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Abstract: The ecological resilience of boreal forests is an important element of measuring forest
ecosystem capacity recovered from a disturbance, and is sensitive to broad-scale factors (e.g., climate
change, fire disturbance and human related impacts). Therefore, quantifying the effects of these
factors is increasingly important for forest ecosystem management. In this study, we investigated
the impacts of climate change, climate-induced fire regimes, and forest management schemes on
forest ecological resilience using a forest landscape model in the boreal forests of the Great Xing’an
Mountains, Northeastern China. First, we simulated the effects of the three studied variables on forest
aboveground biomass, growing space occupied, age cohort structure, and the proportion of mid
and late-seral species indicators by using the LANDIS PRO model. Second, we calculated ecological
resilience based on these four selected indicators. We designed five simulated scenarios: Current fire
only scenario, increased fire occurrence only scenario, climate change only scenario, climate-induced
fire regime scenario, and climate-fire-management scenario. We analyzed ecological resilience over
the five scenarios from 2000 to 2300. The results indicated that the initialized stand density and
basal area information from the year 2000 adequately represented the real forest landscape of that
year, and no significant difference was found between the simulated landscape of year 2010 and
the forest inventory data of that year at the landscape scale. The simulated fire disturbance results
were consistent with field inventory data in burned areas. Compared to the current fire regime
scenario, forests where fire occurrence increased by 30% had an increase in ecological resilience
of 12.4–43.2% at the landscape scale, whereas increasing fire occurrence by 200% would decrease
the ecological resilience by 2.5–34.3% in all simulated periods. Under the low climate-induced fire
regime scenario, the ecological resilience was 12.3–26.7% higher than that in the reference scenario
across all simulated periods. Under the high climate-induced fire regime scenario, the ecological
resilience decreased significantly by 30.3% and 53.1% in the short- and medium-terms at landscape
scale, while increasing slightly by 3.8% in the long-term period compared to the reference scenario.
Compared to no forest management scenario, ecological resilience was decreased by 5.8–32.4% under
all harvesting and planting strategies for the low climate-induced fire regime scenario, and only the
medium and high planting intensity scenarios visibly increased the ecological resilience (1.7–15.8%)
under the high climate-induced fire regime scenario at the landscape scale. Results from our research
provided insight into the future forest management and have implications for improving boreal
forest sustainability.

Keywords: Ecological resilience; fire disturbance; forest landscape; The Great Xing’an Mountains;
LANDIS
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1. Introduction

Boreal forests are the northern-most forested biomes, and are expected to be sensitive to climate
change and forest fire disturbances [1]. By 2100, the climate in Northern high latitudes (including
North America and Eurasia) is expected to increase by 1.4 to 5.8 ◦C, about 5 times greater than
the global mean temperature increase [2,3]. Recent studies have projected that climate change
will affect the species distribution and ecosystem functions (e.g., carbon fixation) within boreal
forests [4]. For instance, climate change can alter interspecific competition and tree species migration [5],
which could further affect forest composition and distribution [6]. Species response to climate change
varied among and within populations of different trees in the boreal forests [7]. Changes in climatic
conditions (e.g., precipitation and temperature) can have direct influences on the metabolic processes,
growth rates, establishment abilities, and competitive ability of trees, thus affecting overall biomass
accumulation in forests [5,8]. These resulting changes in forest structure and function are expected to
affect the recovery ability (ecological resilience) of boreal forests at landscape scales [9]. Additionally,
climate change indirectly impacts forest traits (e.g., forest structure, composition, and ecological
resilience) through its effects on fires regimes [10]. In boreal forests, climate-induced fires are frequent
and widespread, and become a major factor that can distinctly affect forest successional dynamics,
composition, and structure [11,12]. Johnstone et al. [11] showed that forest fires with increased severity
may promote shifts from coniferous forest to deciduous-dominated forests, and substantially change
landscape dynamics and ecosystem services in boreal forests. More previous studies indicated that
fires have been projected to occur more frequently, burn greater areas, and have higher intensities
under altered climatic conditions [13,14]. As a result of climate change altered fire regimes, forest
composition and biomass dynamics, and thus ecological resilience is expected to shift [15]. Despite the
growing evidence that climate change and shifting fire regimes will alter the composition, structure
and biomass of boreal forests, quantification of how these two factors will impact forest ecological
resilience is still poorly known.

Ecological resilience is characterized as the capacity of a forest ecosystem to recover from
disturbance and maintain a stable state, supporting the recovery of structure, composition, and function
equivalent to pre-disturbance states [16]. Boreal forests were remarkably resilient to disturbances,
and forest species were adapted to the current disturbance regimes with long term effects [17].
For the existence of forest ecological resilience, boreal forest ecosystems thus have the capacity to
absorb a spectrum of perturbations (e.g., climate change and forest fires) and to sustain its structure and
function, and to maintain the forest ecosystem in a relatively stability domain [16,17]. Climate change
in the past century has caused more frequent extreme climate events, such as higher temperatures,
severe, and extensive droughts [15], and also has altered forest fires regimes to varying degrees [12,18].
These changing factors (e.g., climate change and climate-induced fires) will exacerbate the loss of
ecological resilience in boreal forest ecosystems under long-term exposure [15,19], and may cause a
catastrophic shift in forest ecosystems that is difficult to reverse, thus posing a very serious threat
to regional ecological security and forest service [20]. Therefore, understanding and quantifying
ecological resilience is increasingly important for forest ecosystem management, and provides a
quantitative basis for exploring the issue of maintaining and improving ecological resilience.

Harvesting and planting are major anthropogenic disturbances to boreal forests. Boreal harvesting and
planting alters forest composition and structure, aboveground biomass accumulation, and ecological
resilience from stand to landscape scales [21], and these effects could be aggregated under future
changed climate conditions [22,23]. He et al. [22] evaluated species response to harvesting and
climate-induced fire in Northern Wisconsin boreal forests, and showed that increased fire frequency can
significantly alter the distribution of shade tolerant species, and indicated that harvesting accelerated
the decline of Northern hardwood and boreal tree species. Gustafson et al. [23] estimated the climate
effects on forest composition in the South-Central Siberian region, and indicated that the direct effects of
climate change were not as important as the timber harvesting effects on local virgin forests. However,
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there are fewer studies exploring the effects of forest management schemes (harvest and planting
strategies) on the ecological resilience of boreal forests.

Climate change, fire disturbance, harvesting, and planting occur at large spatio-temporal scales,
which makes evaluating their effects on ecological resilience using traditional observation experimental
studies challenging [24,25]. Forest landscape models (FLMs) provide a proper scientific approach for
studying these issues [26]. With FLMs, we can conduct large-scale studies in which critical model
parameters could be changed to explore the complex interactive effects of these extra factors on
ecological resilience [27].

The objective of this research was to investigate effects of climate change, climate-induced
fire regimes, and future possible forest management schemes on the ecological resilience of boreal
forests in Northeastern China. Specifically, we quantified (1) individual effects and (2) interactive
effects of climate change and climate-induced fire disturbance on boreal forest ecological resilience,
and (3) evaluated whether future possible forest management schemes could mitigate the effects of
climate change and climate-induced fires on ecological resilience.

2. Materials and Methods

2.1. Study Area

The study area is located in the Great Xing’an Mountains, which covers nearly 2.7 million ha
(Figure 1, 51◦35′ to 53◦25′ N and 122◦25′ to 125◦35′ E). The climate conditions are characterized by
terrestrial monsoons with long winters and short summers, and the mean monthly temperatures range
from −28 to 20 ◦C in January and July, respectively. Precipitation mainly falls in the summer, and the
mean annual value is 428 mm. The elevation ranges from 173 m to 1511 m across the landscape,
and the region is covered by brown coniferous forest soils. The dominant vegetation in this area is
larch (Larix gmelinii) forests. White birch (Betula platyphylla) and aspen (Populus davidiana) are the
major broad-leaved species in this region. In addition to larch and white birch, Mongolian Scots
pine (Pinus sylvestris var. mongolica), and Korean spruce (Picea koraiensis) are also widely distributed.
Dwarf pine (Pinus pumila) has small species communities which can be found in high latitude regions.

Forest fire is a major disturbance in the Great Xing’an Mountains. Based on the Chinese Federal
Forest Service data (website: http://www.cfsdc.org), forest fires burned 519,144 ha of the landscape
during the period of 1965 to 2005 in this region. For half a century, extreme fire suppression policies
have changed fire regimes in this area profoundly. Previous studies indicated that fire regimes have
changed from frequent and lower intensity fires to more infrequent and high intensity fires [28].
Extensive harvesting events have affected the forest structure, composition, and natural regeneration
significantly in this region. According to the forest inventory data and our field investigation,
coniferous dominated forests have shifted from late-seral to mid-seral stages over the landscape.
Planting occurs rarely in our study area and overall has minimal effect compared to fire and harvesting.
Under the long-term effects of these two typical disturbances (fire and harvesting), the boreal forests
of our study region have become more fragmented, simplified, and less resilient [29].
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Figure 1. The location of our study area. The insert map shows the location of our study region in
Northeastern China.

2.2. The Indicators of Ecological Resilience

The goal of our study was to evaluate the effects of three variables (climate change,
climate-induced fire regimes and future possible forest management schemes) on ecological resilience
of the study region. Firstly, by using LANDIS PRO model, we simulated the effects of climate variations,
fire regimes, and forest management schemes on these four indicators: Aoveground biomass, growing
space occupied, age cohort structure, and proportion of mid and late-seral species, which can be
obtained directly by LANDIS PRO model outputs. Secondly, we estimated ecological resilience
through these four indicators (weighted by a function of the variance). Thus, we can investigate the
effects of climate variation, fire regimes, and forest management schemes on boreal ecological resilience
in our study area.

Previous studies indicated that the ecological resilience can be quantified through boreal structure,
composition, and functioning [15,30]. Seidl et al. [9] and Van Mantgem et al. [31] suggested that the
total C storage, the rumple index, the presence of late-seral species and the proportion of older age
cohorts can be served as the indicators of ecological resilience. Based on the two previous studies
and the current status of our study area, we selected aboveground biomass, growing space occupied,
age cohort structure and proportion of mid- and late-seral species as the indicators of ecological
resilience (Table 1). The specific contents of these selected indicators are as follows: With regard to
boreal forest functioning, we mainly focused on aboveground biomass (AGB). AGB plays an important
role in carbon fixation, and is a vital surrogate of forest ecosystem functioning [9]. As a surrogate of
forest structure, we used the growing space occupied (GSO) as an indicator of ecological resilience.
The GSO is the growing space occupied by species of a specific site, and is commonly used as the
crown closure measurement. Growing space primarily reflects forest structure, and can distinguish
forest successional stages over large landscapes [32]. Seidl et al. [9] selected the rumple index (RI) of
canopy complexity as a surrogate of vegetation structure. The rumple index is the ratio of the canopy
surface area to the projected surface ground area [33]. The RI was proposed as a powerful composite
index to describe vegetation structure and distinguish different stages of forest development over
large areas [34], which was similar to the contents of GSO. Thus, we used GSO as the indicator of
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ecological resilience in this study. The measure of GSO incorporated in LANDIS PRO is calculated by
the following equations:

GSOi =
longevity/timestep

∑
j=1

((
DBHj

10 inch )
1.605 × NTj × 1 hectare

MaxSDIi×site _area )

GSO =
number of species

∑
i=1

GSOi

where DBHj and NTj are the mean diameter and number of trees of j th diameter class for species i in
inches and stems, respectively; MaxSDI is the maximum stand density index (derived from species
vital attributes). Stand density index (SDI) is a basic concept in forestry. It was first developed by
Reineke in 1933 and has been widely used to characterize stand density (tree crowding). Growing
Space Occupied (GSO) represents an extension of SDI to meet the needs of landscape modeling, and is
also a key metric within LANDIS PRO [32].

As a surrogate of vegetation component, we selected the percentage of older age cohort individual
species (ACS). Forests which contain tree species with diverse age and size structures have been
observed to be relatively more resilient to climate change and fire disturbance than forests with
younger, less diverse age structures [31]. ACS is defined by the ratio of old age cohorts to the total trees
cohorts (trees age > 60 year for broadleaf, and >100 year for conifers). For the surrogate of composition,
we selected the proportion of mid, and late-seral species (i.e., larch, Mongolian Scots pine, and Korean
spruce) >5 cm in DBH (diameter at breast height) (LSS).

Table 1. Indicators of forest ecological resilience.

Property Indicators Description Calculation Methods

Functioning AGB Aboveground biomass Derived from LANDIS PRO model outputs

Structure GSO Growing space occupied The percentage of growing space on the site
occupied by all species

Composition
ACS Age cohort structure broadleaf trees age > 60 yr + conifer trees age > 100 yr

the nmmber of all trees in each cell

LSS Proportion of mid- and
late-seral species

all conifer trees in each cell
the number of all trees in each cell

In order to facilitate the comparison and calculation among different indicators, we first used the
min-max normalization method to normalize all four indicators (AGB, GSO, ACS, and LSS) by each
time step at both land type and landscape scales. The data normalization process is calculated using
the following Formula (1):

Xi =
|Xi − Xmin|

Xmax − Xmin
(1)

where Xi is the normalized data, which ranging from 0 to 1. Xi is the value of the indicator at year i.
Xmin and Xmax represent the minimum and maximum values, respectively.

We then calculated the ecological resilience at all simulated time steps by using all four indicators
(AGB, GSO, ACS, and LSS). The calculated ecological resilience is a specific number ranging from 0 to
1 that quantifies the capacity of different forest stands to recover from extra disturbance and maintain a
stable status. Forest stands with high resilience values have a higher ability of recovery (more resilient
than other stands). The formula for this is (2):

Ri = W1 × AGBi + W2 × GSOi + W3 × ACSi + W4 × LSSi (2)

where Ri is the ecological resilience value at year i, higher Ri means higher ecosystem recovery ability
(ecological resilience). AGBi, GSOi, ACSi, and LSSi represent the normalized AGB, GSO, ACS, and LSS
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values at year i, respectively. Wj (j = 1, 2, 3, 4) are the weight coefficients, which are calculated by using
the coefficient of variation method in the following Formula (3):

Wj =
σj

=
Xj × ∑n

j=1
σj
=
Xj

(3)

where Wj is the weight coefficient of indicator j; σj is the standard deviation of indicator j;
=
Xj is the

mean value of the indicator j.

2.3. Simulation Experiments Design and Data Analysis

We designed a factorial experiment to assess the effects of climate change, climate-induced fire
regimes, and forest management schemes on boreal forest ecological resilience. In this factorial
experiment, we set three independent variables: Climate change (current climate and climate
change), different fire regimes (current fire and climate-induced fire), and forest management schemes
(no treatment and different harvesting and planting strategies).

The current meteorological data were derived from the meteorological center, and monthly
temperature and precipitation data were included from year 1961 to 2000. We used the data derived
from five related weather stations to build regression models among spatial positions, elevations,
and temperature as well as precipitation in the studied area. We then calculated the mean annual
temperature and precipitation of different land types by using this regression model. We used two
different levels of carbon emissions scenarios (CGCM3 B1 and UKMO-HadCM3 A2) to represent future
climate change in our study. The B1 scenario represents low CO2 emissions, while A2 represents high
CO2 emissions [3,35]. Based on the projected data of Hadley GCM, the mean annual temperatures
and precipitations would increase linearly in year 2000-2100, and after that it would enter into a stable
state [36]. The historical fire regimes for our simulations were characterized by the Chinese Federal
Forest Service database from 1965 to 2005. According to previous study, fire occurrences in our study
region under the B1 and A2 scenarios (projected by the Hadley GCM) would increase by 30% and
200% compared to historical fire regimes, respectively [3].

We used recent harvest trends in our study area to construct the current harvest regime.
To examine the effects of the current harvest regime and future possible forest management schemes
on forest ecological resilience, we designed eight harvesting and planting scenarios (Table 2).
These scenarios include a combination of designated harvest intensity and increasing percentages of
individual trees planted to the current intensity (P0) to 10% (P10), 20% (P20), 30% (P30), 40% (P40),
and 50% (P50) of the mean stand density.

Table 2. The scenarios for different harvesting and planting strategies (HP) simulated by LANDIS PRO.

Scenarios
Harvesting and Planting Were Permitted

Harvesting Intensity for Species (H) Planting Intensity of Conifer Trees (P)

H1P0 Cut conifer trees only 0 for each planted species
H2P0 Cut broadleaf trees only 0 for each planted species
H3P0 Cut broadleaf and conifer trees 0 for each planted species
H4P10 Cut broadleaf trees 10% for each planted conifer species
H4P20 Cut broadleaf trees 20% for each planted conifer species
H4P30 Cut broadleaf trees 30% for each planted conifer species
H4P40 Cut broadleaf trees 40% for each planted conifer species
H4P50 Cut broadleaf trees 50% for each planted conifer species

Specifically, we designed five simulated scenarios: (1) Current fire only scenario (CF1: the
reference scenario, fire and succession were simulated with current fire occurrence); (2) Increased
fire only scenario (CF2: compared to current fire regime, fire occurrence increased by 30%; CF3:

6
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fire occurrence increased by 200%); (3) climate change only scenario (B1F1 and A2F1: climate
change and current fire regimes were simulated); (4) climate-induced fire scenario (B1F2: B1 climate
and fire occurrence increased by 30%; A2F3: A2 climate and fire occurrence increased by 200%);
and (5) climate-fire- forest management schemes (B1F2HP: B1 climate, fire occurrence increased by 30%
and harvesting and planting; A2F3HP: A2 climate, fire occurrence increased by 200% and harvesting
and planting). We used a FLM to simulate 5 tree species (Table S1) at 5-year time step from year 2000
to 2300 with five replicates to reduce the stochasticity.

To examine the effects of extra factors on boreal forests, we compared the response variable,
ecological resilience, under the reference scenario to the scenarios climate change only, increased fire
only, and climate induced-fire, and climate-fire-forest management schemes for short- (0–50 year),
medium- (50–150 year), and long-term (150–300 year) simulation periods using the mean comparison
method. An analysis of variance (ANOVA) was used to test the differences between the reference
scenario and all other scenarios. We used the Tukey’s Honestly Significant Difference (HSD) method
for post-hoc analyses at all simulated periods. To evaluate the increased fire effects on boreal ecological
resilience, we tested the response variable among different fire regimes at all three simulated periods.
All statistical analyses were conducted using SPSS 23.0 software.

2.4. Simulating Ecological Resilience from Climate Change and Disturbance

We employed a forest landscape model to simulate forest succession under different climate,
fire regimes and forest management schemes, and to evaluate ecological resilience of boreal forests
(Figure 2). LANDIS PRO is a spatially explicit landscape model, and can be used to simulate forest
dynamic over large spatial and temporal scales with user defined resolutions (10–500 m) [34]. LANDIS
PRO records density and size information for each age cohort by species within raster cells enabling the
model to directly output spatially explicit stand information (e.g., density, basal area, and aboveground
biomass). This data structure enables forest inventory data to be directly used for model initialization
and parameterization. LANDIS PRO can simulate tree growth, species establishment, mortality,
and species resources competition within each raster cell, and also simulate seed dispersal, forest
management, and natural disturbance across the whole landscape. LANDIS PRO stratifies the entire
landscape into relatively homogenous land type units based on climate, soil, terrain, and other
environmental factors. Species establishment probability (SEP) is a key input parameter of LANDIS
PRO. SEPs are obtained based on responses of each species to specific microenvironment factors such
as soil moisture, soil N, soil C, and local climate. LANDIS PRO uses SEPs as inputs to indirectly capture
the spatial variability of climate. Species with high SEPs have a higher probability of establishment.
The SEPs of specific species are derived from previous LANDIS modeling studies or a gap model
(e.g., LINKAGES).

 
Figure 2. The framework for model-coupling and sub-methods used to evaluate ecological resilience.
SEPs: species establishment probability, AGB: aboveground biomass, GSO: the growing space occupied,
ACS: age cohort structure, and LSS: proportion of mid and late-seral species.

In the fire module, fire disturbances are simulated based on specific input parameters (e.g., mean
fire return interval, mean fire sizes) [37]. Fire disturbance is simulated within spatially defined fire
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regime units which have parameterized ignition rates, fire size distributions, and mean return intervals.
The fire module includes three major components which are fire occurrence, fire spread, and fire effect
simulation. Forest fires effects are characterized by bottom-up disturbance, and younger trees are more
susceptible to fire than older ones in model simulation.

In the harvest module, forest harvesting is simulated using a management area map and forest
stand map. The management area map and the stand map provide boundaries for specific harvest
events to occur. Clear-cutting, thinning (from above or below), and group selection harvesting
can be specified to execute harvest events in the harvest module [38]. By using those parameters,
many common forest management schemes can be simulated in this module.

2.4.1. LANDIS Model Initialization and Parameterization

Parameterization LANDIS PRO included two aspects: Non-spatial parameters (species’ vital
attributes, SEPs, site-level fire disturbance, harvest scenarios, and planting parameters), and spatial
parameters (species composition map, land type map, management area map, stand map, and fire
regime unit map). Five of the most common tree species were simulated in LANDIS, which account
for more than 90% of the total forested land [29]. Species’ vital attributes were derived from previous
studies in the same or similar regions, field investigation, and consultation with local experts [39,40].
We used land use data, Landsat imagery, slope, and aspect maps to classify the study area landscape
into six land types. We then used LINKAGES to simulate the response of forest species under current
and climate change scenarios within each land type, and used the simulated individual species biomass
to estimate SEPs for each simulated species. We modeled the SEPs of five tree species under different
climate conditions by each land type (Table 3). The initial SEPs were estimated by current climate
(1961–2000), and the SEPs for future scenarios were projected by climate change data (2010–2099).
The SEPs were assumed to change linearly in 2000–2100, and held constant after 2100. Specifically,
we used LINKAGES to simulate the individual biomass of different tree species to both current and
climate warming scenarios within each land type. The individual species biomass was used to estimate
the SEPs for specific species. The SEPs are calculated by the following equation:

SEPij =
bij, b′ij

max
{√

∑n
j=1 bij ,

√
∑n

j=1 b′ij
}

where bij and b′ij are the biomass of species i on land type j under current and warmer climate,
respectively, SEPij is the species establishment probability of species i on land type j under current and
warming climate [36,41].

The forest composition map was obtained based on forest stand maps, forest inventory data,
and field data, which included species spatial location, number of trees and age cohort information.
The forest stand map was acquired in the 2000’s was a GIS based file, that provided stand site
boundaries, species composition, structure, and the average age of the specific polygons. We derived
sample plots investigated during the 2000’s, which provided number of trees and age cohorts by
species from the China National Forest Inventory Second and Third Tier data. We integrated the forest
stand map (vector format) and forest inventory data (stand information) to derive the initial forest
composition map. To reduce computational resources, all those input maps needed by LANDIS model
were converted to a resolution of 90 m × 90 m cell size (2217 columns × 2609 rows) by using ESRI
ArcGIS software.

Fire regime parameters and a fire regime unit map were required for the fire module.
The fire regime unit map was used to identify areas with heterogeneous fire properties across the
landscape, and fire characteristics in this region were mostly related to soil moisture, terrain, climate,
and vegetation traits, which were closely related to the classification of land types, and thus we used
the land type map as the fire regime unit map in our study area. The current fire occurrence for our
simulations was parameterized based on data from the historical fire database recorded from 1965 to
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2005. Based on the database, we calculated the current fire regime parameters (e.g., return interval,
ignition rate, and mean fire size) of each fire regime unit. The future fire regimes were characterized by
changing fire occurrences under different climate scenarios based on previous work [3]. The boreal
forests in our study area have been exploited since the 1950’s, and timber harvesting has extensively
altered forest composition, structure, and age cohort. Consequently, to maintain forest ecosystem
function and sustainability, timber harvesting has been restricted by a natural forest conservation
project since 1999. Mongolian Scots pine and Korean spruce were extensively cut because of their high
economic value and stands typically reestablished with larch. At present the local forestry bureaus
have attempted to actively protect the remaining stock of these two species. In accordance with current
harvest policy, the harvested species were larch, birch, and aspen, whereas pine and spruce were
not harvested. The predominant harvest type in our study area was thinning from below, and all
harvest scenarios were processed by removing the smallest trees first. We simulated the current harvest
activities by using a basal area controlled harvest method (tree species were removed from a stand
until a specific target basal area value was reached) followed by planting in permitted areas.

Table 3. SEPs for each available land type under current climate and climate change scenarios.

Land Type Climate Scenario 1
Species Establishment Probabilities (SEPs)

Larch Pine Spruce White Birch Aspen

Terrace
C 0.200 0.050 0.050 0.030 0.070
B1 0.060 0.200 0.180 0.076 0.166
A2 0.000 0.000 0.000 0.418 0.186

Southern slope
C 0.350 0.350 0.005 0.350 0.030
B1 0.376 0.327 0.174 0.284 0.106
A2 0.141 0.320 0.111 0.669 0.271

Northern slope
C 0.400 0.010 0.030 0.150 0.005
B1 0.522 0.406 0.388 0.190 0.042
A2 0.270 0.151 0.245 0.238 0.213

Ridge top
C 0.200 0.010 0.000 0.070 0.020
B1 0.346 0.100 0.020 0.076 0.010
A2 0.413 0.325 0.180 0.222 0.147

1 C: current climate condition; B1 and A2: climate change scenarios.

2.4.2. Model Calibration and Verification

Simulated results (e.g., species composition, tree density, basal area, and aboveground biomass by
species for each cell and time-step) from LANDIS PRO can be directly compared with forest inventory
data as a method of calibration and validation [32]. In order to parameterize the initial forest landscape
accurately, we used 70% of the inventory plots (investigated in 2000s, consists of the number of all trees
and age cohorts) and the stand map (a GIS file) to initialize the forest composition map at year 2000,
and then simulated the model for ten years. We iteratively adjusted species’ growth curve (an essential
input parameter used to control tree growth and calculate species biomass) to make the initialized
forest stand information match the remaining 30% of the forest inventory data at year 2000. We then
calibrated the number of potential established seeds (a parameter related to tree density and basal area)
until the simulated results for year 2010 was similar to field data for the year 2010. This calibration
ensured that species’ growth curves and the number of potential established seeds was suitable for
our study area [39]. To evaluate the simulated landscape at year 2010, we used a scatter plot of the
observed density and basal area vs. the simulated density and basal area. We first selected 322 raster
cells from the simulated landscape at year 2010, and then the density and basal area were extracted
from selected cells to compare with forest inventory data. Likewise, the forest inventory data (322 plots,
investigated in 2010s) were also converted to the total density and basal area.

To verify simulated fire on the forested landscape, we compared the model results with field data
at different simulated periods. We ran the current fire only scenario (CF1) for 300 years, and randomly
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selected 40 fires with low intensities (more than 90% fires occurred at this level in our study area) from
different years and locations from the LANDIS PRO output. We then inventoried 40 field sites (8 field
sites per each age group) that were actually burned 5, 10, 15, 20, and 25 before the year they were
sampled. We set five plots with 20 m × 20 m in each field site. We then recorded all the individual
trees with basal diameter above 1 cm level in each plot. Tree number and DBH by species were
measured at each plot, and these plot data were converted to density (trees/ha) and basal area (m2/ha).
We statistically compared tree density and basal area of the 40 simulated fires with 40 corresponding
fires sampled in the field, respectively.

To ensure the simulated results more authentic, we also compared the simulated aboveground
biomass to previous studies, which conducted plot surveys in similar region at landscape scales.
We used the currently available data for model evaluation. While predicted results under climate
change scenarios over next 280 years cannot be verified by filed inventory data, simulated successional
and stand dynamic trends have been confirmed by other studies conducted at similar regions [36,42].

3. Results

3.1. Model Calibration and Validation

Our simulated results indicated that the initialized forest composition constructed from the
observed data from year 2000 adequately represented the forest landscape (stand density: R2 = 0.821,
Pearson correlation test: p < 0.01; basal area: R2 = 0.804, p < 0.01) (Figure 3a,b). The simulated stand
density and basal area were close to the observed forest inventory data at year 2010 (stand density:
R2 = 0.803, p < 0.01; basal area: R2 = 0.832, p < 0.01) (Figure 3c,d). Thus, we accepted the calibrated
results for further calculation.

Figure 3. Scatter plot showing the relation between simulated and observed data for stand density
(a,c); and basal area (b,d) at year 2000 and 2010, respectively (Pearson correlation test: p < 0.01).
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The results showed that the post-fire stand density increased during the first 10 years (up to
17,295 trees/ha) and then decreased to 4725 trees/ha after 25 years (Figure 4a). The increasing trend
was largely attributed to forest fires removing many trees causing the release of growing space for
pioneer species to establish. After year 10, these post-fire stands reached the self-thinning stage,
and began to reduce individual trees in the following years. The post-fire basal area showed an
increasing trend throughout the observed 25 years (Figure 4b). The simulated trends in both stand
density, basal area and aboveground biomasses closely followed trends in the field sample data
(Figures 4 and 5).

 

Figure 4. Comparison between observed and simulated stand density (a) and basal area (b) in burned
areas in relation to post-fire year.

 

Figure 5. Comparison between simulated data and observed field aboveground biomass, published
data from plot surveys in the study area.

3.2. Ecological Resiliencies Response to Climate Change and Fire Regimes at Landscape Scale

Our results showed that under current climate conditions, ecological resilience was affected by
forest fire regimes (Figure 6a). The forest ecological resilience was greatest under the CF2 scenario
followed by the CF1 and CF3 scenarios. Under the current fire regimes (CF1), the ecological resilience
increased rapidly from the simulated years 50 to 80, then decreased until year 160, and then increased
slightly to year 300. The ecological resilience decreased significantly under the CF3 scenario in the
first 160 years compared to the CF1 scenario. However, the ecological resilience under CF1 scenario
coincided with the CF3 scenario from year 170 to 270.

The trajectories of forest ecological resilience varied among climate change and fire regime
scenarios (Figure 6b). Under B1F1, B1F2, and A2F1 scenarios, the ecological resilience dynamics had a
similar trend for the whole simulation period. The curves of these three scenarios fluctuated in the first
50 years and peaked at year 80, then decreased until year 160, and then increased to year 300 gradually.
The calculated forest ecological resilience was highest under the B1F2 scenario across all simulated
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periods, followed by B1F1, A2F1, and A2F3 scenarios. Moreover, the ecological resilience under the
A2F3 scenario was visibly lowest among these scenarios until year 210.

 

Figure 6. Changes in ecological resilience at the landscape level under different simulated scenarios.
(a) current climate condition with different fire occurrence (CF1, CF2, and CF3); and (b) climate change
scenarios with different fire occurrences (B1F1, B1F2, A2F1, and A2F3).

3.3. Effects of Fire Regimes, Climate Change on Ecological Resilience

The effects of forest fire on ecological resilience varied among the three fire occurrence scenarios
across the three simulated periods (Figure 7). Compared to the CF1 scenario, no significant difference
was found between the short and medium term interval (p > 0.05) under CF2 scenario, while the
ecological resilience under the CF2 scenario differed significantly from CF1 scenario during long-term
interval (p < 0.05). However, the ANOVA tests demonstrated that the simulated ecological resilience
under CF3 scenario for both short and medium term interval differed significantly from CF1 scenario
(p < 0.05), and no significant difference existed in the long term interval (150–300 year).

The ecological resilience was substantially higher under the CF2 scenario than the CF1 scenario
(Figure 7). Our results showed that the increase in ecological resilience under CF2 scenario was 17.5%,
12.4%, and 43.2% greater than that in CF1 scenario across the entire simulated periods, respectively.
Under CF3 scenario, the largest reduction in ecological resilience occurred in the short and medium
term interval, and was 24.6% and 34.3% lower than that in the CF1 scenario. However, the average
value of ecological resilience under CF3 scenario was similar in the long-term period.

Figure 7. Multiple comparison of three fire scenarios effects on ecological resilience at different
simulated periods. Small letters indicated significant differences among scenarios at 0.05 level. CF1,
CF2, and CF3: different fire occurrence scenarios.
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The ecological resilience responses to three climatic scenarios differed among different land types
(Figure 8). Results showed that the ecological resilience increased more sharply in the first 80 years
(up to 0.919), then decreased until year 170, and then increased slightly to year 300, and the ecological
resilience responded negatively to both B1, A2 climate scenarios after year 80 on the terrace land
type (Figure 8a). On south-facing slopes, the ecological resilience decreased in the first 50 years,
then increased slightly until year 80, and remained almost stable afterward under the CF1 and B1F1
scenarios. Ecological resilience under A2F1 scenario decreased by 61.5% in the first 130 years, and then
generally increased to year 300 (Figure 8b). The curves of ecological resilience in north-facing land type
responded to climate change similar to that on south-facing land types (Figure 8c). On the ridge top
land type, the curves of ecological resilience under three climatic scenarios decreased sharply in the first
30 years, and then increased slightly afterward (Figure 8d). There was a slight increase of ecological
resilience in B1F1 and A2F1 scenarios compared to the CF1 scenario after year 120 (Figure 8e).

Figure 8. Ecological resilience dynamics for different land types under three climatic simulated
scenarios. CF1: current fire only scenario, and B1F1, A2F1: climate change only scenarios.

3.4. The Interactive Effects of Fire Disturbance and Climate Change on Ecological Resilience

There was no significant difference of ecological resilience on the terrace land type between CF1
and B1F2 scenarios during the simulated periods (p > 0.05, Figure 9); and ecological resilience on
the terrace land type decreased by 1.7%, 5.9%, and 1.7% at the three simulated periods compared to
the CF1 scenario. For the South-facing and North-facing land types, the ecological resilience did not
differ significantly between CF1 and B1F2 scenarios for the short and medium-term interval (p > 0.05,
Figure 9). However, ecological resilience differed significantly between the B1F2 scenario and the CF1
scenario for the long-term period (p < 0.05, Figure 9), where ecological resilience was 11.3% lower than
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that in CF1 scenario. On the ridge top land type, no significant difference was found between CF1
and B1F2 scenarios for the whole simulation periods, where ecological resilience was 14.1% higher,
and 3.7% lower, respectively, than that in the CF1 scenario. The results showed that ecological resilience
under the B1F2 scenario was significantly higher than that under CF1 scenario at landscape scale only
for the long-term period (p < 0.05, Figure 9). The increase in ecological resilience at the landscape
scale was 3.2%, 12.1%, and 29.6% greater than that in the CF1 scenario during the three simulated
periods, respectively.

 

Figure 9. Ecological resiliencies of different land types for the three simulated scenarios: current
fire only scenario (CF1); climate change induced-fire scenarios (B1F2, A2F3). Short term: 0–50 years,
medium term: 50–150 years, and long term: 150–300 years; * indicates that significant differences are
detected between the CF1 scenario and a given scenario (p < 0.05).
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Ecological resilience under the A2F3 scenario differed significantly on terrace, South-facing
slope, and ridge top land types from CF1 scenario at medium and long-term periods (p < 0.05,
Figure 9), and no significant differences were detected at short-term interval on those three land
types. On North-facing slopes, the ecological resilience under A2F3 scenario differed significantly
from CF1 scenario during the long-term period (p < 0.05, Figure 9), and the decrease in ecological
resilience was 26.7%, 12.4%, and 12.3% lower than that in the CF1 scenario across the three simulated
periods, respectively. Collectively, our results indicated that the B1F2 scenario did not affect ecological
resilience across the short- to medium-term range, but with continuous climate and fire influence, it will
significantly affect the ecological resilience at landscape level across the long-term range. Meanwhile,
under the A2F3 scenario, forest ecological resilience could be recovered almost to its original state by
150 years simulation time.

3.5. The Effects of Forest Management Schemes on Ecological Resilience

Our results showed that forest management schemes played a role in altering ecological resilience
under the climate change scenarios in contrast to the no management treatments (Figure 10). For the
B1F2 scenario, ecological resilience decreased obviously under the eight harvesting and planting
scenarios (Figure 10a). Under all simulated scenarios, ecological resilience initially fluctuated,
then peaked at year 80, and then decreased until year 130, and increased gradually afterward.
The curves of ecological resilience for the eight harvesting and planting scenarios were relatively lower
than that under B1F2 scenario during most of the simulation periods. Generally, our results indicated
that all eight harvesting and planting strategies did not affect ecological resilience at landscape scale
under the B1F2 scenario during all simulation periods.

 

Figure 10. The ecological resilience simulated under different forest management schemes at landscape
scales under two climate change scenarios in comparison with no management treatment (B1F2
and A2F3): (a) The ecological resilience affected by harvesting and planting in B1 climatic scenario;
and (b) the ecological resilience affected by harvesting and planting in A2 climatic scenario.
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For the A2F3 scenario, ecological resilience also varied among these eight harvesting and planting
strategies across all simulation periods (Figure 10b). Ecological resilience decreased sharply under
all the harvesting and planting scenarios in the first 20 years, and then fluctuated until year 220 and
increased gradually afterward. The ecological resiliencies of eight harvesting and planting scenarios
were higher than that under A2F3 scenario during the first 190 years simulation. Under A2F3H4P30,
A2F3H4P40, and A2F3H4P50 scenarios, the ecological resiliencies were higher than that under the
A2F3 scenario after year 240 (Figure 10b). Our results indicated that certain harvesting and planting
strategies needed to be implemented under the A2F3 scenario, and only three of the eight harvesting
and planting strategies affected the ecological resilience positively at the landscape level during the
simulation periods except for simulated year 210 to 240.

4. Discussion

Boreal forest ecosystems have the ability to recover from disturbances without undergoing
fundamental change (a quality referred to as resilience) that it is dependent on functions and structures
at multiple scales of the forest ecosystem [15,43]. Understanding and quantifying responses of
ecological resilience to extra disturbances is a challenge [44] because ecological resilience dynamics are
an inherent ecosystem property that is related to multiple scales and comprehensive spatiotemporal
data does not exist, and further cannot be feasibly measured directly by field observations [16,45].
Ecological resilience can be estimated by means of ecological resilience indices such as biodiversity,
habitat conditions, and productivity etc., and many studies had been focused on this issue [10,46,47].
For example, Scheffer et al. [20] suggested that maintaining the ecological resilience of forest ecosystems
was likely be the most feasible and effective way to manage forest ecosystems under possible future
changing environments. Chapin et al. [15] assessed the resilience of boreal forest ecosystems to rapid
climate change. In contrast to those studies, the spotlight of our study lies in the quantitative parts
and resilience prediction. To our knowledge, few previous studies have used resilience indicators
to calculate the ecological resilience at a landscape scale, and evaluate the effects of climate change
and fire regimes on the ecological resilience at both land type and landscape scales. In our research,
we used a FLM to evaluate the ecological resilience of forests to climate change and altered fire regimes.
This modeling approach can be used to further explore these broad-scale issues, and to evaluate the
interactions of forest succession and disturbance dynamics. Furthermore, it provides long term insights
in exploring forest ecological resilience. The LANDIS PRO model can explicitly track aboveground
biomass, species composition, tree number, and age cohorts, which can be verified by directly
comparing to the field data. The validation process conducted in our study added to the robustness
of our modeling approach and confidence of predictions (Figures 3–5). To verify the aboveground
biomass indicator, we compared our results with field data and published data in the same or similar
regions. The results showed that the predicted aboveground biomass (84.9 ± 10.6 Mg/hm2) were
within the observed ranges of the field sample data we collected (78.5 ± 24.4 Mg/hm2) and the
published data reported by Wang et al. [48] (91.4 ± 50.4 Mg/hm2) and Zhao et al. [49] (76.5 Mg/hm2),
respectively (Figure 5). Utilizing the full range of outputs from the LANDIS PRO model make it
possible to further explore the dynamics of ecological resilience, and to assess the effects of climate
change, climate-induced fire regimes, and forest management schemes.

Ecological resilience was enhanced under the low fire occurrence scenario in comparison to
the current fire occurrence condition, whereas it decreased under the high fire occurrence scenario
(Figure 7). This suggested that low fire occurrence had positive effects on boreal forest’s resilience,
while high fire occurrence should be avoided in future forest management. However, previous studies
showed that low fire occurrences had negative effects on boreal forest ecosystem resilience [36,50].
This difference may be related to response variable selection or analysis of fewer indicators of ecological
resilience. Meanwhile, the curve of ecological resilience under the CF2 scenario increased in the first
80 years and decreased in the next 50 years. This was likely because low-intensity forest fires removed
mostly small trees and released growing space for white birch and aspen to recruit. After the process
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of post-fire tree recruitment progressed over the first 70 to 80 years, self-thinning began to cause
mortalities of pioneer species over the next 50 years. Meanwhile, many of these pioneer trees had
reached their longevity and began to die in the self-thinning process [51].

Our results revealed that ecological resilience under climate change scenarios changed differently
among simulated land types. Under climate change only scenarios, the curves of ecological resilience
were slightly lower than that under current fire only scenario among different land types during
different simulated periods (Figure 8). This may have been related to the variation in species
establishment probabilities among climate scenarios at different land types, and the initial forest
composition and tree distribution [22,52]. Within the terrace land type, the ecological resilience
was significantly lower under A2F1 scenario than that under CF1 and B1F1 scenarios after year 80
(Figure 8a). This was because most of the terrace land type area was covered by coniferous species
with trees in middle-age cohorts, and the present-day dominant larch trees could not establish under
A2 climate scenario [29]. There was a time lag for the effects of climate change and fire disturbance
on ecological resilience among different land types (Figure 9). This was consistent with previous
studies [36,53]. Furthermore, our simulated results indicated that time lags were varied among different
land types under climate change scenarios. For instance, the response time of ecological resilience to
A2F3 scenario was 150 years in North-facing slope region, which was almost 100 years longer than
that in the South-facing slope land type, and this discrepancy may related to the distribution patterns
of solar energy and available water resources in future climate change scenarios between these two
land types, and the current coniferous and broadleaf species distribution [54].

Forest management schemes played an important role in influencing ecological resilience under
climate change scenarios at the landscape level (Figure 7). Our results showed that many of the
harvesting and planting strategies had negative effects on the ecological resilience compared to the
B1F2 scenario. There were two reasons for this: (1) Fire regimes under B1F2 scenario removed many
small trees, and released growing space for species to occupy. Meanwhile, the thinning methods of
harvesting also removed most small broadleaf trees; (2) Due to shortages of growing space, planting
efficiency of coniferous trees was relatively low, and the planted trees did not offset total removals
due to fire and harvest events [29]. In this light, we concluded that no additional forest management
treatments were suitable under the future B1F2 scenario. Our results moreover showed that most
of the harvesting and planting strategies had positive effects on ecological resilience, and the curves
of ecological resilience under A2F3H4P30, A2F3H4P40, and A2F3H4P50 scenarios were obviously
higher than that under the A2F3 scenario in most of the simulated periods. This may have been
related to the influences of changed environmental conditions under A2 climate scenario, increased
fire occurrence, and the different biophysical limits of coniferous and broadleaf trees when facing
future changing climates [55]. This suggested that the three of eight strategies were suitable under the
future A2F3 scenario.

5. Conclusions

In this study, we predicted the dynamics of forest ecological resilience indicators (AGB, GSO,
ACS, and LSS) at both landscape and land type scales in boreal forests by employing a forest landscape
model, and then quantified the ecological resilience by incorporating those representative indicators.
This modeling approach also provided insight into ecological resilience trends under changing climate
conditions, fire regimes and possible future forest management schemes. In conclusion, we found that:
(1) The LANDIS PRO model can be implemented in evaluating ecological resilience of boreal forests
at multi scales in Northeastern China; (2) the ecological resiliencies of forests in the Great Xing’an
mountains were likely to be significantly altered by different climate conditions, fire regimes, and their
interactive effects during most of the simulated periods; (3) the direct effects of climate variations
on forest ecological resilience in the study area are not likely to be as important as the possible
changed fire regimes at the landscape scale, and future climate warming (high CO2 emission) with
high fire occurrence regime would significantly reduce the ecological resilience of forest ecosystem;

17



Sustainability 2018, 10, 3531

(4) the proposed forest management schemes do not mitigate the effects of climate variation and
climate-induced fire regime effects under the low climate-induced fire regime scenario, and medium
and high intensities of forest management schemes (30%, 40%, and 50% intensities) are proposed
under the high climate-induced fire regime scenario. These results provided useful information for
future boreal forest managements.
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s1, Table S1: Main species attributes of our study landscape.
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Abstract: WorldClim version 1 is a high-resolution, global climate gridded dataset covering 1961–1990;
a “normal” climate. It has been widely used for ecological studies thanks to its free availability and
global coverage. This study aims to evaluate the quality of WorldClim data by quantifying any
discrepancies by comparison with an independent dataset of measured temperature and precipitation
records across Europe. BIO1 (mean annual temperature, MAT) and BIO12 (mean total annual
precipitation, MAP) were used as proxies to evaluate the spatial accuracy of the WorldClim grids.
While good representativeness was detected for MAT, the study demonstrated a bias with respect to
MAP. The average difference between WorldClim predictions and climate observations was around
+0.2 ◦C for MAT and −48.7 mm for MAP, with large variability. The regression analysis revealed a
good correlation and adequate proportion of explained variance for MAT (adjusted R2 = 0.856) but
results for MAP were poor, with just 64% of the variance explained (adjusted R2 = 0.642). Moreover
no spatial structure was found across Europe, nor any statistical relationship with elevation, latitude,
or longitude, the environmental predictors used to generate climate surfaces. A detectable spatial
autocorrelation was only detectable for the two most thoroughly sampled countries (Germany and
Sweden). Although further adjustments might be evaluated by means of geostatistical methods
(i.e., kriging), the huge environmental variability of the European environment deeply stressed the
WorldClim database. Overall, these results show the importance of an adequate spatial structure of
meteorological stations as fundamental to improve the reliability of climate surfaces and derived
products of the research (i.e., statistical models, future projections).

Keywords: spatial analysis; 1961–1990 normal period; spatial interpolation; geostatistics; ecological
mathematics

1. Introduction

Easy access to standardized climate data with global coverage is paramount for the advancement of
many ecological studies and to understand future ecosystem services provided by forest systems [1–3]
and productive lands in agriculture [4,5]. One of the main aims for researchers dealing with
environmental resources has become to forecast possible impacts of climate change on organisms and
to evaluate possible mitigation [6–9]. In the past few decades, many conservation strategies have been
suggested in order to maintain human well-being and ensure an adequate level of welfare [10] from
(relatively) simple management strategies [4,11], including “assisted migration” [12–14], a controversial
protocol that includes translocating more adapted or resilient genotypes for conservation or to improve
the resilience of ecosystems. Such efforts are often driven by statistical models [14–17] and management
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simulators [18,19], with both genetic variation and phenotypic plasticity included in the statistical
models as covariates [20–22]. However, despite modelling efforts, such studies always require
absolutely reliable climate data to be used as both baseline (e.g., 30-year average climate data) and
for future predictions. Furthermore, while the uncertainty around GCMs and future trajectories
is well known [23–25], information on current ecological limits of forest tree species has also been
questioned [26]. In this context, the interest of researchers in gridded climate datasets has grown strongly.

The interpolation method, the spatial resolution and the coverage are the three main features that
researchers use to select the most suitable datasets for their research [27–30]. The first release of the
WorldClim dataset [31] is probably the most famous gridded climate dataset, widely used for ecological
studies and freely available from (www.worldclim.org). Thanks to its high resolution (30 arc-second in
the WGS84 reference system and approximately 1 km at the equator), global coverage, and availability,
it has been used and cited more than 5200 times since publication [31]. The dataset is suitable for
basic and applied studies in ecology, including forestry and ecological modeling [32–34], as well
as to construct related datasets such as bio-geographical zones or environmental stratifications [35].
One of the main products of this database is “version 1”, representative of the 1961–1990 climate
normal period for the whole globe, including Antarctica. This version 1 dataset was generated by
interpolating weather station data with the ANUSPLIN software (version 4.3) using latitude, longitude,
and elevation as independent variables. The software implements a thin-plate smoothing spline
procedure, using every station as a data point. A second-order spline function was fitted by the
Authors using the above three variables, which produced the lowest overall cross-validation errors [31].
Considering the ANUSPLIN program creates a continuous surface projection, the LAPGRD program
was used to create a global grid of climate surfaces with 30 arc-seconds horizontal and vertical resolution
commonly referred to as 1 km2 resolution. Raster maps for monthly precipitation amount and mean,
maximum, and minimum air temperature were then provided. Raw data came from weather stations
retrieved from various databases including GHCN, WMO climatological normals, FAOCLIM 2.0,
CIAT, and regional databases and, where possible, restricted to the period 1950–2000. Quality control
measures were taken to remove duplicate records, giving precedence to the GHCN database. After the
quality control check and cleaning, the database consisted of precipitation records from 47,554 locations
and mean air temperature from 24,542 locations [31]. Then elevation bias in weather stations was
related to latitude and presence of mountain ranges. However, local records from many European
countries were not easily accessible and WorldClim climate surfaces for Europe were constructed using
1263 records for air temperature and 2116 for precipitation.

WorldClim version 1 has recently been acknowledged to be representative of the 1961–1990 climate
normal period. This time-slice has been widely used as the pre-industrial climate in many papers
about the potential impact of climate change on ecosystems [1,3,26,28,36,37] and other ecological fields.
Nevertheless, given the detailed description provided by the Authors in their paper, the question
remains whether the quality of the WorldClim climate surfaces as a proxy of the climate baseline is
adequate in complex environments such as, for instance, the European environment.

The present study aims to assess and quantify the reliability of WorldClim climate raster maps
for Europe. We compared WorldClim with observed average values for mean annual temperature
and total annual precipitation for the period 1961–1990. Data were retrieved for the whole of Europe
building an independent dataset with data from many meteorological services. Then statistical analysis
was run in order to evaluate the reliability of this dataset across the study area.

2. Materials and Methods

2.1. Construction and Description of the Database Used for Comparison

To investigate WorldClim’s reliability in predicting baseline climate conditions we compiled
an independent climate dataset by collecting data from weather services across Europe which were
already freely available or delivered upon request (Table 1). All data were specifically requested or
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downloaded as monthly averaged values over the 30-year normal period (1961–1990). Local monthly
air temperature averages (MAT) and precipitation sums (MAP) were aggregated to calculate annual
values. In total we retrieved data from 6659 meteostations across Europe, with 1759 records for
temperature and 6526 records for precipitation (Figure 1). Most of the records were retrieved for
Germany and Sweden with 4825 and 1391 meteostations, respectively, while for some countries, records
were much fewer (e.g., Spain, France, Italy) or totally absent (e.g., Serbia, Poland, Romania).

Nevertheless, even if not equally distributed geographically, neither balanced concerning the
ecological regions of Europe, we considered the distribution of the collected data as adequate for the
purpose. Despite the lack of uniform coverage of both geography and ecological regions, we considered
the data collected to be adequate for subsequent analysis.

Moreover we tested the random distribution of MAT and MAP with the randtest package of
the R statistical language [38]. The database was carefully checked and cleaned to remove entries
with missing data and to geo-reference each record. Very few points (112), corresponding to less than
1% of all the records, lay outside country borders or land masses due to coordinate uncertainties,
which reflects the high-quality of the new database. Such records were removed completely from the
database in order to avoid any influences on the calculations.

 

 

Figure 1. Spatial distribution of the compiled dataset for: (a) temperature records and (b) precipitation
records. Each dot represents a meteorological station. The darker the area, the more data were retrieved.
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Table 1. Structure of the compiled database.

Country Total Meteostations MAT Records MAP Records Data Source

Albania 3 3 3

[39]

Austria 23 21 23

Belgium 9 9 9

Bulgaria 18 18 18

Croatia 1 1 1

Czech 20 19 20

Denmark 4 4 4

Finland 18 17 18

France 76 75 76

Germany 4825 719 4733 [40]

Greece 26 25 26 [41]

Hungary 9 9 9

[39]

Ireland 6 6 6

Italy 30 30 30

North Macedonia 1 1 1

Montenegro 1 1 1

Netherlands 5 5 5

Norway 18 18 18

Portugal 18 18 18

Slovakia 14 14 14

Slovenia 42 42 42 [42]

Spain 51 51 51 [39]

Sweden 1391 604 1351 [43]

Switzerland 12 11 12 [39]
United Kingdom 38 38 37

TOTAL 6659 1759 6526

MEAN 266 70 261

ST. DEV 988.64 179.54 969.08

2.2. Comparisons and Statistical Procedures

The BIO1 (mean annual air temperature) and BIO12 (mean total annual precipitation) variables
of WorldClim were used as proxies to evaluate the spatial accuracy of raster surfaces. The strata
were first downloaded from the official WorldClim web portal. Then, using an overlay function,
the corresponding values of the two climate variables were extracted for each meteorological station
in our database. A linear regression analysis was then applied to analyze the relationships between
the predicted WorldClim value and the observed value in our dataset. The adjusted R2 was used
to measure the amount of environmental variability expressed by WorldClim. Then the difference
between the WorldClim value and the observed value (30-years normal value from our database)
was calculated for each location of our database. To avoid confusion and mathematical balancing
between positive and negative values, which might seriously affect the analysis, both the raw
discrepancy (BIAS) and its absolute value (ABIAS) were calculated. To study possible trends across
the data, we looked at the relationships between BIAS and the predictors used by the authors
of WorldClim during the spatial interpolation process (i.e., latitude, longitude, elevation). Then,
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we retrieved the complete database of meteorological stations used by the WorldClim authors
from www.arcgis.com/home/item.html?id=7644c6e78c1644b4bde2edfc44787520) and clipped to the
European environment (Table 2).

We calculated the average distance of each meteorological station in our database from the
geographically closest five stations in the WorldClim dataset. We expected a smaller difference where
WorldClim stations were denser. Finally, the spatial autocorrelation of BIAS was evaluated using
geostatistical analysis implemented in R using the gstat package [44] and modelling the semivariance
of BIAS as a function of the spatial distance between records.

The whole structure of the data collection and analysis procedure is graphically reported on
Figure 2.

Table 2. Number of meteorological stations per country used by Hijmans et al. [31] in Europe.

Country Temperature Precipitation Country Temperature Precipitation

Albania 0 7 Latvia 3 9

Andorra 0 0 Liechtenstein 0 0

Armenia 2 2 Lithuania 16 19

Austria 3 25 Luxembourg 1 6

Belarus 8 22 North Macedonia 7 7

Belgium 3 18 Malta 1 3

Bosnia and Herz. 7 10 Moldova 2 3

Bulgaria 4 15 Monaco 0 0

Croatia 13 13 Montenegro 5 2

Czech Republic 7 16 Netherlands 7 10

Denmark 19 41 Norway 8 54

Estonia 3 12 Poland 18 63

Faeroe Islands 1 1 Portugal 16 18

Finland 19 32 Romania 11 28

France 82 107 Russia 44 124

Georgia 1 20 San Marino 0 0

Germany 89 116 Serbia 23 12

Gibraltar 0 1 Slovakia 3 10

Greece 26 48 Slovenia 6 2

Guernsey 0 0 Spain 60 117

Hungary 8 20 Sweden 16 60

Ireland 16 51 Switzerland 8 20

Isle of Man 0 1 Turkey 513 548

Italy 133 151 Ukraine 22 81

Jersey 0 3 UK 29 188

Summary statistics Temperature records Precipitation records

TOTAL 1263 2116

MEAN 25 42

SD 74.86 84.89
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Figure 2. Flowchart of the data collection and statistical analysis we made to test the reliability of
WorlClim version 1 data.

3. Results

The compiled database included 25 European countries, albeit with an unbalanced distribution.
Overall, an average of 266 records per country (both MAT and MAP) was included in the database.
However, the difference among countries was huge, with a standard deviation of ± 988.64 records
per country. This large standard deviation was caused by the disproportionate number of records for
Sweden and Germany. Temperature (MAT) values ranged from −5.8 ◦C to 21.2 ◦C, while precipitation
(MAP) was between 104.8 mm and 3318 mm. The mean difference between the interpolated WorldClim
values and the observed values was 0.22 ◦C for temperature and −48.7mm for precipitation (Table 3),
with a high coefficient of variation (6.82 for MAT and 3.40 for MAP). BIAS ranged between −10.6 ◦C
and 13.2 ◦C for MAT and between −1578.1 mm and 950.8 mm for MAP. Mean ABIAS was 0.76 for MAT
and 98.56 for MAP.

Results of the regression analysis for MAT and MAP are shown in Figure 3. Residuals of linear
models were randomly distributed for both of the analyzed variables and were highly significant
(p < 2.2 × 10–16). Concerning MAT, the good correlation and adequate proportion of explained variance
point to a low discrepancy between the two datasets; WorldClim explained 86% of the variance
(adjusted R2 = 0.856) with a residual random standard error of 1.50◦C, intercept of −0.202 ◦C and slope
almost equal to 1 (0.996). The regression line and the expected regression line for a perfect match
between the two datasets almost overlapped. For MAP, 64% (adjusted R2 = 0.642) of the variance of
the precipitation dataset was explained by a linear regression model, with a residual standard error of
159.6 mm. The match between the two regression lines was considerably low (Figure 3, right) with the
slope of the regression coefficient higher than 1. WorldClim was characterized by higher values than
observed under 500 mm precipitation and lower values above this threshold. As overall, a general
overestimation of MAP values was detected in dry areas (<500 mm) with an underestimation in the
remaining zones.

Table 3. Difference between local data and WorldClim’s surfaces.

Variable AVR SD CV MAX MIN ABSAVR

MAT [◦C] 0.22 1.50 6.82 −10.62 13.21 0.76

MAP [mm] −48.70 165.35 3.40 −1578.10 950.80 98.56

AVR = average value; SD = standard deviation; CV = coefficient of variation; MAX = maximum difference;
MIN =minimum difference; ABSAVR = average of absolute values.
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Figure 3. Results of the regression analysis for: (a) temperature represented by Bio1 variable of
WorldClim database on x-axis and (b) precipitation represented by Bio12 variable of WorldClim
database versus observed values on the y-axis. Regression coefficients at top-left of each figure. The 1:1
line of a perfect match shown dashed.

No relationship was found between the modelling error (ER) detected for MAT and MAP and the
environmental predictors used for spatial interpolation across Europe. Modelled linear regressions
explained less than 5% of variation, with one exception (Table 4). This lack of correlation can also be
observed in Figure 4 where ABIAS is plotted against the average spatial distance of the “observed”
meteorological station from the five WorldClim stations.

Table 4. Linear regression parameters when modelling error (ER) and the environmental predictors.
Each predictor was tested separately (ADF5NM=Average distance from the five nearest meteorological
stations).

Variable Predictor Intercept Slope Explained Variance p-Value

MAT

Latitude 0.29 0.000000 0.56% 0.00092
Longitude −0.34 0.000000 1.20% 0.00000
Elevation 0.54 −0.001025 4.95% 0.00000

ADF5NM 0.09 0.000002 0.18% 0.04138

MAP

Latitude −45.16 0.000014 0.05% 0.04492
Longitude −202.28 0.000061 4.33% 0.00000
Elevation 8.15 −0.206690 10.26% 0.00000

ADF5NM −107.02 0.001059 1.61% 0.00000

The spatial distribution of BIAS in the two most represented countries is shown in Figure 5 for the
two investigated variables. Spatial aggregation is especially evident in Sweden, where most of the
“large dots” are clustered in the south of the country. For Sweden and Germany, variograms of the
MAP variable were fitted by means of an exponential variogram model and revealed a clear spatial
autocorrelation, especially for Germany (Figure 6).
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Figure 4. Relationship between the detected differences (WorldClim value, observed) and the average
spatial distance of the observed record (new database) from the five nearest WorldClim reference
stations for (a) temperature and (b) precipitation.

 

 

Figure 5. Spatial distribution of ABIAS for temperature (a and b) and precipitation (c and d) across
Sweden and Germany, the two most sampled countries in the database. The larger the gray dot,
the greater the difference between WorldClim and the independent dataset.
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Figure 6. (Semi)variograms for precipitation calculated by the gstat package in R for Sweden (a) and
Germany (b). There is a rather clear spatial structure that might be used as input for further geostatistical
procedures (i.e., kriging) in order to adjust WorldClim raster maps.

4. Discussion

The quality of the reference baseline climate has a fundamental role in predictions of the
potential impact of climate change on organisms and natural ecosystems. The stability and reliability
of the estimated projections calculated from species distribution models [14,45,46], management
simulators [18,47], or the estimation of the geographical shift of climate zones [48] rely on the
differences between current and future climate. While the representativeness of WorldClim is adequate
concerning air temperatures, large differences were found in the precipitation surfaces. Our results
demonstrate a systematic difference of 0.76 ◦C between observed and interpolated values. According
to the most recent IPCC report [49], the observed increase in temperature has been around 0.2 ◦C
per decade. As a consequence such difference might affect future projections of WorldClim dataset
adding uncertainties on the further modelling efforts [22,50]. In this case a likelihood analysis should
be more adequate than deterministic ones and in order to include a sensitivity analysis and evaluate
the probability of success of empirical models based on phenotypic plasticity and applied future
projections [51]. Precipitation, by contrast, proved to be the main weakness of WorldClim surfaces
in Europe. Despite its relatively small spatial extent, the European environment is characterized by
many different forest systems that reflect broad climate variability, spanning from the Mediterranean
to the Arctic.

The 1961–1990 baseline period is a fundamental dataset for ecological modelling because
records from earlier periods were often affected by different instrumentation or changes in
observational practice [30,37]. Therefore, numerous studies from climatology to biology, ecology and
forestry [36,48,52] have used this baseline period, and WorldClim has been used extensively. We can
expect a further warming trend in the next two decades at a rate of about 0.1 ◦C per decade, due mainly
to the slow response of the oceans. As a consequence, even though the linear regression analysis showed
a good match between observed and interpolated data (adjusted R2 = 0.856), the difference is higher
than the expected rate of change, which could heavily affect model predictions, adding uncertainties
on future projections and smoothing results (i.e., land suitability projections) in an uncontrolled
way [14,53–55]. This issue is then amplified when analysing MAP, where higher differences were
found in combination with a poor regression analysis result. As a consequence, important biases
may be introduced when using WorldClim’s precipitation dataset. This is particularly true when
WorldClim is used as the reference line and climate projections are locally downscaled and added to
the WorldClim surfaces, as in the “Delta method” [56]. As a result, the calculation of climate indices
might be difficult. For example, many studies used reference evapotranspiration [57–59] as the main
predictor in statistical models [3,60,61]. In this case, the mathematical combination of differences
in MAT and MAP might introduce uncontrolled biases through the study area. These biases could
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represent a critical issue, especially in the Mediterranean and anywhere else that moisture deficit is
identified as the most relevant climate driver.

The main advantage of our compiled dataset might be its representativeness at small scale.
The authors of WorldClim themselves warn that the high resolution of the climate surfaces does not
imply high data quality in all places as this depends on local climate variability, quality and density of
observations and the degree of the fitted spline [31]. In a similar study, when compared with PRISM and
Daymet datasets for the continental United States, many concerns were expressed, especially regarding
the quality of WorldClim’s precipitation grids in mountainous areas [34,35,62,63]. For this reason,
several studies at regional or national scale at higher resolution (e.g., 100–250 m) preferred the use of
meteorological variables obtained at nearby observational sites [28,64–66]. Regardless of the distances
of the investigation sites from the locations where meteorological datasets were gathered, orography
and land use, and the surrounding area and variable characteristics, must be considered. At small scale
their variability may be a strong driver of frequently overlooked heterogeneities, leading to significant
discrepancies in transferred datasets used for otherwise appropriate processing methods [67,68].

The lack of any relationship between BIAS and the main physiographic parameters (i.e., latitude,
longitude, and elevation) does not allow for any statistical adjustment (e.g., downscaling, locally
calibrated lapse rate, etc.) for either temperature or precipitation. However precipitation regimes are
very difficult for meteorological stations to record properly and this issue has often been found in other
databases [59,69]. Many more data are required, especially in the case of forest monitoring, as a result
of the lack of temporal autocorrelation during the timeframe [70].

The need for a freely available and representative global climate dataset is large and growing,
as evidenced by WorldClim’s citation statistics. These goals can be achieved with local up-to-date
monitoring networks, which could play a key role in evaluating global grids at small scale [71] as well as
providing data for the construction of additional global climate datasets. Harmonization efforts, as well
as increased representativeness of the established networks, are paramount for construction of more
accurate climate surfaces. Enhanced data recovery with regular spatial coverage may overcome the lack
of dense environmental or climatological sampling [28,70,72,73]. Derived surfaces are fundamental in
order to plan future management strategies. For instance, and concerning forestry, additional strata,
such as homogeneous climate zones, are needed as a fundamental tool to plan the transfer of genetic
resources and reproductive materials across specific geographic areas [74,75]. WorldClim grids were
interpolated with spline functions, a fast method known to yield results similar to polynomial functions
but without mathematical instability. Such methods do not consider the spatial autocorrelation between
observations, only partially achieved by more complex models where latitude and longitude are
included as predictive variables [28,76]. Therefore, the exhibited spatial aggregation of the BIAS in the
case of denser observations of our dataset (i.e., Sweden and Germany) may be relevant for research
activities and improvements of the climate surfaces.

5. Conclusions

A new updated beta version of WorldClim has recently been released for the 1971–2000 time
period. This “Version 2” (http://worldclim.org/version2), along with the need for carefully evaluating
the quality of records used for modelling and keeping climate databases up-to-date, is an essential
requirement for the adequate development of tools and informative systems. The lack of reliability on
MAP values can be seen as the main shortcoming of the WorldClim database in Europe and elsewhere.
However, precipitation is much more difficult to interpolate, given its low spatial and temporal
autocorrelation as well as the lack of statistical relationships with some of the main physiographic
parameters, such as elevation. Further research should focus on this parameter, seeking more significant
determinants of MAP, given its importance in climate change scenarios where drought stresses are
predicted to be the most relevant issue.
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Abstract: The Forest Stewardship Council (FSC) has initiated a new sustainability mechanism,
the ecosystem-services certification. In this system, management entities who wish to be certified for
the maintenance of ecosystem services (carbon, biodiversity, watershed, soil and recreational services)
must verify that their activities have no net negative impacts on selected ecosystem service(s).
Developing a robust and cost-effective measurement method is a key challenge for establishing a
credible certification system. Using a single method to evaluate a bundle of ecosystem services will be
more efficient in terms of transaction costs than using multiple methods. We tested the efficiency of a
single method, “biodiversity observation for land and ecosystem health (BOLEH)”, to simultaneously
evaluate biodiversity and carbon density on a landscape scale in FSC-certified tropical production
forests in Sabah, Malaysia. In this method, forest intactness based on the tree-generic compositional
similarity with that of a pristine forest was used as an index of biodiversity. We repeated BOLEH
in 2009 and 2014 in these forests. Our analysis could detect significant spatiotemporal changes in
both carbon and forest intactness during these five years, which reflected past logging intensities and
current management regimes in these forests. Enhancement of these ecosystem services occurred in
the forest where sustainable management with reduced-impact logging had long been implemented.
In this paper, we describe the procedure of the BOLEH method, and results of the pilot test in
these forests.

Keywords: Bornean tropical rain forests; ecosystem services enhancement; forest certification;
forest intactness; Forest Stewardship Council (FSC); reduced-impact logging; remote sensing;
sustainable forest management; tree-community composition

1. Introduction

The Forest Stewardship Council (FSC) forest certification was developed in the early 1990s to
reduce the deforestation and forest degradation caused by unsustainable forest management [1].

Sustainability 2018, 10, 4224; doi:10.3390/su10114224 www.mdpi.com/journal/sustainability35
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The FSC forest certification assures buyers/consumers that certified forest products have been
produced from forests that have been responsibly/sustainably managed in terms of environment,
economy and society. Certified forest products are expected to gain better consumer appeal over
uncertified products in the market and eventually drive out uncertified products. Through this market
mechanism, the deforestation and forest degradation caused by unsustainable forest management will
eventually be mitigated.

The FSC forest certification is issued when management entities comply with a set of criteria for
ten principles in their forests and managements. Principle 5 stipulates criteria for enhancing benefits
from the forests, including ecosystem services. Based on the FSC forest certification, one assumes that
ecosystem services are responsibly managed in certified forests. However, FSC forest certification is
by no means a system to quantitatively verify positive management impacts or the enhancement of
ecosystem services [1,2]. Based on these considerations, the FSC has increasingly received demands to
reliably certify important forest ecosystem services [3–9].

The FSC, therefore, pilot-tested a new system to directly certify the maintenance/enhancement
of ecosystem services to promote ecosystem services payments and to further incentivize certificate
holders [1,2,5,10–12]. The new system is expected to quantitatively demonstrate for businesses and
investors that ecosystem services are maintained/enhanced in certified forests [11]. Ecosystem services
include biodiversity conservation, carbon sequestration and storage, watershed services, soil
conservation and recreational services [2,12,13]. The FSC suggested generic indicators for each of the
five ecosystem services (Annex C, FSC-STD-60-004 V1-0-EN, International Generic Indicators; [13]).
However, practical methodologies to evaluate the impacts of forest management on these ecosystem
services are still undergoing improvement. Developing robust methodologies to quantitatively
evaluate the impacts of forest management on these ecosystem services is urgently needed to
support a reliable ecosystem-services certification system [2]. Moreover, many management entities,
who wish to apply for the ecosystem-services certification (or other payment for ecosystem services
and REDD+ schemes), may lack the technical capacity to measure the maintenance/provision of
ecosystem services [1,14–16].

Thus, methodologies to measure the maintenance/provisioning of ecosystem services must
be simple and practical enough to be undertaken by management entities on the ground,
while scientifically robust enough to accurately measure spatiotemporal changes of each ecosystem
service [2]. In view of these challenges, the FSC encourages the development of “a small number
of powerful and easy-to-measure proxy impact indicators” [17]. In addition to these technical
requirements, the cost of measurements is another issue. Many certification/eco-labelling schemes
are already associated with high transaction costs [1,18–20], and further adding a high cost of a
ground survey for measuring ecosystem services will discourage stakeholders from applying for the
ecosystem-services certification [1].

Jaung et al. [1] suggested bundling ecosystem services to reduce the certification cost per
ecosystem service. The certification of multiple ecosystem services also has several other benefits:
increasing incomes for management entities, allowing management entities to access diverse
ecosystem-services markets, and encouraging management entities to adopt a holistic forest
management approach [1]. Certification of bundled ecosystem services can also reduce the potential
trade-offs between carbon sequestration and biodiversity conservation [5], which is also an issue
in Reducing Emissions from Deforestation and Forest Degradation-plus (REDD+) as a biodiversity
safeguard, because enhancing carbon sequestration by industrial plantation of exotic species will
sacrifice biodiversity. However, again, the lack of methodologies to measure bundled ecosystem
services presents a major challenge [1].

In view of these technical challenges, we report here the results of testing our method to
simultaneously measure carbon stock and biodiversity over a large area of tropical production forests.
These two ecosystem services, among others, may be relatively easily incorporated into
ecosystem-services certification because stakeholder adaptability is high for these services [10].
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Our method “biodiversity observation for land and ecosystem health (BOLEH)” was developed
primarily for evaluating forest intactness using a metric of tree community composition in logged-over
tropical rain forests [21–23]: either species or genus composition could be used in this method.
Earlier studies indicated that the use of genus composition was statistically equally reliable as species
composition, and yet could reduce identification cost [21–23]. This approach is directly relevant
to the FSC ecosystem-services certification because the following generic indicator for biodiversity
conservation can be evaluated with our BOLEH:

• Management activities maintain, enhance or restore natural landscape-level characteristics,
including forest diversity, composition and structure (stipulated in Principle 5, Annex C;
FSC-STD-60-004 V1-0-EN International Generic Indicators; [13]).

Furthermore, the recently published “Ecosystem Services Procedure” [12] suggests “conservation
of intact forest landscape” as an important management impact in biodiversity conservation.
Our BOLEH method can directly monitor spatiotemporal changes of forest intactness in a
landscape context.

In addition, BOLEH can derive carbon stock (density) values using the same dataset as tree
community composition. We applied BOLEH to evaluate the spatiotemporal changes of carbon stock
and forest intactness (tree community composition) in two contrasting forest management units in 2009
and 2014. Our test sites were Deramakot and Tangkulap in Sabah, Malaysia, which are now certified by
the FSC yet having contrasting logging histories [24,25]. Deramakot has been harvested continuously
with reduced-impact logging (RIL) since 1995, while Tangkulap was highly degraded by high-impact
conventional logging which was operated until 2001. Logging is now fully suspended in Tangkulap,
but the recovery of ecosystem services may be slow due to ecological aftereffects of the past high
logging impacts and associated collateral damages. We report here the accuracy of estimating carbon
stock and forest intactness (or tree community composition as an indicator of biodiversity conservation)
using BOLEH and the patterns of spatiotemporal changes of these two ecosystem services between the
two contrasting forest management units.

2. Methods

2.1. Site Description

We collected data from the following forest management units (FMUs) in Sabah, Malaysia
(Figure 1): Deramakot FMU (5◦14′–28′ N, 117◦20′–38′ E, 551 km2) and Tangkulap FMU (5◦18′–31′ N,
117◦11′–22′ E, 276 km2). Supplementary data were also collected from Segaliud Lokan FMU
(5◦20′–27′ N, 117◦23′–39′ E, 576 km2). The three FMUs are adjacent to each other with the same
undulating topography and the same equatorial tropical rain forest climate. Selective logging was
a major driver of the changes of carbon stock and tree community composition in these forests.
The elevation ranges from 12 m to 355 m. The original vegetation is a lowland dipterocarp rainforest
throughout the three FMUs.

The areas of the three FMUs were initially logged in 1956, 1970 and 1958, respectively, using
conventional logging methods (i.e., high-impact logging with no environmental considerations).
In Deramakot, conventional logging continued until 1989, when all logging activities were halted for
regrowth [25]. Then, a long-term management plan with RIL was introduced to Deramakot in 1995.
RIL is an improved method of selective logging, including pre-harvest inventory, mapping of all
canopy trees, directional felling, liana cutting, and planning of skid trails, log decks, and roads [26].
In combination with reduced-impact logging, a longer cutting cycle (i.e., 40 years) was strictly adhered
to in accordance with the long-term management plan. These combined approaches helped to preserve
forest intactness [24,27]. Deramakot was the first tropical forest certified by the FSC in 1997, and was
considered a model of sustainable forest management by the Sabah Government [25,26]. Reflecting this
logging history, we observed that the forests inside the Deramakot FMU were less disturbed based on
aboveground biomass and various biological communities [27]. In contrast, Tangkulap was repeatedly
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logged using conventional logging until 2003 and all logging activities were suspended thereafter.
Tangkulap was entirely designated as a conservation forest in 2008 and later also certified by the FSC
in recognition of its conservation-oriented long-term management plan in 2011. Both Deramakot and
Tangkulap are currently managed directly by the Sabah Forestry Department. By contrast, Segaliud
Lokan was repeatedly logged using conventional logging until 2002, after which RIL was implemented
by the KTS Plantation Corp. Several areas were converted to plantation forests. It is currently certified
by the Malaysian Timber Certification Council (MTCC).

Figure 1. Map indicating the locality of the three forest management units (1, Segaliud Lokan;
2, Deramakot; and 3, Tangkulap), Sabah, Malaysia.

In the following analysis, we compare spatiotemporal changes of ecosystem services, including
carbon stock and forest intactness, between Deramakot and Tangkulap. A comparison of these
two FMUs may elucidate differences between their respective spatiotemporal patterns in ecosystem
services, reflecting the difference in past logging intensity, despite the fact that they are now both
FSC-certified. We excluded Segaliud Lokan from this comparison because BOLEH was designed
primarily for natural forests. The occurrence of plantation forests in Segaliud Lokan would interfere
with the analysis. However, we included natural-forest data of Segaliud Lokan for the following
remote-sensing analysis to enhance data points and statistical reliance.

2.2. Field Sampling

A total of 50 circular plots (20-m radius with 0.126 ha area each) were placed in the FMUs from
December 2011 until May 2012 (hereafter 2012 inventory). Plots were placed with a stratified random
design to represent various forest statuses, ranging from a near pristine high-stock forest to a highly
degraded low-stock forest.

Prior to the placement of plots, the entire area was stratified to 6 degradation strata, from
primary forest (stratum 1) to highly degraded, open area without trees (stratum 6), with the aid
of Landsat Thematic Mapper (TM) band-7 imagery (see Imai et al. [21] for the detailed procedure).
Imagery obtained in 2010 was used for the stratification procedure. Briefly, we radiometrically
converted Landsat data into Top-of-the-Atmosphere (TOA) reflectance values. Illumination artifacts
caused by heterogeneous topography were reduced following the sun-canopy-sensor (SCS) model
using TOA values [28]. Shuttle Radar Topography Mission (SRTM) data were employed to correct
for illumination artifacts. After masking all non-forest pixels, band-7 values were categorized into
6 strata using a level slicing method. Subsequently, we randomly placed 10 plots in each stratum of
the five strata, except for stratum 6. Stratum 6, which is devoid of forests, was not actually sampled.
Therefore, we established a total of 50 plots in strata 1 through 5. The distance between any two plots
was greater than 100 m in order to minimize spatial autocorrelation.
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All trees with ≥10 cm in diameter at breast height (dbh) were measured in dbh and identified as
genera (actually operationally to species) in each circular plot. Voucher specimens were collected from
the trees that could not be identified in the field and later used for identification at the herbarium of the
Forest Research Centre, Sandakan. A polyvinyl chloride (PVC) stake was driven into the ground at the
center of each circular plot as a permanent marker, and the exact coordinates (latitude and longitude)
above the stake were recorded by averaging for two hours using a portable Global Positioning
System (GPS).

In August 2014, we repeated the same procedure to inventory the forests as of 2014
(hereafter 2014 inventory). This time, we placed a total of 88 20-m-radius circular plots again evenly in
strata 1–5 (actually, some of the plots had a 30 m × 40 m rectangular shape with approximately the
same area as the circular plot because we used these rectangular plots for another purpose). None of
the 88 plots overlapped with the 2012 plots because random sampling was deployed. In reality, a total
of 50 plots would have been sufficient to derive reliable values of carbon stock and forest intactness
according to our standard protocol manuals; however, we added 38 more plots that were placed for
another research purpose to enhance model accuracy.

2.3. Pre-Processing of Satellite Images

We used the following two Landsat images to elucidate the temporal changes of carbon and forest
intactness between 2009 and 2014 at the landscape level:

• Landsat TM acquired on 11 August 2009 (Path117/Row56)
• Landsat Operational Land Imager (OLI) acquired on 06 June 2014 (Path117/Row56)

The raw digital numbers of each image were converted into top-of-atmosphere radiance.
Subsequently, top-of-atmosphere radiance was converted to surface reflectance to compensate for
atmospheric scattering and absorption effects using an atmospheric correction algorithm based
on the Second Simulation of a Satellite Signal in the Solar Spectrum radiative transfer code
(version. 1.1, [29,30]). The topographic effects on illumination were removed using the method
described in Ekstrand [31] with Shuttle Radar Topography Mission (SRTM) data. Finally, pixels
covered with clouds/shadow were removed according to the procedure described in Fujiki et al. [22];
pixels covered/affected by cloud/shadow were clustered as segments based on a homogeneity
criterion with eCognition Developer 8.7 and all segments above a certain threshold were removed
as cloud/shadow. Removed segments were filled in using the cloud-free areas of temporally
adjoining data. Calibrated cloud-free parts of adjoining secondary images were incorporated into
the missing parts of the base image (see Fujiki et al. [22] for the details). We used ERDAS Imagine
version.11.0 and ArcGIS 9.3.1 for these pre-processing procedures.

2.4. Estimating Spatiotemporal Changes of Carbon Stock

Above-ground biomass (AGB) of each plot was estimated according to the allometric equation
obtained by Chave et al. [32] as:

AGB = ρ × exp(−1.499 + 2.148ln(D) + 0.207(ln(D))2 − 0.0281(ln(D))3), (1)

where D is dbh (cm) and ρ is the wood-specific gravity (g/cm3). We obtained the wood-specific gravity
ρ for the sampled species/genera from various sources (see Imai et al. [21] for the detailed procedure).
We estimated AGB of each plot for both the 2012 and 2014 inventories. Subsequently, the estimated
AGB of each plot was multiplied by 0.48 to derive the amount of carbon.

A multivariate regression model was established with the amount of carbon per plot as
a dependent variable and reflectance of the corresponding pixel on a Landsat image as an
independent variable. Here, textural metrics of the 3 × 3 pixels surrounding each plot were also added
as independent variables. The amounts of carbon derived from the 2012 inventory were regressed
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with the reflectance and textural metrics of the 2009 Landsat imagery (Landsat TM, Path117/Row56,
11 August 2009). The amounts of carbon derived from the 2014 inventory were regressed with
the reflectance and textural metrics of the 2014 Landsat imagery (Landsat OLI, Path117/Row56,
06 June 2014). The 2012 inventory data were regressed with the 2009 Landsat imagery without
correcting for the tree growth between 2009 and 2012 for a first approximation of the 2009 condition
because there were neither 2009 inventory data nor clear 2012 Landsat images; this was logical because
all plots measured in 2012 were also present in 2009. However, modeling using the 2012 inventory data
without the correction for tree growth would slightly overestimate the modeled 2009 carbon stock.

The following Landsat metrics were used as independent variables: reflectance value of each
band (Band1TM/OLI, Band2TM/OLI, Band3TM/OLI, Band4TM/OLI, Band5TM/OLI, Band6OLI,
Band7TM/OLI), NDVI [33], normalized difference water index (NDWI) [34,35], normalized difference
soil index (NDSI) [36], and enhanced vegetation index (EVI) [37]. We calculated mean value of each
Landsat metric within a 20-m radius from the center of a plot to represent the plot. The normalized
indices were calculated as follows:

NDVI-TM(OLI) = (band 4(band5) − band 3(band4))/(band 4(band5) + band 3(band4)), (2)

NDWI-TM(OLI) = (band 3(band4) − band 5(band6))/(band 3(band4) + band5(band6)), (3)

NDSI-TM(OLI) = (band 5(band6) − band 4(band5))/(band 5(band6) + band 4(band5)), (4)

(5)

In addition, we used the following metrics as proxies for spectral heterogeneity because
degradation of forest canopies might affect the heterogeneity of the spectral pattern: the coefficient
of variation (CV), standard deviation (SD), and textures of the gray-level co-occurrence matrix
(GLCM) [38]. CV, SD, and textures of the GLCM were derived using a 3 × 3 pixel window based
on the reflectance values and each of the normalized indices. GLCM is a tabulation explaining how
often different combinations of gray levels occur at a specified distance and orientation in an image
object [39]. Homogeneity, contrast, angular second moment, entropy, dissimilarity, correlation, mean,
and standard deviation were derived as the indices of the textures. Overall, 120 and 132 metrics
were generated based on Landsat TM and OLI, respectively. For developing an adequate regression
model, independent variables were selected using a stepwise selection from the full model containing
all metrics to avoid multi-collinearity among the independent variables. We did not find significant
multi-collinearity because the variance inflation factor (VIF) of selected independent variables, which is
an indicator of multi-collinearity, was in all cases less than 10. Established models are shown in Table 1.
Subsequently, each of the models (2009 and 2014 models) was extrapolated to the entire area to estimate
the amount of carbon outside the inventory plots based on the 2009 or 2014 Landsat imagery.

We took a Monte Carlo approach to show model accuracy and to test for significant differences
of mean AGB values between 2009 and 2014 for a given FMU, or between FMUs for a given year
(2009 or 2014). Four-fifths of the plots in each stratum (e.g., a total of 40 plots in the case of 2009,
and 70 plots in 2014) were randomly selected to construct the AGB models for 2009 and 2014, respectively.
The model predictions for AGB of the remaining one-fifth of the plots were regressed with the observed
values both for 2009 and 2014, and the adjusted R2 values were determined. Based on these models,
we estimated the mean AGB value each for Deramakot and Tangkulap each in 2009 and 2014. These steps
were reiterated 1000 times for 2009 and 2014, respectively, to derive the 95% confidence intervals (CIs) of
the adjusted R2 and the mean AGB values. The statistical tests were conducted using R ver. 3.20 [40].
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Table 1. Selected multivariate regression models to explain carbon density based on all plots for 2009
and 2014.

R2 Coefficient SE T Value Pr (>|t|)

2009 (N = 50)

B7TM
0.75

−0.70355 2.70 × 10−4 9.25227 <0.001
GLCM_mean_NDSI 0.38178 8.99 × 10−3 4.97201 <0.001
GLCM_standard_B1TM −0.15363 1.43 × 10−2 2.1227 3.92 × 10−2

2014 (N = 88)

B7OLI
0.71

−0.61174 3.75 × 10−4 7.4685 <0.001
NDSI −0.32885 1.29 3.94 <0.001

GLCM_correlation_B3OLI 0.00344 2.81 × 10−1 3.0135 3.44 × 10−3

N, number of plots used for each model; R2, adjusted R-squared value; Coefficient, standardized partial regression
coefficient; SE, standard error; B1, band 1; B3, band 3; B7 band 7; GLCM, textures of grey-level co-occurrence matrix;
NDSI, normalized difference soil index.

2.5. Estimating Spatiotemporal Changes of Forest Intactness

It has been well established that tree-species/genus composition is one of the best indexes of
the magnitude of forest degradation [21,23,27]. Similarity of the species/genus composition of a
given forest with that of pristine forests decreases linearly with increasing magnitude of degradation
of the forest [21,27]. We applied this principle to the forests of Deramakot and Tangkulap and
evaluated the status of a given forest in terms of its compositional similarity with pristine forests [21].
The compositional similarity with pristine forests is termed here “forest intactness” and can be mapped
through a special extrapolation procedure [22]. Here, we compared generic composition among plots
instead of species composition because logging causes similar shifts in generic composition as in
species composition [21,23]. The procedure of mapping “forest intactness” for a given time has been
described by Fujiki et al. [22]. We elaborate here on the procedure to elucidate temporal changes of
“forest intactness”.

Firstly, differences in community composition among these plots laid out for estimating carbon
storage were examined by using an ordination technique. We used a composite of the data of both
the 2012 and 2014 inventories to derive a single data matrix to allow for a comparison between these
two years using standardized scores. The Chao distance [41] and the number of trees of each genus
were used to calculate a distance matrix. An ordination of plots was conducted with non-metric
multidimensional scaling (nMDS) using the “metaMDS” procedure in the Vegan package in R [42].

Although plots were located distantly from each other, we could not completely rule out the
possibility of spatial autocorrelations among plots. Therefore, we tested autocorrelations among plots,
but did not find significant effects of spatial autocorrelations (see Figure S1, Supplementary Materials).

A multivariate regression model was established with the derived nMDS axis-1 scores of plots as
dependent variables, and reflectance and textural metrics of the corresponding pixels on a Landsat
image as independent variables; the nMDS axis-1 scores of the 2012 inventory plots were regressed with
the 2009 Landsat TM imagery and those from the 2014 inventory were regressed with the 2014 Landsat
OLI imagery, as was conducted for the carbon analysis. We did not correct the nMDS axis-1 scores of
2012 when regressed with the 2009 imagery because the tree growth during 3 years between 2009 and
2012 would not substantially change tree-species composition. We used the same Landsat metrics as a
carbon stock estimate in this analysis. Established models are indicated in Table 2. Each model was
extrapolated to the entire area on the 2009 and 2014 Landsat imagery, respectively. This procedure
yielded the maps of forest intactness for 2009 and 2014.

We also took a Monte Carlo approach to test significant differences of mean nMDS axis-1 scores
between 2009 and 2014 for a given FMU, or between FMUs for a given year (2009 or 2014) [22].
Four-fifths of the plots in each stratum were randomly selected to construct the 2009 and 2014 model,
respectively. Based on these models, we estimated mean nMDS axis-1 scores for Deramakot and
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for Tangkulap in 2009 and in 2014. The model predictions for nMDS axis-1 scores of the remaining
one-fifths of the plots were regressed with the observed values both for 2009 and 2014, and the
adjusted R2 values were collected. Based on these models, we estimated mean nMDS axis-1 scores for
Deramakot and for Tangkulap in 2009 and in 2014. These steps were reiterated 1000 times each for
2009 and 2014 to derive the 95% CIs of the adjusted R2 and the mean reiterated nMDS axis-1 scores.
The statistical tests were conducted using R ver. 3.20 [40].

Table 2. Selected multivariate regression models to explain forest intactness (nMDS axis-1 values)
based on all plots for 2009 and 2014. Two of the plots for 2014 were not used in the analysis due to
incomplete species identification, yielding N = 86.

R2 Coefficient SE T Value Pr (>|t|)

Segaliud Lokan–Deramakot–Tangkulap 2009 (N = 50)

B5TM 0.61
−0.53599 3.88 × 10−4 5.2435 <0.001

GLCM_mean_NDSI 0.37928 1.89 × 10−2 3.79207 <0.001

Segaliud Lokan-Deramakot-Tangkulap 2014 (N = 86)

B7OLI

0.64

−0.61447 8.92 × 10−4 6.6404 <0.001
GLCM_mean_EVI −0.16068 1.65 × 10−2 2.4093 1.83 × 10−2

GLCM_homogenity_B3OLI 0.16754 7.36 2.5411 1.30 × 10−2

NDSI −0.22618 2.99 2.4598 1.60 × 10−2

N, number of plots used for each model; R2, adjusted R-squared value; Coefficient, standardized partial
regression coefficient; SE, standard error; B3, band 3; B5, band 5; B7 band 7; GLCM, textures of the grey-level
co-occurrence matrix; NDSI, normalized difference soil index; EVI, enhanced vegetation index.

3. Results

3.1. Spatiotemporal Changes of Carbon Density

Carbon density values were mainly explained by the short-wave infrared reflectance (band 7),
textures of GLCM and NDSI of Landsat metrics based on the stepwise selection (Table 1). A comparison
of observed logarithmic vs. predicted logarithmic carbon values is shown in Figure 2; the coefficients
of correlations (adjusted R2) of the full model using all plots were 0.75 for 2009 and 0.71 for 2014.
Cross-validation based on 1000 iterations indicated that the 95% CIs of the mean coefficients of
correlations were 0.54–0.91 for 2009 and 0.69–0.72 for 2014 (Figure 2).

 

Figure 2. Comparison of observed logarithmic vs. predicted logarithmic carbon values for 2009
(left diagram) and for 2014 (right diagram). Adjusted R2 values of the full model using all plots were
0.75 for 2009 and 0.71 for 2014. 95% confidence intervals (CIs) of the mean coefficients of correlations
were derived from a cross-validation procedure based on 1000 iterations.
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Maps indicating the extrapolated carbon densities (Mg/ha) over the entire area of the FMUs for
2009 and 2014 are shown in Figure 3. Mean values (95% CIs) of carbon density (Mg/ha) of Deramakot
were 140 (133–151) for 2009 and 170 (162–179) for 2014, while those of Tangkulap were 115 (109–122)
for 2009 and 119 (112–126) for 2014 (Figure 3). The mean iterated carbon density value of Deramakot
significantly increased from 2009 to 2014 without an overlap in 95% CIs, while that of Tangkulap did
not significantly increase and showed a broad overlap of CI (Figure 4).

Figure 3. Maps indicating the extrapolated carbon densities (Mg/ha) over the entire area of the three
forest management units (FMUs) for 2009 (left) and 2014 (right).

Figure 4. Temporal shifts of the mean (95% CI) forest intactness (a) and carbon density (b) in Deramakot
and Tangkulap FMUs from 2009 to 2014. Green symbols indicate Deramakot and red symbols
indicate Tangkulap.

3.2. Spatiotemporal Changes of Forest Intactness

The greatest variance of generic composition occurred along axis 1 of the nMDS ordination
(stress values 0.179; Figure S2, Supplementary Materials). Derived nMDS axis-1 scores of plots
significantly correlated with logarithmic AGB of the plots (which was considered a surrogate of
forest degradation) (adjusted R2 = 0.69, p < 0.0001; Figure S3, Supplementary Materials) in line
with Imai et al. [21]. Thus, nMDS axis-1 scores of plots were used as a forest “intactness index” in
our analysis.
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Forest intactness values (nMDS axis-1 scores) based on the stepwise selection were mainly
explained by the short-wave infrared reflectance (bands 5 and 7), NDSI, EVI and textures based
on the stepwise selection (Table 2). A comparison of observed vs. predicted nMDS axis-1 scores
(i.e., intactness index) is shown in Figure 5; coefficients of correlation (R2) for the full model using
all plots were 0.61 for 2009 and 0.64 for 2014. Cross-validation based on 1000 iterations indicated
that 95% CIs of the mean coefficients of correlations were 0.19–0.90 for 2009 and 0.42–0.83 for 2014
(Figure 5).

 

Figure 5. Comparison of observed logarithmic vs. predicted logarithmic nMDS axis-1 values
(forest intactness values) for 2009 (left diagram) and for 2014 (right diagram). Adjusted R2 values of
the full model using all plots were 0.61 for 2009 and 0.64 for 2014. 95% CIs of the mean coefficients of
correlations were derived from a cross-validation procedure based on 1000 iterations.

Maps indicating the extrapolated forest intactness values (nMDS axis-1 values) over the entire
area of the three FMUs are shown for 2009 and 2014 in Figure 6. Mean (95% CI) forest intactness
values of Deramakot were 0.211 (0.130–0.306) for 2009 and 0.333 (0.271–0.405) for 2014, while those of
Tangkulap were 0.062 (−0.018–0.142) for 2009 and 0.019 (−0.061–0.091) for 2014 (Figure 6). The mean
iterated forest intactness value of Deramakot increased with a slight overlap in 95% CIs, while that of
Tangkulap did not significantly increase and showed a broad overlap of CI (Figure 4).

Figure 6. Maps indicating the extrapolated forest intactness (nMDS axis-1 scores) over the entire area
of the three FMUs for 2009 (left) and 2014 (right).
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4. Discussion

The BOLEH method successfully elucidated the spatiotemporal changes of carbon density and
forest intactness as maps across the three FMUs between 2009 and 2014. The procedure to map forest
intactness was already well described by Fujiki et al. [22], who demonstrated forest intactness maps of
six FMUs across Borneo. They demonstrated that the mean values of and the frequency distributions
of forest intactness significantly differed among FMUs, reflecting the forest management schemes.
Our current study further demonstrates that the BOLEH method is useful to monitor temporal changes
of forest intactness in a given FMU. Particularly, our BOLEH method could reveal a significant increase
of mean carbon density value and a marginally significant increase of mean forest intactness value
in Deramakot between August 2009 and June 2014 (time of acquisition of Landsat data) in spite of
the continued production of timber. Deramakot FMU produced a total of 43,023 m3 volume of round
logs in two compartments during the corresponding five years. The increases in both mean carbon
density and forest intactness suggest that the regrowth in fallow compartments outweighed the harvest.
Our BOLEH method based on landscape analysis could successfully evaluate such a balance between
negative impacts of harvesting and positive impacts of leaving areas fallow.

Co-benefits of sustainable forestry with RIL on the carbon storage function have already been
suggested by Imai et al. [24], Langner et al. [43] and Langner et al. [44], who compared Deramakot with
Tangkulap with a snapshot of carbon density in a given year using a space-for-time approach. In our
current analysis, we have directly proved the co-benefits of sustainable forestry and RIL on the carbon
storage and forest intactness by continuous monitoring. The vast majority of production forests across
Malaysia and Indonesia in Borneo have been mildly to highly degraded due to past multiple entries
of logging. Deramakot is not an exception. The mean annual harvest with RIL from such degraded
secondary forests is 30 m3/ha and the mean annual harvest area is 347 ha over the 20 years between
1995 and 2016 in Deramakot (unpublished statistical data). Collateral damages are also unavoidable
even if timber is carefully harvested under RIL. If we assume that harvest practices with collateral
damage produce 30 m3/ha of waste (i.e., equivalent to the harvested volume), a total of 60 m3/ha of
trees are removed annually from 347 ha, giving rise to a total removal of 20,820 m3/year (or 10,410 tons
carbon/year in Deramakot assuming that 1 m3 volume is equivalent to 0.5 ton carbon). On the other
hand, there are a total of approximately 54,653 ha of fallow compartments each year in Deramakot.
Tree regrowth with an increment of merely 0.19 ton carbon/ha/year will make up for the removed
carbon of 10,410 tons. Our results indicate that mean carbon density significantly increased from
140 (133–151) ton/ha to 170 (162–179) ton/ha during 5 years from 2009 to 2014, which is equivalent
to 6 tons carbon/ha/year including harvested compartments. The ratio of mean harvest area to the
fallow area is 347 ha to 54,653 ha, and this wide ratio (i.e., a long rotation) is important to sustain the
surplus in carbon budget in secondary production forests. Therefore, Bornean tropical production
forests with a comparable biomass stock and a comparable management plan (a long rotation period
and moderate harvesting) to those of Deramakot will likely be assured of an increase of carbon stock.

On the other hand, mean forest intactness only marginally increased between 2009 and 2014 in
Deramakot, as indicated by the fact that the 95% CIs overlapped slightly between these years. Why did
the mean forest intactness not significantly increase while the mean carbon density significantly
increased during the same period? Probably, a longer time is required for tree communities to
recover in species/genus composition, while carbon increments can occur as a simple function of time.
There must be a shift of tree communities (from pioneer to climax species) in order to demonstrate a
significant increase of forest intactness. For instance, a vast area of young pioneer -tree stands will
support a rapid carbon increment but not an increment in forest intactness because species composition
is rather stabilized in such stands. Therefore, monitoring of both ecosystem services (carbon and
forest intactness) is necessary for the meaningful evaluation of ecosystem integrity/health.

Why the mean carbon density and forest intactness did not increase in Tangkulap between 2009
and 2014 in spite of the suspension of logging operations is an intriguing question. As reported by
Kitayama [27], the natural forests of Tangkulap have been highly degraded by past repeated logging;
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they are currently dominated by stands of pioneer trees such as Macaranga or by fern grasslands.
The shift from such pioneer stands to climax stands will be extremely slow. On the other hand, the slow
recovery of carbon stock is puzzling because the building phase of secondary succession is known
to accumulate carbon at a rapid rate. Poorter et al. [45] reported a median carbon accumulation rate
of 3.05 ton-C/ha/year in secondary forests at 20-year age in the Neotropics. Our estimate of the
carbon accumulation rate in Tangkulap is merely 0.8 ton-C/ha/year, although this value was not
statistically significant. Probably, the occurrence of vast, thick fern stands is related to the slow recovery
because the regeneration in such thick fern stands is extremely slow [46]. When forest regrowth is
analyzed, such fern stands tend to be avoided for sampling by ecologists. Moreover, mean tree
mortality may be greater in senescent pioneer-tree stands (Imai, personal observation). Therefore,
landscape-level evaluations based on remotely sensed data like our BOLEH are required to elucidate
the spatially and temporally explicit patterns of carbon (and forest intactness). Another possible
reason for the slow carbon accumulation in Tangkulap could be the use of the 2012 inventory data
for developing the 2009 carbon model without correcting for the tree growth between 2009 and 2012,
because this would slightly overestimate the carbon density for 2009. However, this would not be an
important weakness of our study, because our major objectives here were to test our algorithms, but
not to investigate the carbon dynamics per se.

The FSC ecosystem-services certification has set forth a standard by which forest managers
must verify at least the non-existence of net negative management impacts on ecosystem services [12].
The 5-year period seems to be adequate for verifying that there are no net negative management impacts
on carbon density or forest intactness using our BOLEH in the case of Deramakot. However, in an
FMU where the harvested volume outweighs regrowth (i.e., net negative impacts), the 5-year period
may not be long enough to demonstrate a statistically significant negative impact (i.e., reduction in
mean values of carbon and forest intactness) because 95% CIs tend to be fairly wide in our method.
Fujiki et al. [22] discussed the reasons for wide CIs and suggested that the number of plots was
too small for cross-validation. When outlier plots are used to develop a model (to explain carbon
or forest intactness with Landsat metrics), residuals become large, giving rise to disproportionately
large or small mean values; this must be the case for the very low coefficient of correlation (i.e., 0.19)
in the 2009 nMDS cross-validation. The coefficient of correlation for the lower 95% CI in the 2014
nMDS cross-validation was relatively high (i.e., 0.42) probably because we used a total of 86 plots.
Here, we still suggest using a total of 50 plots as standard sampling for reducing field efforts.
If we maintain this standard sampling procedure, wide 95% CIs will be inherent to our methods.
Therefore, forest managers should use our method only when mean values of carbon and forest
intactness tend to increase or to be stable in order to verify the non-existence of net negative impacts
for the FSC ecosystem-services certification. The 5-year period is equivalent to one period of an FSC
forest certification. If BOLEH is incorporated into the assessment procedures of the regular FSC
certification for sustainable management, forest managers can verify the enhancement of ecosystem
services with low cost in addition to criteria pertinent to environmental values and impacts (principle 6)
and monitoring and assessment (principle 8). It should be noted, however, that forest intactness cannot
be used as a surrogate of richness of biological taxa because compositional distances from a pristine
forest are unrelated to richness of biological taxa [21,27].

5. Conclusions

The BOLEH method could elucidate spatiotemporal changes both in carbon stock and biodiversity
(tree community composition or forest intactness) during 5 years for nearly 100,000 ha of logged-over
tropical rain forests, which reflected past logging intensities and current management regimes.
Field sampling can be completed within a few months by a team of four or five workers with minimal
support from experts. In our pilot test, expertise of tree identification was provided by the local Forest
Research Centre. When such expertise is not locally available, tree identification must rely on external
botanical experts. However, the BOLEH method uses genus instead of species abundance, which can
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reduce the burden of tree identification. The BOLEH method is useful as a standard method to verify
the maintenance/enhancement of carbon stock and biodiversity conservation to meet the requirements
of the FSC ecosystem-services procedure.

The whole of the above procedures from field sampling to statistical analyses to extrapolation are
compiled as a protocol manual and can be downloaded at the following website:

• http://www.rfecol.kais.kyoto-u.ac.jp/files/Boleh%20manual%202017.1.zip

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/11/4224/s1,
Figure S1: Effects of distance on the difference in the nMDS axis-1 scores of given paired vegetation plots, Figure S2:
Results of the nMDS analysis, Figure S3: Correlation of nMDS axis-1 values with logarithmic above-ground biomass.
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Abstract: The United Nations’ Sustainable Development Goals (SDGs) offer specific guidelines
for improving sustainable forest management, especially Goal 15. Goal 15 protects, restores and
promotes the sustainable use of land ecosystems, manages forests sustainably, prevents was against
desertification, stops and reverses land degradation and prevents biodiversity loss. The Civilian
Control Zone (CCZ) south of the Demilitarized Zone (DMZ) separating North and South Korea has
functioned as a unique biological preserve due to traditional restrictions on human use but is now
increasingly threatened by deforestation and development. We used hot spot analysis and structural
equation modeling (SEM) to analyze spatial patterns of forest land use and land cover (LULC)
change and variables influencing these changes, within the CCZ. Remote sensing imagery was used
to develop land cover classification maps (2010 and 2016) and a GIS database was established for
three change factors (topography, accessibility and socioeconomic characteristics). As a result of
Hotspot analysis, Hotspots of change were distributed mainly due to agricultural activities and the
development of forest and expansion of villages. Subsequent factor analysis revealed that accessibility
had greater influence (−0.635) than the other factors. Among the direct factors, change to bare land
had the greatest impact (−0.574) on forest change. These results shed light on forest change patterns
and causes in the CCZ and provide practical data for efficient forest management in this area with
regards to the SDGs.

Keywords: forest land change; land change patterns; Civilian Control Zone; DMZ; sustainable
development goals (SDGs); forest management; structural equation modeling (SEM); factor analysis

1. Introduction

In September 2000, the United Nations (UN) presented Millennium Development Goals
(MDGs) aimed at enhancing the quality of human life [1]. However, these MDGs set no concrete
objectives for solving fundamental problems posed by factors hampering efforts to enhance quality
of life. The 2012 UN Conference on Sustainable Development (UNCSD), “Rio + 20,” produced the
outcome document “The Future We Want” which set a new sustainable development agenda called
Sustainable Development Goals (SDGs) [2]. In 2015, the UN adopted the “2030 Agenda for Sustainable
Development” containing 17 SDGs and 169 targets [3]. The SDGs’ primary goal is eradicating poverty,
with a focus on balanced economic, social and environmental developments.

A broad range of forest-related issues, from forest management to forest-added value, were
considered in multiple SDGs including Goal 3 (Good Health and Well-being), Goal 6 (Clean Water and
Sanitation), Goal 13 (Climate Action) and Goal 15 (Life on Land) [4]. Goal 15, “Protect, restore and
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promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification
and halt and reverse land degradation and halt biodiversity loss,” is particularly associated with
forestry; its targets emphasize the value of forests for biodiversity conservation along with marine and
coastal areas [5].

In the Korean Peninsula, the area along the demilitarized zone between North and South Korea
(DMZ) is valued as a treasure house of biodiversity together with the Baekdudaegan (Baekdu
Mountains, the longest mountain chain running along the Korean Peninsula) and coastal islands.
The DMZ was designated as one of the axes of the “Ecological Network of the Korean Peninsula” by
the Ministry of Environment in 2002 [6]. The area is divided into the DMZ itself (about 4 km wide)
and the Civilian Control Zone (CCZ), an area 5–20 km wide extending from the DMZ’s Southern
Limit Line to the Civilian Control Line further south. In the past, civilians were not allowed to
enter the Civilian Control Zone (except during guarded tourist expeditions) and so its intact natural
environment and ecosystems have been highly valued together with the DMZ [7]. However, as active
government-led development programs are being implemented in the CCZ, its forests are exposed to
increasing deforestation and forest degradation [8]. These processes degrade plant and animal habitats
and disturb the ecological and environmental functions of the area, counteracting efforts to achieve
the SDGs [9]. With increasing socioeconomic activities in the CCZ, the ongoing change from forest to
non-forest land use is becoming increasingly complex [10]. The forests in the CCZ encompass a broad
swath across the Korean Peninsula and proper understanding of forest land use and land cover (LULC)
change factors is essential for integrated planning and management [11–14].

LULC change does not take place independently of the surrounding environment; it is therefore
important to consider associations and correlations with adjacent areas when analyzing its causes [15].
Jeong et al. [16] emphasized the importance of understanding the cluster and diffusion aspects of
LULC distribution and identifying the underlying social, economic and environmental factors when
setting up land-management plans. Of the various analytical approaches used to explore this topic,
Hot spot analysis has been increasingly prioritized as an intuitive spatial-statistical analysis method
compared to more complicated calculation methods [17]. This approach, developed by Ord and
Getis [18], expresses the similarities and differences of spatial values measured and summarized for
clustered locations [19]. For example, Lee [20] used remote sensing data to identify the relationship
between LULC change and a vegetation index. Choi et al. [21] found that Hot spot analysis was useful
for exploring the clustered factors related to LULC change and socioeconomic data but also noted the
method’s limitations with regards to determining the effects of individual factors. Analyzed various
influential factors for LULC change and explored the differing effects of these factors [22].

On the other hand, structural equation modeling (SEM) is widely used in social humanities
studies for its ability to compare correlations between various factors and to determine the inter-factor
differences in impact [23–25]. For example, Jang and Kim [26] evaluated the impact of development
density for various land types on the land’s value and Asadi et al. [27] evaluated the impact of
economic, social and environmental factors on cropland changes. To date, however, most related
studies have used cross-sectional data rather than time-series data and hardly any studies have
performed comprehensive spatial data analysis.

In this study, we have conducted studies forest management and various factors influencing
for DMZ forest, the only area in the world. We used Hot spot analysis to analyze patterns of forest
LULC change and SEM to determine the effects of various factors influencing forest LULC change.
Our results provide practical data for setting up comprehensive forest management programs in the
CCZ as part of ongoing efforts to achieve SDGs.
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2. Materials and Methods

2.1. Study Site

The CCZ was designated by Article 2(1) of the “Special Act on Management of Mountainous
Districts North of The Civilian Control Line” and Article 5(2) of the “Protection of Military Bases and
Installations Act” [28]. It extends over an area of ~120,000 ha, accounting for ~18% of the administrative
divisions intersecting the DMZ area (Figure 1). The CCZ has a broad distribution of land use for
military facilities due to its intrinsic nature but recent years have seen steady LULC changes related to
the development of tourist attractions [29]. The Gyeonggi-do part of the CCZ is flat and low (<300 m
above sea level) with intensive agricultural activities taking place on a residential or commuting basis.
The Gangwon-do part of the CCZ is predominantly mountainous (≥1000 m above sea level) except for
Cheorwon-gun [30].

 
Figure 1. Study Site: The Civilian Control Zone (CCZ)) south of the demilitarized zone separating
North and South Korea.

2.2. Materials

We used three types of data for our analyses: remote sensing (RS), geographic and statistical
(Table 1). The RS data consisted of 2010 and 2016 land cover maps produced by applying
maximum-likelihood supervised classification to medium-resolution satellite imagery using Envi
5.0 software. The land cover map was made using three scenes (path 116/row 33, path 116/row 34,
path 115/row 33) and using Landsat 5 and Landsat 8 images. The classification accuracy of the
land cover map was as follows, Overall accuracy: 93, Kappa: 0.91 in 2010, Overall accuracy: 943,
Kappa: 0.92. The classification accuracy of the land cover maps was high in both overall accuracy
and Kappa. Reference data for the accuracy of classification maps were used for field survey and
Google earth images. The geographic data consisted of geographic information system (GIS) layers
for administrative boundaries map provided by the Korea Forestry Service, the Southern Limit Line
provided by the Gangwon Development Research Institute and CCZ, Digital topographic maps (scale
of 1:25,000), cadastral valuation data and local population data provided by the Ministry of Land,
Infrastructure and Transport. The statistical data consisted of tourist attraction information provided
by the Korea Tourism Organization as spatial information. Typical tourist attractions of CCZ are
“Unification Observatory”, “DMZ Museum” and “Dam of Peace”.
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Table 1. Data used for analyzing the forest LULC patterns and change factors.

Type Data Remark

Remote
sensing

Land cover maps

- 2010: Landsat (2010.06.04., 2010.05.25.)
- 2016: Landsat (2016.05.19., 2016.05.28.)

Produced using supervised classification with
satellite imagery

Geographic

Administrative boundaries map Korea Forestry Service

Southern Limit Line Gangwon Dev. Research Institute

Civilian Control Zone

Ministry of Land, Infrastructure and Transport
Digital topographic maps

Mean cadastral valuation (as of 2016 year)

Local population data (as of 2013 year)

Statistical Tourist attraction Korea Tourism Organization

2.3. Methods

We analyzed the spatial patterns associated with forest LULC change and related factors in
an effort to seek efficient ways to achieve the SDGs for forests within the CCZ. Areas that underwent
change from forested to non-forest landed (forest change areas) were extracted by superimposing the
2010 and 2016 land-cover maps. A GIS database was then established by spatial assessment along
with related change factors such as topography (slope and elevation), accessibility (access to roads,
buildings and the CCZ) and socioeconomic characteristics (cadastral value, local population and
tourist attractions). This was then used for the forest change pattern and change factor analyses using
Hot spot analysis and SEM, respectively (Figure 2). Both assessments used the basic geographic unit ri
(village), “ri” is the smallest administrative division in South Korea.

Figure 2. Flow chart of the forest LULC pattern and change factor analyses.

2.3.1. Forest LULC Change Spatial Analysis Using Spatial Statistics

In this study, spatial autocorrelation analysis (Hotspot analysis) was performed to analyze the
pattern of forest land changing to other land.

LULC change is not independent of the surrounding environment, being influenced by
adjacent land [20,31]. Therefore, we quantified interactions with surrounding areas using spatial
autocorrelation, which measures the spatial similarity and/or dissimilarity of different regions in
terms of proximity [32].
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We used the Getis-Ord Gi*, developed by [18], as the spatial autocorrelation index. This statistic
calculates the proportions of the reference and neighboring spaces’ values and measures the degree
of spatial association between physical objects based on the concentration of weights. Getis-Ord Gi*
expresses spatial clusters of high and low values as hot and cold spots, respectively. When distribution
patterns are randomly dispersed (without clusters) the values are close to zero [33].

Gi∗ =

n

∑
j=1

wijxi − X
n

∑
j=1

wij

s

√√√√ n
n

∑
j=1

wij
2−

(
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∑
j=1

wij

)2

n−1

xi = attribute value of i
wij = spatial weight (spatial weight matrix value)

s = standard deviation
n = total number of cases
i and i are adjacent = 1
i and i are not adjacent = 0

2.3.2. Forest LULC Change Factor Analysis Using SEM

SEM Background and Selection of Variables

SEM combines confirmatory factor analysis and path analysis, stemming from psychometrics
and econometrics, respectively, through which causation and correlation between variables can be
tested [34]. SEM is useful for estimating complicated causal relationships among multiple variables and
simultaneously explaining direct and indirect effects between observable and unobservable (“latent”)
variables [35,36]. Furthermore, inter-variable relationships are displayed in schematic diagrams,
allowing intuitive understanding of the analysis results [37]. In this study, SEM-based factor analysis
involved multiple steps: selecting measurement variables with the potential to influence forest LULC,
performing exploratory factor analysis to assess the inter-variable effects, building a study model
based on the relationships among the measurement variables and analyzing the factors for forest
LULC change by examining the causal relationships and associations among the variables.

SEMs have a structural component (path analysis) and a measurement component (factor analysis),
in which the causal relationships are shown between dependent (endogenous) and independent
(exogenous) variables and latent (constructs or factors) and observed (measured) variables, respectively.
In the model we built for this study, the extent of forest LULC change per unit area was used as the
measurement (dependent) variable. Latent variables including topographic (elevation (m) and slope
(◦)), accessibility (m) (to roads, buildings and the CCZ) and socioeconomic (population distribution,
tourist attractions and mean cadastral value (W)) factors were selected on the assumption that they
could influence LULC change [12,38,39]. Elevation and slope information are constructed using digital
topographic maps and accessibility is the distance (Unit: m) from the forest change areas of roads,
buildings and CCZ. Population distribution and tourist attractions units are numbers and unit of mean
cadastral value is won (W). The input data for these observable variables were calculated as averages
by ri, except for tourist attractions, which used the total number. The units of the input variables were
homogenized and the final variables selected by means of exploratory factor analysis [40].

SEM Construction and Assessment of Model Fit

Figure 3 presents the SEM for the forest LULC change area. The two left-hand columns show
the dependent variables consisting of five measurement variables and one latent variable. The two
right-hand columns show the independent variables consisting of three latent variables and eight
measurement variables.
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Figure 3. Framework of the SEM used in this study.

The SEM was evaluated using absolute and incremental fit indices (Table 2) to test how well
the observed data fit into the model and how closely the measurement and latent variables were
related to one another. An absolute fit index tests how well the proposed model predicts the sample
covariance matrix and an incremental fit index measures the improvement in fit of the proposed model
in comparison with the basic model [34,41].

Table 2. Fit indices and cutoff criteria used for SEM evaluation.

Model Fit Index Cutoff Point

Absolute Fit

X2 (CMIN) p < 0.05
Normed X2 (CMIN/DF) ≤3

Goodness of Fit Index (GFI) ≥0.9
Standardized RMR (SRMR) ≤0.08

Incremental Fit
Normed Fit Index (NFI) ≥0.9

Comparative Fit Index (CFI) ≥0.9

3. Results and Discussion

3.1. Spatial Pattern Analysis of the Forest Change Area

Statistically significant Hot spots for land-use change from forest to settlement in Ganghwa-gun,
Gimpo-si, Yeoncheon-gun and Cheorwon-gun (Figure 4a). Jogang-ri in Gimpo-si and Naka-ri in
Yeoncheon-gun displayed especially high Hot spot densities with Z-scores of 3.40 and 3.02, respectively.
Frequent intense clusters of cold spots in Paju-si, Yeoncheon-gun and Cheorwon-gun also indicated
the high rate of change from forest to settlement in these areas. Sung et al. [29] noted that deforestation
in the CCZ is primarily due to the development of cropland and villages in Gyeonggi-do and the
western part of Gangwon-do. Similarly, Lee [42] reported that the distribution density of villages in
cities and counties with Hot spots accounted for about 74% of the overall distribution of villages in
the CCZ. Village construction and expansion is especially intensive in Paju-si, Yeoncheon-gun and
Cheorwon-gun, where agricultural activities are allowed on a residential or commuting basis.

Statistically significant Hot spots for land-use change from forest to cropland t in Gangnae-ri in
Yeoncheon-gun, Woechon-ri in Cheorwon-gun and Mandae-ri in Yanggu-gun (Figure 4b). The latter
displayed an especially high Hot spot density with a Z-score of 4.24. Hae’an-myeon and the
surrounding area are characterized by intensive farming, with cropland accounting for 37.2% of

56



Sustainability 2018, 10, 3500

the total area. Agricultural activities in this area are also diversifying into flowers, decorative plants,
fruits and so forth, which continues to drive the conversion of forest into fields and orchards [43].
Park and Nam [44] reported on the continuously increasing land used for ginseng cultivation in this
area since it hosted the “Gaeseong Ginseng Festival” in 2005. Sung et al. [29] also noted that expanding
rice paddies and fields are a major cause of deforestation and emphasized that ginseng cultivation
fields not only damage the primarily affected terrain but also cause secondary damage to surrounding
terrain, weakening soils and degrading other vegetation. The increasing damage to forest edges in
affected areas of Ganghwa-gun, Paju-si and Yeoncheon-gun can thus be attributed to the active ginseng
cultivation operations in these areas in conjunction with broadly scattered small-scale agricultural
land intermingled with forest.

Statistically significant Hot spots for land-use change from forest to grassland in Ganghwa-gun,
Paju-si and Yeoncheon-gun (Figure 4c). The highest Hot spot densities by Z-score occurred in Cho-ri
and Banjeong-ri in Paju-si and Majeon-ri and Dapgok-ri in Yeoncheon-gun (Figure 4c).

Statistically significant Hot spots for land-use change from forest to bare land in Ganghwa-gun,
Yeoncheon-gun and Cheorwon-gun (Figure 4d). High-density Hot spots appeared in Gogu-ri
in Ganghwa-gun and Hwoengsan-ri in Yeoncheon-gun (Z-scores: 3.94 and 3.59, respectively).
Song et al. [45] reported that the LULC change rate was rapidly increasing after the government
announced its “Master Plan for Border Area Land Use Development” in 2011. “Master Plan for Border
Area Land Use Development” is a plan announced by the Ministry of the Interior in 2011. This plan
sets out the vision and goals for the development of CCZ. However, because this plan prioritizes
development, forest researchers are worried that this plan will increase deforestation and degradation.
Sung et al. [29] reported on continuous illegal clearing of trees and vegetation for soybean and ginseng
cultivation in Yeoncheon-gun and Cheorwon-gun. The change from forest to bare land within the
CCZ from Ganghwa-gun to Cheorwon-gun is thus ascribable to such land-use projects and illegal
cropland development.

No Hot spots appeared in the spatial pattern indicating change from forest to wetland but cold
spots appeared in Gangnae-ri in Yeoncheon-gun, Mandae-rin In Yanggu-gun and Seohwa-ri in Inje-gun
(Figure 4e). Small-scale increases in wetland were at first assumed to be the result of precipitation but
rainfall data for June 2010 and May 2016, the periods corresponding to the RS data used for the analysis,
showed insufficient rainfall to cause significant changes in land cover during these periods [46,47].
A conversion of forest to wetland was interpreted as artefact, because no factual evidence was found
in the field.

(a) 

Figure 4. Cont.

57



Sustainability 2018, 10, 3500

(b) 

(c) 

(d) 

Figure 4. Cont.
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(e) 

Figure 4. Hot spot distribution maps of forest LULC change: (a) forest to settlement; (b) forest to
cropland; (c) forest to grassland; (d) forest to bare land; (e) forest to wetland.

3.2. Determination of Variables by Factor Analysis and SEM Fit Test

Factor analysis is a statistical method used to test the validity of variables to be measured,
in which variables with low validity are excluded from analysis or modified [48]. We used the
Kaiser-Meyer-Olkin (KMO) test to assess correlations among variables for factor analysis and Bartlett’s
Test to determine the suitability of the factor analysis model. In general, a KMO value of 0.9 or above
was deemed excellent, 0.8–0.9 good, 0.7–0.8 reasonable and 0.5 or less unacceptable [48]. The KMO and
Bartlett’s Test values for this study’s variables were found to be good, at 0.815 and 0.000, respectively,
demonstrating the suitability of the model used.

Commonality is the rate at which a specific variable is explained for various factor. Variables
with a commonality of less than 0.4 are excluded from the factor analysis [49]. The variables used in
this study were found to be suitable for factor analysis with communalities in excess of 0.4 (Table 3).
All model fit indices were within acceptable ranges, so the model was judged to be suitable for
hypothesis testing and quantifying causal relationships [37] (Table 4).

Table 3. Similarities of the variables extracted by factor analysis.

Variables Used for Factor Analysis Communality

Forest Area Change

Forest to settlement 0.535
Forest to cropland 0.654
Forest to grassland 0.569
Forest to bare land 0.446
Forest to wetland 0.752

Topographic Factor Slope 0.790
Elevation 0.800

Accessibility Factor
Accessibility to buildings 0.769
Accessibility to the CCZ 0.731

Accessibility to roads 0.752

Socioeconomic Factor
Tourist attractions 0.652
Local populations 0.630

Mean cadastral value 0.716
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Table 4. Fit indices and cut-off criteria of the study model.

Model Fit Index Analysis Result Cut-Off Point Fit/Unfit

CMIN/p-value 72.303/0.040 p < 0.05 Fit
CMIN/DF 1.364 ≤3 Fit

GFI 0.952 ≥0.9 Fit
SRMR 0.061 ≤0.08 Fit

NFI 0.905 ≥0.9 Fit
CFI 0.972 ≥0.9 Fit

3.3. Factor Analysis of Forest LULC Change

The direct effect of the topographic factor on forest area change was −0.503, implying that
topography had an inversely proportional effect on the extent of forest change. The greatest indirect
effect was shown in the change to grassland (−0.428). Elevation was found to have a stronger impact
(0.935) than slope (Figure 5a). Unlike grassland and bare land, the indirect effects of topography on
changes to settlement, cropland and water were found to be minimal. Sung et al. [29] reported that
increasing agricultural activity such as Ginseng cultivation is the main cause of vegetation deterioration
and increasing bare land in the CCZ. Ganghwa-gun, Paju-si and Yeoncheon-gun were reported to
be particularly affected by intensive agricultural activities. This is consistent with the factor analysis
result that changes to grassland and bare land were more intense in the low-slope and low- elevation
regions of the western CCZ.

The direct effect of the accessibility factor was −0.635, higher than the other two factors
(topographic and socioeconomic) (Figure 5b). Accessibility had a negative effect on forest change,
implying that change from forest cover to other land use increases in proportion with proximity to
roads, buildings and the CCZ. The greatest indirect effect was shown in the change to bare land
(−0.574), followed by grassland and cropland. The accessibility factor showed similar characteristics
to the topographic factor, with higher impact on the change to grassland and lower impact on the
change to bare land. This is consistent with the findings of Sung et al. [29] that deforestation and
degradation increases in proportion to the level of forest land used for military facilities, strategic
roads and villages.

The direct effect of the socioeconomic factor was 0.053, with forest change increasing with increases
in tourist attraction distribution, local population and cadastral value (Figure 5c). The greatest indirect
effect was shown in the change to grassland but the socioeconomic factor had very low effect on forest
change overall, below 0.100 in both direct and indirect effects, presumably due to the intrinsically low
numbers of tourist attractions and population in the CCZ.

(a) 
Figure 5. Cont.
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(b) 

(c) 

Figure 5. Factor analysis of the forest change area using the structural model: (a) topographic factor;
(b) accessibility factor; (c) socioeconomic factor.

4. Conclusions

To achieve the UN’s SDG Goal 15 (forest management) within South Korea’s CCZ, it is essential to
detect areas requiring restoration and management. Classification of remote sensing imagery showed
that the predominant spatial patterns in this area’s forest LULC change were from forest to settlement,
cropland, grassland and bare land.

Our Hot spot analysis enabled an intuitive analysis of these patterns and facilitated the
identification of areas requiring intensive management. High distribution densities of such changes
occurred in Ganghwa-gun, Gimpo-si, Paju-si and Yeoncheon-gun. The main causes of forest area
change were agricultural activities (rice paddies and fields) and the development and expansion of
villages. Increasing degradation at the forest edge caused by increasing proportions of cropland,
grassland and bare land was directly associated with increasing deterioration of vegetation and
deforestation. Due to the unique nature of the CCZ, deforestation and degradation, once done,
is difficult to reverse.

Structural equation modeling determined the effects of factors associated with forest change.
Of the three factors extracted (topography, accessibility and socioeconomic characteristics),
the accessibility factor (proximity to buildings, roads and the CCZ) showed the strongest effect
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on forest change, above all on changes to bare land. The topographic factor (elevation and slope) also
had great influence on forest change, above all on changes to grassland. These factors are therefore
strong indicators of high degrees of deforestation and degradation.

According to previous studies, deforestation and degradation in the CCZ increases in proportion
to the level of forest changes for the purposes of building military facilities, strategic roads, villages
and ginseng cultivation, resulting in accelerated damage to the ecosystems in the CCZ. Such damaged
areas are also problematic because they can contribute to natural disasters such as floods due to the
degraded and deforested landscape. Achieving the SDGs’ forest management goals is important for
both forest conservation and providing benefits such as biodiversity, carbon sinks, water purification
and storage and recreation. These results provide practical data for preparing direct and indirect
measures necessary for improved forest management programs in the CCZ.
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Abstract: Mangrove cover has declined significantly in recent years in tropical and subtropical
areas around the world. Under this scenario, it is necessary to elaborate and implement tools
that allow us to make estimations on their conservation status and improve their protection and
support decision-making. This study developed an index using qualitative and quantitative data.
The criterions used in the index were: (1) Remnant Vegetation Index, (2) Delphi Method Survey,
and (3) Rapid Assessment Questionnaire. In turn, the weights of the criterions were defined using
the analytical hierarchy process (AHP). Once the values of each criterion were obtained, the index
was applied to 17 mangrove communities located in La Paz Bay, Mexico. Finally, according to their
score, they were classified based on the IUCN Red List of Ecosystems. The results show that five
communities were ranked in the category Minor Concern, eight in Little Threatened, one in Vulnerable,
one in Endangered, and two were classified as Deficiency of Data. These results are slightly different
from other studies in the region and validate this index as a proper method. Therefore, it could be
applied to other sites, especially in areas with little information and/or scarce monetary resources.

Keywords: AHP; Delphi Method; GIS; MCDA; Sustainable Development; Wetlands

1. Introduction

1.1. Theoretical Background

Mangroves are recognized worldwide due to various resources and ecosystem services (ES)
they provide [1,2]. Some of these ES are provision services (food, timber, medicines, etc.), regulation
and maintenance services (protection against hurricanes, erosion control, CO2 capture, etc.), and
cultural services (aesthetic, symbolic, religious, etc.) [3,4]. The presence of coastal wetlands such as
mangroves helps contribute to human wellbeing [5,6]. However, mangroves are one of the most
threatened coastal ecosystems due to changes in environmental factors and impacts induced by human
activities [7]. They are particularly vulnerable to degradation as a result of deforestation, aquaculture,
agriculture, tourism, urbanization, and pollution from different sources [8]. Other factors, such as
sediment dynamics, exotic species, and alteration of the hydrodynamics, also result in severe mangrove
deterioration and habitat loss [9].

According to FAO data, about 3.6 million hectares of mangroves were lost in the 1980–2005
period, approximately 20% of the global mangrove cover [10]. Also, it is estimated that mangrove
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forests worldwide are disappearing between one to two percent each year, at a higher rate than
rainforests or coral reefs [11]. Likewise, it is recognized that only 6.9% of the world’s mangroves are
in the category of a protected area network [12]. In México, the National Commission for the Use
and Conservation of Biodiversity (CONABIO) through the Mexican Mangrove Monitoring System
(SMMM) began a full examination of the mangroves in this country. The SMMM observed that
in 1970–1980, Mexico presented a cover of 856,405 hectares but by 2015 the number of hectares of
mangroves decreased to 775,555 [13]. This loss of mangroves has been observed in urban areas and in
zones with a tourist-oriented vision. A well-known example is the destruction of “Tajamar” mangrove,
in Cancun city, in 2016 [14].

Another example is the case of mangroves located in La Paz city. The capital of Baja California
Sur state, has caused a remarkable anthropic pressure to their mangroves due to the growing
urbanization [15]. Also, it is expected that tourism will increase in this city. This is evidenced in
the list “52 Places to Go in 2020” of The New York Times, where La Paz was the only Mexican city
nominated [16]. In this context, different forums, such as the “I Workshop on Mangroves of the Baja
California Peninsula” (2005) and the “I Workshop of RAMSAR Sites of Baja California Sur” (2009) have
highlighted the need to know the state of mangroves in La Paz bay. Therefore, the goal of this work
was to develop an integrative index to evaluate the conservation status of mangroves in this region.

1.2. Study Area

La Paz Bay is in the southwest of the Gulf of California, at the southern portion of the Baja
California Peninsula, in Mexico (Figure 1). This bay has diverse biotic and abiotic characteristics
that made it a remarkable site with diverse ecosystems, such as beaches, dunes, seagrass beds, rocky
reefs, and mangroves [17]. Its coastal zone harbors 17 mangrove communities, 16 of them within
the proximity of La Paz city, and one more at the Espíritu Santo Archipelago. These mangroves are
within protected areas such as the Espíritu Santo Archipelago National Park, the Balandra Flora and
Fauna Protection Area, and the Islands of the Gulf of California Flora and Fauna Protection Area.
They are also under the category of international protection, such as the Ramsar Sites “Humedales
Mogote-Ensenada de La Paz” (Ramsar site no. 1816) and “Balandra” (Ramsar site no. 1767).

Figure 1. Location of La Paz Bay in the southern end of the Peninsula of Baja California, Mexico.

The 14 communities belonging to the Ramsar site No. 1816 are: Centenario-Chametla, Comitán,
El Conchalito, El Mogote, Enfermería, Eréndira, Estero Bahía Falsa, Estero El Gato, La Paz-Aeropuerto,
Palmira, Playa Pichilingue-Brujas, Unidad Pichilingue UABCS, Salinas de Pichilingue, and Zacatecas.
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Two of these remaining communities belonging to Ramsar site no. 1767 are Balandra and El Merito.
Finally, the mangrove Espíritu Santo Archipelago is located within another protected area, it is in the
national park category and its name is homonymous to that community (Figure 2).

Figure 2. Location of mangroves placed in La Paz Bay, Mexico.

2. Materials and Methods

2.1. Study Design

The development and implementation of the Mangrove Conservation Status Index (MCSI)
consisted of five phases carried out between January and September 2019. First, the remnant vegetation
index (RVI), Delphi method survey (DMS), and the rapid assessment questionnaire (RAQ) were
conducted at the 17 mangrove areas during January–February 2019, followed by the use of the
analytical hierarchy process (AHP) to estimate the weights of each one of these indicators. We
conducted a spatial analysis on open-source GIS software QGIS (version 3.4.4) to calculate the RVI,
designed a questionnaire for the RAQ, and applied surveys to local mangrove experts for the DMS.
Finally, we estimated the Mangrove Conservation Status Index for all the mangroves.

2.2. Index Development and AHP

For the construction of the MCSI, three components were selected, as these are widely used in
various environmental analyses (RVI, DMS, and RAQ). For example, several studies have carried out
comparisons between mangrove cover between different years, globally and nationally and locally.
Also, the application of the Delphi method in environmental modeling is considered as a useful tool,
with various studies focused on mangroves. Finally, the rapid assessment tool has also been used
in forest and wetland analysis. Once the index components were selected, the following formula
was generated:

MCSI = (RVI)W1 + (DMS)W2 + (RAQ)W3.
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The weights of each component were determined using the analytical hierarchy process (AHP)
method developed by Thomas L. Saaty (see Appendix A). For this, paired combinations were made
between the three components using a pairwise comparison matrix (Table 1). For example, since the
RVI is a quantitative value that reflects the loss or gain of cover in a given period, it was considered of
greater relevance than the RAQ and DMS components. In the same way, among these last components,
the DMS was considered of greater importance than RAQ. DMS is the result of the opinion of several
experts (which includes years of experience) in comparison to RAQ, which takes information from a
single field visit.

Table 1. Pairwise comparison matrix (PCM).

Criteria Sub-Criteria
Number of Comparisons

Total Weight
1 2 3

MCSI

(1) Remnant Vegetation Index 5 5 10 0.62

(2) Delphi Method Survey. 1 3 4 0.25

(3) Rapid Assessment Questionnaire. 1 1 2 0.13

2.3. Remaining Vegetation Index (RVI)

The value of RVI of each mangrove community was calculated by considering the vegetation
cover obtained in 2018 as the present vegetation area (PVA), divided by the original vegetation area
(OVA), which corresponded to the data of the year of 1973. The result was multiplied by 100 to obtain
a comparable value on a scale of 0/100. This index was used for the first time in a case study in
Colombia [18] following this formula:

RVI = [(PVA)/(OVA)] × 100.

We obtained the vegetation area from scanned aerial photographs and Landsat satellite images.
We consulted CONABIO’s database. We used the oldest image available from the sources mentioned
above for the calculation of the RVI for each mangrove community. In this case, we obtained an aerial
photograph from 1974 that captured mangroves, except those at Espíritu Santo Archipelago, in La Paz
bay at the Autonomous University of Baja California Sur library’s archive. We downloaded Sentinel
images (10 m, 20 m, and 60 m, avoiding cloud interference) for May 2018 from the Earth Explorer
platform (USGS) to calculate present vegetation cover for the calculation of the RVI.

To digitalize the aerial photographs, we scanned them with the highest available resolution
(10,200 × 14,028 pixels). We georeferenced images using geomorphological land references by the
control point method. Subsequently, we extracted the sections corresponding to mangroves on QGIS
and obtained pixels (1 m × 1 m) by a resampling process. The resampling process did not allow for a
higher pixel resolution; nevertheless, it provided better contrast between neighboring pixels. Therefore,
observations allowed the precise definition of mangrove areas (Figure 3).

Together, the field data collection and the georeferenced aerial photographs allowed the
confirmation of the presence of mangroves and the obtention of the polygons containing mangroves
by the use of the on-screen scanning facility in the QGIS software. We transformed the satellite image
from geographic coordinates to metrics. For optimal use, we created a composite of bands 4, 5, 3,
and panchromatic (Band 8) to increase image resolution and facilitate vegetation recognition [19].
The generation of the base project in the QGIS platform integrated the resulting images in raster format.
Once the properties of the images (pixel size, georeference) were validated, we calculated the mangrove
cover for each of the 17 sites. We obtained 16 mangrove polygons for 1974 and 17 for 2018 using
the manual digitizing technique which has been used by different authors [20–23] and estimated the
vegetation cover area. We used the resulting areas to calculate the RVI.
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Figure 3. Treatment of spatial images in the QGIS software.

2.4. Delphi Method Survey

We applied interviews with regional mangrove experts following the Delphi method, which is a
structured way to obtain information and knowledge on a particular topic [24]. This method provides
both qualitative and quantitative data (see Appendix B), and it can be adapted for rapid assessments,
such as the one implemented during this study [25]. We contacted a total of ten people, but only seven
answered the survey. Of these, four were researchers, two worked for government agencies, and one
collaborated with non-government organizations. We conducted interviews in person or remotely via
electronic media such as Skype or video conference. The interview consisted mostly of open questions,
as well as closed questions or fixed-alternatives. Interviewees answered the open question freely with
no limit on time. The fixed-alternative questions were formulated to be answered in a scalar way using
the Likert measurement tool (Table 2), which consists of obtaining a degree of conformity determined
by a range of values. Table 3 shows the main question used in the survey.

Table 2. Remaining Vegetation Index obtained for each mangrove community.

Mangrove Community
Original Vegetation

Area (m2)
Present Vegetation

Area (m2)
Remaining Vegetation

Index (Scores)

Balandra 266,044.01 268,577.08 100.95

Centenario-Chametla 54,213.98 53,657.47 98.97

Comitán 43,982.36 42,448.27 96.51

El Conchalito 217,785.87 192,957.92 88.59

El Merito 81,397.13 81,373.77 99.97

El Mogote 1,247,826.06 1,254,511.24 100.53

Enfermería 56,953.15 37,968.09 66.66

Eréndira 23,627.20 23,969.85 101.45

Espíritu Santo Archipelago - 523,773. 69 N/A

Estero Bahía Falsa 47,744.44 44,573.39 93.35

Estero El Gato 47,916.84 45,429.86 94.80

La Paz-Aeropuerto 160,633.55 360,491.36 224.41

Palmira 14,172.06 12,154.07 85.76

Playa Pichilingue-Brujas 11,210.63 3,025.02 26.98

Salinas de Pichilingue - 2,971.47 N/A

Unidad Pichilingue UABCS 63,284.70 50,329.61 79.52

Zacatecas 227,058.89 259,119.05 114.11

Note: Bold scores represent increases on mangrove cover.
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Table 3. Key question applied to experts in the Delphi Method Survey component.

Based on your experience, what is the conservation status of the mangroves of the bay of La Paz?

Mangrove Communities Conservation Status
I Don’t know.

Balandra Bad 1 2 3 4 5 Good

2.5. Rapid Assessment Questionnaire

The rapid evaluation is a reliable and timely estimation method, which allows an approximation
of the magnitude and characteristics of a problem. It marks the line to define needs or tasks to consider
during a subsequent evaluation [26]. This type of assessment provides complementary information to
other sources, in a simple, fast, and flexible way. In the case of the mangroves of La Paz Bay, we visited
17 sites, which were selected according to the management plans of the protected area (Balandra) and
Ramsar site (Humedales Mogote-Ensenada de La Paz No. 1816). To evaluate each of the mentioned
mangroves, we created a rapid assessment questionnaire (RAQ) based on different surveys developed
by academics and decision-makers from the region. The RAQ considered specific environmental
indicators, divided thematically (water, air, soil, flora, fauna, and waste), and used qualitative indicators
to assess impacts observed at each mangrove site during the field visits. The values of the RAQ ran
from 0 to 1; the closer the value to 1, the more impacted the site was. We recorded our observations at
the site, and photographic evidence is available from the authors upon request (see Appendix C).

2.6. Application of the Integrative Mangrove Conservation Status Index

We calculated the MCSI using the scores of each one of the components of the index, RVI, RAQ,
and DMS, and following the formula:

MCSI = (RVI)(0.62) + (RAQ)(0.25) + (DMS)(0.13).

We classified mangrove sites depending on their MCSI score following an adapted classification of
the IUCN Red List of Ecosystems (see Appendix D). This scale considers eight categories of risk for the
earth’s ecosystem (Figure 4). Three of them contemplate quantitative thresholds: critically endangered
(CR), endangered (EN), and vulnerable (VU)—together, the IUCN describes these ecosystems as
threatened. There are several qualitative categories to include: (1) ecosystems that fail to meet the
quantitative criteria for the threatened ecosystem categories (NT, near threatened); (2) ecosystems
that unambiguously meet none of the quantitative criteria (LC, least concern); (3) ecosystems with
poor data (DD, data deficient); and (4) ecosystems that have not been assessed (NE, not evaluated).
An additional category (CO, collapse) is assigned to ecosystems that have collapsed throughout their
distribution, the analogue of the extinct (EX) category for species [27].

Figure 4. Categories of the IUCN Red List of Ecosystems. Source: IUCN, 2019.

3. Results

To calculate the proposed MCSI, we first estimated each of the components for the 17 mangroves
from La Paz Bay. We summarize our findings in the following sections.

3.1. Spatial Analysis and Remaining Vegetation Index (RVI)

According to the RVI analysis, five communities presented an increase in mangrove cover
(RVI > 100), ten showed losses of mangrove forest (RVI < 100), and two could not be analyzed because
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we were not able to obtain an original vegetation area. Playa Pichilingue-Brujas experienced the most
significant losses of mangrove vegetation, and only 26.98% of the initial cover remained. Enfermería
also presented a significant decrease in mangrove cover (44.44%).

3.2. Delphi Method Survey

We sent a total of 10 surveys to regional mangrove experts; however, just seven people replied.
We interviewed them to complement their answers to the surveys (available from the authors upon
request). We calculated the median for the score assigned by the experts to each one of the mangrove
areas. Only two mangrove communities presented median scores of five, El Merito and Espíritu
Santo Archipelago, which presents the best conservation status according to expert opinions (Table 4).
Five mangrove areas scored four points for an acceptable conservation level. Moreover the mangroves
that scored less than three, meant that they present a major deterioration.

Table 4. Values obtained from the Delphi Method Survey applied to experts.

Mangrove Community
Expert

Opinion
1

Expert
Opinion

2

Expert
Opinion

3

Expert
Opinion

4

Expert
Opinion

5

Expert
Opinion

6

Expert
Opinion

7
Median

Balandra 4 3 4 4 5 4 4 4

Centenario-Chametla 2 2 3 2 4 2 2 2

Comitán 2 4 4 4 3 3 4 4

El Conchalito 3 2 3 3 4 2 3 3

El Merito 5 - 5 5 4 5 5 5

El Mogote 3 3 4 4 4 4 4 4

Enfermería 1 - 2 2 3 3 2 2

Eréndira 2 2 2 2 1 4 2 2

Espíritu Santo
Archipelago

5 - 5 5 3 - 5 5

Estero Bahía Falsa 3 3 3 2 3 3 3 3

Estero El Gato 4 3 3 4 - 3 4 3

La Paz- Aeropuerto 4 3 4 3 5 4 4 4

Palmira 4 2 2 2 3 2 2 2

Playa
Pichilingue-Brujas

2 2 1 1 4 2 2 2

Salinas de Pichilingue - - 3 3 - - - -

Unidad Pichilingue
UABCS

2 3 3 3 4 3 3 3

Zacatecas 4 - 5 4 4 4 5 4

3.3. Rapid Assessment Questionnaire

The mangroves in La Paz bay presented a varied rank of values for the RAQ. The La Paz-Aeropuerto,
Palmira, and Playa Pichilingue–Brujas mangrove communities were the most impacted sites, with
RAQ scores between 0.80 and 0.90. Seven mangroves showed medium levels of impact, with scores
ranging between 0.50 and 0.70, and another seven sites presented fewer effects, with RAQ values from
0.26 to 0.49 (Table 5).
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Table 5. Values obtained from the Rapid Assessment Questionnaire applied in field visits.

Mangrove Community Rapid Assessment Questionnaires

Balandra 0.4944

Centenario-Chametla 0.6542

Comitán 0.2662

El Conchalito 0.5680

El Merito 0.3184

El Mogote 0.4486

Enfermería 0.5896

Eréndira 0.7260

Espíritu Santo Archipelago 0.2662

Estero Bahía Falsa 0.6382

Estero El Gato 0.5604

La Paz-Aeropuerto 0.8178

Palmira 0.8858

Playa Pichilingue-Brujas 0.8960

Salinas de Pichilingue 0.2884

Unidad Pichilingue UABCS 0.6504

Zacatecas 0.4026

3.4. Application of the Index

We multiplied the scores of the RVI, DMS, and RAQ, as described to calculate the MCSI. The El
Merito mangrove community presented the highest MCSI of all the sites (95.54), followed by Balandra,
Comitán, El Mogote, Estero El Gato, and Zacatecas, which scored values over 80; therefore, these five
communities are of “least concern” in accordance with the IUCN Red List of Ecosystems. The MCSI
values of another eight mangroves placed them as “near threatened”. Otherwise, Enfermeria was
classified as “vulnerable”, with an MCSI score of 59.22, and Playa Pichilingue-Brujas was classified
as “endangered” (MCSI score of 30.01), these last two mangroves were the worst evaluated. Lastly,
two mangroves, Salinas de Pichilingue and Espíritu Santo Archipelago, lacked initial information on
mangrove cover; therefore, the MCSI resulted in “data deficient” (Table 6).

72



Sustainability 2020, 12, 858

Table 6. MCSI values for each mangrove community.

Mangrove Community RVI Score DM Score RA Score MCSI
IUCN Red List of

Ecosystems

Balandra 57 23.2 7.0784 87.2784 Least Concern (LC)
Centenario-Chametla 57 11.6 4.8412 73.4412 Near Threatened (NT)

Comitán 57 17.4 10.2732 84.6732 Least Concern (LC)
Espíritu Santo Archipelago - 29 10.2732 - Data Deficient (DD)

El Conchalito 54.6231 17.4 6.048 78.0711 Near Threatened (NT)
El Merito 57 29 9.5424 95.5424 Least Concern (LC)
El Mogote 57 23.2 7.7196 87.9196 Least Concern (LC)
Enfermería 41.8836 11.6 5.7456 59.2292 Vulnerable (VU)

Eréndira 57 11.6 3.836 72.436 Near Threatened (NT)
Estero Bahía Falsa 57 17.4 5.0652 79.4652 Near Threatened (NT)

Estero El Gato 57 17.4 6.1544 80.5544 Near Threatened (NT)
La Paz-Aeropuerto 57 17.4 2.5508 76.9508 Near Threatened (NT)

Palmira 53.8593 11.6 1.5988 67.0581 Near Threatened (NT)
Playa Pichilingue-Brujas 16.9575 11.6 1.456 30.0135 Endangered (EN)

Salinas de Pichilingue - - 9.9624 - Data Deficient (DD)
Pichilingue UABCS 45.5316 17.4 4.8944 67.826 Near Threatened (NT)

Zacatecas 57 23.2 8.3636 88.5636 Least Concern (LC)

4. Discussion

Various scientists have developed evaluation indices that can estimate the conservation
status-health of mangroves [28–30]. However, many times the application of some indexes requires
financial resources, specialized equipment, and experts, which are not always available. This occurs
mainly in developing countries and at the same time in these sites information is required in an
expedited manner for decision making. Therefore, we believe that the MCSI could help in the
aforementioned scenario, which is so common in various countries in Latin America, Africa, and Asia.

Although this index is easy to apply and requires few financial resources, it is based on a
combination of quantitative and qualitative data, which gives adequate support to the decisions
generated from the results obtained. It combines mangrove cover (remnant vegetation index) with
scientific experts’ opinions (Delphi method survey), and perceived conservation status obtained during
field visits (rapid assessment questionnaire) to classify mangroves in accordance with the IUCN Red
List of Ecosystems. For that purpose, the MCSI used the analytical hierarchy process to define the
weight of various indicators following a multicriteria method, as suggested by other authors [31].

Besides this, we can consider that the main finding of the construction and application of the
MCSI index was that in general terms the mangrove communities located in the Bay of La Paz have an
acceptable state of conservation. On the other hand, these results also indicate that despite being in the
same area, mangroves could have very different conservation status.

The MCSI uses mangrove cover as a core indicator, which is also applied by the Mexican Mangrove
Monitoring System (SMMM), but also is complemented by experts’ opinions and rapid assessments at
the mangrove communities. Still, different authors consider that cover is not sufficient to estimate the
conservation [32,33], since it does not take into consideration other impacts on the ecosystems or the
integrity of the ecological services they provided.

We complemented mangrove cover with the remaining vegetation index (RVI) because it estimates
changes on vegetation cover in a specific period. The RVI determined an increase between 1974 and
2018 in the cover area of five mangrove communities in La Paz bay: Balandra, El Mogote, Eréndira,
La Paz-Aeropuerto, and Zacatecas; however, the rest of the mangrove areas experienced a decrease in
mangrove cover (Table 2). The most affected mangroves, Playa Pichilingue-Brujas and Enfermería,
experimented significant human-induced impacts during the last decades, mainly the reduction of their
connection to the sea by the construction of roads [34]. Mangroves present in La Paz bay facilitated the
use of aerial and satellite imagery for the estimation of the RVI because they are adjacent to desertic
areas, which showed high contrast with mangrove species. However, different authors consider that
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the cover estimations by this method are limited when mangroves are close to other types of forest or
wetlands, and additional corrections are necessary [35,36].

The integration of data obtained by different methods has proven difficult [37]; therefore, this study
used mixed methods to integrate qualitative and quantitative data, and most importantly, changes in
mangrove cover with scientific expert’s opinions. This last indicator is essential when the number
of experts is limited, but their knowledge in the region is plenty. The information obtained by the
DMS contrasted in some cases with the cover estimated by the RVI. In such cases, the scientific experts
considered that some mangroves, e.g., El Mogote and Erendira, were in a poor state of conservation
(Table 4). Still, those sites presented an increase in cover between 1974 and 2018, according to the
RVI (Table 3). For those cases, the RAQ demonstrated the presence of some visible impacts, such as
gray water inputs and modification of water circulation, which may be limiting the ecosystem services
that mangroves should provide but increased their cover. Some of these impacts change over time;
for example, solid waste was observed previously at Comitán but not registered during the RAQ
thanks to a cleaning campaign that took place the day before the field visit. Therefore, the MCIS
approach highlights the need to integrate expert opinions and field data.

The use of the MCSI scores to classify mangrove communities according to the IUCN Red List of
Ecosystems is a novel approach. The analysis for 17 mangroves in La Paz bay resulted in five sites in
the category of least concern (LC), and eight considered as near threatened (NT). On the other hand,
one of them, the Enfermería mangrove area, is vulnerable (VU), and the Pichilingue-Brujas mangrove
is endangered (EN). Finally, two mangroves, Salinas de Pichilingue and Espiritu Santo Archipelago,
were classified as data deficient (DD). However, according to partial results, it is currently estimated
that Salinas de Pichilingue and Espiritu Santo Archipelago have a good state of conservation, especially
in the last case (Figure 5).

Figure 5. Classification of La Paz Bay mangroves, according to their conservation status.
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Accordingly, the MCSI was adequate for the case study and helped to define conservation priorities
for the mangroves in the region. The integrative nature of the index allowed for the identification
of factors that negatively affect the conservation status of the mangroves, e.g., losses of vegetation,
changes in water circulation, or solid waste presence. Then, it can be instrumental for the effective
implementation of ecological restoration activities undertaken in areas [38,39]. The application of the
MCSI by managers in this region may help to revert the condition of those mangrove areas that have
suffered significant deterioration or to address other adverse factors threatening these ecosystems [40].
However, it is estimated that the urbanization caused by the tourism industry will be the most
threatening factor for the conservation of mangroves in La Paz Bay, especially if it does not consider
the applicable environmental regulations. Although several of the mangrove communities are small,
due to their ecosystem services, these must be conserved [41].

Finally, it is concluded that the results on conservation status are more robust than those that
include only spatial data and, by their integration into the IUCN Red List of Ecosystems, allow a direct
comparison not only with other mangroves but also with different aquatic and terrestrial environments
around the world. We recommend the application of the MCSI not only as a decision-making tool
but also as an exploratory study; nonetheless, it is advisable to conduct follow up monitoring of
quantitative ecological indicators to strengthen and provide feedback to update the MCSI.

5. Conclusions

The results of the present work constitute the first innovative use of the categorization of the Red
List of Ecosystems by the IUCN for the mangroves communities. The MCSI integrates not only reliable
quantitative indicators but also qualitative indicators to provide a more accurate conservation status for
the mangrove communities; however, it is limited by the availability of data for some areas of interest.
The multidisciplinary approach of the MCSI allows for its application at data deficient mangrove
communities for an initial evaluation and guides future research efforts. The proposed MCSI index is a
reliable tool for the management and conservation of mangrove communities; nonetheless, it could be
improved as new methods to collect substantial data for additional indicators become available.
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Appendix A

The analytical hierarchy process (AHP) proposed by Thomas L. Saaty (1980) is a method to express
the relative importance or dominance of individual element(s) over an assessment, such as criteria or
characteristics useful, for example, for decision-making [42]. This technique organizes the evaluation
elements into a hierarchy level, assigning numerical values, which gives mathematical support to the
organization. The AHP uses pairwise comparison or paired ranking to compare the various elements
of the analysis. This comparison is based on a numerical qualification, considering a prime number
subjacent scale from 1 to 9 (Saaty scale). Data are entered into a squared matrix to give qualifications;
therefore, the level of importance (Table A1).
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Table A1. Saaty scale used in paired ranking.

Scale Values Values Definition Definition

1 Equal importance An equal level of importance for both evaluation
elements that are being compared

3 Somewhat more or weak importance One element is slightly more important or
relevant than the other

5 Much more or essential importance One element is more important or essential than
the other.

7
Very much or demonstrated

importance
One element is much more important or relevant

than the other

9 Extreme or absolute importance One element is definitely more important than
the other

Appendix B

The Delphi survey method is a research technique proposed by The RAND Corporation in
the 1950s (Table A2). It is a group communication process [43], with reference to a collection of
answers in order to obtain and improve information resulting from opinions made by experts in a
particular theme [44]. This methodology is based on the application of a series of questions, all of
which are submitted once or several times if necessary, with the objective to achieve feedback and
enrich opinions [45]. The origin and number of these may come from either the academic sector,
industrial, governmental, or civil society organizations. It should be mentioned that the expert selection
must be done considering their previous experience and current work on the subject. Using these
opinions, this method seeks to develop a previously non-existent or dispersed knowledge useful in the
decision-making process in government, science, and industry areas [46].

Table A2. Delphi method process description (based on Mukherjee et al. 2014).

1. FIRST ROUND

2.

3. PREPARE QUESTIONNAIRE

4.

5. SELECT EXPERTS IN ORDER TO OBTAIN THEIR OPINION

6.

7. INVITE THEM TO PARTICIPATE ON DELPHI

8.

9. COLLECT ANSWERS, ANALYSE, AND PROVIDE FEEDBACK

10.

11. SECOND ROUND

12.

13. PREPARE AND SEND QUESTIONNAIRE

14.

15. COLLECT ANSWERS, ANALYSE, AND PROVIDE FEEDBACK

16.

17. REPEAT ROUNDS UNTIL CONSENSUS IS REACHED
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Appendix C

Rapid assessment or rapid appraisal (RA) is a quick and accurate estimation method to collect in
situ information [47]. This technique allows for an immediate approximation to the magnitude and
characteristics of a particular situation. It is an approach for developing a preliminary, qualitative
understanding [48]. RA marks the line to define needs or tasks to be carried out in posterior assessments
(Figure A1); it provides supplemental information to other sources, in a simple, fast, and flexible
way [49]. The RA method uses various tools to collect data; for example, the recording of observations
in logbooks or through questionnaires, participatory surveys. All these methods have the purpose of
giving fast and reliable results. RA’s fundamental advantage is that it is itself “a phase or stage in a
research process”; therefore, it allows for scientific rigor [50].

Figure A1. Rapid assessment process and elements.

Appendix D

The IUCN Red List of Ecosystems Categories and Criteria is a global standard for how we assess
the status of ecosystems, applicable at local, national, regional, and global levels [51,52]. In this work,
we artificially established the values to classify mangroves in each of the categories. Each criterion
used for each category is described after the definitions mentioned below (Table A3).

Table A3. List of scores for each category of the MCSI Index. (Based on Keith et al., 2015).

IUCN Red List of Ecosystems Score

Collapsed (CO) 0

Critically endangered (CR) 01–20

Endangered (EN) 21–40

Vulnerable (VU) 41–60

Near Threatened (NT) 61–80

Least Concern (LC) 81–100

Data Deficient (DD) N/A

Not Evaluated (NE) N/A

• Collapsed (CO)
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“An ecosystem is Collapsed when it is virtually certain that its defining biotic or abiotic features
are lost from all occurrences, and the characteristic native biota are no longer sustained. Collapse
may occur when most of the diagnostic components of the characteristic native biota are lost from the
system, or when functional components (biota that performs key roles in ecosystem organization) are
greatly reduced in abundance and lose the ability to recruit” (IUCN, 2019). In this category, the entire
vegetation cover of the mangrove community has been destroyed.

• Critically Endangered (CR)

“An ecosystem is Critically Endangered when the best available evidence indicates that it meets
any of the criteria A to E for Critically Endangered. It is therefore considered to be at an extremely high
risk of collapse” (IUCN, 2019). In this category, the index score obtained by the mangrove community
is less than 20 but higher than zero.

• Endangered (EN)

“An ecosystem is Endangered when the best available evidence indicates that it meets any of the
criteria A to E for Endangered. It is therefore considered to be at a very high risk of collapse” (IUCN,
2019). In this category, the index score obtained by the mangrove community is less than 40 but higher
than 20.

• Vulnerable (VU)

“An ecosystem is Vulnerable when the best available evidence indicates that it meets any of the
criteria A to E for Vulnerable. It is therefore considered to be at a high risk of collapse” (IUCN, 2019). In
this category, the index score obtained by the mangrove community is less than 60 but higher than 40.

• Near Threatened (NT)

“An ecosystem is Near Threatened when it has been evaluated against the criteria but does not
qualify for Critically Endangered, Endangered or Vulnerable now, but is close to qualifying for or is
likely to qualify for a threatened category in the near future” (IUCN, 2019). In this category, the index
score obtained by the mangrove community is less than 80 but higher than 60.

• Least Concern (LC)

“An ecosystem is Least Concern when it has been evaluated against the criteria and does not
qualify for Critically Endangered, Endangered, Vulnerable or Near Threatened. Widely distributed
and relatively undegraded ecosystems are included in this category” (IUCN, 2019). In this category,
the index score obtained by the mangrove community is equal to or less than 100 but higher than 80.

• Data Deficient (DD)

“An ecosystem is Data Deficient when there is inadequate information to make a direct, or indirect,
assessment of its risk of collapse based on decline in distribution, disruption of ecological function or
degradation of the physical environment. Data Deficient is not a category of threat, and does not imply
any level of collapse risk” (IUCN, 2019). In this category, some of the information considered for the
application of the index in a particular mangrove community was not available.

• Not Evaluated (NE)

“An ecosystem is Not Evaluated when it is has not yet been assessed against the criteria” (IUCN,
2019). In this category, it means that it was not evaluated in any way within the three components
considered within the index.
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Abstract: Global agreements like the Sustainable Development Goals (SDGs) and Achi Biodiversity
Targets (ABTs) aim to secure human well-being and to protect biodiversity, but little progress has
been made in reaching these aims. The key role of biodiversity in securing human well-being is
rarely considered a priority – instead short-term economic profits benefiting a few are prioritized.
Particularly where local livelihoods rely on resources of protected areas for immediate survival,
top-down enforced biodiversity conservation often increases social inequality, hunger and poverty
and thus regularly fails. Identifying key knowledge gaps helps to adjust political priority setting
and investment strategies to assess conservation threats and improve natural resource management.
Since acting usually occurs at a local or regional scale, we focused on a priority conservation area in
one of the world’s poorest countries — the dry deciduous forests of western Madagascar. We aimed
to identify key knowledge gaps in this area which need to be filled to better protect biodiversity
and simultaneously ensure well-being of the local poor. We consulted 51 predominantly Malagasy
experts using questionnaires. These questionnaires listed 71 knowledge gaps we collated from
the literature which the experts were asked to rank by importance. Experts were encouraged
to list additional knowledge gaps. Averaging the scores of all experts, we identified the top
10 knowledge gaps. Two political knowledge gaps addressing the need to determine strategies
which improve law enforcement and reduce corruption ranked highest, followed by an ecological
one concerning appropriate restoration and a socio–economic one regarding economic benefits
locals gain from biodiversity. The general knowledge gap perceived as most important addressed
strategies for long-term funding. Only one additional knowledge gap was identified: the impact
of climate change-driven human migration from southwestern to central western Madagascar on
socio–economic problems and its impacts on natural resources We linked the identified top 10
knowledge gaps as well as the additional knowledge gap suggested by experts to the SDGs, ABTs and
2 ◦C target of the Paris Climate Agreement, and discussed why these gaps were considered a priority.
This research highlights important ecological, socio–economic and political research priorities and
provides guidelines for policy makers and funding organizations.

Keywords: Aichi Biodiversity Targets; biodiversity conservation; dry deciduous forest; human
well-being; Madagascar; Paris Climate Agreement; Sustainable Development Goals

1. Introduction

1.1. Theoretical Background

The Sustainable Development Goals (SDGs), the Aichi Biodiversity Targets (ABTs) and the 2 ◦C
target of the Paris Climate Agreement all aim to secure human well-being in a sustainable world [1–3].
Even though human wellbeing essentially relies on the preservation of biodiversity to ensure ecosystem
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functioning [4,5], current global conservation efforts fail to halt biodiversity decline, which occurs
at an unprecedented rate and will continue to do so due to ongoing as well as new threats [6–8].
This has extensive negative effects on economy and society due to ecosystem service losses [9] and
clearly demonstrates that the key role of biodiversity for human well-being is not easily recognized
by politicians aiming to achieve these global targets. Despite recent efforts to uncover the synergies
and trade-offs between the goals and targets of these conventions [10–13], there remains a high risk
that nations will cherry-pick a few goals suiting their priorities and fail to tackle those harder to
accomplish [14]. Similarly, the ABTs have been criticized for their conflicting interests and lack of
indicators, particularly concerning the drivers of biodiversity loss [15,16]. While new indicators
are constantly being developed and others improved or upgraded regarding their availability for
more countries [17], essential knowledge gaps remain, particularly concerning data from developing
countries [18]. Identifying key knowledge gaps is important for assessing biodiversity threats [19]
as well as for improving monitoring, management and investment strategies [20,21]. Approaching
the end of the United Nations Decade on Biodiversity [22], we aim to identify key knowledge gaps
concerning biodiversity loss in a particular priority conservation area as an example for many other
priority conservation areas to be used by practitioners to streamline funds, resources and efforts to
tackle the ongoing biodiversity crisis while simultaneously secure livelihoods.

Most people’s well-being predominantly depends on ecosystem services provided by terrestrial
biodiversity. However, there are trade-offs between protection of life on land and human wellbeing.
Strict area protection for conservation has frequently cut off the local poor from essential resources and
thus led to famine and increased social inequality threatening their survival [23–25]. We therefore have
focused our knowledge gap search on the protection of “Life on land” (SDG 15) and major trade-offs of
this central goal with SDG 2 (zero hunger—directly connected to food security through agricultural
land use), and SDG 10 (reduced inequalities) (Figure 1). The predominant trade-off between SDG 2 and
SDG 15 is the expansion of agricultural areas to reduce hunger (SDG 2) resulting in competition for
land with SDG 15 aiming to protect natural ecosystems like forests and their biodiversity [15]. Progress
in achieving SDG 15 has often reduced that of SDG 10 [26–28]. Social and material inequality have
been shown to be harmful to the environment and thus to people’s health and well-being [29,30].

 

Figure 1. Trade-offs between Sustainable Development Goal (SDG) 2, SDG 10 and SDG 15.

1.2. Regional Focus Area: the Dry Deciduous Forests of Western Madagascar

As countries and regions differ in their demographics, geographies and governance [31], and are
differently affected by climate change and biodiversity threats [32], we selected one regional example
which promises high conservation payoff (in terms of biodiversity protection): the dry deciduous
forest in western Madagascar. Madagascar is one of many developing countries rich in biodiversity
and natural resources, but economically highly disadvantaged [33]. It is one of the poorest countries
on Earth, where malnutrition is prevalent and where about 80% of the population lives below the
poverty line [33,34]. Despite a growth in GDP, poverty has been increasing [35] and over half of
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the population faces food insecurity [36]. Madagascar’s population has increased by 400% over
the last five decades to about 23.5 million [37,38]. This massive population growth, demanding an
increasing share of land for agriculture, can be considered the major indirect driver of dry forest
loss in western Madagascar [39]. However, political turmoil, insecurity and corruption are also
major issues in Madagascar. Environmental crimes encompass illegal land clearance for large-scale
agricultural expansion, illegal timber and wildlife trade, and mining [40]. Political crises occur on an
almost decadal basis, preventing transparency and accountability of governmental actions [33,41,42].
Currently, Madagascar is listed at fifth position in the global ranking of increased risk of notable
changes to the Global Peace Index [43], dropped severely in the Rule of Law Index [40], and only
ranks 155th out of 180 nations in the International Corruption Perception Index [44]. Moreover,
Madagascar ranks in the bottom 10 of 51 African countries assessed for their performance in reaching
the SDGs [45]. Due to successful international awareness-raising of the uniqueness of and threats to
Madagascar’s biodiversity, the country has seen a quadrupling in protected areas since 2003, with
about 10% of the country being protected for conservation [46,47]. However, like in many tropical
countries, conservation has focused on rainforests in the east of Madagascar, while the diverse dry
forests in the west and south have rather been neglected [39,48,49]. But even where protected areas
had been declared, these largely failed to prevent forest loss and degradation [33,50,51] due to a lack of
law enforcement and high levels of corruption [33,40,42,47]. At least 13 protected areas are considered
mere “paper parks” as they are totally devoid of management [47]. Generally, many knowledge gaps
remain in Madagascar for achieving fair and equitable biodiversity conservation [52]. We chose the
highly threatened dry deciduous forest of western Madagascar because forest losses predominantly
caused by slash-and-burn agriculture and illegal logging are still dramatic there despite some national
and international conservation attempts. Almost three quarters of the population live from subsistence
farming practicing slash-and-burn agriculture [46,53] due to lack of alternatives but also because this
farming practice is part of the people’s cultural identity [54,55]. Slash-and-burn agriculture is conducted
in two stages: during the dry season (June to September), woody undergrowth is cut and stacked
around trees; at the beginning of the growth season (October) these piles of undergrowth are ignited,
resulting in the destruction of all vegetation except for a few dead blackened tree trunks [56]. This form
of agriculture requires little labor and—because of the ashes—requires no addition of nutrients for two
to five years [57]. Afterwards, the land needs to be left fallow for several years (at least 20 years within
the dry forest—see [58]). A reduced or lacking fallow period results in severe nutrient loss and too
frequent burning favors the establishment of introduced and invasive species, preventing native species
regeneration [58,59]. A growing need for agricultural land of the rapidly increasing population hinders
sustainable management that would allow for sufficient regeneration time of soils in agricultural fields.
Thus, the rate of turning primary forests into agricultural fields by slash-and-burn practices to generate
fertile farmland is increasing. About 40% of the forest have been lost since 1970 [39]. Fragmentation
has been immense, so that few areas of primary forest larger than 800 ha remain – too small to contain
viable populations of many species like larger lemurs [60]. Fragmentation also hinders animals to
disperse and migrate to cope with climate change conditions [61,62]. The largest remaining area
of dry deciduous forest occurs in central-western Madagascar [63]: Menabe Central ranks among
the hottest biodiversity hotspots in the world [60], particularly due to its exceptionally high rate of
endemism and intense anthropogenic threats [64]. While the total number of species is lower in the
dry than in the humid forests, species richness is exceptionally high by global comparison with other
dry forests [39]. Madagascar’s dry forests harbor several locally endemic vertebrate species such as
Madame Berthe’s mouse lemur (Microcebus berthae), the giant jumping rat (Hypogeomys antimena), the
narrow-striped mongoose (Mungotictis decemlineata), and plenty of other endangered species [65–68].
M. berthae, the smallest primate in the world, is particularly vulnerable to anthropogenic disturbances
and restricted to core habitats of this biome [66,69,70]. Without immediate protection of its habitat,
this species will likely be extinct by 2050 [63], just as many other vertebrate species of lemurs, rodents
or tenrecs have already been driven to extinction [39]. This is of concern due to the roles these
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species play for ecosystem functioning, its regeneration abilities and hence long-term persistence
which for example depends on the seed dispersing role of lemurs [71]. Western Madagascar’s dry
deciduous forests are also considered of high conservation importance by a range of other approaches
identifying priority conservation areas, for example the “Global 200” ecoregions [72] due to many
endemic and endangered species and the Key Biodiversity Areas with a high biological value and
intense anthropogenic pressure [73,74].

With respect to the people inhabiting this priority conservation area, social inequality is a huge
issue hampering sustainable resource utilization as well as human well-being. Despite ambitious
intentions, limited understanding of social–economic and ecological contexts prevented the realization
of an effective protected area network [47]. For example, in spite of plans to involve communities in
decision-making processes under the Durban Vision aiming to triple the amount of protected areas [47],
conservation decisions have mostly been top-down enforced, sharply restricting or banning the use of
local resources on which the local population relied [48,75]. This led to increased hunger, poverty and
inequality of the already poor population as well as widespread criticism of the prioritization of the
survival of lemurs over the survival of people [ibid.]. Due to funding, personnel and time restrictions
of this project, we were unable to involve local community members in the collation and ranking of
knowledge gaps in this study and therefore had to rely on predominantly academic experts for our
knowledge gap ranking. To increase the chance of locals’ needs to be considered in the ranking of
knowledge gaps, we asked our participants whether they had work experience with local people.

A range of attempts have been made to identify knowledge gaps or important research questions,
e.g., in the reports of the Intergovernmental Platform for Biodiversity and Ecosystem Services (IPBES)
or by the yearly scan for the most important 100 ecological research questions at the time (see [21] at
the global scale, and [76] at the national (UK) scale). However, acting usually occurs at the regional
or local level and thus considering the specific local or regional conditions and needs of people at
this level is important [77]. By choosing a regional example (i.e., the western dry deciduous forest of
Madagascar) and conducting a consultation exercise using questionnaires with professionals from
various fields (including subsistence farming and forest biodiversity, human development, governance,
etc.), we followed an inclusive approach to “overcome the limitations of a consultation exercise of
global aspirations” (Oldekop et al. 2016).

1.3. Aims of Our Study

We aimed to provide practitioners, politicians and funding bodies with a top 10 list of knowledge
gaps concerning the slash-and-burn problematic in western Madagascar which need to be filled most
urgently. This top 10 list is intended to be used as a guideline for decision making in research efforts
and funding distribution. We undertook the following steps to pinpoint these key knowledge gaps:

(1) Identify knowledge gaps concerning biodiversity conservation with a focus on SDGs 2, 10 and
15 at the global scale to spot knowledge gaps relevant to the slash-and-burn problematic in
western Madagascar.

(2) List knowledge gaps relevant for the slash-and-burn problematic threatening the dry deciduous
forest in western Madagascar and sort into categories (ecological, socio–economic, political and
general knowledge gaps).

(3) Identify the top 10 knowledge gaps which need to be tackled most urgently to enhance biodiversity
conservation success while securing local livelihoods in our focal region (dry deciduous forests of
western Madagascar) by using the help of experts via questionnaires.

(4) Identify links of these key knowledge gaps to our focal and any other goal and target of the SDGs
and ABTs as well as the 2 ◦C target of the Paris Climate Agreement as these goals and targets are
highly interrelated [10,12,78].

(5) Discuss previous attempts to fill some of these knowledge gaps in Madagascar (e.g., by checking
Madagascar’s National Biodiversity Strategy and Action Plan (NBSAP).
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In this paper, we will present and discuss the expert-identified top 10 priority knowledge gaps,
link them to the SDGs, ABTs and 2 ◦C target of the Paris Climate Agreement and examine the effects of
experts’ backgrounds on the ranking to check whether a particular type of characteristic (e.g., profession,
age, gender) influenced the ranking scores.

2. Materials and Methods

2.1. Knowledge Gap Identification at the Global Scale and Sorting into Categories

In a first literature-based step, knowledge gaps related to the trade-offs between SDG 15 (life on
land) and SDG 2 (zero hunger) as well as SDG 10 (reduced inequality) were identified at a global
scale to spot knowledge gaps that are not directly addressed in the regional literature dealing with the
slash-and-burn problematic in western Madagascar. We conducted a modified “snowball principle”
based literature search using any paper which yielded relevant knowledge gaps to identify further
relevant papers, as well as to check for subsequent citing publications [79,80]. Papers studied for
knowledge gaps were restricted to those from the last 10 years, as recommended for a snowball
literature search [81]. Further knowledge gaps were added by the authors based on their own
professional experience.

Knowledge gaps relevant for the slash-and-burn problematic in dry deciduous forests of western
Madagascar were listed (n = 71). Most of the literature sourced to select relevant knowledge gaps
for this area concerned the core area of Menabe Central. Again, we used the snowball principle
for our literature search as well as judgement of relevance by author LS who has extensive work
experience in central western Madagascar. We separated these 71 knowledge gaps into ecological
(n = 26), socio–economic (n = 24), and political categories (n = 14), because these categories relate to
the different spheres of sustainability (i.e., economic, social, environmental and political, see [82] and
because it is necessary to identify solutions that have “traction in the social, economic, and political
arenas in which conservation action must take place” [83]). In addition, we listed the category “general”
(n = 7)—comprising knowledge gaps that apply to any of the other categories (see Questionnaire in the
Supplementary Material S1).

2.2. Identification of Key Knowledge Gaps through Expert Ranking

Knowledge gaps relevant for the slash-and-burn problematic in western Madagascar were
listed in a questionnaire (see S1) designed following the guidelines of McLafferty [84]. To keep the
questionnaire short, we combined some knowledge gaps which were closely linked. After discussion
of the questionnaires with some experts of our focal area in Madagascar, the questionnaires were
refined and then sent to representatives from universities and other research institutions as well as
NGOs that have a long professional experience in Madagascar (via Email or LinkedIn). For time and
logistic reasons, we could not include local people in the consultation process. However, to make
sure that their perspective was represented, we have consulted experts that had been predominately
working with rural people. We used snowball sampling [85] to recruit further experts by asking those
contacted to spread the questionnaires further via their own personal networks.

The questionnaires consisted of two parts. Part I asked experts about their background (position/
occupation, institution/ organization, nationality, age) and Madagascar work experience, i.e., what type
of work related to the slash-and-burn problematic they have done, for how long they have worked
in this field, whether they have worked with locals and if so, in which context. We checked these
background variables to check whether they qualified as experts and to determine potential bias
in ranking scores. For example, people which feel strongly attached to a place, younger people, as
well as women are often more environmentally concerned than those with little place attachment,
older people, and men, respectively [86]. Age and work experience were divided into categories (age:
<25 years, between 25–35 years, 36–45 years, 46–65 years and > 65 years; work experience: <1 year,
1–5 years, 6–10 years, >10 years). Additionally, participants could provide any other background
information about themselves they considered relevant to define their expertise. In part II, experts

87



Sustainability 2019, 11, 5695

were introduced to the ranking scheme and then asked to rank the knowledge gaps by importance to
pinpoint key knowledge gaps. The ranking categories reached from 0 (no priority) to 3 (extremely high
priority). To accommodate for the lack of expert engagement in compiling the list of knowledge gaps,
experts were given the opportunity to suggest additional knowledge gaps which they considered more
important than those they ranked as a knowledge gap of category 3. A copy of the full questionnaire,
including the cover letter and a last page with options for comments, optional email provisioning to
receive information about the project outcome, thanks, and the declaration of consent can be found in
the Questionnaire provided in S1.

Questionnaires were created in Adobe Acrobat professional. The ranking categories were fixed
to the ranking scheme (0–3), text sections allowed unlimited words and no grammar correction was
chosen to avoid false auto-correction. The survey was conducted in February and March 2019. To keep
the identity of our experts anonymous, responses of individuals are not presented in a personalized
way but only in non-assignable categories (Table S2a,b).

Results of this survey are of mainly descriptive nature. We ranked knowledge gaps by their mean
(highest to lowest). Most background variables were unsuitable to use for statistical tests as we did not
have enough scores for each category (position/occupation, institution/organization, nationality, age,
years of work experience in western Madagascar) or because almost all participants belonged to just
one category, i.e., 82% had >10 years of work experience and 96% had work experience with locals.
The variables “position/occupation” and “institution/organization” had too many levels to be tested.
Other variables with several levels were merged together in the following way: The five age groups
were merged into young (>25 and 25–35), medium age (36–45) and old (46 –65, >65) age. The variable
‘nationality’ was reduced to two levels: Malagasy and other nationalities. Background variables with
sufficiently even distribution were tested for their influence in ranking the knowledge gaps using
Kruskal–Wallis tests with Holm’s adjusted p-values controlling for family-wise Type I errors [87,88].
All analyses were performed in R 3.6.1 [89]. Due to well-known interlinkages of our focal SDGs (2, 10
and 15) to other SDGs, various ABTs and the 2 ◦C target, e.g., [10,12], we linked our top 10 knowledge
gaps to other relevant targets of these agreements, thus pointing out which targets of these agreements
will be better reached when filling these priority knowledge gaps.

3. Results

3.1. Background Information of Participants

A total of 51 participants returned the questionnaires (Table S2a), 67% of them were male.
Most respondents were between 25–35 years old (37%), followed by those between 36–45 (29%) and
46–65 years (26%) which corresponded well to the young Malagasy society. Younger than 25 and
older than 65 years were, in both age groups, only 4% of all participants. 77% of all participants
were of Malagasy origin. The spectrum of positions covered various backgrounds. Most were
researchers (25%), followed by students and managers (14% each), technical staff and coordinators
(8%), lecturers (6% each), and others (<5% each). Accordingly, participants were associated with a
range of organizations. Most were from universities (29%), followed by NGOs (26%), research centers
(10%), and the UN (6%). All others contributed less than 5% each (e.g., governments, associations, etc.;
see Table S2b for details). 82% had more than 10 years of work experience in western Madagascar
while no participant had <1-year experience. Over 96% had work experience with locals.

3.2. Top 10 Knowledge Gaps across Categories

In two cases, knowledge gaps had equal mean scores, so that twelve knowledge gaps made it into
the top 10 (Table 1). These consisted of four political, three ecological, three socio–economic and two
general knowledge gaps (Table 1, Figure 2). With a mean of 2.68, more knowledge about “Strategies
on how to improve justice/fairness/enforcement of laws/rules” was considered most important by
a majority of participants. The knowledge gap with the second highest mean (2.67) was “Role of
corruption in illegal activities (also beyond logging) and ways to reduce corruption”. In the third
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position ranked the ecological knowledge gap “Appropriate forest restoration methods in conjunction
with biodiversity protection and sustainable use” (mean 2.65). The fourth highest ranking knowledge
gap was a socio–economic one: “Economic benefits for local small-holder farmers from biodiversity,
e.g., potential of ecotourism, payment for ecosystem services (PES), and other off-set schemes on their
well-being” (mean 2.61). The political knowledge gaps “Strategies on how to improve security from
violence/theft/corruption” (mean 2.59) and “Strategies to improve long-term funding” (mean 2.50)
ranked fifth and sixth. Rank seven was shared by an ecological (“Appropriate livestock management
practices and fire regimes”) and a socio–economic (“Effectiveness of education and awareness-raising
on biodiversity conservation”) knowledge gap (mean 2.45). The eight highest ranking knowledge
gap was an ecological one: “Ecosystem services (ES) at risk from slash-and-burn as well as associated
extractive activities” (mean 2.44). Two knowledge gaps shared rank nine (mean 2.43), a socio–economic
(“Traditional knowledge about sustainable natural resource use”) and a general one (“Frequent and
regular scenario updates based on long-term monitoring”). The lowest ranking knowledge gap of
the Top 10 list was a general one: “Interdisciplinary work to generate most comprehensive data sets”
(mean 2.41). In Table S3 we provide the ranking of all 71 knowledge gaps.

Table 1. Linkages between the top 10 knowledge gaps ordered by mean ranking score and relevant
Sustainable Development Goal (SDGs)1, Achi Biodiversity Targets (ABTs)2 and the 2 ◦C target3 of the
Paris Climate Agreement. Note that due to the same mean values of some knowledge gaps, a rank of
the top 10 rankings can harbor more than one knowledge gap.

Top Category Knowledge Gap Mean SD SDG ABT 2 ◦C
Target

1 Political Strategies on how to improve
justice/fairness/enforcement of laws/rules

2.68 0.583 10, 12, 16 4

2 Political Role of corruption in illegal activities (also
beyond logging) and ways to reduce corruption

2.67 0.589 10, 12, 16 4

3 Ecological Appropriate forest restoration methods in
conjunction with biodiversity protection and
sustainable use

2.65 0.627 12, 13, 15 4, 7, 14, 15 yes

4 Socio-economic Economic benefits for the local small-holder
farmers from biodiversity: e.g., potential of
ecotourism, PES and other offset schemes on
their well-being

2.61 0.695 8, 10, 15 11, 14

5 Political Strategies on how to improve security from
violence/theft/corruption

2.59 0.726 10, 16

6 Political Strategies to improve long-term funding 2.51 0.731 20
7 Ecological Appropriate livestock management practices

and fire regimes
2.45 0.832 13, 15 7 yes

yes
Socio-economic Effectiveness of education and awareness

raising on biodiversity conservation
2.45 0.832 4 1

8 Ecological Ecosystem services (ES) at risk from
slash-and-burn as well as associated extractive
activities

2.44 0.760 13, 15 7 yes

9 General Frequent and regular scenario updates based on
long-term monitoring

2.43 0.755 7, 20

Socio-economic Traditional knowledge about sustainable
natural resource use

2.43 0.728 7, 18, 19

10 General Interdisciplinary work to generate more
comprehensive data sets

2.41 0.669 17 18, 19, 20

1 SDG 1: No poverty, SDG 2: Zero hunger, SDG 3 Good health and well-being, SDG 4: Quality education, SDG 5
Gender equality, SDG 6 Clean water and sanitation, SDG 7: Affordable and clean energy, SDG 8: Decent work
and economic growth, SDG 9: Industry, innovation and infrastructure, SDG 10: Reduced inequalities, SDG 11:
Sustainable cities and communities, SDG 12: Responsible consumption and production, SDG 13: Climate action,
SDG 14: Life below water, SDG 15: Life on land, SDG 16: Peace and justice, strong institutions, SDG 17: Partnerships
for the goals. 2 ABT 1: Awareness of biodiversity increased, ABT 2: Biodiversity values integrated, ABT 3: Incentives
reformed, ABT 4: Sustainable production and consumption, ABT 5: Habitat loss halved or reduced, ABT 6:
Sustainable management of aquatic living resources, ABT 7: Sustainable agriculture, aquaculture and forestry,
ABT 8: Pollution reduced, ABT 9: Invasive alien species prevented and controlled, ABT 10: Ecosystem vulnerable to
climate change, ABT 11: Protected Areas, ABT 12: Reducing the risk of extinction, ABT 13: Safeguarding genetic
diversity, ABT 14: Ecosystem services, ABT 15: Ecosystem restoration and resilience, ABT 16: Access to and sharing
benefits from genetic resources, ABT 17: Biodiversity strategies and action plans, ABT 18: Traditional knowledge,
ABT 19: Sharing information and knowledge, ABT 20: Mobilizing resources from all sources. 3 Until 2100 keep
warming well below 2 ◦C.
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3.3. Links of the Top 10 Knowledge Gaps to the SDGs, ABTs and 2 ◦C-Target of the Paris Climate Agreement

While we focused on SDG 2, 10 and 15 when identifying our knowledge gaps at the global
scale, we are aware of the interlinkages of these SDGs with other SDGs, various ABTs and the 2 ◦C
target [10,12]. Therefore, we linked the knowledge gaps identified for our focus area to other relevant
SDGs, ABTs and the 2 ◦C target (Table 1, Figure 2). Ecological knowledge gaps identified within
the top 10 knowledge gaps were related SDG 12 (Responsible consumption and production), SDG
13 (Climate change) and to SDG 15 (Life on Land), ABT 7 (Sustainable agriculture, aquaculture and
forestry) and the 2 ◦C target (Table 1, Figure 2). Political knowledge gaps were most closely related to
SDG 10 (Reduced inequalities), SDG 12 (Responsible consumption and production) and SDG 16 (Peace
and justice, strong institutions), as well as ABT 4 (Sustainable production and consumption) and ABT
20 (Mobilizing resources from all sources) (Table 1, Figure 2). Socio–economic knowledge gaps were
linked to SDG 4 (Quality education), SDG 8 (Decent work and economic growth), SDG 10 (Reduced
inequalities) and SDG 15 (Life on land), as well as to ABT 1 (Awareness of biodiversity increased),
ABT 11 (Protected areas), ABT 14 (Ecosystem services), ABT 18 (Traditional knowledge) and ABT
19 (Sharing information and knowledge) (Table 1, Figure 2). General knowledge gaps are linked to
SDG 17 (Partnerships for the goals), ABT 7 (Sustainable agriculture, aquaculture and forestry), ABT 19
(Sharing information and knowledge) and ABT 20 (Mobilizing resources from all sources).

 
Figure 2. Overview of the expert-identified top 10 knowledge gaps (wording shortened for display)
concerning the slash-and-burn problematic in the dry deciduous forests of Western Madagascar grouped
by category (ECOL, POLITICAL, GENERAL, EOCEC) and linked to the SDGs (SDG symbols), Achi
Biodiversity Targets (ABTs) (ABT symbols) and 2 ◦C target of the Paris Climate Agreement (COP 11
logo as symbol). ECOL: Ecological; SOCEC: Socio-economic. The full wording of the knowledge gaps
can be seen in Table 1. The numbers of the thin tiles represent the ranking position within the top 10.

3.4. Effects of Gender, Nationality and Age on Ranking Knowledge Gaps

Most knowledge gaps were ranked similarly by male and female participants (Table S4a). This
was true for all socio–economic and ecological, and all but one general (“Better data quality/reliability”),
as well as two political knowledge gaps (“Strategies on how accountability of institutions/governments
can be strengthened”, “Effects of conservation activities and sustainable use of biodiversity on political
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achievements”) which were ranked higher by women than men (Table S4a, Figure S1a). However, this
affected none of the top 10 knowledge gaps (Table 1).

Rankings of knowledge gaps by Malagasy and other nationalities only differed for one general
knowledge gap: “Frequent and regular scenario updates based on long-term monitoring”) which
was ranked higher by participants of Malagasy origin than those of other nationalities (Table S4b).
We could not detect any differences in the ranking of knowledge gaps for different age groups (Table S4c,
Figure S1c).

3.5. Additional Knowledge Gaps Suggested by Participants

For each knowledge gap category, the participants were given the option to list additional
knowledge gaps which they considered of greater importance than those they gave the highest-ranking
score. About one third of the participants used this option. Only one entirely new knowledge gap
was listed as an ecological as well as a socio–economic knowledge gap by three participants: the
impacts of climate change-driven human migration from southwestern to western Madagascar on
socio–economic problems and its impacts on natural resources.

4. Discussion

The background information provided by our 51 experts demonstrates that they qualified as such
given their backgrounds including work experience. The experts’ backgrounds also shows that our
sourced experts cover a wide range of positions and institutions so that bias towards interests of a
particular group of researchers or decision makers is unlikely. Our top 10 list of key knowledge gaps
addresses knowledge gaps from all three spheres of sustainability consisting of three ecological, three
socio–economic knowledge gaps, four political, as well as two general knowledge gaps. None of
the identified top 10 knowledge gaps was directly related to SDG 2 (Reduce Hunger), only four to
SDG 10 (Reduce inequality) and three to SDG 15 (Life on Land). In the following paragraphs, we will
first discuss the top 10 knowledge gaps by linking them to all SDGs, ABTs and the 2 ◦C target of the
Paris Climate Agreement and then show recent local or larger scale attempts starting to address these
knowledge gaps. Acknowledging the implications of our study and its limitations, we will provide
suggestions for further work.

4.1. Top 10 Knowledge Gaps

The first two overall top priority knowledge gaps address the need to find “strategies to improve
justice, fairness, enforcement of laws/rules” and to “gain more knowledge about the role of corruption
as well as how to reduce it”. Both knowledge gaps are strongly linked to another knowledge gap in
the top 10 ranking: “Strategies to improve security from violence/theft/corruption” (rank 5). All three
are addressed in SDG 16—one of the nine SDGs Madagascar failed to achieve according to the Africa
SDG Index and Dashboard Report 2018 [45]. The issue of justice and fairness is also related to SDG
10 (Reduced inequalities), yet for African countries, no metrics exist for the achievement of this
SDG [45]. So far, the issue of corruption has been completely lacking from the ABTs [15]. Lack of law
enforcement, Zebu cattle theft and burglaries remain important issues for the rural population and the
attempts to reduce corruption via an Anti-corruption Commission in 2002, Anti-Corruption Agency in
2004, or a governmental decree to ban illegal logging in 2005 have not helped to significantly reduce
illegal activities [39,90]. Achieving better law/rule enforcement and fighting corruption is difficult as
politicians, higher officials and local elites are often themselves involved in bribery or put no efforts in
law enforcement for monetary, social or other benefits [91–94]. Corruption considerably undermines the
protection of nature [95] as it reduces law enforcement and investments by international conservation
agencies [91,95]. Since poor people often rely on the extraction of resources from protected areas
to secure protein supply or to cover other subsistence needs, conservation laws and rules are often
perceived as unfair and have been internationally criticized as “green-grabbing” [23,96,97]. This issue
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is addressed in the socio–economic knowledge gap “Economic benefits for local small-holder farmers
from biodiversity” ranking 4th overall (see further below).

Internationally, the most well-known type of corruption in Madagascar is probably associated
with the illegal trade of precious wood species (particularly Dalbergia spp.) due to the involvement
of politicians and international media attention. Madagascar’s new president Andry Rajoelina who
was elected in December 2018 promised to make the fight against corruption a priority [98]. However,
given his past involvement in illegal rosewood trade, his agreement to reinstate the ban of rosewood
trade that lacked any reinforcement [41], and government corruption levels which spiked under his de
facto presidency between 2009 and 2013, many, particularly the international community, doubt his
promise to curb corruption [99].

Since the illegal rosewood trade occurs predominantly in eastern Madagascar [100] and also
because it is only one of many corruption issues, we deliberately included “corruption beyond
logging” in this knowledge gap. Corruption affects all sorts of sectors, for example funds destined
for education [101], the church [102], undermining of local land rights, and access associated with
agribusinesses and mining operations [39]. Political instability and multiple political crises have resulted
in difficulties to establish or monitor new policies [54]. This has been accompanied by an increase in
deforestation for agriculture [63] as well as in other types of illegal resource exploitation [33,42,69,100].
Those trying to fight corruption (e.g., local forest guards, environmental groups, members of watchdog
organizations, researchers) live dangerous lives as they have to fear being evicted as “rebellions” or
being confronted with death threats to them and their family members [96,103].

Corruption indicators used to evaluate the SDG 16 (e.g., number of victims of intentional homicide,
conflict-related deaths per 100,000 population, proportion of children who experienced any physical
punishment and/or psychological aggression) lack many of the above described components of
corruption issues in Madagascar [104]. The International Corruption Perception Index relies on experts’
opinions regarding transparency, accountability and corruption in the public sector [44], even though
Transparency International experts are mainly business people who seem ill-suited to represent locally
affected residents. Involving the local communities via questionnaires or interviews as done by
Gore et al. (2013) for a different conservation area in Madagascar would give a better understanding of
the “hotspots” of corruption activities and thus easier ways to tackle these issues right where they
occur. More general strategies to fight corruption would be fair wages, stringent accounting procedures
and management partnerships [95]. Media coverage of corruption activities and the work of brave
activists to fight them may also be helpful [101], as is pressure from the international community [91].

The highest ranking ecological knowledge gap (third highest overall rank) directly addresses
the need to know more about appropriate restoration beneficial to the protection and sustainable use
of biodiversity. Restoration is key to providing essential ecosystem services (ABT 14) and has been
given increased attention by the Global Partnership for Forest Restoration and the Bonn Challenge
(e.g., Ockenden et al. 2018). Ecosystem restoration and resilience is explicitly mentioned in ABT 15,
but not in the targets of SDG 15. It is linked to SDG 12 and ABTs 4 and 7 due its consequences for
sustainable production in terms of most sustainable reforestation methods. Technological advances
(Perring et al. 2015), green finance options (FAO and Global Mechanism of the UNCD, 2015) and
compensation measures, particularly in regards to telecoupling effects, can all support restoration
activities (e.g., Ockenden et al. 2018). Restoration projects require long-term efforts of monitoring
as well as associated adjustments to effectively protect biodiversity and enable sustainable use of
resources within restored areas. Given that some species will be unable to cope with even slight
anthropogenic disturbance, some restoration areas, particularly corridors enabling migration between
remaining habitat patches, will have to meet the needs of these sensitive species. Other restoration
areas allowing for human resource utilization may still provide habitats for a number of less sensitive
species. “Strategies to secure long-term funding” (rank 6) will be necessary to ensure that restoration
will be sustainable.
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If wisely done, reforestation can be extremely beneficial for biodiversity by providing suitable
habitat connected by corridors or stepping stones [105,106]. Madagascar committed to the Bonn
Challenge to reforest four million hectares of forest, but little progress has been made and the benefits
only address the economy and climate [40,107]. Madagascar’s National Biodiversity Strategy and
Action Plan (NBSAP) lists restoration of at least 15% degraded habitats as one of its five strategic goals
(Objective 15 in [108], p. 89). As a solution it mentions agro–ecological techniques as “effective tools
for the degraded vegetation” but does not provide any details on what these tools to restore degraded
vegetation are. Similarly, “appropriate strategies are set up to safeguard these ecosystems [ . . . ] for
human well-being especially local communities through restoration activities” are mentioned, but
actual strategies on how this can be achieved are only vaguely mentioned: “Tools or Handbook of
conservation and/or Ecological restoration of various existing tropical forest types are developed”
[ibid.] (p. 106) and “Number of recovery programs for protected areas of degraded ecosystems is
developed and implemented” [ibid.] (p. 114). The knowledge gap concerning appropriate restoration
strategies is also linked to SDG 13 and the 2 ◦C target of the Paris Climate Agreement as restoration
will help mitigate climate change due to increased carbon storage, a decreased albedo and associated
effects caused by revegetation measures [105,109,110].

The socio–economic knowledge gap considered most important (overall rank 4), “Economic
benefits for local small-holder farmers from biodiversity”, is directly related to SDG 8 (Decent work) in
combination with the protection of biodiversity (SDG 15, ABT 11) and ecosystem services (ABT 14) and
explicitly addressed as important in Madagascar’s NBSAP [Objective 2 in 108] (p. 70f). Herein, it has
been acknowledged that a fair distribution of benefits of ecosystem services requires more research,
and where payment schemes for ecosystem services have been successful these approaches should be
used as a guideline and adjusted to local contexts [65,111–113]. To date, most of these payments never
covered the opportunity costs locals had to endure for the conservation of biodiversity, patrols were
reluctant to convict fellow community members of illegal actions, and positive trends were reported
although forest degradation actually increased [111,114,115].

Payments for ecosystem services like those within the REDD program (Reduced Emissions
from Deforestation and Forest Degradation) can only be successful under certain conditions [115].
MacKinnon et al. (2017) reported that the amount of money reaching a community differed strongly
between methods and that projects directly compensating for the loss of forest resources (e.g., by fish
farming or bee keeping) were the most successful. Anticipated and promoted benefits for local people
through tourism [69] rarely materialized [48,116], although there have been some cases of livelihood
benefits from eco-tourism in a few tourism hotspots [114]. However, usually these benefited only a
few people and not whole communities [102,117].

More knowledge regarding “strategies to improve security from violence/theft/corruption” has
been the fifth highest ranking knowledge gap. This comes as no surprise, as Malagasy people have
also ranked crime and insecurity as top priority issues for the government [118]. This knowledge gap
concerns aspects of inequality (SDG 10) as poor people are most affected by these issues, but also to SDG
16 as strong institutions are necessary to tackle these issues. To avoid cattle theft, which is considered as
“extremely worrisome” [119] cattle are kept hidden in forests, which promotes forest degradation and
hampers forest regeneration [39]. People who have no choice but to continue to use forest resources for
their survival also fear violence and fines from forest police [119]. Since law enforcement is largely
lacking, laws are no deterrent for committing crimes in Madagascar, but an increase in law enforcement
personnel locally and at least temporally decreases cattle theft (see [120] and references therein).
Residents from villages with missions, police or military presence feel safer [119]. However, in remote
areas, governmental control is particularly weak (or even completely lacking) [103]. While cattle theft
is usually practiced by well-organized groups which cooperate with local authorities, burglaries and
crop theft are rather associated with poverty and hunger of the rural poor as a coping strategy under
high survival risk [120].
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“Identification of strategies to improve long-term funding” has been identified as the 6th highest
ranking knowledge gap and relates to all four spheres of sustainability [82]. Limited and short-term
funding have been impeding long-term monitoring and successful participatory strategies [119].
Securing long-term funding for research, environmental as well as human aid projects is a global
problem which is why this issue is picked up in ABT 20 (Mobilizing resources from all sources). It is
strongly tied to the issue of short election cycles, awareness of the benefits of long-term funding
instead of funding invested in many short-term projects and an issue of changes in staff when running
long-term projects.

We combined the aspects of appropriate livestock management (here zebu cattle farming) and fire
regimes in one knowledge gap (see Table 1, rank 7) as both have experienced little research and both
are closely interrelated: grasslands, woodlands and forests are burnt to provide fresh pastures for zebu
cattle and even where fire is not deliberately set, these pasture fires often escape unintentionally and
burn adjacent habitats [39,121–123]. This knowledge gap is linked to the protection of biodiversity
(SDG 15, ABT 7), sustainable management (SDG 12, ABT 4 and 7) and also to climate change (SDG 13,
2 ◦C target) as fire and cattle farming increase atmospheric CO2-levels. Research needs for “appropriate
management of livestock and fire regimes” are only partly addressed in Madagascar’s National
Biodiversity Strategy and Action Plan [108]: “programs aimed at strengthening the control of bush
fires” and those that minimize fire impacts in areas with significant biodiversity by creating effective
buffer zones around protected areas and more training of fire extinguishing personnel are explicitly
mentioned [ibid.] (p. 107). Appropriate and more sustainable livestock management are not addressed
though, indicating that this issue has not even gained due attention.

Zebu farming has a negligible role as a protein source, but cattle have important cultural value
(slaughtered for special cultural occasions) and herd size indicates social status [39,122,124]. Zebu
cattle are also used for agricultural labor and transport [125] and as an insurance asset to buffer income
loss during times of hardship like droughts or low crop market prices [119,122,126]. The cultural
importance of zebu cattle is particularly high for temporary Antandroy migrants from the south
who use slash-and-burn agriculture for cash crops (particularly corn) to purchase cattle and thus
increase their social status when returning home [119,125]. Climate change has already induced higher
frequency and intensity of droughts in southern Madagascar which has led to increased migration
of Antandroy from southern Madagascar into central western Madagascar severely increasing the
pressure on the dry forests [39,122]. Traders involved in illegal corn and peanut plantation farms
actively lure these migrants in for illegally clearing the forests for them by promising them quick and
easy payment for each hectare of forest cleared as well as covering their travel and accommodation
costs [127]. This climate change-induced migration issue has been the only additional knowledge
gap suggested by several experts in our study. We agree that more knowledge about this issue and
strategies to mitigate it via prosecution of and high fines for traffickers have a very high priority and
that it should be on the priority list of current decision makers [40].

The third highest ranking ecological knowledge gap (overall rank 8) concerned ecosystem services
at risk from slash-and-burn farming. Like the previous ecological knowledge gap concerning livestock
and fire management, it is linked to biodiversity (SDG 15, ABT 7) and ecosystem service loss (ABT 14),
as well as to consequences of fire on CO2-levels and hence climate change (SDG 13, 2 ◦C target).
We principally know that dry forests provide essential ecosystem services and that these are at risk from
slash-and-burn farming but ranking this knowledge gap so high indicates that our understanding of
which ecosystem services are affected with what potential cascading consequences is not yet perceived
as being sufficient. Madagascar’s NBSAP is strongly committed to ensure future provisioning of
ecosystem services through the protection of 10% of terrestrial ecosystems, sustainable management
(including certification), sustainable tourism, compensation activities like restoration, as well as
additional studies to develop and implement appropriate strategies [108].

This knowledge gap has direct consequences for the sociological knowledge gap concerning
the effectiveness of education and awareness-raising on biodiversity conservation linked to SDG 4
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(Quality education) and ABT 1 (Awareness of biodiversity has increased). People who understand the
implications of their actions are less likely to undertake them if they anticipate negative consequences
for themselves or their families. Creating this understanding is particularly difficult when the effects of
actions are complex and only visible in the more distant future. Better education may increase chances
of income diversification [128] and improve community forest management [113]. Both, education and
awareness raising are essential for the protection of biodiversity as they can lead to more understanding
of ecosystem services nature provides [129]. For example, Reibelt, et al. [130] have shown that in
south–western Madagascar, awareness of local people rises through direct contact with endangered
species on which they rely for subsistence.

One of the two knowledge gaps at rank 9 concerns the improvement of sustainable methods by
“more frequent and regular scenario-updates based on long-term monitoring”. This general knowledge
gap is of course directly related to the protection of biodiversity (SDG 15, ABT 7). Building the necessary
trust for participatory approaches, negotiating rules and calculating long-term costs and benefits of
biodiversity loss are all time-consuming activities. The efforts required for collecting solid data at
realistic temporal scales need to be considered in biodiversity strategies and action plans (ABT 17).
We considered this knowledge gap to be a general one as long-term monitoring for more frequent and
regular scenario updates is also important in socio–economic and political planning, like long-term
costs and successes of education programs (SDG 4) or the effectiveness of PES on political decisions.

Demonstrating how interrelated our identified key knowledge gaps are, the knowledge
gap concerning appropriate strategies for restoration (overall rank 3) also relies on long-term
monitoring—which again depends on long-term funding (rank 6), and consequently they all are
strongly linked to ABT 20 (“Mobilizing resources from all sources”).

The other knowledge gap at rank 9 “Traditional knowledge about sustainable natural resource
use” belongs to the socio–economic sphere of sustainability and is directly linked to ABT 18 (Traditional
knowledge): “In 2015, the initiatives put in place to protect traditional knowledge, innovations and
practices of local communities relevant to biodiversity. The traditional sustainable use of biodiversity
and their contribution to conservation are respected, preserved and maintained” which has been
given funding priority by Madagascar’s NBSAP when compared to restoration (Objective 15) and the
evaluation of ecosystem services for PES schemes (Objective 2) (both in [108], (p. 154f)).

We need to become aware of traditional knowledge before it will be lost and to find out how
traditional conservation values overlap with those of scientists [131]. Local people’s knowledge has
been shown to provide important insights for sustainable land management and use of resources in
south-western Madagascar [132]. Several authors have shown that to achieve effective conservation in
Madagascar, every ethnic group should be integrated from the start [133,134]. More use should be
made of existing forms of traditional, local agreements and institutions, because such local rules are
generally more adhered to [133,135].

The lowest ranking knowledge gap within our top 10 list “Interdisciplinary work to generate
most comprehensive data sets” is strongly linked with the higher-ranking ones. It is in some ways
addressed in SDG 17 (Partnerships of the goals) and ABT 19 (Sharing information and knowledge)
as well as ABT 20 (Mobilizing resources from all sources). In 2015, the journal Nature dedicated a
special issue on the topic of interdisciplinarity demonstrating why “scientists must work together
to save the world” [136]. However, interdisciplinarity should go beyond that of scientists and–in a
transdisciplinary way–include knowledge from other sources like that of local/indigenous people or
organizations with long-term on the ground experiences. Interdisciplinary work has been considered
particularly important for studying the ecological impacts of climate change [137]. Finding ways to
deal with environmental challenges associated with such impacts and their consequences for human
well-being requires incorporating social and human-centered approaches by using participatory
approaches [ibid.].

Most knowledge gaps which focused on generating more data within their own discipline received
the lowest mean scores (Table S3), potentially indicating that our experts consider it more important to
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make use of existing data by using it in an interdisciplinary way than investing money into research
of deficient, but highly specific research fields. A focus on improving decision-making and a call for
more action rather than further investment in data collection has also been proposed by others [138].
However, we agree with Stuart et al. [139] that investing into more data generation, particularly
those concerning threatened and data deficient species, remains important for conducting appropriate
actions and adjusting management strategies as needed.

4.2. Effects of Different Expert Backgrounds on Ranking Scores

Our study showed that our top 10 list of key knowledge gaps would not have differed, would we
have conducted this study without experts from other countries, only with women or only with experts
of a certain age group, except for the knowledge gap concerning frequent and regular scenario updates
which was considered of higher importance by Malagasy than other nationalities (Table S4, Figure S1b).
Given the influence of place attachment, gender and age on the judgement of conservation related
issues which has been pointed out by others [86], we are pleased about predominantly Malagasy
experts ranking our knowledge gaps, about the relatively even gender ratio and that the bulk of our
experts were medium and older aged and had long working experience in the area.

4.3. Limitations, Implications and Recommendations for Future Work

We are aware of the limitations of this study. To keep the questionnaire short, some knowledge gaps
were already combined. Ideally, knowledge gaps should be kept separate and maybe in addition also
presented in combination to give participants the option to score whether they found the combination
more important than its parts. We tried to accommodate for this by giving the opportunity to express
this in the comments sections or by listing additional highest priority knowledge gaps. Network
sampling of experts as well as expert consultations in a relatively short time frame, which are typical
for many projects, always have limitations as they are rarely comprehensive [84]. Our questionnaires
were in English; future studies should include versions in French and potentially even Malagasy to
be more inclusive. For other case studies, particularly those with more time and resources as well
as those with a narrower, i.e., local focus, we recommend involving experts as well as local people
right from the beginning, i.e., when the questions to be ranked are gathered [21]. To avoid translation
problems when involving local people, highly skilled translators will be necessary. These need to
be trained not only in translating western conservation ideas into local language and values, but
also and most likely more importantly, the locals’ values, beliefs and proverbs into concepts that can
be integrated into conservation policy [116]. Even participatory approaches involving community
members cannot claim to be the gold standard [140]. Since not every community member can be
involved, participation is usually only possible for high ranking representatives of communities. These
are usually elderly men so that a gender and age bias in selecting key knowledge gaps may become an
issue. However, we agree that, given more time and resources, a Delphi-like process (i.e., at least two
rounds of questionnaires, each accompanied by accumulation of responses and anonymous feedback
to participants) should be used to prioritize knowledge gaps [21]. Ideally, representatives of local
communities should be involved, particularly when attempting knowledge gap prioritization at a local
level. We tried to accommodate for the lack of expert engagement from the start by providing an option
to list additional knowledge gaps. We also acknowledge that the number of participants was relatively
low and dominated by academics due to the networks of the authors. Despite those limitations, we
hope that our work substantially contributes to pinpointing the most urgent knowledge gaps which
need to be addressed to secure local livelihoods and better protect biodiversity in the dry forests of
western Madagascar–and hence better achieve the SDGs, ABTs and the 2 ◦C target of the Paris Climate
Agreement. Our priority list of knowledge gaps should be considered a first attempt of identifying
most urgent research needs and help funding bodies to streamline investments at the regional level
(i.e., the dry forests of western Madagascar). Like the global research questions identified for example
by Oldekopp et al. (2016), the knowledge gaps identified for the slash-and-burn problematic in western
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Madagascar can be used at a regional level as a starting point for research project designs, collaborations
and debates between academics, practitioners, politicians and stakeholders.

5. Conclusions

In our study on the identification of priority knowledge gaps to better protect biodiversity and
simultaneously secure local livelihoods, we focused on the loss of dry forests by subsistence agriculture
in western Madagascar. However, we are aware that large international agribusinesses and the mining
industry, as well as oil extraction practices, may locally present a bigger threat to this biome than
slash-and-burn farming [39], particularly seeing how these industries has wiped forests from other
countries like for example Ghana [141]. It is of great concern that Madagascar’s president Andry
Rajoelina’s recently announced cabinet mainly consists of technicians and business leaders [98] and that
he declared to follow Ghana in its recent advances in economic development [142]. Conservationists
are highly concerned about his priority of short-term economic gains over long-term security of natural
resources and ecosystem services [99,143,144]. Scientists including ourselves therefore call on the
new president to keep to his promise aiming to curb corruption and to make Madagascar a model
for conservation, while simultaneously urging the international community to continue its financial
support of protecting biodiversity in Madagascar [40,143,145–147].

Not surprisingly given the interlinkages of the goals and targets of the SDGs, ABTs and 2 ◦C target
of the Paris Climate Agreement [10,12,78], the results of our study demonstrate that even though we
started with a focus on SDGs 2, 10 and 15, the priority knowledge gaps identified concern a wide range
of other SDGs and address issues necessary to be solved to better reach several ABTs as well as the
2 ◦C target.

Many characteristics of the problems and challenges found in Madagascar are comparable to
those in other biodiversity-rich but economically disadvantaged countries [33]. We hope that our
idea of focusing the search for key knowledge gaps on a regional scale (i.e., the dry forests of western
Madagascar) and using expert involvement via questionnaires can be used as a blue-print, inspiring
and aligning most urgent research projects, streamlining research funds and resources to local needs.
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Abstract: The sparse and fragile vegetation in the arid-hot valley is an important indicator of
ecosystem health. Understanding the correlation between this vegetation and its environment is
vital to the plant restoration. We investigated the differences of soil moisture and fertility in typical
vegetation (Dodonaea viscosa and Pinus yunnanensis) under a range of elevations, slopes, and aspects
in an arid-hot valley of China’s Jinsha River through field monitoring and multivariate statistical
analysis. The soil moisture differed significantly between the dry and rainy seasons, and it was
higher at high elevation (>1640 m) and on shade slopes at the end of the dry season. Soil fertility
showed little or no variation among the elevations, but was highest at 1380 m. Dodonaea viscosa
biomass increased, then decreased, with increasing elevation on the shade slopes, but decreased with
increasing elevation on the sunny slopes. On the shade slopes, Pinus yunnanensis biomass was higher
at low elevations (1640 m) than it was on sunny slopes, but lower at high elevation (1940 m) on the
sunny slopes. We found both elevation and soil moisture were significantly positively correlated
with P. yunnanensis biomass and negatively correlated with D. viscosa biomass. Thus, changes in soil
moisture as a function of elevation control vegetation restoration in the arid-hot valley. Both species
are adaptable indigenous plants with good social and ecological benefits, so these results will allow
managers to restore the vegetation more effectively.

Keywords: arid-hot valley; vegetation; environmental factors; reservoir region

1. Introduction

The high temperature and low humidity in the arid-hot valley results from a combination of local
climatic conditions with strong sunlight and valley wind (particularly winds caused by convection
during a forest fire) and evapotranspiration. Poor soil water retention capacity intensifies the difficulty
of vegetation growth, leading to serious soil erosion, threatening the human and environment security
of Yangtze River basin, especially in the main stream of Jinsha River (the upper Yangtze River) [1].
Since the 1990s, plant introduction and afforestation projects have been carried out in the arid-hot
valley in southwest China, but we still do not understand the factors responsible for success or failure
of these projects [2].

Exploring the relationship between vegetation and environment is the key to successful vegetation
restoration, particularly on mountainous terrain. Many studies have focused on potential impact
factors, including climatic factors, topographic conditions, soil properties, and human disturbance [3–5].
A deficiency of soil moisture results in sparse vegetation and decreased restoration effectiveness in
the arid-hot valley and, especially at the end of the drought season, the values of soil moisture may
be lower than the plant-wilting coefficient [6,7]. In addition, topography plays an important role in
vegetation growth and distribution [8], since it affects many aspects of the plant’s environment; higher
solar radiation and less available water on the sunny slopes of semi-arid valleys would exacerbate
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drought stress, resulting in the survival of fewer species, a lower plant density, and lower growth
rates of the surviving plants [9]. The literature shows that topographic conditions and soil properties
are closely related to plant community composition and distribution [10], vegetation cover [11], and
biodiversity [12]. To improve ecological restoration efficiency, it is necessary to deeply understand
the relationships between the targeted native vegetation and the local environment (e.g., topography,
soil, other habitat conditions), and to identify the key factors that affect the growth, survival, and
distribution of vegetation in the arid-hot valley [13,14].

The Jinsha River basin in southwestern China has a typical arid-hot valley, and provides the
important source of hydroelectric power, and plays a vital role in ecological security for its special
ecosystems and rich biodiversity. Since economic development has been driven by the hydroelectric
project, dam and reservoir construction have destroyed much local vegetation, thereby exacerbating
the contradictions between civilization and nature. Managers of the project recognize this problem,
and have looked for ways to promote greener and more sustainable development, including vegetation
restoration projects and soil erosion control [14–16]. Many studies on the change of vegetation
cover [17], mechanisms and degree of vegetation resistance, soil characteristics and fertility, and
restoration techniques and benefits have been carried out [18]. The dominant native plants, Dodonaea
viscosa and Pinus yunnanensis, with high stress resistance and restoration benefit, are important for soil
and water conservation, and both are, therefore, key plants in ecological restoration projects. These
native plants have attracted much attention from many researchers, but most of the research selected a
single factor, such as soil quality, slope and elevation, to statistically analyze its effect on vegetation;
even a few studies have focused on more factors, but just discussed the qualitative influence and
were carried out only in the tributaries of the Jinsha River [19]. D. viscosa biomass is significantly
affected by both slopes and aspects [20], and transpiration of D. viscosa is strong during both the rainy
and dry seasons [21]. P. yunnanensis is widely distributed, but grows poorly on sunny slopes, even
though it can tolerate low soil moisture and nutrient levels and, especially, a very low phosphorus
content [22,23]. However, there has been no integrated analysis of how environmental factors affect
these native plants of the Jinsha River valley.

Using the Longkaikou Reservoir region in the Jinsha River basin as a case study, we obtained field
data about changes in the characteristics of D. viscosa and P. yunnanensis across an elevation gradient,
including the vegetation biomass and the response to climatic, topographic, and soil characteristics,
by means of multiple field surveys to analyze the differences in soil and vegetation as a function of
topography. Our goal was to reveal the relationships among the topographic and soil variables and
the biomass of D. viscosa and P. yunnanensis. Our results will provide scientific support for vegetation
restoration projects in the arid-hot valley of the Jinsha River.

2. Materials and Methods

2.1. Study Area

Longkaikou hydroelectric station, in Yongsheng County of Yunnan Province, is the sixth of eight
cascade reservoirs constructed in the Jinsha River basin. Construction began in 2007, and it began
operation in 2014. The reservoir’s main purpose is power generation, but it also provides water for
irrigation and an urban and industrial water supply. The dam height is 119 m, the normal storage
water level is 1298 m asl (above sea level), the backwater length is 41 km, the water area is about 17 ha,
and the total reservoir capacity is 5 × 108 m3. The reservoir is located in a typical alpine canyon area
with complex topography and diverse local microclimates. The difference between the rainy and dry
seasons is obvious, with an annual average precipitation of 936 mm, of which 82% falls between June
and September (Figure S1). Figure S1 shows the annual changes of temperature and precipitation in
our study area, based on data from the Yongsheng meteorological station, which is located 37.8 km
from our study sites at an elevation of 2151 m asl. The land below an elevation of 1500 m asl has an
arid-hot valley climate; above this elevation, there is greater precipitation and the temperatures are
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much colder. The vegetation, including D. viscosa, P. yunnanensis, and Ageratina adenophora, is widely
distributed in the reservoir region, but has been seriously disturbed by construction of the reservoir,
as well as by grazing of livestock and cutting. In local vegetation restoration projects, P. yunnanensis
is used on barren mountain slopes [24]. D. viscosa is a perennial evergreen shrub or small tree of the
genus Dodonaea. It can adapt to a wide range of sites due to its high tolerance of drought and low soil
fertility, and is therefore one of the main native plants used for vegetation restoration in the study area.
Our study area covers nearly 300 km2, with a length of 41 km along the river and a width of 7.0 km
(Figure 1).

Figure 1. Map of the study region: (a) location of Yunnan Province; (b) location of the Jinsha River in
Yunnan Province; (c) map of the reservoir of the Longkaikou Hydropower Station and sample bands;
(d) and (e) locations of the sampling sites; and (f) an example of the location of the quadrats at a
sampling site.

2.2. Sample Collection and Processing

We conducted field surveys three times (in April and August 2017, and in April 2018) in the study
area, and collected soil and vegetation samples during each sampling period. We combined the April
data to produce a single dataset for the dry season; the August data represented the end of the rainy
season (the rain was too frequent to reach high area with elevation above 1640 m). For each sample,
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we recorded the elevation, slope, and aspect simultaneously (Table S1). We attempted to establish 3
quadrats at each of 21 sampling sites, for a total of 63 quadrats (n); however, some sampling sites had
two or four quadrats, due to the nature of the topographic conditions. All of the samples were evenly
distributed bath left bank (marked LPx-x) and right bank (marked RPx-x) at five elevations that ranged
from the river (ca. 1380 m asl) to the top of the mountains (ca. 1940 m asl), and included shade slopes,
sunny slopes, and half-shaded slopes. We established sampling bands at elevations of 1380, 1440, 1520,
1640, and 1940 m asl. For each sampling site, we recorded the slope and aspect (Asp) using a DQY-1
compass (Geological Compass; Haerbin, Heilongjiang Province, China), and obtained the elevation
and the longitude and latitude using a GPS receive (GPSmap 62sc; Garmin, Lenexa, KS, USA). We
calculated the topographic wetness index and the distance from the quadrats to the river are calculated
from a digital elevation model (http://www.gscloud.cn/sources/?cdataid=302&pdataid=10) using
version 10.2 of the ArcGIS software (www.esri.com).

In total, we established 57 D. viscosa quadrats and 38 P. yunnanensis quadrats, and recorded
number of branches, plant density, and vegetation cover, diameter at breast height, crown width, and
height. We collected the aboveground biomass for 25 D. viscosa plants, and dried the samples at 60 ◦C
until constant weight in the laboratory; we then weighed the oven-dry biomass using a laboratory
electronic balance with a precision of 0.01 g.

We collected 64 soil samples (each ca. 1 kg) to a depth of 10 cm with a shovel, as the soil was too
rocky below this depth to allow sampling. We measured soil moisture, organic matter, total nitrogen,
total potassium, hydrolyzable nitrogen, and available phosphorus in the laboratory according to the
standards of the Chinese Forestry Bureau (http://www.zbgb.org/StandardCList25C.htm) using the
air-dry soil for all parameters except soil moisture. Soil moisture was measured based on the difference
between the fresh and oven-dry mass (after drying at 105 ◦C for 24 h until all the moisture was driven
off). The organic matter was determined by the potassium dichromate oxidation method with external
heating (LY/T 1237-1999), total nitrogen was measured by the Kjeldahl method (LY/T 1228-2015), total
potassium was determined by NaoH flame photometry (LY/T 1234-2015), hydrolyzable nitrogen was
determined by the alkaline hydrolysis-diffusion method (LY/T 1228-2015), and available phosphorus
was determined by colorimetry (LY/T 1232-2015).

2.3. Estimation of Soil Fertility and Vegetation Biomass

We established a holistic index of soil fertility (SF) as follows:

SF =
5

∑
i=1

xi − xmini
xmini

, (1)

where xi represents the value of nutrient indicator i (organic matter, total nitrogen, total potassium,
hydrolyzable nitrogen, and available phosphorus), and xmini is the lowest value for each of the five
nutrient indicators in the soil nutrient grading standards of the second national land survey.

The growth model for D. viscosa is region-dependent, since this species lives in different areas [25],
so we established a relative growth model.

Due to the multiple branches produced by this shrub, we defined the total diameter (D) based on
the sum of the squared branch diameters:

D =

√
n

∑
i=1

D2
i , (2)

where Di is the diameter (cm) of branch i, and n is the number of branches contained in each shrub [26].
We then adopted a relative growth model in the form of a power function based on a previously
determined growth model for the shrub [27]:
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Bio = 44.047 D2 H0.467 (R2 = 0.94, p < 0.01), (3)

where Bio = aboveground biomass, D is the total diameter from Equation (2), and H is the height at the
end of the tallest branch.

We obtained an equation from Huo et al. [28] to determine the relative growth of P. yunnanensis.

Bio = 0.026 D2.83 (4)

2.4. Statistical Analysis

We used cosine function convert aspect (ASP) and divided it into shade slope (<0) and sunny slope
(>0). First of all, we have a Kolmogorov–Smirnov test for normality of the data. When the data satisfied
the conditions of normal distribution, we used ANOVA and LSD to identify significant differences
in vegetation and soil properties among the topographic conditions. We used regression analysis
to establish the relative growth models to calculate plant biomass and used Pearson’s correlation
coefficient (r) to quantify the strength of the relationships among the vegetation, topographic, and soil
indicators. All the statistical analysis was performed using version 3.5.1 of the R software (www.r-
project.org).

We used redundancy analysis (RDA) to study the relationships between the vegetation and
environmental indexes because the eigenvalue of the first axis of a detrended correspondence analysis
(DCA) was less than 3 for the vegetation data. We performed these analyses using the “vegan” package
for the R software (https://cran.r-project.org/web/packages/vegan/index.html).

3. Results

3.1. Variation in Soil Moisture and Fertility

Figure 2 shows the changes of soil moisture along the elevation gradient. The soil moisture was
higher on the shade slopes than on the sunny slopes at all elevations in the dry season (Figure 2a),
and it was much higher in the rainy season than at the end of the dry season at a given elevation
(Figure 2b). The soil moisture increased slightly, but not significantly, with increasing elevation, except
the shade slope at 1940 m asl (p < 0.05) and, at elevations (≤1520 m), with an average of 0.055, did not
differ significantly among elevations.

Figure 2. Changes in soil moisture (a) along the elevation gradient for shade and sunny sites and (b)
between seasons at each elevation. Values are mean ± SD. Note that the values on the y-axis differ
greatly between the two graphs. Values labeled with different lowercase letters differ significantly
(LSD, p < 0.05) between elevations for a given site category (sunny and rainy); values labeled with
the same capital letters did not differ significantly between elevations for a given site category (shade
and dry).

There was no significant difference in soil fertility (based on the holistic index of soil fertility)
among the elevations (Figure 3). The soil fertility reached its maximum value (49.07) at the lowest
elevation (1380 m) on the sunny slope, and its minimum value (19.57) at 1520 m on the shade slope.
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Figure 3. Changes in soil fertility (based on the holistic index of soil fertility; Equation (1)) with
increasing elevation for the aspects. Values are mean ± SD. Values labeled with same lowercase letters
differ not significantly (LSD, p >0.05) between elevations for the shade slope; values labeled with the
same capital letters did not differ significantly between elevations on the sunny slope.

3.2. Changes in Vegetation Biomass as a Function of Elevation and Aspect

Table 1 summarizes the changes in the characteristics of the vegetation as a function of elevation.
For D. viscosa, the density and crown width increased with increasing elevation, reaching a significantly
higher maximum at 1520 m, then decreased thereafter. Diameter at breast height did not differ
significantly among elevations, except for a significant decrease at 1940 m. Height was significantly
higher at the two lowest elevations than at the highest elevations. All D. viscosa parameters presented
their lowest values at 1940 m. For P. yunnanensis, density increased with increasing elevation, and the
differences were generally significant. Diameter at breast height, crown width, and height showed a
similar pattern of increase, but with a maximum at 1640 m. Vegetation cover showed an inconsistent
pattern, but reached a significantly higher maximum value at 1520 m. The density of the P. yunnanensis
increased from 0.1 to 13.0 per 100 m2, and the average diameter, crown width, and height at 1940
increased to approximately 4 to 10 times the values at 1380 m.

Table 1. Vegetation survey data for the two species along an elevation gradient in the study area.
Values are mean ± SD. For a given parameter and species, values labeled with different letters differed
significantly between elevations (LSD, p < 0.05).

Species
Elevation

(m asl)
Density (n./m2)

Diameter at Breast
Height a (cm)

Crown Width
(cm)

Height (cm)
Vegetation
Cover (%)

Dodonaea
viscosa

1380 5.0 ± 2 b 2.44 ± 1.16 a 96 ± 32.97 a 179 ± 24.55 a 46 ± 27.25 ac
1440 5.0 ± 3.43 b 2.47 ± 1.34 a 100 ± 41.82 a 183 ± 53.20 a 33 ± 10.17 b
1520 12.0 ± 6.27 a 2.31 ± 0.50 a 103 ± 20.88 a 151 ± 29.74 ab 58 ± 20.17 a
1640 7.0 ± 2.10 b 1.61 ± 0.56 ab 95 ± 34.82 a 142 ± 16.93 ab 40 ± 10.95 ab
1940 4.0 ± 4.57 b 0.75 ± 0.54 b 60 ± 62.57 a 95 ± 56.72 b 31 ± 18.03 d

Pinus
Yunnanensis

1380 0.1 ± 0.33 D 2.62 ± 7.86 A 39 ± 116.67 D 78 ± 233.33 D 46 ± 27.25 AB
1440 1.0 ± 1.39 D 10.21 ± 13.66 A 180 ± 233.67 B 309 ± 372.03 CD 33 ± 10.17 C
1520 3.0 ± 2.97 BD 11.19 ± 9.50 A 278 ± 248.72 AC 481 ± 403.50 BC 66 ± 21.78 A
1640 11.0 ± 5.39 AC 11.47 ± 3.35 A 400 ± 57.01 A 875 ± 183.71 A 40 ± 10.95 B
1940 13.0 ± 8.56 A 10.88 ± 3.65 A 287 ± 102.44 A 821 ± 350.34 AB 31 ± 18.03 C

a Cumulative diameter of all stems for D. viscosa. Values labeled with same lowercase letters differ not significantly
(LSD, p > 0.05) between elevations for D. viscosa; values labeled with the same capital letters did not differ
significantly between elevations for P. yunnanensis.

Figure 4 presents the aboveground biomass of the two species. The biomass of D. viscosa first
increased, and then decreased with increasing elevation on the shade slopes, with a maximum of
0.74 kg/m2 at 1440 m; by contrast, it decreased with increasing elevation on the sunny slopes, with
a maximum value of 0.75 kg/m2 at 1380 m (Figure 4a). The biomass of P. yunnanensis biomass first
increased and then decreased with increasing elevation on the shade slope, with a maximum value
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of 5.87 kg/m2 at 1520 m, but increased with increasing elevation on the sunny slopes after it first
appeared at an elevation of 1520 m (Figure 4b).

Figure 4. Changes in the aboveground biomass of (a) D. viscosa and (b) P. yunnanensis as a function of
elevation. Values are mean ± SD. Note that the values on the y-axis differ greatly between the two
graphs. Values labeled with different lowercase letters differ significantly (LSD, p < 0.05) between
elevations for a given site category (shade slope); values labeled with same capital letters did not differ
significantly between elevations for the sunny slope).

3.3. Relationship between Vegetation and Environment

We used Pearson’s correlation coefficient (r) to reveal the significant (p < 0.05) relationships
between the vegetation and environmental factors (Supplemental Table S2). For D. viscosa, biomass
was positively correlated with branches, density, diameter at breast height, height, and hydrolyzable
nitrogen, but negatively correlated with elevation and distance of the quadrat from the river. Branches
were positively correlated with density. Diameter at breast height was positively correlated with crown
width and height, but negatively correlated with elevation, distance of quadrat from the river, and
soil moisture. Crown width was positively correlated with height. Height was negatively correlated
with elevation, distance of quadrat from the river, and soil moisture. For P. yunnanensis, biomass
was positively correlated with density, diameter at breast height, crown width, height, elevation,
and distance of the quadrat from the river. Density was positively correlated with height, elevation,
distance of the quadrat from the river, soil moisture, and organic matter. Diameter at breast height was
positively correlated with crown width, height, and aspects. Crown width was positively correlated
with height. Height was positively correlated with elevation, distance of the quadrat from the river,
and soil moisture. Vegetation cover was positively correlated with the topographic wetness index.

Among the significant topographic factors, elevation was positively correlated with the distance of
the quadrat from the river and soil moisture; and distance of the quadrat from the river was positively
correlated with soil moisture and organic matter. Among the significant soil factors, total nitrogen
was positively correlated with available nitrogen and soil fertility, and the available nitrogen and
phosphorus were both positively correlated with soil fertility.

In addition, we used redundancy analysis to clarify the relationships among the soil properties
and topographic parameters for the two species. Figures 5 and 6 present the results for D. viscosa and
P. yunnanensis, respectively. When the vegetation parameters were used as response variables, and
the soil properties and topographic parameters were used as independent variables, RDA analysis
(Figure 5) showed that the constrained variables explained 64% of the total variance for D. viscosa along
all RDA axes. The distance from quadrats to the river, soil moisture, and elevation were positively
correlated and contributed strongly to RDA axis 1; soil moisture was mainly affected by elevation
and distance from quadrats to the river, which agrees with the correlation results (Table S2). The
biomass, height, crown width, and diameter at breast height were negatively correlated with soil
moisture, whereas the slope and total nitrogen were positively correlated with D. viscosa biomass, and
the topographic wetness index and total potassium significantly affected the density and vegetation
cover of D. viscosa. We divided the environmental variables into two independent variables: soil
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properties and topographic conditions. The soil properties explained 30% of the total variation of
D. viscosa, and topographic conditions explained 51%.

The RDA analysis for P. yunnanensis (Figure 6) showed that the constrained variables explained
69% of the total variance along all RDA axes. The distance from quadrats to the river, soil moisture,
and elevation were positively correlated and contributed strongly to the first RDA axis. The vegetation
parameters were positively correlated with soil moisture. In addition, the slope aspect and available
phosphorus were positively correlated with the biomass of P. yunnanensis, while the total nitrogen was
negatively correlated with the vegetation characteristics. The RDA analysis showed that soil properties
explained 31% of the variation and topographic variables explained 53%.

Figure 5. Results of the redundancy analysis for the relationships between the vegetation parameters
for D. viscosa, soil properties, and topographic conditions. Variable names: AP, available phosphorus;
Bio, aboveground biomass; Bra, branches; Cov, vegetation cover; Cro, crown width; DBH, diameter at
breast height; Den, plant density; DQR, distance from quadrats to the river; Ele, elevation; Hei, height;
HN, hydrolyzable nitrogen; ASP, aspect; OM, soil organic matter; Slo, slope; SM, soil moisture; TK,
total potassium; TN, total nitrogen; TWI, topographic wetness index.
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Figure 6. Results of the redundancy analysis for the relationships between the vegetation parameters
for P. yunnanensis and the soil properties and topographic conditions (the abbreviations in Figure 6 was
the same as them in Figure 5).

4. Discussion

4.1. Effects of Habitat Conditions on Vegetation

The arid-hot valley has fragile habitats because of the highly variable spatial and temporal
distribution of precipitation, and barren nutrient conditions. Our results showed large differences in
soil moisture between the rainy and dry seasons, between the shade and sunny slopes, and between
elevations, which is consistent with previous research results [6,29]. The soil moisture at an elevation
(≤1520 m) averaged 0.055, and was below the wilting point of 0.059 for D. viscosa [30], possibly
because the continuously intense evaporation during the dry season leads to low soil moisture [31].
Soil moisture was higher at 1380 m than 1440 m, and soil fertility was highest at the lowest
elevation (1380 m), probably due to the increased relative humidity near the river. In fact, increased
relative humidity and livestock grazing at lower elevations would accelerate the decomposition and
accumulation of nutrients in the soil [32]. Our results also show differences in vegetation biomass and
morphology along the elevation gradient, though the two species showed different patterns: D. viscosa
generally either increased in size and then decreased with increasing elevation, or decreased steadily,
whereas P. yunnanensis tended to increase in size with increasing elevation.

It will important to build on the present results to improve our understanding of the key factors
that affect the growth, development, and distribution of organisms along the elevation gradient in our
study area. The complex and diverse relationships between soil properties and topographic conditions
affect the composition and biodiversity of the regional vegetation community [3,33], and provide
insights into the characteristics that will make a plant suitable for local vegetation restoration.

Our RDA results suggest that topographic conditions explain more of the vegetation variation
than soil properties, especially for elevation. This results from the high mountains and deep valleys
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in the Jinsha River basin. Rossi et al. [34] showed that topographic conditions, and especially the
elevation and slope, could explain local vegetation patterns well in high mountain areas. The significant
correlations among the elevation, distance from quadrats to the river, and soil moisture, and their
significant effects on the biomass and height of D. viscosa and P. yunnanensis, confirmed that elevation
was the dominant factor that affected vegetation growth and distribution in our study area. Elevation is
often regarded as a comprehensive physical index that integrates the effects of changes in precipitation,
temperature, relative humidity, and other environmental conditions, all of which affect soil properties
and vegetation growth. Close relationships among the elevation, soil moisture, and vegetation were
also found in China’s Loess Plateau [11]. The topographic wetness index has also been strongly
correlated with vegetation cover, indicating that it can reflect the overall growth of the vegetation
community through its ability to account for microtopographic water distribution and perhaps salinity
redistribution [35]. D. viscosa and P. yunnanensis are widely distributed in our study area, due to their
strong tolerance for drought barren soil, so the correlation was weak between vegetation parameters
and soil nutrients in our study region.

The decreased precipitation and intense evaporation in the dry season exacerbate the effects of
drought stress at low elevations, and led to little or no growth of P. yunnanensis, but sparse growth of
D. viscosa on the sunny slopes. The slightly higher soil moisture on the shade slopes could be crucial to
help plants survive the drought period, and this may be the main reason for differences in the plant
community and ecological landscape in the arid-hot valley [29]. At an elevation of 1640 m, the growth
of D. viscosa decreased, whereas P. yunnanensis responded strongly to the obviously increased soil
moisture at that elevation, suggesting that the increase of soil moisture, combined with the lower
temperature at that elevation, was more beneficial for the growth of P. yunnanensis. Xiong et al. [36]
thought that the geotechnical properties of the site, such as infiltration and lithology, determined the
soil moisture and vegetation types in arid-hot valley, but thought that elevation was not important.
However, the results of our RDA analyses (Figures 5 and 6) showed that elevation and distance
from the quadrats to the river provide a comprehensive index that reflects the change of community
characteristics, especially for biomass. Thus, understanding the soil moisture conditions at each site
will be a key to successful vegetation restoration.

4.2. Restoration Potential of P. yunnanensis and D. viscosa

Different plant types have different adaptation mechanisms that determine how they respond
to environmental stress. Under drought stress, D. viscosa decreases its net photosynthetic rate and
improves its water-use efficiency [37], whereas P. yunnanensis distributes more photosynthate to root
organs and reduces water consumption by stems and leaves [38]. Thus, D. viscosa can still survive when
soil moisture is extremely low. However, when the two species coexist under suitable soil moisture
levels, P. yunnanensis grows more vigorously, and its shade may limit the growth of D. viscosa, in which
the overhead shading lead to the decreasing of D. viscosa biomass and increasing of soil moisture. Based
on these different responses, it should be possible to select the most appropriate species according
to soil moisture conditions at each site where vegetation restoration will occur. Without performing
this analysis, the restoration may fail or achieve poor results, and if the species uses more water than
the site can sustainably provide, this may exacerbate soil drought [39,40]. Elevation was negatively
correlated with D. viscosa growth, but positively correlated with P. yunnanensis growth, indicating that
drought-tolerant D. viscosa should be restored at the lower elevations and on sunny slopes, where
drought stress is most likely to be severe. The positive correlation between plant parameters for
slopes suggests that a suitable slope is beneficial for the growth of D. viscosa. P. yunnanensis was
not sensitive to slope, but its growth was negatively correlated with total nitrogen and positively
correlated with available phosphorus. Controlled experiments found that P. yunnanensis seedlings
could adapt well to nitrogen stress, but were obviously affected by a phosphorus deficiency [41],
but a field investigation showed that nitrogen and phosphorus were positively correlated with the
growth characteristics of P. yunnanensis, with the greatest constraint created by low nitrogen [42].

114



Sustainability 2018, 10, 4774

Although response mechanisms may be different, we concluded that soil nutrients is important for
P. yunnanensis restoration.

For successful vegetation restoration in the arid-hot valley, we should focus on which factors
will most strongly constrain survival and growth; our results and previous research suggest that soil
moisture will be critical. D. viscosa is highly resistant to drought stress, and also develops considerable
biomass, so it is a promising species for vegetation restoration in arid and rocky sites, such as those
in our study area. In addition, it has ornamental and medicinal value [43,44]. Some experiments
in arid-hot valley have shown that D. viscosa grows fast, sprouts many tillers, and can restore a
degraded site rapidly [45]. However, D. viscosa may be unable to survive drought stress combined with
competition from other species and damage caused by grazing, especially at the seedling stage; thus,
it requires suitable protection, such as clear weeds, moderate grazing, and increased soil moisture using
a water-retaining agent [46], to ensure its survival and growth. P. yunnanensis is also widely distributed
in our study area, and has produced an obvious improvement of water yields, thereby reducing soil
erosion and improving water storage, which together can improve soil carbon storage [47]. However,
it is less able than D. viscosa to withstand drought and poor soil fertility, so the survival and growth
of P. yunnanensis plantations could be improved by soil management supplying sufficient nitrogen
and phosphorus to mitigate any soil limitations, combined with scientific planting at an appropriate
density, which agrees with previous recommendations [19]. In actual vegetation restoration, we must
also consider the economic suitability and maintenance needs of the selected resistant plants, which
could be considered in our future researches.

Through sampling and analysis, we have improved our understanding of the relationships among
vegetation, topographic, and soil properties in the arid-hot valley. In the future, additional work should
be carried out to build on our findings. First, we performed our field study only during two typical
seasons. Continuous monitoring of surface soil moisture throughout the year, along with changes
in plant physiology, such as the degree of water stress, would provide a clearer understanding of its
variation and its effects on plants. In addition, we based the relationship between vegetation and
environmental conditions mainly on correlations in field data, rather than using controlled experiments
that would allow a detailed exploration of the underlying mechanisms. Future research should focus
on such experiments to clarify the underlying processes that define the relationships between the
vegetation and environmental factors. Finally, it will be necessary to understand the water balance
in the study ecosystem based on the relationships among plants, topography, and soil, so that we
can choose suitable restoration species for each combination of these conditions, and improve the
likelihood of successful restoration.

5. Conclusions

In this study, we surveyed the vegetation parameters, topographic variables, and soil properties
in the dry and rainy seasons from 2017 to 2018 in the arid-hot valley in southwestern China, and
analyzed the relationships among them by using Pearson’s correlation coefficient and redundancy
analysis. Our results suggest that soil moisture was relatively adequate during the rainy season,
but that only D. viscosa survived on sunny slopes at lower elevations (≤1520 m) near the end of the
dry season because of the low average soil moisture. The lack of large differences in soil fertility
among the elevations suggest that soil fertility would have a relatively small influence on vegetation
restoration. The biomass of D. viscosa on the shade slopes initially increased with increasing elevation,
then decreased again as conditions became unsuitable for the species, but decreased steadily with
increasing elevation on the sunny slopes. By contrast, the biomass of P. yunnanensis at low elevations
(≤1640 m) was higher on the shade slopes than on the sunny slopes, but it was less at high elevation
(1940 m). RDA analysis showed that topographic conditions explained vegetation variation better than
soil conditions for both species, but that changes in soil moisture along the elevation gradient at the
end of the dry season strongly affected vegetation restoration. Our study provides important scientific
support for planning ecological restoration in our study area.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/12/
4774/s1, Figure S1: Distribution of temperatures and precipitation for Yongsheng County meteorological station.
Variable names: Jan, January; Feb, February; Mar, March; Apr, April; Jun, June; Jul, July; Aug, August; Sep,
September; Oct, October; Nov, November; Dec, December, Table S1: Topography conditions and soil nutrient
elements of quadrats in study area, Table S2: Correlation analysis (Pearson’s r) for the relationships among the
vegetation and environmental factors for Dodonaea viscosa and Pinus yunnanensis. Significance: *, P < 0.05; **, P <
0.01. Bio: Biomass; Den: density; Bra: branches; Cro: crown; Hei: height; Cov: coverage; Asp: aspect slope; Slo:
slope; Ele: elevation; DBH: diameter at breast height; DQR: distance from quadrates to river; TWI: topographic
wetness index; SM: soil moisture; OM: organic matter; TN: total nitrogen; TK: total potassium; AN: hydrolyzed
nitrogen; AP: available phosphorus; SF: soil fertility.
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Abstract: The efficiency of the environmental management of a territory largely depends on previous
surveys and systematic studies on the main elements and conditions of the physical environment. We
applied remote sensing and digital image processing techniques (Principal Component Analysis and
supervised classification) to Landsat imagery for analyzing the spatiotemporal land cover changes
occurred in the Rio Canoas State Park in Brazil and its surrounding area from 1990 to 2016. Reforested
areas around the park with exotic species is a part of the region’s economy and a number of industries
depend on it for raw materials. However, it is a matter of concern to avoid contamination with
such invasive species, due to the proximity of the Park. From 1990 to 2004, more than 95% of the
study area was unchanged and showed minimal distinction in land cover over the 14 years. This
was mainly due to the continuous presence of agricultural monocultures around the Park without
significant increases (only 3.1% of land cover change during this period). Regarding the interior of
the Rio Canoas State Park, from 1990 to 2004, there was no increase in the area of exposed soil. The
analysis of the surrounding areas of the park from 2004 to 2016 showed that 5663.78 ha (12.2% of the
area) of the land cover has been changed, in most areas, due to reforestation by Pinus sp. Notable
changes occurred within the park (established in 2004) between 2004 and 2016—there was a partial
regeneration of natural species diversity, a small number of invasive species (Pinus sp.) and removal
of agricultural activities within the park, which contributed a 6.6% (75.45 ha) change in its land
cover. We verified that 92.51% (1048.40 ha) of the areas inside the park were unchanged. The results
demonstrated that actions were conducted to preserve the natural vegetation cover within the park
and to reduce the impacts of anthropogenic activities, including the invasion of exotic species from
the surrounding reforested areas into the natural habitat of the park. Given this, our study can aid
the environmental management of the Park and its surrounding areas, enabling the monitoring of
environmental legislation, the creation of a management plan, and can guide new action plans for the
present study area and can be applied to other similar regions.

Keywords: Brazilian Atlantic Forest; ecosystem conservation; Principal Component Analysis;
Rio Canoas State Park

1. Introduction

Construction of large hydroelectric dams can induce major habitat loss and degradation in the
surrounding areas [1,2]. However, deactivated hydropower landscapes have been used worldwide
as an area for tourism development, as well as natural conservation units to compensate the lost
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ecosystems during the construction of hydroelectric reservoirs since the late 19th century [3]. In recent
decades, numerous hydropower landscapes around the world became sites for ecosystem conservation,
tourism and are defined as protected areas (PAs). Examples for such models for ecosystem conservation
can be found in Brazil [4], Canada [5], Costa Rica [6], and many more.

Brazil has the largest PA system in the world (approximately 220 million ha), even though there has
been a reduction in the area of PAs since the late 2000s [7]. The Federal Constitution of Brazil expresses
in its article 225 the legal and constitutional duty of transmitting the environmental patrimony in the
best of conditions to the future and current generations. Likewise, Law 12,651/2012—the Brazilian
Forest Code, in its article 1º-A, item I, confirms Brazil’s sovereign compromise with the preservation
of its forests and other forms of native vegetation, as well as biodiversity, soil, water resources,
and integrity of the climatic system. Based on this fact, it is only with preservation practices and
environmental control that we will reach a balance, aiming at the reduction of the direct or indirect
degradations caused by anthropogenic activities.

The efficient environmental management of a territory largely depends on previous surveys and
systematic studies on the main elements and physical conditions. The inappropriate occupation of
space and improper use of natural resources can lead to pressure on environmental systems. Among
so many laws that guide and foster the environment, we can highlight Law 9985/2000 which institutes
the National System of Nature Conservation Units (SNUC). This law establishes the criteria and norms
for the creation, implementation, and management of conservation units. From this, we infer that
the conservation units (CUs) and their buffer zone are an essential instrument for the protection of
biodiversity, natural processes, and environments involved.

Remote sensing, spaceborne data in particular, has been widely used for the dynamic monitoring
of land use changes, biodiversity evolution, management of water resources, and the changes on
the earth surface in general [8]. Various algorithms for processing remotely sensed data remove the
barriers of the human visual system, facilitating effective interpretation of information contained in
satellite imagery [9]. In this study, we used satellite data for detecting the land cover changes occurred
in a state park located in southern Brazil and its surrounding areas within a 10 km buffer for the period
between 1990 and 2016. This study period will allow us to compare the land cover changes occurred
before and after the establishment of the park for natural preservation beside a hydroelectric dam
in the region. The study area provides an excellent opportunity to understand how the ecosystem
loss associated with dam construction can be compensated after the functioning or deactivation of
the power plant. We mapped the regeneration of the natural species inside the park and how the
establishment of the conservation area reduced the contamination of exotic species into the park while
the surrounding areas of the park were cultivated with Pinus sp. for industrial raw materials.

2. Characterization of the Study Area

The study site is the Rio Canoas State Park and its surrounding areas, located in the municipality
of Campos Novos, in the state Brazilian of Santa Catarina (Figure 1). The Rio Canoas State Park (RCSP)
has an area of 1133 hectares and is situated within the Brazilian Atlantic Forest Limit. Its surrounding
area, within a buffer zone of 10 km around the park, was also analyzed and encompasses a small
portion of the municipalities of Abdon Batista, Anita Garibaldi, and Celso Ramos. The area of the
RCSP was acquired by the company Campos Novos Energia S.A–ENERCAN and donated to the state
of Santa Catarina to serve as compensation for the environmental loss during the construction of the
Campos Novos Hydroelectric Power Plant and the dam.
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Figure 1. (a) Location of the study area in Brazil; (b) Location of Rio Canoas State Park (RCSP) within
the Brazilian Atlantic Forest Limit.

The study area is characterized by flood basalt, presenting effusive acid rocks on the superior
portion and a range of igneous and metamorphic rocks, and the sediments were recently found on the
coast [10]. The RCSP is located at the Araucaria Plateau, in the center-west portion of the state. The
geomorphology of the study area is, in general, situated on the Geomorphological Unit Rio Iguaçu/Rio
Uruguai, characterized by the intense dissection of the plateau along with the main drainage, the
Rio Canoas, with large slopes between valleys.

According to the data obtained from the City Hall of Campos Novos, the municipality is known
as the breadbasket of Santa Catarina state, with an economy based on the agriculture and is also
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considered the largest producer of cereals in the state, with the prominent production of corn, soybean,
wheat, and beans. The region also focuses on industries, such as cellulose and paper, metallurgy,
furniture, and hydropower, which supplies 25% of the state´s consumption. It is worth noting that the
raw materials (wood) for the paper and cellulose industries are provided by the pine forests in the
surrounding areas of the park. The economy of nearby municipalities (Abdon Batista, Anita Garibaldi,
and Celso Ramos) is also based on agriculture, especially corn, bean, soybean, and tobacco crops, and
livestock. In Censo Ramos, the cultivation of sugarcane prevails.

According to the phytogeographic data provided by FATMA [11], the original vegetation of this
region was represented, primarily, by a Mixed Ombrophilous Forest characterized by the expressive
density and physiognomic uniformity of Araucaria angustifolia (Brazilian pine), with a sub-grove formed
by an expressive number of three species belonging to the Lauraceae family.

3. Datasets

To perform this research, we used satellite imagery, rainfall data and complementary information
on the economic and physical characterization of the study area as described below.

3.1. Satellite Data

The list of satellite data is constituted of:

• Three Landsat 8 OLI (Operational Land Imager) images with a 30 m spatial resolution (bands 4,
5, and 6) and band 8 (panchromatic) with spatial resolution of 15 m. Images where acquired on
16 April 2016, 23 September 2016, 9 October 2016 and are available at no cost from the United
States Geological Survey (http://www.earthexplorer.usgs.gov).

• Four Landsat 5 TM images with 30 m resolution (bands 3, 4, and 5) and were acquired on 14 July
1990, 16 September 1990, 6 January 1997, 30 March 2004 and 8 October 2004, respectively.

• Global Land Survey (GLS) image of Landsat 5 TM for georeferencing the orbital images of the
study area (Source: http://www.dgi.inpe.br/CDSR/).

• WorldView-2 satellite images acquired in 2010, which has a spatial resolution of 0.5 m, provided
by FATMA (Fundação do Meio Ambiente do Estado de Santa Catarina) and ENERCAN.

3.2. Rainfall Data

The rainfall data near the Campos Novos Hydroelectric Power Plant were acquired from the
Hydrological Information System—Hidroweb of the Waters National Agency (http://www.snirh.gov.br/
hidroweb/). We used the average of rainfall from 1961 to 1990, historical series of 30 years with monthly
information according to the National Meteorology Institute (Instituto Nacional de Meteorologia—INMET).
Furthermore, we used the total monthly rainfall data obtained from the INMET for the years 1990,
2004 and 2016.

3.3. Complementary Data

In addition to the information mentioned above, we used hydrographic networks of the study
area, highway networks, environmental conservation plan in and surrounding area of the dam, the Rio
Canoas State Park management plan and information on the agricultural calendar of the main crops
cultivated in the state of Santa Catarina, which is provided by the Socioeconomy and Agricultural
Planning Center of the State of Santa Catarina (Empresa de Pesquisa Agropecuária e Extensão Rural de
Santa Catarina–EPAGRI).

3.4. Image Processing System

We used SPRING (Sistema de Processamento de Informações Georreferenciadas), an open software
package, for processing the images and structuring the databank. We also used ArcGis 10.2 for
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generating thematic maps and the Microsoft Office Excel 2007 for organizing the graphs and tables,
and GarminTM GPS (Global Positioning System) to collect the field data.

4. Methodology

The methodology adopted to develop this research encompasses various steps as described in the
flowchart shown in Figure 2.

Figure 2. Flowchart of the procedures followed in this study (TM—Thematic Mapper, OLI—Operational
Land Imager).

4.1. Image Co-Registration

Image co-registration has been conducted for Landsat TM and OLI data for eliminating the
errors that may occur in the satellite data, due to image rotation, skew and scale. In this case, we
proceeded to correct the images, since the study constituted of multitemporal dynamics, in which the
images were compared and required to be perfectly coincident in space. Image co-registration is the
adjustment of the coordinate system (pixel/lines) of one image to be equivalent to the other image of
the same region [9,12]. In this work, we applied pixel resampling method using the nearest neighbor
interpolation obtaining the GLS image from the National Institute of Space Research (INPE—Instituto
Nacional de Pesquisas Espaciais) for choosing the control points. The image co-registration was conducted
using SPRING software, in which the first phase was characterized by modifying the extension of
the Landsat scenes (path/row: 221/79) for all the years studied with an average of 15 control points,
accepting an error of less than one pixel, with a maximum value of 0.55.

4.2. Principal Component Analysis

After the co-registration of images, Principal Component Analysis (PCA) has been conducted with
the objective of detecting the land use/land cover (LULC) changes that occurred within the 10 km buffer
area surrounding the RCSP. This analysis will allow us to conclude, first, concerning the impact of
the construction of the power plant and, second, whether the environmental compensation regarding
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the Park area was indeed incentivized and implemented properly. Another fact worth mentioning
is the inclusion of the buffer zone to analyze is there were any changes in the area surrounding the
park for this study to provide subsidy and aid in the future proposal of outlining the buffer zone,
given that, until now, it is not present in the management plan or posterior projects. The study of the
multitemporal dynamics in 1990, 2004, and 2016 were aided by the Principal Component Analysis to
compare the changes before and after the formation of the Campos Novos Hydroelectric Power Plant.

The PCA is a digital image processing technique that uses statistical parameters is considered as
efficient in detecting changes in the landscape. In general, the calculation of the principal components
of a set of data is conducted by obtaining the eigenvalues and eigenvectors using the correlation matrix
or the variance-covariance matrix between the variables of the set [13]. PCA reduces the dimensionality
of satellite data that leads to improved data visualization and manageability of data analysis [14,15]
and is recognized as one of the best methods for mapping and monitoring interannual and interdecadal
vegetation anomalies [16]. The application of PCA, however, depends on the objective of the researcher
who can analyze each component according to the work schedule. According to Duarte et al. [17],
to identify LULC changes, comparing the differences in the information contained in two or more
satellite images is necessary. This identification (of LULC changes) is possible by the application of
PCA, which also has the function of determining the extension of the correlation of the image bands
and removes them, reducing the dimension of the data and excluding the redundant information that
is of no interest (to the user).

Vegetation mapping using automatic methods, such as band rations or vegetation indices are
relatively straight forward. However, these methods are not always suitable for differentiating exactly
where the changes occurred, but good for what types of changes occurred (native and reforested areas
in this case) and PCA has the advantage of mitigating this limitation to some extent by reducing the
data dimensionality [14]. Furthermore, the actual nature of changes occurred has been identified by a
field visit in this study. It has been observed in a previous study that the overall accuracy and kappa
coefficient in vegetation mapping increase when PCA has used along with the main bands of satellite
data [18].

The first Principal Component is comprised of the information that is common to all original
bands (PC1), the second (PC2) contains the most significant spectral feature of the set. The higher the
order of the PCs are, the less significant the spectral features will be. The last principal component
has only the information that remained from the set or the noise. We analyzed the correlations of the
bands related to the red wavelength (TM3) of the Landsat 5 (1990 and 2004) along with near-infrared
(TM4) of the year 2004, generating a new set of images denominated principal components, in a total
of three PCs. The use of only three bands is justified by presenting the number of iterations and scenes
distinct from when processed by the PCA, resulting in the information of change detection during the
period, as confirmed by Lopes [19]. Furthermore, it has been affirmed that the inclusion of the first
three PCs corresponds to more than 99.5% of the total variance of satellite data [20].

The same procedure was conducted with the same band combination for comparing the period
between 2004 and 2016 after the construction of the RCSP in 2004. The false-color composite image used
is comprised of the 2nd (G) and 3rd (R) principal component and the band related to the shortwave
infrared (B5) of the original image referent to the most recent year. After applying the PCA, we
proceeded to the supervised classification per region based on the Bhattacharyya distance (B). The
Bhattacharyya distance can be used as a class separability measure for feature selection [21]. For two
normally distributed classes, the Bhattacharyya distance (b) between two classes is defined as:
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where, μi and Σi are the mean vector and covariance matrix of class i, respectively. This algorithm is
inbuilt in the SPRING software for image processing.
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4.3. Supervised Classification

To proceed with the supervised classification, it is necessary that the user has previous knowledge
of the study area. This classification requires the field observation of specific locations shown in the
image, from which one can obtain ground-truth data [9,22]. The supervised classification is based on
the statistical functions that analyze and compare the characteristics of the spectral reflectance of the
pixels associated with a standard class defined by the user. Generally, we calculate the average values,
and standard deviations of the defined classes and these values serve as criteria to group the pixels
that fulfill the limits close to a specific class [8]. According to Novo [23], the classification process can
be distinguished regarding the unit to be grouped. In this work, we used the region-growth algorithm
from which we extract homogeneous regions according to the limits tested and established and from
the group of contiguous pixels grouped.

The limit of similarity and area used were equal for all images (30). Despite the images being
different and from different years, these limits were the most adequate for the identification of LULC.
It is worth mentioning that the similarity limit demonstrates the smallest difference accepted between
the average value of two pixels (or a set of pixels) and is considered the maximum distance between
the spectral centers of two regions. The area limit represents the minimum size of the segment the user
wishes to analyze.

In the supervised classification stage, we identified the areas with changes and no changes
occurred comparing data acquired between 1990 and 2004, 2004 and 2016, and from 1997 to 2016.
Using the false-color composite images from principal components, we observed the areas in which
change occurred and those that remained with the same characteristics over the years using the
multitemporal Landsat data. We determined the existence of cultivation and reforestation areas with
the economic survey and fieldwork studies. However, when analyzing the images, we verified the
presence of exposed soil in some regions, with well-formed texture and form. Based on the experience
of the user knowledge of the area, allied to the analysis of images from different dates, we perceived
that most regions were undergoing an exchange in monocrops or a shallow cutting of exotic species
for replanting.

Furthermore, when analyzed the areas in which change occurred or not, we observed an intense
increase of the bed of Rio Canoas, due to the creation of the Campos Novos Hydroelectric Power Plant
managed by ENERCAN. The power plant is in operation since 2006 and provided approximately 1

4 of
the total energy consumption for the state of Santa Catarina. Therefore, we conducted a supervised
classification of the areas in which change occurred on the riverbed before and after the creation of the
power plant using a historical raifall data series encompassing 30 years in the Campos Novos station
and the monthly total rainfall data for 2016 and 2004 to remove the influence of rainfall on the increase
of the riverbed and analyze these differences.

4.4. Fieldwork

The fieldwork was conducted in two stages: From 26 November 2015 to 30 November 2015 and
from 3 February 2017 to 4 February 2017 within the RCSP and its surrounding area aiming at a future
elaboration of a proposal for buffer zones. The sampling points were selected using the Random Points
tool of ArcGis® 10.2 and posteriorly guided according to the need for validating the multitemporal
dynamics to identify the land cover at the locations presenting or not changes, as demonstrated on the
map elaborated using the PCA. A total of 107 points were analyzed. The tools used in this work are
Garmin® Etrex30 GPS, a digital camera (Sony Cyber Shot DSC H300), a clipboard for notes, and maps
elaborated for the study area. To identify the areas with the need for change detection in the RCSP,
we elaborated a spreadsheet with the features acquired from Landsat OLI images and compared the
information with the photographs acquired at the location.
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5. Results and Discussion

5.1. Principal Component Analysis

The Principal Component Analysis reduced the redundancy of the information between the
spectral bands, which presented very similar behavior. The number of principal components is equal to
the number of bands in which each component is associated with a variance of the digital levels, with
the first component presenting the highest variance, successively decreasing the values [17,24]. Thus,
the application of this technique, manipulated with multiple band association tests, can demonstrate
the areas of use dynamic and land cover from 1990 to 2004 and 2004 to 2016.

Similar to the observations made by Ding et al. [20], the first three PCs of each year corresponds to
more than 99.5% of the total covariance. For example, for the Landsat TM image in 2004, PC1 presented
68.6% of the total covariance of the set and PC2 and PC3 presented 20.5% and 10.7%, respectively
(total 99.9%). Based on this information, we perceived that the second and third components are
not correlated. This analysis associated with RGB combination tests between the bands allowed the
identification of the changes that occurred in 1990 and 2004.

After the parameter analysis, we proceeded to study the combination of the principal components
and the bands on the RGB composition. The composition that demonstrated the areas in which changes
occurred or not was the second component regarding the green channel (G), the third component
regarding the red channel (R), and band 5 (intermediate infrared–L5–2004) regarding the blue channel
(B), as demonstrated in Figure 3a. This composition of bands best met the objectives after numerous
tests for detecting changes in the reforestation areas from 1990 to 2004 and from 2004 to 2016.

Figure 3. Cont.
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Figure 3. (a) False-colored composites using 2nd and 3rd Principal Components and Band 5 of the
Landsat TM (2004); (b) Change detection in the reforested areas (2004 to 2016).

From Figure 3a, we can analyze that, the areas in dark green as LULC that had already existed in
1990 and continued in 2004. The areas colored in light and dark orange demonstrated the changes that
occurred in the last 14 years. The areas in dark blue are the regions that existed in 1990 and showed
changes in 2004. This combination indicated very effectively the respective changes/no-changes, as
shown in Figure 3b, which established the comparison between the images acquired in 2004 and 2016.

It is worth mentioning that the result of the PCA highlighted the information measured and the
changes that occurred between years (of image acquisition). However, if in an image of a specific
date the soil was exposed, and, in another, the areas were cultivated, the color composition image will
consequently present an area of land use and cover change. At this moment, the analyst must add the
ground-truth data from the study area obtained during the fieldwork, images from other dates, which
corroborated with the identification of areas with temporary crops and reforestation areas distinct from
those used for the classification.

5.2. Supervised Classification

The supervised classification technique was used to elaborate on the LULC change detection map
of the RCSP and its surrounding area. In this work, we applied the supervised classification based on
the Bhattacharyya distance measurement. This classification divided the homogeneous regions of the
images according to the area and similarity limits indicated. As Figure 4a shows, we used an area and
similarity limit equal to 30 for both images originated from PCA.
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Figure 4. (a) Segmentation of the homogeneous areas of the images (limit of the area and similarity
equal to 30) (b) Exemplification of crops in less than two months. Difference between the exposed soil
and crop exchange.

The training samples were indicated after a previous study of the area and its LULC using the
high-resolution image (WorldView-2) provided by ENERCAN, images from different dates to obtain a
better measure, linear contrast and segmentation techniques, and fieldwork. Moreover, to aid in the
classification of the areas that presented changes, but that, for their texture and well-defined form, were
similar to temporary crops, we abandoned the use of the agricultural calendar from the Socioeconomic
and Agricultural Planning Center (CEPA) from EPAGRI.
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The data from the agricultural calendar are presented by micro-regions, encompassing the
municipalities in the areas surrounding the Rio Canoas State Park. The study area presented higher
representativeness of corn, soybean, tobacco, bean, and wheat crops. According to CEPA, in 2016,
75% of the corn crops and 95% of tobacco were planted in October, while the 85% of the soybean was
planted between November and December, and 60% of the bean crop, in December. The winter crops,
such as wheat, were planted in June, July, and August. This information associated with the orbital
images from different dates was essential concerning the supervised classification because, depending
on the date of the image, the cultivation areas could present exposed soil, indicating the times of
production rest, areas improper for cultivation or the moment between crops.

Therefore, with the objective of more accurately classifying the agricultural areas and exposed
soil, we used the images from different dates to befit the times of production for most crops in the
region. We discriminated five categories established on the theme caption, change and no-change,
monocrops, water bodies, and changes in water bodies. The monocrop class encompasses the areas
with agriculture crops, reforestation, and pasture, since they often present a similar spectral behavior
and distinction, not as an object of this work, but presenting or not changes in the land cover. The
training and test samples were acquired in an average of 100 for the classification of the false-color
composites of the principal components associated with the original band of the intermediate infrared.
The PCA allowed the identification of changes and no-changes in the same image, also reducing the
classification time of the area, and highlighting the distinct theme classes. After classifying the images,
we conducted the post-classification procedures and matrix edition of the classes presented as changed
areas with exposed soil, but that, according to many studies and analyses, we concluded that these
areas were recently harvested or planted agriculture areas with no plant growth, as shown in Figure 4b.

After the classification of the image, validation has been performed visually and mathematically
using the control points collected during the two field trips. More than 100 random points distributed
in the image were analyzed using ground truth data from the study area with the aid of GPS. When
considering all land cover classes defined, the overall accuracy index was 0.93 and the Kappa index
was 0.88. This value of Kappa is associated with the quality of the classification is considered as good
according to Landis and Koch [25].

5.2.1. Change Detection within the Rio Canoas State Park

The Rio Canoas State Park is a conservation unit of a mixed ombrophilous forest or araucaria
forest with approximately 1200 hectares. Because of this, previous to 2004, the RCSP had not yet been
created and, consequently, preservation was not required. The term Conservation Unit (CU) is defined
by the MMA [26] as the territorial space and its environmental resources, including the jurisdictional
waters, with relevant natural characteristics, legally instituted by the Public Power enterprise, with
objectives of conservation and defined limits, under special administration regime, to which adequate
protection guarantees are applied.

According to the Law nº 9985 of 18th July 2000, the conservation units integrating the National
Nature Conservation Units System are divided into two groups with specific characteristics: The
integral protection units and the sustainable use units. The objective of the integral protection units is
to preserve nature and admits only the indirect use of its natural resources, except in certain legal cases.
The general objective of the sustainable use units is to harmonize environmental conservation with the
sustainable use of a portion of its natural resources.

Among the integral protection groups, the units considered are the Ecological Station, Biological
Reserve, National Park, Natural Monument, and Wild Life Refuge. The National Park, the object
of this work, has a specific objective of the preservation of natural ecosystems of high ecological
relevance and scenic beauty, allowing the performance of scientific researches and development of
environmental education activities, recreation in contact with nature, and ecological tourism. Based on
this, we classified the images resultant from the PCA, comparing the periods between 1990 and 2004
and between 2004 and 2016, as presented in Figure 5a,b.
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Figure 5. (a) Change detection map for Rio Canoas State Park (1990–2004); (b) Change detection map
for Rio Canoas State Park (2004–2016).

Before the creation of the RCSP up until a few months after the Decree was approved, we verified
that there were crops and plantations of exotic species within the park in areas significant to the
conservation unit. However, with the consolidation of the park and over time, its interior was modified.

In Figure 4b, we observed the presence of monocrop class which encompasses areas of agricultural
and silvicultural activities, such as soybean, corn, tobacco, and exotic species of the Pinus and
Eucalyptus genre. In the change detection map referent to the comparison from 1990 to 2004, we
verified that the areas with cultivations within the RCSP remained from 1990 until the date in which
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the image from 2004 (10 August 2004) was taken. These areas presented changes when comparing the
images using the PCA. However, by studying other images, we verified that the area was undergoing
crop exchange. Associated to this, the class measures from the SPRING software showed that 89.56%
(1014.94 ha) were unchanged areas and 10.44% (118.32 ha) were areas with monocrops. Thus, we
verified that, during the period from 1990 to 2004, there were no increments to the area of exposed soil,
but changes of agricultural and forestry crops. Figure 5a shows an obvious distinction between the
years of 2004 and 2016. We observed that 92.51% (1048.40 ha) are unchanged areas, 6.6% (75.45 ha)
demonstrated changes, and 0.7% (7.92 ha) is the riverbed that entered the Park with the creation of the
Campos Novos Hydroelectric Power Plant.

The multitemporal dynamic of the land cover of 2004 and 2016, aided with the fieldwork, images
from other dates, and the experience of the managers of the conservation unit indicated that, over the
years, the Park aimed for changing most monocrops in significant areas to regenerate other forestry
species, which ratifies the objective of the conservation unit. As demonstrated in Figure 5b, we verified
that two of the areas which the image-product classification of the PCA indicated as changed areas
were real. These were areas previously occupied by Pinus species and removed to regenerate species
native of the region.

5.2.2. Change Detection in the Surrounding Areas of RCSP

We analyzed the 10 km buffer area surrounding the RCSP to verify the vegetation coverage in the
area after the formation of the Campos Novos Hydroelectric Power Plant. This verification allowed
us to raise conclusion, first, on the impact the construction of the power plant and, second, if the
environmental compensation regarding the PAs of the Park has been implemented correctly. Another
fact concerns the inclusion of a Buffer Zone to analyze whether many changes occurred in the area
surrounding the Park for this study to provide a subsidy and aid in the posterior proposal of a Buffer
Zone, since it briefly mentioned in the management plan. According to the data presented in Table 1
and the same steps are taken to detect changes within the Park, the areas presenting the most changes
in land cover were those of the images taken in 2004 and 2016.

Table 1. Classification table for change detection for the area surrounding the RCSP.

Changes from 1990 to 2004

Classes Area (ha) Area (%)

Change 1436.56 3.10%
No-change 18,477.92 39.81

Monocrops No-change 25,738.98 55.46%
Rio Canoas 760.34 1.64%

Total 46,413.8 ha 100%

Changes from 2004 to 2016

Classes Area (ha) Area (%)

Change 5663.78 12.20%
No-change 21,862.20 47.10%

Monocrops No-change 16,151.54 34.80%
Rio Canoas 796.04 1.72%

Increase of the Rio Canoas 1939.86 4.18%
Total 46,413.8 ha 100%

2016–Global Accuracy: 0.93
2016–Kappa: 0.88

During the period from 2004 to 2016, the land cover changes in 5663. 78 ha (12.20% of the area),
mostly by reforestation of Pinus species (Figure 6b). The surrounding area of the park is characterized
by cellulose and paper industries, such as Iguaçu Celulose S.A, and wood industries. The reforestation
areas of exotic species surrounding the RCSP is old and a part of the region´s economy (Figure 6c,d).
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However, this is a concerning subject for avoiding contamination with invasive species, due to the
proximity to the park.

Figure 6. Cont.
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Figure 6. (a) Change detection map for the period from 1990 to 2004; (b) Change detection map for the
period from 2004 to 2016; (c) Worldview-2 image acquired in 2010 showing the areas of regenerated
vegetation (Courtesy: ENERCAN); (d) Photograph of native species Araucaria angustifolia with the
plantations of Pinus eliotti; (e) Photograph of various native species and Pinus eliotti.
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In 1990 and 2004, the areas that remained unchanged were of approximately 95% of the study area
and presented no changes in land cover during the 14 years (Figure 6a). This occurs mainly due to the
continuous presence of agricultural monocrops in both summer and winter, with no great increments.
Regarding the 12 years from 2004 to 2016, the changes were more recurrent. This occurs mostly due to
the shallow cutting of the Pinus plantation areas, which differ from the crops, such as soybean, tobacco,
and corn, and changes the entire landscape. The cutting of the exotic reforestation species take years
and is performed in rotations that ranges from 5 to 8 years using shallow or partial cuts. Therefore, in
these cases, there is change and, contrary to the soybean crops, for example, which can be replanted as
soon as the wheat is harvested and germinates days later, the plantation of new seedlings takes time.

5.2.3. Change Detection in the Bed of the Rio Canoas

The Campos Novos Hydroelectric Power Plant was implanted on the Rio Canoas, approximately
20 km upstream of its confluence with Rio Pelotas at the border of the municipalities of Campos Novos
and Celso Ramos, according to the data provided by ENERCAN [27]. According to ENERCAN, before
finishing the construction at the margins of the Rio Canoas, the dam would be formed by the flooding
of the peripheral areas to the Rio Canoas, characterizing a substantial extension of flooded land.

The PCA has demonstrated the transformations as pursuant to the study of the RCSP associated
with the change detection. Because the data on the flooding of the marginal areas provided by the
ENERCAN Company were provided before concluding the construction in 2004, we proceeded with
the analyses of the area. Therefore, the data were classified in two images with specific dates and
related to the rainfall data, derived from Landsat TM (acquired on 14 July 1990) and Landsat OLI
(acquired on 16 April 2016).

To obtain a better accuracy of the image classification, we acquired the rainfall data from the
Hydrological Information System—Hidroweb of the National Waters Agency (Figure 7). We used the
average rainfall from 1961 to 1990, historical series of 30 years, with monthly information according
to the National Meteorology Institute (INMET). To classify the images, they were selected according
to the dates in which there was monthly accumulated rainfall nearly the same as the average for the
30 years analyzed to exclude the influences of rain in the demarcation of the riverbed before and after
flooding the area.

As presented in Figure 7, the areas in light pink identify the dates with rainfall accumulations that
could influence the increase of the riverbed. We used the images according to the availability and the
value nearest to the average of rain accumulated in 30 years. The image acquired on 6 January 1997
demonstrates that the amount of rain accumulated was within the average and, therefore, there were
not many influences of rain. Regarding the image acquired on 16 April 2016, when considering rainfall
data in October, we verified a significant increase of accumulated rainfall, but we disregarded the daily
averages of accumulated rainfall for October of 2016. With this detailed information from INMET, we
verified that, until the 16th of October, the rainfall accumulation was of 78 mm, also having little effect
in the area. According to the generated map (Figure 8), an area of 6.48 km2 has been indicated as an
approximate measure of the riverbed on 6 January 1997 and of 30.15 km2 on 16 April 2016 with the
creation of the Campos Novos Hydroelectric Power Plant. The objective of the study was to analyze
the size of the area surrounding the RCSP that was flooded, due to the high difference made explicit in
the change detection using the PCA technique.
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Figure 7. Rainfall accumulated at the time of satellite data acquisition compared to the average of
30 years.
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Figure 8. Map of the Rio Canoas in 1997 before the implementation of the Hydroelectric Plant of
Rio Canoas, and in 2016.

6. Conclusions

The Rio Canoas State Park is the largest remaining portion of the Mixed Ombrophilous Forest
(Araucaria Forest) surrounding the Campos Novos Hydroelectric Power Plant dam, in the southern
region of Brazil. The forest ecosystem belongs to the Atlantic Forest Domain of South America, which
is under the threat of extinction in the Santa Catarina state of Brazil.

Based on the work conducted, we conclude that the Principal Component Analysis associated with
specific bands after conducting a field study is effective in detecting LULC changes when comparing
two or more dates, particularly in understanding exactly where the changes occurred rather than what
changes occurred.

The analysis conducted in the area surrounding the Rio Canoas State Park, which is established
in 2004, for the period between 1990 and 2004 demonstrated that more than 95% of the park and
the surrounding areas remained intact. The area, where the park is situated had no land cover
change during this period and 3.1% of the surrounding areas showed changes, due to agriculture
and silviculture practices. This change was minimal due to the continuous presence of agricultural
monocrops in both summer and winter in the area surrounding the Park.

For the period between 2004 and 2016, it is observed that about 5663.78 ha (12.20% of the area)
of the land cover surrounding the park changed, due to the reforestation of Pinus species. Within
the park, we verified that 92.51% (1048.40 ha) are no-change areas, 6.6% (75.45 ha) presented changes
(this includes regeneration of native species, land cover changes, due to the abandoning of agriculture
within the park and invasive species), and the rest (0.89%) is the riverbed that entered the Park after
the creation of the Campos Novos Hydroelectric Power Plant. This data indicates actions regarding
the preservation of the vegetation cover within the Park to reduce the impacts of anthropic activities.
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The areas surrounding the Park are characterized by cellulose, paper and wood industries. The
reforestation areas with exotic species (e.g., Pinus elliottii, P. taeda) surrounding the Park are old and a
part of the region´s economy. From an ecological point of view, it is important to avoid contamination
of natural forest in the protected areas by such invasive species (Pinus sp. in particular), due to the
proximity to the Park.

Furthermore, we demonstrated an increase in the Rio Canoas bed with the implementation of
the Campos Novos Power Plant and concluded that there was an increase of 23.67 km2 in 2016 when
compared to 1997. This area advanced the initial limits of the Rio Canoas State Park, changed the
landscape, caused the translocation of people, and flooding of the areas previously covered by ciliary
forests. The results of this study can be used in the environmental management of similar kinds of parks
and surrounding areas, allowing the monitoring of the environmental legislation and management
plan, and guide plans of action.

In a nutshell, it was concluded that after the creation of the Rio Canoas State Park, some
modifications were made to its LULC, such as the clearing of larger areas with Pinus plantations, in
order to facilitate the regeneration of native species and to create projects to control the expansion of
exotic species. The large-scale plantations of exotic species exist prior to the creation of the park and
these areas contribute to the economy of the region. However, it is known that reforestation with these
invasive species, such as Pinus eliotti and P. taeda, depending on how the plantations are conducted,
may lead to the decrease in some of the native species and this may alter the natural diversity of the
ecosystem. After the creation of the park, expansion of exotic species into the park has been reduced,
due to the control measurements taken by the authorities. These factors project the importance of a
time-series monitoring of the forest fragments of mixed ombrophilous forests belonging to the core
zone of the Brazilian Atlantic Forest Biosphere Reserve.
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Abstract: Verbascum dingleri Mattf and Stef. is a Greek endemic plant species belonging to the family
of Scrophulariaceae that only occurs in northeastern Greece, east of the city of Kavala. Knowledge
of species distribution, habitat requirements, reproduction, ecology, and population characteristics
is limited in the literature. In this study, habitat characteristics, population counts, fruit and seed
diversity, and germination were studied for the first time. The results indicate that the species
geographical distribution is very restricted, lying in the Mediterranean floristic zone at a low altitude
(100–200 m asl) and on very shallow soils. The habitat of this species is characterized by the Csa
climate type, with a mean annual precipitation of 602 mm and a mean annual temperature of
14.6 ◦C. The species occurs in the area lying between the geographical coordinates 40◦58′16.59′′ N,
24◦27′54.93 E, and 41◦05′7.2′′ N, 24◦ 47′17.2′′ E. The species thrives in degraded shrub communities,
dominated by the shrub species Paliurus spina-cristi Mill., Olea europea L. ssp. europaea, and Quercus
coccifera L. Only a very small number of individuals were found (less than 200) at a density considered
too small for long-term persistence of the species. The fruits of the species contained a high number
(mean value 58.2) of minute seeds. The seeds exhibited high germination (up to 80.0% in laboratory
and up to 30% in ambient conditions). We conclude that in situ and ex situ species conservation and
habitat restoration are feasible through the introduction of seedlings produced from seeds collected
from local populations.

Keywords: endangered plant; ex situ conservation; plant reintroduction; seed germination;
seedling propagation

1. Introduction

Over the last decades, many plant species have been threatened as a consequence of several
anthropogenic disturbances and climate change that resulted in species habitat loss. Especially, species
with very limited distribution ranges, specific site requirements, and small populations are at high risk
of extinction [1].

Unfavorable site conditions for species self-reproduction and seedling development in natural or
human-disturbed habitats may cause difficulties in species ecological status and future prospects [2–4].
Thus, data on seed ecology and species regeneration requirements are of great importance.

Early phases of plant life such as germination, seedling development, and early growth are very
important stages in plant life cycle and greatly vary in space and time, especially for species of limited
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populations [5,6]. These stages are commonly affected by many endogenous (lethargy or desiccation
tolerance) and exogenous (e.g., site conditions) parameters that greatly threaten species life [7,8].
Successful seed germination and seedling propagation are key factors for ex situ species conservation
and in situ species restoration [9,10].

Verbascum dingleri Mattf and Stef. is a rare Greek plant species that belongs to the family
Scrophulariaceae, with extremely narrow geographical distribution in northern Greece [11–14].
According to the available information, its presence worldwide has been recorded only three times [12]
in two localities, as reported in the Global Biodiversity Information Facility (GBIF) Backbone Taxonomy
Checklist Dataset (https://doi.org/10.15468/39omeiassessed via GBIF.org): one time, near Chrysoupolis
in 1936, in a location with coordinates 40,98 N, 24,70 E, at an altitude of 150 m above sea level, and two
times, in Toxotes, close to the first record (at a distance of 15 km) and at the same elevation, on limestone.
The first species record was described by Mattfeld in 1926 [11]. Very few further records have been
found in the Greek “grey” literature, but these were omitted in the manuscript. The high frequency of
anthropogenic disturbances in the area where the species lives seems to affect the species conservation
status. The target species population was located adjacent to a linear construction project which had
commitments to mitigate biodiversity impacts. The commitments included seed collection for post
construction habitat restoration initiatives.

In this study, the autecology of V. dingleri was investigated to provide a better understanding of
the conservation of this species. The research was focused on determining the species distribution
range and habitat area, community characteristics, population information, and reproduction abilities
for in situ and ex situ conservation. More specifically, the study aimed at:

(i) Determining the environmental drivers forcing species distribution;
(ii) Studying species fruit and seed diversity;
(iii) Investigating seed germination behavior in laboratory (controlled environment) and ambient

conditions (nursery), including the effect of fruit characteristics on seed germination;
(iv) Developing a scientific approach for the species and its habitat conservation by producing

seedlings from seeds in a nursery.

2. Materials and Methods

2.1. Species Description

V. dingleri is [11] a perennial herb species that grows up to approximately 60 cm. The stem is
erect, slender, with parallel lines or grooves. The inferior part of the stem is greyish with stellate hairs,
without glands, and the upper part is smooth and without hairs. The basal leaves (rosette) are lax with
stellate hairs on both sides, denser on the lower side. The shape of the basal leaves is oblong, inversely
ovate, the inferior part pinnate, with a length of approximately 12 cm and a width of 3–5 cm. Basal
leaves with peduncles have a length of about 3 cm and a width of about 0.5 cm. Leaves’ base is flat
above and convex underneath. The wings on either side of the petiole inflorescence with simple or
complex panicles more or less branched, open, erect and slender, 15–30 cm long, racemose. The flowers
with peduncles can be solitary, 5–7 mm long, with a little bract that appears ovate-lanceolate, acute,
without hairs. The calyx is more or less conic, with a length of 3–3.5 mm and a diameter of 2.5 mm,
without hairs. The calyx lobes are linear-lanceolate, acute or sub-obtuse, with a length of 2.8–3 mm and
a width of 0.8–1 mm, and present margins with minutely sparse glands, with obscure three-nerved
and middle-nerve keel. The corolla is yellow, about 1.5–2 cm in diameter, without hairs on both sides;
the corolla tube is about 3 mm long, with rounded inversely ovate lobes. The anthers are reniform,
about 1.5–1.8 mm long, the stamens filament are about 3 mm long and 2.5 mm wide. The filaments are
pale-yellow (sometimes whitish), dry, and dense with clavate apex. The bauds are globose with slender,
dense, stellate greyish hairs. The style apex is flattened-clavate, about 8–9 mm long. The mature
capsule is ovate-globose, about 7 mm long and 5.5 mm in diameter, partly glabrous, the style is
persistent. The seeds are ovate-turbinate, intensively warty and gibbous, about 1–1.2 mm long and
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0.6–0.7 mm wide [11]. Flowering lasts from late May to the end of June, and fruiting from mid-July to
early September.

2.2. Species Distribution

Based on the available information, a survey for species appearance was carried out in 2016 and
2017 in a wide area around the three locations recorded in the GBIF (2018) in northeastern Greece.
The surveys were carried out on foot by two people in the locations mentioned in the GBIF and in nearby
similar areas on the basis of site-related similarities. Special emphasis was given to locations with
topographical and ecological characteristics similar to those of the suggested locations for the species,
such as altitude, slope aspect, topography, geological and edaphic characteristics, vegetation type and
land uses. It should be noted that the reported coordinates of the first species record (in Chrysoupolis)
correspond to a flat, agricultural land, 20 m above sea level. Probably, some correction of the coordinates
is possible taking into consideration the year of the report (1936).

2.3. Estimation of Environmental Drivers Limiting the Species Distribution

In the locations where the species was found, we recorded the geographical coordination by
GPS, the altitude, the topographical characteristics, the slope aspect and inclination, and the soil
depth. For local climate estimation, the meteorological data of the nearest meteorological station of
Kavala were used, which is at a distance of 5 km from the western area of species distribution and
25 km from the eastern limits, at similar altitude, latitude, and distance from the sea. To estimate the
specific soil conditions of the species habitat, a soil sampling was carried out in 2017. Four surface soil
samplings were made from four locations, with three replicate samples per location. The soil properties
were measured (texture, pH—using the 1:5 (weight/volume) method—total nitrogen, phosphorus,
and potassium concentrations) by standard methods for soil analysis [15,16]. In addition, because of
the extensive rock presence on the soil surface, a visual estimation of rock percentage covering the
sampling area was carried out.

2.4. Community Characteristics and Estimation of Possible Biotic Interactions

To gain a good understanding of the vegetation existing in the species habitat, we used the sampling
method of Braun–Blanquet and a specific, modified abundance/dominant scale [17]. Thus, a full record
of phytosociological data was made in five plots, sized 100 m2 [18], in the summers of 2016 and 2018.
Floristic elements where collected in the field, while plant taxa identification was made at species
level in the laboratory. The plant species found were analyzed according to their functional attitudes,
life form, and any possible interactions with V. dingleri.

2.5. Fruit and Seed Collection and Laboratory Analysis

We measured the percentage of individuals bearing fruits among 100 randomly selected individual
plants and measured the number of fruits for 30 individuals. In early July 2016, only the minimum
number of most of the mature fruits was collected (approximately 60–70 fruits from the most productive
plants), since in the case of seeds and fruits belonging to rare and protected species, their collection and
use in experiments should be limited to minimum [19]. The collected fruits were put in sealed plastic
bags, transported to the laboratory (Aristotle University of Thessaloniki) on the same day of collection,
and put in a refrigerator. The size (diameter) of all collected fruits was measured using a digital caliper
with accuracy of 0.1 mm. Then, they were classified in three size classes, according to their diameter:
a large class, with diameter (d) over 3.5 mm, a medium class, with 3.5 mm > d > 3.0 mm, and a small
class, with d < 3.0 mm. Afterwards, the seeds were carefully extracted from the fruits and separated
from the peel, and the amount of seeds per fruit was measured. The seeds of each fruit were then set
separately in small paper bags.

The morphological characteristics of seeds (length, weight, and water content) were determined
in a sampling of 15 seeds of five randomly selected fruits per fruit class (225 seeds in total). The seed
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number per capsule was counted using a stereomicroscope (magnification range 6.7–45×). The floating
method was used for seed purity estimation; only high-quality mature seeds were selected for the
test. Then, the length and the fresh weight of fully developed seeds were measured in each fruit class.
The seed water content was determined following standard laboratory procedures. The seeds were
gravimetrically dried at 72 ± 2 ◦C for 72 h [20], then the final seed water content was calculated on a dry
mass basis (%). All seeds were stored in the refrigerator at 4 ◦C up to the initiation of the germination
examinations (three months later).

2.6. Seed Germination under Controlled and Ambient Environmental Conditions

Before assessments, the seeds were surface-sterilized using 0.85% sodium hypochlorite for 1 min,
after which they were washed with distilled water. Four replicates of 25 seeds for each of the three
fruit classes were placed in glass Petri dishes (9 cm diameter) containing a layer of filter Whatman
paper wetted with distilled water. Parafilm M® was used for wrapping the Petri dishes to restrict
any moisture loss, while distilled water was added as needed to provide seeds with an adequate
moisture level. The Petri dishes were placed in a plant growth chamber at a constant temperature of
20 ◦C. This temperature was selected on the basis of the existing data for other species of the genus
Verbascum [21,22]. The fruit size effect on seed germinability was studied by testing the seeds of four
fruits per fruit class (1st, 2nd, and 3rd). Seed germination was checked every two days; water was
added as needed during the period of the germination test. The criterion for establishing germination
was the emergence of a radicle with length of approximately 2 mm [23]. The experiment was terminated
when no seeds germinated for one week. The cumulative germination percentage was evaluated every
two days, and the final germination after 28 days. The germination percentage was calculated as the
average of four replicates of 25 seeds according to Equation (1), and the mean germination time (MGT)
was calculated according to Equation (2) [24,25].

GP (%) = (number of germinated seeds/total seeds per sample) × 100 (1)

MGT = Σ(t.n)/Σn (2)

where t is the time (days) from the beginning of the test to the end of the assessment, and n is the
number of germinated seeds on day t.

2.7. Seed Germination and Seedling Emergence at Nursery Conditions

Nine fruits were randomly selected (three from each size class), and a random sample of 15 seeds
was taken from each of them (in total, 135 seeds). The seeds were planted in plastic pots (Quick pots of
24 cavities with cell volume of 330 cm3 and depth of 16 cm) in an open-air nursery (research forest
nursery of the Laboratory of Silviculture of Aristotle University of Thessaloniki), under relatively
similar climatic conditions (similar type of climate, same latitude, closed to the sea), in March 2017.
The pots were filled with a common growing medium consisting of peat/perlite in a ratio of 3:1 v/v.
The position of the pots in the nursery was changed periodically. All pots were watered to field capacity.
After one month, the number of fully developed seedlings (shoot with leaves) per fruit was recorded.

2.8. Statistical Analysis

Statistical analysis of the data was performed using the SPSS software (version 23.0, SPSS Inc.,
Chicago, IL, USA). Before the analysis, the percentage values of seed germination and seedling
emergence were arcsine-transformed to cover the normality and homogeneity assumptions.
Seed morphological data as well as the transformed values of seed germination and seedling
emergence were subjected to one-way analysis of variance to detect any differences between fruit
classes. Comparison of the means followed the least significant differences (LSD) criterion (0.05 level
of probability).
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3. Results

3.1. Species Geographical Distribution

All locations where the species was observed lie along south-facing, very rocky slopes, at the cliff
foot of the mountains Symvolo and Rhodope, at low altitudes (100–150 m asl), approximately 3–15 km
from the Aegean Sea, just over the plain (agricultural) area lying between the sea and the mountains.
The area of the species appearance is restricted to this altitudinal zone, suggesting that these specific
ecological conditions favor its thriving. However, the core population of the species was found more
westward with respect to the location indicated in the previous records, at 40◦58′16.59′′ N, 24◦27′54.93′′
E, near the village Chalkero, close to the city of Kavala, approximately 150 km from Thessaloniki
(Figure 1), in areas exposed to several anthropogenic actions, such as grazing production, livestock
raising, agricultural crops cultivation, presence of vehicles, and generally, in degraded habitats.

 

Figure 1. Map showing the location of the species Verbascum dingleri occurrence. Geographical
coordinates: 40◦58′16.59′′ N, 24◦27′54.93′′ E.

The climate of this area belongs to the type Csa according to the Koeppen classification system.
On the basis of the available data of the nearest meteorological station of Kavala city, the mean annual
temperature is 14.6 ◦C, and the mean annual rainfall is 602 mm. The mean monthly temperature
during the coldest month (January) is 4.2 ◦C, and that during the warmest month (August) is 26.0 ◦C,
while the prevailing wind is from the southeast (SE) [26].

From a geological point of view, the study area is part of the Rhodope massif that consists of
metamorphic and plutonic-eruptive rocks. The specific rock types where the species appears are
marbles and limestone. The soils are very shallow (depth range 5–19 cm), with an extremely high rock
presence (80–85% of the total area) (Figure 2a, Table 1). The soil is alkaline, and the pH value was
found to be almost constant (7.8) in all four sampling points, with very slight differences. However,
even though the soil is very shallow, it was found to be relatively rich in organic matter (7.18%),
with adequate total nitrogen content (0.42%), as well as phosphorous and potassium contents (8.55 ppm
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and 336.5 ppm, respectively). Other similar habitats near the species area were investigated during the
species flowering period, but we did not locate any additional populations.

 

 
(a) 

  
(b) 

  
(c) 

Figure 2. Photo of the species V. dingleri: (a) in situ photo near Chalkero village, showing the dominant
site characteristics; (b) fruits of V. dingleri; (c) seeds of V. dingleri (photos from a stereomicroscope).
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Table 1. Soil characteristics of the habitat of V. dingleri.

Soil Sample Depth Cm
Rock

Appearance (%)
Soil

Texture
pH

Organic
Matter (%)

C (%) Total N (%) C/N P ppm K ppm

1 13 85 SL 7.76 6.28 3.64 0.315 11.6 4.08 165
2 18 85 SL 7.83 6.86 3.98 0.356 11.2 9.09 320
3 14 80 SL 7.78 5.93 3.44 0.450 7.70 13.75 602
4 19 85 L 7.84 9.63 5.58 0.559 10.0 7.29 259

Mean ± std error 16 ± 1.47 83.8 ± 1.25 SL 7.80 ± 0.02 7.18 ± 0.84 4.16 ± 0.49 0.42 ± 0.054 10.1 ± 0.88 8.55 ± 2.02 336.5 ± 94.07

The site topography provides a habitat that suffers from hot and dry weather conditions during
the dry summer season. As summer approaches, the sunrays fall almost vertically, causing the soil to
dry and exposing the vegetation to high sunlight. This, in turn, results in high summer evaporation
rates, causing the drying of V. dingleri and other annual plants and eventually their disappearance
during the late summer season.

The spatial data analysis showed that the species niche is determined by the afore-mentioned
specific site characteristics that favor the species survival and thriving. The species distribution is
probably constrained by hard dispersal obstacles or physiological thresholds along environmental
gradients rather than by interactions with other species. Thus, the species appears only in dry, rocky,
south-faced slopes, with medium inclination, on shallow soils and limestone, under the climate type
Csa, and at a short distance from the sea, in the location at 40◦58′16.59′′ N, 24◦27′54.93′′ E.

3.2. Community Characteristics

The vegetation of the area belongs to the Ostryo-Carpinion floristic zone. However, on the
basis of the plot where the plant data analysis was made, V. dingleri occurs in specific degraded
shrub communities, dominated by the woody species Paliurus spina-christi, which is a tree species
with limited diffusion. These communities consist of a loose shrub layer, dominated by the species
P. spina-christi, Olea europea ssp. europaea, and Quercus coccifera, with a canopy cover of approximately
30% and a herb layer consisting of the species Euphorbia dendroides, V. dingleri, Plantago bellardii,
and many species common in open, degraded, grazing areas of the Mediterranean zone, such as Avena
barbata, Allium sphaerocephalon, Capsella bursa-pastoris, and Bromus tectorum (the full record of plant
abundance/dominance [15] is shown in Table 2). All the recorded species are native, and no exotic species
were found. On the basis of the above-mentioned vegetation data, the habitat type where V. dingleri
was found could be classified as that of the eastern Balkan association Euphorbio–Paliuretum or Oleo
sylvestris–Paliuretum spinae christi [27]. Further data are required for a full phytosociological analysis.

Table 2. Full list of flora taxa recorded in the communities where the species V. dingleri was found.
The modified abundance/dominant scale according to the Braun–Blanquet method [17] was used.

Species Family
Dominance

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5

Euphorbia dendroides Euphorbiaceae 2a 2m 2m 2b 2a
Paliurus spina-christi Rhamnaceae 2a 3 2a 2a 2b

Helianthemum sp. Cistaceae + + r +
Avena barbata Poaceae 1 1 + 2m 1

Crupina vulgaris Asteraceae R + +
Allium sphaerocephalon Amaryllidaceae 1 1 + + 1

Planta gobellardii Plantaginaceae 2m + 1 1 2m
V. dingleri Scrophulariaceae 1 + 1 1 1

Asparagus acutifolius Asparagaceae 2m 1 + + 1
Melica ciliata Poaceae 1 + 1 1 1

Capsella bursa-pastoris Brassicaceae + 1 + + +
Oleaeuropea ssp. europaea Oleaceae 2b 2a 2b 2b 2a

Quercus coccifera Fagaceae 2b 2a 2b 2a 2b
Dracunculus vulgaris Araceae R r

Hordeum sp. Poaceae 1 + 1 +
Bromustectorum Poaceae + + + + +

Vulpia sp. Poaceae 1 2m + 1
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3.3. Fruit and Seed Diversity

The fruit of V. dingleri is a capsule with a diameter of 3–4 mm (mean value 3.24± 0.06 mm). The fruits
ripen mature from late July to August and then turn green to brown-yellowish. The capsule is generally
globose to sub-globose in shape (Figure 2b), and usually two-loculed, with each locule containing
approximately half of the fruit’s numerous seeds. The average number of fully developed seeds per
fruit is 58.18 ± 3.37 (n = 64 fruits), ranging from 15 to 114 (Table 3). Few seeds (3.04 ± 0.86 per fruit)
are abnormal (or not fully developed). Statistical analysis revealed significant differences between
the three fruit classes in the number of normal seeds and abnormal (or not fully developed) seeds
per fruit. In addition, a correlation procedure showed that the number of normal seeds per fruit was
significantly positively correlated with the fruit size, i.e., the larger fruit, the higher the number of
normal seeds and the lower the number of abnormal seeds (Tables 3 and 4).

Table 3. Fruit and seed characteristics of V. dingleri per fruit class. The values are means ± standard
error of the mean. Fruit class: Class 1, fruits with diameter (d) > 3.5 mm; Class 2, fruits with 3.5 mm >
d > 3.0 mm; Class 3, fruits with d < 3 mm. Means of the same columns followed by different letters are
significantly different; ns, non-significant differences.

Fruit Traits Seed Traits

Fruit
Class

Mean Fruit
Diameter/mm

Number of
Mature Seeds

Number of
Immature Seeds

Seed
Length/Mm

Seed Fresh
Weight/gr

Seed Dry
Weight/gr

Seed Moisture
Content (%) of

Dry Mass

1st 3.66 ± 0.02a 79.05 ± 4.50a 0.42 ± 0.23c 0.644 ± 0.018 ns 5.0 × 10−4 3.9 × 10−4 22.9
2nd 3.26 ± 0.03b 57.04 ± 3.51b 3.92 ± 1.48b 0.626 ± 0.020 ns 4.8 × 10−4 3.6 × 10−4 27.8
3rd 2.61 ± 0.08c 29.77 ± 3.88c 5.61 ± 1.43a 0.627 ± 0.033 ns 4.6 × 10−4 3.4 × 10−4 29.4

Mean 3.24 ± 0.06 58.18 ± 3.37 3.04 ± 0.86 0.633 ± 0.014 4.8 × 10−4 3.6 × 10−4 26.7

Table 4. Results of the statistical analysis for fruit and seeds of V. dingleri.

Correlations

Fruit
Diameter

Fruit Class
N of Normal

Seeds
N of Abnormal

Seeds
Germination

Final %

Fruit
diameter

Pearson Correlation 1.0 −0.928 ** 0.544 0.0 b −0.364
Sig. (2-tailed) 0.000 0.130 0.335

N 64 64 64 12

Fruit class
Pearson Correlation −0.532 0.0 b 0.105

Sig. (2-tailed) 0.141 . 0.787
N 64 64 12

N of normal
seeds

Pearson Correlation 0.0 b 0.051
Sig. (2-tailed) . 0.896

N 64 12

Note: ** Correlation is significant at the 0.01 level (two-tailed); b cannot be computed because at least one of the
variables is constant.

The seeds are very small (minute), ovoid to polygonal, with surface ripples. Mature seeds are
dark brown in color (Figure 2c), and their average length is 0.633 ± 0.014 mm. Their mean fresh weight
is 4.8 × 10−4 g, which defines them as small seeds. No significant differences were found in seed size
between the three fruit classes. The average moisture content of fresh seeds was 26.7% of dry mass,
and there was a tendency toward slightly higher values in the larger fruit classes. The seed dispersion
of the species is barochory and ornithochory in nature; thus, considering the light seed mass, it is
anticipated that species dispersion occurs to some distance from the mother plants.

3.4. Seed Germination Behavior

The germination percentage of V. dingleri seeds varied across different fruit classed in laboratory
conditions. The best final germination percentage (40%) was observed for smaller seeds belonging to
Class 3 (fruit diameter < 3 mm), (Figure 3 and Table 5). Seeds from Classes 1 and 2 showed a quite
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similar germination pattern, and their final germination percentage was 32% and 26.7%, respectively.
However, the fruit size, more specifically, the fruit diameter, does not affect the seed germination
percentage of the species. The statistical analysis did not reveal any significant differences among
germination percentages. The seeds from all fruit classes started to germinate seven days after sowing,
and the germination progress stopped after six weeks. However, most seeds germinated within a
period of four weeks, a common period for many species. The mean time to complete germination
(MGT) ranged from 17.8 to 24.7 days and was not significantly affected by the fruit class.
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Figure 3. Cumulative germination percentage curves of V. dingleri seeds as a function of time for the
three fruit classes. Number of seeds: four replications of 25 seeds per fruit class.

Table 5. Seed germination behavior per fruit class in laboratory conditions (final germination percent
and mean time to complete germination, MGT) and at nursery (ambient) conditions (percentage of
fully developed seedlings) of V. dingleri.

Seed Germination

In Laboratory Conditions
At the Nursery

(Ambient Conditions)

Fruit Class
Final Germination

(%)
Mean Germination

Time (MGT)
Fully Developed Seedlings (%)

1st 32.0 24.7 22.0
2nd 26.7 18.8 14.5
3rd 40.0 17.8 9.5

Significance ns: p > 0.05 ns: p > 0.05

Mean 32.9 15.3

Approximately 30 days after planting, in the middle of spring (April 2017), in ambient conditions,
V. dingleri germinated seeds produced fully developed seedlings; however, their growth was slow and
very similar for all produced plants (statistical analysis did not reveal significant differences among
fruit classes, p > 0.05) (Table 5). The percentage of fully developed seedlings of V. dingleri ranged from
2% to 30% among the fruits, regardless of the fruit diameter.
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4. Discussion

4.1. Distribution and Habitat of V. dingleri

The results of this study indicate that the geographical distribution of the species V. dingleri lies
in the Mediterranean area, at a low altitude of 100–200 m asl, on, generally, south-faced, very rocky
slopes of highly degraded, overgrazed areas, in low hill sites. The climate of its habitat belongs to
the Csa type, with a mean annual precipitation of 602 mm and a mean annual temperature of 14.6 ◦C.
The species habitat is characterized by very shallow, alkaline soils, rich in organic matter, nitrogen,
phosphorus, and potassium. The area consists of a grazing area, close to villages and century-old
agricultural land. This means that the species habitat is not an isolated area, but the species co-exists
with traditional anthropogenic activities.

From a floristic point of view, the species appears in a specific degraded shrub community where the
dominant floristic elements, such as the species P. spina-christi, O. europea ssp. europaea, and Q. coccifera,
demonstrate the presence of grazing for a long time. A quite rich herb stratum also appears, consisting
of the species Eu. dendroides, V. dingleri, P. bellardii, and many species common in open grazing
areas, such as A. barbata, A. sphaerocephalon, C. bursa-pastoris, and B. tectorum, which indicates species
preference for open grazing, degraded slope areas. According to the inventory data, the species
appears locally in a very limited area. Few individuals were recorded in the two years of this study,
less than the limit of 500 that is currently considered the minimum number (effective population
size) of individuals necessary to secure a species population genetic variability [28,29]. This creates
strong uncertainty for the species future perspectives. Such low-sized populations are extremely
vulnerable to extinction; however, the available data show that the species has persisted in the area for
almost a century (since 1926) and grows between the cities of Kavala and Xanthi, northern Greece,
just above the plate agricultural land at the foothills of the mountains, on low-altitude, rocky slopes
and very shallow soils. Any specific explanation for this very restricted distribution of the species is
still unknown. Probably, this may depend on species regeneration ecology and specific requirements
for its propagation in the field. This species’ restricted occurrence in a single well-defined area within a
small part of the Mediterranean region is a characteristic element of the Mediterranean endemism [30].
Compared with Verbascum pseudonobile, another range-restricted Verbascum species, which, according
to the GBIF, has been recorded in 14 localities in northern Greece, around 41.1◦ N, 23.624.8◦ E, it seems
that V. dingleri is specialized to grow in drier habitats with mild winters, close to the sea (Aegean Sea),
while V. pseudonobile thrives in colder habitats with a more continental climate. Thus, the species
distributions are not overlapping.

4.2. Species Regeneration Ecology

The species fruit contained a quite high number (58.2 ± 3.37) of minute normal seeds. According
to the germination experiments, no indication of seed dormancy was observed. Seeds quite highly
germinated (up to 80.0%), depending on the fruit, at 20 ◦C, like many other species of the genus
Verbascum [21,22]. In addition, the seed germination rate of V. dingleri in the open-air nursery,
with climatic conditions similar to the natural ones, depended on the fruit from which the seeds were
extracted. The seed of some fruits showed a germination of 30%, while the seeds of other fruits did not
germinate. The seeds germinated and produced seedlings after approximately 30 days from planting in
the middle of spring (April 2017), while their growth was slow and very similar for all produced plants.

4.3. Species Conservation

Both laboratory and nursery results analysis revealed that the seeds of V. dingleri do not present
dormancy and germinate under favorable environmental conditions (for the species). The seeds of the
species showed an average percentage of 30–40% germination at 20 ◦C, a temperature common in the
species habitat area, especially during spring or autumn, when many species regenerate in the fields in
temperate zones and with climate type Csa. Thus, we conclude that the species regeneration in the field

148



Sustainability 2019, 11, 3305

is theoretically feasible at any time after dispersal. However, in natural conditions, a combination of
ecological factors such as temperature, light, and water availability play a key role in regulating plant
species germination and seedling emergence. Seeds behavior in response to these crucial environmental
factors greatly differs among species, depending on each species eco-physiological attributes [7,8].
Many studies have proven that the temperature greatly influences seed germination, and almost in all
species, high temperatures slow down the germination [3,4,31]. Direct sunlight also plays an important
role in seed germination behavior [32] as well as in early-stage survival of many non-drought-resistant
plant species. Probably, during summer, a combination of high temperatures and high intensity of
direct sunlight may be a crucial factor affecting a species regeneration success in the field.

On the other hand, the low amount of precipitation, not only during summer (30–40 mm in the
area of the species occurrence, according to the data from the nearest meteorological station of Kavala
city), but also during the period of seed dispersion in nature, may be a crucial determining factor for
species regeneration. Soil water stress commonly reduces seed germination, since this physiological
process is sensitive to water availability, especially during the first stage of germination (swelling of
seeds through water adsorption). However, seeds of V. dingleri show a tolerance to desiccation, being
able to germinate in the presence of a moisture content of approximately 10% (data not shown).
Considering that the seeds can survive desiccation, we conclude that V. dingleri seeds are orthodox,
like the seeds of other species of the genus Verbascum [21,22,33]. Thus, in field conditions, it is expected
that the tolerance of V. dingleri seeds to desiccation could contribute to keep them viable until the time
of autumn rains. The findings of the current studies on the seed germination behavior of this species
seem not to be able to explain the restricted species occurrence and its narrow endemism. Perhaps,
it could be assumed that V. dingleri effective regeneration and habitat expansion is determined mainly
by seedling propagation ability rather than seed germination in the field. It is worth pointing out that,
for the soils of the general area of Kavala city [34,35], some extreme values are recorded for As, Pb,
and Zn (which are enriched 7.6, 3.3, and 2.7 times, respectively, in comparison to the values of normal
USA soils), even though the majority of the elements in the soils have concentrations within normal
ranges. Furthermore, these elements are found at their highest concentrations in the vicinity of the
industrial zone of Kavala.

The knowledge of the favorable conditions for early plant growth (germination and seedling
emergence) of a rare plant species is definitely necessary for taking the appropriate measures for
species conservation and the establishment of population restoration programs [10,36,37]. In the
case of endangered species whose habitats are subjected to intensive anthropogenic disturbances,
in situ and ex situ species conservation strategies can be suggested, and information about the
reintroduction of the species by seedlings produced from seeds collected and effectively treated for
germination can be provided [38]. Our study demonstrates that in situ and ex situ conservation
and reintroduction of V. dingleri using seedlings produced from the seeds collected from a natural
population is theoretically feasible.

Specifically, our findings demonstrate that ex situ propagation of V. dingleri is feasible from
seeds, resulting in the conservation of the species diversity. Thus, these findings can contribute to the
advancement of artificial seedlings’ production that can be used either for ex situ species conservation
or for species reintroduction when the natural population is seriously endangered. However, further
research is needed to determine the key factors leading to a satisfactory in situ seedling establishment of
this species. More knowledge for effective seed germination and production of high-quality seedlings
is crucial for the conservation of this extremely threatened species [9].
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Abstract: Sclerophyllous forests are extremely sensitive to global warming, and the sclerophyllous
forest in the possession of small forest landowners (SFLs) in the Libertador General Bernardo
O’Higgins Region in Chile is degraded in spite of their high ecological value. Due to the total lack
of forest management, the yield obtained from native forests is very low, with highly intervened
forests and intense soil erosion. The main contribution of this article is to present, for the first time,
a study on the characterization and problems of 211 small forest landowners in this region of Chile.
After interviewing the landowners, multivariate analysis techniques were applied to the results
of the survey, which enabled four types of SFL to be identified. Differences were found in regard
to the surface area of their properties and the products extracted, among others. However, they
all had a similar social profile, low education level and little training in forest management, very
advanced ages, a lack of initiative to create forest communities, and lack of basic services due to their
isolation. The characterization of the SFLs allowed proposals to be designed for future sustainable
forest management activities to help mitigate the continuous deterioration of the native forest and
obtain products in a sustainable way and with greater yields, considering current legal aspects, access
to subsidies, and specific forest training plans for each type of SFL.

Keywords: small forest landowner; sclerophyllous forest; sustainable forest management; multivariate
analysis

1. Introduction

Sustainable forest management (SFM) is the most widely known type of management at the
global level. SFM is supported by policies and legislation in 97% of forest areas worldwide, and the
highest values are found in South and East Asia and Central and South America, with between 93%
and 100% [1]. Two of the main tools used to incentivize SFMs are stakeholder involvement and forest
management plans. However, the percentage of forest areas with forest management plans varies by
region, ranging from below 20% in South America and West and Central Africa to over 90% in Europe
and Central America [1].

In this context, as a country participating in the workgroup on criteria and indicators for the
Conservation and Sustainable Management of Temperate and Boreal Forests (Montreal Process), Chile
has carried out a line of work aimed at developing support tools for the monitoring and assessment
of the sustainability of forest management in subnational projects, conducting studies in areas with
humid climates and mild summers in the regions of Araucania, Los Lagos, and Biobio (see Figure 1).

Sustainability 2019, 11, 7215; doi:10.3390/su11247215 www.mdpi.com/journal/sustainability153
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Figure 1. Climate types in the regions in Chile; the Mediterranean climate area is framed.

However, this line of work has not been applied to sclerophyllous forests, which today are far from
their climax [2] in spite of being located in Chile’s central region—the most developed and densely
populated in the country—on the slopes of the Coastal Range and Los Andes and representing one
of the world’s diversity hotspots [3]. These forests are the most vulnerable to climate change, which
increases their risk of land degradation and desertification [4]. According to the latest climate model
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simulations at the global level, global warming could increase dryland ecosystems from 11% to 23% of
Earth’s land surface by the end of the 21st century [4,5]. Although Chile has improved its subsidy
requirements to favor SFLs, the lack of forest management plans in this region means that SFLs do not
receive subsidies that could encourage landowners [6].

To protect the remaining native vegetation and possibly reverse its declining trend, it is essential
to implement programs for sustainable management with the participation of the state and the
private sector.

The VI Libertador General Bernardo O’Higgins Region is part of the central zone of Chile and
is characterized by having extensive areas of this forest type, and by the fact that a large proportion
of the forests are in the hands of small forest landowners [7]. The total area of native forests is
485,790 ha—49,742 ha belong to 2957 SFLs, 413,126 ha to other private landowners, and 22,922 ha
to protected areas, according to the 2013 Agroforestry Census developed by Instituto de Desarrollo
Agropecuario de Chile. The application of the forest legislation may change these figures, but there is
still no updated census.

The native forests in the possession of small forest landowners (SFL) are associated to other
productive systems, such as agriculture and livestock farming, generating a wide variety of production
units in the region. One characteristic of these subsystems is their low yields, mainly used for
self-consumption, while any surplus goes for sale or exchange in order to ensure the subsistence and
food security of the family group [8,9].

Forest areas are mainly managed by their owners using their empirical skills and knowledge
of the resource. However, these interventions have not been sufficient to maintain the productivity
of the native forest [2]. In addition, activities such as changes in land use for agricultural purposes,
the utilization of the native forest as a source of refuge and food for cattle, and the constant extraction
of forest products without any sustainable management have contributed to reducing the tree cover
and generated processes of forest fragmentation [8,9].

Elsewhere, the successful implementation of sustainable actions requires both the local
communities and the decision-makers to understand the ecological, environmental, and cultural
dynamics and the productive potential of the forests [10].

Small forest landowners are a group with diverse social, economic, and productive characteristics.
The lack of information on this population sector hinders the processes of decision making and the
orientation of promotional instruments and support programs [8]. Their correct characterization
can contribute to the design of forestry, agricultural, and livestock policies that facilitate the transfer
of technology [11] and the development, implementation, and monitoring of rural development
projects [12].

Classification is an important tool for reducing heterogeneity and complexity in planning.
According to Carmona and Nahuelhual (2009) [13], “A typology is a way of conceptualizing this reality
and allows the resources to be directed more effectively and efficiently. As a result, units of relation can
be formed between decision-makers and their natural environment. It facilitates the spatial-temporal
observation of the effects of their decisions at the level of the landscape and territory, and the results
can be used to supplement future interventions according to the characteristics of the actors existing in
it.”

Previous work on the classification of rural family units and their associated property systems can
be found in the literature. However, this classification has been done based on objective information
and assessments, so the studies tend to be descriptive rather than explanatory or predictive [14,15].

Multivariate analysis methods offer objective classification techniques such as principal
components analysis, multiple correspondence analysis and cluster analysis, which can group together
the landowners with homogeneous characteristics in order to enable decisions to be made in a relatively
similar way to allow the visualization, analysis, and understanding of the current productive systems
so they can be given similar recommendations [12,13,16]. These techniques can be complemented with
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local expert knowledge [16] to identify sustainable lines of work as a basis for improving the focus of
programs that promote scale economies and regional development [17].

The aim of this study is to characterize and typify small forest landowners in the Libertador
General Bernardo O’Higgins Region using objective information and the participation of the local
population, in addition to multivariate statistical techniques to identify problems and deficiencies
and propose future lines of work that lead to the sustainable management of the territory and to
rural development.

2. Materials and Methods

2.1. Study Area

The study area (see Figure 2) is located in the VI Libertador General Bernardo O’Higgins Region,
Chile, between 33◦51′02” and 34◦56′36” S, and between 72◦00′12” and 69◦48′38” W. It has an area
of 16,387 km2, and a population of 914,555 in 2017 [18]. The average altitude is 251 m a. s. l. from
sea level to an altitude of 4500 m. The local relief is divided into four characteristic sectors—the
Los Andes Range, the intermediate depression, the Coastal Range, and the coastal plain. It has a
predominantly Mediterranean climate characterized by rainy winters and dry summers. Average
annual precipitation is 680 mm, with variations caused by the local topography. The climate on the
coast is cloudy with abundant humidity, whereas in the interior, there are significant temperature
variations of over 13 ◦C [19].

Figure 2. Map of the study area.

The plant diversity is high in terms of its composition, structure and conservation status. There is a
predominance of tall shrubs with sclerophyllous leaves, along with low-growing xerophytic and spiny
shrubs, succulents and very tall sclerophyllous, spiny laurifoliate trees. The dominant species include
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litre (Lithraea caustica (Molina) Hook et Arn), quillay (Quillaja saponaria Molina), peumo (Cryptocarya alba
(Molina) Looser), boldo (Peumus boldus Molina), and espino (Acacia caven Molina) [19].

2.2. Data Collection

This analysis was begun by consulting the Native Forest Registry, which provided information on
the forest type and the dominant species present in the study area. It should be noted that the map scale
contemplated in the databases was in many cases insufficient, so this information was supplemented
with validation campaigns on the terrain in the region that currently has native forest.

From the information available in the registry, an analysis was made of the communities in 2015,
including the commune and property limits, toponymy, paths and population centers. The properties
that complied with the restrictions imposed by Law 20.283 on the Recovery of the Native Forest
and Forest Development in Chile were identified in each community. This document defines the
characteristics of the SFLs as follows:

“A person who has the title deed for one or more rural properties with the presence of
native forest, with a combined area of no more than 200 ha; whose assets do not exceed the
equivalent of 3500 development units (accounting unit used in Chile to re-value savings
in line with inflation rates so the money maintains its purchasing power); equivalent to
122,500 euros, whose income derives mainly from agricultural or forestry activities and who
works directly on the land, on their property or on another property belonging to third
parties.”

This information was supplied by the following territorial institutions: National Forestry
Corporation (CONAF), a local development program (PRODESAL), and municipalities in the region,
who together directed the subsequent campaigns on the terrain for the survey of socio-economic
information by first visualizing the spatial distribution of the small forest landowners in the region.

This information was used to prepare a census and a basic map to incorporate and analyze the
properties and check whether they meet the legal requirement. There is currently no census of small
forest landowners in Chile, as prescribed by this law.

The properties that met the requirements of this study were localized through campaigns on
the terrain, involving visits to all the small landowners and their properties. Productive, social, and
economic information was collected on the small forest landowners in the region. All the interviews
were conducted with the head of the household.

Semi-structured interviews were carried out to capture primary information, on the form included
in Appendix A. This procedure was chosen due to the open character of this kind of survey and the
fact that they allow information to be obtained from the interviewee in a fluid way [20].

Finally, the information was incorporated into a database for its subsequent statistical analysis.

2.3. Statistical Analysis

The semi-structured interview provided information on 41 variables, from which were selected
the most representative variables in the study. The data processing was done with IBM SPSS Statistics
software version 20 (Armonk, NY, USA).

The variables were chosen according to the value of the coefficients of variation (CV) for each
initial variable, selecting the variables whose CV was greater than or equal to 50% of variability in
terms of the mean [21].

The multivariant method of multiple correspondence analysis (MCA) was applied to the selected
variables. This method analyzes the relation between categories of quantitative variables so their
dimension can be reduced. Finally, Ward’s method of hierarchical cluster analysis was applied to
define homogeneous groups of SFLs in the study area according to their similarities for the variables
ultimately selected [22].

157



Sustainability 2019, 11, 7215

2.4. Validation of Typologies and Work Lines

This study was conducted within the framework of the project “Program for training and
technological transfer for a better application of Law 20.283, aimed at small landowners in the VI
Region.” In this project, the problems, needs, and training of the local communities were discussed
with local leaders, and the SFL typologies were obtained. However, forest activities were proposed to
each landowner according to the characteristics of the property and in compliance with Law 20.283.

In addition, each typology was validated and the landowners’ problems and future lines of work
were identified by consulting a panel of experts described in Table 1.

Table 1. Experts consulted for the validation of typologies and lines of work proposed.

Specialty Institution

Forestry Engineer; Diploma of Specialization in Silviculture University of Chile

Forestry Engineer; Doctor in Forestry Science University of Chile

Veterinarian; Doctorate in Agrarian Economy University of Chile

Veterinarian; Technical head of PRODESAL; Specialist in
rural development Local development program, Lolol

Agricultural technician; Technician PRODESAL; Specialist in
rural development Local development program, Chépica

Forestry Engineer; Head of Forestry Department National Forestry Corporation

Forestry Engineer; Forest Extension Specialist National Forestry Corporation

3. Results and Discussion

3.1. Spatial Distribution of Small Forest Landowners in the Region

The analysis of the maps, supplemented with information from territorial institutions, initially
identified 420 small forest landowners in the region, which represented 14% of the total SFLs, according
to the 2013 Agroforestry Census. The 420 small forest landowners were natural persons and not
companies or associations. In the interview it was verified that the property met the requirements
established by Law 20.283 in its definition of the characteristics of the small forest landowner.
This verification eliminated any landowner who did not fulfill any of the following requirements:
the property did not have native forest, the area was larger than 200 ha, the landowners did not have
the deed to the property, or the information collected in the survey was incomplete. Finally, the number
of SFLs was reduced to 211. Average area of native forest in this sample was 18.25 ha, and the sampling
relative error was 16%.

A useful map was generated for the subsequent classification of the producers based on the
number of properties that meet the initial criteria for selection and analysis for each commune.

Table 2 shows the community to which the SFLs belong, the associated area of native forest and
the number of landowners. Figure 3 shows their location. As can be seen in Figure 3, no landowners
can be seen in the eastern and western zone (Coastal Range and Los Andes Range) of the map as the
forests in these zones are not sclerophyllous.
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Table 2. Spatial distribution of small forest landowners and area of native forest at the commune level.

Commune
Number of

SFLs

Area of
Native Forest

(ha)
Commune

Number of
SFLs

Area of
Native Forest

(ha)

Chépica 37 545.3 Nancagua 5 207
Coinco 1 8 Navidad 6 41.5

Coltauco 7 114.8 Palmilla 5 34.5
Doñihue 12 260.3 Peralillo 12 119.3

La Estrella 9 238 Pichidegua 11 203
Las Cabras 2 61 Placilla 8 211.3

Litueche 14 135.3 Pumanque 15 403.25
Lolol 28 702 Quinta de Tilcoco 1 10

Machalí 4 48.1 Requínoa 1 0.5
Malloa 6 61.8 San Vicente 8 79.5

Marchigüe 11 260 Santa Cruz 9 293.36
Total SFLs 211 Total area 4035.81

Figure 3. Spatial distribution of small forest landowners (SFL) in the Libertador General Bernardo
O’Higgins Region.

3.2. Identification of Landowner Groups

3.2.1. Initial Variables

The choice of variables was made according to their discriminant power, based on their coefficient
of variation and prior studies. Of the total of 14 variables selected, four correspond to quantitative
variables and ten to categorical variables. The selected quantitative variables were age of the head
of household (AG), property area (PA), area of native forest (NFA), and per capita income (PCI).
The selected qualitative variables were type of animal unit (AU), economic activity of the head of
household (EA), forest status (FS), education of the head of household (ED), infrastructure (IN),
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extraction of forest products (FP), main problem (MP), main productive subsystem (MPS), training
subject (TR), and source of water for agriculture and livestock (WS).

3.2.2. Results of the Multiple Correspondence Analysis

The multiple correspondence analysis separated three dimensions that explain 60% of the total
variance, each with similar inertia values of between 18.4% and 21.3%.

Table 3 shows the discriminatory capacity of each variable in each dimension. As can be seen,
Dimension 1 is mainly explained by productive variables (main productive subsystem, type of animal
unit, and source of water for agriculture and livestock); Dimension 2 is explained by property variables
(property area and area of native forest); and Dimension 3 is explained by social variables (age, main
economic activity, and education of the head of household).

Table 3. Discriminant measures for each variable.

Variable
Dimension

Mean Variable
Dimension

Mean
1 2 3 1 2 3

AG 0.257 0.145 0.416 0.273 AU 0.375 0.249 0.049 0.224
EA 0.320 0.230 0.363 0.304 FS 0.106 0.024 0.056 0.062
ED 0.187 0.204 0.260 0.217 IN 0.181 0.190 0.086 0.152
PA 0.211 0.431 0.240 0.294 FP 0.062 0.132 0.010 0.068

NFA 0.153 0.364 0.267 0.261 MP 0.145 0.085 0.145 0.125
MPS 0.477 0.273 0.155 0.302 TR 0.208 0.187 0.244 0.213
WS 0.268 0.183 0.185 0.212 PCI 0.320 0.230 0.363 0.304

3.2.3. Grouping of Landowners

The cluster analysis, through Ward’s method, identified small landowners with similar
characteristics in the three dimensions (eight variables) obtained from the MCA—property, productive,
and social. Based on this, four homogeneous groups of producers were formed: elderly SFLs, retired
SFLs, largest SFLs, and middle-aged SFLs, as shown in Table 4.

Table 4. Description of typologies based on variables obtained from the multiple correspondence
analysis (MCA).

Variables
Typologies

Elderly SFLs Retired SFLs Largest SFLs Middle-Aged SFLs

Number of SFLs 93 34 15 69

1. Average age of the head of
household 71 60 65 52

2. Education level Basic level, not
completed

Basic level, not
completed

Basic level, not
completed Basic level, completed

3. Average property
area (ha) 28 11 117 15

4. Average area of native
forest (ha) 15 8 95 11

5. Main economic activity Full-time work on
the property Retired Full-time work on

the property
Full-time work on the

property

6. Main productive
subsystem Livestock None Livestock Livestock

7. Type of animal unit Sheep None Sheep Sheep

8. Water for agriculture and
livestock Well None Well Well

The reduction of the sample size from 420 SFL to 211 implied a smaller sample size for each
typology and a greater sampling error. The highest standard deviation (SD) for the different variables
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and typologies in Table 6 corresponded to largest SFLs, with 15%, while the maximum SD for the
other typologies was 5% for the elderly SFLs, 8.5% for retired SFLs, and 9.2% for middle-aged SFLs. In
further studies, it will be necessary to increase the sample size of the SFL with the largest properties.

The characterization of producers was supplemented with information on specific variables related
to forest management, agricultural production, and characteristics of the family groups obtained in the
survey in order to refine the profile of each type of producer and observe some of the typical problems
in each group (see Tables 5 and 6).

Table 5. Characteristics of the family group.

Typology Family Members and Activities

Elderly SFLs
52%, 1 or 2 members: activities related to the property.

48%, over 2 members: 23% students; 13% engaged in activities related to the property; 64%
other activities

Retired SFLs
56%, 1 or 2 members: retired.

44%, over 2 members: 23% students; 6% engaged in activities related to the property; 23%
other full-time activities

Largest SFLs 66%, 1 or 2 members: activities related to the property
34%, over 2 members: 100% engaged in activities related to the property;

Middle-aged SFLs 39%, 1 or 2 members: activities related to the property.
61%, over 2 members: 25% students, 16% engaged in activities related to the property.

Table 6. General observations for each typology.

Variables
Typology

Elderly SFLs Retired SFLs Largest SFLs Middle-Aged SFLs

SFLs who extract forest
products: %/no./SD 63/59/0.05 44/22/0.085 73/11/0.11 50/35/0.06

Main species Acacia caven Acacia caven and
Peumus boldus

Acacia caven and
Peumus boldus Acacia caven

Main product extracted Firewood Firewood Firewood, charcoal,
boldo leaves Firewood

Destination of the
production Self consumption Self consumption Self consumption and

commercialization Self consumption

Forestry management plan No No No No

Forest structure Mature with scarce
regeneration

Mature with scarce
regeneration

Mature with scarce
regeneration

Mature with scarce
regeneration

Forest status Highly intervened
Intense soil erosion

Minimally
intervened, low

soil erosion

Highly intervened in
some sectors

Highly intervened in
some sectors

Forest activity performed
by SFLs Clearing Clearing Nothing Clearing

Agricultural production Private orchard Private orchard Private orchard Private orchard

Equipment Animal traction Nothing Mechanically
powered Animal traction

Destination of the
production Self consumption Self consumption Self consumption Self consumption

Minimum distance to
paved road 10 km 10 km 10 km 10 km

Problems Availability of
water

Availability of
water Connectivity

Availability of water
Basic services Availability of water

SFLs with training:
%/no./SD 66/61/0.05 34/12/0.08 60/9/0.15 44/30/0.06
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Table 6. Cont.

Variables
Typology

Elderly SFLs Retired SFLs Largest SFLs Middle-Aged SFLs

SFLs trained in the subject
of forestry: %/no./SD 6/6/0.024 18/6/0.07 30/5/0.12 15/10/0.09

SFLs participating in social
organizations: %/no./SD 83/77/0.04 61/21/0.08 73/11/0.12 73/50/0.05

Social organization Neighborhood
association

Neighborhood
association

Neighborhood
association

Neighborhood
association

Properties entered in the
property register:
%/no./SD

71/66/0.047 56/19/0.08 67/10/0.14 62/43/0.06

Employees 0 0 0 0

Per capita income $8–$150 $8–$150 $238–$426 $8–$150

By typifying the small forest landowners in the region, it was possible to recognize their
characteristics and the problems that need to be tackled in a specific way for each situation.
This diagnostic is essential for designing programs or lines of work. The detailed analysis of
the variables revealed the similarities and differences between the four typologies of small forest
landowners in the Libertador General Bernardo O’Higgins Region.

Similar behavior was observed in the characteristics of the head of household, namely advanced
average age and low education level. Most landowners in the typologies elderly SFLs, retired SFLs,
and largest SFLs are illiterate. Middle-aged SFLs, the youngest group (average 52 years), have
completed at least the basic education level, and 63% of the university graduates interviewed belong
to this group.

The main economic activity among elderly SFLs and largest SFLs is full-time work on the property,
and the livestock subsystem accounts for the largest proportion of household income. This is followed
by the agricultural subsystem, whose yield is used for the consumption of the family group. In the
case of the retired SFLs, the producers’ income comes mainly from their retirement, and although the
main economic activity in the middle-aged SFLs typology is full-time work on the property (41%), 39%
of the producers carry out activities outside the property on either a full-time or seasonal basis. They
are also quite isolated. The closest paved road is at least 10 km away, which hinders their access to
markets and services.

The size of the property is the main difference between typologies from the economic point of
view. SFLs in the largest SFLs typology have the largest properties (117 ha) on average, with an average
of 93 ha of native forest. The largest SFLs typology has the lowest number of SFLs, with 15 out of a
total of 221, indicating the dispersion of properties in the native forest, which is a disadvantage for
forest management.

This is the only group that rents mechanical traction equipment; it also has the highest per capita
income, at between $238 and $426, and the highest number of owners who extract forest products,
including firewood, charcoal, and boldo leaves. These are the only producers who allocate part of the
products extracted from the forest for commercialization, and 50% have received training in the field of
forestry, although the total number of trained people is close to the other typologies. This typology has
the highest number of family members involved in the management of the property, which ensures
their future engagement with forest management and production. However, there are no data on the
volume of the products extracted for any of the typologies. Firewood is used as a source of energy
for the home and for cooking, which explains the interest among the SFLs in the restoration of native
forests, as this would represent a source of savings [9,23,24].

Regarding the status and management of the native forest, the landowners have very little training
in forest management, with only 27 SFLs trained in the subject of forestry. The largest SFLs typology,
with the highest average size, has the highest proportion and the best forest training. The only forest
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activity the landowners perform is clearing. According to the answers in the survey, they consider
this activity to be the correct way to manage the forest. This lack of knowledge of forest management,
coupled with the fact that none of the native forest properties had a forestry plan, leads to a substantial
rate of intervention in the forest, which causes little regeneration and soil erosion problems. In addition,
since property passes down through families, many new landowners are not entered in the property
registry. This is one of the main problems when applying for subsidies and reduces the capacity for
production, forest conservation, and water management [8,9]. These problems also have a global
impact, as these landowners play an important role in preventing the deforestation of the native forest,
which has great potential for carbon mitigation [25].

In this context, there is a unanimous need for all the typologies to implement sustainable
management plans whose activities could be subsidized (Law 20.283 on the Recovery of the Native
Forest and Forest Development), and for training in forest management, the role of the native forest,
and the market for and commercialization of timber and non-timber forest products.

This would represent a first step toward the recovery of these forests, increase water availability,
and encourage forest development among landowners [6]. The activities identified according to the
landowners’ typology and the use of the forest, validated by the panel of experts, are shown in Table 7.

Table 7. Eligible activities proposed by typology.

Typology

Elderly SFLs Retired SFLs Largest SFLs Middle-Aged SFLs

Objective Timber production Timber production Timber production Timber production

Main species Acacia caven Acacia caven and
Peumus boldus

Acacia caven and
Peumus boldus Acacia caven

Activities

-Cleaning, pruning,
thinning

-Supplementary
planting

-Regenerative felling
-Natural regeneration

-Cleaning, pruning,
thinning

-Cleaning, pruning,
thinning

-Supplementary planting
-Infiltration ditches
-Protection against

forest fires

-Cleaning, pruning,
thinning

-Supplementary
planting

The SFLs’ only type of organization is the neighborhood association to which they belong. There
is no kind of SFL community forest management in the region that promotes the conservation of
forests, ensures the landowners’ income from the use of the forest, and improves the governance of the
management [26,27].

There is therefore a lack of resources to transform these SFLs into the main agents of their
development, intervening in the decision-making processes together with other stakeholders
(technicians, administration, policy-makers), and avoiding the generation of policies at the territorial
level that have a generalizing tendency and whose impact is unclear [23,28]. This would increase
the efficiency of their own potential and of the public and private initiatives that affect their
development [9,28].

As a line of work for local management, we therefore propose the creation of social innovation and
knowledge dissemination networks that make it possible to design, operate and assess strategies to
stimulate innovation among the landowners. These networks are systems of informal interrelation that
can be easily disassembled and recombined, encouraging non-hierarchical relations of trust between
their members (SFLs, other landowners, technicians, Administration), and may endure over time [29].
In the case of the SFLs in the VI Region, after characterizing the landowners and identifying the forestry
technology practices and innovations to be adopted, the key local actors can be identified due to their
greater knowledge of the forestry activity or higher social prestige. These key local actors catalyze the
processes of dissemination and adoption of innovations [30].
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4. Conclusions

The main contribution of this article is to present for the first time a study on the characterization
and the problems of small forest landowners of native sclerophyllous forests in the Libertador General
Bernardo O’Higgins Region.

Sclerophyllous forests are extremely sensitive to global warming, and the sclerophyllous forest in
the hands of small forest landowners in this region of Chile is degraded in spite of its high ecological
value. Due to the total lack of forest management, the yield obtained from the native forests is very low.

Although the characterization of small forest landowners reveals clear differences in terms of the
surface area of their properties, the vast majority have a similar social profile, a low education level,
and very advanced ages. This information is important for devising the training strategy to be used.
The main product extracted is firewood for self-consumption for the household, leading to various
degrees of intervention in the resource.

This classification allowed the design of proposals for activities for sustainable management in the
future, promoting regeneration either naturally or through planting, and fundamentally clearing and
thinning activities, in order to reduce the continuous degradation of the native forest while considering
the current legal aspects and the access to subsidies, all supported by specific forestry training plans
for each typology.

It is therefore necessary to develop participative political processes that ensure rural development,
the creation of associations of forest landowners, training, and the sustainable management of these
forest areas. This should include the measurement of criteria and indicators in order to monitor
their ecological, economic and social development, and the incentivization of research into areas of
sclerophyllous forest.

Finally, the methodology presented in this study, with its quantitative focus, can be replicated in
sectors where there is no information available on small forest landowners, in order to generate areas
for recommendation that consider the needs of the local population and ensure they are not merely
passive actors in their own development processes.
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Appendix A

Table A1. Interview applied to small forest landowners in the Libertador General Bernardo O’Higgins Region.

FORM no. DATE: SURVEYOR:

COMMUNE UTM N

LOCALITY UTM E

ADDRESS DISTANCE TO
PAVED ROAD

ALTITUDE CONTACT

SLOPE

IDENTIFICATION OF THE HEAD OF HOUSEHOLD

NAME AGE MARITAL STATUS MAIN ECONOMIC
ACTIVITY EDUCATION
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Table A1. Cont.

CHARACTERISTICS OF THE FAMILY GROUP

NAME AGE MARITAL STATUS MAIN ECONOMIC
ACTIVITY EDUCATION

CHARACTERISTICS OF THE PROPERTY CHARACTERIZATION OF THE NATIVE FOREST

LANDHOLDING STRUCTURE ADULT FOREST

OWN (ROLE) RENEWAL

SUCCESSION
ADULT FOREST

RENEWAL

ADULT FOREST
SCRUB

LEASED MAIN SPECIES

RIGHT TO
USUFRUCT SCLEROPHYLLOUS

FREE
CONCESSION HUALO OAK

CHILEAN CEDAR

SIZE OF THE
PROPERTY CHILEAN PALM

AREA OF NATIVE
FOREST FOREST TYPE EVERGREEN,

OTHER

CHARACTERIZATION OF PRODUCTIVE SUBSYSTEMS (Indicate the Main One)

AGRICULTURAL SUBSYSTEM (Indicate
areas)

LIVESTOCK
SUBSYSTEM

FARMLAND FOREST
SUBSYSTEM

VINES AGROFORESTRY
SUBSYSTEM

FRUIT TREES OTHER

WATER
AVAILABILITY

INDICATE
WHETHER THE

WATER FOR
CONSUMPTION

AND IRRIGATION
COMES FROM A

WELL,
WATERWHEEL,

ETC.
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Table A1. Cont.

YIELDS.
EXTRACTION OF

TIMBER AND
NON-TIMBER

FOREST
PRODUCTS.

INDICATE WHICH
ONES AND WHAT

QUANTITY

NUMBER AND
TYPE OF ANIMAL

UNITS

ANIMAL-DRAWN
AND

MECHANICAL
TRACTION

EQUIPMENT.

GENERAL
INFRASTRUCTURE

(DESCRIBE)

Source: Adapted from [7].
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Abstract: The aim of this study was to demonstrate the effects birch renewal on the soil organic
carbon accumulation and on dehydrogenase activity. We selected 12 research plots with birch stands
of different ages (1–4 years, 5–8 years, 9–12 years, and 13–17 years) to determine soil texture, pH, total
carbon and nitrogen levels, and base cation content. The total organic carbon stock was calculated for
the soil profiles. Additionally, dehydrogenase activity was determined. Naturally regenerated birch
stands on post-agricultural land facilitated carbon accumulation. Based on our results, dehydrogenase
activity is useful in assessing the condition of post-agricultural soils, and its determination allowed
for us to assess the processes occurring in post-agricultural soils that are associated with the formation
and carbon distribution.

Keywords: afforestation; birch stands; carbon stock; dehydrogenase activity

1. Introduction

Poland has one of the largest forest areas in Europe; forests occupy 29% of the country’s territory
and cover an area of 9.1 million hectares [1]. Forest stands on arable lands occupy nearly 25% of
the forest area. The soil and soil processes are crucial in maintaining the productivity of forest
ecosystems [2]. Soil is an important reservoir of carbon, and it is estimated that the global soil carbon
stocks amount to more than 1500 Pg C, which are significantly higher than those of the atmosphere
(750 Pg C) or the biomass of terrestrial ecosystems (650 Pg C) [3]. Recently, the mechanisms that are
responsible for carbon stabilisation in soils have received considerable interest due to their relevance
in our understanding of the global carbon cycle [3]. The fertility and productivity of soils depend on
soil organic matter (SOM), which serves as a nutrient reservoir and it therefore plays an important role
in nutrient cycling [4]. Changes in soil management are the main factor that affects SOM dynamics [5].
For example, transforming natural ecosystems into arable fields generally depletes soil organic carbon
(SOC) reserves by as much as 75% (mostly between 30 and 50%), depending on the climate zone and
the ecosystem type [6]. However, such losses can be limited by converting arable land into grassland
and forest [7]. Afforestation positively affects various soil properties, and the soil organic carbon
values of afforested sites are generally higher than those of bare sites [8]. Afforestation also positively
influences the physical soil characteristics, which are important for maintaining soil stability and
productivity [9–11].

In recent years, the interest in soil quality has been stimulated by the growing awareness of the
fact that the soil is an important component of the biosphere. It functions not only to produce food,
timber, and other forest resources, but it also plays a role in maintaining the local, regional, and global
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quality of the environment. Karlen et al. [12] and Gil-Sotres et al. [13] state that soil quality enables
the healthy functioning of an ecosystem and it maintains its biological production. One of the most
important factors in determining soil fertility are the soil biological properties in relation to the activity
of microorganisms and higher organisms (plants and animals), including enzymes that are secreted by
them [14]. Dehydrogenase activity, as an integral part of an intact cell and soil microflora activity, can
provide information regarding the biologically active population of microorganisms in a given soil [15].
Soil microbial and enzymatic activity responds relatively quickly to slight changes in soil conditions
and can reflect the changes in soil quality before they can be detected by other soil analyses [16].
Dehydrogenase plays a significant role in the biological oxidation of soil organic matter by transferring
hydrogen from organic substrates to inorganic acceptors [17]. In this sense, the determination of
dehydrogenase activity can be used to reflect the changes in soil biology [18,19], including assessing soil
quality, the influence of soil management on soil quality, and the degree of regeneration of degraded
soil [13,20]. Afforestation induces a rapid increase in microbial biomass, with changes apparent
within one year of tree planting [21]. In a previous study, afforestation increased bacterial PLFAs by
20–120%, whereas it had a stronger impact on the development of fungal communities (increases by
50–200%) [22].

In this context, the main aim of this research was to determine the effects of changes in soil
management from agriculture to forestry on the soil organic carbon accumulation and on enzymatic
activity. Dehydrogenase activity, which plays a key role in the carbon cycle, was determined, and we
tested the following hypotheses: (1) natural birch regeneration has a positive effect on the soil organic
carbon accumulation and (2) dehydrogenase activity reflects the changes that occurred in the soil of
the studied chronosequence.

2. Materials and Methods

The soil samples were collected from 12 research plots at four locations in the Mazowieckie
province of Poland (Table 1, Figure 1). The study area is characterized by the following climatic
conditions: average annual rainfall of 629 mm, average annual temperature of 8.4 ◦C, and a growing
season of 210 days. The area in which the sample plots were located was dominated by fluvioglacial
and glacial sand and loam with Gleysols, Cambisols, Podzols, and Arenosols [23]. The study plots
were used as cropland in the past.

The study plots were divided into four groups based on the age of the self-seeded birch trees: I—1–4
years, II—5–8 years, III—9–12 years, and IV—13–17 years. In each plot, we took three soil samples from
the 0–5, 5–15, and 15–50 cm layers. The samples were air-dried, sieved through a 2-mm-mesh, and the
following physicochemical properties were determined [24]: pH (potentiometrically, in 1 M KCl and
H2O solution), texture (using laser diffraction in an Analysette 22: Fritsch, Idar-Oberstein, Germany),
nitrogen, and organic carbon contents (with a LECO CNS True Mac Analyser: Leco, St. Joseph, MI,
USA), C/N ratio, basic cations content (in 1 M ammonium acetate, using a Thermo Scientific iCAP 6000
ICP OES analyser, Thermo Fisher Scientific, Cambridge, UK). The data presented is the mean of the
three soil replicates.

The results were used to calculate the carbon stock in the soils of the chronosequences, based on
bulk density (BD), which were determined using Kopecky’s cylinders. The carbon stock was calculated
according to the following formula:

SOCstock = C × BD × T/100 (1)

where SOCstock is the carbon stock in the soil (kg·m−2), C is the carbon content in the soil layers
(g·kg−1), BD is bulk density [g·cm−3], and T is the thickness of the soil layers (cm).

Fresh samples, with natural moisture content, were taken to determine dehydrogenase (DH)
activity (DH) via the Lenhard method, according to the Casida procedure. The DH activity was
expressed as μmol TPF kg−1 h−1 [25].
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The biomass [kg·ha−1] of the aboveground and belowground parts of the stands in groups I–IV
was determined, using the trunks, branches, assimilation apparatus, bark, and roots. For this, 10
trees were randomly selected at each location and were separated into trunk, branches, assimilation
apparatus, bark, and roots. All the parts of the tree were weighed in the field while using portable
scales with an accuracy of 0.01 g. Samples from each of the components from each tree model were
collected to determine the relationship between fresh and dry biomass. Briefly, the samples were
oven-dried at 105 ◦C and then weighed. On the basis of appropriate fresh-to-dry mass ratios, we
calculated the dry biomass of the components for each tree.

Basic statistical data were calculated (i.e., the arithmetic mean and measures to determine the
degree of differentiation among the results—standard deviation). The obtained data did not show
normality, the Shapiro–Wilk test was used to to check the normal distribution. Tukey’s HSD multiple
comparisons of means were used in post hoc analysis to assess the effect of the age of regenerated birch
trees and soil depth on the studied soil properties. Principal components analysis (PCA) was used to
interpret the relationships among the studied variables, while the Pearson’s correlation was applied
to determine the relationships between dehydrogenase activity and soil properties. By applying
Ward’s method, the samples were grouped according to DH activity and carbon content. Average and
standard deviation (SD) were presented in tables. Differences with p < 0.05 were considered to be
statistically significant. Statistical analyses were performed in the Statistica 10 software (StatSoft Inc.,
Tulsa, OK, USA).

Table 1. Location of research plots and soil type.

Study Site GPS Soil Type

Mińsk Maz. 52◦10′ N, 21◦40′ E Brunic arenosol

Kozienice 51◦24′ N, 21◦26′ E Brunic arenosol

Dobieszyn 1 51◦35′ N, 21◦10′ E Brunic arenosol

Dobieszyn 2 51◦33′ N, 21◦09′ E Brunic arenosol

Figure 1. Localization of study plots (1—Mińsk Maz., 2—Kozienice, 3—Dobieszyn 1, and Dobieszyn 2).

3. Results

The soils differed in terms of pH values. The highest average pH was recorded in soils from the
youngest birch stands (groups I and II); in the surface soil layer of these stands, the pH in H2O was 4.52
and 4.62, respectively. The lowest pH was recorded in soils of the oldest stands (group IV) (Table 2).

171



Sustainability 2019, 11, 4300

All of the sites were similar in terms of silt, and clay contents; there were no statistically significant
differences of the studied chronosequences. Slight differences were noted in the sand content (Table 2).
We also found no statistically significant differences in the C contents of the subsequent soil layers.
There were no significant differences in the rate of organic matter decomposition, being expressed as
the C/N ratio. The highest C/N ratio was recorded for the soil of the youngest birch stands (group I,
average 22.3) and the lowest for the soil of the oldest birch stands (group IV, average 16.6). There were
statistically significant differences in the Ca content (Table 2).

The total carbon stock did not significantly differ among the groups (Table 3). A slightly lower
than average carbon stock was found in soils of the younger stands (groups I and II), while the values
were above the average in the soils of the older stands (groups III and IV). However, these differences
were not statistically significant. The average carbon stock depended on the age of the forest stand and
it ranged from 4.34 to 6.16 kg·m−2. The carbon stock in the different soil layers changed with the age
of the tree stands (Table 3). In the soils of the younger stands (groups I and II), a greater amount of
accumulated carbon was found in the upper layer (0–5 cm) as compared to the same layer in the older
stands (groups III and IV). In the soils of groups I and II, the proportion of the total carbon, which was
determined to a depth of 50 cm, in the surface layer accounted for about 28%, while it accounted for
13.6% in the soils of the oldest stands. The highest amount of C in the deeper layers was recorded in
soils of the oldest stands; the carbon in the 15–50-cm soil layer of group IV accounted for nearly 60% of
the total carbon stock, while it did not exceed 40% in the soils of group I.

Dehydrogenase activity was used as a proxy for the biological activity of the studied soils and it
varied among the sites. The highest mean value of dehydrogenase activity was recorded for group I soils
and the lowest for group II–IV soils (Figure 2), which indicated a decrease in dehydrogenase activity
with stand age. A strong relationship between dehydrogenase activity and the basic cation content
was determined while using Pearson’s correlation coefficient (Table 4). The correlation coefficients
between dehydrogenase activity and K, Ca, and Mg contents were 0.81, 0.64, and 0.60, respectively.

Table 5 presents the components of the aboveground and belowground biomass of the examined
stands. The biomass components significantly increased with stand age. In the youngest stand (group I),
the average aboveground biomass was 2521.5 kg·ha−1 and the root biomass was 1058.7 kg·ha−1. In the
oldest stand (group IV), the aboveground biomass was 30 times higher than that in the youngest stand,
whereas the root biomass was more than 12 times higher in the older group IV than in the younger
(group I) stand.

The first two axes of the PCA explained 46.2% of the variance of the analyzed soil properties
(Figure 3). The first axis explained 31.74% of the variability and it was mainly related to the basic
cation content, while the second axis explained 14.47% of the variability and it was associated with
the C and N contents and with the pH. The results of the PCA analysis confirmed the dependence of
dehydrogenase activity on the amounts of basic cations that are available. The C and N levels were
higher in the soils of the older stands. To discriminate the distinction of the studied chronosequence
of birch stands, we performed a cluster analysis, which enabled us to identify the two main groups
differing in dehydrogenase activity and carbon content. The youngest stands (groups I and II) clearly
differed from the oldest stands (groups III and IV) (Figure 4).
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Table 3. Total and percentage carbon storage (kg·m−2—SOCstock) in soil layers of the studied
chronosequence of birch stands.

Chronosequence Depth
SOCstock
(kg·m−2)

Total SOCstock in
All Layers

% Participation
SOCstock

I
0–5 0.94

4.57
27.5

5–15 1.43 32.2

15–50 2.20 40.2

II
0–5 0.78

4.34
24.1

5–15 1.37 38.4

15–50 2.19 37.5

III
0–5 0.82

5.41
18.0

5–15 1.49 29.1

15–50 3.10 52.8

IV
0–5 0.69

6.16
13.6

5–15 1.54 27.7

15–50 3.93 58.6

Figure 2. Dehydrogenase activity (DH) (μmol TPF·kg−1·h−1) in first soil layers of the studied
chronosequences of birch stands.

Table 4. Correlations between dehydrogenase activity (DH) and basic soil properties.

pHH2O pHKCl Na K Ca Mg C N Sand Silt Clay

DH −0.04 −0.13 0.43 0.81 * 0.64 * 0.60 * 0.09 0.10 −0.20 0.20 0.11

* p < 0.05.
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Table 5. Average biomass (kg·ha−1) of stand components in the studied chronosequence.

Chronosequence Stem Branches Foliage Bark Roots

I 867.6 b 548.0 b 863.5 b 242.4 b 1058.7 b

II 7947.7 ab 1924.9 b 1745.9 ab 1931.4 ab 2866.8 b

III 23907.2 ab 5147.2 ab 2299.7 ab 4581.3 ab 6485.4 ab

IV 54307.9 a 11357.8 a 3242.6 a 9173.7 a 13492.7 a

Small letters in the upper index of the mean values mean significant differences.

 
Figure 3. Projection of soil properties of birch stands chronosequence of on a plane of the first and
second factors in the PCA (I—from 1 to 4 years, II—from 5 to 8 years, III—from 9 to 12 years, and
IV—from 13 to 17 years; DH—dehydrogenase activity; C—carbon content; N—nitrogen content).
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Figure 4. Dendrogram with group identified in the cluster analysis. The dehydrogenase activity and
carbon content in surface layers were used for diagram preparation. I–IV—studied chronosequences of
birch stands.

4. Discussion

Our results support the hypothesis that natural birch regeneration has a positive effect on the
soil organic carbon accumulation. The tendency to increase carbon stocks was observed in the
studied chronosequence of the birch tree stands. Several studies have shown that the decomposition
of soil organic matter exceeded the input of organic matter from the trees in the initial following
afforestation [26,27]. In the younger stands, the soil organic carbon accumulation was the greatest in the
surface layer. In the 5-cm layer, accumulation accounted for about 30% of the total accumulation in the
50-cm deep soil column. Conversely, carbon accumulation was considerably lower than in the deeper
soil layers in the 5-cm layer of the soils from the older stands. In the group I soils, accumulation in the
deeper layers constituted 40% of the total stock of carbon, while it accounted for 60% in group IV. This
increase in C accumulation in the deeper layers of the soils is associated not only with the processes of
transporting dissolved organic compounds downwards, but also with an effect of supplying organic
debris from the root systems. This is confirmed by the increase in root biomass in particular groups
of stands. Subsoil soil organic carbon (SOC) storage may be promoted by the translocation of OM
into deeper soil layers as DOC with the percolating water and due to bioturbation by soil animals [28].
Kotroczó et al. [29] found that plants cause greater changes in soil properties through their roots and
secretions than via litter. In this sense, aboveground OM only probably has limited effects on SOM
levels when compared to belowground OM [28]. Roots are a key component of the belowground part of
the forest ecosystem, constituting the basic source of SOM that significantly affects soil microbiological
activity [30,31]. Over time, soil organic matter input increases with the productivity of the forest stands,
and the soils switch from being a C source to a C sink [32]. According to Laganiere et al. [33], the
positive impact of afforestation on soil organic carbon stock is more pronounced in the cropland soils
than in pastures or natural grasslands. Afforestation usually results in the establishment of higher plant
biomass, and trees modify the quality and quantity of litter inputs and microclimatic conditions, such as
moisture and temperature. Deng and Shangguang [34] highlight the importance of previous land use,
tree species, soil depth, and forest age in determining soil C and N changes in a range of environments
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and land use transitions. In our study, birch stands, through aboveground and belowground biomass
accumulation, had a positive effect on the quality of SOM, as expressed by the C/N ratio, which is an
indicator of the extent of plant nitrogen being made available to plant residues. Li et al. [35] state that
land use changes from agricultural areas to forest alter the ratios between soil C, N, and P. Springob
and Krichmann [36] found that a soil C/N ratio of >20 could limit SOM mineralisation. According
to Cools et al. [37], tree species are the main factor in explaining the variability of the C/N ratio. The
content of better decomposed soil organic matter increases with stand age. At the same time, soil
acidity and nutrient uptake increase with tree growth. Riqueiro-Rodríguez [38] note that the Pinus
radiate more drastically decreases the soil pH than Betula alba. In another study, the acidifying affect of
afforestation on mineral soil has been confirmed by a significant decrease in soil pH in the 0–5-cm layer
and by a slightly weaker decrease in the 5–15-cm layer [39].

The results of the cluster analysis confirmed the distinctness in terms of C content and enzymatic
activity of the soils of younger stands when compared to the soils of older stands. The soil parameters
pH and soil organic carbon are important factors that shape dehydrogenase activity [15,40]. The
highest pH, with the highest alkaline cation content, resulted in the highest dehydrogenase activity
in soils of the younger stands (Groups I and II), reflecting the previous agricultural use of the soils
and the associated intensive fertilisation and liming. According to Rousk et al. [41], pH is the main
determinant of the structure of soil microbial populations. Soil pH directly determines plant growth,
nutrient absorption, and the intensity of biological and chemical processes in the soil. In this work,
dehydrogenase activity was positively associated with exchangeable Ca, K, and Mg contents, with
a higher content of basic ions leading to an increase in pH, which results in the stimulation of soil
microorganisms. Soil pH may be the major factor controlling the biomass and composition of microbial
communities and their maintenance demand [42]. When assessing the properties of soils that were
subjected to long-term agricultural use, several authors have considered the high plant-nutrient content
as evidence of systematic fertilisation [43]. For example, Ren et al. [44] have noted that catalase,
saccharase, urease, and alkaline phosphatase were significantly increased by land-use conversion from
farmland to forest. According to this, significant correlations between soil enzyme activities and soil
properties indicate that the soil enzyme activities are closely related to soil nutrients dynamics [18].
Dehydrogenase activity differed among the soils of the studied birch stands. The activity of this enzyme
reflects that changes in the soil that are associated with the growth of the birch stands. According to
previous studies, enzymatic activity is strongly stimulated by SOM [15,18], and processes that are
related to organic matter transformations are carried out with the participation of soil microorganisms
and their enzymes [45]. In our study, no direct relationship between dehydrogenase activity and carbon
accumulation was found. Dehydrogenase activity was high in the soil of the youngest stands (first age
class), and subsequently considerably decreased in class II. Our results indicate a trend to increased
dehydrogenase activity in the soils of the oldest stands (IV group of stands). The highest pH, with the
highest alkaline cation content, resulted in the highest dehydrogenase activity in soils of the younger
stands, reflecting the previous agricultural use of the soils and the associated intensive fertilization and
liming. The effects of fertilization disappear in the following years of tree stand growth. Forest stands
grow and provide more litter fall to the soil, which stimulates the dehydrogenase activity. With age,
greater amounts of carbon were accumulated in the surface soil layers. With increased litter input
and in the absence of soil cultivation, conversion from cropland to forest could result in increased
SOM stocks [46]. Similarly, Kara et al. [47] and Kang et al. [48] suggest that long-term afforestation
could significantly enhance SOM contents, accumulate microbial biomass, and improve potential
enzyme activities.

5. Conclusions

Our results confirm the beneficial effect of birch stand regeneration on the soil properties on
post-agricultural land. We observed a clear trend of increasing carbon accumulation in the soil under
the influence of birch trees. With age, greater amounts of carbon were accumulated in the surface soil
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layers. Dehydrogenase activity is a suitable indicator of the condition of post-agricultural soils with
birch stands and, in combination with soil chemical properties, reflects historical soil management.
In this sense, the determination of dehydrogenase activity allows for an assessment of the processes
occurring in post-agricultural soils, which are associated with the soil organic carbon accumulation.
A high nutrient content and high pH are characteristic of post-agricultural soils, facilitating a greater
biochemical activity in the initial stages of stand formation.
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