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HIGHLIGHTS

e Species and functional diversity significantly reduced with decreasing edge distance
e Functional richness strongly increased C-sequestration for drought avoiding strategy
e C-sequestration for drought tolerants was mainly attributed by Shannon diversity

e Fire index was critical for declining C-sequestration for drought avoiding strategy

e Drought index critically decreased C-sequestration for drought tolerant strategy

ARTICLE INFO ABSTRACT

Editor: Daniel Wunderlin Habitat features, such as species diversity, functional diversity, tree size, disturbances and fragment sizes have
differential impacts on carbon (C) storage and C-sequestration in forest ecosystems. Present study attempted to

Keywords: understand the tree strategies for modulating C-sequestration capacity across tropical dry forest fragments with

Carbon sequestration variable edge distances. We evaluated the differences between drought strategies (i.e., drought avoiding and

Drought avoiding strategy
Drought tolerant strategy
Edge distance

Tropical dry Forest

drought tolerant) for variations in stem density, relative growth rate (RGR), C-storage and C-sequestration,
species diversity, functional diversity, tree size and disturbance indicators along edge distance gradient, besides
analyzed the differences between drought strategies for responses of C-storage and C-sequestration to variations
in species diversity, functional diversity, tree size and disturbance indicators. Various traits and functional
indices were analyzed using standard statistical techniques. For total trees and for the two drought strategies,
generalized linear modeling results showed a significant decline in stem density, RGR, C-stock, C-sequestration,
species diversity, functional diversity and tree size indicators, while a considerable increase in disturbance in-
dicators, along decreasing edge distance across the fragments. The drought strategies exhibited a high degree of
variation in the slope of associations for above variables with edge distance across fragments. For predicting C-
sequestration, structural equation modeling results showed highly significant influence of functional diversity
indicators for drought avoiding strategy, while species diversity indicators were strongly significant for drought
tolerant strategy. Moreover, fire index and drought index were critical predictors for C-sequestration for drought
avoiding and drought tolerant strategies, respectively. This study provide inputs to understand the largely
ignored processes of C-storage and C-sequestration in fragmented forests, which are currently prevalent due to
heavy anthropogenic pressures. Our findings are useful for forest managers to understand vegetation responses to
interactions of species diversity, functional diversity, tree size and disturbance indicators, for predicting the
stability of larger fragments and for planning restoration of smaller fragments.
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1. Introduction

Forests are economical approach for climate change mitigation due
to their capacity to fix atmospheric CO5 and transforming it as biomass
carbon (Pan et al., 2011; Cook-Patton et al., 2020). However, uncer-
tainty still exists, on how tree strategies and habitat features interact to
modulate the carbon sequestration capacity of the forest ecosystems.
The carbon storage in forests is partly determined by species diversity (Li
et al., 2019; Osuri et al., 2020), while functional traits are also consid-
ered as the advanced way of understanding forest functional dynamics
(Wright et al., 2010). Currently, loss of natural habitats and climate
change are threatening structural and functional diversity of forest
ecosystems (Aquilué et al., 2020), therefore critical assessment of the
associations of forest carbon storage and sequestration with important
habitat features, i.e., species diversity indicators (viz., species richness,
Shannon diversity and species evenness), functional diversity indicators
(viz., functional richness, functional dispersion and functional even-
ness), tree size indicators (viz., height, canopy depth and canopy cover)
and disturbance indicators (viz., harvest, fire and drought), and their
inter-relationships is highly warranted.

Species diversity is associated with productivity and carbon storage
(Diaz et al., 2009; Poorter et al., 2015; Liang et al., 2016; Ammer, 2019),
however to what extent species diversity determines carbon storage in
various ecosystems is still uncertain (Bunker et al., 2005; Liu et al., 2018;
Ammer, 2019). Among several mechanisms demonstrating impact of
species diversity on ecosystem productivity or carbon balance, the most
suitable explanation for understanding biodiversity-ecosystem func-
tioning relationships are based on selection effects, niche complemen-
tarity, and biotic and abiotic facilitation (Hooper et al., 2005). The
selection effect was hypothesized to result from differences in the
fundamental productivities of species, as revealed in monocultures, and
from the greater likelihood that a more productive species would be
present (“selected”) at higher diversity (Tilman et al., 2014). However,
niche complementarity hypothesis indicates facilitative interactions or
niche differentiation between species, which suggests that relative to
monoculture, species mixture promotes resource-use and nutrient
retention by partitioning of resources, leading to increase in produc-
tivity (Williams et al., 2017). Under biotic and abiotic facilitation, spe-
cies or the improved environmental conditions in a plant community
enhance the performances of another species (Wright et al., 2017).

The functional diversity has been described as “the value and range
of functional traits of the organisms present in a given ecosystem” (Diaz
and Cabido, 2001, pp. 654), indicating intricate associations between
species diversity and functional diversity which determines carbon
storage. Consequently, the significance of species diversity and func-
tional diversity for influencing carbon storage in different ecosystems
are increasing in debates, while recent empirical studies have empha-
sized that they act complementarily, and species diversity promotes
carbon storage through functional diversity and functional dominance
(Mensah et al., 2016). For this argument, the niche complementarity
hypothesis assumes that the increasing species diversity leads to the
production of a variety of functional traits which provide opportunities
for efficient use of resources by the species, leading to an increase in
ecosystem functions (Diaz and Cabido, 2001). While, the selection ef-
fects hypothesis suggests that highly diverse ecosystems have greater
chances of having dominant species or traits influencing ecosystem
functions (Mensah et al., 2016). However, the recent reviews have also
reported controversies in the relationships between species diversity and
functional diversity and suggested that the relationships could also be
affected by habitat alterations or disturbances and species pool
(Mayfield et al., 2010; Mouchet et al., 2010; Cadotte et al., 2011).

Together with species diversity and functional diversity, forest
structural attributes, such as tree size indicators also strongly determine
resource capture, productivity and forest biomass (Poorter et al., 2015;
Fotis et al., 2018). Moreover, the variations in tree size indicators are
significantly associated with species diversity and carbon storage in

Science of the Total Environment 951 (2024) 175703

natural forests (Enquist et al., 2009; Zhang and Chen, 2015) through
adjustments in spatial packing of crown cover for better utilization of
light (Yachi and Loreau, 2007; Rodig et al., 2018).

Tropical dry forest is the most widely distributed forest type in the
tropics, covering approximately 42 % of tropical forests worldwide
(Murphy and Lugo, 1986), however determinants of aboveground car-
bon in these forests are still debatable (Portillo-Quintero et al., 2015;
Mesa-Sierra et al., 2022). These forests experience a long dry period
ranging from 5 to 7 months, each year, and are subjected to anthropo-
genic disturbances, such as harvesting and fire (Chaturvedi et al., 2024).
Harvesting reduces the carbon stock, while fire and drought redistribute
the carbon stock from live pools into the dead pools, which also me-
chanically damages the retaining trees and may change the demography
of tree communities (Collins et al., 2019). Consequently, the trees
exhibit survival strategies against fire and drought which widely vary
among species (Chaturvedi et al., 2021, 2024). For drought strategies,
trees can be categorized according to their capacity to avoid or tolerate
drought, or as per the Grime’s model for competitive (C), stress toler-
ance (S) and ruderal (R) strategies, while other disturbances may also be
linked with the drought avoiding and drought tolerant strategies for
disturbed ecosystems (see Chaturvedi et al., 2024).

Earlier studies, mainly focused on the influence of tree species and/
or functional diversity on carbon storage, in intensively managed forests
with very few species (Erskine et al., 2006; Piotto, 2008), or in stands
with high species richness (Ruiz-Jaen and Potvin, 2011; Wardle, 2016;
Poorter et al., 2016; Sullivan et al., 2017). However, evaluation of the
impacts of structural and functional diversity, tree size and disturbances
on carbon storage in tropical dry forest fragments have not been docu-
mented. In this study, we examined the relationships of carbon storage
capacity in tropical dry forest fragments with species diversity in-
dicators, functional diversity indicators, tree size indicators and distur-
bance indicators. We are particularly interested in understanding factors
explaining variations in carbon storage capacity of tree communities or
functional strategies in fragmented tropical dry forests, to explore the
role of these habitats in decreasing atmospheric CO5 concentration. We
classified tree species across tropical dry forest fragments into drought
avoiding and drought tolerant strategies to answer the questions: (1)
What are the differences between drought strategies for variations in
stem density, relative growth rate (RGR), carbon storage and seques-
tration, species diversity, functional diversity, tree size and disturbance
indicators along edge distance gradient in a tropical dry forest? (2) What
are the differences between drought strategies for responses of carbon
storage and sequestration to variations in species diversity, functional
diversity, tree size and disturbance indicators? We hypothesize that, for
both drought strategies, stem density, RGR, carbon storage and
sequestration, species diversity indicators, functional diversity in-
dicators and tree size indicators will decline on decreasing edge distance
across the forest fragments, whereas, the disturbance indicators will
increase on decreasing edge distance. Besides, due to the dominance of
drought avoiding trees along smaller fragments, and the dominance of
drought tolerant trees along larger fragments (Chaturvedi et al., 2024),
niche complementarity and selection effects at larger fragments will
support more to drought tolerants, while along smaller fragments, they
will favor more to drought avoidants. Therefore, the slope of responses
for above variables along decreasing edge distance will be more steep for
drought tolerant strategy compared to drought avoiding strategy.
Further we hypothesize that the effects of species diversity, functional
diversity, tree size and disturbance indicators on carbon storage and
sequestration will be variable for the two drought strategies. Species
diversity and functional diversity indicators will be common influencers
for the two drought strategies, however, due to the large tree size of
drought tolerants, the tree size indicators will strongly influence their
carbon storage and sequestration, and since drought avoidants are more
exposed to disturbances, the disturbance indicators will highly deter-
mine their carbon storage and sequestration.
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2. Materials and methods
2.1. Study sites

Our investigation was conducted in 45 forest fragments or patches or
study sites in Vindhyan highlands, located in the Sonebhadra district of
Uttar Pradesh, India (Fig. 1, Table S1). The selected fragments cover
around a 50 km radius, and the distance between the two nearest
fragments is around 2 km. The largest fragment occupies 92.4 ha land
area, while that of the smallest fragment covers 1.5 ha area. The patch
perimeter ranged from 0.4 to 4.0 km, and the edge distance varied from
0.07 to 0.4 km. The altitude for these fragments ranges from 231 to 350
m asl. The selected sites contain naturally established old-growth for-
ests. The forest area was exposed to anthropogenic disturbances mainly
by the local villagers in the form of extraction of forest resources, illegal
harvesting, and occasional burning, however for the past three decades
government policies have been engaged in forest conservation and
controlling disturbances, particularly in large-sized fragments. The idea
behind site selection was to get greater variations in habitat properties,
such as edge distance and disturbances, to cover the maximum possible
tree species diversity and functional diversity of the region. The area
experiences a tropical monsoon climate. We collected monthly climatic
and weather data for 12 years, starting from January 2008 to December
2019 from the website, www.worldweatheronline.com. The data
include minimum, average and maximum temperatures, rainfall, and
relative humidity. The average temperature during this period ranged
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from 10.5 °C, in January to 42.5 °C, in May. The average annual rainfall
was 662.3 mm, with a minimum rainfall of 2.69 mm in November to a
maximum of 208.7 mm in July. The study region experienced >80 % of
the total annual rainfall during only three months (July-September),
and the remaining 20 % in the other nine months. Similar to rainfall,
relative humidity in the study region was also higher (>70 %), during
the July-September period, where the minimum and maximum relative
humidity during this period was 22.0 % in April, and 76.4 % in August. A
more detailed description of the study region is given in Chaturvedi
(2010).

2.2. Sampling design

We established three rectangular plots (50 m x 20 m) randomly, in
the central region of each forest fragment for periodical measurements.
The distance from the forest edge for each plot was recorded in four
directions, and the average value was considered as the edge distance.
For fragments whose edge distance was >200 m, the three plots inside
the fragment were separate from each other by a distance of at least 50
m, while for the fragments whose edge distance was <200 m, we tried to
keep a distance of at least 25 m between the plots. We counted the stems
and measured their diameter at breast height (DBH) for all tree species
inside each plot using a measuring tape, and identified all individuals
>10 cm DBH for further measurements. In each plot, growth measure-
ments were recorded for the five years, starting from September 2010 to
August 2015. Increases in girth for all individuals >10 cm DBH, inside
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Fig. 1. PCA biplot showing grouping of tree species into two functional types, viz., drought avoiding (blue colored eclipse), and drought tolerant (pink colored
eclipse) based on HCPC analysis on 16 functional traits. SSD, stem specific density; QWsat, stem water storage capacity; CC, canopy cover intensity; SLA, specific leaf
area; RWC, relative water content; LDMC, leaf dry matter content; LNC, leaf nitrogen content; LPC, leaf phosphorus content; Gsyay, maximum saturated stomatal
conductance; Apax, maximum saturated photosynthesis; WUEI, intrinsic water use efficiency; psi.dawn, leaf water potential at dawn; psi.noon, leaf water potential at

noon; Chl, chlorophyll content; LL, leaf life-span; LA, leaf area.
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each plot were measured annually with the help of metal dendrometer
bands fitted at 1.37 m height (Chaturvedi et al., 2011a, 2017). We also
measured height increments for each individual >10 cm DBH, inside
each plot with the help of a 15 m graduated measuring pole for in-
dividuals up to 15 m height (one person holding the pole, a second
acting as “spotter” to assess the mark on the pole which reached the level
of the top of the crown), and for taller individuals trigonometric method
was applied. For the measurement of functional traits, including whole
plant traits, wood traits, and leaf traits, we marked at least five in-
dividuals, > 10 cm DBH, for each tree species inside the three rectan-
gular plots, at each fragment. For a few species, whose individuals were
less than five inside the three plots, we marked the remaining in-
dividuals outside the plot boundary. Sampling for most of these mea-
surements were made in September 2013, however, a few rare species
which were not sampled in the year 2013, were covered in 2014.

Soil moisture content (SMC) at a depth of 10 cm was measured every
month for two years, starting from September 2012 to August 2014, by a
theta probe instrument (type ML 1, Delta-T Devices, Cambridge, UK), as
percentage by volume under the canopy, at four sides of the main trunk,
at a distance of one meter from each marked individual tree species.

2.2.1. Functional trait data

We selected 16 functional traits considered important for tropical dry
forest trees (Chaturvedi et al., 2011b), including one whole plant trait,
viz., tree foliage cover intensity/canopy cover intensity (CC), two wood
traits, viz., wood specific gravity (WSG) and saturated stem water con-
tent (QWsat), six morphological leaf traits, viz., leaf size or leaf area
(LA), specific leaf area (SLA), relative water content (RWC), leaf dry
matter content (LDMC), leaf water potential at dawn (Wgawn), and leaf
water potential at noon (Wneon), Six physiological leaf traits, viz., leaf
nitrogen content (LNC), leaf phosphorus content (LPC), maximum
saturated stomatal conductance (Gspax), maximum saturated photo-
synthetic rate (Apax), intrinsic water use efficiency (WUEI), and chlo-
rophyll content (Chl), and one phenological leaf trait, viz., leaf life-span
(LL).

The tree CC was recorded for all marked individuals of each species,
monthly for two years, starting from September 2012 to August 2014.
For this observation, we tagged 20 to 50 terminal twigs on the four sides
of each marked individual. We recorded the date of leaf budding or leaf
flushing, and leaf shedding (including the time of yellowing, browning,
and partial or total leaf shedding) for each marked individual, at each
plot, and at each forest fragment. During these observations, we also
recorded the leaf life-span (LL), and the proportion of leaves in the
canopy under a particular phenophase or phenological event. For esti-
mation of the intensity of phenological event (viz., CC), we followed
Fournier (1974), and quantified the phenophases for each individual
from zero to four (Fournier intensity index). Among these five indices,
zero represents the absence of phenophase, one indicates the intensity of
phenophase between 1 and 25 %, two between 26 and 50 %, three be-
tween 51 and 75 %, and four between 76 and 100 %. We calculated the
intensity of phenophases for foliage cover, for each species at each forest
fragment by the formula:

Fournier intensi
Phenophase intensity = (M> x 100

4N

where, > Fournier intensity is the sum of Fournier intensity for all in-
dividuals of a species, and N is the number of individuals of the species.

WSG was measured for the five healthy individuals >10 cm DBH, for
each tree species inside the three plots, each at the 45 forest fragments,
following protocol given in Chaturvedi et al. (2010). The individuals
selected for the measurement of WSG were different from those which
were marked for the measurement of tree growth and samples were
collected from the trees outside the plots. The wood samples were
collected from trees outside the plots to protect the trees inside the plots
from injuries, which could lead to their mortality. We took wood

Science of the Total Environment 951 (2024) 175703

samples from the main trunk at the height of 1.4 m, up to the radial
depth, with the help of a stem borer. The wood samples were sealed in
plastic bags separately and brought to the laboratory. The volumes of
fresh wood samples, after removing bark were estimated by the water
displacement method, and the wood samples were dried in an oven at
80 °C till constant weight. The values of WSG are expressed as g cm >,
For determining the amount of saturated stem water (QWsat, %), we
collected stem samples from the same five individuals which were
selected for WSG measurement for each species. The volume and dry
weight of stem samples were estimated after removing the outer bark, by
following the same method which was applied during the measurement
of WSG, however, before measuring volume, stem samples were soaked
in water overnight. The formula for obtaining QWsat was, according to
Borchert (1994):

QWsat — (Stem weight(wmr saturaad — Stem weight(d,y) > <100
Stem weight 4.,

Leaf traits were measured on the same trees which were marked for
the study of phenology. While, we measured LA, SLA, LDMC, LNC, LPC,
Amax> GSmax, WUEI, ¥gqawn, and ¥poon according to Pérez-Harguindeguy
et al. (2013), RWC was measured according to Tanentzap et al. (2015).
For the measurement of LA, SLA, LDMC, RWC and Chl, 10 to 20 fully
expanded, mature, and sun-facing leaves were collected from each
marked individual of each tree species. Fresh leaf weights for all leaves
were recorded just after collection, at the field site, by portable elec-
tronic weighing balance. After weighing, leaves were wrapped sepa-
rately in the moist paper for rehydration, sealed in separate plastic bags,
and brought to the laboratory. All measurements were made within 24 h
of bringing the samples to the laboratory. Chlorophyll was analyzed by
crushing 0.1 g of the leaf in 10 ml of 80 % acetone (Aron, 1949). The
absorbance (D) of the extract was then measured at 645 and 663 nm
using 80 % acetone as blank. The concentrations of Chl, and Chl, were
calculated from the following expressions (Aron, 1949):

volume of acetone (10 ml)
weight of leaf tissue (0.1g)

Chi,(mgg™) = ([12.7 x Dgg3] —[2.60 x Dgss] ) %

volume of acetone (10ml)

~1) _ —
Chly(mgg™) = ([22.9 x Dess] — [4.68 x Desa] ) weight of leaf tissue (0.1g)

Chl (mgg™') = Chl, (mgg™") +Chl, (mgg™*)

After Chl measurement, the remaining fresh leaves were rehydrated,
weighed on electronic balance, and scanned on a table scanner, and their
dimensions were determined with the help of Image-J programme
(Abramoff et al., 2004) for the measurement of LA. After LA measure-
ments, all leaf samples were dried in separate paper bags in the oven at
70 °C till constant weight. After recording the leaf fresh weight, leaf
rehydrated fresh weight and leaf dry weight, we calculated SLA, LDMC
and RWC by using the following equations (Chaturvedi et al., 2024):

_ Leaf area
~ Leaf dry weight

_ Leaf dry weight
LbMC = (Leaf rehydrated fresh weight) 100

_ Leaf fresh weight — Leaf dry weight
RwC = (Leaf rehydrated fresh weight — Leaf dry weight x 100

LNC and LPC were measured by micro-Kjeldahl (acidic) digestion, fol-
lowed by colorimetric (flow-injection) analysis.

For measurement of Apax (pmol m2 s, Gspax (mol m2 s7Y),
Y dawn (MPa), and Wppon (MPa), we sampled twigs from each marked tree
species, at mid-canopy height, having full sun exposure for at least part
of the day, with healthy and fully expanded leaves. Measurements for
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Amax and Gspax were made immediately after collecting the samples
using an LC Pro Console Photosynthesis meter (model EN11 ODB, ADC
Bioscientific Ltd., UK) between 09:30 h and 12:30 h (solar noon). The
WUEI] was determined as the ratio of Apax and Gspax, and expressed as
pmol mol L. For the measurement of leaf water potential (¥), we used a
pressure chamber (Model 1000, PMS Instrument Co., Corvallis, Ore.).
Measurements of Wg,wn for each species at each fragment started at
04.30 h and finished before sunrise, while ¥;,,,, was generally measured
between 12.30 h to 13.30 h.

2.2.2. Tree size data

Under tree size, we selected tree height to DBH ratio (HTDBH),
crown depth to DBH ratio (CDDBH), and crown cover to DBH ratio
(CCDBH). Crown depth for each individual tree was measured at four
sides of the tree as length along the main axis from the top of the tree to
the base of the crown. Similarly, the crown cover for each tree was
measured as the area covered by the vertical projection of the perimeter
of the crown.

2.2.3. Disturbance data

We recorded tree mortality and recruitment in each plot annually
and averaged the data for the three plots for each site. Under mortality,
we recorded the number of trees that died due to harvesting by humans,
fire and drought, each year, while recruitment was considered as the
number of trees attaining 10 cm DBH within the year. To get getting
more accuracy, these data were recorded every month for five years,
where harvested tree was identified by tree stumps, fire-killed trees were
recorded by observing fire scars, while drought killed trees were cate-
gorized when the tree died with no external harvesting sign or fire scar.
The annual mortality index (MI, %) for harvest, fire and drought indices
were calculated as:

Tp
MI = x 100
(7+m)

where, Tp is the number of newly died trees within a year, T is the
number of trees during the first measurement of the year, and Ty is the
number of newly recruited trees in a year.

2.3. Statistical analysis

The statistical analyses were done in R version 4.4.1 (R Foundation
for Statistical Computing, Vienna, AT). By using species count data in
each plot, we calculated species richness, Shannon diversity, and species
evenness, and for this we used “vegan” R-package (Oksanen et al.,
2019). By using the average value of species trait data and the species
count data for each plot, we calculated functional richness, functional
dispersion and functional evenness, and for this, we used “fundiversity
v.0.2.1” R-package (Gruson and Grenié, 2022).

Stem biomass was obtained by using the equation given by King et al.
(2006) as:

Stem biomass = 0.5 x (1/4) x WSG x (DBH)* x H

where, 0.5 is the form factor, defined as the ratio of stem volume to the
volume of a cylinder with the height (H, m) and diameter at breast
height (DBH, cm) of the tree. We validated the estimates from this
equation against those obtained by using species-specific as well as
multi-specific allometric equations relating destructively measured tree
biomass and the DBH, for tropical dry forest tree species, as well as
actually measured biomass of harvested trees (Chaturvedi et al., 2010).
We also compared the estimates of stem biomass of two dominant spe-
cies obtained by the CBH-based equation and observed that the estimate
from the WSG-based equation was closer to the directly measured
biomass (R? = 0.97, P < 0.001), as compared to the CBH-based equation
[R?= 0.83, P < 0.001). We calculated biomass per unit stem basal area,
as well as per unit stand area. The biomass accumulation capacity for
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each tree species was calculated as the rate of change in biomass per unit
basal area (i.e., relative growth rate, RGR). The aboveground carbon
content for each tree was calculated by multiplying the aboveground
biomass by the default IPCC carbon fraction value of 0.47 (IPCC, 2006).
For calculating carbon stock at each plot, we divided the carbon content
(expressed in tons) of all trees inside the plot by the area of plot
(expressed in hectares, ha).

For estimating carbon sequestration, we used mass ratio of the
photosynthetic reaction equation:

6C02 + 6H20_)C6H1206 602
(264) T (108) " (180) " (192)

Based on the above equation, 180 g of biomass (C¢H120¢) is produced by
using 264 g of CO,. Therefore, for determining carbon dioxide seques-
tration, we can use the formula:

2
CO, sequestration = % X Biomass = 1.4667 x Biomass

We used likelihood ratio tests (LRTs) for testing interactions and main
effects. We also used Wald tests for evaluating the parameter estimates.
The data normality was checked by Shapiro-Wilk test and the data
exhibiting non-normal distribution (viz., functional richness and func-
tional dispersion) was log-transformed before statistical analysis.

We observed species groupings as functional types, by using the 16
traits data for each species through PCA, hierarchical clustering, and
partitioning clustering particularly through the k-means method by
HCPC (hierarchical clustering on principal components). According to
Kassambara (2017), HCPC is a robust tool for multivariate data analysis,
where it allows three techniques (viz., hierarchical clustering, k-means
partitioning, and PCA) in combination for extracting information from
the data and summarizing results in the best possible format. The HCPC
basically uses Euclidean distances to define the distance between in-
dividuals, while the hierarchical tree is constructed by Ward’s agglom-
eration method (Husson et al., 2010; Husson et al., 2011). According to
Husson et al. (2010), the categories of cluster variables are represented
by the categories of the categorical variables. The HCPC generates a list
of species groups in ascending order of P-value, which shows the order of
impact of the categorical variables. HCPC also develops V-test values
which are reported to be associated with the P-values (Husson et al.,
2011). Moreover, the order of over represented positive V-test values
exhibits categories of categorical variables according to their influence
on the cluster variables (Husson et al., 2011). Our analysis was based on
the average value of functional traits for all individuals of each species
across the 45 forest fragments. We showed the clusters of tree species in
the form of a PCA biplot. The clustering of tree species was based on the
shared set of functional traits. Based on the identity of functional traits in
each cluster, we classified the total tree species into two functional types
[viz., drought avoiding and drought tolerant]. For this analysis, we used
the R package “FactoMineR” and “factoextra” (Kassambara and Mundt,
2016). We used functions prcomp() and PCA(), “FactoMineR” package
for PCA analysis.

We observed the trends of vegetation attributes (viz., stem density,
RGR, carbon density and carbon sequestration), species diversity in-
dicators (viz., species richness, Shannon diversity and species evenness),
functional diversity indicators (viz., functional richness, functional
dispersion and functional evenness), tree size indicators (viz., HTDBH,
CDDBH and CCDBH), and disturbance indicators (viz., harvest, fire and
drought) in the form of response variables, with a generalized linear
model (GLM, Nelder and Wedderburn, 1972), where we defined edge
distance as the explanatory variable. We used an autoregressive moving
average model for accounting temporal autocorrelation. This model
structure was required to appropriately account for the temporal auto-
correlation caused by repeated measurements of biomass and biomass
accumulation capacity for the same individuals of each tree species.

We performed a redundancy analysis (RDA) to assess the response of
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RGR, carbon stock and carbon sequestration to species diversity in-
dicators, functional diversity indicators, tree size indicators and distur-
bance indicators, and to check whether such response was specific to
edge distance. To account for relatedness to edge distance, we included
edge distance across the forest fragments as a covariate (i.e., in RDA, the
RGR, carbon stock and carbon sequestration are standardized response
variables, the species diversity indicators, functional diversity in-
dicators, tree size indicators and disturbance indicators are explanatory
variables, while the edge distance is a covariate). We conducted a Monte
Carlo permutation test based on 999 random permutations for testing
the significance of the eigenvalues of the canonical axes and the mar-
ginal and conditional significance of explanatory variables. For RDA, we
used the function rda() and anova.cca(), respectively, both from the
package “vegan” (Oksanen et al., 2019). We also checked multi-
collinearity, and dropped the traits with VIF > 10 (Borcard et al., 2018)
from the final RDA. For plotting RDA projections, we used “ggvegan”
package (Simpson, 2019). We performed RDA separately for the tropical
dry forest, and the two functional types.

To assess the distinct effects of species diversity indicators, func-
tional diversity indicators, tree size indicators and disturbance in-
dicators on site-level carbon sequestration, we fitted structural equation
models using the package “lavaan” (Rosseel, 2012). To obtain the best-
fitting model, we used stepwise regression and removed the non-
significant and weak links. Under structural equation modeling, our
aim was to (i) identify non-significant P-values of the Chi-squared (Xz)
test, which reflected the probability of failing to reject the model for the
given data, (ii) maximize the Comparative Fit Index (CFI) and Tucker-
Lewis Index (TLI), and (iii) reduce sample size-adjusted Bayesian In-
formation Criterion and the Root Mean Square Error of Approximation
(RMSEA) (Bollen et al., 2014). We performed the structural equation
modeling separately for the tropical dry forest, and the two functional
strategies.

Stem density ( ha™')
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3. Results
3.1. Drought strategies

Table S1 summarizes habitat features across the study sites,
including location, altitude, patch size, patch perimeter, edge distance,
species richness, stem density, and dominant species. Across the study
sites, patch size varied from 1.47 to 92.4 ha, while the edge distance
ranged from 66 to 408 m. Based on HCPC analysis, tree species were
grouped into two drought strategies, where 17 tree species were cate-
gorized as drought avoiders and 30 tree species were classified as
drought tolerators (Figure 1, Table S2). Although, tree species were
greater for drought tolerators, the number of individuals were higher for
drought avoiders (63% trees), with increasing dominance towards lower
sized fragments.

3.2. Trends along edge distance gradient

3.2.1. Vegetation attributes

Across the forest fragments, the average stem density was 404 trees
ha~!, ranging from 150 to 800 trees ha™'. The average RGR was 0.05 kg
em ™2 yr~!, ranging from 0.02 to 0.11 kg cm ™2 yr~!. The average carbon
density was 58.9 t ha™!, ranging from 27.0 to 112.9 t ha—'. Average
carbon sequestration was 1.96 t ha™! yr~!, ranging from 0.78 to 3.68 t
ha~! yr~L. Stem density, RGR, carbon density and carbon sequestration
exhibited significant decline towards decreasing edge distance, for total
trees as well as for the two different communities of drought strategies
(Fig. 2, Table S3). We observed significant variations of all vegetation
attributes among drought strategies for their relationships with edge
distance, except for the association of RGR of drought tolerant strategy
with edge distance, although the interaction of edge distance with
drought tolerant strategy showed significant variations for RGR
(Table S3).

Across the forest fragments, we observed greater average stem
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Fig. 2. Generalized linear model trend lines for the vegetation attributes of the total trees (black points and regression lines), drought avoiding (blue points and
regression lines) and drought tolerant (pink points and regression lines) functional types along the gradient of edge distance across 45 forest fragments. Upper two
panels represent total trees, and lower two panels represent drought strategies. The model accuracy is determined by adjusted R The statistical results are sum-

marized in table S3. RGR, relative growth rate.
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density (257 trees ha’l), RGR (0.05 kg cm 2 yr’l), carbon density (35.5
t ha_l) and carbon sequestration (2.37 t ha™! yr_l) for the drought
avoiding strategy compared to the drought tolerant strategy (stem
density, 150 trees ha’l; RGR, 0.04 kg cm 2 yr’l; carbon density, 23.9 t
ha~! and carbon sequestration, 1.56 t ha! yr‘l) (Fig. 2). However,
along declining edge distance, the decline in vegetation attributes for the
drought tolerant strategy was steeper compared to the drought avoiding
strategy, except for RGR, where the decline was steeper for drought
avoiding strategy compared to the drought tolerant strategy (Fig. 2).

3.2.2. Species diversity indicators

Across the forest fragments, the average species richness was 20
species ha™!, ranging from 10 to 34 species ha™!. The average Shannon
diversity was 2.5, ranging from 2.0 to 3.0, while the average species
evenness was 0.85, ranging from 0.80 to 0.91. Among the species di-
versity indicators, a significant decline in species richness and Shannon
diversity along with decreasing edge distance gradient was observed for
the total trees as well as the drought strategies, across the forest frag-
ments (Fig. 3, Table S4). However, species evenness showed a non-
significant trend for total trees, while a significant trend for the
drought strategies. Although, the drought tolerant strategy showed a
non-significant trend for species evenness, the interaction of edge dis-
tance with drought tolerant strategy was significant (Table S4).

Across the forest fragments, the average species richness (10 species
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ha’l), Shannon diversity (2.0) and species evenness (0.87) for drought
avoiding strategy was greater compared to the drought tolerant strategy
(species richness, 9 species ha™!; Shannon diversity, 1.4; species even-
ness, 0.74). We found a steep decline in species richness and Shannon
diversity for drought tolerant strategy along the declining edge distance
gradient, compared to the drought avoiding strategy (Fig. 3). Besides,
the decline in species evenness along the decreasing edge distance was
only significant for drought avoiding strategy.

3.2.3. Functional diversity indicators

Across the forest fragments, the average functional richness was 3.1,
ranging from 1.9 to 3.6. The average functional dispersion was 4.78,
ranging from 4.26 to 5.76, while the average functional evenness was
0.49, ranging from 0.28 to 0.70. For the total tree species as well as for
the two drought strategies, functional richness, functional dispersion
and functional evenness exhibited significant decline along the
decreasing edge distance gradient (Fig. 4, Table S5). We observed higher
average functional richness (3.6) for drought avoiding strategy
compared to drought tolerant strategy (3.3), however the average
functional dispersion (4.51) and functional evenness (0.42) for drought
avoiding strategy were lower compared to the drought tolerant strategy
(functional dispersion, 4.68; functional evenness, 0.61). Besides, the two
drought strategies exhibited significant variations in their responses for
their functional diversity indicators along the edge distance gradient,
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Fig. 3. Generalized linear model trend lines for the species diversity indicators of the total trees (black points and regression lines), drought avoiding (blue points and
regression lines) and drought tolerant (pink points and regression lines) functional types along the gradient of edge distance across 45 forest fragments. Upper panel
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R.K. Chaturvedi et al. Science of the Total Environment 951 (2024) 175703

4.01
2 o]
=90 R?-0656
e °o® 5o
65) 55 P <0.001
351
c ]
g 2 2
c @ c
= a ]
‘_i 3.0 2. £
8 g g
S E S
& 25 e -
Q0 e}
45
201
o]
501 R*-0515 { p?
- 081 R°=0628
P<0.001
c 13
g : g
c
= ] ]
= el =
5 3 3
2 S 2
201
0.2
100 200 300 400 100 200 300 400 100 200 300 400
Edge distance (m) Edge distance (m) Edge distance (m)

Fig. 4. Generalized linear model trend lines for the functional diversity indicators of the total trees (black points and regression lines), drought avoiding (blue points
and regression lines) and drought tolerant (pink points and regression lines) functional types along the gradient of edge distance across 45 forest fragments. Upper
panel represents total trees, and lower panel represents drought strategies. The model accuracy is determined by adjusted R The statistical results are summarized in
table S5.

where we observed a steep decline in functional richness, functional 3.2.4. Tree size indicators
dispersion and functional evenness for the drought tolerant strategy, as Across the forest fragments, the average HTDBH was 0.49, ranging
compared to the drought avoiding strategy. from 0.37 to 0.58. The average CDDBH was 0.24, ranging from 0.15 to
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Fig. 5. Generalized linear model trend lines for the tree size indicators of the total trees (black points and regression lines), drought avoiding (blue points and
regression lines) and drought tolerant (pink points and regression lines) functional types along the gradient of edge distance across 45 forest fragments. Upper panel
represents total trees, and lower panel represents drought strategies. The model accuracy is determined by adjusted R2. The statistical results are summarized in table
S6. HTDBH, tree height to diameter at breast height (DBH) ratio; CDDBH, crown depth to DBH ratio; CCDBH, crown cover to DBH ratio.
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0.33, while the average CCDBH was 0.66, ranging from 0.42 to 0.92. The
tree size indicators, including HTDBH, CDDBH and CCDBH exhibited a
significant decline towards decreasing edge distance gradient across the
forest fragments for the total trees as well as for the two drought stra-
tegies (Fig. 5, Table S6). Across the forest fragments, average HTDBH
(0.48) and CDDBH (0.23) were lower for drought avoiding strategy
compared to drought tolerant strategy (HTDBH, 0.50; CDDBH, 0.26),
however average CCDBH for drought avoiding strategy (0.66) was
higher compared to the drought tolerant strategy (0.65). For the two
drought strategies, responses along the edge distance gradient differed
only for HTDBH and CCDBH, whereas responses of CDDBH for the two
strategies did not show considerable differences. Towards decreasing
edge distance gradient, the decline in HTDBH was greater for the
drought avoiding strategy, compared to the drought tolerant strategy,
whereas the decline in CCDBH was greater for the drought tolerant
strategy, compared to the drought avoiding strategy (Fig. 5).

3.2.5. Disturbance indicators

Across the forest fragments, the average harvest index was 3.9,
ranging from 1.2 to 6.3. The average fire index was 0.58, ranging from
0.0 to 1.6, while the average drought index was 0.03, ranging from 0.0
to 0.08. Towards decreasing edge distance gradient, we observed a
significant increase in disturbance indicators, including harvest index,
fire index and drought index, for total trees, as well as for the two
drought strategies (Fig. 6, Table S7). Across forest fragments, the
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average harvest index (2.3) for drought avoiding strategy was lower
compared to the drought tolerant strategy (2.5), the fire index (0.36) for
drought avoiding strategy was higher compared to the drought tolerant
strategy (0.33), while drought index for drought avoiding strategy
(0.02) as well as drought tolerant strategy was similar (0.02). The two
drought strategies showed considerable variations in their responses to
disturbance indicators to edge distance. For harvest and fire indices, the
drought avoiding strategy exhibited greater increases towards declining
edge distance gradient, compared to the drought tolerant strategy,
whereas for drought index, the drought tolerant strategy showed a
higher increase towards declining edge distance, compared to the
drought avoiding strategy (Fig. 6).

3.3. Responses of RGR, carbon stock and carbon sequestration to species
diversity, functional diversity, tree size and disturbance indicators

Fig. 7 shows projections of RGR, carbon stock and carbon seques-
tration and habitat features including species diversity indicators,
functional diversity indicators, tree size indicators and disturbance in-
dicators for total tree species and the two functional strategies, across 45
forest fragments in RDA space, with edge distance as a co-variate. Below
we describe the results of this analysis for the total tree species and the
two functional strategies.
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Fig. 6. Generalized linear model trend lines for the disturbance indicators of the total trees (black points and regression lines), drought avoiding (blue points and
regression lines) and drought tolerant (pink points and regression lines) functional types along the gradient of edge distance across 45 forest fragments. Upper panel
represents total trees, and lower panel represents drought strategies. The model accuracy is determined by adjusted R2. The statistical results are summarized in
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Fig. 7. Projection of the relative growth rate (RGR), carbon stock (C stock) and carbon sequestration (C seq), and species diversity, functional diversity, tree size and
disturbance indicators across 45 forest fragments in RDA space, with edge distance (ED) as covariate, for total trees (TDF), Drought Avoiding and Drought Tolerant
strategies. SR, species richness; SD, Shannon diversity; SE, species evenness; FR, functional richness; FD, functional dispersion; FE, functional evenness; HT, tree
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3.3.1. Total tree species

For the total tree species combined (i.e., for all TDF species), the
eigenvalue for the first and second constrained axes was 436.2 and 0.0,
respectively, while the first and second constrained axes explained 93.9
% and 0.0 % of the total variation, respectively (pseudo-F = 41.0, P <
0.001). The results of Pearson’s correlations between habitat features
and linear combinations of constraining variables along RDA axes
showed that the first axis was strongly correlated with species richness
(R=-0.978,P < 0.001), CDDBH (R = —0.956, P < 0.001) and Shannon
diversity (R = —0.958, P < 0.001), while the second axis showed sig-
nificant relationship with functional richness (R = 0.328, P < 0.05).
Moreover, the Pearson’s correlation showed the strongest relationship of
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RGR with CDDBH (R = 0.831, P < 0.001), carbon stock with species
richness (R = 0.948, P < 0.001), and carbon sequestration also with
species richness (R = 0.955, P < 0.001).

3.3.2. Drought avoiding strategy

For drought avoiding strategy, the eigenvalue for the first and second
constrained axes were 82.7 and 0.01, respectively, while the first and
second constrained axes explained 94.0 % and 0.0 % of the total vari-
ation, respectively (pseudo-F = 42.1, P < 0.001). The results of Pear-
son’s correlations between habitat features and linear combinations of
constraining variables along RDA axes showed that the first axis was
strongly correlated with harvest index (R = —0.914, P < 0.001), CDDBH
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(R =0.905, P < 0.001) and functional richness (R = 0.895, P < 0.001),
while the second axis showed strong relationship with CCDBH (R =
0.618, P < 0.001), HTDBH (R = 0.481, P < 0.01) and CDDBH (R =
0.364, P < 0.05). Moreover, the Pearson’s correlation showed the
strongest relationship of RGR with CDDBH (R = 0.802, P < 0.001),
carbon stock with harvest index (R = —0.886, P < 0.001), and carbon
sequestration with functional richness (R = 0.903, P < 0.001).

3.3.3. Drought tolerant strategy

For drought tolerant strategy, the eigenvalue for the first and second
constrained axes were 146.8 and 0.0, respectively, while the first and
second constrained axes explained 83.7 % and 0.0 % of the total vari-
ation, respectively (pseudo-F = 13.2, P < 0.001). The results of Pear-
son’s correlations between habitat features and linear combinations of
constraining variables along RDA axes showed that the first axis was
strongly correlated with species richness (R = —0.974, P < 0.001),
Shannon diversity (R = —0.956, P < 0.001) and CDDBH (R = —0.913, P
< 0.001), while the second axis showed strong relationship with species
evenness (R = 0.533, P < 0.001), fire index (R = 0.528, P < 0.001) and
drought index (R = 0.502, P < 0.001). Moreover, the Pearson’s corre-
lation showed strongest relationship of RGR with Shannon diversity (R
= 0.657, P < 0.001), carbon stock with species richness (R = 0.891, P <
0.001), and carbon sequestration also with species richness (R = 0.901,
P < 0.001).

3.4. Interacting influence of habitat features on carbon sequestration

Fig. S1 illustrates a conceptual framework exhibiting the mutually
interacting influence of habitat features, including species diversity in-
dicators, functional diversity indicators, tree size indicators and distur-
bance indicators on carbon sequestration across the forest fragments.
Table S8 summarizes parameter estimates of the structural equation
model (SEM) exhibiting variances in the habitat features, explaining
significant variance in carbon sequestration of the total trees, and
drought avoiding and drought tolerant strategies. We observed non-
significant ¥ test results for total trees (y> = 0.001, Df = 2, P =
0.999), drought avoiding (X2 = 0.050, Df = 2, P = 0.975) as well as the
drought tolerant (X2 = 0.000, Df = 2, P = 1.000) strategies, which
indicated good agreements between the implied models and the
variance-covariance matrices observed. The goodness-of-fit statistics
also showed optimal values for total trees (CFI = 1.000, RMSEA = 0.000,
SRMR = 0.000), drought avoiding (CFI = 1.000, RMSEA = 0.000, SRMR
= 0.001), and the drought tolerant (CFI = 1.000, RMSEA = 0.000,
SRMR = 0.000) strategies. Several regression coefficients between latent
variables were also non-significant, however we have shown only sig-
nificant interactions. Table S8 also summarizes the path coefficients of
the models, while the visual description of path models are illustrated in
Fig. 8 for total trees, drought avoiding, and drought tolerant strategies,
respectively.

For total trees, SEM indicated significant influence of all habitat
features, i.e., species diversity indicators, functional diversity indicators,
tree size indicators and disturbance indicators on carbon sequestration
across the study sites (Fig. 8). We observed a direct positively significant
influence of species richness, Shannon diversity, functional richness and
HTDBH on carbon sequestration, whereas CCDBH and harvest index
showed an indirect significant impact on the carbon sequestration
(Fig. 8). The associations among the habitat features were mostly posi-
tive, except the impacts of harvest index on species richness, Shannon
diversity, functional richness and CDDBH, which were significantly
negative (Fig. 8). The SEM results for drought avoiding strategy showed
dominating influence of functional diversity indicator, tree size in-
dicators and disturbance indicators on carbon sequestration across the
forest fragments, whereas the significant impacts of species diversity
indicators on carbon sequestration were not observed (Fig. 8). Results
showed a direct significantly positive influence of functional richness,
HTDBH and CDDBH on carbon sequestration, while harvest index and
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fire index exhibited an indirect significantly negative impact (Fig. 8).
The covariance of functional richness with CDDBH, and the covariances
of harvest index with functional richness and fire index were signifi-
cantly positive, whereas the covariance of fire index with CDDBH was
significantly negative. The SEM results for drought tolerant strategy
showed dominating influence of species diversity indicators, tree size
indicators and disturbance indicators on carbon sequestration across the
forest fragments, however the significant impacts of functional diversity
indicators on carbon sequestration was not observed (Fig. 8). Results
showed a direct significantly positive influence of Shannon diversity and
CCDBH on carbon sequestration, whereas harvest and drought indices
exhibited a direct significantly negative impact on carbon sequestration.
Moreover, the species richness and CDDBH exhibited an indirect sig-
nificant impact on carbon sequestration (Fig. 8).

4. Discussion

On decreasing edge distance across the forest fragments, we
observed a significant reduction in stem density, RGR, carbon stock,
carbon sequestration, and habitat features including species diversity,
functional diversity and tree size indicators, while the considerable in-
crease in disturbance indicators. Besides, the responses of the drought
avoiding and drought tolerant strategies exhibited high differences for
the majority of variables. Studies have shown that forest fragmentation
is mainly due to the persistence dependence of human livelihood on
forest and forest products, leading to a decline in ecosystem structure
and functional diversity (Wood et al., 2000; Chaturvedi et al., 2024).
However, a few studies also reported positive aspects of fragmentation
for conserving biodiversity (Fahrig, 2017; Fahrig et al., 2019), and
argued that compared to larger fragments, a network of smaller frag-
ments can potentially conserve more plant species and carbon stocks
mainly through functional diversity influences and management in-
terventions (Ziter et al., 2013). Although fragmentation modifies the
physical environment and resource availability by altering the structural
and functional diversity of forest ecosystems (RamoArez-Marciala et al.,
2001), the impact and consequences of fragmentation highly depend on
ecosystem properties and species composition (Haddad et al., 2015).

Across the forest fragments, we found greater stem density, RGR,
carbon density and carbon sequestration for the drought avoiding
strategy compared to the drought tolerant strategy. Besides, the decline
in stem density, carbon density and carbon sequestration towards
decreasing edge distance was greater for the drought tolerant strategy,
while the decline in RGR towards decreasing edge distance was higher
for the drought avoiding strategy. Further, we observed that the domi-
nant functional traits associated with drought avoiding strategy were
LNC, WUEIi, Anax, QWsat and LPC, while the traits associated with
drought tolerant strategy were SSD, CC, LDMC, Gspax, LL and RWC,
which indicates that the drought avoiding type follow acquisitive
strategy, and the drought tolerant type follow conservative strategy (see
Wright et al.,, 2004). Under acquisitive strategy, plants exhibit fast
growth and acquire resources available for a limited period, where LNC,
Amax and LPC support the fast growth, while WUEi and QWsat are
important for surviving in water limited conditions (Poorter et al., 2021;
Chaturvedi et al., 2021). For conservative strategy, plants conserve re-
sources and sustain growth for a longer period, where higher SSD is
needed for supporting large sized trees with greater CC, while greater
LDMC is required to support leaves with higher LL and RWC (Poorter
etal., 2021; Chaturvedi et al., 2021). Our study sites experience extreme
dry weather during post-winter and summer seasons for more than six
months, while the favorable wet season is only for three months. The
drought avoiding strategy is successful in lower sized fragments, since
these trees have greater ability to avoid low water stress, and a higher
capacity to acquire resources during the short wet season (Chaturvedi
et al., 2024). The greater decline in stem density for drought tolerant
strategy towards smaller sized fragments might be due to low avail-
ability of resources, and lower resistance to disturbances, such as
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Fig. 8. Structural equation model representing relations of carbon sequestration in forest fragments, with species diversity, functional diversity, tree size and
disturbance indicators. Positive and negative significant links are represented by green and red arrows, respectively. The error covariance is represented by dotted
arrows, while the variance for each variable is shown by the spiral blue dotted arrows. The numbers next to each arrow are standardized coefficients. See Table S8 for
the model results summary. HTDBH, height to DBH ratio; CDDBH, canopy depth to DBH ratio; CCDBH, canopy cover to DBH ratio. *P < 0.05, **P < 0.01, ***P

< 0.001.

drought and fire (Fauset et al., 2012). Moreover, compared to the
drought tolerant strategy, a greater increase in RGR for drought avoid-
ing strategy towards larger fragments indicates that this strategy is
competitively superior in acquiring resources at favorable conditions,
while the higher decline in RGR for drought avoiding strategy towards
smaller fragments indicates that at unfavorable conditions, this strategy
avoids investing limited resources for growth, but conserves them for
survival (Markesteijn and Poorter, 2009).

The regression trends for stem density, carbon stock and carbon
sequestration predict that at larger fragments, the drought tolerant
strategy has the capacity to out compete for drought avoiding strategy,
since the drought tolerant trees are large sized with greater canopy
extension and do not allow small sized shade intolerant drought
avoiding trees to survive under their canopy (Markesteijn and Poorter,
2009). This is evident when we observed a lower increase in species
richness and species diversity for drought avoiding strategy towards
larger fragments compared to the drought tolerant strategy, where the
drought tolerant trees exhibited a huge increase, ultimately out
competing the drought avoiding trees from those fragments. Moreover,
we found contrasting patterns for species evenness for drought avoiding
and drought tolerant strategies, where species evenness for drought
avoiding strategy was increasing towards larger fragments, while spe-
cies evenness for drought tolerant strategy was increasing towards
smaller sized fragments. The declining evenness indicates the existence
of a few very common species and several uncommon and rare species.
For drought tolerant strategy, towards increasing fragment size, a few
common species are competitively superior and reduce resources for
others (competitive effect) (Aarssen, 1983). They increase their popu-
lation, while uncommon species have the ability to tolerate a reduction
in resources (competitive response) and exhibit a decline in population
(Mulder et al., 2004). Regarding drought avoiding strategy, due to
smaller size compared to drought tolerant species at larger fragments,
these species need to modify shape (e.g., leaf morphology, stem archi-
tecture and root morphology) to acquire light and other resources,
therefore they differ more in shape and exhibit greater niche differen-
tiation (Harper, 1977). The higher differences in shape lead to lower
asymmetrical interspecific competition, thereby increasing species
evenness and productivity (Hooper and Vitousek, 1998).

We observed considerable differences between the two strategies for
functional diversity indicators. Among functional diversity indicators,
the functional richness explains the amount of niche space the species
occupies within a community, functional dispersion shows the variance
in a species traits in the trait space, whereas functional evenness in-
dicates the distribution of species abundance in the niche space (Mason
et al., 2005; Schleuter et al., 2010). Consequently, greater functional
diversity of the community allows better exploitation of the available
niche space, leading to greater resource use and biomass production
(Loreau et al., 2002). In our study, the trends of functional diversity
indicators along the edge distance gradient suggest that compared to
drought tolerants, drought avoiding strategy has the capacity to better
exploit the available resources in smaller fragments, whereas compared
to drought avoidants, the drought tolerant strategy has the ability to
better exploit the available resources in large sized fragments.

Based on the RDA results, we observed that RGR, carbon stock and
carbon sequestration for total trees across forest fragments were strongly
influenced by species diversity, functional diversity and tree size in-
dicators. For drought avoiding strategy, RGR, carbon stock and carbon
sequestration were strongly affected by functional diversity, tree size
and disturbance indicators, whereas the drought tolerant strategy
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exhibited a stronger impact of species diversity, tree size and distur-
bance indicators. The SEM results for total trees showed that the
response of carbon sequestration was significantly influenced by species
diversity, functional diversity, tree size and disturbance indicators
(Singh and Pandey, 2024). For drought avoiding strategy, carbon
sequestration was significantly affected by functional diversity, tree size
and disturbance indicators, whereas the drought tolerant strategy
exhibited a significant impact of species diversity, tree size and distur-
bance indicators. These results indicate that the analysis based on total
species across the forest fragments is not able to precisely capture the
critical habitat features explaining carbon dynamics (see Lavorel et al.,
1997). Moreover, after categorizing tree species across the fragments
into drought strategies, both RDA and SEM clearly differentiated the
habitat features explaining carbon dynamics between drought avoiding
and drought tolerant trees.

For the two drought strategies, tree size and disturbance indicators
were common habitat features explaining carbon sequestration, how-
ever at one side functional diversity indicators were significant for
drought avoiding strategy, at the other side species diversity indicators
were strongly determining carbon sequestration for drought tolerant
strategy. The functional diversity indicators represent diversity of traits
and also explain the diversity of species niches or functions (McGill
et al., 2006; Petchey and Gaston, 2006). Besides, they help under-
standing the relationships of species diversity indicators to ecosystem
function and their responses to environmental disturbances (Petchey
et al., 2004; Suding et al., 2008; Flynn et al., 2011; Cadotte et al., 2011).
In our study, we observed that the drought avoiding strategy is better
adapted along smaller fragments exhibiting greater disturbance, while
drought tolerant strategy is better adapted along large sized fragments
showing lower disturbance. Supporting our findings for drought
avoiding strategy, studies have suggested that for disturbed forests
functional diversity indicators are directly linked to recovery and pro-
ductivity compared to species diversity indicators, as they better
represent species assemblage and function (Cadotte et al., 2011; Schmitt
et al., 2020). Moreover, in support of drought tolerant strategy, the
study of Biswas and Mallik (2011) reported a positive relationship be-
tween species diversity and functional diversity indicators and empha-
sized that species diversity indicators are a better predictor of the
stability of the ecosystem, although, it depends on environmental con-
ditions and disturbance history of the ecosystem. Since functional di-
versity is positively correlated with species diversity, functional richness
could also be replaced by species richness at certain conditions (Tilman
et al., 1997). Besides, Song et al. (2014) suggested that correlations
between functional diversity and species diversity could be positive,
negative or neutral, and emphasized that species diversity could be
higher or lower than functional diversity in natural communities
depending on niche overlap among species and intraspecific variations.
The larger fragments are comparatively stable, containing higher re-
sources, leading to lower niche overlap and lesser intraspecific varia-
tions (Chaturvedi et al., 2024), and this might be the probable reason for
the greater predictive efficiency of species diversity indicators,
compared to functional diversity indicators.

Disturbances such as harvesting, fire and drought in tropical dry
forest are linked with shifting species diversity and productivity
(Williams-Linera and Lorea, 2009). According to our SEM models, we
observed significant impacts of disturbance indicators on species di-
versity, functional diversity and tree size indicators, leading to a
considerable influence on carbon sequestration across the fragments.
Among the disturbance indicators, harvest index was a common
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disturbance indicator for total tree species, as well as for the two drought
strategies. However, fire index was the critical predictor for drought
avoiding strategy, while drought index was the important explanatory
factor for drought tolerant strategy. The drought avoiding trees shed
their leaves for longer duration during the drought period, leading to
accumulation of a thick litter layer acting as a fuel for fire, particularly in
smaller fragments. Consequently, these fragments experience frequent
fire, therefore plants exhibit fire resistance traits for avoiding harmful
impacts of fire (Bar et al., 2019). Besides, the drought tolerant trees
contain leaves with longer life-span and larger canopies, which rarely
allow fire to burn the ground layer (Bond and van Wilgen, 1996).
However, these trees are more vulnerable to drought induced mortality
due to presence of wider conduits which are susceptible to embolism
(Hartmann, 2011; Stovall et al., 2019).

5. Conclusion

Present study provide inputs to the differences between tree drought
strategies for variations in vegetation attributes, including stem density,
relative growth rate (RGR), carbon stock and carbon sequestration, as
well as habitat features, viz., species diversity, functional diversity, tree
size and disturbance indicators across the tropical dry forest fragments,
along edge distance gradient. Besides we evaluated differences between
drought strategies for responses of carbon storage and carbon seques-
tration to variations in species diversity, functional diversity, tree size
and disturbance indicators. Across the forest fragments, we observed
greater average species diversity, stem density, RGR, carbon density and
carbon sequestration for drought avoiding strategy compared to the
drought tolerant strategy. Functional richness was higher for drought
avoiding strategy, while functional dispersion and functional evenness
were greater for the drought tolerant strategy. HTDBH and CDDBH were
higher for drought tolerant strategy, while CCDBH was greater for
drought avoiding strategy. Although, drought index was similar for the
two drought strategies, harvest index was greater for drought tolerant
strategy, whereas fire index was higher for drought avoiding strategy.
Generally, the declining edge distance across forest fragments, led to a
significant reduction in vegetation attributes, as well as habitat features,
except disturbance indicators which significantly increased. We
observed considerable variations between the two drought strategies for
the slope of associations of vegetation attributes and habitat features
with edge distance across fragments. For explaining carbon sequestra-
tion across forest fragments, functional diversity indicators were highly
significant for drought avoiding strategy, while species diversity in-
dicators were strong predictors for drought tolerant strategy. Moreover,
for both drought strategies, tree size and disturbance indicators were
common habitat features explaining carbon sequestration. Among the
disturbance indicators, the SEM results indicated fire index and drought
index, as the critical predictors for carbon sequestration in drought
avoiding and drought tolerant strategies, respectively. Since, forest
fragments in tropical dry forests are largely ignored for ecological
evaluations of carbon dynamics, our findings are novel and would be a
reference for forest managers. Moreover, the present study will also
provide insights into studies exploring vegetation responses to in-
teractions of species diversity, functional diversity, tree size and
disturbance indicators for predicting stability of larger fragments and for
planning restoration of smaller fragments.
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