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Abstract
Giant squirrels are imperilled across their distributional range as a result of anthropogenic disturbances; converting tropical 
landscapes into mosaics of small habitat patches interspersed within an inhospitable matrix of agricultural land, plantations 
and human settlement. With limited understanding of Ratufa bicolor’s habitat relations in the lowland tropical forests, this 
study aimed to understand the correlates of habitat use from an isolated habitat patch and its adjoining matrix in the Brahma-
putra valley which represents the northern distribution limit of the species. The ecological dataset comprised of grid-based 
spatial occurrence data summarized as average squirrel encounter rate (4 temporal replicate transect surveys in each grid), 
as well as a range of fine spatial scale ecological covariates (14 habitat attributes). We used generalized linear models and 
principal component analysis to characterize relationships between squirrel abundance and habitat variables representing 
different aspects of forest, i.e., structure, composition and food availability, anthropogenic disturbance and edge influence. 
Our study revealed giant squirrels’ selection of habitat patches to be based on concentrated areas of critical habitat attributes 
with strong support for the influence of canopy connectivity, canopy density, overall tree density and availability of food 
tree. Further, a quantitative model for habitat use was evaluated using GLM linking squirrel abundance to the predictive 
parameters representing different forest aspects, with the best fit model highlighting the positive interaction effects of forest 
structure and forest composition. The findings from the study provide insights into the necessity of maintaining associated 
habitat matrix to serve as complimentary space, ensuring future survival of arboreal mammals in human-modified landscapes.
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Introduction

The Indo-Malayan genus Ratufa is represented by the 
world’s four largest tree squirrels; with all the members 
having an extensive oriental distribution and each one fea-
turing in Appendix II of CITES, being legally protected in 
most countries across their distributional range (Thorington 
et al. 2012). Among these four extant species, R. bicolor 
(Sparrman, 1778) is the largest of all and has an extensive 
mainland distribution occurring from South Asia (Northeast 
India, Nepal and Bangladesh), Southern China into much 
of Mainland and Maritime Southeast Asia (Fig. 1), inhabit-
ing a variety of tropical and sub-tropical forests (Chatterjee 
et al. 2020; Duckworth and Molur 2016). Ecologically, they 
are restricted to the highest arboreal niche in the canopy 
and their life history has been linked to numerous facets of 
old growth and complex forests throughout their distribu-
tional range to a profound extent (Borges 2008; Johnsingh 
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and Manjrekar 2016). Giant squirrels are often considered 
an integral component of animal biomass in tropical for-
est ecosystem (Eisenberg 1980), performing vital ecosys-
tem services with their interactions with fruits and seeds 
as consumers and dispersers (Thorington and Cifelli 1990). 
Thus, the tropics, with their complex physiognomic struc-
ture of forests, have long served as an ideal habitat for these 
giant squirrels, shaping their evolution, diversification and 
endemism (Koprowski and Nandini 2008; Roth and Mercer 
2008). However, tropical landscapes are undergoing unprec-
edented rates of degradation and conversion than any other 
biome in the world (Hansen et al. 2013; Laurance 2007, 
2015; Mayaux et al. 2005).

Human land use for agriculture and developmental activi-
ties has spread and largely intensified in the last few decades, 
permanently altering tropical landscapes (Dobrovolski et al. 
2011; Gibbs et al. 2010). Presently, they exist as mosaics 
of isolated habitat patches of varying sizes, interspersed 
within an inhospitable matrix (i.e., the non-habitat surround-
ing habitat patches) formed of agricultural land, plantations 
and human settlements (Fahrig 2013). This has threatened 
the survival prospects of arboreal mammals that are habitat 
specialists; confining them to patches with reduced habi-
tat availability and quality in human-modified landscapes 
(Kakati et al. 2009; Myers and Knoll 2001; Sharma et al. 
2012; Taubert et al. 2018). Under these prevailing condi-
tions, the only way forward for conservation practice should 
be to incorporate not only the habitat patches, but also their 

associated ‘matrix’ under their existing management goal 
in a pragmatic manner. Studies suggest a tremendous poten-
tial of surrounding matrix to form a continuum of habitat 
when properly managed, which can mitigate the negative 
effects of habitat loss and fragmentation (Franklin and Lin-
denmayer 2009). Also, species capable of efficient use of 
matrix around small habitat fragments are known to be less 
susceptible towards stochastic events of local extinctions 
(de Castro and Fernandez 2004; Laurance 1991). Therefore, 
understanding the life history and habitat relations of native 
fauna and the ecological importance of the surrounding 
matrix is vital for conservation planning and management 
practices.

However, to date, little is known about the habitat rela-
tions of R. bicolor (commonly called as Malayan giant squir-
rel; hereafter MGS) in the lowland tropical forests of North-
east India, which represents the northern distribution limit 
of the species (Choudhury 2013) and has been projected 
to become ecologically ‘unsuitable’, thus incurring a loss 
of 90% of their present distribution range in the context of 
changing climate (Chatterjee et al. 2020). Alarmingly, their 
population have also plummeted through much of its distri-
butional range (suspected to be nearly 30% decline within 
the last two decades itself, Duckworth and Molur 2016), 
raising concerns globally. Of the many factors attributed 
to the cause of this decline, urbanization and agronomic 
pressure-induced habitat loss and fragmentation were con-
sidered particularly critical, making them imperilled across 

Fig. 1  Global distributional range of giant squirrel, Ratufa bicolor (Sparrman, 1778). Inset: Picture of an adult R. bicolor, commonly known as 
Malayan giant squirrel in a Dipterocarp Forest (Photo- Samrat Sengupta)
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their distributional range (Duckworth and Molur 2016). 
With a diet primarily based on seeds and fruits, MGS rely 
heavily on large trees for nesting and foraging (Sengupta 
2017; Shyam and Saikia 2012), making them highly sensi-
tive to any kind of forest perturbations. With this rationale 
in mind, we assessed the patterns of fine-scale space use 
(habitat utilization) by R. bicolor in an isolated habitat patch 
including the surrounding matrix, and explored the potential 
role of habitat profile (structural and compositional attrib-
utes of the forest) in regulating their site level occupancy 
and abundance pattern. We are hopeful that the findings of 
the study will provide valuable insights into the ecological 
drivers of their local densities and enable us to identify the 
suite of habitat covariates that governs the intensity of habi-
tat use. This will help to chalk out conservation plans for the 
long-term survival and persistence of many locally restricted 
populations of MGS across such isolated forest patches in a 
tropical landscape.

Materials and methods

Study area

Hollongapar Gibbon Sanctuary (hereafter HGS) is a small 
tropical forest patch in the Brahmaputra Valley region 
(Upper Assam, Northeast India, Fig. 2A, B), located on the 
southern bank of the river Brahmaputra. Situated between 
26º 40′–26º 45′ N latitude and 94º 20′–94º 25′ E longitude 
(Fig. 2) with an elevation range of 100–120 m.s.l., this for-
est patch supports a rich assemblage of arboreal mammal 
community with evidences of their continued survival and 
persistence, prone from any local extinction (see Sharma 
et al. 2012, 2014).

Named after its two flagship species, Western hoolock 
gibbons (Hoolock hoolock) and Hollong tree (Dipterocarpus 
retusus), this forest patch has a conservation history dating 

Fig. 2  Study area showing location of ‘Hollongapar Gibbon Sanc-
tuary’ and its peripheral landscapes in Upper Brahmaputra Valley, 
Assam. A India, blue rectangle = Upper Assam, Northeast India; B 
Upper Brahmaputra Valley; C Digital elevation map of the study area 

derived from DEM (ASTER-DEM) data. D Land use and land cover 
map of the study area, derived from Landsat data recorded during the 
period of study
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back to 1881 when it was declared as a “Reserved Forest” 
which was subsequently upgraded to “Wildlife Sanctuary” 
in the year 1997 (Choudhury 1999). However, unabated 
logging and land conversion gradually converted HGS into 
an “island” forest patch with complete isolation from any 
nearby patches as sprawling tea gardens (between 1880 and 
1920), village settlements (during the 1960s) and linear 
infrastructures began to emerge (Hazarika and Gupta 2005). 
HGS has a sub-tropical climate with distinct season: dry and 
wet season (based on average monthly rainfall > 100 mm, 
Fig. S1) having maximum and minimum temperature rang-
ing across 28 °C and 19 °C. The topography of the sanctuary 
gradually descends from southeast to northwest (Fig. 2C) 
and has numerous small streams, most of which are rainfed 
and usually dries out in the winter. Basically having semi-
evergreen forests and evergreen patches (Fig. 2D) with good 
canopy contiguity, distinct three-tier forest strata with high 
diversity of plant species and the year-round availability of 
fruit-bearing trees (Bujarbarua and Sarma 2004; Sarkar and 
Devi 2014; Sengupta 2017), this forests patch is a host to 
diverse biodiversity clustered within just 20.98  km2 of area.

Survey design and data collection

The habitat use of MGS was accessed through direct (animal 
sightings ~ encounter rate) and indirect (nests) signs with a 
rationale that the presence of nests and higher animal abun-
dance in an area reflects the quality of the habitat around it 
(Datta 1993; Krausman 1999; Ransome and Sullivan 1997). 
For this study, we assumed that all the inhabiting individu-
als of MGS in the absence of any physical barrier, have the 
dispersal potential to colonize the entire extent of the study 
area and thus, any observed differences in the spatial distri-
bution and abundance pattern of these squirrels occurring at 
the grid level have to be related to the habitat features found 
therein and not to the presence of dispersal barriers hinder-
ing the accessibility of the geographical space to the species.

Squirrel sampling

Prior to survey, vegetation maps (land use and land cover) 
were prepared using a supervised classification approach 
using Landsat TM and ETM + satellite imagery (30 m reso-
lution) within a 1 km buffer area of the study area, HGS 
(Fig. 2D). This was overlaid with a 500 m × 500 m grid using 
the Geographical Information System (GIS) software Arc 
Map 10.2 (ESRI 2014), dividing the study site into 128 sam-
pling grids. The grid size was ascertained based on the avail-
able literature on annual home range studies of giant squirrel 
(Ratufa genus), reporting it to be in the range of 0.82 ha and 
1.2 ha in contiguous forest patches (Borges 1993; Joshua 
1992), and even smaller in small, fragmented forest patches 
(home range compaction effect, see Koprowski 2005).

A total of 104 transects, each measuring 500 m in length 
were laid spatially covering each grid (some grids could not 
be surveyed due to logistic constraints), to collect squirrels’ 
habitat use data and abundance pattern relative to micro-
site and stand-level characteristics. Four temporal replicates 
of each transect were undertaken during the dry season 
between October 2014 and March 2015. All surveys were 
carried out only during fine weather days (no rain or strong 
winds), by walking at a slow but constant speed to minimize 
any potential bias and to maximize the number of detections. 
Survey time alternately covered two different time frames of 
the day (between 06:00 and 09:30 h as well as between 13:00 
and 16:30 h) as it is known to be the time of peak activity of 
giant squirrels (Joshua 1992). Data (squirrel sightings) from 
replicate transect surveys (four temporal replicates) from 
each grid were then used to generate an ‘average encounter 
rate’ index for each individual sampling site by calculating 
the total transect distance walked and the number of squir-
rels sighted.

Habitat sampling

To account for the potential predictors of habitat use that 
influence occupancy and the abundance pattern of giant 
squirrels, we quantified the spatial structure of forests which 
in our study, refer to the relative spatial arrangement of trees 
and interconnections between them (see Baskent and Jordan 
1996). Apart from forest structure, we also hypothesized the 
interactive role of forest composition and food availability 
to determine the same, including the effect of anthropogenic 
disturbances and forest edge. For this, a total of 14 ecologi-
cally meaningful covariates (Table 1) representing both the 
spatial characteristics and the non-spatial characteristics or 
composition of patches were measured in each grid using 
quadrat method of 20 m × 20 m size to account for the varia-
tion in occupancy pattern vis-a-vis habitat utilization pattern 
of giant squirrel. Quadrats were placed in the geographi-
cal center of each grid, avoiding sharp edges and forest gap 
areas. These habitat covariates, which include remotely 
sensed variables (n = 3) and field-based variables (n = 11), 
were collected adhering to standard methodologies (Chatur-
vedi and Khanna 1982; Phillips 1959) and other similar stud-
ies (Borges 1993; Herlekar 2010). All the samplings (both 
habitat and squirrel) were undertaken in the dry season to 
avoid the confounding effects of seasonal foliage change in 
influencing the observed distribution pattern.

Data analysis

Giant squirrel’s habitat use and their association with sur-
rounding forest attributes or habitat covariates were tested 
using generalized linear models (GLM) approach with 
‘average encounter rate’ estimated per grid (a surrogate 
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measure of animal abundance) and multiplied by 100 as 
the response variable (n = 104); tested against the 14 eco-
logical covariates (forest attributes) as predictor variables. 
We also used the Kruskal–Wallis test to examine the dif-
ferences in grid-wise squirrel abundance among different 
habitat types including the matrix.

Since correlation test (Pearson’s correlation) among 
the collected ecological covariates revealed high degree 
of association (Table S1) with variance inflation factors 
(VIFs) exceeding threshold value (VIF: 5, Table S2), prin-
cipal components (PCs) were extracted from the entire 
suite of 14 variables (Table S3) by means of a principal 
component analysis (PCA), a dimensionality reduction 
technique (Maddala 1977). This allowed the informa-
tion from the original set of 14 variables to be retained, 
obtaining new components that are independent from 
each other (retaining only the components with VIF value 

below five), thus avoiding problems of “multi-collinearity” 
reflected in the early exploratory analyses.

However, before performing PCA analysis, we had 
transformed all the variables into a Z-score to reduce the 
order of magnitude and allow the numerical optimization 
for subsequent analytic treatments. The components (first 
4) that resulted from the exploratory PCA analysis using 
all the 14 covariates explained a cumulative variance by 
84% (Table S3). However, the pattern of loading across 
the components (assessed through PCA biplot) made 
interpretation of this PCA result difficult (Fig. S2). As 
such, based on ecological considerations and guided by 
component loadings (see Nath et al. 2019), the entire suite 
of ecological dataset was split into sub-groups, each one 
representing different aspects of forest, viz., structural 
complexity, composition and food abundance, disturbance 
and edge influence. Subsequently, four separate PCAs 

Table 1  Sample variables used in the study

Variables Method

Field-based variables
 Forest structure
  Girth size Girth of trees ≥ 20 cm measured at 130 cm above ground level
  Canopy height Estimated using laser range finder and trigonometric calculations
  Canopy density Using canopy densitometer and visually estimated at the center of the quadrat and subsequently repre-

sented as a score (a zero score represented no vegetation in the stratum and a maximum score of four 
indicated a dense, closed stratum)

  Canopy connectivity Estimated visually from the center of the quadrat based on combination of two components—canopy con-
tiguity to the total number of surrounding trees combined with the contiguity in the number of cardinal 
direction (a score of zero meant absence of arboreal routes to adjacent canopy while incremental change 
indicated increasing degree of arboreal connectivity)

  Overall tree density A measure of the density of overall trees in the plot (a measure of stand characteristic) and was extracted 
from the raw data by calculating average tree stalks per quadrat: number of trees/400  m2

 Forest composition and availability
  Tree species richness Count of all different tree species
  Food tree abundance Number of total food tree individuals
  Food tree diversity Shannon diversity of food trees
  Liana species richness Count of different liana species

 Forest disturbance
  Cut marks Cut marks such as cut stems, cut bamboo, lopped trees and tree notches were given a cumulative ocular 

estimate based on total count found within each quadrat. Cut stems (only stump surfaces firm to a 
scratch were considered to fall within this age range) refer to residual tree stumps from felling for wood, 
and cut bamboo refer to residual meristems of bamboo following extraction. Lopped trees are trees with 
branches that were cut for fuel wood although the main bole remains intact and alive. Tree notches rep-
resent cuts in trees as a result of attempts to remove the stems and extract gum and other plant products

  NTFP NTFP collection was estimated on 500 × 500 m grid cell and scored between 1 and 4 based on severity 
and coverage (4 ~ extreme: > 75%, 3 ~ high: 50–75%, 2 ~ medium: 25–50%, 1 ~ low: 0–25% and absent: 0)

Remote-sensed variables
 Edge effect
  Nearest human habitation Using a geographical information system, Arc Map 10.2 (ESRI 2014) on Landsat TM and ETM + satellite 

imagery (30 m resolution), these variables were calculated from the center of the quadrat
  Nearest forest edge Same as above
  Nearest navigable road Same as above
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were recomputed for each such ecological sub-grouping 
respectively. We later quantified the relationship between 
each forest aspect (1. forest structure, 2. forest composi-
tion and food availability, 3. forest disturbance and 4. 
edge influence) and the response variable using explora-
tory scatter plot analysis and univariate regressions to 
choose an appropriate function (linear or polynomial) 
before subsequent modeling.

To evaluate the ecological correlates of squirrels’ 
habitat use, we built various candidate regression mod-
els (generalized linear model with a Gaussian distribu-
tion error) using forest structure and its additive as well 
as their interactions with other remaining forest attrib-
utes—forest composition and food availability, forest 
disturbance and edge influence as independent variables 
(considering a maximum of only two predictors at a time 
during each model built) and average squirrel encoun-
ter rate as the dependent variable (Table S4). We also 
constructed the null model (with the intercept only) and 
used information theoretic approach for model selection 
following Burnham and Anderson (2002). Model weights 
(Akaike weight, Wi) were computed to identify compara-
tive explanatory power of models. We estimated regres-
sion coefficients and unconditional standard errors of 
each predictor using MuMIn R package (Bartoń 2020). 
The best model was used for visualization of predictor 
effects (ggplot2 R package—Wickham 2016; visreg R 
package—Breheny and Burcheet 2017). All statistical 
analyses were carried out using R 3.6.2 (R Core Team 
2019).

Results

Spatial distribution pattern

The entire survey of the 104 grid cells spanning across the 
dry season with 4 temporal replicates in each cell, yielded 
a total of 182 direct sightings of giant squirrels on the line 
transects (total effort of 208 km transect walk) with a mean 
encounter rate (n/l) 0.875/km ± 1.40 (SD). However, rep-
licate surveys failed to locate any evidence of giant squir-
rel presence in 60 of the sampled grid cells. We obtained 
significant difference in the spatial distribution pattern of 
the species across the studied habitat types (Kruskal–Wallis, 
X2 = 23.86, P =  < 0.001, Fig. 3). The spatial distribution pat-
tern of the species along with all their defined sightings dur-
ing the study period is represented as an illustration (Fig. 4) 
indicating the distribution of suitable habitat with greater 
intensity of use in the study area. 

Ecological correlates of habitat use

The relationship between different habitat variables (14 
covariates) and squirrels’ intensity of habitat use depicted 
using a surrogate measure of abundance, i.e., encounter 
rate is shown in Fig. S3. We restructured and summarized 
the original dataset of 14 covariates by means of a princi-
pal component analysis (PCA). The first grouping (forest 
structure) reflecting forest attributes related to its struc-
tural complexity (average girth size of trees, overall tree 
density, canopy connectivity, canopy density and average 

Fig. 3  Squirrel abundance 
across the studied habitat types 
in and around the study area
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canopy height) had the first principal component explain-
ing 81% of the variance. The second ecological grouping 
(forest composition and food availability) combined vari-
ables that reflected forest composition and squirrel food 
availability attributes (i.e., food abundance, food tree 
diversity, food tree species richness and liana species rich-
ness), and yielded one single principal component contrib-
uting 82% of the total variance. The third grouping (forest 
disturbance) summed up forest disturbance attributes (cut 
marks, NTFP extraction intensity) and the last ecological 
grouping (edge influence) summarized the edge influence 
(nearest distance to human habitation, navigable road and 

forest edge). The first principal component explained 90% 
and 63% of the total variance respectively, for the last two 
groupings. The principal component loadings of the eco-
logical dataset with the original 14 variables are shown in 
Table S3. Collinearity statistics showed variance inflation 
factor (VIF) of the independent PCA components (the four 
forest aspects) with two of them exhibiting considerable, 
but insignificant inflation (“forest structure” is inflated by 
a factor of 3.6 and “forest composition and food avail-
ability” is by 3.4). Forest disturbance and edge influence 
revealed very less variance inflation (Table 2).

Fig. 4  Sampling regime to collect data on giant squirrel habitat use 
and distribution pattern in and around the study area. Grid cells indi-
cated by grid lines (500  m × 500  m) superimposed over a land use 

land cover map. White dots represent all the defined sighting records 
of R. bicolor during the study period

Table 2  Parameter estimates β 
and collinearity statistics from 
the multiple regression global 
model

Model Unstandardized coef-
ficients

T p R2 Collin-
earity, 
VIF

β SE

Constant − 54.70 12.65 − 4.33 < 0.01
Forest structure 95.89 20.95 4.58 < 0.01 3.68
Forest composition and 

food availability
48.44 20.47 2.37 0.02 0.62 3.45

Forest disturbance − 8.50 10.85 − 0.78 0.44 1.21
Edge influence 4.31 17.31 − 0.25 0.80 1.65



114 S. Sengupta et al.

1 3

The global regression model with each of these four inde-
pendent components or forest aspects (PCA sub-groupings) 
showed squirrel abundance with 95-fold positive relation-
ship with “forest structure” attributes and 48-fold influence 
with “forest composition and food availability” attributes, 
with both these components contributing significantly; 
while insignificant negative relationship was seen with “for-
est disturbance” (eightfold). Edge influence, even though 
an insignificant one, exerted a positive influence (fourfold) 
on the abundance pattern of giant squirrel, implying a ten-
dency of increased abundance with increasing remoteness of 

sampling site from forest edges (Table 2). Forest disturbance 
and edge influence components did not show up as important 
in explaining abundance pattern due to large unconditional 
standard errors for the parameter estimates. Overall, these 
variables contributed 62% variation to the model (R2 = 0.62).

Of all the tested candidate models with various combina-
tions of additive and interaction effect of the four different 
forest aspects (Table S4), the best discrete-choice model 
explaining the observed variation in squirrel abundance 
included the interaction effects of forest structure with for-
est composition and food availability (Table 3). This model 
accounted for 76% of the AICc weight and indicated a 
positive linear relationship between animal abundance and 
the two explanatory predictors (Fig. 5). Model parameter 
estimates (of best model) and the 95% confidence intervals 
for the effects of forest structure (β = 139, SE = 9.8; 95% 
CI = 48–198) and forest composition and food availability 
(β = 131, SE = 10.2; 95% CI = 32–202) did not overlap zero 
(Table 4), indicating that the interaction between these vari-
ables contributed significantly to model fit.  

Discussion

The current study examines the underlying ecological deter-
minants of R. bicolor’s habitat selection and provides a com-
prehensive quantitative profile for a better understanding of 
their life history and habitat relations. Quite often, ‘patch 
quality’ has been reported to play a decisive role in regu-
lating habitat occupancy and its intensity of use (Cudney-
Valenzuela et al. 2021). However, patch quality is a com-
plex set of ecological covariates which exerts their influence 
either individually, or in a synergistic manner (Umapathy 
and Kumar 2000). In case of arboreal mammals, their life 
history is intricately linked to numerous structural attrib-
utes of the forest (Kays and Allison 2001; Malcolm 2004), 
and this relationship can have far-reaching conservation 

Table 3  GLM models (top ten) used to characterize relationship 
between animal abundance and independent variables

Given a null model without independent variables for comparison
*Forest composition ~ forest composition and food availability
Notation key: log L value of log-likelihood function, ∆AIC difference 
between the AIC value of each model and the lowest AIC model, 
wt Akaike weight

Model df Log L AICc ∆AICc wt

Forest structure * forest com-
position

5 − 504 1018.4 0 0.756

Forest structure * forest 
 composition2

5 − 505 1021.6 2.58 0.208

Forest  structure2* forest com-
position

5 − 507 1024.5 6.08 0.036

Forest  structure2 + forest com-
position

4 − 513 1035.3 16.89 0.001

Forest  structure2 3 − 515 1036.3 17.88 0
Forest  structure2* forest distur-

bance
5 − 513 1037.3 18.85 0

Forest  structure2 + edge influ-
ence

4 − 515 1038.3 19.81 0

Forest  composition2 3 − 527 1060.4 41.91 0
Forest structure 3 − 533 1072.3 53.9 0
Forest composition 3 − 543 1092.4 73.93 0
Null model 2 − 590 1183.2 164.78 0

Fig. 5  Scatter plots showing relationship between different forest aspects (principal components, PCs) and squirrel abundance. a forest structure, 
b forest composition and food availability, c forest disturbance, d edge influence
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implications as choosing the right habitat improves their 
survival and reproductive fitness (Cody 1985; Marsh et al. 
2013). Interestingly, the current study reveals that giant 
squirrels select patches of usable habitat based on concen-
trated areas of critical habitats with conducive structural and 
compositional forest attributes; traits that are usually associ-
ated with old growth forest.

Spatial distribution pattern

Our study revealed a very restricted habitation of the animal 
in the sanctuary (Fig. 4), being absent from 60 out of 128 
grid cells surveyed. Repeated surveys failed to locate any of 
their population in the surrounding monoculture plantations 
(betel nut and tea gardens) which engulfs almost the entirety 
of the sanctuary. The distribution pattern of the animal pre-
sents a preponderance of occupancy in forest interiors while 
being absent from forest edges and clearings, potentially 
indicating their adaptation to functionally important forest 
attributes. However, they were spotted foraging in home gar-
dens around forest fringe human settlements. These seasonal 
forage into the adjoining areas largely depended on the avail-
ability of suitable and sufficient structures for mobility and 
opportunistic food resources maintained in human-modified 
habitats. These home gardens are primarily characterized 
by the presence of Ficus spp., and other fruiting tress, such 
as Pomelo (Citrus maxima), both of which are ubiquitous 
components of home gardens in this landscape.

Sporadic venture of arboreal mammals into the adjoining 
matrix is a function of the degree of structural contrast exist-
ing between the patch-matrix systems (see Driscoll et al. 
2013). Conventional monoculture tea plantations typically 
lack a well-defined, structurally complex multi-tier verti-
cal stratum which fails to integrate with the surrounding 
forest patches, forming an inhospitable matrix to many 
obligate canopy dwellers (Chowdhury et al. 2021; Raman 
et al. 2021). Setting up such plantations has already been 
established to be detrimental, restricting the movement of 
habitat specialist like Lion Tailed Macaque, Macaca sile-
nus (Ramachandran and Joseph 2000). This highlights the 
importance of promoting and maintaining associated habitat 
matrix around small-fragmented forest patches (especially 
through structurally complex agricultural habitats like agro-
forestry plantations), which can serve as complimentary 

space for populations of giant squirrel species to disperse 
successfully.

Ecological correlates of habitat use

Studies of habitat selection by R. bicolor are scarce and very 
patchy in nature. However, there seems to be a consensus 
in all these studies, including the present study, concerning 
their obligate arboreal niche (Datta and Goyal 2008; Mackin-
non 1978; Payne 1979; Saiful and Nordin 2004; Shyam and 
Saikia 2012). They prefer densely forested top canopy forest 
strata (probably helps in camouflaging the nests to avoid pre-
dation). Many arboreal mammals exhibit this trait to exploit 
the advantages of increased visibility for vigilance against 
arboreal and aerial predators by selectively preferring tall 
tree stands (Baldellou and Henzi 1992; Burke and Nol 1998).

Additionally, our study also explored the role of under-
lying site covariates within these tall stands to explain the 
observed variation in the intensity of habitat use by giant 
squirrels, and the results showed a strong influence of can-
opy connectivity (R2 = 0.61), canopy density (R2 = 0.57), 
overall tree density (R2 = 0.63) and availability of primary 
food trees (R2 = 0.61). All these findings reaffirm the critical 
importance of forest physiognomy and its spatial structure 
for the conservation of giant arboreal squirrels with implica-
tions on their ability to restrict or provide access to habitats 
(Borges 2008; Datta and Goyal 1996; Emmons and Gen-
try 1983; Verbeylen et al. 2009). For instance, Dodd et al. 
(2006) emphasized the importance of interlinking canopy 
crowns with canopy continuity for the persistence and 
recruitment of arboreal squirrel at the patch scale. Contra-
rily, some argue the ‘compositional’ elements of a patch to 
be more influential on the life history of arboreal mammals 
than forest structural attributes (Adler 2000; Herbers and 
Klenner 2007; Saiful and Nordin 2004). A study from the 
tropical region reports similar finding, with diversity of tree 
species playing a key role in providing high-quality habitat 
for arboreal tree squirrels (Islam 2002). However, in most 
studies, the distinction between attributes representing struc-
tural and compositional aspects of a forest patch remains 
blurred and must be addressed if we are to fully understand 
the species–habitat relationship of arboreal mammals.

Interestingly, our GLM results exploring the different 
possible combinations of composite independent factors or 

Table 4  Parameter estimates 
β from the best discrete-
choice GLM model (forest 
structure*forest composition 
and food availability) with 95% 
CI

Model Estimate SE 95% CI: LL 95% CI: UL T p

Constant 0.3 10.07 0.03 0.98
Forest structure 139.0 9.82 48 198 0.00 1.00
Forest composition and food availability 131.5 10.831 32 202 − 3.18 < 0.01
Forest structure*
Forest composition and food availability

131.5 16.12 42 187 8.16 < 0.01



116 S. Sengupta et al.

1 3

forest aspects (PCA reduced the 14 individual covariates 
into 4 composite factors) suggested the crucial interplay of 
forest composition and food availability (a composite of food 
resource availability attributes) along with forest structure as 
the best candidate model in explaining the observed varia-
tion within patch level habitat utilization pattern. However, 
no single habitat variable or suite of individual variables 
was able to fully explain the observed variation. This clearly 
demonstrates giant squirrels' sensitivity to forest composi-
tion and food availability attributes, beyond habitats’ struc-
tural complexity. However, very few studies acknowledge 
the synergistic action of forest aspects (e.g., canopy con-
nectivity and food availability) in regulating arboreal mam-
mals’ habitat use (Herbers and Klenner 2007; Nandini and 
Parthasarathy 2008; Ransome and Sullivan 1997; Sridhar 
et al. 2008). In the current study area, a significant portion 
of the arboreal complexity was contributed by the entangled 
lianas providing inter-tree physical connectivity; facilitating 
unrestricted movement. Apart from lianas, the old and large 
fig trees also provide a complex branching pattern and are 
known to act as a ‘fallback food’ reserve for many arboreal 
life forms (Borges 2008; Dunn et al. 2012; Sengupta 2017), 
thus providing food availability in these structurally acces-
sible areas.

Of the other two forest aspects considered in the analy-
sis, our study documented a negative relationship between 
squirrel abundance and anthropogenic disturbance, which 
mirror the findings generally found across the geographic 
distribution of the species. Mostly these studies report about 
populations of giant squirrels becoming sparse, scattered and 
eventually getting locally extirpated with increasing distur-
bance regime (Datta and Goyal 2008; Joshua and Johnsingh 
1994; Sengupta et al. 2016; Singh et al. 2000). Persistence 
of anthropogenic disturbance in small isolated forest patch 
markedly alters the demographic, dietary, ranging and nest-
ing patterns of arboreal mammals (Kays and Allison 2001; 
Whitworth et al. 2019). This, in turn, has an effect on the 
individual fitness and reproductive success of the species, 
being unable to adjust with the ongoing changes in the struc-
ture and composition of the forest, which eventually leads to 
a decline in their population density (Irwin 2008; Koprowski 
2005; Selonen et al. 2001; Wauters et al. 1997). Similarly, 
edge influence, which was estimated using a surrogate index, 
i.e., proximity to forest edges, also revealed a negative 
impact with an increasing trend of squirrel abundance away 
from the forest clearings. This holds true, given the role of 
edges in modifying plant species diversity and vegetation 
structure, which has been reported to have mostly negative 
effects on populations of arboreal mammals (Laurance et al. 
2000, 2002; Lehman 2007; Murcia 1995).

Overall, our analysis reveals a new perspective on the 
response of giant squirrels to stand-level microhabitat char-
acteristics in a lowland tropical forest. The concordance 

between our findings with available pool of literature vali-
dates the importance of habitats with microhabitat features 
of structurally complex forest (good canopy cover and 
arboreal connectivity, high food tree species diversity, high 
basal area) as putative conservation priority sites for long-
term survival and persistence of giant squirrel populations 
across their geographic distribution (Baskaran et al. 2011; 
Borges 1989; Datta 1993; Datta and Goyal 1996, 2008; 
Ramachandran 1988; Srinivas et al. 2008). Moreover, our 
study confirms the sensitive ecological requirements of giant 
squirrel in a fragmented landscape, along with their inability 
to inhabit any anthropogenic matrix which lacks structural 
complexity. This makes them an ideal indicator species for 
assessing the habitat quality and forest integrity in tropical 
landscape (see Koprowski 2005).

Conservation implication

Upper Brahmaputra Valley, even though a biological fron-
tier; is a leading tea-producing region in the world. This 
has resulted in a significant loss of its original forest cover, 
transforming the landscape into a mosaic of tea plantations, 
agricultural land and forest fragments of various sizes. This 
study, conducted in a lowland tropical forest patch which lies 
in the northern distribution limit of R. bicolor, quantifies its 
microhabitat use in relation to stand-level characteristics. 
Our findings shows that the ecological correlates influenc-
ing habitat occupancy and the intensity of its use in a small 
isolated forest patch are mainly the result of the spatial dis-
tribution and frequency of occurrence of some microhabitats 
with which the species is closely associated. These micro-
habitats are shaped by a few critical structural and forest 
compositional attributes. Thus, maintaining these extremely 
subtle microhabitats within the broader habitat type will be 
critical in ensuring the future survival of giant squirrels in 
these pockets of far-flung isolated forest patches that typi-
cally suffer from reduced food availability and a possible 
reduction in forage quality for arboreal species (Agetsuma 
1995; Taubert et al. 2018) because of the associated habitat 
loss and reduced density of big trees and plant species rich-
ness. Moreover, with the number of species threatened with 
extinction in tropical forests predicted to escalate (Vamosi 
and Vamosi 2008; Whitmore and Sayer 1992), the only way 
forward from here will be to properly manage these dis-
turbed forests to support their populations (see Turner and 
Corlett 1996; Volenec and Dobson 2020). Having said that, 
the fitness values associated with each individual habitat 
feature and their relative importance to giant squirrels might 
vary across different spatial scale; and as such, an under-
standing of patch-occupancy requirements and landscape-
level distribution patterns of giant squirrels should be the 
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next focus area for research in this type of human-modified 
tropical landscapes.

Nevertheless, the findings of this study contribute sig-
nificantly towards our understanding of the autecology of 
R. bicolor populations across an isolated tropical forest in 
its northernmost distributional range. It can also aid in the 
development of a comprehensive conservation action plan 
for the species, with strong impetus to its associated matrix 
land use management and habitat restoration in and around 
such isolated, remnant lowland rain forest fragments of the 
tropical landscapes.
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