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Abstract

Understanding variation in mountain forest plant communities requires distinguishing
broad elevational structure from local environmental variation. Vegetation data from four
strata—trees, shrubs, herbs, and regeneration—were analysed across unmanaged
broadleaved forests in Sarpang Dzongkhag. Community matrices were combined with \
terrain  variables, bioclimatic variables and vegetation indices. Non-metric
multidimensional scaling, PERMANQOVA with dispersion diagnostics, environmental
vector fitting, indicator species analysis and exploratory machine-learning models were
used to evaluate community structure, environmental associations and regeneration

predictability. Community composition differed among forest types in all strata, but effect
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sizes were small (PERMANOVA R2 = 0.017-0.050), and shrub and herb results were
partly confounded by heterogeneous dispersion. Environmental vector fitting identified
weak associations for trees, herbs and regeneration, while shrubs showed stronger but
still exploratory associations with elevation, evapotranspiration, temperature and
macroclimatic gradients. Indicator species represented a small proportion of taxa in all
strata. Regeneration richness was weakly predictable: random forest explained only
0.081 +/- 0.057 of cross-validated variance, whereas gradient boosting performed worse
than a mean predictor. The results show that broad forest-type classes contain a
detectable but limited compositional signal and do not support strong claims about sharply
separated forest communities. The study provides a baseline for long-term monitoring
and highlights the need for direct plot-level soil, canopy, disturbance, and microclimate

measurements in Himalayan Forest studies.

Keywords: elevational gradient, plant community, tropical mountain forest, forest type,

scale mismatch, diversity, regeneration, ordination, PERMANOVA, indicator species

Introduction

Elevational gradients constitute powerful natural laboratories for understanding how
climate, topography, and habitat heterogeneity interact to structure plant communities.
Because temperature, moisture availability, and growing-season length vary predictably
with altitude, mountain systems have long served as test beds for ecological theory
addressing species richness, environmental filtering, and community turnover [1, 2].
Across regions, richness—elevation relationships are frequently unimodal but vary with
spatial extent, taxonomic scope, and climatic context, indicating that no single mechanism
universally governs elevational diversity patterns [3, 4]. In forest ecosystems, steep
abiotic gradients combined with variation in soils, canopy structure, and disturbance
regimes generate pronounced compositional turnover and vertically stratified responses
among trees, shrubs, and herb layers [5, 6]. Mountain floras therefore often exhibit high
beta diversity over short distances, reflecting both dispersal limitation and niche
differentiation along climatic and edaphic gradients [7]. Recent research has increasingly
focused on disentangling the relative roles of environmental filtering, functional traits, and
biotic interactions in shaping elevational community organization [8, 9]. Nevertheless,

many studies continue to focus primarily on canopy trees, despite mounting evidence that
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understorey strata respond more sensitively to microclimatic and edaphic variation and
may follow distinct compositional trajectories along the same gradient [5, 10].
Regeneration layers are especially informative in this context because they integrate
recent recruitment processes and may foreshadow future changes in forest composition

under ongoing climatic warming [11].

The eastern Himalaya represents a global centre of biodiversity characterized by extreme
elevational relief, complex terrain, and monsoonal climates that generate sharp forest
transitions and substantial species turnover [3, 12]. Within this region, numerous studies
have documented steep elevational zonation and marked diversity patterns, while broad-
scale syntheses emphasize the region’s sharp biodiversity gradients and habitat
heterogeneity [3, 12]. Despite this growing body of work, community-level investigations
integrating multiple vegetation strata across Himalayan elevational gradients remain
comparatively uncommon. Few studies explicitly compare species—environment
relationships among canopy and understorey layers, and regeneration dynamics are
seldom analysed in parallel with diversity and compositional patterns, despite their central

importance for forest resilience and long-term reorganization [6, 11].

This study presents a multi-stratum assessment of plant community composition, diversity,
and species—environment relationships in unmanaged broadleaved forests of Sarpang.
Rather than treating elevation alone as a complete mechanism, the sampled gradient is
used to evaluate three explicit questions and associated working expectations. First, do
broad forest-type and elevational classes show detectable compositional structure across
trees, shrubs, herbs, and regeneration? Second, how much community variation is
explained by measured topography and climate variables in the complex mountain terrain?
Third, is regeneration richness predictably related to the available stand, topographic, and
macroclimatic predictors? Machine-learning models were used only as exploratory
predictive tools. This framework positions the study as a baseline assessment of broad
community structure and species compositional changes with changes in climatic and

topographic features.
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Methods

Study area

The study was conducted in unmanaged forests of Sarpang Dzongkhag. The region
spans a pronounced elevational gradient from approximately 153 to 3500 m a.s.l.,
encompassing subtropical broadleaved forests at lower elevations (100-500 m), warm
broadleaved forests at mid-elevations (500-1500 m), and cool broadleaved forests
between 1500 and 3000 m. Such steep altitudinal transitions typify Himalayan
landscapes and generate strong climatic and edaphic gradients over short distances [3,
13] (Figure 1).

Unmanaged area

’ . Managed area

’ *  Vegetation plots

~~~~~

Fig. 1 Study area and vegetation sampling plots in Sarpang District. Green polygons
indicate unmanaged forest areas and black points represent sampled vegetation plots

along the elevational gradient

This broader regional range provides ecological context; all statistical inference in this

study is based on sampled plots spanning approximately 260 to 1964 m a.s.l.

Annual precipitation is high and strongly seasonal, reflecting monsoon circulation
intensified by orographic uplift, a defining feature of the eastern Himalayan foothills [14].

Rugged terrain and variable slope exposure create pronounced microclimatic
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heterogeneity, which is expected to contribute to high beta diversity and fine-scale

community turnover along the gradient [3].

Sampling design

Vegetation sampling followed a stratified random design along the sampled elevational
gradient extending from Shershong (approximately 260 m a.s.l.) in the south to
Jigmechoeling (approximately 1964 m a.s.l.) in the north. Plots were allocated to broad
forest-type classes i.e. subtropical forest, warm broadleaved forest and cool broadleaved
forest. These classes were assigned from existing vegetation-zone descriptions,
elevation, physiognomy and field recognition of dominant broadleaved forest conditions.
They were therefore treated as operational vegetation-zone strata rather than sharply

bounded floristic communities.

Each plot measured 20 x 20 m (400 m?), a size widely used in forest community studies
to characterise tree assemblages and stand structure, with a nested 2 x 2 m subplot used
to survey herbaceous vegetation. Fieldwork was undertaken between March and
November to encompass seasonal variability in understorey communities while avoiding
periods of peak monsoon inaccessibility. Within each broad vegetation zone, plot
locations were positioned using random bearings and distances from access transects,
subject to terrain safety, access and intact-forest constraints. The design therefore
supports inference about unmanaged forest stands sampled along this gradient, but not

a fully spatially balanced test of all possible microhabitats.

To assess potential sampling bias, plot representativeness was summarised by elevation
band, forest type, slope class and aspect class; the dependence between forest type and
elevation band was quantified with a chi-square test and Cramer's V; and the spatial
arrangement of plots was evaluated using nearest-neighbour distances and the Clark-
Evans aggregation index (Appendix S12).

Vegetation data collection

All free-standing woody stems with diameters at breast height (DBH) > 10 cm and height
> 1.3 m was recorded as trees. DBH was measured using diameter tapes, and total

height was estimated by using hypsometers. Shrubs were assessed for presence, height,
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and lateral spread, while herbaceous species were quantified within subplots using

percentage cover, frequency, and maximum height.

Regeneration comprised all woody individuals below the canopy layer that had not yet
reached the tree stratum. Seedlings were defined as individuals < 1.3 m in height,
irrespective of stem diameter, whereas saplings were defined as individuals > 1.3 m in
height with DBH < 10 cm. Species exceeding 10 cm DBH were assigned to the tree layer.
Regeneration richness therefore integrated both seedling and sapling cohorts,
representing early demographic stages that are particularly sensitive to microsite
conditions and neighborhood effects. All plant material included in this study was
collected from natural, unmanaged forest stands in Sarpang Dzongkhag, Bhutan, along
an elevational gradient ranging from approximately 260 m to 1,964 m a.s.l. No cultivated,
planted, or externally sourced plant material was included. Exact geographic coordinates
of all sampling plots were recorded using handheld GPS units and are provided in the

supplementary dataset.

Voucher specimens representing the wild plant species collected during fieldwork were
prepared and deposited in the herbarium collection maintained by the Divisional Forest
Office, Sarpang, Department of Forests and Park Services, Royal Government of Bhutan.
Each specimen was assigned a unique field collection code. Formal herbarium accession
or deposition numbers are not yet available because specimen cataloguing is ongoing.
Species identification was carried out by Mr. Ngawang Gyeltshen using the Flora of
Bhutan and authenticated herbarium reference specimens. Taxonomic nomenclature
was verified using World Flora Online. Where necessary, uncertain identifications were

confirmed through comparison with authenticated herbarium specimens.

Structural attributes, including basal area, diameter-at-breast-height class distributions,
and height-class distributions, were derived to characterize stand structure and
regeneration dynamics across forest types and elevational gradients.

Environmental variables
Plot coordinates were recorded in the field using handheld Global Positioning System

receivers. Terrain predictors used in the final analyses were extracted from an ASTER



162  digital elevation model in DrukRef 03/Bhutan National Grid at 29 m resolution, from which
163 elevation, slope and aspect were derived. Aspect was transformed to eastness and
164 northness for modelling. Historical bioclimatic variables were extracted from 250 m
165  surfaces for 1986-2015, including annual mean temperature and annual precipitation. To
166  establish broad water-availability indices, we extracted reference evapotranspiration (ETo)

167 and water balance metrics using Google Earth Engine

168 To add finer-scale remotely sensed habitat information, Sentinel-2 surface reflectance
169 was used to calculate the Normalized Difference Vegetation Index (NDVI) at 10 m and
170  the Normalized Difference Moisture Index (NDMI) and Normalized Burn Ratio (NBR) from
171 20 m shortwave-infrared bands. These indices were treated as vegetation-condition and
172  moisture/disturbance proxies, not as direct measurements of canopy openness or
173 disturbance. Climatic layers were interpreted as macroclimatic context, not as
174 measurements of plot-scale microclimate. Canopy openness, soils, disturbance history
175 and microsite moisture were not measured and could not be included directly in the

176  explanatory models (Table 2).

177 Because several terrain and climatic predictors are strongly intercorrelated (Appendix
178 S19), fitted environmental variables are interpreted throughout as correlates of

179  community structure rather than as independent causal drivers.

180 Table 2. Environmental predictors used in analyses and their interpretation. Climate
181  variables are macroclimatic or broad water-availability predictors, whereas Sentinel-2

182  variables are remotely sensed vegetation-condition proxies.

Predictor group Resolution Interpretation

ASTER elevation, 29 m Terrain context; aspect transformed to eastness and
slope, aspect northness for modelling

Historical bioclim 250 m Macroclimatic context for 1986—2015; summarized with
variables principal components where needed

Sentinel-2 NDVI 10 m Vegetation greenness proxy

Sentinel-2 NDMI 20 m Vegetation = moisture/disturbance-condition  proxies

and NBR derived from SWIR bands
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Data preparation

Field records were organized into structured datasets to compute species abundance,
frequency, basal area, and importance value index (IVI) separately for each vegetation
stratum. Alpha diversity was quantified using the Shannon—Wiener index (H'), Simpson’s
diversity index (1 — D), and Pielou’s evenness (J) for each forest type and vegetation layer
[15, 16, 17].

Because the tree (400 m? and herb (4 m?) sampling areas differ, among-stratum diversity
was additionally compared using incidence-based richness estimators (Chao2 and
jackknife) and coverage-standardised richness, and differences among strata were tested
with Kruskal-Wallis tests (Appendix S16). The unimodal versus monotonic form of each

richness-elevation relationship was tested with generalised additive models.

Multivariate community analyses

Floristic variation among plots was examined using non-metric multidimensional scaling
(NMDS) based on Bray—Curtis dissimilarities [18, 19]. NMDS was used to visualise broad
compositional structure and overlap among groups, not as a formal test of separation.
Environmental associations with NMDS structure were evaluated using vector fitting with
999 permutations. This analysis was interpreted as an exploratory summary of

association strength, not as a causal model of community assembly.

Because near-zero NMDS stress can arise from sparse, heavily tied dissimilarity matrices
rather than from strong low-dimensional structure, ordination adequacy was assessed
using Shepard diagrams, the distribution of Bray-Curtis dissimilarities, counts of tied
distances and species-poor plots, and multiple random starts. Configurations were cross-
checked against Jaccard (presence-absence) and Hellinger-transformed ordinations
(Appendix S13).

Community differences among forest types were tested using permutational multivariate
analysis of variance (PERMANOVA) [20]. NMDS was computed with two dimensions (k =
2) and a fixed random seed (42) to ensure reproducibility. Environmental vectors were
fitted using permutation tests with 999 randomizations. PERMANOVA was conducted
with 999 permutations, and homogeneity of multivariate dispersions was evaluated using

permutation tests on distance-to-centroid values [21].
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Where the overall test was significant, pairwise PERMANOVA among forest types was
computed with Benjamini-Hochberg-adjusted p-values, together with pairwise dispersion
tests, between-centroid distances and within-group distance-to-centroid values
(Appendix S14).

To support valid interpretation, PERMANOVA results were interpreted jointly with effect
sizes (R?) and dispersion tests. In strata with heterogeneous dispersion, PERMANOVA
was interpreted as reflecting combined centroid and spread effects rather than pure
location shifts [21]. NMDS was used for pattern visualization rather than as a stand-alone

test of group separation.

To reduce redundancy among climate variables, the 19 bioclimatic variables were
summarized using principal components before ordination-based environmental fitting
and predictive modelling. Because preliminary analyses showed low constrained inertia,
constrained ordination with variance-inflation factor (VIF) screening was retained only as
a supplementary diagnostic. Indicator species analysis was applied to identify taxa
significantly associated with low-, mid- and high-elevation groups using the indicator value
method, with significance assessed at a« = 0.05 and 999 permutations [22]. These groups
were used to evaluate whether broad elevational zonation produced clear floristic

indicators, complementing the forest-type comparisons used in PERMANOVA.

Spatial dependence was examined explicitly using Moran's | on plot-level diversity, a
Mantel test and Mantel correlogram relating community dissimilarity to geographic
distance, and distance-based Moran's eigenvector maps (dbMEM) within a variation-
partitioning framework that separated forest-type from purely spatial components of
community variation (Appendix S15). Regeneration models were additionally evaluated

with spatially blocked cross-validation (Appendix S18).

Regeneration dynamics and predictive modelling

Seedling and sapling data were analysed to quantify regeneration patterns and spatial
structure across forest types and elevations. Environmental correlates of regeneration
richness were modelled using random forest and extreme gradient boosting algorithms,
both of which are widely applied for non-linear ecological prediction problems [23, 24].
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Predictors included terrain variables, macroclimatic variables, Sentinel-2 vegetation-
condition indices and tree/shrub diversity metrics. Random forest models were fitted with
500 trees, and predictor importance was quantified as the percentage increase in mean
squared error following permutation. Gradient boosting models were parameterized with
100 boosting rounds, a maximum tree depth of four and a learning rate of 0.1, and

predictor influence was assessed using relative gain values.

In addition to richness, regeneration density and the seedling-to-sapling ratio were
summarised by forest type; adult-juvenile correspondence was assessed for the dominant
canopy taxa Schima wallichii, Castanopsis indica and Alnus nepalensis; and adult versus
regeneration composition was compared using Mantel and Procrustes tests (Appendix
S18). An XGBoost hyperparameter search was used to confirm that the weak predictive

performance was not an artefact of default settings.

Model performance was evaluated using five-fold cross-validation with a fixed random
seed (42) to ensure reproducibility. Predictive accuracy was summarized using cross-
validated error statistics and explained variance, and response curves were inspected to
verify ecologically plausible relationships between regeneration patterns and key climatic

or topographic predictors.

Because predictive performance was weak, variable-importance results were interpreted

only as exploratory correlates. They were not used to infer causal drivers of regeneration.

Software environment

All analyses were conducted in R. Community-ecology workflows, including ordination,
dissimilarity-based testing and indicator-species analysis, were implemented primarily
using functions described in the ecological literature underlying widely adopted
multivariate methods [20, 22, 25]. Results from selected multivariate classifications and
indicator-species procedures were independently verified in PC-ORD version 5 to confirm
analytical consistency. Microsoft Excel was used for preliminary data curation and quality-

control screening prior to statistical analysis.
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Reproducibility and data stewardship

Reproducibility was ensured through systematic archiving of raw field observations,
spatial environmental layers, curated analysis tables and derived outputs. All distance
measures, ordination settings, permutation schemes and machine-learning
hyperparameters were documented in metadata files accompanying the archived
datasets. Intermediate products, including ordination scores, regeneration prediction
surfaces, cross-validation partitions and variable-importance tables were retained to
permitindependent replication of all analytical steps. Data and code supporting the results
of this study are available in the project repository:

https://github.com/wangdiues/Vegetation_Ecology.

Results
Community composition and ordination

Non-metric multidimensional scaling (NMDS) showed broad overlap among forest types
across strata, with only weak visual differentiation (Figure 2). Stress values were
uniformly low (trees = 0.0001; shrubs = 0.070; herbs = 0.001; regeneration = 0.0006),
indicating a low-stress two-dimensional rank-order fit of Bray—Curtis dissimilarities rather
than a perfect ordination (Appendix S3). Multiple dimensional solutions were explored,

and stress values remained consistently low, confirming ordination stability.
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Fig. 2: Non-metric multidimensional scaling (NMDS) ordinations of vegetation plots for
four strata: (A) trees, (B) shrubs, (C) herbs and (D) regeneration. Points represent sample
plots coloured by forest type; polygons delineate convex hulls for each forest type and
show broad overlap rather than discrete group separation. Red arrows indicate fitted

environmental vectors significant at p < 0.05 based on 999 permutations. Stress values

are shown for each ordination

The near-zero stress values for trees, herbs, and regeneration may arise partly from
matrix properties that ease low-dimensional rank fitting (for example, high tied
dissimilarities and sparse compositional structure), although such values should be
treated cautiously in ecological community data. Ordinations were therefore interpreted

conservatively as broad summaries rather than precise geometric distances [19, 26].



299 NMDS patterns were cross-checked against PERMANOVA, dispersion tests, and

300 constrained ordination instead of relying on visual separation alone.

301 Diagnostic analysis confirmed that the low stress values reflected matrix properties rather
302 than strong compositional structure: tied dissimilarities accounted for 98.1-99.3% of plot
303 pairs in the trees, herbs and regeneration matrices and 275 plots contained at most one
304 species, while Jaccard and Hellinger-transformed ordinations produced comparably low
305 stress (maximum 0.07; Appendix S13). The ordinations are therefore reported as broad

306 rank-order summaries and not as precise geometric representations.

307 Shrub and herb assemblages displayed the greatest dispersion in ordination space and
308 were the only strata with several significant fitted environmental vectors (Figure 2B—C).
309 Tree assemblages were comparatively compressed along NMDS axes (Figure 2A), while
310 regeneration plots showed broad scatter (Figure 2D). These patterns indicate high within-

311  stratum heterogeneity and limited visual support for discrete forest-type clusters.

312  These stratified responses mirror documented altitudinal forest-type transitions along dry

313 valley slopes [27].

314 Community differences among forest types

315 Community composition differed significantly among forest types across all vegetation
316 strata, but effect sizes were small (Table 3). Tree assemblages exhibited a modest
317 difference  (PERMANOVA R? =0.031, F=3.38, p =0.001 ), with homogeneous
318 dispersions (betadisper p = 0.291), indicating that this result is consistent with a small

319  centroid shift among broad forest-type classes (Appendix S2).

320 Table 3. Results of permutational multivariate analysis of variance (PERMANOVA) and
321 tests of multivariate dispersion for vegetation strata across forest types. p-values are

322  based on 999 permutations.

Stratum Sites Groups R? F p Disp. F Disp.p Homogeneous
Trees 216 3 0.031 3.38 0.001 1.24 0.291 Yes

Shrubs 194 3 0.050 5.05 0.001 12.93 0.001 No

Herbs 206 3 0.017 1.70 0.001 15.05 0.001 No
Regeneration 205 3 0.021 2.14 0.001 117 0.319 Yes
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Shrub communities had the largest PERMANOVA effect size among strata (R? = 0.050,
F =5.05, p = 0.001), although dispersions were heterogeneous (p = 0.001), suggesting
that both location and spread contributed to observed differences. Herb and regeneration
assemblages also differed significantly (R? = 0.017 and 0.021, respectively; both p =

0.001), but only the herb stratum showed heterogeneous dispersion (Table 3).

In strata with heterogeneous dispersion, PERMANOVA reflects combined centroid and
spread effects. Accordingly, shrub and herb results were interpreted as mixed location—
dispersion signals, whereas homogeneous dispersions for trees and regeneration
indicate that their compositional differences more closely represent centroid shifts. The
results therefore support weak broad-scale compositional structure, not sharply

separated forest-type communities.

Pairwise comparisons among forest types (Appendix S14) remained significant after
Benjamini-Hochberg correction in 12 of 12 tested pairs, but effect sizes were uniformly
small (R2 <= 0.089) and between-centroid distances were small relative to within-group

dispersion, reinforcing the interpretation of weak rather than discrete forest-type structure.

Forest type was associated with elevation band (Cramer's V = 0.26), confirming the
expected overlap and partial confounding of broad zones along the gradient. Plots
showed a clustered spatial arrangement (Clark-Evans R = 0.37; median nearest-
neighbour distance 0.44 km). Community-geographic distance-decay was weak (Mantel
r = 0.004-0.088), and variation partitioning attributed only a small, largely shared fraction
of community variation to pure space (<= 0.009) versus pure forest type (<= 0.032;
Appendix S15). Spatial structure therefore does not overturn the weak-gradient

interpretation.

Species—environment relationships

Vector fitting against NMDS ordinations showed weak and stratum-specific environmental
associations (Table 4; Figure 3). Tree composition was associated only weakly with the
second bioclimatic principal component (R? = 0.027, p = 0.036). Herb composition was

weakly associated with evapotranspiration (R? = 0.039, p = 0.018), and regeneration
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showed weak associations with the first bioclimatic principal component and precipitation
(R? <0.028, p < 0.047).
Table 4. Exploratory environmental vector-fitting results for selected variables fitted to

NMDS ordinations. Values are permutation-based vector-fit R? statistics and should be
interpreted as association strength, not causal explanatory power.

Stratum Variable Interpretation R? p

Trees Bioclim PC2 macroclimate gradient 0.027 0.036
Shrubs Elevation terrain gradient 0.130 0.001
Shrubs ETo water-availability index 0.127  0.001
Shrubs Temperature macroclimate 0.106  0.001
Shrubs Bioclim PC1 macroclimate gradient 0.081 0.001
Shrubs Precipitation macroclimate 0.053 0.001
Herbs ETo water-availability index 0.039 0.018
Regeneration Bioclim PCA1 macroclimate gradient 0.028 0.044
Regeneration Precipitation macroclimate 0.027 0.047

Shrub assemblages showed the clearest environmental signal, with significant fitted
vectors for elevation (R? = 0.130), evapotranspiration (R? = 0.127), temperature (R? =
0.106), the first bioclimatic principal component (R? = 0.081), latitude (R? = 0.066), and
precipitation (R? = 0.053). Even in shrubs, these associations explained only a modest
fraction of ordination structure and should be interpreted as exploratory correlations rather

than direct evidence of environmental control.

The weak fitted-vector results indicate that the measured terrain, 250 m macroclimatic
variables and Sentinel-2 vegetation-condition indices captured only a small component
of community variation. This limits inference about species—environment relationships
and points to substantial unmeasured microsite drivers operating within broader altitudinal

transitions [3, 27].
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Fig. 3 Exploratory environmental vector-fitting results for NMDS ordinations by vegetation
stratum. Bars show vector-fit R? values for the strongest fitted variables in each stratum;
blue bars indicate p < 0.05 based on 999 permutations and grey bars indicate non-
significant associations. These values summarize association strength and are not

interpreted as causal drivers.

Diversity patterns

Alpha diversity differed markedly among vegetation strata (Table 5; Figure 4). Trees
exhibited the highest mean species richness (5.30 + 2.57 species per plot) and Shannon
diversity (1.391 + 0.595), followed by shrubs (richness = 4.77 + 3.43; Shannon = 1.063 +
0.706), regeneration (richness = 2.00 + 1.26; Shannon = 0.443 + 0.499) and herbs
(richness = 1.79 + 1.32; Shannon = 0.325 + 0.451). Pielou’s evenness was highest for
trees (0.903) and lowest for herbs (0.804).
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Table 5. Mean alpha-diversity metrics by vegetation stratum. Values are mean +

standard deviation.

Stratum Plots Richness Shannon Simpson  Evenness
Trees 221 5.30 + 2.57 1.391 4+ 0.595 0.665 0.903
Shrubs 198 4.77 + 3.43 1.063 + 0.706  0.524 0.832
Regeneration 209 2.00+1.26 0.443+0.499 0.264 0.839
Herbs 210 1.79 + 1.32 0.325+0.451 0.193 0.804
382
A) Richness . B) Shannon
Herbs Reqene;;onsimpsa’s‘hrubs Trees Herbs Regg.ﬂe;t;ﬂnEvenne:!ubs Trees

Fig. 4 Alpha-diversity metrics across vegetation strata. Panels show (A) species richness,
(B) Shannon diversity (H'), (C) Simpson diversity (1 — D) and (D) Pielou’s evenness (]).

Boxplots depict medians and interquartile ranges; points represent individual plots

Species accumulation curves approached asymptotes most rapidly for shrubs and

regeneration, whereas trees and herbs continued to increase steadily with sampling effort,
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indicating incomplete saturation of the regional species pool in these strata (Figure 5).
Such patterns are consistent with documented altitudinal zonation of Bhutanese dry-
valley forests and reported regeneration dynamics of dominant trees [27, 28]. Continued
species accumulation in tree and herb strata suggests that additional sampling would
likely yield further taxa, particularly rare canopy species and ephemeral understorey

herbs, indicating substantial compositional turnover.

herbs regen
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\ ! ' \ ' \ : ' \ \
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Fig. 5 Sample-based species accumulation curves for herbs, regeneration, shrubs and
trees. Solid lines indicate mean richness across random permutations; shaded envelopes

show 95% confidence intervals

Species richness varied along the elevational gradient for all strata (Figure 6). Shrubs
displayed a unimodal mid-elevation peak, whereas trees showed comparatively stable
richness across the sampled range, and herbs and regeneration exhibited weaker,
irregular trends. These responses align with Himalayan studies reporting mid-elevation

richness peaks and altitudinal zonation in woody layers [3, 27, 29].
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Beta diversity (Whittaker's ) was highest for herbs (75.04), followed by regeneration
(54.63), trees (41.86) and shrubs (23.89), indicating pronounced species turnover in the

herb layer relative to the regional species pool.

Alpha diversity differed significantly among strata (Kruskal-Wallis chi-square = 311.2, p =
3.79e-67). Incidence-based estimators indicated incomplete inventories, particularly for
species-rich strata (trees: 222 observed vs Chao2 ~ 292, 76.1% detected; herbs: 134 vs
149, 89.8% detected; Appendix S16). Beta-diversity partitioning showed that turnover,
rather than nestedness, dominated compositional differences (herb-layer turnover 100%
of total beta; Appendix S17), confirming genuine species replacement along the gradient

rather than a sampling artefact.

Herbs Regeneration

Shrubs Trees

Species Richness

Elevation (m a.s.l.) Fig. 6.
Variation in plot-level species richness along the elevational gradient for herbs,
regeneration, shrubs and trees. Curves represent locally weighted regression fits with 95%
confidence band
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Indicator species

Indicator-species analysis detected significant associations with elevational classes
across all strata, but the proportion of significant indicators was low (Table 6). Shrubs
contained the largest proportion of indicator taxa (14 of 101 species; 13.9%), followed by
regeneration (9 of 109; 8.3%), herbs (10 of 134; 7.5%) and trees (12 of 221; 5.4%)
(Appendix S4).

After Benjamini-Hochberg correction, the number of significant indicators fell from 45 to
3 across the four strata (Appendix S4), underscoring that broad elevational and forest-

zone classes carry only a limited, FDR-robust floristic indicator signal.

Table 6. Summary of indicator-species analysis by stratum. Groups were defined by
elevational class (low, mid and high). Significance was assessed using 999 permutations
at a = 0.05.

Stratum Sites Species Groups Significant indicators % Significant
Trees 216 221 3 12 5.4

Shrubs 194 101 3 14 13.9

Herbs 206 134 3 10 7.5
Regeneration 205 109 3 9 8.3

Among canopy trees, Schima wallichii and Castanopsis indica were characteristic of low-
to mid-elevation forests, whereas Alnus nepalensis was associated with higher elevations.
However, only 5.4% of tree species were significant indicators, showing that the
elevational and forest-zone classes should not be treated as sharply defined canopy
communities. The stronger shrub signal suggests somewhat greater understorey

differentiation, but still within broadly overlapping forest zones.

Regeneration modelling

Random forest produced weak predictive performance for regeneration richness (Table 7;
Figure 7), with cross-validated R? = 0.081 + 0.057 and RMSE 1.202 + 0.156. Gradient
boosting performed worse than a mean predictor (R> = —0.035 + 0.096; RMSE = 1.274 +
0.166) (Appendix S5).
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Table 7. Cross-validated performance of machine-learning models predicting
regeneration richness across five folds. R? denotes coefficient of determination; RMSE,

root mean square error; MAE, mean absolute error. Full fold-level output is provided in

Appendix S7.
Model Predictors Obs. CV R? CV RMSE CV MAE
Random Forest 17 192 0.081 + 0.057 1.202 +0.156 0.935
XGBoost 17 192 —0.035+0.096 1.274+0.166 0.951
S Cross-validated R* Cross-validated RMSE
0.104
0.054 N 191
0.004
0.5 A
=0.054
— 0.0
Randnnlw Forest XGB'oosl Randor:ﬂ Forest XGEEcost F/Q 7

VD [P . o Cross-
validated performance of random forest and XGBoost models predicting regeneration
richness. Bars show mean five-fold cross-validated R?> and RMSE with standard
deviations. Low or negative R? values indicate weak predictive performance from the

available terrain, macroclimatic, remotely sensed and stand-level predictors
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Fold-level diagnostics (Appendix S7) showed moderate variability in RF performance and
unstable XGBoost performance, reinforcing that the available terrain, macroclimatic,

remotely sensed and stand-level predictors provide only weak predictability of recruitment.

Variable-importance rankings suggested that shrub-layer diversity attributes,
evapotranspiration, elevation and temperature contributed most to random-forest
prediction (Appendix S6). Because the model explained little variance, these rankings are
reported only to document exploratory correlations and should not be interpreted as

evidence that these variables are dominant drivers of regeneration richness.

Regeneration density and stage structure varied among forest types, with an overall
seedling-to-sapling ratio of 15.6 (Appendix S18), indicating active but bottlenecked
recruitment. Adult-juvenile correspondence for the dominant canopy taxa was incomplete:
regeneration co-occurred with conspecific adults in a fraction of occupied plots (Schima
wallichii 0.25, Castanopsis indica 0.35, Alnus nepalensis 0). Adult and regeneration
composition were only moderately concordant (Mantel r = 0.08, Procrustes correlation =
0.25, p = 0.001), and spatially blocked cross-validation did not improve regeneration-
richness prediction (random-forest spatial CV R2 = -0.036), consistent with strong

unmeasured microsite control of recruitment.

Given the low explanatory power, these models are not suitable for deterministic
prediction or causal ecological inference. Important drivers—such as canopy openness,
disturbance history, soil properties or fine-scale moisture regimes—were not captured by
the available predictors, which is a design constraint for interpreting regeneration patterns
in this study [30].

Discussion

Stratified community turnover along elevational gradients

The analyses indicate weak but detectable broad-scale community structure, with
understorey assemblages (shrubs and herbs) more variable than canopy trees. This
pattern is consistent with observations from other Himalayan forests where understorey

communities may respond to local canopy, soil and disturbance conditions, whereas long-
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lived canopy trees integrate conditions over broader temporal and spatial scales [3, 27].
Forest-type effects were limited in magnitude: PERMANOVA explained only 1.7-5.0% of
compositional variation ( R? = 0.017 — 0.050 , p = 0.001 ). These low effect sizes,
overlapping NMDS hulls and low indicator-species percentages show that the sampled
forest types are broad vegetation-zone classes rather than discrete communities.
Interpretation also depends on dispersion structure: in shrub and herb strata,
heterogeneous dispersions indicate mixed location—spread effects, whereas tree and
regeneration strata with homogeneous dispersions indicate clearer but still small centroid

shifts among forest types.

Environmental correlates and scale of control

Environmental vector fitting showed that measured terrain, macroclimatic and remotely
sensed vegetation proxies were weakly associated with community structure, except for
a somewhat clearer shrub-layer signal. The bioclimatic layers represent macroclimatic
context and cannot resolve canopy gaps, soils, disturbance history, cold-air drainage, or
plot-scale moisture. Sentinel-2 indices added finer-scale vegetation-condition information,
but they are proxies rather than direct measurements of canopy openness or disturbance.
Consequently, the analyses support only the conclusion that broad environmental
gradients and remotely sensed habitat conditions are weakly detectable. They do not
allow strong inference about the fine-scale mechanisms that structure communities in

steep Himalayan terrain.

Diversity patterns and beta-diversity

Marked differences in alpha diversity among strata further highlight the vertically
structured nature of Himalayan broadleaved forests. Tree layers in study maintained high
species richness and evenness across the gradient, reflecting the coexistence of multiple
canopy dominants in these unmanaged stands — a feature repeatedly documented in
Bhutan’s warm and cool broadleaved forests [27, 31]. Shrub richness peaked at mid-
elevations, consistent with many Himalayan studies that find unimodal diversity curves in
the woody understorey around intermediate altitudes where moisture, temperature, and

structural complexity are jointly optimized [3]. By contrast, herbs and regeneration
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showed weak or irregular elevational trends in richness, coupled with elevated beta
diversity relative to alpha diversity in the herb layer. This pattern implies that small-scale
environmental mosaics, rather than smooth elevational forcing, structure ground-layer
communities. High herb-layer beta diversity is widely reported in Himalayan forests and
alpine systems, where aspect, litter depth, and gap dynamics generate sharp species
turnover over short distances [3]. The fact that species accumulation curves did not fully
asymptote for trees and herbs even after 221 plots suggests that a considerable portion
of the regional species pool remained unsampled in these strata, consistent with

substantial compositional turnover.

Indicator species and floristic transitions

Indicator species analysis revealed fewer significant canopy indicators than shrub
indicators. This weak tree specificity is important because forest types were used as
sampling strata: the result indicates that these strata are not sharply defined floristic
communities at canopy level. Instead, the patterns align with Himalayan zonation as
overlapping distributions rather than discrete boundaries [27, 32]. The shrub signal may
reflect stronger understorey turnover, but this remains exploratory because unmeasured

microsite variables were unavailable.

Regeneration dynamics and model interpretation

Machine-learning results were retained as exploratory prediction diagnostics, not as tests
of regeneration mechanisms. The best model (random forest) explained only about 8%
of cross-validated variance (R? ~ 0.08), and gradient boosting performed worse than a
mean predictor. Variable-importance rankings therefore cannot establish that shrub-layer
structure controls regeneration; they only identify variables that contributed to a weak
predictive model. The low predictive power is consistent with missing microsite drivers,
such as canopy openness, soil properties, disturbance history and fine-scale moisture
[30]. Accordingly, the main inference is that regeneration richness was poorly predicted

by the available macro-environmental, remotely sensed and stand-level variables.
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Limitations and novelty of the study

Several design constraints limit inference. First, climate variables were derived from
250 m resolution bioclim rasters; these layers cannot represent plot-level microclimate in
steep terrain. Second, Sentinel-2 indices improved the representation of fine-scale
vegetation condition but did not replace direct measurements of canopy openness, soil
properties, disturbance history or microsite moisture. Third, heterogeneous dispersion in
shrub and herb strata means that part of PERMANOVA significance reflects spread
differences, not only centroid shifts. Fourth, regeneration measurements represent a
temporal snapshot and may miss episodic establishment dynamics of slow-growing
montane trees. Spatial autocorrelation was examined explicitly using Moran's I, Mantel
correlograms and dbMEM variation partitioning (Appendix S15) and had limited effect on
fine-scale inference. Even with these constraints, this study provides one of few multi-
stratum baseline assessments in the eastern Himalaya. The main contribution is to
quantify the limited explanatory power of broad forest-type, macro-environmental and
remotely sensed habitat predictors, while identifying where future plot-level

measurements are needed.

Building on this baseline, the priority next measurements are: (i) canopy openness from
hemispherical photography or densiometer readings; (ii) soil pH, organic carbon, total
nitrogen, available phosphorus and potassium, texture and moisture; (iii) in-situ
microclimate logging of temperature and humidity; (iv) standardised disturbance scoring
for grazing, trails, lopping, canopy gaps, landslides and fire; and (v) permanent seedling
and sapling plots to estimate survival and recruitment directly. These variables target the
unmeasured microsite drivers identified here as the main source of unexplained

compositional and regeneration variation.

For management, the gradational rather than discrete structure of these forests implies
that conservation planning should treat the subtropical-to-cool broadleaved transition as
a continuum rather than as sharply bounded types. Because lowland dominants such as
Schima wallichii and Castanopsis indica and the higher-elevation Alnus nepalensis
showed incomplete adult-to-regeneration correspondence, maintaining connectivity

across the elevational gradient is likely to be important for allowing species to track
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suitable conditions under continued warming, supporting the role of these unmanaged

forests as an ecological linkage.

Conclusions

Across the study area, broad forest-type classes showed statistically detectable but
limited compositional structure (R? = 0.017—-0.050). Understorey strata showed greater
turnover and higher dispersion than canopy trees, but shrub and herb PERMANOVA

results were partly confounded by heterogeneous dispersion.

Environmental vector fitting showed mostly weak terrain, macroclimatic and remotely
sensed habitat associations, with the clearest but still modest signal in shrubs.
Regeneration was only weakly predictable from the available predictors (random forest
CV R? =~ 0.08; gradient boosting R? < 0). Variable-importance rankings should be read

as exploratory diagnostics from a weak model, not as causal evidence.

This study provides a baseline for long-term monitoring of unmanaged broadleaved
forests in the sampled elevation range. Inference should remain restricted to this 260—
1964 m gradient and to broad forest-zone patterns unless future work adds plot-level soil,

canopy, disturbance and microclimate measurements.
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