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Abstract: Assessing biodiversity and the spatial structures of forest ecosystems are
important for forestry and nature conservation. However, tropical forests of Bangladesh are
only sparsely investigated. Here we determined biodiversity (alpha, beta and gamma),
spatial species turnover and stand characteristics of one of the few remnant tropical forests
in Bangladesh. Two differently protected areas of Satchari forest were compared. We
recorded tree species composition, in a systematic plot design, measured diameter at breast
height for each individual tree (to assess basal area), and calculated decay in similarity of
tree species composition with geographical distance. The distance-decay was assessed
separately for the whole study area and for two subsamples from Satchari National Park
and Satchari Reserve Forest. Satchari National Park (strictly protected) had, despite its
smaller area, a higher Alpha and Gamma diversity, but a lower Beta diversity than Satchari
Reserve Forest. Variation in species composition was not significant between the two
differently protected areas. Basal area increased significantly with protection status
although tree individuals were of equal size in both areas. Plots in the Reserve Forest were
associated with higher species turnover than in the National Park. We suggest
anthropogenic disturbance, which occurs in the less strictly protected Reserve Forest, is the
main driver for the detected spatial heterogeneity in species composition.
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1. Introduction

Sarkar [1,2] highlights that biodiversity is (implicitly) defined as the parts of the living world that
conservation management and conservation biology is supposed to conserve. In Bangladesh, a country
with the fourth highest human population density (1,071 people per km?), biodiversity is under
constant threat. After the 1974 Wild Life Preservation Act was established, conservation of
biodiversity in Bangladesh has thoroughly improved. Despite its importance (160 million inhabitants
in Bangladesh) only limited knowledge is available in international publications on plant biodiversity
and ecology (463 publications with the search string “Bangladesh” in the category plant science in the
Web of Knowledge; July 2011). Here we will investigate tree diversity, stand characteristics and
spatial turnover of diversity in two differently protected parts of one of the few remnant protected
forests of the country.

The term biodiversity has, despite intense discussions, remained remarkably vague and its
measurement equally ‘capricious’ [3]. After Whittaker [4,5] ecologists traditionally separate three
different types of diversity. Alpha diversity is seen as the diversity within one sampling unit, beta
diversity as the similarity between different units and gamma diversity as the diversity of a whole data
set (often representing a region). By suggesting different concepts of beta diversity, Whittaker [4] laid
the basis for later confusion. A multitude of different ways to measure beta diversity has since been
developed, all associated to different aspects of similarity and/or distance. All those concepts are
somehow related to the idea that the heterogeneity of an ecosystem (or landscape) can be examined
based on the joint analysis of single observations within this ecosystem/landscape [6]. Whittaker [5]
defined beta diversity as ‘species turnover’ or changes in species composition from one community to
another, bearing in mind the idea of a change along a gradient. Due to a multitude of measures not
taking into account the distribution of species on spatial or environmental gradients, some authors
suggest that the use of ‘beta diversity’ and ‘species turnover’ as synonyms is no longer adequate [7-10].
However, in some cases these terms are still used interchangeably [11-13]. Tuomisto [9] recently
suggested using the average plot-level species richness as a measure for alpha diversity, the relation of
gamma diversity and alpha diversity as a measure of beta diversity where gamma diversity is the total
number of species observed within a data set as a measure of gamma diversity. This is also the
definition we follow hereafter.

However, turnover is definitely seen as an integral part of biodiversity [9,14]. One way to quantify
spatial species turnover is the application of distance-decay curves, which are a function of similarity
between biotic entities and their spatial distance. The decrease of similarity between any two
observations with distance is referred to as the “first law of geography” [15]. In ecology, this mostly
refers to species composition [4,5,16,17]. Distance decay analyses serve as a novel perspective to
analyze spatial patterns of turnover in biodiversity [18-20]. Such distance-decay curves have been
applied for a wide range of organisms, geographic gradients, environments (climatic gradients) and
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ecosystems or communities [18,21-23]. A decline of similarity in species composition can result from
various reasons such as environmental heterogeneity [21,24,25], dispersal limitation [21,26,27], abiotic
and biotic disturbances [22,28], and non-stochastic organismic (animal) behavior [29-31]. A distance
decay can also be an expected outcome of the balance between speciation and stochastic loss of
species in landscapes [18,32,33]. Nekola and White [16], who pioneered formal and quantitative
analyses of distance-decay in plant communities, highlighted the two following causes: (a) the decay
of environmental similarity with distance (e.g., climatic gradients), which renders the ability of
organisms to adapt to environmental changes; (b) the dispersal limitation due to ecological barriers and
filters, which restricts the exchange of biotic information in space (e.g., seed transport, migration).

In this study, we characterize and examine various aspects of diversity (alpha, beta, gamma), spatial
species turnover (distance-decay) as well as stand structure of tree species in Satchari forest, one of the
few remaining (semi-) natural protected forests of Bangladesh. Two differently protected areas of this
forest area (Satchari National Park and Satchari Reserve Forest) are compared.

In tropical forests, tree species diversity is often extraordinarily high [34], which is relevant for a
whole legacy of other species. Trees are the major structural components of forest ecosystems. They
support ecosystem fluxes and functioning (e.g., microclimate, nutrient availability). Stand
characteristics are important for forestry. Planning and management depend on data on wood volume
or tree biomass [35,36]. However, these characteristics are also of ecological importance.

This is to our knowledge the first study investigating biodiversity and stand characteristics in
Bangladesh at the landscape scale. Former biodiversity studies in Bangladesh focused mainly on
indexing species [37,38] or on biodiversity in home gardens [39-41].

2. Methods
2.1. Study Area

The study was conducted in forest ecosystems of Bangladesh, where knowledge about diversity
patterns is scarce. We focused on the Satchari forest, which is subdivided into two parts of different
protection status: Satchari National Park (NP) and Satchari Reserve Forest (RF). The whole study area
has been under nominal protection since the 1974 Wild Life Preservation Act. However, human
disturbances were almost entirely excluded from Satchari National Park only after its establishment in
2005, while the Reserve Forest is still subjected to different illegal usage (especially firewood
collection; Figure 1(a)). Tea plantations, fallow land and settlements cover almost all of the adjoining
areas of the forest. The study area is located in north-eastern Bangladesh and stretches between
approximately N24°5” and 24°9” and E91°24” and 92°29”. It covers an area of about 20 km”. The
natural vegetation of the study area consists of a mixed tropical evergreen forest. A well-developed
tree stratum with evergreen top canopy trees characterizes the less disturbed sites of the area
(Figure 1(b)).

The study area is characterized by sandy loam to silty clay acidic soils and gently undulating to
hilly topography (10 to 105 m a.s.l.). The climate is sub-tropical and monsoonic. The rainy season
usually extends from June to September; however, the rainfall is irregularly distributed. Mean annual
rainfall is 4,162 mm, peaking in the monsoon season. The relative humidity ranges from 74% during
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December to 90% during July and August. Research on Satchari forests is sparse and concentrates on
management and conservation of rural livelihoods and wildlife [42-44].

Figure 1. (a) Different illegal land use (like firewood collection) was detected within the
protected forest areas; (b) Less disturbed parts are characterized by a well-developed tree
stratum with evergreen top canopy trees.

2.2. Sampling Design

The study is based on an assessment of tree species characteristics and composition. A
representative, unbiased and systematic sampling procedure was applied for the Satchari National Park
(15 plots) and Satchari Reserve Forest (96 plots). An equidistant sampling grid (distance of 400 m)
was implemented in those parts of the protected area that are actually forested (Figure 2).

For all tree individuals in the plots, we measured diameter at breast height (DBH) at 1.3 m height
from the ground, which is recognized as a standard and most widely used reference diameter for
expressing tree or stand characteristics associated to wood biomass [24]. In our investigation, a “tree”
is regarded as a woody plant with a minimum DBH of 10 cm. DBH was recorded within each circular
plot of 10 m radius. Basal area of each tree was calculated (basal area = pi x (DBH/2)*) and summed
for each plot. For some species that could not be identified directly in the field, pressed samples were
taken to the National Herbarium at National Botanical Garden, Dhaka University and Jahangirnagar
University, for identification and confirmation. The nomenclature of families and genera follows the
Encyclopedia of Flora and Fauna of Bangladesh [45]. The four botanical collections, which could not
be identified to species or genus level, due to the lack of diagnostic features, were not included in our
floristic analyses.
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Figure 2. The study area in east Bangladesh covers the core area of Satchari National Park
(15 plots) and the forested parts of Satchari Reserve Forest (96 plot). Two sub samples
from Satchari National Park (black circles) and Satchari Reserve Forest (grey circles) were
compared in the distance-decay analysis.
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2.3. Data Analysis

Alpha (average plot-level species richness) and beta diversity (relation of gamma and alpha
diversity) as well as gamma diversity (overall species richness) [9] were calculated for the National
Park and the Reserve Forest. Species composition between the two differently protected areas was
compared using function ANOSIM in R-package vegan version 1.17-0 [46]. For this and the four
distance-decay analyses plots from the Reserve Forest were removed, as they did not contain trees.
Floristic similarities in tree species composition were calculated for all possible pairs of plots using the
Bray-Curtis Index that allows for consideration of quantitative information for single species. Hence,
species frequency (number of tree individuals of a specific species) within the plots is incorporated in
the calculated values for this index.

To compare spatial species turnover between the two differently protected areas, the distance-decay
relation was assessed for two equal sized sub samples from Satchari National Park and Satchari
Reserve Forest (Figure 2). We choose both a similar plot size and area under study, i.e., National Park
and Reserve Forest as the distance-decay analyses are suspected to be sensitive to spatial grain and
extent. The distance-decay relation was calculated by a linear regression (leased squared with R* as the
goodness-of-fit measure) on a pairwise comparison of geographical distance and similarity in species
composition. Distance-decay relations are frequently calculated using log-transformed similarity
values, log transformed distance values or both. Most studies dealing with plants use an untransformed
relationship [22,47]. Untransformed relations have the advantage of clear interpretation and
comparison but bear the problem that: (a) the fitted line has an intercept with the x-axis implying
negative similarity values after a certain distance; and (b) that the fitted line has an intercept with the
y-axis implying negative distances for specific similarity values.



Diversity 2011, 3 458

In their seminal paper Nekola and White [16] tried all combinations (log- and untransformed) and
selected the combination with best values for model residuals. Here we follow this procedure choosing
our model based on: (a) the goodness of fit indicator r-squared; and (b) the visual model diagnostics. A
significance test for a linear relation between distance matrices has to account for the problem of
pseudoreplication. One possible solution is the use of permutation tests. Here, a Mantel-test with
10,000 permutations was performed (conservative two-tailed p-value: null hypothesis: r = 0) that is
offered in the R-function mantel in package ecodist version 1.1.4 [48]. To test a potential influence of
elevation, the Euclidean distance in elevation between the plots was related to similarity in species
composition. In case of significance (again mantel test), the residuals of that relation were related to
geographic distance. Thus a significant distance decay relation is tested after accounting for an
influence of elevation. The statistical software used was R 2.10.0. [49].

Stand characteristics such as tree density, number of tree species, number of tree individuals and
basal area (summed basal area of each tree in a plot) were compared between the areas of different
protection status using t-Test. Two plots were excluded from the calculations of basal area (t-Tests) as
they contained trees with extensive buttress roots, which rendered the assessment of comparable
DBH impossible.

3. Results

Within the survey area, we recorded 2,032 tree individuals in 103 plots. 117 tree species were
identified. Tectona grandis was the most abundant species, which was recorded with 196 individuals.
It was followed by Artocarpus chaplasha (180 individuals), Acacia auriculiformis (169 individuals)
and Eucalyptus camaldulensis (116).

Despite its smaller area, Satchari National Park (strictly protected) had a higher Alpha (14.3) and
Gamma diversity (89), but a lower Beta diversity (6.2) of tree species than Satchari Reserve Forest
(Alpha: 6.0, Beta: 13.7, Gamma: 82) (Figure 3). Tree species composition was not significantly
different between the two differently protected areas. In the mean, the comparisons of plots within the
National Park performed Bray-Curtis similarity of 0.15, the Reserve Forest of 0.09, and a comparison
between those units resulted in a similarity of 0.08.

A relation with untransformed similarity values but In (x + 0.1) transformed geographic distance
provided best distance-decay models. For the overall study area a decline in tree species similarity with
geographic distances was identified (adjusted R* 0.02; p < 0.001; Figure 4(a)). This is also true for the
subset of the Reserved Forest (adjusted R*: 0.14; p < 0.001; Figure 4(b)) while no significant trend was
identified in the National Park (Figure 4(c)). Similarity in species composition was found to decline
with difference in elevation in the whole study area (adjusted R*: 0.002; p < 0.05). After correcting for
this effect the decline of similarity with geographic distance was still significant (adjusted R* 0.013;
p < 0.001). Neither in the National Park, nor in the Reserve Forest, was similarity in species
composition related to distance in elevation.
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Figure 3. Tree species diversity in National Park and Reserved Forest (a) Spatial pattern of

tree species richness in Satchari National Park (red) and Satchari Reserve Forest (black);

(b) Influence of protection status on tree Alpha diversity is documented by significantly

higher values in the National Park.
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Figure 4. (a) Decline in similarity of tree species species composition between compared

pairs of plots with distance in the whole study area. If the National Park and the Reserve

Forest are considered separately, the slope of the distance-decay relationship is less steep

in the National park (b) compared to the Reserve Forest (¢).
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There is a significantly higher number of tree individuals (Mean in NP: 35, RF: 17, p < 0.001,
t=-4.41, df = 19.3), tree species (NP: 14, RF: 6, p < 0.001, t = —4.57, df = 16.5; Figure 3) and also
basal area is higher (NP: 0.9 m?, RF: 0.4 m’, p < 0.005, t = —3.26, df = 16.8; Figure 5) in the National
Park than in the Reserve Forest. However, trees in the Reserved Forest are in the mean not

significantly smaller (DBH) than those in the National Park.



Diversity 2011, 3 460

Figure 5. Basal area in National Park and Reserved Forest (a) Spatial pattern of basal area
in Satchari National Park (red) and Satchari Reserve Forest (black); (b) Influence of
protection status on basal area shows a significant increase in the strictly protected
National Park.
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4. Discussion

In this remnant forest area in Bangladesh, the identified species richness of trees is rather low in
comparison to other tropical forests on the Indian Subcontinent [50]. However, the number of tree
species in Satchari is still considerable given the land use pressure in Bangladesh induced by one of
the highest population densities in the world. We could show that the strictly protected National Park
has both a higher alpha and gamma diversity, despite being smaller than the less protected Reserve
Forest. It cannot be said whether the higher species richness is caused by the more intense protection
(that might have been in place before the establishment of the park) or if the park is designed in a way
to protect the area with highest species richness. However, it seems that species richness actually
measures what nature conservation wants to protect [1,2]. The higher values of tree basal area in the
National Park indicate that human disturbances have been reduced already before its establishment. In
contrast, human impact on the Reserve Forest could not be totally excluded during the last decades and
is still subject to different (illegal) usage (such as fire wood extraction; Figure 1(a)). Here it is unlikely
that individual trees of economic interest reach a larger size. These differences in land use might also
be an explanation for the higher beta diversity in the Reserve Forest. The Reserve Forest exhibits a
patchy mosaic of natural but also disturbed sites. Thus the species dependent on a natural environment
as well as those adapted to a human induced disturbance regime may grow in the area. Among the
plots, similarity in species composition is rather small in both the National Park as well as the Reserve
Forest. This heterogeneity in communities may also be an explanation for the non significant
differences in species composition between the two differently protected areas.

Surprisingly, we detected spatial trends of community similarity in this rather small area.
Distance-decay effects were also reported for other tropical systems, but those commonly cover a
larger area [18,25,51-53]. For studies with a rather small spatial extent, evidence is rare [54]. In the
study area, the slope of the distance-decay relation was found to be comparable to other studies of
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equal scale in tropical ecosystems [54] and temperate ecosystems [55]. However, this evidence is not
sufficient to support the explanation of general characteristics of ecosystem heterogeneity.
Comparisons are restricted by differences in individual plot size and sampling density. Nevertheless,
we hypothesize that studies that are based on a proper systematic sampling design might result in
comparable findings for the spatial traits of beta diversity and species turnover [6].

The stronger decline of similarity with distance within the Reserve Forest compared to the National
Park (where no significant trend was detected) was unexpected. The Reserve is protected by law but
evidence for illegal exploitation was found during fieldwork. While on undisturbed sites, climax
species have the option to become dominant, pioneer trees will preferentially grow on disturbed sites.
This spatially fine-grained variation in disturbance regimes (e.g., firewood collection and illegal
logging; Figure 5), which is missing in the National Park area, might explain the decline in species
similarity with distance in the Reserve Forest.

In tropical forests distance-decay may be explained by both, environmental filtering and
neutrality [18]. Recent studies have emphasized that these processes are supplementary rather than
mutually exclusive. Combined effects on floristic composition were documented [22,25,51,56-58]. In
our study, the environment can be regarded to be rather comparable in the whole study area. Elevation
that varies between 30 and 105 m a.s.l.,, was found to be weekly related to community similarity.
However, this could only partly explain the relation of similarity in species composition with distance.
The relation between difference in elevation and community similarity is probably too weak to reach
significance within the two data subsets. Other studies found that environmental conditions were
stronger predictors for floristic similarity than geographical distances [54,59]. Furthermore, complex
tropical ecosystems can hardly be completely understood by purely abiotic and geographic parameters.
A large portion of the variation in species similarity in tropical forests remains unexplained [51].

Other factors, such as variation in plant functional groups and differences in niche width among
taxa might also cause the distance-decay of similarity [16,56]. The seeds of many tree species in the
tropics are dispersed by vertebrates such as birds or primates [60]. Directed dispersal can result in
characteristic non-random population patterns. Especially for canopy trees, wind can also act as an
important dispersal vector [61]. And finally, anthropogenic disturbances may blur distance-decay
relations resulting from natural ecological processes. According to La Sorte et al. [22,63],
anthropogenic activities are responsible for the strongest distance-decay in non-native European urban
floras. Like other forest ecosystems in Bangladesh, the biodiversity in the study area is facing a
noticeable threat from anthropogenic disturbances, mainly exploitation [63,64].

It remains simply impossible to measure or conserve diversity at all locations and levels of
structural, taxonomic and functional organisation [3,65]. Efficient work is therefore dependent on
decisions and prioritizations. The results of our study suggest in summary, that the high protection
status of the National Park area is an efficient strategy to maintain tree species richness in the area.

Similarity in tree species composition tends to decay very slightly with increasing distance
especially in the less protected forest area. This reflects that in the study area, spatial heterogeneity is
strongly associated with anthropogenic pressure and disturbances.

In general, more studies on spatial pattern in biodiversity on a landscape scale are needed in
Bangladesh. These are especially important as the fulfillment of targets of the Convention on
Biological Diversity (e.g., stop loss of Biodiversity) has to be proven. Our analysis is the first to
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explicitly investigate spatial patterns of tropical tree species composition in forest ecosystems of
Bangladesh. It also offers the option for future comparisons.
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