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Abstract

Assessing biodiversity within protected areas requires consideration of not only the extent
of protection but also multiple dimensions of biodiversity, including species richness,
composition, and turnover. This issue is particularly relevant to the Kunming–Montreal
Global Biodiversity Framework Target 3, which emphasizes area-based conservation by
protecting 30% of terrestrial areas by 2030. However, empirical case studies examining
how plant biodiversity is associated with protection coverage at fine spatial scales within
protected areas remain limited, particularly in East Asian temperate forests. We aimed to
examine the relationships between grid-scale protection coverage and plant species richness,
species composition, species turnover, and multisite species-sharing structures within the
core zone of the Baekdudaegan Protected Area in Korea. Plant biodiversity was analyzed
using 60 grid cells (each 1:25,000 topographic sheet units, ~100 km2) located within legally
protected core zones with minimal human disturbance. Negative binomial regression, beta
regression, non-metric multidimensional scaling, and ζ-diversity analyses were applied
to evaluate relationships between protected area extent and biodiversity patterns. Core-
zone area with greater protection coverage supported higher plant species; however,
climate and topography were stronger drivers of species richness. Species turnover and
community assembly patterns were not significantly associated with protection coverage.
ζ-diversity analyses supported a power-law model across all area groups, indicating
deterministic community assembly driven by environmental filtering. These findings
suggest that protection coverage is positively associated with α-diversity but shows no
clear association with qualitative aspects of biodiversity such as species turnover and
community assembly. Although our correlational design does not allow causal inference,
the results suggest that future conservation policy should incorporate habitat quality,
environmental representativeness, and ecological connectivity alongside area expansion.

Keywords: protected area; species turnover; zeta diversity; Baekdudaegan; Kunming–
Montreal Global Biodiversity Framework

1. Introduction
The rapid decline in biodiversity is one of the most urgent environmental challenges

facing humanity in the 21st century, and international efforts to mitigate this crisis have
placed considerable emphasis on the designation and management of protected areas [1].
The Convention on Biological Diversity (CBD) has placed considerable emphasis on pro-
tected areas as a core biodiversity conservation strategy. In 2022, the CBD adopted the
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Kunming–Montreal Global Biodiversity Framework (KMGBF), which includes Target 3—
the “30 by 30” goal—aiming to effectively conserve and manage at least 30% of terrestrial,
inland water, coastal, and marine areas by 2030 [2]. This demonstrates that area-based
conservation approaches are a core strategy for enhancing global biodiversity. Since the
adoption of the 30 by 30 target, countries have intensified their policy efforts to evaluate
and expand their national protected-area networks. Korea has responded to this agenda
by operating various protected-area systems, including the Baekdudaegan Protected Area,
national parks, and ecological and landscape conservation areas.

A comprehensive evaluation of the effectiveness of area-based conservation would
require a broader comparative framework beyond the scope of this case study. Accordingly,
we focus on variation in protection coverage within protected areas to provide initial
insights into biodiversity patterns across different levels of protection intensity.

However, whether the expansion of protected areas substantially contributes to biodi-
versity enhancement remains insufficiently verified through empirical case-based evidence.
Global meta-analyses of vertebrates have reported that species richness inside protected
areas is, on average, higher than that outside them [3,4]. Similarly, information-theoretic
approaches to analyzing the determinants of protected area extent have confirmed positive
relationships between protected areas, species richness, and endemism [5]. However, the
effect sizes reported in global analyses vary considerably depending on the taxonomic
group and region, and case studies focusing on plant taxa or East Asian forest systems
remain relatively scarce [6]. Therefore, evaluating the implementation of KMGBF Target
3 requires the accumulation of case studies based on the national biodiversity data. Only
through the integration of such cases via meta-analysis can a general conclusion be reached
regarding whether protected area extent truly contributes to biodiversity enhancement.

Recent studies in ecology and conservation biology have highlighted the limitations
of approaches that assess biodiversity solely in terms of species richness or α-diversity.
The true value of biodiversity lies not only in the number of species present but also
in how biodiversity is spatially distributed and maintained. From this perspective, β-
diversity and ζ-diversity—which address species turnover and multisite species-sharing
structure, respectively—have emerged as key indicators for evaluating the stability and
maintenance of biodiversity [7–9]. In regions characterized by rapid species turnover, a
single protected area cannot adequately represent regional diversity; therefore, careful
consideration is required when designing the placement and size of protected areas [10].
β-diversity-based conservation planning yields superior outcomes in terms of ecological
representativeness compared with species richness-based approaches [11,12]. Furthermore,
global meta-analyses showing either negative or non-significant relationships between
species richness and ecological uniqueness [13] suggest that α- and β-diversity should be
treated as distinct dimensions in conservation planning. Nevertheless, in Korea, national-
scale studies examining the relationship between species turnover and protected area extent
remain extremely limited, and evaluations of protected area effectiveness continue to focus
primarily on species richness.

To address these academic and policy gaps, we evaluated the effects of protected area
extent on plant biodiversity from quantitative and qualitative perspectives using 60 grid
cells located within the core zones of the Baekdudaegan Protected Area. The specific
hypotheses are as follows.

H1. Protection coverage within a grid cell is positively associated with plant species richness
(α-diversity), reflecting the potential role of greater within-cell protection in supporting higher local
plant diversity.
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H2. Qualitative aspects of plant biodiversity—species composition, Jaccard-based species turnover,
and ζ-diversity-based multisite species-sharing structure—are not necessarily associated with
protection coverage, but instead depend more strongly on environmental gradients.

H1 tests whether protection coverage predicts species richness better than environ-
mental factors; H2 examines whether species composition, turnover, and multisite species-
sharing are associated with area extent or are instead more strongly determined by envi-
ronmental gradients. By testing these two hypotheses simultaneously, this study provides
a national-scale correlational case for examining how plant biodiversity is patterned along
a protection-coverage gradient within a single protected area, contributing to the empirical
base needed for evaluating the implementation of KMGBF Target 3. We emphasize that
this case study is correlational in nature and does not aim to assess causal effectiveness of
protection through comparisons with unprotected areas.

2. Materials and Methods
2.1. Extraction of the Study Sites

The workflow of this study is shown in Figure 1. The 800 survey grid cells used in this
study were established based on a 1:25,000 digital topographic map sheet system, which
serves as the standard unit for the National Ecosystem Survey conducted by the Ministry
of Environment of Korea [14]. Each grid cell corresponded to a 1:25,000 topographic map
sheet and served as a single survey unit [15]. Plant occurrence data (presence–absence
records for vascular plant species) were obtained from the floristic dataset of the National
Ecosystem Survey (3rd–5th surveys, 2008–2021) provided by the National Institute of
Ecology [16]. These data were collected at the 1:25,000 grid cell level and were not restricted
to the protected core-zone portion of each grid cell; therefore, species records may include
observations from both core-zone and non-core-zone areas within each grid cell.

Figure 1. Study area and analytical framework. (A) Location of the Baekdudaegan Protected Area
(green) and the 60 core-zone grid cells (yellow) analyzed in this study, shown within South Korea
and East Asia. Grid cells correspond to 1:25,000 topographic map sheets. (B) Analytical workflow
showing data preparation, hypothesis testing, and synthesis. The environmental data matrix contains
60 grid cells (sampling units) × 5 environmental variables; the species incidence matrix contains
60 grid cells × n plant species. Abbreviations: NMS, non-metric multidimensional scaling; MRPP,
multi-response permutation procedure.
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For study site selection, the Baekdudaegan Protected Area shapefile provided by the
Korea Forest Service was used. The Baekdudaegan Protected Area is divided into core
and buffer zones, and only the core zones were included in this study [17]. Spatial overlay
analysis between the core zone and the 800 grid cells identified 60 grid cells corresponding
to the core zone. These 60 grid cells constituted the final dataset, with each grid cell treated
as a sampling and analytical unit.

The core zone is strictly protected under the “Act on the Protection of the Baekdu-
daegan Mountain System,” where activities such as landform alteration, tree felling, forest
road construction, and land reclamation are highly restricted [18]. Consequently, the core
zone provides a relatively low-disturbance environment suitable for evaluating the effects
of protected area extent on plant species composition, richness, and turnover [18]. Only
the core zone of the Baekdudaegan Protected Area was selected to minimize the effects of
heterogeneous land use and human activity in the buffer zone.

This approach enabled a systematic observational analysis of the relationships between
protected area extent, plant biodiversity, and species turnover.

2.2. Environmental Variables

For each grid cell, five environmental variables were calculated: annual mean tem-
perature (temp_aver, ◦C), annual mean precipitation (precip_ave, mm), mean elevation
(elev_aver, m), mean slope (slope_aver, ◦), and habitat quality (HQ). Climatic variables
were extracted from WorldClim Bioclim data (Bio1 and Bio12; version 2.1; 30 arc-second
resolution representing 1970–2000 climate averages) [19], and topographic variables were
derived from the NASA Shuttle Radar Topography Mission (SRTM) 1 Arc-Second Global
product (SRTMGL1; ~30 m spatial resolution) [20]. Habitat quality was calculated by
combining land cover maps and threat factor information using the InVEST Habitat Quality
module [21]. All environmental variables were averaged at the grid cell level and used in
subsequent analyses.

2.3. Protection Coverage Within Grid Cells

The protected-area core zone included within each grid cell was calculated in hectares
(ha). As the area values showed a right-skewed distribution, a natural logarithmic transfor-
mation, ln(Protected_Area_ha), was performed, and the transformed values were used as
explanatory variables in all regression analyses and group comparisons.

2.4. Biodiversity Metrics

The total number of plant species occurring within each grid cell was calculated as the
species richness (SR_total) [22]. To quantify spatial variation in species turnover among
grid cells, the Jaccard turnover index was calculated [7]. This was derived using the Jaccard
similarity index based on the presence–absence data among grid cells [23,24]. The species
composition similarity between two grid cells, i and j, was defined as follows:

J(i, j) =
a

a + b + c
(1)

where a represents the number of species shared by the two grid cells, b represents the
number of species present only in grid cell i, and c represents the number of species present
only in grid cell j. The Jaccard turnover index was defined as the Jaccard dissimilarity
based on the Jaccard similarity, as follows [7,24].

D(i, j) = 1 − J(i, j) (2)
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Species turnover for each grid cell was calculated as the mean Jaccard dissimilarity
between the focal grid cell and its eight neighboring grid cells (Figure 2).

Turnoveri = 1 − 1
k

k

∑
j=1

J(i, j) (3)

where i denotes the focal grid, and j denotes the neighboring grid of i.

Figure 2. Jaccard index for a focal grid cell (i) was calculated against its eight neighboring grid cells
(J-1 to J-8), and the average dissimilarity was used as the local turnover value.

As plant species richness constitutes count data, Poisson and Negative Binomial
regression models were applied to assess overdispersion [25]. The relationship between
protection coverage and Jaccard turnover was analyzed using Beta regression [26], as
Jaccard turnover is a proportional variable bounded between 0 and 1.

To evaluate the variation in species composition according to protection coverage
and multisite species-sharing structure, ζ-diversity analysis was performed [8,27]. For this
analysis, the 60 grid cells corresponding to the core zone of the Baekdudaegan Protected
Area were divided into three groups based on the protection coverage: small (SM), medium
(ME), and large (LA) with 20 grid cells assigned to each group. Differences in species com-
position among the three area groups were analyzed using non-metric multidimensional
scaling (NMS) and multi-response permutation procedures (MRPP). NMS ordination was
performed in two dimensions based on Bray–Curtis dissimilarity to visualize differences in
species composition among the three area groups. The A-statistic and p-value of MRPP
were calculated to test whether species composition differed significantly among groups;
the magnitude of A and its p-value together indicate the strength and statistical significance
of compositional separation. Pairwise comparisons (SM vs. ME, SM vs. LA, and ME vs.
LA) were performed to identify which group pairs differed most substantially [27]. The
A-statistic quantifies the within-group homogeneity in community composition; larger
A-values (approaching 1) indicate strong compositional similarity within groups and
thus greater compositional separation among groups. The p-value from MRPP indicates
whether the observed compositional separation among groups is statistically significant
(p < 0.05) [27]. Pairwise comparisons (SM vs. ME, SM vs. LA, and ME vs. LA) were
performed [27].

ζ-diversity refers to the mean number of species shared among randomly selected n
sites, and the decline pattern of ζn with increasing n can be used to infer the community
assembly mechanisms. Power-law decline indicates deterministic community assembly
driven by environmental filtering, whereas exponential decline suggests stochastic as-
sembly and dispersal limitations [8,28]. The ζ-diversity decline patterns were calculated
for each of the three groups. Power-law and exponential models were fitted, and model
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selection was performed based on Akaike’s Information Criterion (AIC), with lower AIC
values indicating a better model fit [29].

To evaluate the relative importance of protection coverage and environmental variables
for species richness and turnover, Random Forest (RF) regression was performed [30]. RF is
an ensemble-learning method based on multiple decision trees that can identify nonlinear
relationships between the response and explanatory variables [30]. This method can reduce
overfitting, accommodate a large number of explanatory variables without prior variable
removal, and evaluate variable importance [31]. Six explanatory variables were included:
ln(Protected_Area_ha), mean temperature, mean precipitation, mean elevation, mean slope,
and habitat quality. Two separate models were fitted using species richness (SR_total)
and Jaccard turnover as the response variables. Variable importance was calculated using
permutation-based importance (Mean Decrease in Accuracy), and model performance was
evaluated using 5-fold cross-validated R2 [31].

2.5. Software

All statistical analyses were performed using R statistical software (ver. 4.6.0; R
Foundation for Statistical Computing, Vienna, Austria) [32]. The main packages used were
MASS for negative binomial regression, betareg for beta regression, zetadiv for ζ-diversity
analysis, randomForest for RF analysis, and ggplot2 for visualization [30,33–36]. NMS and
MRPP were conducted using PC-ORD (ver. 7.0; MjM Software Design, Gleneden Beach,
OR, USA) [27].

2.6. Hypothesis Testing

H1 is tested via negative binomial regression (Section 2.4) by evaluating whether
ln(Protected_Area_ha) significantly predicts species richness. H2 is tested across three ana-
lytical methods: (1) Beta regression to assess turnover–area relationships, (2) NMS/MRPP
to test compositional differences among area groups, and (3) ζ-diversity analysis to evaluate
whether community assembly mechanisms differ by area extent. All analyses compare the
relative importance of area extent versus environmental covariates (temperature, precipita-
tion, elevation) to establish the hierarchy of drivers.

3. Results
3.1. Protected Area and Plant Species Richness

Larger protection coverage supported higher plant species richness (β = 0.073, inci-
dence rate ratio [IRR] = 1.076, 95% CI [1.008, 1.148], p = 0.027; Figure 3a). This weak positive
relationship remained marginally significant after accounting for environmental gradients
(IRR = 1.064, p = 0.080; Table 1). However, temperature and elevation emerged as stronger
predictors of species richness than area extent itself (Table 1), suggesting that environmental
heterogeneity is the primary driver of richness variation. Because Poisson models fitted to
species-richness data showed severe overdispersion, negative binomial models were used
for inference, and the corresponding overdispersion diagnostics are provided in Table S1.

In the covariate model, the effect of protection coverage on species richness remained
marginally significant (IRR = 1.064, p = 0.080; Table 1). Temperature (IRR = 1.205, p < 0.001)
and elevation (IRR = 1.001, p < 0.001) had significant positive effects on species richness,
whereas precipitation had a significant effect (IRR = 0.999, p = 0.049). In the covariate beta
regression model for species turnover, the effect of protection coverage was not significant
(exp(β) = 1.008, p = 0.823), whereas temperature (exp(β) = 0.592, p < 0.001), precipitation
(exp(β) = 1.294, p < 0.001), and elevation (exp(β) = 0.510, p < 0.001) were identified as
significant explanatory variables (Table 1).
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Figure 3. Relationships between protection coverage [ln(Protected area, ha)] and (a) plant species
richness and (b) Jaccard species turnover across 60 grid cells in the core zones of the Baekdudaegan
Protected Area. The fitted lines are based on simple regression models: a negative binomial model for
species richness (left) and a beta regression model for Jaccard turnover (right). The solid line indicates
a significant positive relationship between protection coverage and species richness (p = 0.027),
whereas the dashed line indicates a non-significant relationship with Jaccard turnover (p = 0.587).
The shaded bands represent the 95% bootstrap confidence intervals. N = 60.

Table 1. Results of covariate regression models examining the effects of protected-area size and
environmental variables on plant species richness and Jaccard species turnover across 60 grid cells in
the core zones of the Baekdudaegan Protected Area. Species richness was modeled using a negative
binomial generalized linear model (IRR = incidence rate ratio), and Jaccard turnover was modeled
using beta regression (exp(β) = exponentiated coefficient). For the beta regression, all predictors were
z-standardized before the analysis.

Predictor
Species Richness Species Turnover

IRR p exp(β) p

ln(Protected area) 1.064 0.080 1.008 0.823
Temperature 1.205 <0.001 0.592 <0.001
Precipitation 0.999 0.049 1.294 <0.001

Slope 1.012 0.451 0.976 0.725
Elevation 1.001 <0.001 0.510 <0.001

Habitat quality 0.365 0.161 1.086 0.194

3.2. Species Compositional Variation Along the Protected-Area Size Gradient

According to the NMS results, the species compositions of the three groups were
partially separated in the ordination space (Figure 4). Axis 1 and Axis 2 explained 59.5%
and 30.9% of the total variation in species composition, respectively. Axis 1 correlated
positively with elevation (r ≈ 0.71) and inversely with temperature (r ≈ −0.58), suggesting
that the primary compositional gradient reflects a climatic–elevational transition. The
three area groups (SM, ME, LA) distributed sequentially along Axis 1, but this distribution
appears to reflect co-variation with environmental gradients rather than a direct area effect.
Pairwise MRPP comparisons indicated that the differences in species composition among
the three groups were significant. The greatest compositional separation was observed
between the SM and LA groups (A = 0.305, p < 0.001), followed by the SM and ME groups
(A = 0.229, p < 0.001) and the LA and ME groups (A = 0.089, p = 0.005).
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Figure 4. Non-metric multidimensional scaling (NMS) ordination of plant species composition
across 60 grid cells in the core zones of the Baekdudaegan Protected Area based on the Bray–Curtis
dissimilarity. Points represent individual grid cells grouped by protection coverage: SM (blue), ME
(green), and LA (red) groups (n = 20 per group). Axes 1 and 2 explained 59.5% and 30.9% of the
total compositional variation, respectively. Axis 1 is primarily aligned with elevation (r ≈ 0.71) and
temperature (r ≈ −0.58), indicating a climatic–topographic gradient. The sequential separation of
area groups along Axis 1 reflects co-variation with environmental conditions rather than direct area
effects. All pairwise group comparisons were significant based on the MRPP (SM vs. LA: A = 0.305,
p < 0.001; SM vs. ME: A = 0.229, p < 0.001; LA vs. ME: A = 0.089, p = 0.005), indicating significant
differences in plant species composition among the protection coverage groups, with the greatest
compositional separation between the SM and LA groups.

3.3. Relative Importance of Protected-Area Size and Environmental Predictors

According to the RF permutation-importance analysis, the predictor importance for
species richness was ranked as follows: precipitation (0.268), elevation (0.231), protection
coverage (0.205), temperature (0.164), slope (0.164), and habitat quality (0.117) (Figure 5a).
For species turnover, the predictor importance was ranked as follows: elevation (0.280),
habitat quality (0.216), precipitation (0.208), temperature (0.202), protection coverage (0.156),
and slope (0.150) (Figure 5b). protection coverage was the third most important factor for
species richness, but ranked fifth for species turnover. As the cross-validated predictive
performance of the RF models was low for both response variables (CV R2 = −0.098 and
0.039), these importance results were interpreted as supplementary evidence.

3.4. Multisite Species-Sharing Structure and Community Assembly

The ζ-diversity decline curves decreased monotonically in all three groups as the
zeta order increased from 1 to 15 (Figure 6). A comparison of the exponential and power-
law models showed that the power-law model provided a better fit in all three groups.
The power-law slope was steepest in the SM group (b = 0.814), most gradual in the ME
group (b = 0.708), and intermediate in the LA group (b = 0.766). Thus, the multisite
species-sharing structure consistently followed a power-law pattern across the protection
coverage gradient.

https://doi.org/10.3390/d18070413

https://doi.org/10.3390/d18070413


Diversity 2026, 18, 413 9 of 16

 

Figure 5. Permutation importance of predictors for (a) plant species richness and (b) Jaccard species
turnover based on Random Forest analysis (n = 60). Dark blue bars indicate protection coverage
[ln(Protected area, ha)], whereas light blue bars indicate environmental variables (Temperature,
Precipitation, Slope, Elevation, Habitat quality). Error bars represent ± 1 standard deviation across
100 permutations. Out-of-bag R2 = 0.073 for species richness and 0.164 for Jaccard turnover; cross-
validated R2 = −0.098 and 0.039, respectively, indicating that the importance values should be
interpreted as supplementary evidence.

Figure 6. Zeta diversity decline curves and model fits for three protected-area size groups in the core
zones of the Baekdudaegan Protected Area. The upper panel shows zeta diversity (ζ) as a function
of zeta order (1–15) for the LA (red), ME (green), and SM (blue) groups, each comprising 20 grid
cells. The lower panels present the semi-log (exponential regression) and log-log plots (power-law
regression) plots for each group. Steeper slopes indicate a faster decline in multisite species sharing.
All three groups supported a power-law model, suggesting non-random, environmentally filtered
community assembly, regardless of protection coverage.

4. Discussion
This study evaluated the effects of protection coverage on the quantitative enhance-

ment (α-diversity) and qualitative maintenance (species composition, species turnover, and
multisite species sharing) of plant biodiversity using 60 grid cells within the core zones of
the Baekdudaegan Protected Area. Species richness increased significantly with protection
coverage, supporting H1. Species turnover and community assembly patterns were largely
unrelated to protection coverage and were more strongly associated with climate and eleva-

https://doi.org/10.3390/d18070413

https://doi.org/10.3390/d18070413


Diversity 2026, 18, 413 10 of 16

tion gradients; H2 was therefore largely not supported. In the ζ-diversity analysis, all three
area groups consistently supported the power-law model, suggesting that non-random
community assembly driven by environmental filtering operates across the entire area
gradient. These findings indicate that the expansion of protection coverage is positively
associated with higher species richness but has limited influence on spatial variation in
species composition and community stability. Area-based conservation strategies may
contribute to the quantitative goals of plant biodiversity conservation under KMGBF Target
3, whereas the qualitative maintenance of biodiversity likely requires a multidimensional
approach that incorporates environmental heterogeneity and habitat connectivity [1,37].

4.1. Protected-Area Size, Species Richness, and Environmental Gradients

In the simple regression analysis, protection coverage showed a significant positive
association with species richness. This finding is consistent with global meta-analyses
reporting that species richness inside protected areas is higher than that outside protected
areas [4]. A meta-analysis of 86 vertebrate case studies reported that protected areas consis-
tently have positive effects on species richness and abundance compared with unprotected
areas [3]. Accordingly, the results of H1 suggest that a similar association is observed at
a finer, within-protected-area spatial scale for plant taxa in East Asian temperate forest
systems. However, we note that our design does not include unprotected counterfactuals
and therefore cannot establish a causal effect of protection.

However, when environmental variables were included as covariates, the effect of
protection coverage weakened, whereas temperature, elevation, and precipitation showed
greater explanatory power. Similarly, RF analysis tentatively suggested that environmental
variables may have greater relative importance than protection coverage, though these
results should be interpreted cautiously given the low predictive performance of the
models (CV R2 = −0.098 and 0.039). These results suggest that climatic and elevational
conditions exert a stronger influence on species richness than protected area extent itself.
Vertebrate species richness is more strongly associated with climate, elevation, and human
pressure than with protected area size [38]. Similarly, an information-theoretic analysis of
762 ecoregions found that species richness, endemism, and threatened species explained
protected area extent more strongly than agricultural suitability, although substantial
regional variation was observed [5]. The area–species richness relationship observed in
this study may partly reflect the environmental conditions in which protected areas are
located, rather than the effects of area alone. Given that the species richness–productivity
relationship is scale dependent [39], environmental heterogeneity may have partially
absorbed the area effect at the grid scale used in this study.

4.2. Why Area Does Not Govern Turnover: The Quantitative–Qualitative Divide and
Environmental Filtering

In contrast to H1, protection coverage did not show a significant relationship with
Jaccard turnover in the Beta regression analysis. Although the NMS results showed partial
but statistically significant separation among the three area groups, this pattern is more
likely associated with environmental variation covarying with area groups than with the
area itself. The RF analysis likewise showed that environmental predictors had greater
relative importance for species turnover than protection coverage.

These findings are consistent with global meta-analyses reporting that protected areas
enhance species richness and abundance but do not necessarily increase rarefied richness
and endemicity [4]. This suggests that the primary effect of protected areas may involve
maintaining a greater number of individuals and species rather than generating more
diverse ecological niches. In this study, the quantitative–qualitative divide was reflected
in the ζ-diversity analysis. Previous global analyses examining the relationships between
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species richness and ecological uniqueness or local contributions to beta diversity have
reported either weak or negative relationships across plants, freshwater invertebrates,
birds, and fish, with environmental filtering and dispersal limitation identified as major
drivers [13]. The present results suggest that similar patterns occur in the East Asian
mountainous protected area systems. In other words, expanding protection coverage may
increase the number of species maintained within the protected areas, whereas the spatial
structure of species occurrence is more strongly shaped by environmental conditions.

The mechanism underlying this quantitative–qualitative divide becomes clearer in
ζ-diversity analysis. In this study, the power-law model provided a better fit than the expo-
nential model across all groups, including the SM, ME and LA groups, and the power-law
slopes differed only slightly among the groups. Support for the power-law model sug-
gests deterministic community assembly, in which species are distributed non-randomly
according to environmental conditions, whereas the exponential model suggests stochastic
assembly and dispersal limitation [8]. This consistent support for the power-law model
across all three groups indicates that plant communities in the core zones of Baekdudaegan
are assembled under similar environmental influences regardless protection coverage. This
finding is consistent with community assembly frameworks emphasizing environmental
filtering as a dominant mechanism shaping β-diversity patterns in natural, low-disturbance
forests [40,41]. The consistent power-law support across all area groups indicates that plant
communities in the core zones are assembled primarily through environmental selection,
independently of protection coverage. Considering that Baekdudaegan forms the ecological
axis of the Korean Peninsula and contains strong elevation and climatic gradients, the dom-
inant influence of environmental filtering on community assembly is ecologically plausible.
Consequently, expanding the protection coverage alone is unlikely to produce substantial
changes in community assembly processes. The qualitative conservation value of protected
areas depends not on the area itself but on the range of environmental conditions and
habitat quality represented within the protected areas.

The importance of species turnover in conservation planning has long been empha-
sized. In regions characterized by rapid species turnover, a single protected area cannot
adequately represent regional biodiversity, making the placement and configuration of
protected areas particularly important [10]. Fine-scale analyses using plant datasets have
demonstrated that β-diversity can function as an effective surrogate for species representa-
tion [11]. Similarly, studies of Australian vegetation-monitoring networks have shown that
turnover-based prioritization performs better than species richness-based prioritization in
terms of ecological representativeness [12]. In Mediterranean marine protected area net-
works, when turnover dominates nestedness, connectivity and network representativeness
have been identified as major determinants of conservation effectiveness [42]. The findings
of this study align with these international trends and suggest that protected area policy in
Korea remains largely focused on area and species richness [9].

4.3. Policy Implications and Limitations

The results of this study provide important implications for the implementation of
KMGBF Target 3, which aims to ensure that at least 30% of terrestrial, inland water, and
coastal and marine areas are effectively conserved and managed by 2030. As area expansion
contributes to increased species richness, the “30 by 30” target may be justified from the
perspective of plant α-diversity conservation. However, because protection coverage did
not affect species turnover or community assembly processes, merely achieving quantitative
area targets does not guarantee the qualitative maintenance of biodiversity. Critical reviews
of KMGBF Target 3 have similarly concluded that effectiveness, representativeness, and
connectivity must be improved together rather than through coverage expansion alone,
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and that the 30% and 50% targets have limited meaning unless these qualitative dimensions
are addressed [23]. This interpretation is consistent with the findings of the present study.
The “irreplaceability” of protected areas, rather than the area alone, is a key determinant of
conservation effectiveness [1]. Furthermore, reports indicating that protected-area networks
fail to represent approximately 40% of the unseen biodiversity suggest that site selection
approaches centered on vertebrates may not adequately represent diverse taxa, such as
plants and insects [43]. Critiques of the Half-Earth hypothesis have likewise emphasized
that biodiversity value and site selection, rather than the area itself, are the key determinants
of conservation effectiveness [44].

Habitat connectivity is another important consideration. Only 10% of protected areas
worldwide are structurally connected, highlighting the urgent need for the conservation and
restoration of intact landscapes surrounding protected areas [45]. Quantitative evaluations
have further shown that the “well-connected” component of Aichi Target 11 has rarely been
achieved [46], whereas recent studies have emphasized that functional connectivity, the
degree to which landscapes facilitate species movement among habitat patches, should be a
major conservation priority [47]. Habitat connectivity indicators aligned with the Essential
Biodiversity Variables framework have recently been proposed for evaluating the KMGBF
implementation [48]. The results of this study suggest that although area expansion
is an effective strategy for conserving and enhancing α-diversity, future conservation
policies should focus on habitat connectivity. As the Baekdudaegan extends north–south
as the ecological axis of the Korean Peninsula and is fragmented by agricultural lands
and roads, strengthening connectivity among core, buffer, and transition zones, as well as
establishing corridors among core zones, may represent a more important conservation
priority than simply expanding the protection coverage. The concept emphasized in
Japanese conservation policy, “quality, not quantity, matters,” as well as land-sharing
approaches such as satoyama and Other Effective Area-Based Conservation Measures
(OECMs), may provide important implications for Korean protected-area policy [49].

This study had several limitations. First, our design is correlational and does not
include a counterfactual comparison with unprotected or differently-managed sites. As
such, our findings should be interpreted as associations between protection coverage
and plant biodiversity patterns rather than as causal effects of protection itself. Quasi-
experimental designs using matched unprotected sites (e.g., propensity score matching
or nearest-neighbor matching) would be required to evaluate causal conservation effec-
tiveness, and we encourage future studies to adopt such designs as a logical next step
building on the present case study. Second, our analytical unit is the grid cell within a single
protected area rather than multiple distinct protected areas of varying sizes. Therefore, the
findings reflect within-protected-area variation in protection coverage, not the effects of
protection coverage in a broader sense. Third, because the analytical units were limited to
60 grid cells, the statistical power may be limited. Fourth, this study used a cross-sectional
design and therefore could not evaluate changes in species composition before and after the
protected area designation. Selection bias—in which species-rich regions are preferentially
designated as protected areas—cannot be ruled out. Fifth, although temperature, precip-
itation, elevation, slope, and habitat quality were included as environmental covariates,
several potentially important variables—including soil type, bedrock geology, forest type,
land-use history, and survey effort—were not considered. The absence of edaphic and
historical variables in particular may have contributed to unexplained variance in both
species richness and turnover, and future studies should incorporate these variables to
improve model explanatory power. Fourth, plant occurrence data were recorded at the
grid cell level rather than exclusively within core-zone boundaries, meaning that floristic
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data may include species observed outside the protected core zone. Future studies should,
where possible, use occurrence data spatially filtered to protected area boundaries.

5. Conclusions
This study evaluated the effects of protected-area size on plant biodiversity from

quantitative and qualitative perspectives using 60 grid cells within the core zones of the
Baekdudaegan Protected Area. The main findings are summarized as follows. First pro-
tection coverage contributed to increased plant species richness, although its explanatory
power was weaker than that of environmental gradients, including temperature, eleva-
tion, and precipitation. Second, protection coverage did not significantly explain species
turnover or multisite species-sharing structure, both of which were more strongly associ-
ated with environmental conditions; accordingly, H2 was largely not supported. Third, the
consistent support for the ζ-diversity power-law model across all coverage groups sug-
gests that deterministic community assembly driven by environmental filtering operates
regardless of protection coverage.

These findings provide empirical evidence that protection coverage expansion alone
contributes modestly to plant species richness but does not maintain species composition
and community assembly patterns, which are overwhelmingly determined by environmen-
tal conditions. However, maintaining the spatial structure of species composition requires
conservation approaches that extend beyond area expansion to include environmental
representativeness, habitat quality, and connectivity among protected areas. Accordingly,
future biodiversity conservation policies in Korea should shift from a primary focus on
area expansion to improving conservation outcomes and connectivity. This may require
improvements in protected area site evaluation criteria that incorporate environmental
gradients, the establishment of corridors among core zones, and greater consideration of
land-sharing approaches, such as OECMs.

In addition, broad meta-analytic studies examining the relationship between habitat
connectivity and biodiversity maintenance are required to support future international
conservation agendas. The results of this study highlight the limitations of area-based
conservation strategies for plant taxa and East Asian mountainous protected area systems,
while providing empirical evidence supporting the importance of habitat connectivity in
future biodiversity policy.
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