5 m ≤ 5 m), the herb layer (woody species ≤0.5 m and non-woody
vascular plants) and the moss layer considering all soil dwelling bryophyte species. For
the vegetation layers and all species within vegetation layers, the cover value was visually
estimated directly in percent by horizontally projecting the area covered by a certain species
or vegetation layer on the 400 m2 subplots.

We contrasted the vegetation structure using vegetation layer cover values and the
subplot-based species richness of vegetation layers between the first and the second survey.
We also calculated the total species richness across plots for vascular plants and bryophytes.
To characterize potential changes in environmental conditions over time, we used species
indicator values taken from Ellenberg et al. [55]. The so called Ellenberg Indicator Values
(EIV) of plant species are widely used in applied ecology in Central Europe [56]. Depending
on their realized niche along ecological gradients that was defined based on field expe-
rience (=expert opinion), concurrent recordings of species and environmental variables
and experimental tests, plant species of Central Europe have been given indicator values
representing ordinal numbers between one and nine for moisture (M; ordinal number
goes up to 12), nutrients/nitrogen (N), soil reaction (R), light (L), continentality (C) and
temperature (T; [55]). By calculating averages of species indicator values at a plot-scale,
the mean EIVs can represent rough surrogates for environmental conditions that are often
used when direct measurements are not available [56]. For the different plant species, a
value of 1 is representing species indicating dry, nutrient poor or acidic conditions as well
as deep shade. Continentality and temperature values relate to the geographic ranges of
species with continentality indicating the distance to the sea. C = 1 characterizes extreme
oceanic species and C = 9 extreme continental species that are nearly absent from Central
Europe. C values were found to correlate with frost resistance of plant species [57]. The
temperature values relate to the distribution of species along elevational and latitudinal
gradients with T = 1 comprising cold-adapted species of high mountains or boreal-arctic
regions and T = 9 very warm-adapted species spreading from the Mediterranean into
warmer places of Central Europe. An increase in the mean temperature value may indi-
cate a thermophilization effect in the forest understory caused by global warming [58].
For vascular plant and bryophyte species of Central Europe, EIVs can be taken from
Ellenberg et al. [55]. N-values for bryophytes are, however not provided. Therefore, we
used the values given by Simmel et al. [59].

For analyzing dynamics in species composition, we grouped species of the field layer
(=shrub, herb and moss layer) according to their forest affinity [60] and their association to
broad plant communities according to Ellenberg et al. [55], Oberdorfer [61] and Nebel and
Philippi [62]. In their list of forest-associated species, Schmidt et al. [60] have characterized
typical forest species (category 1) into those that mainly occur in closed forests (sub-
category 1.1) and those of edges and clearings (sub-category 1.2). In category 2, they
have grouped species with a wider habitat preference into those species that occur both
in forests and in open habitats (sub-category 2.1) and into those species that occasionally
occur in forests but predominantly in open habitats (sub-category 2.2). Such species
may be regarded as disturbance indicators within forests (e.g., Cirsium vulgare, Stellaria
media, [63]). Species not listed in Schmidt et al. [60] were considered as open habitat
species (O). As broad plant communities, we defined oak and beech (-mixed) forests
(=class Querco-Fagetea), coniferous forests including the class Vaccinio-Piceetea, shrubby
vegetation mainly comprising Rubus fruticosus agg., edges and clearings represented by
the class Epilobietea angustifolii, herbaceous vegetation of disturbed sites mainly of the
class Artemisietea and grass- and heathlands ranging from the class Nardo-Callunetea to
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mesophilous grassland of the class Molinio-Arrhenatheretea. Species that occur in a wide
range of communities were categorized as indifferent (e.g., Taraxacum officinale agg., Rubus
idaeus; see Table S1 in Supplementary Materials). For non-native tree species, a community
preference is not defined. For each species group, we quantified their relative contribution
to the species richness per subplot and contrasted numbers between surveys.

To quantify a general change in species composition within the understories of the
three SFRs, we calculated a pairwise presence/absence based Jaccard dissimilarity index
by contrasting each subplot to all other subplots sampled within each SFR and survey year.
Changes across survey periods may indicate a homogenization or a differentiation within
the understory based on local colonization or extinction of species. With diversity parti-
tioning, we quantified the species replacement component showing real species turnover
among subplots (indicating that one species is directly replaced by another species) and the
nestedness component showing that a dissimilarity among subplots is caused by species
richness differences [64]. A dissimilarity mainly caused by the nestedness component
indicates that species in species poor subplots represent a subset of the species occurring
in species richer subplots. To also integrate the abundance of species and to visualize the
direction of species compositional changes between surveys, we conducted a non-metric
multidimensional scaling (NMDS) on two dimensions based on Bray–Curtis dissimilarity.
We conducted two different NMDS ordinations, one with data of the two Douglas fir SFRs
(GB-DF and EK-DF) only and another with data from all three SFRs. We correlated the
NMDS axes values with EIVs to identify the main environmental drivers of compositional
changes. We additionally correlated the axes values with species richness values and the
cover values of beech and Douglas fir in the shrub and herb layer to visualize changes in
biodiversity and tree species regeneration.

All analyses were based on the field layer combining the shrub, herb and moss layer.
Differences between surveys were tested using the Wilcoxon signed rank test or the paired
t-test depending on normality distribution and variance homogeneity. For calculating
the Jaccard dissimilarity and its components, we used the betapart package of the R-
software [65] and the function beta.pair. The NMDS was conducted using the function
metaMDS of the R Package vegan [66] and the function envfit for axes correlations. If not
stated otherwise, statistical significance was assumed for p < 0.05. The species nomenclature
follows Oberdorfer [61] for vascular plants and Nebel and Philippi [62] for bryophytes.

3. Results

3.1. Changes in Vegetation Structure, Species Richness and Environmental Conditions

In the two strict forest reserves (SFRs) dominated by Douglas fir, Grünberg (GB-
DF) and Eselskopf (EK-DF), the cover of the herb layer decreased, while the moss layer
increased between surveys. This pattern was contrary in the SFR Adelsberg (AB-NAT)
that is dominated by native tree species. The canopy cover increased in all three SFRs but
significantly only in AB-NAT (Table 2).

Consistent across all three SFRs was the decrease in mean species richness of the
herb and field layer, as well as the total vascular plant species richness across plots. Total
richness of vascular plants was 11 species lower in AB-NAT at the second compared to the
first survey, 14 species lower in EK-DF and 18 species lower in GB-DF (Table 2).

There was no consistent pattern in the dynamics of the Ellenberg Indicator Values
(EIVs) and temporal changes were generally small (<0.5 units; Table 2). In all SFRs, the
light value decreased (not significantly in GB-DF). For GB-DF and AB-NAT, results show a
significant increase in the moisture value, for AB-NAT also the nutrient value increased
between surveys as was the temperature value, while the continentality decreased (Table 2).
The three SFRs differed in temperature and continentality mainly because of differences in
tree species composition also in the field layer, e.g., with Norway spruce (C = 6, T = 3) being
abundant in GB-DF, while EK-DF and AB-NAT showed a higher frequency of hornbeam
(C = 4, T = 6) or small-leaved lime (C = 4, T = 5).
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Table 2. Vegetation layer characteristics for the first and second survey. Given are mean values with
standard error in parentheses. Significantly higher values (p < 0.05) comparing both survey years are
written in bold.

Strict Forest Reserve (SFR) Grünberg (GB-DF) Eselskopf (EK-DF) Adelsberg (AB-NAT)

Survey year 2005 2017 2005 2017 2000 2016
N 13 13 14 14 29 29

Cover value [%]
Tree layer 84.4 (2.6) 88.8 (1.5) 75.2 (4.2) 76.8 (3.7) 71.9 (2.9) 82.3 (1.9)

Shrub layer 25.7 (3.4) 20.5 (3.1) 35.9 (5.4) 15.4 (6.2) 10.3 (1.6) 13.9 (3.1)
Herb layer 6.0 (1.3) 1.9 (0.5) 14.9 (2.8) 5.8 (1.3) 7.6 (2.1) 11.1 (2.0)
Moss layer 1.9 (0.4) 2.6 (0.4) 17.7 (4.5) 25.3 (6.3) 5.2 (1.0) 0.9 (0.2)

Species richness/400 m2

Tree layer 2.9 (0.1) 2.9 (0.2) 3.2 (0.3) 3.5 (0.4) 3.0 (0.1) 3.4 (0.3)
Shrub layer 3.9 (0.3) 3.4 (0.2) 5.6 (0.5) 4.6 (0.5) 1.8 (0.2) 2.6 (1.9)
Herb layer 9.5 (1.5) 2.2 (0.4) 14.9 (1.7) 8.4 (0.7) 8.5 (0.7) 7.5 (0.5)
Moss layer 3.6 (0.6) 4.8 (0.5) 8.3 (0.9) 9.1 (0.8) 4.2 (0.3) 2.5 (0.3)

Field layer (shrub + herb + moss) 14.7 (2.0) 8.8 (0.8) 27.6 (2.2) 21.7 (1.4) 13.2 (0.7) 10.5 (0.7)
Total species richness

Vascular plants 27 9 48 34 39 28
Bryophytes 11 13 16 18 24 17

EIVs 1 (Field layer)
Temperature 3.8 (0.1) 3.8 (0.1) 4.4 (0.1) 4.3 (0.1) 4.8 (0.1) 5.0 (0.1)

Continentality 4.1 (0.1) 4.3 (0.1) 3.7 (0.1) 3.7 (0.1) 3.6 (0.1) 3.3 (0.1)
Light 4.7 (0.1) 4.5 (0.0) 5.0 (0.1) 4.8 (0.1) 4.8 (0.1) 4.7 (0.1)

Moisture 5.2 (0.1) 5.4 (0.1) 5.2 (0.0) 5.1 (0.0) 4.9 (0.0) 5.1 (0.0)
Acidity 3.7 (0.1) 3.8 (0.2) 4.2 (0.1) 4.1 (0.1) 4.1 (0.1) 4.3 (0.2)

Nutrients (Nitrogen) 4.3 (0.2) 4.4 (0.1) 5.0 (0.1) 4.8 (0.1) 4.5 (0.1) 4.9 (0.1)

1 EIV = Ellenberg Indicator Value.

3.2. Changes in Field Layer Species Composition

The share of species representing different forest affinity groups developed similarly
in all three reserves, even though no significant changes could be detected in AB-NAT
(Figure 1). In GB-DF and EK-DF, the share of (predominantly) open habitat species signifi-
cantly decreased, while in EK-DF the share of closed forest species significantly increased.
Though not significant, such an increase was also found in the two other reserves.

In terms of plant community association, the two SFRs dominated by Douglas fir
differed from the SFR AB-NAT dominated by native tree species (Figure 2). While the
share of species characteristic for deciduous forests of the class Querco-Fagetea significantly
increased in the native forest of AB-NAT, the contribution of these species decreased in GB-
DF (significantly) and EK-DF (non-significantly). Indifferent species showed the opposite
pattern (significant increase in GB-DF and EK-DF and decrease in AB-NAT). In all three
reserves, though, there was a reduction in the accumulated share of open habitat species
comprising species of disturbed sites, of edges and clearings and of heath- and grasslands
(GB-DF: p = 0.023 for paired t-test; EK-DF: p < 0.001 for paired t-test; AB-NAT: p = 0.005
for Wilcoxon signed rank test). The latter two showed a significant decrease in EK-DF
(Figure 2). In AB-NAT, an increasing frequency of Rubus fruticosus agg. increased the
share of shrubby vegetation. Due to an overall decrease in the species richness of the field
layer, the contribution of non-native tree species (Douglas fir and Weymouth pine (Pinus
strobus) detected in two subplots of the SFR GB-DF) with no defined community association
increased significantly in GB-DF (Figure 2).
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Figure 1. Percentage share of species of the field layer grouped according to their forest affinity in the
three strict forest reserves. Left column = old survey, right column = recent survey. * marks significant
differences between surveys (p < 0.05).

All three SFRs showed a significant change in species dissimilarity over time (Figure 3).
While GB-DF and AB-NAT showed a homogenization in the understory with a significant
reduction in the Jaccard dissimilarity index, EK-DF was characterized by a differentiation
among subplots over time. The largest decrease in dissimilarity was detected in GB-DF
that also showed the largest reduction in species richness (Table 2). AB-NAT additionally
showed a significant increase in the nestedness component indicating that species were
lost from some but not from all subplots (Figure 3).
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Figure 2. Percentage share of species of the field layer grouped according to their forest community
preference. Left column = old survey, right column = recent survey. * marks significant differences
between surveys (p < 0.05). See text for details.

The differing dissimilarity patterns of GB-DF and EK-DF (homogenization vs. differ-
entiation) were confirmed by the NMDS ordination (Figure 4a). However, the ordination
showed a similar direction of species compositional change with time (Figure 4a). For
both Douglas fir SFRs, the axes values show a significant shift along the second axis
(Table 3). GB-DF and EK-DF mainly differentiated along the first axis explained by contrast-
ing continentality and temperature values due to differences in tree species composition in
the regeneration that remained over time. Regeneration of Douglas fir (in the shrub and
herb layer) and beech (in the herb layer) was associated with the first survey. The same
is true for species richness and the light indicator value that was highest in EK-DF at the
first survey.
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Figure 3. Mean pairwise Jaccard dissimilarity for the old (left bar) and more recent (right bar) survey
in the three SFR. The dissimilarity was partitioned into the replacement and nestedness component
according to Baselga [64]. * Marks a significant difference (p < 0.05) between the surveys for the
overall Jaccard-dissimilarity. Different letters show significant differences (p < 0.05) for replacement
and nestedness component between the old and recent survey.

The NMDS diagram of the three SFR shows a general shift of all three reserves towards
a lower species richness, less light and an increasing cover of beech in the shrub layer, while
Douglas fir regeneration in the shrub layer was associated with the first survey (Figure 4b).
When combining both NMDS axes, we found a shift in the same direction for all three
reserves, though a significant shift was only confirmed for GB-DF and AB-NAT (Table 3).
The compositional separation between the two SFRs dominated by Douglas fir (GB-DF and
EK-DF) and the SFR characterized by native tree species (AB-NAT) remained along the first
axis over time.
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(a) (b) 

Figure 4. Two-dimensional NMDS ordination diagram of species abundance data of the field layer
(shrub, herb and moss layer) for (a) the two SFR dominated by Douglas fir (stress = 0.2013) and (b) for
all three investigated SFR (stress = 0.1899) for the two survey times. Grey arrows in (a) indicate the
shift of individual subplots between the survey times. The colored arrows in (b) indicate the general
shift in species composition for the respective SFRs. The ellipses give the standard error around the
centroids for each observation and SFR. A bi-plot was created by correlating axes values with mean
EIVs, the species richness (SR) and the cover of F. sylvatica (Fag.syl) and P. menziesii (Pse.men) in the
shrub (_s) and herb layer. Only significant correlations with p < 0.001 are displayed.

Table 3. Mean axes scores (±SE) of the NMDS ordination for the first and second survey displayed in
Figure 4. Significantly higher scores between the first and second survey according to paired t-tests
are written in bold. For the ordination of the three SFR (Figure 4b), both axes were additionally
combined into one axis score (NMDS1-NMDS2) to identify significant shifts across axes.

First Survey Second Survey p-Value

NMDS of Figure 4a
GB-DF NMDS 1 −0.552 ± 0.085 −0.668 ± 0.052 0.095
GB-DF NMDS 2 0.355 ± 0.096 −0.287 ± 0.078 <0.001
EK-DF NMDS 1 0.559 ± 0.044 0.573 ± 0.071 0.848
EK-DF NMDS 2 0.391 ± 0.056 −0.454 ± 0.079 <0.001

NMDS of Figure 4b
GB-DF NMDS1 −0.514 ± 0.053 −0.480 ± 0.045 0.593
GB-DF NMDS2 −0.412 ± 0.094 −0.631 ± 0.048 0.005

GB-DF
NMDS1-NMDS2 −0.101 ± 0.124 0.151 ± 0.054 0.034

EK-DF NMDS1 −0.741 ± 0.029 −0.687 ± 0.046 0.152
EK-DF NMDS2 0.404 ± 0.057 0.367 ± 0.085 0.613

EK-DF
NMDS1-NMDS2 −1.145 ± 0.049 −1.055 ± 0.068 0.235

AB-NAT NMDS1 0.524 ± 0.030 0.611 ± 0.045 0.071
AB-NAT NMDS2 0.105 ± 0.084 −0.009 ± 0.051 0.095

AB-NAT
NMDS1-NMDS2 0.419 ± 0.092 0.620 ± 0.078 0.002
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3.3. Tree Species Dynamics in the Three SFRs

The cover of Douglas fir regeneration was mainly associated with the first survey
period (Figure 4). Douglas fir decreased in frequency and/or cover in both SFRs dominated
by Douglas fir in almost all vegetation layers, except for the tree layer in EK-DF (Table 4).
In EK-DF, the shrub layer cover of Douglas fir largely decreased. In GB-DF, this was the
case for both the tree and the shrub layer. Regeneration of Douglas fir in the herb layer was
generally absent in all three SFRs at time of the second survey.

A different trend was found for beech. This tree species increased in the shrub layer of
EK-DF and in the tree layer of GB-DF (Table 4). While beech and Douglas fir were similar
in tree layer coverage at the first survey in GB-DF, beech dominated the tree layer in 2017,
though underneath Douglas fir. In EK-DF, beech established in every subplot in the shrub
layer from the first to the second survey. The increasing trend of beech in the tree and shrub
layer is in line with the development in the SFR AB-NAT. Here, also hornbeam and sessile
oak expanded in the tree layer contributing to an increase in tree layer cover (Table 2).

In contrast to Douglas fir, Norway spruce expanded in the shrub layer of GB-DF and
remained constant in frequency in EK-DF.

Most tree species in the tree and shrub layer were recorded in the SFR EK-DF for both
surveys. There, most species remained relatively constant or showed a shift from the shrub
to the tree layer (e.g., hornbeam, hazelnut). For both SFRs dominated by Douglas fir, most
woody species in the herb layer showed a significant reduction. In AB-NAT, the abundance
of seedlings of sessile oak and small-leaved lime increased in the herb layer (Table 4).
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4. Discussion

4.1. Vascular Plant Species Richness Declines in All Strict Forest Reserves

We detected a general decrease in the species richness of vascular plants across all
three strict forest reserves (SFRs). This is in line with other studies showing a decreasing
plant species richness following management abandonment [67–69]. We could further
show that forest reserves either dominated by non-native coniferous species or by native
deciduous tree species respond similarly to management abandonment. Reasons for a plant
species richness decline are a lack of disturbance in the soil and canopy and an increasing
canopy cover with a consequent reduction in light availability. A slight increase in tree layer
cover, including an increase in beech in all SFRs (not significantly in EK-DF), and a decrease
in light indicator values across reserves confirm an impact of reduced light availability. In
addition, the share of shade-tolerant species typical for closed forests increased, while the
share of light-demanding, open site species decreased between surveys.

We observed the largest reduction in species richness in the SFR Grünberg (GB-
DF), where beech was the dominant tree species in the tree layer at time of the second
survey (Figure S1a,c). Beech is highly competitive [70] and its spread and expansion after
management abandonment can accelerate a reduction in plant species numbers [67,71].
The very low species richness observed in the SFR GB-DF is thereby typical for beech-
dominated forests on acidic soils after management abandonment [67]. Low light levels
below a dense beech canopy, a lack of soil disturbance, and a high leaf layer thickness due
to low decomposition rates and high root competition by beech are mainly responsible for
the low herb layer diversity. In mixture with other tree species, beech can even benefit from
a lower intraspecific competition and can for example respond with an increased horizontal
crown expansion and light absorption [72]. In the SFR GB-DF, Douglas fir was established
as a pure stand and beech regenerated naturally from surrounding beech forests. The fast
growth of Douglas fir and the subsequent colonization by beech led to a vertical separation
of both tree species allowing sufficient light for the rather shade-intolerant Douglas fir in the
upper canopy and for the shade-tolerant beech in the lower canopy. According to Thurm
and Pretzsch [73], this optimized use of canopy space due to vertical niche differentiation
of both tree species may result in maximum light interception. While this can increase
productivity (mainly for Douglas fir [73]) and maintain a moist microclimate potentially
mitigating effects of global warming [74], maximum light interception by the tree layer
reduces the light availability for the herb layer and leads to a decline in its species richness
and abundance.

Similar to aboveground, there is also growing evidence for belowground comple-
mentarity in mixed forests. Mixtures of complementary tree species such as early and
late-successional or coniferous and deciduous species can enhance fine-root productiv-
ity by a more complete filling of the environment, including a higher horizontal volume
filling [75]. Even though Lwila et al. [76] could not detect large differences in fine root
biomass between pure and mixed forests of beech and Douglas fir, they found a general
high belowground plasticity of beech in nutrient poor sites and a shift of beech fine roots to
deeper soil layers across site conditions in mixed stands. These results confirmed research
by Hendriks and Bianchi [77] that found a higher root density in deeper soil strata in
mixed Douglas fir/beech stands compared to pure stands. While this belowground niche
differentiation between tree species can reduce the interspecific competition and increase
the exploitation of available resources for tree growth, it may increase root competition for
the understory particularly on acidic sites with a low nutrient availability.

The reduction in species richness was lower in EK-DF and AB-NAT compared to
GB-DF, where tree species richness was slightly higher and the share of beech much lower.
This confirms results by Mölder et al. [78] who showed an increasing reduction in herb layer
species richness with increasing beech share mainly due to a higher litter layer thickness.

A reduction in field and herb layer diversity and abundance was, however, also
observed in the SFR EK-DF with the lowest abundance of beech in the canopy among the
three SFR and a dominance of Douglas fir in the tree layer. Both in the non-native [79] and
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native range of Douglas fir [80], unthinned stands were species poorer in the understory
compared to thinned stands. In the SFR EK-DF, Douglas fir was dominant in the shrub layer
at the first survey. At the second survey, Douglas fir regeneration had largely decreased
due to self-thinning processes in the shrub layer [81]. In the native range, this dense stem
exclusion stage (Figure S1b,d) is characterized by a decrease in understory species richness
and abundance [82].

In contrast to the herb layer, the moss layer increased in abundance and species
richness (only in GB-DF) in both SFR with Douglas fir. This also supports results of the meta-
analysis by Paillet et al. [68] with bryophytes benefiting from management abandonment.
A stable or increasing canopy cover can create a moist microclimate including a stable soil
moisture that is beneficial for the species richness of bryophytes [83,84]. An increasing EIV
for moisture in GB-DF underlines an effect of management abandonment on microclimate.
In addition, soil bryophytes can benefit from a coniferous canopy and a thin deciduous
leaf litter layer [85–87]. This explains the highest cover values of the moss layer in the
SFR EK-DF, where Douglas fir needles dominate the litter layer. The strict forest reserve
AB-NAT, dominated by native tree species, showed a contrasting pattern in the moss layer
with a reduction in species richness and abundance. Here, the larger amount of deciduous
leaf litter because of a significant increase in canopy cover can reduce the moss layer [85].
However, also observer effects have to be taken into account as the separation between
substrates (soil, deadwood and rocks) during vegetation sampling was sometimes difficult
in the SFR AB-NAT. Long-term vegetation sampling beyond the fenced core area in the
SFR AB-NAT showed, however, that also in this reserve the moss layer increased in species
richness in plots that had been dominated by conifers between the years 2006 and 2016 [86].
On the other hand, plots dominated by deciduous tree species (oak and beech) showed
no change.

4.2. Contrasting Patterns in Community Composition and Homogenization among the
Three Reserves

Besides a consistent decrease in field layer species richness and in the share of light-
demanding species across the three investigated SFRs, there were also distinct differences in
compositional dynamics between the Douglas fir forests and the native reference. Between
surveys, species typical of deciduous forests (Querco-Fagetea) showed a relative reduction
under Douglas fir in GB-DF and EK-DF, but an increase in the SFR AB-NAT with native tree
species. On the other hand, the share of generalist species with no community preference
increased in the Douglas fir reserves. This is in line with Leitl [88], who detected less
species of natural forest communities but more ruderal species within Douglas fir stands
compared to native deciduous forests. Similar patterns were also observed for arthropods
with Douglas fir mainly supporting generalist species [30,39]. Compositional differences
in understory vegetation between forest types with and without Douglas fir have also
been confirmed by other studies [29,34,40]. In forests in the Czech Republic, especially
nitrophilous and ruderal species benefited from Douglas fir compared to beech, oak or
Norway spruce, due to a better litter quality of Douglas fir and higher nitrogen contents in
the humus and topsoil [40]. In our study, we did not find an increasing nutrient indicator
value in the Douglas fir reserves, but in the SFR AB-NAT, dominated by native tree species.
In the SFR AB-NAT, Rubus fruticosus agg. expanded between surveys and presumably
benefited from fencing and the heterogeneous light conditions due to a higher species
diversity in the tree layer. The lower and decreasing share of Querco-Fagetea species in the
SFRs with Douglas fir compared to the SFR AB-NAT, on the other hand, may be the result
of the management history. Most SFRs in Germany and Central Europe were established
in ancient native forests with no tree species change in the past [45]. Thus, they have
provided a continuous habitat for species of natural forest communities. Forest conversion
from deciduous to coniferous forests, however, is known to cause a shift in plant species
composition [89]. Further monitoring within the SFRs will show if the already observed
expansion of native tree species in the shrub and tree layer of the Douglas fir reserves will
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cause a shift to a more natural species composition in the future. Until now, the NMDS
ordination showed no convergence of field layer species composition between SFRs with
and without Douglas fir, even though all three SFRs showed a similar direction of change
over time towards a lower light availability and lower species richness.

We found, however, an effect of beech on understory homogenization over time. The
two SFRs with a high share of beech in the tree layer, GB-DF and AB-NAT, showed a clear
homogenization among subplots, while the SFR EK-DF displayed a differentiation. As
all three SFRs were characterized by a decrease in species richness of the field layer, this
suggests different mechanisms of local extinction and colonization as well as tree identity
effects. The loss of species occurred directional in GB-DF and AB-NAT with different
infrequent species disappearing from the subplots leading to a decrease in the species
turnover component. Few new species colonized due to the decreasing light availability
and lack of soil disturbance [90]. The SFR EK-DF was characterized by both processes.
While the same species disappeared from the subplots of EK-DF (e.g., Sambucus racemosa,
Senecio ovatus; Table S1), they were partly replaced by new and different species in some
subplots, among them many bryophyte species that can benefit from the needle litter [34]. In
total, 28 species disappeared from the field layer in EK-DF, while 16 new species colonized.
Only 7 and 9 species newly occurred in the subplots of GB-DF and AB-NAT, respectively
compared to 23 and 28 species that disappeared (Table S1). Besides missing disturbance,
this underlines the negative effect of an increasing beech share on understory species
richness [78] and supports evidence that increasing shade can lead to homogenization
effects [91] also at a local scale. Natural disturbances that may affect the SFR in higher
frequency and intensity in the future will presumably change this pattern.

4.3. Douglas Fir Regeneration Is Decreasing

Regeneration of Douglas fir decreased both in the shrub and in the herb layer in
both Douglas fir SFRs, while the main native tree species beech and Norway spruce
showed increasing or stable trends in the shrub layer. Different reasons are responsible
for the decreasing regeneration of Douglas fir. In the SFR GB-DF the decreasing light
availability due to an expansion of beech in the overstory seems to be the most decisive
factor. According to Montigny and Smith [92], minimum gap sizes of roughly 0.3 ha are
needed for a successful regeneration of Douglas fir. Mailly and Kimmins [93] mention
a minimum relative light availability of 40% for a survival and growth of Douglas fir
regeneration. As no larger gaps occurred between survey years, Douglas fir was clearly
inferior in competition with the shade-tolerant beech. In addition, Petriţan et al. [94]
showed that Douglas fir regeneration is more sensitive to root competition than beech.

Even though, the SFR EK-DF was not colonized by shade-tolerant tree species to the
same degree as the SFR GB-DF, self-thinning also led to a large reduction in Douglas fir
in the shrub layer (Figure S1d). According to He and Duncan [81], mortality is mainly ob-
served in dense patches of Douglas fir regeneration leading to a regular spatial distribution
of trees. Surviving Douglas fir trees partly reached the lower tree layer in the SFR EK-DF,
as did some native tree species such as hornbeam, hazelnut or beech. Due to the lower
share of beech in the whole area of the SFR EK-DF compared to GB-DF (according to the
forest inventory from 1997 and 1995, 3% of beech in EK-DF vs. 21% of beech in GB-DF), the
colonization of shade-tolerant species presumably shows a time lag and may accelerate in
upcoming years at the further expense of Douglas fir.

In general, the dynamics of Douglas fir observed in the investigated SFRs reflect the
dynamics in mature and old growth stands of the native range. As a pioneer tree species,
Douglas fir stands often originate from catastrophic wildfires or other stand replacing
disturbances [95]. In course of succession, these pioneer forests are largely shaped by
self-thinning processes and are invaded by shade-tolerant tree species such as western
hemlock (Tsuga heterophylla). The colonization by shade-tolerant tree species was found
to be independent of openings that occur due to the stem exclusion of Douglas fir [81].
The increasing competition by shade tolerant tree species reaching the overstorey then
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hampers the successful further recruitment of Douglas fir [81]. Even in small canopy
gaps within mature (100–150 years) and old-growth (>200 years) Douglas fir forests in
the native range, no successful regeneration of Douglas fir was observed anymore, while
the gaps were colonized by the shade-tolerant hemlock [96]. Thus, the decreasing re-
generation success within the SFRs reported here is in line with the dynamics in natural
Douglas fir forests in the native range and underlines the pioneer character of this tree
species. As also no seedlings were found during the second survey in the SFRs, a successful
germination is presumably also hampered by a dense leaf or needle litter and a dense
moss layer preventing the seedlings from reaching the mineral soil [10,19,21,97]. How-
ever, most tree species showed a reduction in frequency and cover in the herb layer also
suffering from decreasing light availability and an increasing litter layer thickness after
management abandonment.

A competitive inferiority of Douglas fir compared to native tree species was also
confirmed by Frei et al. [21] for a study in Switzerland for which 39 sites with Douglas fir
planted mostly in mixture with native tree species were investigated for the occurrence
and abundance of Douglas fir and native tree species regeneration. Except for some dry,
nutrient-deficient sites with an open canopy where Douglas fir was able to dominate the
seedling layer (<130 cm heigh) and comprised up to 23% of saplings (≥130 cm), saplings of
Douglas fir were on all sites outnumbered by regeneration of beech, Norway spruce, silver
fir (Abies alba) or other broadleaved tree species. In the SFR GB-DF, Norway spruce turned
out to be more shade-tolerant in terms of survival than Douglas fir as the cover value
of Norway spruce in the shrub layer significantly increased between surveys. Already
in 2005, Vor [98] recorded a higher percentage (26%) of dead Douglas fir trees in the
regeneration (dbh < 7 cm) compared to Norway spruce (4%). Douglas fir was, however,
characterized by a greater height growth. The reduction in Douglas fir in the shrub layer
between surveys confirms the finding that the light requirement of Douglas fir increases
with age [10]. Despite survival, the Norway spruce regeneration showed a low vitality
under the low light conditions and remained mainly below 2 m in height at time of the
second survey. Mortality of Douglas fir regeneration in the SFR EK-DF showed a similar
percentage as observed in GB-DF (27%) in 2005 but was much lower compared to Norway
spruce (76%, [98]). Here, the faster growth rate of Douglas fir under a more open canopy
seems to have outcompeted Norway spruce. However, subsequent self-thinning within
the dense regeneration led to a decrease in Douglas fir in the shrub layer up to the second
survey (see above).

The impact of deer is also mentioned as a limiting factor for the successful establish-
ment of Douglas fir regeneration [10], as the tree species is often affected by browsing
on spring-flush growth, by fraying from roe bucks (Capreolus capreolus) and by bark strip-
ping [99]. Frei et al. [21] found browsing intensity on Douglas fir to be lower compared
to ash, maple, oak or silver fir, but higher compared to beech and Norway spruce. While
Douglas fir made up 10% of the number of seedlings recorded by Frei et al. [21], the
species only comprised 3% of the number of saplings. A similar pattern was found for
the browsing sensitive silver fir (dropping from 17 to 10%), while beech and Norway
spruce showed the opposite (beech: from 29 to a 48% share, spruce: from 6 to 9%). This
supports an impact of deer on the regeneration establishment of Douglas fir. According to
Spellmann et al. [10], deer browsing and bark fraying or stripping can cause a complete loss
of Douglas fir natural regeneration. However, as the core areas of the SFRs investigated here
were fenced, our results indicate that deer seems not to be a major factor explaining failing
Douglas fir regeneration. Rather light availability, litter layer thickness and the successional
position of Douglas fir in relation to other tree species are likely causes. Outside fenced
areas, though, the impact of deer seems to further decrease the competitive strength of
Douglas fir compared to native tree species [21]. Outside the fenced areas of the SFRs,
few individuals of Douglas fir (>0.5 m) were detected, most were affected by browsing
(personal observation).
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While most tree species decreased in abundance in the herb layer in the Douglas fir
SFRs, sessile oak and small-leaved lime increased in the herb layer in the SFR AB-NAT.
The increasing frequency of masting years observed in recent years is one reason for the
increased abundance of seedlings [100]. The increasing frequency of both tree species in
the regeneration is also responsible for an increasing temperature value in the SFR AB-NAT
(T-values of 5 to 6). Further monitoring in this and in other SFRs will show if climate
change with increasing temperatures and changes in the precipitation regime will promote
a further growth of oak and lime at the expense of beech.

5. Conclusions

We observed similar vegetation dynamics in Douglas fir-dominated forests and forests
dominated by native tree species after management abandonment irrespective of the
tree species identity and origin, as diminished soil disturbance and a decreasing light
availability were more important. The understory vegetation became less species-rich and
more shade-tolerant over time.

Tree species identity, however, affected species compositional changes across survey
periods and had an effect on understory homogenization. While a Douglas fir canopy
promoted the relative share of generalist species, a native canopy promoted typical species
of the class Querco-Fagetea. In addition, the expansion of beech led to a homogenization of
the understory mainly due to species losses, while a canopy dominated by Douglas fir led
to a differentiation mainly due to the colonization of bryophytes. This suggests that certain
tree species characteristics, such as the shade-casting ability of beech and its dense leaf
litter vs. a well decomposable needle litter of Douglas fir, shape the understory vegetation
characteristics irrespective of forest management. However, all strict forest reserves (SFR)
showed an increasing share of typical closed forest species.

Dynamics of the tree species Douglas fir in the unmanaged SFRs reflect its successional
position in the native range. As a pioneer species, it does not show a successful regeneration
in mature stands of the native range and similarly, regeneration also decreased between
observation periods in the investigated SFRs. This supports the finding that a successful
regeneration of Douglas fir requires silvicultural management or severe disturbances [43]
and that the competitive strength against native, particularly shade-tolerant tree species,
is low. However, in the native range, Douglas fir can build self-perpetuating forests at
very dry sites, where shade-tolerant species such as hemlock fail [81]. This underlines the
invasive potential of Douglas fir at dry sites in Europe [18,19,21] and stresses the need for
further monitoring of Douglas fir stands under changing abiotic conditions also without
forest management. Under current site conditions though, our study shows that, even in
pure stands, the regeneration potential of Douglas fir seems to be low when left for natural
forest development. As the seed production of the old Douglas fir trees may not have
reached its maximum yet [101], uncertainties concerning its future regeneration potential
remain. Regarding the long lifespan of Douglas fir in the native range [96], it can be
expected that Douglas fir will be dominant in the upper canopy of the SFR in the future
with native, shade-tolerant tree species colonizing below and shaping the environment for
the understory. Regular monitoring in the SFRs with and without Douglas fir will provide
important knowledge on this assumption in the future and on the competitive strength of
Douglas fir under changing abiotic conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14100795/s1, Table S1. Frequency of occurrence (F) in % and
mean cover values and standard error in % (mCV±SE) for all species surveyed on the 400 m2

subplots in the core areas of the three strict forest reserves Grünberg, Eselskopf and Adelsberg for
two observation times; Figure S1. Impressions from the core areas of the strict forest reserves (SFRs)
dominated by Douglas fir.
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Abstract: Ophiostoma novo-ulmi continues to be one of the most dangerous invasive fungi, destroying
many autochthonous elm forests and cultures throughout the world. Searching for natural genotypes
tolerant to Dutch elm disease (DED) is one of the main objectives of silviculturists all over the northern
hemisphere in order to save the susceptible elms and to restore their ecosystem biodiversity. In this
regard, the first trial was established between 1991 and 1994, in south-west Romania (Pădurea Verde,
Timis, oara), using three elm species (Ulmus minor, U. glabra, and U. laevis) with 38 provenances. A
local strain of Ophiostoma novo-ulmi was used to artificially inoculate all elm variants and the DED
evolution was observed. Furthermore, in 2018–2021 the trial was inventoried to understand the local
genotype reaction to DED in the local environmental conditions after almost 30 years. The outcomes
of the present study proved the continuous presence of the infections in the comparative culture
and its proximity, but the identified pathogen had a new hybrid form (found for the first time in
Romania) between O. novo-ulmi ssp. americana x O. novo-ulmi ssp. novo-ulmi. Wych elm (U. glabra)
was extremely sensitive to DED: only 12 trees (out of 69 found in 2018) survived in 2021, and only
one tree could be selected according to the adopted health criteria (resistance and vigour). The field
elm (U. minor) was sensitive to the pathogen, but there were still individuals that showed good health
status and growth. In contrast, the European white elm (U. laevis) proved constant tolerance to DED:
only 15% had been found dead or presented severe symptoms of dieback. Overall, the results of
this study report the diverse reactions of the Romanian regional elm genotypes to DED over the last
three decades, providing promising perspectives for improving the presence of elms in the forest
ecosystems of the Carpathian basin.

Keywords: Ophiostoma novo-ulmi; subspecies; Ulmus minor; U. glabra; U. laevis; provenances; tolerance
to DED; climate

1. Introduction

Several major risks are threatening the forest ecosystems, of which climate change [1–4]
and invasive biotic agents (pathogens, insects, etc.) [5–10] produce the most severe per-
turbation. For example, the bark beetle insect-wood pathogen relationship is involved
in many vascular diseases which can create large outbreaks that are difficult to manage,
especially if they are accompanied by climate extremes [11–14].
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One of the most lethal forest diseases of the last century is the Dutch elm disease (DED),
produced firstly by Ophiostoma ulmi (Buisman), Melinand Nannf. (1934), and subsequently
by O. novo-ulmi Brasier (1991). The pathogens have diversified in time and space and O.
ulmi and O. novo-ulmi are able to hybridise [15]. O. novo-ulmi has two subspecies: ssp.
americana (SSAM), originally spread in North America (more recently, throughout Europe
and beyond), and ssp. novo-ulmi (SSNU), originally extending in Europe (now identified
in different continents) [16]. Within SSAM, two distinct genetic lineages occur [17,18] and
the two subspecies hybridise when they come into contact [19]. Additionally, Ophiostoma
himal-ulmi occurs in Asia [20].

The two pandemics of DED had a large impact both in North America and Europe,
destroying large quantities of high-quality wood and severely diminishing elm’s role in
forest ecosystems [21,22].

In Romania, elm dieback was recorded in the beginning of the last century [23] and
SSNU in the 1940s [24]. O. ulmi gradually infected the elm forests, but the most significant
elm dieback was recorded in the 1960–1970s, following the mass infections of SSNU. Step
by step, autochthonous elms have significantly disappeared from the forest composition,
in terms of their economic and ecological role, being recorded mainly as elements of
biodiversity (young trees) in all plains, hills, and mountainous regions [25–27]. Elm forest
recoveries have been observed [28], but the infections reoccurred in forests when the new
natural regeneration became favourable to the DED vector Scolytus spp. and to Ophiostoma
ssp. [29–31]. Due to the high impact of DED, many national and international research
programs have been developed to better understand the host-disease relationship and to
breed disease-resistant elms [32–36].

The variable reaction of elms to O. novo-ulmi infections is influenced by a long series
of factors, e.g., species/individual genetic resistance/tolerance, the virulence of different
pathogen genotypes, environmental features (light, temperature, drought, etc.), elm mor-
phological wood characteristics, host chemical reaction, the bark and wood microbiome,
the momentary attractiveness for bark beetles, individual phenotypic plasticity, etc. [37–40].
The effect of these factors can vary with time, therefore long-term tests are needed to
understand the tolerance/resistance to DED of the European elm genotypes.

Destroyed elm habitats need to be restored using resistant plants and all the additional
knowledge of the host-pathogen-environment relationship [41,42]. However, information
on the long-term evolution of the native elm genotype is hardly available [36]. The high
level of naturalness in the forests of Romania [43] could be a good opportunity to select the
survived natural elm provenances/individual trees with potential resistance/tolerance to
DED [26,44].

The main objective of this study was to evaluate the tolerance of the elm species and
provenances to DED in the local conditions of south-west Romania. More specifically,
the present work aimed to: (a) assess the presence and development of O. novo-ulmi after
almost 30 years from the inoculation time and identify the fungal pathogen responsible for
DED both morphologically and molecularly; (b) perform an inventory of the existent trees,
checking their health status; and (c) select the most performant trees for each elm species
investigated (U. glabra, U. minor, and U. laevis)-based simultaneously on their health status
and growth vigour—to be used in further breeding programs for DED control.

2. Materials and Methods

2.1. Location and Experimental Trial Set up and Biological Material

The first (nursery) test, to identify elm genotype tolerance to DED, was established in
Pădurea Verde (Forest Research Station of Timis, oara), in the eastern part of the Pannonian
Field, between the Timis, and Bega River meadows, in south-western Romania starting at
the beginning of May 1991 [26]. Four elm species (Ulmus minor, U. glabra, U. laevis, and
U. pumila) from 38 provenances were sown in the above-described test. Subsequently, the
seedlings were inoculated repeatedly in the first three years (1992, 1993, and 1994) with a
local strain of O. novo-ulmi in accordance with the methodology proposed by Heybroek [26].
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A phenomenon of dieback was observed, which progressed over the years and affected the
majority of the seedlings and trees [26]. Using the healthy individuals that survived the
first inoculations, a second test, in the same location (containing 25 provenances for the
four elm species) was carried out in which the trees were planted more distantly (5 × 2 m)
in order to ensure proper development over a longer period of time. This allowed the long-
term assessment of the regional elm species/provenances for resistance/tolerance to DED,
as well as their development and behaviour under the influence of the local conditions.
Some of the dead trees were replaced with younger seedlings in the trial, but they are not
included in the present assessment.

In 2018–2021 the surviving 453 trees were inventoried as follows: 171 (299 with
substitutes) trees of U. minor, provenances (name/location)13 (Gurahont 1), 14 (Băneasa 1),
15 (Timis, oara 1), 29 (Timis, oara 2), and 30 (Băneasa 2); 69 (71) of U. glabra: 1 (Retezat CA1),
2 (Retezat CA2), 3 (Gurahont,), 4 (Văliug), 5 (Bozovici), 6 (Anina), 7 (Retezat Rotunda),
8 (Herculane); in the case of the provenances 9 (Sebis, ), 10 (Retezat Gura Zlata), and
28 (Săvârs, in), all trees died before 2018; 82 of U. laevis: 35 Timis, oara and 36 Pecica (Ceala)
and 1 tree of U. pumila: 37 Timis, oara (Figure 1).

Figure 1. Elm provenances tested in the Pădurea Verde trial, Timis, oara (based on CORINE Land Cover
2018 [45]).

2.2. Methods
2.2.1. Sampling

In order to identify the pathogen, both symptomatic and asymptomatic elm trees were
collected from the investigation site. Samples (10 twigs/species) were randomly collected
from different parts of the tree crown with or without visible symptoms, brought to the
laboratory, stored at 4 ◦C, and processed within 7 days.

2.2.2. Fungal Isolation

Ten twigs from each elm species were randomly collected from symptomatic and
asymptomatic investigated trees, cut into smaller pieces, and further processed for fungal
isolation as described by Mang et al. [46]. Briefly, the twigs were processed under laminar
flow sterile conditions where they were surface sterilised by soaking in 70% ethanol, then
in 1% NaOCl and sterile water, and finally dried on sterile paper. Surface sterilised twigs
were cut using a sterile scalpel into small pieces (0.5–1 cm) and placed on Petri (9 cm ø)
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dishes containing Potato Dextrose Agar (PDA) (Oxoid Ltd., Hants, UK) as media amended
with streptomycin sulphate (40 mg L−1, MerckKGaA, Darmstadt, Germany) and incubated
at 23 ◦C, in the dark, until the mycelial growth became visible. The obtained colonies
were subsequently transferred to PDA to obtain pure fungal cultures (PFCs) which were
maintained by subcultures on PDA.

2.2.3. Fungal Growth Rate and Colony Morphology

The fungal growth rate at 23 ◦C and colony morphology were determined according
to a modified protocol of Brasier, consisting of the use of PDA media instead of Malt Extract
Agar (MEA) [47]. All analyses were performed in triplicate for each isolate. To check the
growth rate of the fungus, 9 cm ø Petri plates containing PDA were centrally inoculated
with a small (2 mm ø) mycelial plug taken from the edge of a PFC and incubated at 23 ◦C
in darkness. After 2 and 7 days, the diameter of each culture was measured at the right
angles of the Petri dish. To examine colony morphology, the plates were exposed to diffuse
daylight for another 10 days and subsequently observed.

2.2.4. DNA Isolation, PCR, and Sequencing

Genomic DNAs (gDNAs) were extracted with the NucleoSpin Plant II (Macherey-
Nagel, Düren, Germany) genetic material purification kit from the freeze-dried mycelium of
PFCs (7–10 days old). For each isolate, 100 mg of mycelium was extracted using a protocol
described by Mang et al. [48]. Genomic DNA purity and concentration were checked using
a Nanodrop ND-1000 spectrophotometer (Thermo Scientific Inc., Willmington, DE, USA),
and the material was stored at −20 ◦C in 1.5 mL Eppendorf tubes until used. In order to
determine the fungal species, four different genes/regions {internal transcribed spacers
(ITS1 and ITS2) of ribosomal RNA (ITS), β-tubulin (tub-2), cerato-ulmin hydrophobin (cu),
and colony 1 (col1)} were amplified by PCR. The primers used for PCR amplifications were
chosen based on their utility in the identification of O. novo-ulmi already reported by other
authors: ITS5/ITS4 [49], Bt2a/Bt2b [50], CU1-Fwd/CU2-Rev [51], and Col1-F/Col1-R [19],
respectively (Table 1).

Table 1. Details of the primer pairs used for PCR in this study.

Locus *
Primer
Name

Primer Sequence Reference

ITS ITS5 5′-GGAAGTAAAAGTCGTAACAAGG-3′ [49]

ITS4 5′-TCCTCCGCTTATTGATATGC-3′

TUB-2 Bt2a 5′-GGTAACCAAATCGGTGCTGCTTTC-3′ [50]

Bt2b 5′-ACCCTCAGTGTAGTGACCCTTGGC-3′

Cu CU1-Fwd 5-GGGCAGCTTACCAGAGTGAAC-3′ [51]

CU2-Rev 5-GCGTTATGATGTAGCGGTGGC-3′

col1 Col1-F 5-GCAGTTGTTGACATGTA G-3′ [19]

Col1-R 5-TGCTTGACGTAGATCTCG-3′

* Loci: ITS (internal transcribed spacer regions and intervening 5.8S rRNA gene); TUB-2 (partial beta tubulin
gene); cu (cerato-ulmin hydrophobin); and col1 (colony 1).

PCR amplifications were performed as explained in Mentana et al. [52] for ITS, while
for TUB-2 were performed following a protocol described in Frissulo et al. [53]. For the
other two genes (cu and col1), the PCR reactions were performed with Phire Direct PCR
Master mix (Thermo Scientific Inc., USA), following the manufacturer’s instructions with
some modifications. The PCR mixtures were composed of 10 μL of 2X Phire Plant PCR
Buffer (including 1.5 mM MgCl2 and 20 μM of dNTPs); primers, 0.5 μM each; 0.4 μL
of Phire Hot Start II DNA polymerase enzyme; 5 μL of template DNA (20 ng/μL); and
double distilled water up to 20 μL. The PCR cycling protocols for the ITS and TUB-2genes
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are described in Mang et al. [46,48]. Instead, the PCR cycling conditions for the cu and
col1 genes consisted of initial denaturation at 98 ◦C for 5 min for 1 cycle; then 40 cycles
of denaturation at 98 ◦C for 5 s; annealing at 62 ◦C for 5 s; and extension at 72 ◦C for
20 s, followed by a final extension at 72 ◦C for 1 min for 1 cycle. All PCR products were
separated in 1.5% agarose gels in Tris-Acetic acid-EDTA (TAE) buffer and visualised under
UV after staining with SYBR Safe DNA Gel Stain (ThermoFisher Scientific™, Carlsbad, CA,
USA). A 100-bp GeneRuler Express DNA Ladder (Thermo Fisher Scientific™ Baltics UAB,
Vilnius, Lithuania) was used as a molecular weight marker. Direct sequencing, in both
directions, of all PCR products was performed by BMR Genomics (Padua, Italy), using a
3130xl automatic sequencer and the same primers as for the PCR. Annotations were based
on BLAST searches with a minimum of 99–100% identity over at least 80% of the length of
the nucleotide sequence, which are the commonly used thresholds for reliable sequence
annotation [54]. Nucleotide sequence primary identification was carried out using the
BLASTn search tool program [54,55] of the NCBI by comparing all sequences obtained in
this study with those already present in the database (accessed on 12 August 2022).

2.2.5. RFLP Analysis of Cu and Col1 Gene

To differentiate between the two subspecies (SSNU and SSNA) of O. novo-ulmi, the
PCR products of cerato-ulmin hydrophobin (cu) and colony 1(col1) gene were digested with
two restriction enzymes, Hph1 (Thermo Scientific Inc., USA) and BfaI (Thermo Scientific
Inc., USA), following the manufacturer instructions and a protocol described by Konrad
et al. [19]. Restriction Fragment Length Polymorphism (RFLP) reactions were performed in
a 30 μL volume and the digestion mixture consisted of 10 μL (~0.2 μg) of PCR product, 1 μL
of enzyme, 2 μL of 10x buffer, 17 μL of nuclease-free sterile water for digestion with the BfaI
(FspBI) enzyme and 10 μL (~0.2 μg) of PCR product, 10 U 1 μL of enzyme, 2 μL of 10x buffer
and 18 μL of nuclease-free sterile water for digestion with the Hph1 enzyme. Incubation
was done at 37 ◦C for 5 min for the BfaI (FspBI) enzyme and 1 h at the same temperature
in the case of digestion with the HphI enzyme. A total of 5 μL of the RFLP samples were
separated on 2% agarose gel pre-stained with SYBR Safe DNA stain (Thermo Scientific
Inc., USA) in 1x TAE buffer at 5 V/cm for 90 min alongside an O’Gene Ruler Express DNA
Ladder (Thermo Scientific Inc., USA) as DNA ladder. Images of the gel were visualised
on a UV transilluminator (EuroClone S.p.A, Milan, Italy) and data were registered in a
table. Based on the specific pattern obtained for each subspecies and, as Konrad et al. [19]
depicted, when the pattern was mixed between those of the above-mentioned subspecies,
the isolate was considered a subspecies hybrid.

2.2.6. Virulence Test

The virulence of all O. novo-ulmi isolates from this study was tested using the apple
assay described by Plourde and Bernier [56]. For this purpose, chemically untreated apples
of the cv. “Golden Delicious”, obtained from a local store, were first kept for 2–3 days
at room temperature (24–26 ◦C) and visually inspected daily to eliminate any damaged
fruits. Prior to the inoculation, they were washed with soap and the surface was disinfected
with 70% ethanol. A hole (10 mm deep) was created on each fruit using a sterilised metal
corkborer (ø 9 mm). The holes were then filled with PDA plugs bearing fungal mycelium,
placing the mycelium inwards. Apple fruits with holes filled only with PDA plugs served as
negative controls. The holes of all the inoculated fruits were covered with transparent tape
in order to prevent desiccation and contamination from the environment. After inoculation,
the apples were kept in the dark at room temperature. The diameters of the lesions were
measured on the apples at 14- and 28-days post-inoculation (dpi). The whole apple assay
was repeated three times with five replications per isolate.

2.2.7. Inventory

The experimental plot was inventoried, annually, from 2018 to 2021. The tree’s
health status was evaluated yearly based on crown defoliation [57], leaf wilting/browning,
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shoot/twig/stem/tree dieback, and tree vigour based on breast height diameter (measured
in 2019 and 2021).

2.2.8. Selection of Individual Trees

The most performant trees were selected based on the following simultaneous two
criteria:

(i) Health status (which reflects the tree tolerance to DED): only healthy trees showing
0–25% defoliation and without any symptoms of infections were selected;

(ii) Growth vigour: only trees with a larger diameter (D) in the three levels of selection,
I (first class of selection: D > Dm + 2 s), II (Dm + 2 s > D > Dm + s), and III (Dm + s > D > Dm),
were selected.

2.2.9. Statistical Analysis

For each of the three Ulmus species considered, the data on the diameter and the
defoliation (after the arcsine transformation) were independently analysed by linear mixed-
effects models (LMMs) fitted with REML (restricted maximum likelihood).

The p-values for the differences between treatments, sampling dates, and their interac-
tions were obtained through ANOVAs (Type II Wald chi-square tests) and the following
model was applied:

Y = μ + Provenance ∗ Year + Repetition {Provenance {Year}} + ε

where Y is the measured variable, Provenance (7 levels for U. glabra, 5 levels for U. minor,
and 2 levels for U. laevis), and Year (2 levels for diameter measures and 4 levels for
defoliation measures) are the main fixed factors, and the Repetition is the random ef-
fect consisting of the three experimental repetitions nested in the Provenance and Year.
This model accounts for the non-independence of the data (pseudo replication of mea-
sures) due to the different experimental repetitions (the random effect) that are part of the
present design.

To test for differences among the Ulmus species, LMMs were performed on the diam-
eter values and the defoliation, pooling the data of the three species and considering the
Provenance as the random factor. The following model was applied:

Y = μ + Specie ∗ Year + Provenance + ε

This model accounts for the variation in the data due to the Provenance.
For all the analyses described so far, the model distributions were also chosen as the

best fitting, based on AIC criteria [58], and the full models were presented. All statistical
analyses were performed in R version 4.1.2 “Bird Hippie” [59], with lme4 [60], lmerTest [61]
packages.

3. Results

3.1. Fungal Isolation from Different Elm Species

From all symptomatic elm twigs, twelve pure fungal cultures (PFCs) isolates, named
Oph_TM1 to Oph_TM12, were obtained and further investigated in this study (Table 2).

3.2. Colony Morphology and Fungal Growth Rate

The colony morphology and growth rate (ranging between 3.2–4.7 mm/day) showed
an aerial mycelium with a fibrous striate appearance and a petaloid pattern and presented
a strong diurnal zonation on PDA at 22 ◦C, for all isolates. Their morphological features
closely matched those of O. novo-ulmi [62,63] (Figure 2).
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Table 2. Fungal isolates of O. novo-ulmi obtained in this study from four Ulmus species located in the
experimental field of Pădurea Verde-Timisoara, Romania.

Genes/GenBank Accession Number

Isolate Name Host ITS TUB-2 Cu Col1

Oph_TM1 Ulmus glabra OP748295 OP817142 OP787366 OP794345

Oph_TM2 Ulmus glabra OP748296 OP817143 OP787367 OP794346

Oph_TM3 Ulmus glabra OP748297 OP817144 OP787368 OP794347

Oph_TM4 Ulmus glabra OP748298 OP817145 OP787369 OP794348

Oph_TM5 Ulmus minor OP748299 OP817146 OP787370 OP794349

Oph_TM6 Ulmus minor OP748300 OP817147 OP787371 OP794350

Oph_TM7 Ulmus minor OP748301 OP817148 OP787372 OP794351

Oph_TM8 Ulmus minor OP748302 OP817149 OP787373 OP794352

Oph_TM9 Ulmus minor OP748303 OP817150 OP787374 OP794353

Oph_TM10 Ulmus laevis OP748304 OP817151 OP787375 OP794354

Oph_TM11 Ulmus laevis OP748305 OP817152 OP787376 OP794355

Oph_TM12 Ulmus laevis OP748306 OP817153 OP787377 OP794356

 

Figure 2. Colony of O. novo-ulmi grown on PDA at 22 ◦C two weeks after inoculation: (a) Upper
surface of the colony; (b) reverse surface of the colony.

3.3. DNA Isolation, PCR, and Sequencing of Pure Fungal Cultures of O. novo-ulmi

High-quality total genomic DNA was obtained from all twelve PFCs of O. novo-ulmi
using the Macherey Nagel GmbH & Co. (Düren, Germany) extraction kit. The results of
the PCR reaction performed with the rDNA ITS5/ITS4 primers yielded, for all investigated
fungal isolates, a unique amplicon of ~700 base pairs which, after direct sequencing and
taxonomical annotation (based on >99% sequence similarity with other similar species from
the NCBI database), was identified as belonging to O. novo-ulmi (Acc. nos.: MK990095;
MK990096; KF854005; KF854006; KF854008, andKF854009). The PCR results performed
with primers Bt2a/Bt2b, of the β-tubulin gene, also successfully produced amplicons of the
expected size (~500 bp) for all isolates. The nucleotide sequences of the amplicons were
identified as O. novo-ulmi (Acc. nos.: MH283243; MH283246; EU977486; MH055739; and
MH055740) after their direct sequencing and sequence taxonomically annotations, using
the same parameters described above. Details about the fungal isolates obtained in the
present study are shown in Table 2.

Although the symptoms of DED are often seen in Romania, including in the south-
west part, the causal agent has not been recently or precisely identified at the subspecies
level; the only information to date is the mention of SSNU presence in the 1940s by Brasier
et al. (1993, 2010) [24,63]. CU1-Fwd and CU2-Rev primers amplified a unique product of
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934 base pairs (bp) while the PCR using oligonucleotides of the colony 1 gene (col1), Col1-F,
and Col1-R produced a single amplicon of 482 bp, which are both the expected sizes for O.
novo-ulmi isolates reported in previous studies by Konrad et al. [19] and Katanić et al. [64].
The amplicons described above were obtained for all isolates investigated in this study.
Results of the PCR for one representative isolate from this study is shown in Table 2 and
Figure 3.

Figure 3. Gel image showing the PCR results of O. novo-ulmi genomic DNA amplification with
primers CU1-Fwd and CU2-Rev for the cerato-ulmin gene (934 bp) and col1F and col1R for the colony
1 gene (482 bp). Lane 1 = O’ Gene Ruler DNA Ladder (ThermoFisher Scientific Inc., Waltham, MA,
USA); Lane 3 = amplicon obtained with the CU1-Fwd and CU2-Rev primers; Lane 6 = amplicon
obtained with the col1F and col1R primers pairs; Lane 7: Negative control (without DNA template).

3.4. PCR-RFLP Analysis of Cu and Col1 Gene

The PCR-RFLP results of all O. novo-ulmi isolates obtained in this study indicate the
presence of one single hybrid between O. novo-ulmi ssp. novo-ulmi x O. novo-ulmi ssp.
americana in the experimental field of Pădurea Verde-Timisoara, Romania which is reported
in Romania and at the investigated site for the first time in our study. After the digestion of
the PCR products of the cerato-ulmin gene with the HphI enzyme, an RFLP pattern typical
of the SSNU containing three specific bands (101 bp, 161 bp, and 632 bp) was observed.
The digestion of the colony 1 PCR products with the FspBI enzyme produced an RFLP
pattern typical of the SSNA, also displaying three specific bands (100 bp, 156 bp, and 236
bp) (Table 3). The PCR-RFLP results were confirmed by sequencing the cu and col1 genes
from all isolates obtained in the present study (Table 2).

3.5. Virulence Test

All O. novo-ulmi hybrids isolated from Ulmus species were investigated and inoculated
on cv. “Golden Delicious” apples, with induced lesions ranging between 29–32 mm (data
not shown) at 28 days post inoculation (dpi) and closely matching those reported in the
literature by Plourde and Bernier [56] (Figure 4). Outcomes of the virulence test on apples
demonstrated that all isolates of O. novo-ulmi investigated in this study showed similarly
high virulence.
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Table 3. Results of the PCR-RFLP analysis of the cu and col1 genes of O. novo-ulmi isolates obtained
from the experimental field of Pădurea Verde—Timisoara, Romania.

Isolate Name
Digestion
Enzyme

Size (bp) and Presence/Absence * of the Bands
after Digestion

100 101 156 161 236 632

Oph_TM1 HphI - + - + - +

Oph_TM2 HphI - + - + - +

Oph_TM3 HphI - + - + - +

Oph_TM4 HphI - + - + - +

Oph_TM5 HphI - + - + - +

Oph_TM6 HphI - + - + - +

Oph_TM7 HphI - + - + - +

Oph_TM8 HphI - + - + - +

Oph_TM9 HphI - + - + - +

Oph_TM10 HphI - + - + - +

Oph_TM11 HphI - + - + - +

Oph_TM12 HphI - + - + - +

Oph_TM1 FspBI + - + - + -

Oph_TM2 FspBI + - + - + -

Oph_TM3 FspBI + - + - + -

Oph_TM4 FspBI + - + - + -

Oph_TM5 FspBI + - + - + -

Oph_TM6 FspBI + - + - + -

Oph_TM7 FspBI + - + - + -

Oph_TM8 FspBI + - + - + -

Oph_TM9 FspBI + - + - + -

Oph_TM10 FspBI + - + - + -

Oph_TM11 FspBI + - + - + -

Oph_TM12 FspBI + - + - + -

* Note:(+) = band present; (-) = band absent.

 

Figure 4. Apple fruits of cv. “Golden Delicious” inoculated with the virulent hybrid of O. novo-ulmi
from Pădurea Verde-Timis, oara showed the typically golden-brown circular lesion surrounding the
inoculation point (left), whereas the control apples (right), inoculated with only sterile PDA plugs,
did not display any fungal growth.
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3.6. Health Status Recent Evolution
3.6.1. Ulmus minor

Observations performed in the final period of the study demonstrated that tree debili-
tation was a continuous process, occurring at a relatively constant rate, i.e., dead or dying
trees increased from 41.5% to 53.2% between 2018 and 2021 (Figure 5a).

(a) 

 

(b) 

 

Figure 5. (a) Recent defoliation evolution of Ulmus minor (all provenances); (b) Different types of
individual evolution of U. minor defoliation (tree numbers: 260, 221, 311, and 144).

All five provenances of field elm were affected, even though significant variation
among them was found (Table 4).

Table 4. Defoliation and diameter of Ulmus minor provenances.

Provenance No Def D

2018 2019 2020 2021 2019 2021

13 (Gurahont) 48 57.3 59.9 66.8 71.9 13.1 14.0
14 (Băneasa 1) 46 41.7 46.8 51.1 53.9 12.4 13.9
15 (Timis, oara 1) 13 38.1 42.3 45.0 47.7 12.0 13.5
29 (Timis, oara2) 37 58.9 59.3 63.1 62.4 12.2 13.5
30 (Băneasa 2) 27 54.1 61.1 62.8 64.8 14.1 15.4
Average 51.5 55.1 59.5 62.1 12.8 14.0

No: number of trees; Def: defoliation (%); D: diameter (cm); Average of all trees.

Individual evolutions varied a lot. Generally, we observed a relatively constant status
(defoliation) of a large number of trees, especially in the healthy/relatively healthy ones.
The relatively slow degradation of the elm trees was registered in many cases; the rapid
degradation and the relatively slow improvement of health status were rarely noticed
(Figure 5b).

The LMMs show that the diameter was not affected by the provenance, although
the probability value was close to being statistically significant (χ2 = 8.7, df = 4, p = 0.07),
but it is affected by the year (χ2 = 23.2, df = 1, p < 0.01). In contrast, the defoliation was
affected by the provenance (χ2 = 16.7, df = 4, p < 0.01) but not by the year (χ2 = 0.495, df = 3,
p = 0.17). The interaction “Provenance x Year” was not significant for the diameter or the
defoliation (χ2 = 0.54, df = 4, p = 0.97 and χ2 = 0.8, df = 12, p = 0.99, respectively).

3.6.2. Ulmus glabra

The U. glabra (wych elm or Scots elm) was extremely sensitive to DED in the local
conditions of the Pădurea Verde trial. All trees from five provenances were already dead
before 2018. In the following years, the dieback process was dramatic: only 12 trees of four
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provenances (Retezat CA1, Retezat CA2, Anina, and Gurahont,) survived, and only 8 of
them presented relatively good health conditions (Table 5 and Figure 6).

Table 5. Defoliation and diameter of Ulmus glabra provenances.

Provenance No Def D

2018 2019 2020 2021 2019 2021

1 (Retezat CA1) 15 60.3 68.0 70.0 74.0 9.3 9.7
2 (Retezat CA2) 15 60.7 66.3 74.3 77.7 7.9 8.5
3 (Gurahont,) 18 81.4 91.1 94.2 94.7 6.5 6.58
4 (Văliug) 5 96.0 96.0 100 100 8.5 8.5
5 (Bozovici) 5 75.0 86.0 96.0 100 5.6 5.6
6 (Anina) 7 85.7 85.7 86.4 86.4 7.7 8.0
7 (Retezat Rotunda) 1 100 100 100 100 15.2 15.2
8 (Herculane) 3 100 100 100 100 17.0 17.0
Average 74.4 80.7 84.9 86.7 8.2 8.5

No: number of trees; Def: defoliation (%); D: diameter (cm); Average of all trees.

(a) 

 

(b) 

 

Figure 6. (a) Recent defoliation evolution of Ulmus glabra (all provenances); (b) Different types of
individual evolution of U. glabra defoliation (tree numbers: 57, 2, and 15).

The LMMs shows that the #diameter# and the #defoliation# were affected by the
provenance (χ2 = 17.6, df = 6, p < 0.01 and χ2 = 26.1, df = 6, p < 0.001 respectively) but not
by the year (χ2 = 0.45, df = 1, p = 0.49 and χ2 = 4.9, df = 3, p = 0.17, respectively), nor by
the interaction “Provenance x Year” (χ2 = 0.9, df = 3, p = 0.99 and χ2 = 1.5, df = 18, p = 0.99,
respectively).

3.6.3. Ulmus laevis

Both provenances (Timis, oara and Pecica-Ceala) of European white elm proved to be
tolerant to O. novo-ulmi. Only 12 trees (out of 82) were dead or dying in 2021 (Table 6 and
Figure 7). The degradation of crown defoliation and dying process have been recorded in
the last two years, but this process does not change the big difference between U. laevis and
the other two elm species investigated in this study.
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Table 6. Defoliation and diameter evolution of Ulmus laevis provenances.

Provenience No Def D

2018 2019 2020 2021 2019 2021

35 (Timis, oara) 41 18.8 22.6 25.6 27.7 10.3 12.2
36 (Pecica-Ceala) 41 16.7 19.3 28.4 36.6 8.4 10.5
Average 17.7 20.9 27.0 32.1 9.2 11.2

No: number of trees; Def: defoliation (%); D: diameter (cm); Average of all trees.

Provenance 35

 

Provenance 36

 

Figure 7. Recent defoliation evolution of the provenances 35 and 36 of Ulmus laevis.

The LMMs show that the diameter was affected by the provenance (χ2 = 5.7, df = 1,
p < 0.05) and by the year (χ2 = 4.7, df = 1, p < 0.05) and the defoliation was affected by the
year (χ2 = 16.8, df = 3, p < 0.001), but not by the provenance (χ2 = 1.8, df = 1, p = 0.18). The
interaction “Provenance x Year” was not found to be significant for the diameter or the
defoliation (χ2 = 0.03, df = 1, p = 0.87 and χ2 = 3.6, df = 3, p = 0.3, respectively).

3.6.4. Differences among Elm Species

For the data on the diameter and defoliation, the LMMs show that the differences
among the three species were highly significant (χ2 = 26.1, df = 2, p < 0.001 and χ2 = 64.9,
df = 2, p < 0.001), as well as the differences between years (χ2 = 36, df = 3, p < 0.001 and
χ2 = 25.9, df = 3, p < 0.001). The interaction “Species x Year” was not found to be significant
for the diameter or the defoliation.

3.7. Selection of DED-Tolerant Plants

Even though the U. minor was sensitive to DED, several trees were both tolerant to
O. novo-ulmi (low crown defoliation and lack of infection symptoms) and had vigorous
growth. Out of the 171 U. minor trees investigated, only 5 trees could be included in the
first class of selection, 7 trees in the second class, and 14 trees in the third class (Figure 8).

In the case of U. glabra, very intense dieback was observed (78% of the investigated
trees were dead), therefore it was difficult to select among the remaining trees. Despite
this, three trees were selected, as they represent precious material for further breeding
operations (Figure 9).
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Figure 8. Selection of U. minor trees that are tolerant to O. novo-ulmi and the local environmental
conditions (forest field) {I-green dots: D > Dm + 2 s, II-blue dots: D > Dm + s, III-orange dots:
D > Dm, black dots: dead, brown dots: dying individuals, and red dots: not selected trees}.

 

Figure 9. Selection of U. glabra trees that are tolerant to O. novo-ulmi and the local environmental
conditions (forest field) {II-blue: D > Dm + s, III-orange: D > Dm, black dots: dead, and red dots: not
selected trees}.

U. laevis was found to be tolerant to DED under the local climate of the Pădurea Verde
trial. In fact, after 30 years of testing, the majority of trees presented good health condi-
tions, so the selection focused especially on the most vigorous individuals. In particular,
11 healthy trees of U. laevis could be included in the second class of selection and another
13 trees of the same species (just thicker than the species average) were included in the
third class of selection (Figure 10).
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Figure 10. Selection of the trees of U. laevis trees that are tolerant to O. novo-ulmi and the local
environmental conditions (forest field) {II-blue: D > Dm + s, III-orange: D > Dm, black dots: dead,
brown dots: dying individuals, and red dots: not selected trees}.

4. Discussion

The evolution of the two subspecies of O. novo-ulmi in Europe (ssp. americana, in-
troduced in western Europe and migrated eastward; ssp. novo-ulmi, spread from Roma-
nia/Moldova/Ukraine towards the west and east) was described by Brasier and Kirk [24].
After almost half a century of presence, O. novo-ulmi replaced the entire population of O.
ulmi by 1990 in the Carpathian basin [24,63]. Field inventory in the second pandemic of the
1950–1960s counted more than 0.9 million trees killed by DED in Romania and revealed U.
minor and U. × hollandica as the most sensitive to DED, followed by U. laevis. U. glabra was
relatively tolerant, while U. pumila was almost not affected by the disease [25].

In the Pădurea Verde trial, in the early 1990s, the inoculation was made with a local
strain of O. novo-ulmi, which most probably belonged to ssp. novo-ulmi, since that was
the only one widely present at that time between the Black Sea region and Central Eu-
rope [24,63]. The presence of O. novo-ulmi ssp. americana × O. novo-ulmi ssp. novo-ulmi in
Pădurea Verde reported in this study is the first identification of the hybrid in Romania. Its
occurrence was predicted by previous studies which reported that the two subspecies tend
to intensely hybridise when they meet, and thus, the hybrids can eventually replace the
subspecies [15,17,19,24,62,64–66].

All species/provenances tested in the “Pădurea Verde” trial were susceptible to O.
novo-ulmi. Those that appeared relatively healthy had developed various symptoms of
DED (wood necrosis, dead twigs, etc.), therefore we used the term “tolerance” to define
their reaction (susceptible to infections but without negative consequences) [41]. However,
we kept the term “resistance” when we cited the previous international results/opinions.

In the juvenile stage, U. glabra was relatively tolerant to DED, while U. minor was
very sensitive to SSNU in Pădurea Verde infections [26]. After three decades, the elms’
phytosanitary status very much changed. In fact, almost all U. glabra died, while U.
minor showed a high sensitivity to the O. novo-ulmi hybrid with some apparently healthy
individuals in the comparative trial. Only U. laevis showed constant significant tolerance to
O. novo-ulmi.

Previous studies showed variable DED resistance of the elm species/clones. In some
cases, U. glabra was found to be the most sensitive [34,65,67–69]. Other studies consider
this species to be less affected, probably due to the fact that the main vector Scolytus scolytus
(Fabricius) is less attracted to U. glabra [70–72] or the natural host microbiome reduces
the DED rate of transmission [73–75]. However, Scolytus multistriatus (Marsham), which
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attacks the younger trees/thinner axes, feeds equally on all European elm species, at least
if the beetles cannot preferentially choose between the elm hosts [76].

U. minor showed a higher susceptibility to the infections of both subspecies of O.
novo-ulmi, being considered the most harmed elm species by DED pandemics, but at the
same time, many field elm genotypes showed a promising tolerance to DED, which may be
useful for breeding programs and elm habitat reconstruction [34,36,41,64]. The selection of
moderately tolerant native phenotypes of U. minor proved to be useful for the breeding of
DED resistance and the reconstruction of elm habitats [77,78].

U. laevis showed high susceptibility to DED in some early trials [79], especially after
artificial inoculations [80], sometimes showing similar sensitivity to U. minor [34,65]. More
recently, however, it was generally (including in the present study) considered relatively
resistant/tolerant to DED, being less attractive for elm bark beetles, and having a stronger
activation of physiological defence mechanisms [70,80–84].

The local testing conditions of the present study were characteristic of the south-eastern
part of the Pannonian Basin, with a transition to the Mediterranean-continental temperate
climate (C.f.a.x./Koppen) (12.4 ◦C/717 mm), in an open field (90 m altitude), on Preluvo
soil [85]. The natural forest type was a mixture of oaks and various broadleaves including
natural U. minor and U. laevis (habitat 91YO Dacian oak-hornbeam forests). Furthermore, the
local conditions are favourable for U. minor and partially suitable for U. laevis and not so
much for U. glabra, which demands a colder and more humid climate.

The dynamic of the pathogen genotype (occurrence of ssp. americana, then substitution
with the hybrid form) may have influenced the elm genotype evolution in Pădurea Verde [41,62].

There are some hopes that, in time, O. novo-ulmi will become less virulent, being
gradually infected by mycoviruses, such as the chestnut blight [86]. Relationships among
host genotype, local climate, microbiome, and vectors/pathogens could also diminish the
disease virulence as it happened in ash dieback [87–89].

The hybridisation of sensitive European elms with Asian species produced resistant
cultivars, which are available for urban green areas but they are restricted for forest use,
due to new environmental politics [35,90]. None of the native European genotypes proved
to be fully resistant to DED [33,91]. Therefore, the only accepted method of ecosystem
restoration is to use the local partial resistant/tolerant genotypes [42,78,92].

Most cultivars have relatively constant resistance/sensitivity to DED, but some geno-
types have important plasticity in their response to DED, depending on environmental
factors, location, inoculation year, etc. [34,38]. Hence, the selected elm trees of the Pădurea
Verde trial may be used for local restoration initiatives, but at the same time, they need to
be further tested in several different locations in Romania, under new climate-changing
conditions, to evaluate their suitability [36,93–96].

5. Conclusions

After more than 100 years of presence, and two pandemics, DED continues to produce
intense dieback on elms all over Europe. Fortunately, elm species still survive in the forest
and urban areas, at least as young regenerations, due to their ability to resprout/produce
early fructification, their partial host tolerance, and the DED organism (vector and pathogen)
requirements.

The Romanian local natural elm provenances, inoculated with O. novo-ulmi, showed
some interesting behaviour in our long-term experimental trials. More specifically, a
relatively good tolerance was observed in the juvenile stage for all species and a very high
sensitivity was detected in U. glabra trees older than 10 years. In the case of U. minor,
good long-term tolerance for a few genotypes and generally high sensitivity was seen. In
addition, a very good tolerance of U. laevis was observed.

The initial inoculation was performed in 1992–1994, with a local strain of O. novo-ulmi
(thought to belong to ssp. novo-ulmi). However, the results from the present study showed
that the pathogen has changed (by natural spreading) in the last three decades and only
one hybrid between SSNA and SSNU was found in the trial.
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In the new context of environmental politics in Europe, the use of some local European
partial resistant/tolerant genotypes or those with high plasticity in response to DED could
play an important role in future elm species re-extension/ecological reconstruction or for
use in urban green areas, in close relation with the local environmental condition demands.
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nia of Braşov, Bras, ov, Romania, 1996.
27. Simionescu, A.; Mihalache, G. Forest Protection; Muşatinii: Suceava, Romania, 2000.
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Abstract: This study aimed to investigate the plant diversity, plant traits, and environmental variables
along the tropical urbanization gradient in Ipoh, Perak, Malaysia. The study areas comprised
12 sampling plots sized 1 km2 that represented different urbanization intensities. Urbanization
intensity was quantified as the percentage of the built-up area within a 1 km2 area. A total of 96
woody plant species belonging to 71 genera and 42 families were found in the study areas. In general,
species diversity, richness, and evenness declined significantly as urbanization intensity increased.
The number of native species reduced by 67.6% when urbanization intensity increased from wildland
to suburban while the non-native species remained stable along the urbanization gradient. Regarding
the plant traits, tree height decreased with increasing urbanization intensity, while no significant
result was found for specific leaf areas. All environmental factors were significantly associated with
urbanization where air temperature and light intensity showed a positive relationship with increasing
urbanization intensity while the opposite trend was found for air humidity. This study emphasizes
the importance of built-up areas as the predictor of native species in the tropics. The findings of this
study may help town planners and policymakers to create more sustainable urban development in
the future.

Keywords: built-up area; geographical information systems (GIS); native species; plant diversity;
urbanization gradient

1. Introduction

The rate of world urbanization is increasing, and by 2050 urbanization will account
for 65% of the global population [1]. While urbanization frequently improves social life
and living standards [2], it also has severe repercussions on humans and the natural
environment [3]. Rapid urbanization can result in changes in environmental conditions [4]
and degradation of the natural environment [5]. As a result of anthropogenic activities, there
are drastic shifts in land use types [6,7] and this may put ecosystem services in jeopardy [8].
Ecosystem services and ecological processes depend primarily on plants, so plants must
be adequately maintained and conserved [9]. Due to the importance of plants, it is also
advocated that plant vegetation components should be used as a more effective metric of
the ecological condition [10]. Such can be completed through vegetation monitoring which
relies heavily on the analysis of plant species composition and structure [9].

Many biological processes depend on plants, and people would benefit greatly from them.
For instance, plants may assist in lowering the temperature [11] controlling air pollution [12],
improving the mental health of city dwellers (e.g., through horticulture and nature
therapy) [13], encouraging social interactions (e.g., in community gardens) [14], and en-
couraging the preservation of biodiversity [15]. Given that people benefit from ecosystems,
these advantages are known as ecosystem services. Therefore, it is important to maintain
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the plants, especially in metropolitan regions. Therefore, even though urbanization is
continuously growing, we need to ensure that the ecological cycle is maintained.

Prior research on the impact of urbanization on plant diversity yielded inconsistent and
contradictory results. Even though urbanization is expected to impact plant diversity [16]
plant diversity patterns along an urbanization gradient vary greatly from study to study,
rendering that plant diversity investigations and their relationship with urbanization
gradient remained unclear [17]. For example, some studies discovered that plant diversity
increases in tandem with urbanization, e.g., [17–19] which could be attributable to the
unintended introduction of non-native plant species into urban areas [20]. Meanwhile,
other research revealed that plants tend to peak, particularly around intermediate levels
of urbanization, i.e., Godefroid and Koedam [21]; Ranta and Viljanen [22]; Zerbe [23].
This research validated the intermediate perturbation theory, suggesting that moderate
perturbation would enable more species to survive than high or low perturbation [24]. On
the contrary, other studies found that plant diversity increases with increasing distance
from the metropolitan area [25], and this could be related to the decline of habitable spaces
in urban areas, which generally leads to a decrease in plant diversity [26]. Because of
the severe environmental changes brought about by urbanization, various plant diversity
patterns emerge as urbanization increases.

Previous studies on plant diversity patterns along an urbanization gradient have
mainly been conducted in temperate regions, e.g., Belgium [21], Finland [22], Zerbe [23],
Kazakhstan [25], North America [26], Germany [27], Switzerland [28], subtropical region-
e.g., from China by Wang et al. [17], Tian et al. [29], Yang et al. [30], and only a few were
performed in the tropical region, e.g., Nigeria [10], India [19] and Malaysia [31]. Those in
Malaysia investigated plant diversity only in wildlands, such as studies by Suratman [32],
Onrizal et al. [33], and Ghollasimood et al. [34], while others were limited to green spaces in
city centers only, such as studies by Nabilla et al. [35], Kanniah [36], Kanniah & Ho [37], and
Rostam et al. [38]. Moreover, an earlier study in Malaysia by Rahmad & Akomolafe [31]
that compared plant diversity between different urbanization intensity categorized the
urbanization levels only based on visual observation and subjective perception, thus
causing difficulty to compare the findings. This lack of knowledge becomes a concern
because the tropical region does not only serve as habitats for a high number of plant
species, but some tropical countries, especially those in the Southeast Asia, are experiencing
urbanization at an accelerating rate [37]. Since previous studies showed mixed results on
how urbanization affects plant diversity, there is a need to confirm how plant communities
respond to urbanization in tropical cities.

Fundamentally, plant traits are correlated to plant strategies [38], which are responsible
for the adaptations of plants to the environmental changes [3,17]. Palma et al. [39] have
stated that plant traits determine whether the plant species will survive in the long run
especially in a harsh condition. Such harsh conditions could be induced by changes in
environmental conditions when natural landscapes undergo disturbance caused by urban
development. Eventually, this scenario will affect the abundance and diversity of plants
in the cities. In response to the ecosystem change, the functional traits of organisms that
stimulate their development and growth are essential in determining which species thrive
and cease to exist [40].

Hence, the aims of this study were (i) to explore plant diversity patterns along a tropical
urbanization gradient; (ii) to examine the relationship between urbanization intensity with
plant traits (tree height and specific leaf area (SLA)); and (iii) to investigate the variations
in environmental conditions (air temperature, air humidity, and light intensity) along the
urbanization gradient. To address these aims, data on plant diversity, plant traits, and
environmental variables were obtained from 12 sampling plots that sized 1 km2. These
plots represented different urbanization intensities according to the percentage of the built-
up area of the plots. Regression analyses were later performed, which involved the data
on plant diversity, plant traits, and environmental variables against the percentage of the
built-up area of each plot.
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2. Materials and Methods

2.1. Study Area

We conducted fieldwork in the Ipoh city council in the Perak State of Peninsular
Malaysia. Perak State was chosen because it is able to serve as a “regional state”, with
Ipoh serving as the core urban center [41]. Additionally, anthropogenic activities have
resulted in massive landscape modifications and abrupt changes in land use in Perak [42].
For example, Perak state has lost about 16 percent (189,423 ha) of its forest cover in the
last 29 years [42]. Moreover, Ipoh is known as a phytogeography ally unique area with
three elements, including limestone flora [43], the Perak sub-province that influences the
Sumatran flora [44], and the Seasonal Asiatic Intrusion that is enclave invasion by Burmese-
Thai floristic elements [43]. Thus, Ipoh is an ideal place to study the impacts of urbanization
on plant diversity.

This research was performed in four distinct urbanization settings, i.e., wildland, rural,
suburban, and urban areas in Ipoh City Council in the Perak state of Peninsular Malaysia
(101◦3′57.118747′′–101◦3′57.118747′′ E, 4◦28′26.148383′′–4◦28′26.148383′′ N, Figure 1). Ipoh
is located between the two major cities in Malaysia, which are Kuala Lumpur and Penang,
and thus serves as a significant hub for road transportation across west Malaysia. Most
economic ventures concentrate in Ipoh due to the large population and high volume of
road traffic [45]. The Ipoh city is bordered by limestone hills which can also be found
throughout the northeast, east, and southeast suburban areas. Ipoh has the typical climate
of a rainforest. The monthly relative humidity of the city shows slight differences while
the temperature varies between 20.7 ◦C to 30.6 ◦C throughout the year. With an average of
200 mm (7.9 in) of rain per month and 2427.9 mm (95.59 in) of rain annually, Ipoh experi-
ences high rainfall over the year. October is the most humid month for Ipoh city, with rain
falling at an average of 297.2 mm (11.70 in). In addition to that, the driest month is January,
with an average of 132.3 mm (5.21 in) of rainfall.

 

Figure 1. Study area in Ipoh, Perak in Peninsular Malaysia where 12 sampling plots represented an
urbanization gradient. W: wildland, R: rural, S: suburban, U: urban.
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2.2. Urbanization Intensity Quantification

The urbanization intensity of sampling sites was determined based on the percent-
age of the built-up area within a 1 km2 area. As built-up percentage can be quantified
in any urban environment, regardless of geographical, cultural, and historical variation,
the built-up percentage is an adequate proxy of urbanization intensity. The urbaniza-
tion intensity quantification was performed in ArcGIS version 10.8 software using the
Ipoh land use map issued by Malaysia’s Federal Department of Town and Country Plan-
ning. The map is composed of 12 distinct attributes of land use. These characteristics
were classified into two categories, which were the green areas and built-up areas. The
built-up areas consisted of seven features which were manufacturing, service and in-
frastructure, commercial, institutional, mixed construction, transport and mobility, and
residential or housing areas. On the other hand, forests, parks, recreation centers, unde-
veloped land, and farming areas made up the green areas. The water body was exempted
from all categories. To achieve unbiased sampling, tessellation of the map consisting of
1 km × 1 km grid squares was completed where these squares corresponded to the size
of the study plot. Then, the percentage of built-up area of each square was calculated.
Following the urbanization categorization using the built-up percentage of the 1 km2 plots
by [46], four categories of urbanization intensity were identified, which were the wildland
(0–2% built-up percentage), rural (5–20%), suburban (30–50%) and urban areas (>50%). The
study plots were selected randomly, and each category was replicated twice, which created
a total of 12 sampling plots.

2.3. Field Sampling

Twelve sampling plots sized 1 km2 were randomly established in Ipoh, Perak, to
represent an urbanization gradient (Figure 1). Previous study suggested that an area that
sized 500–1000 m2 with a minimum aspect ratio of 1:20 of a rectangular plot is sufficient
for studies on tropical plant diversity [47]. To increase coverage of area sampled within a
plot, this study used 40 subplots sized 1 m × 25 m that were randomly positioned within
the plot, which produced a total sampling area of 1000 m2 per plot. Any plants with a
diameter at breast height (DBH, 1.3 above the ground) of 5 cm and above in the subplot
were included as samples. The number of individuals per species was recorded and each
species was identified by a plant taxonomist from the Forest Research Institute Malaysia
(FRIM). We determined the nativity status of plant species based on the Royal Botanic
Garden database.

2.4. Plant Traits

Plant height and SLA (mm2 mg−1) represented the functional traits of the plant
species. The maximum value of tree height and SLA were quantified using a standard-
ized method [48]. To calculate SLA, one healthy leaf was collected from each of the
five mature individuals [49]. The leaf samples should be relatively young (presumably
more photosynthetically active) and carefully selected from fully expanded and hardened
leaves of adult plants growing in light or directly proportional optimal conditions [48].
When feasible, leaves with visible signs of a disease or a thick cover of epiphyllous were
avoided. Following that, carefully selected leaves were wrapped in moist paper, placed
in sealed plastic bags to minimize water loss during transpiration, and kept in a cool box
before being transferred to the laboratory to measure leaf area [48]. The selected leaves
were digitally scanned, and the leaf area was estimated using the ImageJ software. The
leaves were then oven-dried for 72 h at 60 ◦C before being weighed [49], and the SLA was
calculated as area divided by dry mass.

2.5. Environmental Conditions

Air temperature, relative humidity, and light intensity were measured at the study sites
to represent the environmental variables. At the height of 1.3 m above the ground [50], the
readings were taken at noon [51] on the day with no clouds visible and clear skylight [52].
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The 1 km2 plot was divided into five equal sections, each with a measurement station spaced
200 m apart. The environmental variables were measured three times at each location.

2.6. Plant Species Richness, Diversity and Evenness along the Urbanization Gradient

Three indices were used to define the plant species diversity in each plot: the Shannon–
Wiener species diversity index (H′), plant species richness, evenness index.

2.6.1. Species Richness

The species richness of plant was determined by Margalef’s index of richness, Dmg [53].
Given as:

Dmg =
(S − 1)

ln N
(1)

where S = number of species in total, and N = total number of individual species in
a sampling plot.

2.6.2. Species Diversity

Since species diversity is regularly used as an ecological indicator, various diversity
indices can be used to examine various features of group structure; nonetheless, the
Shannon–Weiner index is the most frequently used as a diversity indicator [54]. This study
measured species diversity between urbanization intensity using the Shannon–Weiner
index since it is widely used. This index takes both species abundance and species richness
into account.

Shannon–Weiner diversity index (H′) was calculated using the following equation [54].

H′ = −∑S
i=1 Pi ln Pi (2)

where H′ = the species diversity, and Pi = the proportion of species i relative to the total
number of species. The resulting product was summed across species and multiplied by −1.

2.6.3. Species Evenness

Species evenness index (J) was used to calculate how evenly the species were dis-
tributed within the study area [55]. Species evenness was calculated as:

J =
H′

H′ max
(3)

where J = Pielou’s evenness, H′ = Shannon diversity index, H′ max = In S (number of species).

2.7. Statistical Analysis

Linear regression was used to analyze the influence of urbanization intensity on plant
diversity, richness, and evenness using IBM SPSS Statistics version 24. To understand
how urbanization affects the number of native and non-native plant species along the
urbanization gradient, two separate analyses of linear regression were performed with the
percentage of built-up area and number of native and non-native species as the variables.
Since the regression analysis involving the native species obtained a significant result, a one-
way ANOVA was performed to compare the number of native species between different
urbanization settings (urban, suburban, rural, and wildland). Then, we performed Tukey
HSD test to determine which urbanization level significantly reduce the number of native
species. Regarding plant functional traits (tree height and SLA) and environmental factors
(air temperature, relative humidity, and light intensity), these variables were correlated
with the percentage of built-up area using Pearson’s correlation.

3. Results

Overall, in all 12 sampling plots which covered an area of 0.1 hectares, a total of
96 woody plant species families with a DBH of 5.0 cm or greater belonging to 71 genera,
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and 42 were found from the urban area, suburban, rural, and wildland (Table 1). Based
on the total number of families obtained from this study, it encompassed 16.94% of the
entire families of flora recorded by Turner [56] in Peninsular Malaysia while the 71 genera
represented 4.24% of the total of 1674 genera reported. The number of species found in
this study comprised 1.16% of the total 8290 species documented in Peninsular Malaysia.
However, it should be noted that Turner [56] had included all types of plant species in
the checklist, whereas the present study only collected the species with a DBH of 5 cm
or greater.

Table 1. Plant species and their abundance in urban, suburban, rural, and wildland areas in Ipoh,
Perak, Malaysia.

No. Family Plant Species
Abundance Nativity

StatusU S R W

1 Anacardiaceae Buchanania arborescens (Blume) Blume 31 N
2 Anacardiaceae Mangifera indica L. 55 62 71 102 A
3 Anacardiaceae Swintonia floribunda Griff. 26 N
4 Annonaceae Monocarpia marginalis (Scheff.) J. Sinclair 17 N
5 Annonaceae Polyalthia cauliflora Hook.f. & Thomson 35 N
6 Apocynaceae Alstonia angustiloba Miq. 7 N
7 Apocynaceae Alstonia spatulata Blume 76 N
8 Apocynaceae Plumeria alba L. 7 A
9 Araliaceae Arthrophyllum diversifolium Blume 47 N
10 Asteraceae Chromolaena odorata (L.) R. M. King & H. Rob. 17 A
11 Bignoniaceae Tabebuia rosea (Bertol.) DC. 10 21 A
12 Calophyllaceae Mesua ferrea L. 28 N
13 Cannabaceae Trema tomentosa (Roxb.) Hara 28 N
14 Caricaceae Carica papaya L. 11 12 A
15 Celastraceae Salacia maingayi M. A. Lawson 41 N
16 Combretaceae Terminalia mantaly H. Perrier 8 11 A
17 Dipterocarpaceae Dipterocarpus oblongifolius Blume 28 N
18 Dipterocarpaceae Shorea bracteolata Dyer 17 N
19 Dipterocarpaceae Shorea hopeifolia (F.Heim) Symington 39 N
20 Dipterocarpaceae Shorea multiflora (Burck) Symington 17 N
21 Euphorbiaceae Hura crepitans L. 22 27 A
22 Euphorbiaceae Hevea brasiliensis (Willd. ex A.Juss.) Müll.Arg. 58 98 A
23 Euphorbiaceae Macaranga denticulata (Blume) Müll.Arg. 6 N
24 Euphorbiaceae Macaranga tanarius (L.) Müll. Arg. 13 101 67 A
25 Euphorbiaceae Mallotus muticus (Müll. Arg.) Airy Shaw 13 28 N
26 Euphorbiaceae Microdesmis caseariifolia Planch. ex Hook. 29 N
27 Fabaceae Adenanthera pavonina L. 33 14 N
28 Fabaceae Acacia auriculiformis A. Cunn. ex Benth. 35 38 48 A
29 Fabaceae Acacia mangium Willd. 41 35 A
30 Fabaceae Aganope thyrsiflora (Benth.) Polhill 28 N
31 Fabaceae Bauhinia purpurea L. 18 A
32 Fabaceae Caesalpinia sappan L. 12 A
33 Fabaceae Millettia pinnata (L.) Panigrahi 33 N
34 Fabaceae Parkia speciosa Hassk. 10 N
35 Fabaceae Samanea saman (Jacq.) Merr. 15 A
36 Guttiferae Garcinia mangostana L. 24 33 N
37 Hypericaceae Cratoxylum formosum (Jack) Benth. & Hook.f. ex Dyer 27 N
38 Hypericaceae Cratoxylum maingayi Dyer 24 N
39 Ixonanthaceae Ixonanthes icosandra Jack 30 N
40 Ixonanthaceae Ixonanthes reticulata Jack 16 N
41 Lamiaceae Vitex pinnata L. 26 N
42 Lauraceae Beilschmiedia perakensis Gamble 47 N
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Table 1. Cont.

No. Family Plant Species
Abundance Nativity

StatusU S R W

43 Lauraceae Cinnamomum javanicum Blume 20 N
44 Lauraceae Cinnamomum iners Reinw. ex Blume 42 53 N
45 Lauraceae Cinnamomum verum J.Presl 31 A
46 Lecythidaceae Barringtonia racemosa (L.) Spreng. 29 N
47 Malvaceae Durio zibethinus Murray 13 70 43 N
48 Malvaceae Hibiscus rosa-sinensis L. 8 A
49 Malvaceae Microcos tomentosa Sm. 15 22 39 A
50 Melastomataceae Pternandra coerulescens Jack 37 N
51 Meliaceae Azadirachta indica A.Juss. 8 11 A
52 Meliaceae Sandoricum koetjape Merr. 23 N
53 Meliaceae Swietenia macrophylla G.King 40 A
54 Moraceae Artocarpus elasticus Reinw. ex Blume 12 N
55 Moraceae Artocarpus heterophyllus Lam. 5 19 27 A
56 Moraceae Artocarpus integer (Thunb.) Merr. 46 98 N
57 Moraceae Ficus aurata (Miq.) Miq. 35 47 N
58 Moraceae Ficus benjamina L. 6 22 N
59 Moraceae Ficus elastica Roxb. ex Hornem. 16 N
60 Moraceae Ficus hispida L.fil. 41 29 N
61 Moraceae Ficus magnoliifolia Blume 21 N
62 Moraceae Ficus racemosa L. 23 N
63 Moraceae Ficus religiosa L. 16 22 N
64 Moraceae Ficus sinuata Thunb. 28 N
65 Moraceae Streblus elongatus (Miq.) Corner 92 N
66 Moringaceae Moringa oleifera Lam. 9 A
67 Muntingiaceae Muntingia calabura L. 33 39 A
68 Myrtaceae Syzygium aqueum (Burm.fil.) Alston 7 32 N
69 Myrtaceae Syzygium grande (Wight) Walp. 31 39 N
70 Myrtaceae Syzygium myrtifolium Walp. 29 N
71 Myrtaceae Syzygium valdevenosum (Duthie) Merr. & Perry 25 N
72 Myrtaceae Syzygium zeylanicum (L.) DC. 25 N
73 Olacaceae Ochanostachys amentacea Mast. 61 N
74 Opiliaceae Champereia manillana (Blume) Merr. 24 N
75 Ochnaceae Ochna kirkii Oliv. 8 A
76 Oxalidaceae Sarcotheca griffithii (Planch. ex Hook.fil.) Hallier fil. 19 N
77 Passifloraceae Paropsia vareciformis (Griff.) Mast. 25 N
78 Pentaphylacaceae Eurya acuminata DC. 39 N
79 Phyllanthaceae Antidesma cuspidatum Müll.Arg. 22 N
80 Phyllanthaceae Aporosa penangensis (Ridl.) Airy Shaw 19 N
81 Phyllanthaceae Aporosa symplocoides (Hook.f.) Gage 20 N
82 Phyllanthaceae Baccaurea parviflora (Müll.Arg.) Müll.Arg. 34 N
83 Phyllanthaceae Commersonia bartramia (L.) Merr. 13 A
84 Polygalaceae Xanthophyllum affine Korth. ex Miq. 30 N
85 Rhamnaceae Ziziphus mauritiana Lam. 21 N
86 Rhizophoraceae Pellacalyx saccardianus Scort. 33 N
87 Rubiaceae Aidia densiflora (Wall.) Masam. 7 N
88 Rubiaceae Morinda citrifolia L. 15 22 25 N
89 Rubiaceae Morinda elliptica (Hook.f.) Ridl. 28 N
90 Rubiaceae Pertusadina eurhyncha (Miq.) Ridsdale 19 N
91 Sapindaceae Nephelium lappaceum L. 25 50 N
92 Sapindaceae Pometia pinnata J.R.Forst. & G.Forst. 29 A
93 Sapotaceae Mimusops elengi L. 35 N
94 Sapotaceae Palaquium gutta (Hook.) Baill. 60 N
95 Symplocaceae Symplocos cochinchinensis (Lour.) Moore 33 N
96 Ulmaceae Gironniera nervosa Planch. 38 N

Note: U = urban, S = suburban, R = rural and W = wildland; N = native species, A = non-native species.
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3.1. Relationship between Urbanization and Plant Diversity, Richness, and Evenness

Wildland had the greatest number of species, and the highest species richness, even-
ness, and diversity (d = 8.58, J′= 0.97, H′ = 4.11). Rural was the second highest in species
richness, evenness, and diversity (d = 3.68, J′ = 0.95, H′ = 3.10), followed by suburban
(d = 3.49, J′ = 0.93, H′ = 2.95) and urban (d = 2.41, J′ = 0.90, H′ = 2.38) (Table 2). This
study found that plant diversity (r = −0.781; p = 0.003), richness (r = −0.0842; p = 0.001),
and evenness (r = −0.901; p < 0.001) significantly decreased when urbanization intensity
increased (Figure 2).

Table 2. Diversity indices in urban, suburban, rural, and wildland areas in Ipoh, Perak, Malaysia. See
Table S1 for details on the native and non-native species.

Urban Suburban Rural Wildland

Number of species 19 28 36 79
Number of native species 6 15 22 68

Number of non-native species 13 13 14 11
Number of individuals 219 412 902 2472

Number of families 11 13 16 35
Shannon, H′ 2.38 2.95 3.10 4.11
Evenness, J 0.90 0.93 0.95 0.97

Margalef’s, Dmg 2.41 3.49 3.68 8.58

In addition, native species was the highest in the wildland while the non-native
species were dominant in the urban area. A regression analysis on the number of native
plant species against the built-up percentage yielded a significant negative relationship
(r = −0.730; p = 0.007) whereby the built-up percentage explained 53.3% of the variation
in the number of native species. To find out at what urbanization level the number of
native species significantly reduce, a one-way ANOVA analysis was performed. Overall
comparison between the number of native species in urban, suburban, rural, and wildland
found a significant difference (F (3,8) = 38.146, p < 0.001). Further analysis using the Tukey
HSD test indicated that the number of native species significantly reduced in the rural area
(M = 7.333, SD = 1.528) in comparison to the wildland (M = 22.667, SD = 4.509) (Table 3) by
67.6%. No further decline was found since the numbers of native species between rural,
suburban (M = 5.000, SD = 1.732), and urban (M = 2.000, SD = 1.000) areas were statistically
similar (Table 3).

Table 3. Multiple comparisons on the number of native species in urban, suburban, rural, and
wildland areas in Ipoh, Perak, Malaysia.

Urbanization Setting Mean Difference
(I-J)

Std. Error Sig.
I J

Wildland Rural 15.33333 2.10819 0.000 *
Suburban 17.66667 2.10819 0.000 *

Urban 20.66667 2.10819 0.000 *
Rural Suburban 2.33333 2.10819 0.696

Urban 5.33333 2.10819 0.129
Suburban Urban 3.00000 2.10819 0.521

* The mean difference is significant at the 0.05 level.

On the other hand, no significant relationship between the number of non-native
species and the built-up percentage was found (F (3,8) = 0.083, p = 0.967). The non-
native species which were found in great numbers in urban areas of Ipoh were Terminalia
mantaly, Mangifera indica, Caesalpinia sappan, Azadirachta indica, Moringa oleifera, Tabebuia
rosea, Samanea saman, Hura crepitans, Carica papaya, and Plumeria alba. Meanwhile, Morinda
citrifolia, Syzygium aqueum, Adenanthera pavonina, Aidia densiflora, and Morinda citrifolia were
the native species that successfully survived in the urban environment.
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(a) (b) 

  
(c) (d) 

Figure 2. Relationships between the percentage of built-up area and (a) plant diversity; (b) plant
richness; (c) plant evenness; and (d) plant native (species).

3.2. Relationship between Urbanization with Plant Traits and Environmental Conditions

Regarding plant trait, we found a significant relationship between the percentage of
built-up area and plant height (r = −0.656, p = 0.021; Figure 3a) but not SLA (r = 0.354,
p = 0.260; Figure 3b). All environmental conditions (temperature: r = 0.809, p = 0.001,
Figure 3c; air humidity: r = −0.859, p < 0.01, Figure 3d; and light intensity: r = 0.769,
p = 0.003, Figure 3e) were significantly correlated with the percentage of the built-up area.

299



Diversity 2022, 14, 1024

  
(a) (b) 
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(e) 

Figure 3. Relationship between percentage of built-up area and (a) plant height (m); (b) SLA;
(c) temperature (◦C); (d) air humidity (%); and (e) light intensity (Klux).
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4. Discussion

4.1. Effect of Urbanization on Plant Diversity

The study revealed the pattern of plant diversity as a function of the urbanization
gradient, and the findings showed that as urbanization increases, plant diversity decreases.
Most notably, the findings of this study contradict the prior reports on diversity gradient
in cities with rising plant species richness in urban areas and most of the studies are
coming from temperate regions such as China and Germany as Wang [17], Čeplová [18],
and McKinney [57]. The increase in plant diversity in urban areas could be attributed
to various factors. For instance, the urban landscape is highly heterogeneous, providing
diverse habitats for various plant species [58]. Urban areas typically include a variety of
land use and land cover types. Hence, these land attributes and their spatial compositions
are likely to promote plant diversity [59]. Following that, urban socioeconomic conditions,
cultural diversity, and land use management are all essential elements determining the
plant diversity pattern along the urbanization gradient [60]. Furthermore, the unintended
introduction of many non-native species into urban regions has been identified as one of
the most fundamental causes contributing to high plant variety in urban environments [61].
Hence, all these factors may work in tandem to establish plant diversity [62].

According to earlier research, cities appear to enhance plant diversity [19]. However,
this is not the case in Ipoh, Perak. From 1850 to 1930, the tin industry expanded and
resulted in the massive migration of Chinese workers to tin mining industrial towns in
Perak. Thus, Ipoh, Perak was recognized as one of the greatest cities in the country from
1911 to 1931 and was primarily involved with tin mining. Tin production was favorably
associated with urban population development; hence, as Malaysia develops, more people
will relocate to and dwell in places like Ipoh city [63]. In accordance with the mission of
becoming a developed country, these countries’ industrial, transportation infrastructure,
and major construction activities have resulted in massive land clearing. As a result of the
high population, the percentage of built-up areas in urban areas increased; hence, Perak
has experienced massive landscape changes and drastic changes in land use/cover due
to anthropogenic activities [41]. Meanwhile, Hosni et al. [64] stated that during the last
20 years, a significant quantity of forested land had been lost by 183.12 hectares, while
construction and development land has increased significantly by 157.12 hectares in Ipoh
Perak. A common outcome of urbanization is the substantial loss of plants, leading to
further negative impacts on the natural ecology [6].

Based on the regression analysis between plant diversity and the percentage of built-
up area, it appears to be negatively related, like what was found by Vakhlamova et al. [25],
Aronson et al. [61], and McKinney [65]. This demonstrates that as the percentage of built-up
area increases, plant diversity decreases in Ipoh, Perak. Similarly, the number of native
species was significantly lower in areas with higher urbanization intensity. This result
is aligned with the earlier findings by Aronson et al. [16], Blouin [20], Ranta [22], and
Vakhlamova [25] that also highlighted that native species were more prevalent in locations
with less development, such as rural area or wildland. Previous studies have demonstrated
that the intensively “constructed” landscape of urban cores has the poorest species diversity
along the urbanization gradient [65]. This could be caused by a significant reduction inhab-
itable land for plants in highly populated places, high coverage of impermeable surfaces in
urban areas, which diminish and fragment plant-able space, and the frequent stomping of
vegetated areas [25]. Moreover, changes in landscape patterns due to population growth
and urbanization significantly impact the dispersion of plant diversity [66]. Most crucially,
urban fragments reduce the remaining space for plant species [24]; thus, plant species
requiring much space have difficulty surviving [67]. Furthermore, habitat fragmentation
results in smaller patches, lowering habitat quality and cutting down the number of plants
in the patches, leading to loss of plant diversity [68].

Only 25 plant species are listed as non-native out of 96 plant species found in our study
areas, but these species were distributed evenly along the urbanization gradient. Human
introductions and plants’ ability to utilize new resources in urban settings could probably
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be the reasons for the occurrence of non-native species. The non-native species that thrived
in the rural, suburban, and urban areas of Ipoh were ornamental plants; hence, human
introduction plays a vital role in the establishment of these plant species in urban areas.
Those found in wildlands could also be the result of human activities because the three
wildland areas were recreation forests. Thus, the unintentional introduction by humans
such as through transportation may explain this finding.

Non-native species are considered an emerging risk of harm to biodiversity at spatial
and temporal scales [69]. However, it is unlikely that the decline of native species with
the increasing urbanization intensity was caused by the competition with the non-native
species since the number of non-native species was similar along the urbanization gradient.
Hence, this emphasizes the importance of built-up areas as the predictor of plant diversity
along the urbanization gradient.

4.2. Changes in Plant Functional Traits along Urbanization Gradient

Urbanization could act as a filter for plant species by altering the physical environment
since it may affect the plant structure and functional traits which will result in the alteration
of ecosystem services [3]; thus, an analysis of plant traits would be beneficial to understand
how plants respond towards urbanization. In different ecosystems, functional traits are
increasingly considered good indicators of the effect of biodiversity on natural ecosystems
and ecosystem services [70]. Furthermore, studying the relationship between plant traits at
community levels is also pivotal for connecting the processes that determine composition
and function [71].

Plant height was negatively correlated with urbanization intensity in this study, result-
ing in only shorter plants being discovered in urban areas, whereas taller plant species were
more common in the wildland. Temperatures are expected to be higher in cities compared
to non-urban areas as mentioned in past studies [72,73]. Referring to the previous studies
by Lüttge & Buckeridge [74], in these low-altitude urban plains, top overgrowth is getting
more apparent and height restrictions are in place. This is explained by water stress, which
is more intense at the tops of trees due to the influence of gravity. Therefore, the solution to
temperature-related water stress is a reduction in tree top heights from the ground. The
tops of trees at different heights have similar leaf water relations. They are controlled by
tree top height, under the stress of drought brought on by temperature.

Other than that, as temperature increases in urban areas, plant growth and develop-
ment will be adversely affected, resulting in smaller and shorter plants, slower reproductive
production, lower yield capability [75], and short-lived species [4]. However, several stud-
ies, such as those by Song et al. [3], Cochard et al. [49], and Williams et al. [76] are not
parallel with this finding. According to earlier studies, urbanization favors taller species in
response to urban pressure, which have a substantial competitive advantage, whereas short
species are more prone to extinction in urban environments [76]. The variations in these
results could be caused by other factors such as local landscape management. For instance,
plants in urban areas are normally pruned for ecstatic and safety purposes, therefore tall
trees as less common in this environment. In this study, we found that urbanization was
significantly positively associated with air temperature. Gong and Gao [77] showed that
temperature significantly influenced SLA, therefore we would predict that SLA would
relate to urbanization intensity. However, this prediction was not supported by our result as
SLA was not statistically associated with the percentage of built-up area. Even though this
study found a rise in temperature with the increasing urbanization intensity, it is possible
that the increase is rather moderate and not significant enough to have an impact on the
SLA. Moreover, analysis of SLA from various climatic regions indicated a significant impact
of temperature on SLA occurred in higher latitudes but less in the tropics [77]. Hence,
the use of SLA in studies related to urbanization and plant traits in the topics should be
carefully considered.

This study also found that SLA was not statistically associated with the percentage of
built-up area. In opposition to our finding, a past study by Song et al. [3] from China stated
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that SLA was statistically significant with urbanization gradient and that they claimed
urban areas had increased plant diversity, since the study area contain high nitrogen which
could be attributable to an increase in nitrogen affinity as urbanization increases [78].
Furthermore, earlier research has found significant links between SLA and nutrient ac-
cessibility such as nitrogen and phosphorus [79]. However, a study by Cochard et al. [49]
shows the same result as the present study and this was due to the uneven distribution of
soil nutrients such as nitrogen and phosphorus along the urbanization gradient. In this
study, Ipoh city appeared to be a limestone area [43]; thus, soils in Ipoh that originated from
limestone parent material are primarily rich in calcium and high in pH [80]. Additionally,
calcium and pH are two elements that significantly impact the vegetation pattern in the
limestone region [81]. Our findings suggest that the concentration of calcium and pH are
probably similar in all our study plots or that calcium and pH are not necessarily important
factors that influence SLA.

However, the scarcity of apparent plant trait trends in Malaysia should also be empha-
sized, and more in-depth investigations are essential to grasp better the relevance of these
traits in urbanization gradient contexts.

4.3. Environmental Impacts on Filtering Diversity Species

Environmental factors (air temperature, air humidity, and light intensity) were signif-
icantly associated with the percentage of built-up area in this study. In Ipoh, Perak, the
most built-up area had the highest temperature, the least moisture, and the greatest light
intensity. Conversely, the temperature in the wildland area was the lowest, with the highest
air humidity and the lowest light intensity.

Findings from previous studies also showed that temperature increases with increasing
urbanization intensity. For instance, Morris et al. [72] found that the temperature increased
towards the urban center of Klang Valley, Malaysia, where the highest temperature was
recorded in the commercial area. Similarly, a study by Saha et al. [73] which focused on
one tropical and two subtropical urban agglomerations in India also discovered that areas
with more built-up coverage had higher temperatures. Moreover, the projection of the
urban climate in the tropical city of Ho Chi Minh City, Vietnam in the 2050s revealed that
temperature will increase in both urban and rural areas, but the more urbanized areas
will experience an additional 0.5 ◦C increment than the rural areas [82]. Such changes in
environmental conditions can occur when vegetated areas are converted into impervious
surfaces, particularly in urbanized areas [83,84].

Climate change has an impact on plants’ growth [85]; hence, plants must deal with a va-
riety of stressful situations during their lives. Due to urbanization, only a few plant species
can survive in urban environments, which are known as alcalinophilous (light-loving
plants) [86], thermophilous (warm-loving plants) [76], and drought-tolerant species [4].
Warm-loving, drought-tolerant, and light-loving plants are only found in big cities or
otherwise; they will become extinct due to their inability to cope with harsh environmental
conditions [75].

The results of this study showed that when urbanization intensity increased, air
temperature also increased, while plant diversity reduced. Studies that investigated the
direct effects of urbanization-related temperature on plant species diversity are scarce
but a study by Lososová et al. [87] found a similar result that showed a reduction in
the species diversity of native and non-native plant species due to the warmer climate
of cities. The contradicting results of the non-native species between this study and
Lososová et al. [87] are likely to be caused by the considerable influence of humans in
introducing non-native species in Ipoh. Regarding the native species, a similar outcome
to this study was obtained although Lososová et al. [87] focused on plant diversity in
European cities. This suggests that climatic region is a less important factor in determining
the effects of urban-related climate conditions on plant diversity. The increased temperature
in either tropical or temperate cities induces stressful conditions for plants which eventually
limits their survival.
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On the contrary, a study by Zhang et al. [88] which involved 672 worldwide cities,
including 99 from tropical countries found that urbanization in the tropical region barely
affects plant growth due to temperature. The difference in this result compared to ours
could be because the climatic data of the tropical region in Zhang et al. [88] were taken from
three countries which were Malaysia, Brazil, and India while this study focused on local
climate in the study plot. In addition to that, the vegetation data in this study were collected
in the field but those in Zhang et al. [88] were the satellite-sensed data where there are
possibilities that some of the satellite images may be of low confidence due to conditions
such as snow and cloud. Therefore, the specificity of data (regional vs. local) should be
taken into account when analyzing results from different studies. In this study, one of
the plant species found in wildland, rural and urban areas is Morinda citrofolia which was
discovered to be capable of surviving extreme environmental circumstances and prolonged
periods of drought conditions [89]. Moreover, Morinda citrofolia can thrive in both acidic
and alkaline soils, conditions with climates that range from extremely dry to excessively
moist and shaded conditions (>80% shade) [90]. Morinda citrofolia also has a deep and
robust taproot and extensive root system, making it exceedingly difficult to eliminate once
established [91]. This could explain how Morinda citrofolia can adapt to urban, rural, and
wildland areas.

Referring to Table 1, Mangifera indica is the only species discovered in all levels of
urbanization in this study. A human has deliberately moved mango sp. for ages. At
the same time, Mango sp. is a drought-tolerant species that can resist the seasonal dry
season for up to 8 months. Its deep tap with sinker roots and long-lived and rigid leaves
with a thick cuticle nutrient uptake are all drought-tolerant properties of Mango sp. [92].
Mangifera indica plants can withstand a wide range of climatic conditions as they may
continue living in swampy areas as well as hot and humid climates [93]. Bally [92] also
mentioned that mango trees are found well in regions with a well-defined, generally cold
dry season with a high-temperature accumulation of full sunlight during the flowering and
fruit development phase.

According to Table 1, Caesalpinia sappan was only be found in the urban areas of
Ipoh; however, based on Hung et al. [94], Caesalpinia sappan is a species that requires high
intensities of light and known as drought tolerant. Therefore, more drought tolerance
species prefer with warmer and dry conditions [95] especially in urban areas. Many plant
species that cannot survive or adapt to harsh environments face greater extinction risk since
urbanization act as a filter of plant species. This could be mainly attributable to excessive
light with warmer temperatures affecting plant productivity, growth, and development [75].
However, according to the Royal Botanic Garden, Caesalpinia sappan is a non-native species
to peninsular Malaysia, and most non-native species are environmentally sustainable and
resistant to drought [25].

Plant species that could not sustain in urban areas can be found in rural and wildland
areas since rural and wildland have lower temperatures, with higher air humidity and
lower light intensity compared to urban areas. For instance, in this study, referring to
Table 1, Shorea sp. was found in rural and wildland areas. Since Shorea sp. grows at
different rates; seedlings are sensitive to light intensity and must be grown in the shade for
a while before being exposed to sunlight which makes it grow faster [96] and this would
make sense why Shorea sp. could not survive in urban areas and this type of forest species
is presumed to be adapted to shady conditions [4].

Based on the case of Morinda citrofolia, Mangifera indica, Caesalpinia sappan, and
Shorea sp., we implied that urbanization favors plants with a wide range of environmental
tolerance where it allows the plants to withstand the warmer, drier, and sunnier conditions
of the urban environment. Such characteristic is common in non-native species [21] and it
may explain their ability to survive in cities after being introduced by humans.
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5. Conclusions

Plant diversity is essential to ecosystem consistency and functionality. Acknowledging
the plant diversity pattern across urbanization gradient and the correlation between the
built-up area with plant diversity, plant nativity, plant traits, and environmental factors
are very important for urban planners towards new green infrastructure and how to
preserve plant diversity in urban areas. Our study found that rapid urbanization and the
high number of built-up areas in Ipoh, Perak reduced plant diversity and filters a few
species of plants by adjusting physical surroundings, resulting in species decreasing along
the urbanization gradient. The noticeable drastic changes in the environment caused by
urbanization imply a tendency to produce different types of patterns for plant diversity
as urbanization increases. In addition, non-native plants can be found at all levels of
urbanization intensity, thus highlighting the role of human in dispersing species.

As the temperature rises, the intensity of the light and humidity in the environment
decreases, creating stressful conditions for plant species. Only some plant species may
survive in harsh conditions. If this persists, plant diversity may continue to decrease
in a few years due to high urbanization without proper town planning or sustainable
urban management. We chose only a few plants functional traits and environmental
factors to investigate in the research, even though plant species may have other traits and
environmental factors that can affect ecosystem functions. Soil factors, for example, play a
significant role in plant distribution and diversity. More research on the mechanisms of
how environment affects plant traits is required to understand the relationship between
plant functional diversity and ecosystem processes while preserving urban development
in Malaysia.
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Abstract: This paper presents a study of the microbial abundance in post-bauxite-mining land soil
from Zece Hotare, Bihor county, Romania. The soil samples were collected from 12 soil variants, in the
year 2020, after 15 years of long-term restoration. Some chemical parameters and bacterial numbers of
six groups of microorganisms were determined in the restored mining land, and these characteristics
were compared with those of the soil from a beech forest situated in an adjacent area unaffected by
bauxite exploitation. On the basis of the total number of microorganisms belonging to each group
studied, the bacterial potential of the soil quality was assessed, calculating the bacterial soil quality
index (BSQI), while the Shannon diversity index and the Jaccard distance were applied to show the
level of bacterial diversity. The characteristics of the studied chemical and microbiological parameters
determined in the beech adjacent area were very similar to those observed in the high-level plateau,
low-level plateau, and Black locust areas, indicating similar soil conditions; therefore, the ecological
reconstruction 15 years ago, had a very favorable impact on restoration in some affected areas.

Keywords: ecological reconstruction; bacteria diversity; sustainable rehabilitation

1. Introduction

The main processes leading to soil degradation in former mining areas are as follows:

• Physical: structure destruction, compaction, crust formation, and heavy-metal pollu-
tion (Fe, Al, Mg, and Mn);

• Chemical: acidic vulnerability (levels 2–4) due to dissolution and large-scale circulation
of contaminated soil and underground waters;

• Biological: reduction in microorganisms, mesofauna, and macrofauna;
• Removal through intense erosion by surface and underground waters, landslides,

excavation, and covering with dumped sterile or waste material [1].

Mining activities lead to destructive changes in ground structure and biodiversity,
triggering considerable environmental problems [2,3]. Bauxite mining involves serious
threats to ecosystems. It causes alteration in species diversity, changes in soil composition,
habitat loss, and various social threats. Most of the mining occurs around eco-sensitive
areas due to climate change, nutrient imbalance, biodiversity loss, and interrupted ecosys-
tem services [4]. It has been found that mining presents a serious challenge for physical,
chemical, and biological restoration. Comprehensive knowledge of the ecology of the land-
scape structure and configuration, soil type, physical, chemical, and biological properties,
dispersal mode, and identification and quantification/inventory of plant communities is
critically important for planning restoration programs [5].

The soil degraded through social and economic activities is subjected to a complex
system of measures (technical/mining, hydro-amelioration, and soil management) that
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are meant to rehabilitate the degraded soil’s fertility and create a land shaft proper for
agriculture, forestry, and other socioeconomic activities [6–8].

The rehabilitation of post-mining land is required to repair damage to local environ-
ments. Various methods are employed to achieve this, such as landscape reclamation,
planting ground cover crops, utilization of fast-growing plants, and remediation of water
and soil contaminants [9,10]. The technology used for the recultivation of degraded soils
constitutes two stages: the technical/mining stage to manage the exploitation material, as
well as transportation and storage, and the measures needed in order to fight the negative
phenomena (soil acidity and soil erosion) of the primitive technogenic soils capable of
ensuring durable plant formation with self-tuning capabilities [11–14].

Ecological reconstruction of bauxite residue disposal areas is regarded as an effective
approach to eliminating potential environmental risks. Soil microorganisms are very sensi-
tive to environmental perturbation. Bauxite mining is a major threat to soil productivity by
inducing perturbations to the soil microbiota that drive nutrient cycles [15]. The study of the
abundance, diversity, and dynamics of some groups of bacteria involved in biogeochemical
circuits is particularly important in the context of the scientific need to include the biological
properties of soils in environmental impact assessment studies and soil quality monitoring
programs. Thus, microbial communities and the total number of microorganisms in the soil
can serve as a tool for assessing soil quality change. Some studies concluded that unmined
soils consisted of higher numbers of microorganisms than rehabilitated sites [15]. The reha-
bilitation of mines requires an understanding of both soil chemistry and microbiological
activity. Soil microorganisms play a key role in soil physicochemical properties, which
permits the re-establishment of soil quality after mining [16].

In the present study, we investigate some chemical and microbiological characteristics
of soils from a natural forest and post-mining sites, such as pH, humus content, mobile
P, mobile K, and numbers of aerobic heterotrophic bacteria, fungi, ammonifiers, nitrifiers
represented by nitrate bacteria and nitrite bacteria, and denitrifiers. The microorganism
abundance was also used to evaluate the biological potential of the soil quality. The
principal aim was to study how chemical and microbiological soil characteristics respond to
restoration (tree planting and fertilization) by comparing post-mining sites with a natural
forest site.

2. Materials and Methods

2.1. Study Site and Soil Sampling

This study took place in Bihor county, in Apuseni Mountains which belong to the
Western Carpathians. The research area covered 10 ha and was located in Pădurea Craiului
Mountains, in a restored bauxite mining land (Figure 1). The exploitation of bauxite ended
in 1998, while extensive development works were carried out in 2004–2005: leveling, wattle-
works on slopes, and planting of Black locust trees in the leveled area and Norway spruce
in the higher zones. The Craiului Forest Mountains represent the area between the Crişul
Repede River and the Crişul Negru River in the Apuseni Mountains. The Craiului Forest
resembles a relatively suspended plateau, mainly formed from Mesozoic limestones with
heights over 1000 m in some parts (1027 m in Hondringuşa) in the east; as we proceed
westward, the heights decrease to 400–500 m close to Vârciorog and Bucuroaia (525 in
Dealul Poiana and 442 m southwest of Vârciorog). These formations consist of Mesozoic
limestones associated with the metamorphic schists, Permian conglomerates, sandstone,
and rhyolites. Bauxite can be found in the Pădurea Craiului, Remeţi, and Pietrosul regions
of the Apuseni Mountains.

The bauxite resources are located in the area enclosed by the Crişul Repede River, the
Crişul Negru River, and the Roşia River. The bauxite exploitation was performed on the
surface and in underground mines. The annual rainfall average is 615.1 mm: 585.2 mm in
2005, 872.0 mm in 2006, and 585.2 mm in 2007. The multiannual average temperature is
10.2 ◦C [19].
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Figure 1. Location of the research area [17,18].

The vegetation of the Craiului Forest includes pasture, a forest of Picea abies, and a
forest of broad-leaved trees: Fagus sylvatica, Carpinus betulus, Acer pseudoplatanus, Ulmus
montana, Fraxinus excelsior, Prunus avium, Betula pendula, Sorbus aucuparia, Salix caprea, and
Juglans regia. Along the rivers, some specifical species can be encountered: Salix alba, Salix
purpurea, Salix triandra, Populus nigra, Alnus glutinosa, Carex sp., Juncus inflexus, and Iris
pseudacorus. There are different vegetative species associated with different areas of the
mountain [20–23].

The wattle-work on the hillside determined a better growth rhythm of Pinus sylvestris.
The following spontaneous species were installed in the post-bauxite-mining land: Tussilago
farfara, Cirsium arvense, Poa pratensis, Rubus caesius, Hypericum perforatum, Equisetum arvense,
Polygonum persicaria, and Juncus inflexus [24].

The soil samples were collected in March 2020 from 12 experimental sites. A soil
profile was placed in each experimental field. Sampling was conducted using the square
method (100 m2 surface in each area), and the depth of sample collection was 0–20 cm.
Chemical and microbiological parameters were determined on the soil samples taken in a
natural layout from all 12 profiles using cylinders of 100 cm3 each in five replicates.

The pH soil values were determined using the potentiometric method, whereas soil
organic matter was calculated using the method of wet oxidation and titrimetric dosing
(Walkey–Black method). The content of macroelements (mobile phosphorus and potas-
sium) was determined through extraction with ammonium acetate lactate and dosing
using a spectrophotometer.

2.2. Microbiological Analysis

The foreign materials (plant debris, calcareous concretions, and other impurities) were
removed, and the soil was passed through a sieve with a diameter of <2 mm. The analytical
sample (10 g) was extracted from the sifted soil by quartering (this method of tillage was
applied for each variant of soil separately, starting with 10 g of soil in each case).

In the studied area, six eco-physiological groups of microorganisms were determined:
aerobic heterotrophic bacteria, fungi, ammonifying bacteria, nitrifying bacteria, and denitrifiers.

The microbial abundance of the six groups of microorganisms was determined in
12 experimental fields with different characteristics in terms of fertilization factor, slope
influence, and natural vegetation installation:

1. Black locust without fertilization factor (N0P0) (BlF0);
2. Black locust with fertilization factor (N60P60) (BlF60);
3. Black locust with fertilization factor (N120P120) (BlF120);
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4. Slope (10%) without wattle-work and fertilization (N0P0), planted with Norway spruce
(Ns10%F0);

5. Slope (10%) without wattle-work, with fertilization factor (N60P60), planted with
Norway spruce (Ns10%F60);

6. Slope (10%) without wattle-work, with fertilization factor (N120P120), planted with
Norway spruce (Ns10%F120);

7. Slope (40%) without fertilization (N0P0), planted with Norway spruce (Ns40%F0);
8. Slope (40%) with fertilization factor (N60P60), planted with Norway spruce (Ns40%F60);
9. Slope (40%) with fertilization factor (N120P120), planted with Norway spruce (Ns40%F120);
10. High-level plateau planted with Black locust (hlpBl);
11. Low-level plateau planted with Black locust (llpBl);
12. Beech tree adjacent area (unaffected by the bauxite exploitation) (btaa).

For the microbiological determinations, six successive decimal dilutions (10−1–10−6)
of the soil samples (10 g) were conducted. The first dilution of the soil samples (10−1) was
homogenized using a magnetic stirrer at 110 rpm for 5 min.

The total number of aerobic heterotrophic bacteria was determined using the plate culture
method [25] (three repetitions) with a solid nutrient medium containing meat extract (incubation:
7 days at 30 ◦C). Yeasts and molds were grown on Sabouraud agar (incubation: 4–5 days at
25 ◦C). After the plate incubation period, a colony count was performed using a colony counter.
Total microflora was expressed as CFU (colony-forming units)/g soil (dry weight).

The “most likely number” (MPN) method was used to determine the total number of
ammonifying, nitrifying (nitrite bacteria and nitrate bacteria), and denitrifying microorgan-
isms. A liquid culture medium with peptone water was used. The culture medium used
for the determination of nitrite bacteria and nitrate bacteria contained Winogradski’s saline
solution, diluted at 1:20 [26]. Denitrifying bacteria were determined on “de Barjac” liquid
culture medium. For each decimal dilution of the soil samples, five test tubes were used. Each
test tube was inoculated with 1 mL of the respective dilution. After an incubation period of
3 weeks at 28 ◦C, the typical reaction product was analyzed in each test tube as follows:

• Cultures of ammonifying bacteria were analyzed using the Nessler reagent to high-
light the ammonia produced by these bacteria. To 1 mL of culture medium was
added 1 mL of Nessler reagent. The appearance of a yellow-orange coloration in the
inoculated medium indicated the formation of ammonia and, therefore, the presence
of ammonifiers;

• In the case of nitrite bacteria, the presence of nitrites was tested with diphenylamine sul-
furic reagent, and, in the case of nitrate bacteria, nitrates were detected in the presence
of urea in the sulfuric medium (the appearance of a blue coloration was observed);

• The cultures of the denitrifying bacteria were analyzed to highlight the nitrites pro-
duced by these bacteria following the reduction of nitrates, using diphenylamine
sulfur reagent.

The most probable number of ammonifying bacteria, nitritbacteria, nitrate bacteria,
and denitrifiers was determined using McCrady’s statistical table. The number of microor-
ganisms was determined by counting the number of tubes giving positive reactions (color
change) and comparing the pattern of positive results (the number of tubes showing growth
at each dilution) with standard statistical tables [26].

On the basis of the total number of microorganisms belonging to each group studied,
the bacterial potential of the soil quality was assessed, calculating the bacterial soil quality
index (BSQI) [27] according to the following formula:

BSQI = 1/n × ∑SQI = N, (1)

where BSQI is the bacterial index of soil quality, n is the number of bacterial groups, and N
is the number of bacteria belonging to each group studied.
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2.3. Shannon Diversity Index and Statistical Analysis

For analyses of the diversity of microbial groups identified in the 12 experimental
variants, we used the Shannon diversity index and the Jaccard distances, both computed
using the vegan package [28] in the R environment.

H′ = −∑S
i=1 pi ln pi, (2)

where H′ is the Shannon diversity index, pi is the relative abundance of species i, S is the
total number of species present, and ln is the natural logarithm [29].

The statistical analysis of the collected data, including Pearson correlation, ANOVA,
and Kruskal–Wallis test, was performed in the R environment [30].

3. Results

Chemical and Microbiological Analysis

The soil from btaa is a skeletic calcic luvosol, while that in the former bauxite quarry
(from the other 11 variants) is a leptosol (according to WRB).

The ANOVA test, which was performed among the 12 sites for the investigated
chemical and microbiological characteristics of soils (pH, humus content, mobile P, and
mobile K), revealed no significant differences between sites or between repetitions regarding
the chemical characteristics of soils.

The microbiological analysis was computed as a function of the microbial abundance.
In addition, the results for the microbial abundance were interpreted as a logarithmic expres-
sion of the number of microorganisms belonging to each microbial group studied (Table 1).

Table 1. Logarithmic expression of the number of microorganisms belonging to each microbial group
studied (log cells/g dry soil).

Experimental
Variants

Heterotrophic
Bacteria

Fungi
Ammonifying

Bacteria
Nitribacteria Nitratbacteria

Denitrifying
Bacteria

BlF0 7.09 6.57 2.56 3.44 2.96 2
BlF60 5.73 5.63 2.96 3.89 1.87 2.07

BlF120 7.25 6.30 2.30 2.38 1.56 2.74
Ns10%F0 5.23 6.47 2.74 - - 2.83

Ns10%F60 5.91 6.60 3.30 - - 2.65
Ns10%F120 5.82 6.16 3 - - 2.96

Ns40%F0 6.54 5.82 2.78 - - 2.30
Ns40%F60 6.50 6.75 2.86 - - 2.25
Ns40%F120 7.26 6.92 3.07 - - 2.91

hlpBl 7.27 6.44 3.30 5.11 1.60 3.04
llpBl 6.90 6.43 2.91 5.36 1.78 2.78
btaa 5.79 5.96 2.96 3.32 2.89 2.55

The Pearson correlation among the six groups of microorganisms showed that the
presence of some bacterial species was related to the presence of another species (Figure 2).
The strongest positive correlations (r = 0.77) were identified between ammonifying bacteria
and nitrite bacteria, indicating that an increase in the number of ammonifying bacteria
would also increase the number of nitrite bacteria.

The BISQ values shown in Figure 3 indicate a high presence of microorganisms in
hlpBl, llpBl, and BlF0, with the exception of soil samples collected from the following
experimental areas: Ns10%F120, Ns40%F0, and Ns10%F0, where the BISQ values indicate
a moderate abundance of microbial groups. The Kruskal–Wallis test revealed no significant
differences among the 12 experimental variants regarding BISQ values (p = 0.443), but with
a slight superiority of hlpBl and llpBl, which recorded a higher number of bacterial species.
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Figure 2. The Pearson correlation computed for the six microbial groups identified in the
12 experimental variants.

 

Figure 3. The hierarchy of the experimental variants according to the values of the bacterial indicator
of soil quality.

The 12 experimental sites were arranged into two groups as a function of the Shannon
diversity index, and the differences among sites were small and insignificant (Figure 4).
Higher values for this diversity index were recorded in the btaa, suggesting that this
site contained the highest number of bacterial species. The lowest value for this diver-
sity index was identified in Ns40%F60, which seemingly contained the lowest number
of bacterial species.
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Figure 4. Values of Shannon diversity computed for the 12 experimental variants.

The Jaccard similarity also grouped the 12 experimental sites into two groups (Figure 5).
Moreover, in the case of each group, some differences were identified. In the case of group
A, the experimental sites were arranged into two groups; the sites Ns10%F0, Ns10%F60, and
Ns10%F120 were seemingly homogeneous, as they were characterized by a 10% slope with-
out wattle-work, but differences were observed when considering the fertilization factor.

 

Figure 5. The Jaccard similarity computed for the results obtained by the Shannon diversity index.

Site Ns10%F0 belonged to one group, while sites Ns10%F60 and Ns10%F120 belonged
to another. Identical results were recorded in the case of sites Ns40%F0, Ns40%F60, and
Ns40%F120, which were similar in terms of slope (40%) but different in terms of fertilization
factor. Group B was arranged into three subgroups. In the first subgroup, btaa was similar
to BlF60 in terms of bacterial diversity. In the second subgroup, hlpBl and llpBl were also
similar in terms of bacteria diversity and slope (0%) but differed in terms of altitude. The
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third subgroup (BlF0 and BlF120) was similar with respect to the presence of Black locust,
which seemingly influenced the diversity of bacterial species.

4. Discussion

The luvisol from the research area is widespread in Romania, accounting for 23% of
the total forest soils [31]; it is well supplied with carbon [32–34], water [35,36], and nutritive
elements [37–39]. Increasing knowledge about the chemical and bacterial numbers of the
rehabilitated sites affected by long-term bauxite exploitation is crucial to assess the soil
quality. In this research, we specifically studied how chemical and microbiological soil char-
acteristics respond to restoration by comparing rehabilitated sites with an un-mined site.

Some authors found that restoration was associated with the recovery of the activity
and diversity of soil bacterial communities, reaching similar levels to those observed in
the conserved forest. Within a few years, restoration allowed recovering crucial physical,
chemical, and microbiological soil attributes, reaching levels comparable to those found in
conserved forests [40]. Some chemical parameters and bacterial numbers of six groups of
microorganisms were determined in the restored mining land. These characteristics were
compared with those of the soil from a beech forest situated in an adjacent area unaffected
by bauxite exploitation.

Microorganisms from soils affected by degradation processes [41–45] due to human
activities represent the form of life that adapts the fastest to new environmental condi-
tions [46]. In other studies on bauxite residue, the bacterial communities were observed
to be similar to those from normal soil only after the restoration process [47], as proven in
this study. On the other hand, some studies showed that a larger concentration of bauxite
residues affected only the activity of the microbial community and not its structure [14]. A
smaller number of bacterial species was statistically established in areas with a high slope
in this study, as also observed by other authors [48–52].

Vachova et al. [51] investigated the relationship between vegetation and selected soil
characteristics as part of landscape restoration. Microorganisms are most important in the
phytoremediation process of mining sites because they can contribute to the mobilization
or immobilization of metals and metalloids in soil, thus facilitating vegetation develop-
ment [53]. Our findings are in accordance because we observed that experimental sites with
a high abundance of microorganisms (BlF60, hlpBl, and llpBl) were quite similar to sites
unaffected by bauxite exploitation (btaa). Moreover, we found no significant differences
between the 12 sites or between repetitions regarding the chemical characteristics of soils.

Wu et al. [54] found that the establishment of microbial communities and associated
functions may improve the physical and chemical properties of soil, as well as stimulate its
formation in bauxite residue. The authors highlighted that the microbiota was significantly
developed after long-term natural restoration, as also observed in our research. The long-
term restoration created microbial community diversity in bauxite residue.

Bauxite mining activities have the potential to impact the environment, including
changes in soil fertility, low soil pH, reduced ability of the soil to hold water, inadequate
supply of nutrients for plants, erosion, and exposure to rocks containing sulfides, resulting
in the potential for acid mine drainage and disruption of the ecosystem. The authors
found significant differences in the chemical properties of soil according to the age of
reclamation [55]. The results obtained were not the same as the present study, where the
ANOVA test revealed no significant differences in the chemical properties of the soil across
the 12 sites, thus indicating their similarity to soil from the natural forest site (btaa).

5. Conclusions

The results of this study emphasize the importance of microorganisms as biological
indicators of changes taking place in reclaimed soils. Little is known about the microbial
abundance and chemical properties, as well as their role in the characterization process of
soil formation in bauxite residue.
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After 15 years of long-term restoration, we found that bacterial numbers were similar
to those in unexploited soil. In addition, the Pearson correlation among the six groups of
microorganisms showed relationships between the presence of some bacterial species.

As bacterial indicators of soil quality, we observed that a high presence of microor-
ganisms was recorded in hlpBl and llpBl, as well as in black locust areas (BlF0, BlF60, and
BlF120), indicating their high potential to sustain the life of the microorganisms. In the
remaining sites, a moderate presence of microorganisms was recorded, indicating a low
potential for microorganisms to adapt and live in these conditions.

The Shannon diversity index showed that experimental sites btaa, hlpBl, and llpBl, as
well as black locust areas (BlF0, BlF60, and BlF120), recorded a higher diversity than in the
other areas, thus sustaining that these experimental sites were able to support the life of
microorganisms and, hence, the growth of the tree species.

Another aspect that needs to be mentioned is that the studied chemical and microbio-
logical parameters determined in btaa were very similar to those observed on the plateau
(hlpBl and llpBl) and at experimental sites, BlF0, BlF60, and BlF120, indicating the similarity
of the soil conditions in these areas. Therefore, the ecological reconstruction 15 years ago
had a very favorable impact on restoring some affected areas.

The Jaccard similarity showed that the factors underlying the differences among the
12 experimental sites regarding the diversity index were the slope, fertilization factor, and
Black locust species installed in some areas, which had a positive influence on the land
rehabilitation affected by bauxite mining. Additionally, this analysis revealed that BlF60
was the site most similar to the natural experimental site (btaa), thus representing one of
the best-reclaimed sites regarding the level of bacterial diversity.

The results obtained in this study offer a biogeochemical perspective describing soil forma-
tion in bauxite residue. We found that soil conditions were similar across all 12 experimental sites,
enabling us to conclude that the ecological reconstruction 15 years ago had a very favorable
impact on the restoration of areas affected by long-term bauxite exploitation.
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Abstract: Climate change’s negative effects, such as rising global temperatures and the disruption
of global ecological ecosystems as a direct effect of rising carbon emissions in the atmosphere, are a
significant concern for human health, communities, and ecosystems. The condition and presence of
forest ecosystems, especially those in peri-urban areas, play an essential role in mitigating the negative
effects of climate change on society. They provide direct benefits to the residents of large cities and
their surrounding areas, and they must be managed sustainably to protect all their component
ecosystems. This research was carried out in the forests of Lunca Muresului Natural Park and Bazos
Arboretum, located in the Romanian sector of the Pannonian Plain, near urban agglomerations.
The results showed high variability in the stands. Using the height-to-diameter ratio indicator
concerning dbh and species, a strong Pearson correlation was registered (between 0.45 and 0.82).
These values indicate the high stability of these stands, providing positive human–nature interactions
such as recreational or outdoor activities (and a complementary yet indirect use value through
attractive landscape views). Protecting these ecosystems offers a so-called insurance policy for the
next generations from a climate change standpoint.

Keywords: climate change effects; peri-urban forest management; forest stability; urban expansion;
greenhouse gas emissions; forest resilience

1. Introduction

Nowadays, one of the most critical environmental concerns of society is the increasing
impact of greenhouse gas emissions, with the most essential being CO2, which subse-
quently influences the greenhouse effect in the atmosphere [1]. Many consider it climate
change [2–4] or global warming [5]. As Europe has been projected to be the third-largest
carbon emitter in the world [6] and forests act as carbon sinks [7], the paradigm is seen
to shift slowly but steadily toward a socio-climate focused on national and international
policies with increasing pressure on forests in many cases [8–11]. While climate change
has been seen to influence drastic changes in current policy frameworks, policy-makers
have also considered other factors, such as urban expansion, migration, and the increasing
need for sustainable resource provision and agriculture [12,13]. As migration and urban
expansion increase so does the need for more food and resources; thus, forests are faced
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with an old yet controversial problem of conversion to the agricultural land [14,15] more
commonly seen in plain areas.

Forests absorb and store CO2 through photosynthesis, reducing the amount of green-
house gases in the atmosphere and mitigating the effects of climate change. Forests also
store carbon in the form of wood, leaves, and other organic matter, helping to keep carbon
locked away for long periods. When forests are cut down or burned, the carbon stored in
the trees and other vegetation is released into the atmosphere, contributing to the buildup
of greenhouse gases. Thus, forests can also act as a source of greenhouse gas emissions
when disturbed through deforestation, forest fires, and other land use changes. Therefore,
it is essential to manage forests sustainably to maximize their ability to act as a sink for
greenhouse gases and minimize their contribution as a source. In this context, a possible
solution for the sustainable management of forest ecosystems and the fulfillment of global
policy guidelines resides in more effective management of forest areas [16–18]. Last but
not least, forest management must also consider preserving the beneficial effects of forest
ecosystems [19,20], such as clean water or recreation.

Forests with special protection functions, in some cases, predominantly social or water,
land, and soil protection, have an essential role in protecting forest ecosystems [21,22] while
also securing material resources and exercising the provision function of a forest ecosys-
tem [23,24]. According to the forest legislative framework in Romania, only conservation
cuttings are allowed in these areas. To a certain extent, without influencing the main pro-
tective role of the forest, these types of cuttings are defined by certain interventions, which
are applied in forest stands, that fulfill special protection functions and aim to allow the
establishment of a new tree group using low-intensity actions with a maximum of 10–15%
of standing volume per decade [25]. Since 1954, Romania’s area of forests with special
protection functions has increased from 12.7% of national forest land to approximately 66%
in 2021.

Natural resources suffer the most in the face of urban land expansion into the sur-
roundings mainly due to being often affected or displaced. Moreover, urban expansion is
believed to directly influence the transformation or loss of forest areas and their manage-
ment. While urbanization near forested areas increases, it affects the lives of most people
in the transition, as forests act as a home for social and ecological services that improve
human health and well-being [26]. At the same time, Henwood et al. [27] suggested that
management can evolve into ensuring extended benefits regarding trees, woods, and forests
which society might need at a personal level with deep implications toward communities
and the cultures in which they live.

Addressing the protection of stable forests, measurable adequate evidence-based
support is believed to enhance forest stability, which is similar to having a life insurance
policy providing certain security for future generations [28]. Forests can partially mitigate
natural hazards, such as erosion, floods, or rock falls [29]; out of these, river and coastal
floods are the most critical hazards in many floodplains and coastal stretches of Central and
Eastern Europe, with an expected annual damage (EAD) in Romania of USD 289 million up
to 2050 [4]. These natural hazards can be predicted by analyzing tree and stand stability, and
forest managers can take appropriate measures to mitigate or prevent such events [30–32].
Therefore, stand stability is a critical characteristic [33,34] regarding forest resilience. The
research in this area focused on a clear correlation and prediction of height-to-diameter
ratio (h/d ratio), in which species mixtures were also considered to provide insights into
the overall stability generated by human–forest interaction [35,36]. Recent research [35] has
shown that this relationship between diameter and height is an important factor in forest
research. Through this relationship, stand volumes and biomass can be estimated [37–39],
but it can also give information on tree and stand growth [40], as well as information on
stand productivity [41].

The aim of this study was to highlight the importance of peri-urban forests and their
role in society. The objectives of this research were (i) to analyze the stand structure of
several peri-urban forests located in the eastern sector of the Pannonian Plain in Romania;
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(ii) to highlight resilience through the stability of these forest ecosystems; and (iii) to
generally assess the urban land expansion in the region and its implications for current and
future generations.

2. Materials and Methods

This research was conducted in the Lunca Muresului Natural Park and the Bazos
Arboretum (Figure 1) located in the western part of Romania on the Western Plains, which
is the Romanian sector of the Pannonian Plain. The study area consists of forests located
in the peri-urban region, composed of common oak (Quercus robur sp.) with special
protection interest and scientific interest in conserving the gene pool and other ecosystems
characterized by natural elements with special value.

 
Figure 1. Research area location.

According to their geographical position, these forest stands are found in the area
of the continental climate, with sub-Mediterranean influence, where winters are milder,
shorter, and relatively cold, while the summers are humid and long. According to the
K ppen Climatic Classification, they are located in the Cfax climate type and described by
a mild, humid climate with rainfall all year, where temperatures in the hottest month of the
year (June) exceed 22 ◦C, and maximum rainfall is recorded at the end of spring with the
minimum rainfall falling at the end of winter.

The humidity index has an average value of 60–80%, with lower values recorded
during fall and winter, while higher values were reported in spring and summer. The
average temperature of the year ranged between 9 and 11 ◦C, with amplitudes rising
steadily to 22–23 ◦C. The average temperature in January exceeds −2 ◦C, while the average
in July reaches 20–21 ◦C; these temperatures are characteristic for the forest-steppe climate.

The forest stands in the areas studied are included in zones with special protection
functions in which only special conservation and sanitary cuttings are allowed to some
extent. The management of these types of forests is focused on the conservation of the living
and nonliving ecosystem components, which results, in general, to less human influence
over time.

In order to conduct this study, four sample plots of one hectare each (100 m × 100 m)
were installed and used to measure forest stands. The research plots were installed between
2014 and 2018 and are located in areas with no slope and at an altitude between 107 and
111 m above sea level. The dominate soil type is preluvosols, and over time, it has not
been affected by gelling processes following the drop in groundwater levels. We collected
information about the tree species, as well as the position and shape of the trees; biometric
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characteristics, such as diameter at breast height (dbh) of all the trees that exceed 2 cm;
and the total height and assessed wood quality class of the tree. In order to assess the
wood quality, 4 quality classes were taken into consideration (I, II, III, and IV) in relation to
the percentage of industrial wood from total height of the tree (I > 0.5%; II = 0.25–0.50%;
III = 0.1–0.25%; IV < 0.1%).

The total above ground tree volume was determined (including branches above five
centimeters) using Equation (1) [42–44]. Moreover, the total stand volume was determined
by adding the individual tree volumes:

log v = a0 + a1 log d +a2 log d2 + a3 log h + a4 log h2 (1)

where h represents the tree’s total height expressed in meters, d represents the dbh ex-
pressed in centimeters, v represents the volume of the tree expressed in cubic meters, and
a0, a1, a2, a3, and a4 are regression coefficients customized for each species from yield
tables [42,45].

To summarize the samples and analyses to be carried out, the main statistical param-
eters of stand characterization were determined using the R PASTECS package from R
software version 1.3.21 [46].

In order to evaluate the forest stand stability and adapt current forest management
to the concerns and needs of society, an analysis of the optimal structures of the stands
in the areas studied is required to establish the most appropriate theoretical functions to
describe these stands. This was undertaken using the theoretical functions Normal [47],
the 2-parameter Gamma [47], and Weibull [48] because they are characterized by high
flexibility and accuracy in describing the stands [49]. The goodness of fit was tested using
the chi-square criterion and the Kolmogorov–Smirnov [50] test.

The graphical analyses were performed using R Studio’s plot function [51].

3. Results

3.1. Descriptive Statistics

The statistical indicators reveal that in all four plots, there is a relatively large varia-
tion, evidenced by the values of standard deviation, variance, and coefficient of variation
(Table 1). In all four research plots, the number of trees (per hectare) varies from 203 (Bazos)
to 722 (Bezdin); most of them contain more than 607 trees, except for the Bazos research
plot where the stand is older (160 years old according to the management plan), larger in
size, and has fewer trees. The minimum diameter varies from 2.35 (Ceala plot) to 11.50 cm
(Bazos plot), the maximum diameter varies from 55.00 (Popin plot) to 108.00 cm (Bazos
plot), and the average diameter ranges from 18.20 (Ceala plot) to 47.07 cm (Bazos plot). The
standard deviation ranged from 11.49 (Popin plot) to 22.69 (Bazos plot), and the minimum
coefficient of variation was 55% (Popin plot), and the maximum was 98% (Bazos plot). The
variance values ranged from 132.08 (Popin plot) to 514.97 (Bazos plot).

Table 1. Descriptive statistics of diameters.

Research
Plot

Coordinates
Number of
Trees per
Hectare

Minimum
dbh
(cm)

Maximum
dbh
(cm)

Average
dbh
(cm)

Standard
Deviation of

dbh
(s)

Variance of
dbh
(s2)

Coefficient
of Variance

(s %)

Bazos 46◦08′07′′ N
21◦00′32′′ E 203 11.50 108.00 47.07 22.69 514.97 48

Bezdin 46◦09′39.2′′ N
21◦07′39.8′′ E 722 2.67 87.5 18.65 18.34 336.59 98

Ceala 46◦10′04.9′′ N
21◦16′33.1′′ E 664 2.35 68.25 18.20 15.52 240.93 85

Popin 45◦45′18.9′′ N
21◦25′47.3′′ E 607 4.00 55.00 20.87 11.49 132.08 55
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3.2. Fitting of Experimental Diameter Distribution

The experimental and theoretical diameter distributions of the four research surfaces
are graphically represented. From Figure 2, it can be seen that the four stands possess dif-
ferent structures, according to this analysis. Using theoretical functions with a high degree
of diversity, it was possible to capture as well as possible the shape of the experimental
distribution of the stands, while it could be seen that the structure of none of the stands
was described by the theoretical normal function, showing that the stands do not have the
characteristics of an even-aged stand.

Figure 2. Fitting of experimental dbh distribution.

Using goodness-of-fit tests, the results obtained indicate that following the application
of the chi-square criterion within the Bazos and Popin plots, there were no significant
differences between the experimental and theoretical values (Table 2). Applying the same
significance test for the Bezdin and Ceala plots, significant differences were recorded
only for the normal distribution. No significant differences were recorded for the other
distributions (Weibull and Gamma).
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Table 2. Results of applying statistical tests to the experimental distribution of diameters.

Research
Plot

Distribution

Testing the Null Hypothesis with the Test

Chi-Square Criterion Kolmogorov–Smirnov

Experimental
Value

Theoretical
Value

(α = 0.05)
Differences

Experimental
Value

Theoretical
Value

(α = 0.05)
Differences

Bazos
Normal 81.87

237.24
insignificant 0.16

0.09
significant

Weibull 56.52 insignificant 0.13 significant

Gamma 48.51 insignificant 0.11 significant

Bezdin
Normal 1200.83

785.62
significant 0.22

0.05
significant

Weibull 357.49 insignificant 0.12 significant

Gamma 350.50 insignificant 0.13 significant

Ceala
Normal 1606.92

724.01
significant 0.25

0.05
significant

Weibull 738.48 insignificant 0.18 significant

Gamma 689.18 insignificant 0.19 significant

Popin
Normal 127.75

662.28
insignificant 0.10

0.05
significant

Weibull 75.86 insignificant 0.08 significant

Gamma 91.87 insignificant 0.09 significant

Applying the Kolmogorov–Smirnov significance test to all the plots for standardized
data, significant differences between the theoretical and experimental values were recorded.
However, it could be observed that the differences between the experimental and theoretical
values were lower for the Weibull and Gamma functions, but it should be mentioned that
the Kolmogorov–Smirnov test is much more rigorous than the chi-square criterion.

3.3. Stand Stability Height-to-Diameter Ratio (h/d Ratio) in Relation to Diameter and Species

Our analysis revealed that the description of the curve between h/d ratio in relation
to diameter and species for the four survey areas shows a decreasing trend (Figure 3). In
conjunction with the value of the correlation coefficient with values between 0.45 (Bezdin)
and 0.82 (Bazos), it can be affirmed, with some certainty, that there is a high to very high
correlation between the mentioned characteristics for almost all stands. An exception is
the Bezdin plot, where ash (Fraxinus excelsior sp.) and elm (Ulmus minor sp.) trees (mixture
species) are more distributed in the lower diameter categories, and only oak trees are found
in the upper diameter categories, which are older, and as they were the first to settle in the
research area, they manage to overlap other species.

3.4. Stand Stability Height-to-Diameter Ratio (h/d Ratio) in Relation to Wood Quality

For all the research areas, the comparative analyses between the h/d ratio and wood
quality were performed (Figure 4) and showed a very close relationship between the two
stand characteristics, expressed by correlation coefficient values ranging between 0.975 and
0.977. In addition, the results revealed that for all research plots, a higher wood quality
was recorded for lower values of the h/d ratio. A small exception was observed in the
Ceala research plot, where the fourth (lower) quality class recorded slightly lower h/d ratio
values compared to the third (middle to lower) quality class, which is largely due to the
species in the stand composition, which has lower longevity (e.g., Populus sp.).
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Figure 3. Diameter distribution in relation to species and height-to-diameter ratio.

 

Figure 4. Relationship between h/d ratio and wood quality.
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It can also be added that the h/d ratio values recorded for wood quality class 1
(superior) ranged from 50 (Bazos plot) to 76 (Popin plot). For the fourth (lower) quality
class, the minimum value recorded for this indicator was 81 (Ceala plot), and the maximum
was 101 (Popin plot). The optimal values recorded for this characteristic of the researched
stands ranged from 70 (Bazos plot) up to 85 (Bezdin and Popin plots).

4. Discussion

The analysis of the main statistical indicators revealed high variability in diameters
in all four research plots. Hence, the values of the coefficient of variation of the diameters
were recorded to be 20–30% higher than the specific values for the even-aged stands [52]. At
the same time, the amplitude between minimum and maximum dbh indicates an uneven-
aged structure of these stands [53–55]. It should be added that uneven-aged stands are
generally known to confer a high degree of stability compared to even-aged stands [56],
thus providing protection against natural hazards [4] and increasing the resilience of
forests overall.

By fitting experimental distributions of diameters, a descending trend of diameters
was observed, with most of them found in the small diameter categories. This pattern
is characteristic of uneven-aged stands [57]. Further confirmation of the uneven-aged
structure is the fact that the experimental distribution of diameters differed significantly
from the theoretical Normal distribution, which is considered an indicator of the uneven-
aged structure [58].

As Weibull distribution is known to provide a more flexible diameter distribution
description [59], it has been possible to capture the characterization of the trees in the stands
in more detail. Despite the fact that the results showed differences in the null hypothesis
test using the Kolmogorov–Smirnov test, it should be pointed out that this test is more
demanding than the chi-square criterion [60]. At the same time, the differences between
the theoretical and experimental values recorded were not very large. However, the tree
diversity recorded is high, highlighting their importance, mostly because it is known that
urban and peri-urban forests with low tree diversity have a high risk of potential ecological
disturbances [61].

Even though the term stability has no generally accepted definition, authors such as
Grimm and Wissel [62] suggested that constancy, resilience, and persistence are the main
stability properties, whereas [63] stressed that the vital stability properties in protective
forests are resistance and elasticity and looked to assess the forests’ stability properties
through such forest responses to disturbances using silvicultural means.

A tree shape, expressed by the h/d ratio, is a good indicator of tree susceptibility
to windthrow and snowthrow [64,65] and has been successfully applied in the past for
this description [66]. As in other studies [67,68], a trunk shape in the surveyed plots was
influenced by silvicultural treatment.

Stand stability plays an important role in the evolution of forest ecosystems, and
each tree contributes to the stability of the whole stand. The elements that significantly
influence stand stability include component species, growth stage, density, structure, height-
to-diameter ratio (h/d ratio), wood quality, phytosanitary conditions, and the presence of
wounds caused by biotic factors [34,69]. Recent research has shown a close relationship
between two of these elements, especially the height-to-diameter ratio (h/d ratio) and
wood quality [67,70,71].

These elements are easy to obtain, especially the height-to-diameter ratio (h/d ratio),
and can also provide valuable information on stand stability [67,70] and, for managed
stands, indicate the appropriate application of silvicultural treatments [72].

However, perceiving stability as a general ecosystem function might raise some issues
regarding forest management due to its diverse implications. In addition to the stability they
offer, the peri-urban forests investigated offer direct use value (recreation) and indirect use
value (scenic views) [73]. Thus, stability becomes a factor of specific forest characteristics of
high importance to society, acting toward protection against various drivers of disturbances,
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such as changes in the structure and quality of the environment and issues related to biotic
factors [4].

The stability of trees and forests near urban areas comes as an informal request of
society to access the forest for different recreational reasons safely. In Eastern Europe, they
not only exercise their perceived rights but act as a consequence of changes in public access
to forests since the dawn of communism and the modern influences of the EU policies.
Romania, along with Croatia and Serbia, had no regulations during the 1990s regarding
public access to private forests, yet after the communist era and since 2008, private forest
owners in Romania gained the legal right to exclusion, prohibiting public access to private
forests, even on forest roads [74]. However, among the other rights of owners (access,
withdrawal, management, exclusion, and alienation), exclusion rights are the only real
freedom that the private owner has; this issue is stressed by Nichiforel et al. [75], suggesting
that private owners are becoming creative through rent-seeking activities which imply
innovation in the case of Romania and are indirectly producing “rights” for themselves.

Nevertheless, this study is located in a state-owned forested area under protection;
the public access is open to a certain extent and is restricted only under extreme conditions
(forest fires, floods, wind throws, etc.). Whilst private owners are seeking opportunities to
exercise and extend their rights, the state provides ecosystem services, such as recreational,
aesthetic, and other similar societal needs, free of cost in most cases, based on the services
provided. Whether private owners would take the opportunity and set aside part of their
forest due to increased urbanization and societal needs is problematic. Setting aside part of
one’s property requires incentives under the form of compensations, whereas Romania’s
compensation schemes are highly regulated, overly bureaucratic, and time-consuming, and
forest owners are becoming reticent to such voluntary actions.

Interestingly enough, by forecasting global urban expansion, Seto et al. [76] generally
predicted for Europe that the average city would have an annual urban expansion rate of
2.50%, with around 86% attributed to GDP (gross domestic product) per capita growth and
4% attributed to population growth. Globally, the above-mentioned “average” city in the
recorded study exhibited an urban population growth rate of 2.18% and an urban land
expansion growth rate of 4.84%. This indicates that each city in the study added almost
46,000 urban dwellers per year and approximately 13.5 km2 of new urban land. According
to the Romanian National Institute of Statistics database [77], the overall population growth
in urban areas in the studied regions decreased by more than 1% on average, while in rural
areas, it increased by 1.5% on average. Regarding the dwellings nearby cities, the overall
population growth in rural areas in a 10-year span exceeds 8%. However, in Romania, the
39% growth in GDP per capita in the Western region since 2009 [78] might have influenced
urban expansion into rural areas.

Taking into account that forests are constantly mentioned within the ecological devel-
opment discourse, specifically for rural areas with urban characteristics, the role of forests
becomes more diverse rather than just production or afforestation/reforestation. Near
urban areas, forestry falls out of its traditionalism and purposes and reinvents itself as
urban forestry, where the quality of life aspects shade out the forest impact aspects [79].

The preservation of these ecosystems and the role that their stability plays in providing
a so-called life insurance policy for future generations must be considered, mainly due to
the low predictability of natural hazards (e.g., windthrow and snowthrow); however, an
increase in tree and stand stability can mitigate the impact of natural hazards. By acquiring
this knowledge, forest managers can adapt their management to mitigate the impact of
such natural hazards.

5. Conclusions

Seen as a significant challenge to countries all over the globe, greenhouse gas (GHG)
emissions have gained increased attention over recent decades due to the social problems
caused, such as climate change, higher sea levels, and certain fauna extinction. Researchers
are trying to find practical solutions to limit their negative effects and impacts on society
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while, at the same time, addressing the challenges raised by recent greenhouse gas policies
on a national and international level.

In the past few years, climate change has gained the notoriety of a “climate crisis”;
it became a social issue due to its social impact, with the right to access forests being
highly considered in policy formulation. The ongoing increase in large-scale droughts,
numerous forest disturbances, and, more importantly, land use changes has led to severe
human migration, creating or expanding communities. Therefore, the management of these
ecosystems must be adaptive and, at the same time, long-term.

Urbanization and land expansion have led to and will intensify migration from urban
to rural areas. As in other European countries, in Romania, urban areas are expected to
become larger and overpopulated, and it is believed this will harm people’s well-being
and health.

Altering the dynamics of human–nature interactions, urbanization influences changes
in spatial (overpopulation in cities), temporal (increasing negative interactions over time),
and socio-economic inequalities (increased positive interactions among wealthier individu-
als). The population growth in rural areas comes as a reaction to increased urbanization,
and based on the growth in GDP per capita, the environment is faced with much more
pressure, especially in terms of ecological and social functions, as households from more
socio-economically advantaged backgrounds are expected to make the transition to rural
areas and are usually known to be involved in solving environmental and social issues in
the local community and ask for their rights by law.

Due to the increase in human–nature interactions in the past decade, beneficial envi-
ronmental effects are commonly sought in the form of resources, protection from predators,
stability and resilience to disturbances, well-being, health, and safety. However, these bene-
fits usually come with a cost, as in the case of recreational activities in protected areas, which
can exert negative impacts on local biodiversity. The future management of these peri-urban
forests must consider their conservation status and the expansion of these areas where
possible concerning the communities. Thus, it implies the establishment of integrated forest
management where all ecosystem services are balanced through a participatory approach
and fair involvement, satisfying all user needs and mitigating conflicts.
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Abstract: The main objective of this study was to determine the heterogeneity of tropical mountain
rain forests along a micro-altitudinal gradient scale, integrating species functional traits in the
separation of communities. To achieve this, a forest area of 13 ha in the Biological Reserve of San
Francisco was monitored. First, we performed non-metric multidimensional analyses, and afterwards,
we looked for correlations between plot altitude and characteristics of the forest (basal area, the
number of species, the number of trees ≥20 cm diameter at breast height, per hectare, the forest
canopy opening) were associated. To determine which characteristics significantly influence the
separation of forest “communities”, we used a multivariate canonical correspondence analysis (CCA).
Finally, we carried out the “Four Corners” analysis, combining abundance matrices, traits and
environmental variables. We confirmed that the altitude and some associated characteristics are the
key factors for the formation of two forest types. In addition, we determined that the inclusion of
species functional traits confirms the separation of forest communities, and that elevation and its
associated environmental variables function over relatively small areas and scales.

Keywords: diversity; four corner; microscale elevation; correlation; elevation effects

1. Introduction

Tropical forests (TFs) cover 7% of the earth’s surface. Worldwide, 28% of dense forests
are tropical mountain forests (TMFs). TFs contain 50% of the world’s forest biomass and
are considered the most important natural carbon sinks, with a paramount importance in
managing the global climate change [1]. TMF are one of the most diverse and threatened
ecosystems on earth; this is especially true for the eastern Andean forests [2]. The last map
of global diversity of vascular plant species [3] emphasized the areas of TMFs as the most
important hotspots of the world.

Furthermore, TFs generate 36% of the net primary terrestrial production, contributing
to the regulation of carbon dioxide (CO2) concentration in the atmosphere [4,5]. TMFs
harbor hydrographic river basins and therefore, they are an essential component in the
water regime regulation [6]. Some other functions of these forests are producing wood and
non-wood products, catching and storing precipitations and humidity, maintaining the
quality of the water, and also reducing erosion and protecting against landslides and floods.

The so-called “Tropical Andes” hotspot includes various types of forests known world-
wide for their high diversity [2]. In this type of ecosystem, altitude plays a fundamental
role in the distribution of diversity [7]. Several authors recognized that altitude and its
associated variables determine richness, floristic composition and structure of the forests in

Diversity 2023, 15, 420. https://doi.org/10.3390/d15030420 https://www.mdpi.com/journal/diversity
337



Diversity 2023, 15, 420

these montane environments [8,9]. In many cases, these variables have a synergic and direct
effect on species richness, which generally reaches a peak at approximately 1000 m a.s.l.

In Ecuador, it is estimated that the total number of vascular plant species is between
18,000 and 22,000, one of the highest in the world. Additionally, along the Andes, there is
a large number of endemic species restricted to just the middle elevations (900–3000 m) [10].
Despite their global importance, the TMFs in Ecuador are the most threatened type of
ecosystems, mainly due to change in land use [11]. The latest reports indicate that already
in 2005, 51% of the forest area was lost, with a deforestation rate of 1.7%, which is equivalent
to 198,000 ha.

The TMFs distributed along the Andes Real Cordillera in southeastern Ecuador, also
termed “montane cloud forest” [12] or “evergreen montane forest” [13], can be partitioned
into “mountain rainforest” located between 1800–2800 m a.s.l. and “high mountain ever-
green forest” located between 2800 and 3100 m a.s.l. [14]. In both cases, the classification was
based on widely used physiognomic patterns of the vegetation in response to macroscale
geographic regions. Generally, hierarchical vegetation classification models only work at
large scales, and elevation data and species distribution models are too broad to be useful.
A classification based on structural parameters, diversity and functional traits of the species
is still incipient; this is due to the fact that, at a geographic microscale, the response of the
community to the high environmental heterogeneity is much more complicated, and the
attempts to classify vegetation into physiognomic distinct categories are not straightfor-
ward. In this context, our study is based on the hypothesis that by using functional traits of
the species, along with environmental variables, we would be able to delimit the different
types of forests present in our study area.

2. Materials and Methods

2.1. General Description of the Study Site

The study was carried out in the Reserva Biologica San Francisco (RBSF) 03◦58′ S,
79◦04′ W; 1850 m a.s.l. [15], located to the North of Podocarpus National Park (PNP) in
Southern Ecuador. RBSF is situated within the eastern cordillera of the Andes [16]. This
area is geographically located between Loja and Zamora-Chinchipe provinces (Figure 1).

Figure 1. Location of Reserva Biologica San Francisco and Podocarpus National Park. Blocks and
plots ubication.

The soils in the RBSF mainly belong to the order of Inceptisols. At the lower parts of
the slopes, Dystrudepts are more frequent, whereas in the upper parts, Humaquepts and
Petraquepts dominate [17]. The soils in tropical mountain forests are characterized by thick
organic layers, which store large contents of biomass and nutrients [18].

The climate is perhumid, with marked altitudinal gradients in air temperature, humid-
ity and rainfall [19]. The annual mean air temperature ranges from 19.4 ◦C in the valley to
9.4 ◦C on the highest mountain tops. The distribution of rainfall is linked to altitude, due
to orographic precipitation formation. The average annual rainfall amounts vary between
2300 mm in the valley and 6700 mm on the mountain tops [19].
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2.2. Installation of Plots and Forest Inventory

We established 50 × 50 m permanent plots in three different watersheds of the
RBSF, named Q2, Q3, and Q5. Twenty plots were installed in Q2 (5 ha), sixteen plots
in Q3 (4 ha) and sixteen plots in Q5 (4 ha). In all plots, trees with a diameter at breast
height (DBH) ≥ 20 cm were labelled, identified and measured; in addition, 52 central inter-
nal plots were installed in each of the large plots, where all the individuals with a DBH of
5–19.9 cm were labelled, identified and measured. Samples from the trees that could not be
identified in the field were collected; identification was made by comparison with other
botanical specimens collected in the LOJA and HUTPL herbaria of the universities closest
to the site.

2.3. Data Acquisition

The data for the floristic and structural analyses were taken directly from the invento-
ries carried out in the field; this allowed, afterwards, the calculation of the average DBH
per ha, basal area/ha, average total height of the stand. The canopy openness (defined as
the unweighted fraction of unobscured sky) was measured on hemispherical pictures using
Gap Light Analyzer software. All terrain data, such as altitude of the midpoint of the plot,
inclination and exposure, were acquired in the field and used directly in the environmental
matrix. The functional traits of each species used to determine their influence on the
division of forest types were: (1) wood density (WD) [20–23]; (2) average diameter (DBH);
(3) growth (annual diametric increase); (4) leaf type; (5) ecological guild [21,23]; (6) dispersal
syndrome. Each of these traits is related to different resource use strategies, through acquis-
itive mechanisms and conservative mechanisms. For example, wood density is related to
growth rate, carbon allocation, disease or pest resistance, and primary production [8,20,24].
Leaf type predicts the growth of tropical trees [25] and they present adaptations that allow
plants to live in various environmental conditions [26]. As conservative traits, we used the
ecological guild or succession type and the “dispersal syndrome”, which is closely related
to the relative abundance of species [27] (Table 1).

Table 1. Functional (conservative and acquisitive) traits, including categories, units and codes used
to separate forest types.

Type of Trait Functional Trait Categories Unit

Acquisitive

Wood density - g cm3

Stem density - number

Diametric growth - cm year−1

Leaf type Simple
Compound

Conservative

Ecological guild

Shade tolerant
Partial shade tolerant
Partial light tolerant

Light tolerant

Anemochory
Dispersal syndrome Zoochory

Barochory
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2.4. Data Analyses

To characterize the forests state in RBSF, structural and floristic parameters were
calculated using the following equations (Equations (1)–(5)) [28–35].

Relative Density (RD) =

(
Individuals per species

Total individuals in the plot

)
∗ 100 (1)

Relative Dominance(RDm) =

(
Basal area per species

Total Basal Area in the plot

)
∗ 100 (2)

Relative Diversity(RDi) =
(

#species per Family
Total species

)
∗ 100 (3)

Importance Value Index(IVI) = (Relative density + Relative Dominance (4)

Shannon − Wiener Index
(
H′) = −∑S

i=1 pilnpi (5)

S = number of species (richness);
Pi = proportion of individuals of species with respect to total individuals (i.e., relative

abundance of the species) n1/N;
ni = number of individuals of the species.
n1 = number of individuals of the species.
N = number of all the individuals of all the species.

2.5. Statistic Analysis

We generated three matrices. The first consisted of the abundance of individuals in
each of the plots, obtained from the post-inventory count. The second matrix consisted of
the traits of each of the species involved in the study (Table 2). Finally, for each plot, both
environmental and terrain data were included in the third matrix. These three matrices
were used for all statistical analyses of floristic grouping and to measure the influence of
functional traits and environmental factors on vegetation grouping.

Table 2. CCA model p-values for each variable used.

Variable Var.N LambdaA p F-Ratio

Altitude 4 0.61 0.001 ** 7.09
DBH 7 0.24 0.001 ** 3.01

Species 3 0.15 0.001 ** 1.76
Trees/ha 2 0.14 0.030 * 1.75

Canopy Openness 8 0.11 0.044 * 1.38
Basal Area/ha 1 0.08 0.279 1.09

Signif. codes: ** 0–0.001; * _0.01.

2.5.1. Non-Metric Multidimensional Scaling (NMDS)

To calculate the resemblance matrix between plots, the Bray–Curtis dissimilarity
distance was used. In order to build a dissimilarity matrix between plots, a non-metric
multidimensional scaling (NMDS) was performed, to visualize the main environmental
factors that influence the grouping of these forest communities. The results were plotted in
an NMDS ordination diagram. Values of species abundance, basal area, trees density and
environmental variables were fitted onto the first two axes of the NMDS ordination.

The averages at plot level and group level of Shannon diversity index SDI and other
characters were compared using a Kruskall–Wallis test between each group assimilable to
a vegetation unit. Ordination was performed with the package ‘vegan’ [36] in R software.

2.5.2. Canonical Correspondence Analyses

Canonical correspondence analyses (CCA) were used to test whether the same pa-
rameters employed in the correlation analysis influenced the grouping (based on species
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abundance) of floristic sample plots distributed on the three blocks. This analysis is a mul-
tivariate technique that allows representing low-dimensional geometric space proximity
between a set of objects influenced by a series of predictor variables. The lambda value
corresponds to the eigenvalue of each extracted variable in each axis of the array. F–ratio is
calculated using the trace or the sum of all the eigenvalues, while the p value indicates the
significance of variables (p ≤ 0.05).

Normally, the CCA involves two matrices: the matrix of dependent variables (e.g., a matrix
of sites × species) and the matrix of independent variables (e.g., a matrix of environmental
variables). The connection between the two matrices is carried out by means of multivariate
regression techniques [37]. Parameters were elevation (m a.s.l.), number of trees ha−1, basal
area ha−1, canopy openness (%), average DBH and species richness (total number ha−1).

2.5.3. Correlation

To assess whether there was a significant correlation between the number of trees ha−1,
basal area ha−1, DBH ha−1, canopy openness and diversity in terms of Shannon Index
and altitudinal gradient, Spearman correlation coefficient was used. If the correlation was
significant (r ≥ 0.4; p ≤ 0.05), we considered that the altitude had an impact on the structure
and composition of RBSF, determining two or more floristic groups.

2.5.4. Fourth Corner

To complete the analyses that related the characteristics of the forests (growth, DBH,
basal area, canopy openness, richness, composition, etc.) and the attitudinal gradient to
determine communities or, in this case, determine the types of forests existing in areas and
gradients at microscale, we included the functional traits of the species that theoretically
were those that respond to altitudinal changes. For this, we used a model-based approach
of the fourth-corner analysis [38,39]. This method relates an R matrix of environmental
variables to a Q matrix of species traits, by means of an L matrix of species abundance [39].
Depending on the type of variable to relate, a statistic for each pair of traits and environ-
mental variables was computed (Pearson chi-square for two qualitative variables, pseudo-F
and correlation ratio for one quantitative and another qualitative variable). Furthermore,
a global multivariate statistic linking R and Q arrays was computed as the sum of all statis-
tics mentioned above, in the fourth-corner matrix [40]. The significance of all fourth-corner
statistics was tested using permutation model [40]. Here, we used a model where cell
values in the L matrix were permuted within each column, testing the null hypothesis that
the species were randomly distributed with respect to environmental conditions [41]. All
calculus was developed using the “ade4” package [42] in the R software (R Core Team 2021).

3. Results

3.1. Grouping Plots

Based on plots of the three sampling sites with floristic similarity and a strong correlation
with various attributes of the forest (basal area ha−1, canopy openness, trees ha−1 and alpha
diversity), two types of forest could be determined, clearly different in structure and species
composition. The spatial distribution of sample plots over the altitudinal gradient implies a
change in the structure and diversity of each of the plots. Structural groups were defined based
on a correlation between altitude and different attributes of each of the study plots.

The results of NMDS analysis showed that the sampled plots were divided into
two clearly defined groups. The floristic and abundance data used in the matrix formed
two groups that we called “forest types”. The first group, named “Valley Forest” (VF),
consisted of 15 plots from the Q2 site, and all the plots from the Q5 site. The other group,
named “Ridge Forest” (RF), was made up of all the plots of the Q3 site and five plots of the
Q2 site (Figure 2).
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Valley 

Forest 

Ridge 

Forest 

Figure 2. Non-metric multidimensional scaling analysis of species composition for the samples (plots).

3.2. Influence of Altitudinal and Structural Parameters on Grouping Communities

After canonical correspondence Analyses (CCA), altitude was a significative variable
in the grouping of the plots, along with basal area and trees per hectare (Figure 3). To
a smaller degree, species diversity (expressed as Shannon index) and canopy openness were
also factors that determined the grouping. The analyses of the values of the canonical axes
explained 18.1% of variance in species data and 84% of its relationship with environmental
variables (Table 2). This indicates that the structural and floristic characteristics were the
result of the influence of the altitudinal gradient and all environmental variables correlated
to this (temperature environmental, precipitation, wind, soil, etc.).

Figure 3. Biplot showing the ordination of 52 sample plots, points show the grouping and the vectors
indicate the variables that mostly influenced the grouping.
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3.3. Correlation between Elevation and Characteristic of Forest

The basal area decreases ad altitude increased; at 1900 m a.s.l., the average basal
area can reach 44 m2 per hectare (includes only the trees >20 cm DBH). In the plots at
2100 m a.s.l., the average basal area had values of 5 to 14 m2 per hectare. The same applied
to the number of individuals and to the diversity of the sampled sites. This confirmed
the trends found in tropical mountain forests, which means that as altitude increases,
the diversity of tree species decreases. Canopy openness was higher with the increasing
altitude of the plots. The graphs showed a strong correlation between altitude and variable
characteristics of each plot (Figure 4).

The VF is characterized by the presence of Tabebuia chrysantha (Jacq.) G. Nicholson,
Cedrela montana Moritz ex Turcz., Inga acreana Harms. and Ficus citrifolia Mill. There are
also other species such as Cecropia montana Warb. ex Snethl., Guarea pterorhachis Harms and
Heliocarpus americanus L. that are unique to this group.

The RF is characterized by the presence of Podocarpus oleifolius D. Don ex Lamb.,
Hyeronima moritziana Mull. Arg, Clusia ducuoides Engl., which were species selected as PCT.
Other species that characterize the group are Purdiaea nutans Planch., Graffenrieda emarginata
(Ruiz and Pav.) and Alchornea grandifolia Triana and Mull Arg.

Figure 4. Cont.
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Figure 4. Changes of diversity and structure in altitudinal gradient. Significant correlations (p < 0.05)
are shown in regression line. For all tests, n = 52 plots.

3.4. Structural Parameters of Floristic Groups

In VF, we encountered 141 species, which belonged to 51 families, while in RF, the
diversity was represented by 86 species belonging to 51 families. Table 3 shows the relative
diversity values of the most important families in each of the determined forest types.

Table 3. Values of relative diversity in both forest types.

Valley Forest Ridge Forest

FAMILIES Species
Relative
Diversity

(%)
FAMILIES # Species

Relative
Diversity

(%)

Lauraceae 17 12.06 Lauraceae 23 27.7
Moraceae 13 9.22 Euphorbiaceae 7 8.4
Euphorbiaceae 10 7.09 Rubiaceae 5 6
Melastomataceae 9 6.38 Melastomataceae 4 4.8
Meliaceae 9 6.38 Myrtaceae 4 4.8
Cecropiaceae 4 2.84 Clusiaceae 3 3.6
Mimosaceae 4 2.84 Cunnoniaceae 3 3.6
Myrtaceae 4 2.84 Aquifoliaceae 2 2.4
Aquifoliaceae 2 2.13 Arecaceae 2 2.4
Other families (41) 1–2 0.71–2.13 Asteraceae 2 2.4

Meliaceae 2 2.4
Mimosaceae 2 2.4
Moraceae 2 2.4
Myrsinaceae 2 2.4
Sapindaceae 2 2.4
Sapotaceae 2 2.4
Other families (16) 1 1.2

Table 4 shows the values of density and relative dominance of the most important VF
species. Table 5 shows the values of density and relative dominance of the most important
RF species.
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Table 4. Values of relative density and relative dominance in the VF.

Valley Forest

Species Relative Density (%) Relative Dominance (%)

Cecropia montana 10.52 15.04
Tabebuia chrysantha 4.82 13.53
Guarea pterorhachis 4.46 10.54
Cecropia gabrielis 4.15 5.58
Heliocarpus americanus 3.63 6.13
Hyeronima asperifolia 3.42 7.54
Piptocoma discolor 6.63
Tapirira obtuse 5.57
Sapium glandulosum 3.27 4.58
Miconia quadripora 3.11 4.61
Inga acreana 2.64
Nectandra membranacea 2.54
Other species 0.5–2.64 0.05–3.57

Table 5. Values of relative diversity in both forest types.

Ridge Forest

Species Relative Density (%) Relative Dominance (%)

Alchornea grandiflora 11.95 13.37
Alzatea verticillata 10.67 15.03
Clusia ducoides 10.44 10.06
Graffenrieda emarginata 7.77 5.37
Purdiaea nutans 5.57 5.45
Hyeronima moritziana 3.83 3.52
Podocarpus oleifolius 3.71 4.23
Tapirira obtusa 3.36 3.86
Myrcia sp. 3.25 2.35
Dictyocaryum lamarckianum 2.67
Naucleopsis glabra 2.2
Persea ferruginea 1.86
Alchornea pearcei 1.74 2.65
Clusia elliptica 1.74
Nectandra sp. 1.74
Vismia tomentosa 1.62
Persea sp. 1.51
Myrsine coriácea 1.39
Hyeronima asperifolia 1.28
Matayba inelegans 1.16
Other species (58) 0.93–0.12
Other species (76) 0.06–2.27

The RF had a total basal area of 54.3 m2, with an average of 10.3 ± 3.1 m2ha−1, while
the VF had a total basal area of 168.7 m2, with an average of 21.8 ± 7.9 m2ha−1, considering
only the trees >20 cm DBH.

In the RF, there was a total of 862 individuals > 20 cm DBH and an average of
164.2 ± 35.3 trees ha−1. In the Valley Forest, there was a total of 1933 individuals >20 cm
DBH and an average of 248.8 ± 81.4 trees ha−1.

The total basal area of trees in the class 5.1–20 cm DBH in the RF was 3.47 m2, which av-
eraged 11.5 ± 3.9 m2 ha−1. In VF, the total basal area was 3.7 m2 in the class 5.1–20 cm DBH,
which means an average of 8.8 ± 3.8 m2 ha−1. In RF, there was a total of 443 individuals in
the class 5.1–20 cm DBH, with an average of 1464 ± 461.8 trees ha−1. In VF, there was a total
of 392 individuals in the class 5.1–20 cm DBH with an average of 906.8 ± 383 ind./ha.

The figures below show the distributions of individuals in all diametric classes in the
two forest types (Figure 5).
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Figure 5. Average basal area ha−1 and trees ha−1 by diameter classes on each forest type.

The structural difference between the two floristic groups was low, but most evident
in the first two diametric classes. In RF, there were more individuals per hectare in the
first two classes, while in the Valley Forest, there were more individuals per hectare in the
higher diameter classes.

In VF, there were more trees in the larger diameter classes, allowing for harvest at
a higher intensity. In RF, the small number of large trees suggests lower harvest intensity, the
large number of small individuals and the structure of natural regeneration being a typical
feature of these forests at this altitude. Regarding the higher number of individuals in
lower diameter classes, the RF contained higher basal area values in these classes than the
other group (Figure 5).

The diameter distributions of trees in RBSF indicate that the trees were distributed in
large quantities in smaller diameter classes and the numbers decreased in a negative expo-
nential way for higher diameter classes. This inverse J-shape distribution type represents
a good structure which is typical for natural forests (Figure 5). Each group has its unique
species. In the VF, there were 87 exclusive species, representing 47.5% of the total species
identified in the study.

3.5. Functional Traits Influence Forest Separation

The previous results confirmed that the elevation and its associated variables were
the main factors that drive the composition and structure of the determined forest types.
Likewise, there was a significant correlation at the community level between environmental
factors and the plant functional traits as a response to these environmental changes. When
incorporating the functional species traits in the determination of the forest types, we found
that the conservative traits, such as the dispersal syndrome, were significantly related to
the species (p = 0.01) and the alpha diversity of the forest types (p = 0.04). The ecological
guild to which the species belongs was strongly related to the elevation (p = 0.05) and the
forest type (p = 0.01).

Species acquisitive traits also play a significant role in characterizing forest types. Dia-
metric growth, as the main acquisitive trait, was significantly related to altitude (p = 0.004)
and its related variables that, as we observed previously, play an important role in the
separation of forest communities.

Both the acquisitive and the conservative traits are important in the conformation of
the forest communities; the Four Corner analysis allowed us to include the characteristics
of the species that in other analyses went unnoticed, but were significant when classifying
the vegetation. Figure 6 shows the correlations between the traits and the environmental
variables and Table 6 shows the correlation values between the functional traits of the
species and the environmental variables.
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Figure 6. The relationship between trees functional traits and habitat variables. Colors represent the
strength of interactions (shading) and their direction. Red indicates a positive association and blue
indicates a negative association. The scale bar indicates the values of fourth-corner coefficients. Elev
elevation, TD tree density. See Table 2 for definition of traits.

Table 6. p values and type of correlation used in the Four Corner analysis between the functional
traits of the species and the environmental variables, based on the species abundance matrix in each
of the determined forest plots.

Traits Test Stat. Obs Std. Obs Alter p-Value p-Value .adj

Altitude FREC R 0.103 3.021 two-sided 0.007 0.019 *
AB. HA FREC R 0.127 3.716 two-sided 0.001 0.004 **
ARB.HA FREC R −0.126 −3.713 two-sided 0.001 0.004 **
Fdis FREC r 0.093 2.609 two-sided 0.019 0.049 *
FREC FREC r 0.156 4.515 two-sided 0.001 0.004 **
Growth FREC r −0.129 3.589 two-sided 0.003 0.011 *
Forest FREC r 0.102 3.032 two-sided 0.005 0.016 *
Altitude Density r 0.140 4.090 two-sided 0.002 0.008 **
Forest density r 0.115 3.327 two-sided 0.004 0.014 *
Altitude Growth r 0.254 7.673 two-sided 0.001 0.004 **
Species Growth r 0.159 4.652 two-sided 0.001 0.004 **
diver.A Growth r 0.188 5.568 two-sided 0.001 0.004 **
diver.B growth r 0.185 5.449 two-sided 0.001 0.004**
CO growth r 0.136 4.073 two-sided 0.001 0.004 **
FREC Growth r 0.142 4.132 two-sided 0.002 0.008 **
Forest Growth r 0.238 7.201 wo-sided 0.001 0.004 **
Altitude LEAF F 5.027 9.009 Greater 0.001 0.004 **
Species LEAF F 6.133 1.133 Greater 0.001 0.004 **
diver.A LEAF F 4.652 8.274 Greater 0.002 0.008 **
diver.B LEAF F 3.064 5.131 greater 0.007 0.019 *
CO LEAF F 2.027 3.387 Greater 0.013 0.035 *
FREC LEAF F 2.887 4.742 Greater 0.006 0.018 *
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Table 6. Cont.

Traits Test Stat. Obs Std. Obs Alter p-Value p-Value .adj

DBH LEAF F 1.821 3.053 Greater 0.022 0.05.
Forest LEAF F 8.230 1.433 Greater 0.001 0.004 **
altitud DBH r 0.298 8.638 two-sided 0.001 0.004 **
Species DBH r 0.215 6.213 two-sided 0.001 0.004 **
diver. A DBH r 0.272 7.984 two-sided 0.001 0.004 **
diver. B DBH r 0.262 7.776 two-sided 0.001 0.004 **
CO DBH r 0.183 5.216 two-sided 0.001 0.004 **
FREC DBH r 0.117 3.438 two-sided 0.004 0.014 *
growth DBH r 0.105 3.035 two-sided 0.005 0.016 *
Forest Type DBH r 0.275 8.205 two-sided 0.001 0.004 **
Altitude GUILD F 8.883 2.810 Greater 0.023 0.05.
Forest GUILD F 1.161 4.166 greater 0.007 0.019 *
Species SYND F 21.493 5.452 Greater 0.005 0.016 *
diver. A SYND F 14.803 3.061 Greater 0.016 0.042 *

Signif. codes: 0 -’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.

4. Discussion

In the proposed model for classification of continental vegetation of Ecuador, Sierra et al. [14]
used the regional division of the territory and included the concept of subregions. The
hierarchical model divided the regions into sectors, i.e., each region had subregions, and
these in turn were divided into sectors, with nesting vegetation physiognomy (Mangrove
Forest, Shrubland, Espinar, Savannah, Paramo and Gelidofitia) and other hierarchical
criteria such as environmental criteria (dry, wet, fog), phenological criteria (evergreen,
deciduous, semi deciduous) and floristic altitudinal levels (lowland, premontane, lower
montane, montane, upper montane), determining 62 cover types, 27 on the coast, 24 in the
Andes and 11 in the Amazonia.

However, the classification at the plant formation level included large areas that
were evidently heterogeneous with respect to key factors, mainly in the composition and
structure of the forests. Other authors, such as Valencia et al. [12], called this formation
“montane cloud forest” in southeastern Ecuador. This is also known as “Evergreen Montane
Forest” [13], using climatic (“cloud”) and functional (“evergreen”) elements in the naming
of the formations.

Other classifications proposed altitudinal limits as the main factor in the separa-
tion of forests, along with a geomorphological factor [43], asserting that the forest in the
southern region of Ecuador can be divided into evergreen lower montane forests (up to
2100–2200 m a.s.l.) and upper montane forests, up to the tree line. Above ~2700 m, a shrub-
dominated sub-paramo prevails, where small patches of Elfin Forest, the so-called Ceja
Andina, dominate the landscape. Both montane forest types can be subdivided into a lower
slope (ravine) forest and an upper slope (ridge) forest [44,45].

A new approach of vegetation classification at smaller scales is based on using variables
of structure, taxonomic and functional diversity (traits of the species) and environmental
factors (including elevation); as a result, four types of forest can be distinguished by combin-
ing different types of classification [8]. For example, [46] studied structural parameters; [47]
the floristic trees composition; [48] the bryophytes species composition and [49] making a
synopsis of previous studies.

All these studies that classified vegetation using environmental parameters associated
with elevation were consistent with the categories of vegetation in the RBSF. Even the
topographic variables at smaller scales play an important role in the classification of the
vegetation, as demonstrated by the studies carried out by [50] in the same study area
and [51] who combine topographic variables and functional features to determine small-
scale species association in tropical forests of China.

In the Andean vegetation classifications, the elevation gradient and its associated
variables play an essential role in separating forests. This is also true in our case, where
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elevation works at the microscale, that is, the elevational influence occurs in relatively small
areas and over relatively short distances, influencing not only the structure and composition
of forests, but also the variation in the composition of traits in vascular plants [52], such as
leaf size [53], seed dispersal [54] and wood density [55], which are basically the same traits
that we used for our analysis.

Although we did not include topographic variables in our analysis, there were reports
that these correlated with vegetation classification, especially at a small scale, and were
significant in identifying ecological units that included vegetation structure and composi-
tion [56], delimiting forest lowland and montane formations [57]. The topographic variables
also affect the functional traits of the species, especially the mass of seeds and the density
of the wood [51]; in our case, species wood density was also correlated with altitude and
forest type.

Regarding the scale of influence, it should be noted that, although we determined
in our study that the influence of elevation and associated variables is also significant at
microscales, there are cases in which elevation works at larger scales and its evaluation
was also significant [58]. This emphasizes the fact that, in addition to the environmental
factors associated with elevation, there are other factors intrinsic to the species that help
the differentiation of plant communities.

In a specific approach, altitude and its associated environmental factors are crucial
when determining and differentiating forest types. In the VF up to 2050 m a.s.l., the number
of trees tends to remain relatively stable, while in the RF, the decline in the number of
trees at higher altitudes was evident. This pattern is not strict along the Cordillera de los
Andes, but it may be subject to changes in temperature and humidity over relatively short
intervals [59].

Finally, when referring to the groups determined by our study, we can indicate that the
VF were characterized by lower stem density, but with greater basal areas (tree diameters)
and higher canopies compared to the RF, where less tree species were also present. The
differences in forest structure are mainly due to the climatic conditions and prevailing soil
types [60,61]. At the phytosociological level, the floristic structure and composition of the
VF and the RF are coupled to more widely distributed floristic formations, such as the
order Alzateetalia verticillatae and Purdiaeaetalia nutantis, respectively [62], which validates
the floristic analysis carried out in our study area, by the coincidence of indicator species of
each floristic association.

For both floristic groups, the microclimatic and topographic conditions cause the
species to find suitable sites and share habitat and topographic preferences of occur-
rence [50], an argument that also reinforces the grouping of the species present in the
forest of the RBSF.
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Abstract: In recent years, ecological tourism has become very important as it contributes significantly
to sustainable development. In order to assess the potential for ecotourism and cultural-archaeological
attributes, we studied the plant diversity of 10 traditionally visited natural routes of the valley
of Cusco, Peru. Plant gamma diversity was represented by 384 species of vascular plants, with
220 genera, and 69 families; the most diverse were: Asteraceae with 93 species, Poaceae (36), and
Fabaceae (15). The species with the highest frequency in the 10 routes are: Amaranthus caudatus,
Escallonia resinosa, Stenomesson pearcei, and Baccharis buxifolia. Route 2 (Picol-Huaqoto) was the one
with the greatest alpha diversity with 120 species. The CHAO-1 richness estimator estimates a gamma
diversity of 570 species for all of the Cusco Valley. The Bray–Curtis beta diversity shows a high
similarity (55%) and three floristic groups as determined by a non-metric multidimensional analysis
(NMDS) and cluster analysis. The highest concentration of flowering plant species is grouped mainly
during the rainy season (R2 = 0.19), and this relationship is significantly different from the dry season
(p < 0.005). The integrative biological–cultural analysis identified routes R8, R10, R6, R7, and R2 as
those with the greatest potential for ecotourism use in the Cusco Valley. The plant diversity and
cultural–archaeological offerings along the tourist routes documented in this study present significant
opportunities for the city of Cusco to attract both national and foreign tourists. Additionally, this
study highlights the importance of prioritizing conservation and preservation efforts for these areas.

Keywords: alpha diversity; Andes; tourist circuit; beta diversity; native plants; phenology; species richness

1. Introduction

Peru has world-renowned centers of high diversity such as the tropical Andes [1]. A
high species richness of vascular and non-vascular plants was recorded in this region with
southern Peru being a sub-region of the tropical Andes [2]. Pre-Columbian civilizations
settled in this area, and over time Andean–Amazonian populations developed the use and
management of many wild plants, placing the area among the most diverse in the world,
similar to China, for example [3].

In the southern Peruvian region and in the Cusco Valley, located in the Huatanay River
Basin, various pre-Inca cultures developed, mainly with the Inca culture best represented.
The Inca culture, in the process of developing its geopolitical and cultural hegemony, devel-
oped extraction and deforestation activities, especially in lands destined for agriculture,
as the basis of its expansion. This began with the establishment of the Marcavalle culture,
approximately 800 years BC [4]. Socio-cultural development in the Cusco Valley to date
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has involved various human activities that have displaced natural systems that have been
transformed into crop fields, land for livestock, and urban and industrial areas [5]. This
resulted in changes in land use, water pollution, soil degradation, habitat fragmentation,
and the overexploitation of species, among other developments [6]. Evidently, the historic
growth of cities in southern Peru has been predominantly informal and has therefore
occurred in a disorderly fashion [7]. An example of this is the current population size of
the city of Cusco, which currently has more than 450,000 inhabitants distributed mainly in
the districts of Wanchaq, San Sebastián, and Santiago, few of which have adequate urban
planning [8].

Regarding plant resources, the loss and massive degradation dates back mainly to
colonial times with the overexploitation of tree and shrub species for use as fuel (firewood),
construction, the expansion of agricultural and livestock areas, and the introduction of
other exotic species, for example eucalyptus. Concerning this situation, some chroniclers,
such as Garcilaso 1971 [9] and Valverde 1539 [10], suggest that when the Europeans arrived,
the Cusco Valley corresponded to a great stony city with a warm climate surrounded by
forests with abundant trees crossed by steamy ravines and rivers, where you could also
recognize various forest tree species such as “mulli”, “quishuar”, “lambran”, “pisonay”,
and “siwis”, useful for housing structures and as fuel [11–13].

In recent years, tourism in the Cusco region has been one of the most important
activities, which is directly linked to the extraordinary cultural and natural legacy of the
Inca and pre-Inca cultures [14]. Furthermore, as an economic activity, ecotourism is one of
the activities with less anthropic impact on the Cusco landscape, and has been prioritized
worldwide [15]. Tourism has also generated benefits for local populations, as has been
recognized in other areas [16].

Recently, in the province of Cusco and its surroundings, the use of biological resources
in tourism has had a great growth; proof of this is that the different circuits or tourist routes
mainly include cultural resources represented by structures and archaeological complexes
such as temples, ruins, cobblestone roads, and housing constructions among others and
nature attractions that include flora, fauna, ecosystems, and landscapes. In the valley of
Cusco, five routes are recognized among the most frequently used routes for all visitors
who travel in the city and valley of Cusco: the Sacsayhuaman Archaeological Park, Qenqo,
Huanacaure, Tambomachay Hill, and Inkilltambo [17].

Despite the fact that some routes are traditionally recognized as the most frequently
used, there are others that are also being implemented as new alternatives to the growing
tourist offering to both locals and foreign visitors. For this reason, it is necessary to know
what these routes are and the attributes that each one offers, with an integral criterion,
which includes the biological and cultural components, since these are the most decisive
when considering ecotourism activities.

The main objective of this study was to identify the potential of ten traditional natural
routes for use in ecotourism activities in the inter-Andean valley of Cusco, for which
the values of the biodiversity level (diversity of native plants and phenology patterns),
anthropic impact, level of accessibility, and cultural components (number of archaeological
remains) were used for their assessment.

2. Materials and Methods

2.1. Study Area

The Cusco Valley is located in the Huatanay river basin, within the Choco micro-basin
and running for an approximate extension of 42 km to the confluence with the Vilcanota
river (Figure 1). Throughout this area, the high Andean zone with woody vegetation is
found in a range from 3200 to 4800 m above sea level. According to Marin 1961 [18], this
area belongs to the Andean domain and the phytogeographic provinces of “Puneña” and
“Mesoandina”. Aragon and Chuspe 2018 [19] describe it as the ecoregion of Peruvian inter-
Andean valleys, within the vegetation types of lowland forests and highland shrublands
of the humid Puna and highland grasslands and scrub of the humid Puna (Figure 2).
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Phytosociologically, we can describe the evaluated zones as being represented by the
grassland in the upper zone, in the middle zone as a transition between shrubland and
grassland, and the lower zones as dominated by trees, mainly by Escallonia resinosa. The
climate is represented by two well-marked periods known as the dry season that goes
from June to October and the rainy season from November to May; the average annual
temperature is 10–13 ◦C and the area has an average total annual rainfall of 574–690 mm
(average 12 years 1998–2020, Kayra weather station) [18,20,21].

Figure 1. Distribution map of the touristic routes evaluated in the valley of Cusco.

 

Figure 2. Characteristic high Andean landscape in the valley of Cusco, Peasant Community of
Quishuarcancha—Cerro Mámá Simona—Poroy (Route 10).
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2.2. Methodology
2.2.1. Selection and Evaluation of Ecotourism Routes

For our study, 10 routes (eco-trails), primarily those that have traditionally been the
most frequently traveled by local and foreign visitors, were selected. This traditional
selection took into account the following associated criteria over time: frequency of visits
by local tourism (residents of the Cusco region), Peruvian nationals, and foreign tourists;
observable biological diversity (plants and animals); number of cultural remains (pre-Inca
and Inca archaeological complexes), and accessibility.

This study was carried out from October 2019 to July 2021. The 10 studied Routes were:
Route 1 (R1) Huaqoto-Canteras de Huaqoto—Relicts of Polylepis—Path to Huanca—Huaqoto,
Route 2 (R2): Tambillo—Cruz cerro Picol—Bosque de Santa María, Route 3 (R3):
Tambillo—Cerro Picol—Picol Fault—Campos de San Jerónimo, Route 4 (R4):
Huaqoto—San Jerónimo (along the pilgrimage road to Huanca, Route 5 (R5): Lomo de
Iguana—Abra de Ccorao, Route 6 (R6): Rural Community of Kircas—Cerro
Huanacaure—Inka Trail, Route 7 (R7): Yuncaypata—Temple of the Moon—Qenqo, Route 8
(R8): Pukapukara—Inkilltambo—Huayraqpunku, Route 9 (R9): Tambomachay—Balcón del
Diablo—Sacsayhuaman, and Route 10 (R10): Quishuarcancha Peasant Community—Mama
Simona Hill—Poroy. Each route had an extension of between 5370 and 12,700 m (Table 1).
The altitudinal ranges of the routes varied from the valley floor between 3300–3400 to the
maximum limits of 4500–4600 masl (Table 1, Figure 1).

Table 1. Quantitative and qualitative diversity data of native plants and the Cultural-Archaeological
richness, evaluated in the 10 routes of the valley of Cusco.

Routes
Trail

Length
(km)

Average
Altitude

N◦
Archeological

Units

Level of
Anthropic

Impact

Accessibility
Level

Qualitative
Richness

(Observed)

Quantitative
Richness

(Sampled)
Individuals

Fisher’s
Alpha

Diversity

Diversity
q = 0
(Hill)

R1 12.70 4186 0 2 2 94 51 368 16.07 86
R2 8.70 4081 0 2 2 120 82 326 35.23 110
R3 8.94 3938 0 2 2 79 41 344 12.13 78
R4 7.560 3702 1 2 1 97 50 322 16.57 80
R5 5.420 3869 0 3 3 94 42 322 12.9 77
R6 9.470 3719 2 2 1 108 64 200 32.55 86
R7 5.390 3656 2 2 2 103 66 179 37.77 95
R8 5.370 3594 2 1 1 111 70 130 61.82 124
R9 7.690 3833 1 2 2 89 40 310 12.23 77

R10 10.430 3947 2 1 1 109 71 264 31.86 108

Note: level of anthropic impact (High = 3, Medium = 2, and Low = 1); level of accessibility (Good = 1, Regular = 2,
and Bad = 3).

2.2.2. Plant Diversity, Composition, and Phenology

In order to know the total richness of plants in each Route and the total existing in the
10 routes, we evaluated each one (on average 50 m from both sides of the route) of them
by means of annotated lists, taking photographs, and, in the cases in which there were
doubts about the identifications, we proceeded to collect them for later identification. Live
form data (tree, shrub, and grass) and phenology (flowering and fruiting) as well as its
vernacular name were recorded.

To estimate the richness, composition, and alpha and beta diversity, quantitative
abundance data were collected; for this purpose, three modified Whittaker plots Campbell,
2002 [22] were installed on each route, each one located in the lower, middle, and upper
zone of each route. We evaluated the trees in plots of 20 × 50 m (0.1 hectare), the shrubs
in 5 × 10 m (50 m2), and the herbs in 5 quadrats of 0.5 × 2 m2 (5 m2 total). The variables
evaluated were the number of individuals (adults and developed juveniles), habit, crown
area (coverage), phenology, and vernacular name.

For the taxonomic treatment of plant families, we used the reference established by the
Angiosperm Phylogeny Group [23], as well as the herbaria CUZ, herbariums, and online
digital repositories such as Tropicos (http://www.tropicos.org, accessed on 12 march 2020).
For the taxa identifications, taxonomic keys and specialized bibliography were used, such
as the Catalog of Angiosperms and Gymnosperms plants of Peru [24].
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Alpha Diversity

The alpha diversity was calculated by two indicators: (a) the richness of each route was
obtained from the qualitative data, representing the total number of species inventoried
in each one, (b) the quantitative data of the total values of the three plots were used to
calculate the Fisher’s alpha index (α). Fisher’s alpha index is an abundance model derived
from a logarithmic series that uses only the number of species (S) and the total number of
individuals (N) [25]. This index is expressed as S = αln [1 + (N/α)], where: S = number of
species in the sample and N = number of individuals in the sample.

Furthermore, to estimate the total number of species that can be found on each route,
we developed abundance curves using the rarefaction method, with the extrapolation
function at the level of each route and subsequently for all routes. For this part of the
analysis, we used Hill numbers q = 0 to quantify the effective number of all species,
including rare species [26]. All these analyses were executed using the iNEXT package
developed for the R software [27].

Beta Diversity and Similarity

The percentage of floristic similarity between plots was calculated using the quantita-
tive Bray–Curtis index (obtained from abundance data) [28]. To visually represent these
similarities, we used ordination methods and cluster analysis. The cluster analysis used
the similarities and the group averages as a linkage method between groups and pairs of
groups to build dendrograms. To complement this analysis, we further used a non-metric
multidimensional scaling ordination (NMDS) [29]. The statistical analysis was performed
in the program PAST v4.11 [30].

Gamma Diversity

To know the richness in the entire valley of Cusco, we summed up the total number of
species inventoried in the 10 routes, and to estimate a projected total from the inventoried
routes, the CHAO-1 non-parametric estimator was used (considering each of the 10 routes
as units). This estimator prioritizes the presence of rare species within a sample (in this case
each subplot), with the formula Chao1 = Sobs + ((n − 1/n) F1(F1 − 1)/2(F2 + 1)), where:
Sobs is the number of species observed in the whole valley, n the number of samples, F1 is
the number of species observed in a single route (singleton species), and F2 is the number
of species observed in two routes (doubleton species) [31,32]. The statistical analyses and
graphs were made using the R software [27].

Phenology Patterns

To better understand the periods of greatest and least diversity, we have analyzed the
phenological flowering patterns of all the plants on the 10 routes, which are also taken into
account by visitors. For this, the differences between flowering individuals of each family,
in the rainy seasons and those in the dry seasons, were evaluated with the non-parametric
statistical comparison test of two independent Mann–Whitney samples. This analysis
was expressed graphically in a box plot. To investigate if there was any relationship with
environmental variables obtained from Kayra’s meteorological station, located in the valley
of Cusco, we carried out a linear regression analysis using the Spearman’s non-parametric
correlation coefficient [33] using the following dataset: the total species flowering each
month, the data of total monthly precipitation, and the average monthly temperatures. The
statistical analysis was performed in the program PAST v4.11 [30].

2.2.3. Comprehensive Consideration of the Potential of the Routes for Ecotourism

To obtain a weighting that helps us to identify the potential of each route for ecotourism
activity in the Cusco Valley, for the present study we have considered the biodiversity
component, mainly from the flora component, accompanied by ecosystem and cultural
components. For this study, we have adapted the methodology known as multicriteria
evaluation (EMC), frequently used in works related to the identification of biological,
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cultural, and other potentialities for tourist resources. These criteria are described as “those
that at the time of evaluation provide a logical and coherent way the contribution of the
suitability criteria” for a potential proposal in ecotourism [34,35].

In order to know the routes with the greatest potential for use in the ecotourism
activity in the Cusco Valley, we have considered four important criteria in each route:
(a) the total richness of registered vascular plant species, which corresponds to the value
of total richness; (b) the number of units of cultural remains; these refer to the presence
of archaeological remains corresponding mainly to archaeological complexes including
temples, ruins, rooms, and others belonging to the pre-Inca or Inca cultures and all these
complexes are evaluated from the each routes; (c) the level of anthropic impact that the
route has, which is qualified as low with the value of 1, regular with 2, and high with 3,
which translates into whether the route mainly maintains the proportion in each route of
the native vegetation and flora and the presence or absence of anthropic activities such as
grazing, crops, or deforested areas without vegetation cover; and (d) the accessibility of the
routes based on the fact that these routes have conditions for walking, such as appropriate
distance and travel time; good accessibility is measured as having a value of 1, regular with
2, and not very adequate with 3 (Table 1).

3. Results

3.1. Diversity and Phenology
3.1.1. Richness, Composition, and Diversity

In the 10 routes, 384 species (qualitative richness) of vascular plants were found,
distributed in 220 genera and 69 families, and 95% were identified at the species level and
5% at the morphospecies level. Regarding the habits, 17 species correspond to trees, 54 to
shrubs, and 313 to herbs. The five Routes with the greatest floristic richness that exceed 100
species were R2 with 120 species, R8 (111), R10 (109), R6 (108), and R7 with 103 (Figure 1,
Table S1). The families with the highest species richness were Asteraceae with 93 species,
Poaceae (36), Fabaceae (15), and Rosaceae with 14 (Figure 3). The most diverse genera
in terms of species were Baccharis with ten species, Senecio (nine), Deyeuxia, and Plantago
with eight each. The species with the highest frequency of presence have been Amaranthus
caudatus L. and Escallonia resinosa (Ruiz and Pav.) Pers., present in ten routes; present in
nine routes were Stenomesson pearcei Baker, Baccharis buxifolia (Lam.) Pers., Baccharis latifolia
(Ruiz and Pav.) Pers., Baccharis odorata Kunth, Mutisia acuminata Ruiz and Pav. (Figure 3D),
Puya ferruginea (Ruiz and Pav.) L.B. Sm., and Polylepis incana (Kunth); and present in eight
routes were Amaranthus hybridus L., Chenopodium ambrosioides L., Chenopodium murale L.,
Grindelia boliviana Rusby, and Calceolaria myriophylla (Kraenzl.) (Table S1).

In the quantitative sampling, a total of 2007 individuals were evaluated, comprising
252 species (quantitative richness) belonging to 54 families, the most diverse being Aster-
aceae with 67, followed by Poaceae (21), and Fabaceae with 12. The most abundant species
were Anatherostipa obtusa with 173 individuals, Lachemilla pinnata (84), Aciachne pulvinata
(71), Lachemilla orbiculate (58), and Anatherostipa aff. obtusa and Muhlenbergia peruviana, both
with 57 individuals.
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Figure 3. Species of native plants evaluated in the ecotourism routes in the Cusco Valley. (A) Bomarea
dulcis (Alstroemeriaceae), (B) Barnadesia horrida (Asteraceae), (C) Gynoxys longifolia, (D) Mutisia acumi-
nata, (E) Mutisia cochabambensis, (F) Lupinus cuzcensis (Fabaceae), (G) Gentianella ernestii (Gentianaceae),
(H) Hesperoxiphion herrerae (Iridaceae), (I) Viola aff. pygmaea (Violaceae).

Alpha Diversity

The route with the greatest diversity of vascular plants was R8, with Fisher’s alpha = 61.82,
followed by R7 (Fisher’s alpha = 37.77), R2 (Fisher’s alpha = 35.23), R6 (Fisher’s alpha = 32.55),
and R10 (Fisher’s alpha = 31.86). The other routes obtained values less than 30 Fisher’s
alpha (Table 1). The estimated richness for each route, through Hill’s diversity (q = 0),
indicates that the Route with the greatest diversity was R8 with 124 species, followed by
R2 with 110 and R10 with 108 species; for the other routes the richness was estimated to be
less than 100 species (Table 1, Figure 4).
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Figure 4. Diversity using the rarefaction method based on the Hill index.

Beta Diversity and Floristic Affinities

The cluster and the NMDS plots show the formation of three main groups of routes.
In the cluster with 55% similarity (Figure 5a,b), group 1 is made up of routes R2, R4, R6,
R7, R8, R9, and R10; group 2 by R1 and R3; and group 3 is represented only by R5. This
same pattern is evident in the NMDS with the three groups with low stress (0.13), which
indicates a good fit of the model to the data (Figure 5b). In the first dimension, group 1 is
concentrated in the central part, with the most distant group being 2 with R1 and R3, and
finally, at the end of the axes, there is only R5 as group 3.

(a) (b) 

Figure 5. (a) Similarity between the 10 sampled routes in the Cusco Valley. (b) NMDS showing the
grouping of the floristic groups between 10 sampled routes in the Cusco Valley.
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Gamma Diversity

The total diversity observed for the Cusco Valley, from the 10 routes, is represented by
384 species. The quantitative data, through the rarefaction curve by means of the CHAO-1
index, estimates that for the entire Cusco Valley there is a richness of 570 species of vascular
plants (Figure 6).

Figure 6. A. CHAO-1 diversity, observed and estimated.

3.1.2. Phenology Patterns

Phenology patterns show the largest number of species are flowering during the
months of the rainy season, from February to July. Then, there is a gradual decrease in the
dry season, where only some species flower. Few biennials have more than one flowering
season within the year (Table 2). Herbs mainly flower from December to May and most
of the shrubs also concentrate their flowering during these months. In the case of trees, it
is observed that there is a continuous flowering with the exception of June and August,
where no species was recorded to flower (Table 2, Figure 7).

Table 2. Number of flowering species per habit and per month during the year 2020.
ND = no data available.

Habit January February March April May June July August September October November December

Tree 8 12 8 10 12 ND 2 ND 2 2 2 5
Shrub 19 41 37 36 40 2 4 3 ND 7 7 15
Herb 103 203 206 203 199 26 37 15 13 21 37 107
Total 130 256 251 249 251 28 43 18 15 30 46 127

The months with the greatest diversity of flowering plants are February (256 species),
March and May (251), and April (249). The months in which there are fewer species are
August and September (Table 2, Figure 6).
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Figure 7. Phenological variation between the two seasons (Mann–Whitney test p = 0.00001).

Throughout the year, the botanical families that contributed the most flowering sight-
ings during the year were Asteraceae with 307 observations, Poaceae with 117, Fabaceae
49, Rosaceae 43, and Plantaginaceae 34 (Table 3).

Table 3. List of the 10 most representative families with individuals in flowering, in the dry and rainy
seasons (the values correspond to the sums of observations in the dry and rainy months).

Family Rainy Season Dry Season

Asteraceae 307 48
Poaceae 117 15
Fabaceae 49 5
Rosaceae 43 7

Plantaginaceae 34 7
Orobanchaceae 33 7
Amaranthaceae 30 5
Amaryllidaceae 30 3

Gentianaceae 29 5
Orchidaceae 27 1

For the total 69 families, in the rainy season 1264 flowering individuals (mean 18.31;
standard deviation 38.84) were observed, and for the dry season 180 individuals were
observed (mean 2.60; standard deviation 6.05). The Mann–Whitney test shows that there
is a significant difference between the number of observations of individuals in flower in
the rainy and dry seasons (p = 0.00001). Therefore, the rainy season is more favorable to
appreciate a high richness of species and individuals in the evaluated routes (Figure 7).

Regression analysis shows us that there is an association between richness and precip-
itation in the evaluated 12 months, with a R2 = 0.19 Spearman’s correlation coefficient of
p = 0.15, which is considered a low to regular association (Figure 7a).

The relationship between species richness and temperature shows a R2 = 0.02 Spear-
man’s correlation coefficient of p = 0.48, which is considered a low association (Figure 8a,b).
Between temperature and precipitation during the studied 12 months, we observed that
precipitation is the best variable that explains the increase in plant richness in the rainy
months of the year.
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(a) (b) 

 

Figure 8. Representation of the annual relationship between environmental variables and the richness.
(a) Precipitation vs. species richness, (b) Temperature vs. species richness.

3.2. Potential of Routes for Ecotourism

In the 10 routes, 10 archaeological units were registered. In R4, the Raqayraqayniyuq
complex is present (San Jerónimo district); R6 has two units: the Huanacaure hill complex
and the Inca trail; R7 has the archaeological complexes of the Temple of the Moon (Amaru-
markawasi) and Qenqo; R8 includes the Puka Pukara and Inkiltambo complexes; R10
has the Inca trail to Apu Mama Simona and the Quiswarcancha complex; R4 has a single
complex Inca trail to Huacoto; and R9 has part of the Sacsaywaman archeological park.

The five routes with the highest weighting considering the four criteria are Route 8
(total richness = 111 species, archaeological units = 2, low anthropic impact = 1, and with
good accessibility = 1); Route 10 (total richness = 109, archaeological units = 2, anthropic im-
pact = 1, and with good accessibility = 1); Route 6 (total richness = 108, archaeological units
= 2, anthropic impact = 2, and with good accessibility = 1); Route 7 (total richness = 103,
archaeological units = 2, anthropic impact = 2, and with regular accessibility = 2); and
Route 2 which, despite not having any archaeological unit, presents the greatest diversity
of all the routes with 120 species, regular anthropic impact (2), and regular accessibility (2)
(Table 1).

The other routes, with the exception of R4 and R9, do not present any archaeological
units. However, in general, they have access conditions, and are regularly impacted by
human activities, mainly agricultural activity.

4. Discussion

4.1. Diversity and Phenology
4.1.1. Richness, Composition, and Diversity

Gamma diversity is represented by 384 species of vascular plants found in the 10 routes
of the valley of Cusco, and shows in general that these types of vegetation, that include the
inter-Andean dry forest in the lower zone and the “pajonales” in the highlands, encompass
quite representative habitats that include transition areas. This is evident in the lower
areas with the presence of forests dominated by populations of native trees: Escallonia
resinosa (chachacomo) and Polylepis racemosa (queuña), and in the grasslands dominated
by the grass Anatherosthipa obtusa (ichu). These routes can each house up to more than
100 species. The total richness or gamma diversity of the plants registered in the present
study is notably higher than that documented by Herrera 1941 [12], who points out that, at
that time, in the surroundings of the city of Cusco there were up to 254 species of higher
plants. This approximation somewhat calls attention to the fact that, in those years, the
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city of Cusco still had many remnants of forest and more intact areas near the banks of
the micro-watersheds throughout the entire valley. Compared with the study by Galiano
et al., 2005 [36], who registered little more than 480 species for the entire Cusco Valley,
in our study more than 80% of them are cataloged. It should be noted that the study of
these authors, in addition to the Cusco Valley, included the towns of Urcos and Huacarpay,
which are not directly part of the Cusco Valley.

Family diversity patterns, both in qualitative and quantitative evaluations, show
similar results as found in other regions of the Cusco Valley, as described by the works of
Galiano et al., 2005 [36]; Tupayachi 2019 [13]; Herrera 1941 [12]; and Marín 1950 [18]. In
these studies, the families with the greatest diversity were Asteraceae, Poaceae, Fabaceae,
and Lamiaceae, the exception being the Bromeliaceae family. In the present study, we only
registered two species in the different routes. The same authors mention that, in general, for
the forests and grasslands of the Cusco Valley and its surroundings, these genera are more
representative: Deyeuxia (ex Calamagrostis) of the Poaceae, Puya (Bromeliaceae), Solanum
(Solanaceae), Senecio (Asteraceae), and Lupinus (Fabaceae).

In the 10 studied routes, the species considered to be most frequent present interesting
distributions, for example Amaranthus caudatus, A. hybridus, Chenopodium ambrosioides.,
and C. murale have a wide range of distribution and can be found even in degraded
environments, which shows that along the routes these species were also adapting alongside
wild species from habitats that were little disturbed. The other group of frequent species are
trees, such as Escallonia resinosa, Baccharis buxifolia, Barnadesia horrida (Figure 3B), B. latifolia.,
B. odorata, Mutisia acuminata (Figure 3D), Polylepis incana, and the herbaceous species
Stenomesson pearcei, Grindelia boliviana, and Calceolaria myriophylla, which are from little
impacted habitats and which are also quite frequent in other inter-Andean valleys of
southern Peru. At a quantitative level, in the 30 plots the pattern of abundance is different
in terms of the individuals evaluated. The species Anatherostipa obtusa, Lachemilla pinnata,
and Aciachne pulvinata stand out as these are species of greater density and small size. These
species are present mainly in the highlands such as grasslands and transition zones within
the inter-Andean dry forest.

The gamma diversity values estimated by the CHAO-1 index show that the richness of
vascular plants can reach around 570 species for the Cusco Valley; this value is comparable
to that recorded in Galiano et al., 2005 [36] with little more than 480 species in the vicinity of
the Cusco Valley. At the level of each route, if we compare the values of Fisher Alpha with
other Andean zones such as in the departments of Cajamarca and Pasco above 2800 masl,
they present indices between 12 and 60 [25] which indicates that the Cusco routes in
general contain a similar moderate to low diversity, which are also relatively similar to
other Andean regions. The values found are also corroborated with the diversity values of
Hill where three routes, R2, R8, and R10, estimate the presence of more than 100 species,
which are complemented by the qualitative results, where routes R2, R10, R8, R6, and
R7 exceed more than 100 species. These values and estimates show that although the
ecotourism routes described are often not well recognized with high species richness, with
more detailed sampling, areas with high richness and alpha diversity can be recorded,
especially if we make a complete evaluation during a year.

The beta diversity evaluated with the UPGMA and NMDS methods, under the Bray–
Curtis index, generally exhibits a high floristic similarity among the 10 routes, that is, more
than 50% of species are shared among all of them. However, three consistent groups are
distinguished, of which group 1, with 7 routes (R2, R4, R6, R7, R8, R9, and R10), represents
those that include valley bottom areas, inter-Andean dry forest, and grassland areas in
their routes, while group 2 (R1, R3) corresponds to drier areas with few tree populations
in the lowlands, and group 3 is represented only by route R5 and contains less floristic
richness since it only covers habitats such as grassland and shrubland with a greater
anthropic impact.
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4.1.2. Phenology

Apparently, the monthly flowering periods are conditioned by the presence of rain
within a year, and it is within this period where more flowering species could be seen.
This same pattern is mentioned by Marín 1950 [18], who made some notes on the floral
phenology in different months of the year in the surroundings of Cusco of the arboreal,
shrubby, and herbaceous flora, reaching the conclusion that the month of March has the
largest floral anthesis in Cusco, which is also considered to be a widespread pattern in the
Andean region of Peru.

Groups such as the Asteraceae, Poaceae, Fabaceae, and Rosaceae are the ones that
show a greater flowering pattern in the rainy months. Species such as Viguiera procumbens,
Ageratina cuzcoensis, Begonia veitchii, Gentianella ernestii (Figure 3F), the mostly perennial
Barnadesia horrida (Figure 3C) and Mutisia acuminata (Figure 3D), and the endemic Lupinus
cuzcensis (Figure 3G) are the ones that can be recorded in an abundant way during the
flowering season in the areas mainly of the inter-Andean dry forest at the bottom of the
valley. These are even used as festive decorations in carnivals, as a symbol of prosperity in
the year.

4.2. Integral Assessment of the Potential and Sustained Management of Routes for Ecotourism

Sustainable tourism is one of the activities that has been providing opportunities to
local populations [16]. Ecotourism in recent years has caused the least negative impacts
on the environment, compared with other activities [15]. In the area of the Cusco Valley,
tourist activity is represented by routes recognized as “Cusco City tour”, “Cusco Valley
tourism”, and “Sacred Valley tourism”. For Cusco, the most traveled routes are Inkiltambo,
Qenqo, Sacsayhuamán Archaeological Park, Apu Huanacaure, and Apu Pikol [17].

In the present study, we considered the integral biological, ecosystemic, and cultural
criteria, which support our conclusion that the routes R8, R10, R6, R7, and R2 are the ones
with the greatest potential for use in ecotourism within the Cusco Valley. These routes also
include the most important archeological complexes in the peri-urban area of the Cusco
Valley, as indicated in [17]. These findings agree with the hypothesis that the Cusco Valley,
with its micro-climatic variability, geological formations, ecosystems, and fertile lands, has
been the reason the area was chosen for the capital city by the Incas and other pre-Inca
cultures, despite being above 3000 masl, as stated in Galiano 2005 [11] and Marín 1950 [18].

The studied ecotourism routes, apart from the impressive diversity of plants (384
species and an estimated 570), were traditionally areas where resources such as construction
material, medicinal plants, and foodstuffs, among others, were obtained in an important
way in the daily life of the “cusqueño” inhabitant in practices which are currently still being
practiced (field observation).

Despite the fact that these routes have a high potential for ecotourism use, it is im-
portant to highlight that some of them are subject to risks and threats, mainly due to
the expansion of housing construction, the authorization of cultivation areas, and fires
that occur mostly during dry months. To contribute to its conservation, we propose the
following measures for the recovery and restoration of the populations of native forests
and associated flora on the evaluated routes: (1) an area on the margins at each route
that includes forests and remnants in which strict protections are respected; (2) potential
restoration areas are identified to recover deforested areas that currently correspond to
deteriorated areas such as in the lower areas of R2, R4, and R10; (3) the preparation and
implementation of a plan to replace Eucalyptus plantations (Eucalyptus globulus) by native
forest species, taking into account historical records, such as those species present in the
R10, which includes highly threatened species such as Gynoxys longifolia (Figure 3C) and
Escallonia myrtilloides, both native forest species that were decimated in the past in the
vicinity of the city of Cusco; (4) the implementation of education campaigns, studies, and
programs for the reevaluation of the native flora in the valley of Cusco; (5) the consideration
of intangible conservation areas to avoid inadequate access by tourist visitors, for example,
areas where endemic plants with extinction threats grow, nesting areas for some birds such
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as partridges and hummingbirds with a degree of threat, and mammal feeding areas, for
example, the taruka. Within these areas, we have identified the upper parts of the grassland,
where you can find representative animal species with high degrees of threat, such as the
taruka “Hippocamelus antisensis”, the Andean fox “Lycalopex culpaeus”, and the Andean
partridge “Nothoprocta ornata”.

5. Conclusions

In the present work, we show that in the Cusco Valley there is a high gamma diversity
of vascular plants, with a projected 570 species, in 10 ecotourism routes traditionally
traveled by local and foreign populations in the peri-urban areas of the city of Cusco. The
beta diversity also shows a high plant similarity between the 10 routes, where a group of
routes show a consistent grouping corresponding to those with the highest alpha diversity
such as R2, R6, R7, R8, and R10. Due to the climatic characteristics of this part of the
Andean region, the greatest diversity of plants in flowering season can be observed during
the rainy season, which corresponds to the first months of the year.

The potential use of each evaluated route, by applying the integrative method, which
in our case was based on biological (represented by the diversity of plants), ecosystem
(with the level of anthropic impact, and its accessibility), and cultural values (with the
number of cultural units present in each route, which correspond to legacies of the rich Inca
and pre-Inca cultures), has allowed us to assign an appropriate weighting to each route.
The routes with the highest values were R2, R6, R7, R8, and R10. These routes have a high
diversity of plants, the presence of up to two cultural units, a low level of anthropic impact,
and adequate accessibility. In general, for the 10 routes, it is recommended that some
mitigation measures be implemented, such as the restoration of degraded environments of
natural habitats, reforestation, ecological connectivity areas, and strict protection areas. For
the sustainable use and management of these areas, local authorities must also consider the
establishment of rest areas, signage, the preparation of local guides, and zoning. These areas
undoubtedly represent a good recreation alternative and the opportunity for programs
for environment education and an appreciation of nature for the population of the city of
Cusco as well as national and foreign tourists.
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www.mdpi.com/article/10.3390/15060760/s1, Table S1: General table of species with collections
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