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Abstract Characterizing biological richness at the land-
scape level is conveniently done using the plant as an
indicator of biota. The congruence between plant and
animal biological richness (BR) was studied by extending
the scope of methodology from past studies in order to
understand the question; does higher plant richness
encourages higher animal richness? Using satellite images,
16 forest vegetation classes to integrate BR attributes for
85 plants and 271 animal species were derived. Plant BR
analysis linked six biodiversity attributes (i.e., spatial,
phytosociological, social, physical, economic and ecolog-
ical) together based on their relative importance. The
information of four terrestrial animal taxa (i.e., mammal,
bird, reptile and amphibian) from various resources was
utilized over five surrogates of biological richness (habitat
suitability, spatial heterogeneity, eco-climatic stability,
plant structural properties, and forage). A methodological
basis of spatial enumeration of animal richness was pro-
vided in one of the most biologically rich landscapes of
India, forming part of Indian Gangetic plains. It was
observed that positive congruence between BR of plant and
animal with a spatial overlap of 82.23% for the inclusive
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BR. Significant positive correlation (R*: 0.7) was observed
for high BR values (7-9) of animal and plant. Authors
believe the strengths of our study are (i) translation of
animal characterization onto a spatial map, (ii) collection
and utilization of scattered data of animals from varied
resources for Indian region where proper documentation is
lacking (iii) generation of an inclusive BR map having
higher conservation potential, and (iv) creation of a data-
base having retrieval and future modification capability.
This methodology has the potential for inclusive plant and
animal biological richness for effective conservation
implications with more site-specific data of a wider range
of animals.

Keywords Habitat mapping - Remote sensing -
GIS - Biological richness - Gangetic plains

1 Introduction

Biological richness (BR) is a cumulative property of an
ecological habitat and its surrounding environment [1].
Characterizing BR offers useful insights for conservation
prescription and policy investments. The extraordinary
richness (as a component of diversity) of the terrestrial
fauna, is clearly due largely to the diversity provided by
terrestrial plants and remains poorly documented [2].
Central questions among conservation biologists and
ecologists include whether plant diversity influences ani-
mal diversity. Documentation for ecological status of the
terrestrial species either animal or plant has long been
practiced, but inclusive studies (integrating both plant and
animal) for spatial BR distribution are limited [3] and
theoretical [4].

@ Springer


https://doi.org/10.1007/s40010-017-0459-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s40010-017-0459-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40010-017-0459-1&amp;domain=pdf
https://doi.org/10.1007/s40010-017-0459-1

912

S. Matin et al.

Animals are known to influence and sometimes help
maintain plant species richness in terrestrial systems and
vice versa [5]. Ehrlich and Raven [6] advocated how plant—
animal interactions have played a very important role in the
generation of Earth’s biodiversity. So, it is important to
understand the sociological relationships that living
organisms have with each other to understand their ecol-
ogy. Studies on BR considering plants [1, 7, 8] or animal
[9-13] has increased in the recent past, but very less [3] has
been talked about the inclusive BR analysis combining
earth observation data and field inputs. Our understanding
to access inclusive BR analysis has increased with tech-
nology [14], but there is still a gap in knowledge to
understand the ecological interactions between sessile
plants and moving animals.

A variety of ecological applications require data from
broad spatial extents that cannot be collected using field-
based methods [15]. With the onset of geoinformatics
techniques comprising remote sensing, global positioning
system (GPS), integrative tools, such as GIS, is realized as
a complementary system for ground-based ecological
studies, and a strong tool to understand the species spatial
distribution. Vegetation distribution map, inventory, and
in situ community analysis are important means to study
the interaction between forest and their wildlife [16-20].
Such maps can provide baseline information against which
changes in species richness can be monitored at different
levels and scales. Many studies based on remote sensing
techniques have been carried out for plant BR analysis
[7, 8, 21-24], but only a few [3, 25, 26] for animals.
Remote sensing techniques used to study plants are based
on characteristic spectral reflectance features of species or
communities, and for this purpose, objects need to be
sessile for accurate assessment. Techniques used in plant
BR analysis cannot be applied to the animals in a similar
fashion. A major issue complicating the assessment of
animal species occurrence is its mobility, especially
migrants with longer mobility occupying a wide range of
natural and anthropogenic habitats. The idea of mapping
plant BR as a proxy to map high animal BR area is based
on the accurate plant cover data and availability of animal
data for the same region. The abundance of plant species in
an area might influence animal richness, and at a small
spatial scales, such positive associations have been tested
in observational studies [27]. Much evidence has also been
produced to validate the relation that ecosystem functions
provided by diverse plant communities support rich animal
communities. At some very gross level plant and animal
richness patterns must be congruent, since both increases
from the poles to the tropics [28].

The multi-faceted interactions among living organism
make BR calculation difficult to capture in one description
and thereby, its measurement with a single factor [29-31].
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Many researchers suggested to use species diversity of
certain taxa as a surrogate to understand the same of other
taxa thereby it helps identifying areas to be protected
[32-35]. Studies conducted by Hutchinson [2], Lamoreux
et al. [36] and Qian [37] have used non-spatial regression
methods to calculate congruence between plant and animal
richness. Duro et al. [38] used a combination of direct and
indirect approaches to access spatial diversity that can be
derived from satellite data by considering surrogates like
productivity; disturbance, topography and land cover to
monitor potential biodiversity change. Rocchini et al. [39]
reviewed spectral heterogeneity of existing sensors and
their ability for estimating species diversity. Here authors
argued that spatial variability extracted from remotely
sensed images can be used as a proxy of species diversity,
as these data provide an inexpensive means of deriving
environmental information for large areas in a consistent
and regular manner. Kuenzer et al. [40] in their review
article about the use remote sensing for biodiversity mon-
itoring, suggested that mapping vegetation attributes for
diversity are easier and many more studies assess vegeta-
tion biodiversity from space than animal biodiversity.
Leyequien et al. [14] in their review study of remote
sensing based animal biological richness analysis sug-
gested five vegetation based surrogates. They proposed that
habitat suitability, spatial heterogeneity, eco-climatic sta-
bility, structural properties of habitat, and forage quality
can act as surrogates to evaluate the biological richness for
terrestrial animals (like mammals, birds, reptiles, amphib-
ians, and many invertebrates). The use of spatial hetero-
geneity as a proxy to understand the pattern of biological
richness is limited to a small number of studies [26, 41]. It
has long been accepted that spatially heterogeneous
ecosystem may support richer species assemblages com-
pared to homogenous ecosystems [42—-45] because of the
creation of niche differentiation [46, 47]. The most com-
monly used remote sensing product for quantifying pro-
ductivity and above ground biomass of ecosystems is the
normalized difference vegetation index (NDVI) [48-51].

In this article authors analyzed the congruence between
plant and animal species richness by extending the scope of
Matin et al. [3] methodological basis from past study in
order to understand the question; does higher plant richness
encourages higher animal richness? We extended the pos-
sibility of congruence between plant and animal richness
on a moderate spatial scale (1:50,000)by incorporating four
terrestrial animal taxa. This study might be able to nullify
the methodological bias for calculating BR of animal
characterization onto a spatial map. This study may also
provide a baseline data in GIS format, collected from
scattered sources on animal distribution from varied
resources, having retrieval and future modification
capability.
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2 Materials and Methods

The entire work is an integration of data collected from
various sources and means (Table 1). Remote sensing data
to prepare vegetation type map was acquired from National
Remote Sensing Agency, India [52]. Authors collected
plant data from the field to calculate inputs like species
richness (SR), ecosystem uniqueness (EU) and economic
value (EV; Table 2). Data like NDVIy,,x), temperature and
rainfall were downloaded from their respective websites.
Literature-based information to calculate spectral proper-
ties of vegetation, forage type as attractant and deterrent
were gathered from various published articles (see
Table 1). Road, rail and point settlement data were digi-
tized from toposheets and updated with the Google Earth
and IRS P6-L-IIT satellite images.

Table 1 Description of data used to model plant and animal BR maps

2.1 Study Area

This study was conducted to the extent of 730 km from
Himalayan foothills to the Vindhyan range of mountains.
The study area (Fig. 1a) is located between the parallels of
25°18' N and 30° 25’ N latitude and 77° 04’ E and 84°38' E
longitude with a geographical extent of 187150 km? in part
of Indian Gangetic plains. The entire study area has been
biogeographically divided into three parts, i.e., Northern
Terai, Central Gangetic plains and Southern Semi-arid land
(divisions can be seen in Fig. 1b). Vegetation cover is
distinct in all three zones with respect to phenological
adaptation, composition, structure, and diversity [52]. The
total forest area mapped in the region is 5300 km?, occu-
pying 2.93% of the total geographical area. Most of the
forests in the region, especially in the Central Gangetic

Components of plant BR Source of data

Description

1. Species diversity data Field sampling

2. Ecosystem uniqueness Field sampling

3. Economic value Field sampling

4. Disturbance index
(i) Road and rail data

(ii) Settlement data

Toposheet and Google earth
Toposheet and satellite data
5. Landscape parameters
(i) Fragmentation Vegetation type map
(i) Patchiness Vegetation type map
(iii) Interspersion Vegetation type map
(iv) Juxtaposition Vegetation type map
Components of animal BR
1. Habitat suitability data
(i) Vegetation type map Remote sensing data
(ii) Species richness map Forest department, Lucknow
(iii) Ecosystem uniqueness Forest department, Lucknow
(iv) Fragmentation Vegetation type map
(v) Disturbance Vegetation type map
2. Spatial heterogeneity map
(i) NDVI max

(i1) Vegetation interspersion

Remote sensing data
Vegetation type map
(iii) Vegetation juxtaposition Vegetation type map

3. Eco-stability map

CRU data (www.cru.ac.uk)

CRU data (www.cru.ac.uk)

(i) Temperature data
(i1) Rainfall data
4. Spectral properties of vegetation
(i) Height profile
(ii) Density map

Various exiting literature
Various exiting literature
(iii) Biomass map Various exiting literature

5. Forage type Various exiting literature

Calculated using Shannon diversity index (Shannon [57])
As per Red data book citations
Calculated over 10 parameters (Table S3; Belal and Springuel, 1996)

Using line buffer of 200, 500 and 1000 m
Using point buffer of 200,500 and 1000 m

Calculated using SPLAM software (Bond et al. [72])
Calculated using SPLAM software (Behera et al. [1])
Calculated using SPLAM software (Behera et al. [1])
Calculated using SPLAM software (Behera et al. [1])

Visual interpretation technique on IRS P6-L-III image
Calculated number of species observed by forest department
As per Red data book citations for endemic species

Same as plant BR

Same as plant BR

MODIS 8 days composites
Same as plant BR
Same as plant BR

Anomaly of 50 years data, interpolated points
Anomaly of 50 years data, interpolated points

UPFD-Lucknow [60]

UPFD-Lucknow [60]

UPFD-Lucknow [60]; Pandey et al. [65]
Please refer to Table 4 for source
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Table 2 Details of plant data collected from the study area to carry out different phytosociological analysis

Sl. no Vegetation type

No. of samples laid No. of families

No. of genera Life forms Total Species

1 Moist deciduous forest 81 60
2 Sal mixed moist deciduous 65 45
3 Teak mixed moist deciduous 26 45
4 Dry deciduous forest 48 38
5 Thorn forest 36 32
6 Aegle forest 4 17
7 Acacia catechu forest 2 9
8 Lowland swamp forest 13 36
9 Forest plantation 6 8
10 Open scrub 34 30
11 Prosopis scrub 40 35
12 Salvadora scrub 3 3
13 Anogeisus pendula scrub 4 2
14 Riverine grasses 10 21
15 Dry grassland 29 4
16 Orchards 65 20

Trees Shrub Herb Climber

120 86 27 33 5 151
84 72 5 22 1 100
70 58 10 11 2 81
57 41 10 10 2 63
53 20 14 19 4 57
23 15 3 24
10 4 3 3 0 10
52 32 4 16 3 55
8 5 1 0 8
46 15 23 10 4 52
50 26 11 14 2 53
3 1 1 0 3
2 0 0 0 2
32 8 5 21 1 35
24 1 22 0 25
30 18 5 10 1 34

plains are known to be influenced by biotic interferences
and the original vegetation community no longer exists in
these areas [53]. The Terai zone is listed among the most
productive eco-regions of the world, well known for its
vast biodiversity and high productivity [54]. Terai pos-
sesses marshy grasslands, savannas, and forests located
south of the outer foothills of the Himalaya, the Siwalik
hills, and north of the Indo-Gangetic plain of the Ganges.
The Southern Semi-arid zone is mosaic of dry gullied land,
with scrub as the dominant vegetation cover. The main
motivation for selecting this study site is the wealth of
wildlife animals, especially in the Northern Terai. Several
species of wildlife have become extinct in the last few
decades, even though its avifauna is among the richest in
the country. The entire study area is the home of some of
many endangered species like Panthera tigris, Gavialis
gangeticus, Gazella gazelle, Grus antigone, Haliaeetus
leucoryphus and Platanista gangetica.

2.2 Vegetation Type Mapping

The Indian remote sensing, linear imaging self-scanning
(IRS-P6, LISS-III) satellite product of 23.5 m spatial res-
olution were used to prepare the vegetation type map. A
total 26 scenes of LISS-III sensor with bands ranging from
0.52 to 1.70 um wavelength were acquired. Vegetation
classification scheme (Table S1) adopted in this study was
based on physiognomy, the structural floristic influence of
climate, topography and biotic factors.
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We used two season satellite data for optimal discrim-
ination of various vegetation types considering deciduous
phenological stage during April to May in association with
October and November (2005-2006) mostly in fair
weather. Rectified satellite data were used to classify
vegetation and land cover map at 1:50,000 scale. On-screen
visual interpretation technique, considering visual keys,
such as tone, texture, shape, pattern, and relationship to
other objects were applied to classify the entire land use
and land cover (LULC)onto a false color composite image
(NIR, red and green band combination). Automated map-
ping gives rapid results but with relatively lower accuracy
when compared to the manual on-screen classification
system. A total of 21 LULC units (sixteen vegetation and
five non-vegetation) were mapped in this study based on a
predefined classification scheme (Table S1). A minimum of
10 GPS based ground control points were collected (from
the core zone of each class) during the field visits, which
later utilized to validate the classified map.

2.3 Plant Data Collection

Field tours were carried out during 2008-2011 in the dif-
ferent season by a team of five members. Sixteen vegeta-
tion types were determined prior to the sampling according
to vegetation classification developed by expert and based
on Champion and Seth classification scheme [55]. In order
to carry out the ground level phytosociological study; a
sampling intensity of 0.002% of the forest area was
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Fig. 1 a Showing part of Indian Gangetic Palins (Uttar Pradesh state)
as study area with winter season IRS P6 LISS-III satellite data, and
locations of 466 nested quadrate samples as black dots, b vegetation
and land cover map derived from two seasons satellite images,

envisaged. Accordingly, the entire region required 555
sample points, distributed proportionally among all the
major forest types. However, based on accessibility and
administrative difficulties in the region, a total of 466
sampling points were laid. We enumerated 54937 numbers
of plants (density of tree species) including 284 unique
species in 16 vegetation types (based on Champion and
Seth classification scheme 1968). Stratified random sam-
pling with probability proportional to size method [56] was
adopted for field inventory using nested quadrats to record

I sal mixed moist deciduous [ Lowland swamp forest
B Teak mixed moist deciduous Il Forest Plantation
I Dry deciduous forest
I Thorn forest

[ ] Aegle forest

I Open scrub

[ Prosopis scrub

[ Salvadora scrub
Anogeissus pendula scrub
Riverine grasses
Dry grassland

B O:rchards

Agriculture

Barren land
B Water body
Wetlands

- Settlement

showing 16 vegetation and 5 non-vegetation classes. Three bio-
geographical zones (i.e., upper north Terai, central Gangetic plains
and Semi-arid, in lower left side) are delineated and shown as thick
black lines

various life-forms. Based on the species-area curve, an
optimized field plots size of 0.0004 km® was adopted
uniformly for all the vegetation types. While the sample
size for tree, shrub, and herbs were considered
20m x 20m, Sm x 5m and 1 m x 1 m, respectively.
In each quadrate CBH (circumference at breast height at
1.37 m from ground level) and height of trees were mea-
sured. Collected data were enumerated for community
structure analyses like Shannon diversity [57] and Margalef
richness index [58] to calculate diversity and abundance.

@ Springer
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All the species were also evaluated for their endemism
status and total economic value [59] (Table S3).

2.4 Animal Data Collection

For animal species information, we used data documented
by the Uttar Pradesh state forest department in their
working plan book series for the year 2005-2015 [60]. A
total of 271 animal species from four classes of terrestrial
taxa were evaluated for the JUCN red list of threatened
species. Species information then used to calculate the EU
status, which is nothing but the average value calculated
from a number of endemic species observed in different
vegetation types according to Red data book citations (
www.iucnredlist.org). Besides, ground knowledge, species
composition, the extent of the area, contiguity, importance
in the landscape and critical habitat value of the patches
were also considered for EU calculation [1].

2.5 Surrogates of Animal Biological Richness
2.5.1 Habitat Suitability Mapping

Habitat suitability is widely used as a remotely sensed
proxy for species distribution and richness [3]. It mainly
considers vegetation type map as the primary input for
suitability calculation. We have prepared habitat suitability
map using raster layers of primary habitat, species richness,
biodiversity index, vegetation fragmentation and distur-
bance index (DI), in SPLAM software [52]. DI, as biotic
disturbance proximity buffer zones were created around
roads and human settlements for 200, 500, and 1000 m to
understand a different level of disturbance with respect to
distance from the source. Out of five parameters used,
fragmentation and DI possess negative influences to spe-
cies richness, and hence have negative participation in the
weight assignment. Habitat usage or characteristics of
nesting, breeding, or burrowing sites were identified on the
satellite image and validated from inputs provided by forest
department (animal sighting) and similar pixel was classi-
fied and mapped as primary habitat. Similarly, spectral
properties of the pixel corresponding to a known location
were used as training data to classify the imagery for a
larger area. Species richness and ecosystem uniqueness
maps were generated using field inputs (Table 2).

2.5.2 Spatial Heterogeneity in Living Environment

Spatial heterogeneity with respect to primary productivity
was calculated using 1 km global product of Aqua MODIS
normalized difference vegetation index (NDVI,,,) com-
posite of 8 days (15-22 April, 2005), along with vegetation
interspersion index and juxtaposition index (proximity of
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the vegetation types) map. This is based on the assumption
that high NDVI value corresponds to higher above ground
primary productivity [61], and can be correlated with high
animal occurrence and diversity [14]. Interspersion, which
is a count of dissimilar neighboring classes with respect to
central class, calculated using 3 x 3 pixel convolution
window, along with juxtaposition to evaluate the proximity
of habitat types and relative importance of adjacency [62].
Areas with high-level of juxtaposition could possess a high
degree of the biological interface, and therefore given
highest priority value for conservation [1].

2.5.3 Eco-climatic Stability

Accessing species richness for animals may further
increase by adding climate dependent variables to the
analysis. Seasonal variations control differences in plant
species growth and establishment patterns, leading to
changes in species composition and productivity [63].
Consequently, annual variations in vegetation could induce
a change in the spatial distribution of plant phenology and
growth [49]. Hence, based on the assumption that climat-
ically more stable region may support high animal richness
[41]; we have calculated climate anomaly for the region.
We used past 50 years rainfall and temperature data pro-
vided by climate research unit (www.cru.uea.ac.uk), to
generate the eco-climatic stability index map. Rainfall and
temperature data of 50 years were divided into ten layers of
5 year duration, and compared for the anomaly. Areas with
the highest deviation from the average value for both
rainfall and temperature were marked as least stable and
vice versa.

2.5.4 Structural Properties of Habitat

A vertically diverse forest can possess a rich biota [64],
similar case observed in the current study region. Here we
have prepared map based on the structural properties of
habitat (height of the tree, its density, and biomass) using
structural information from published literature (Table 1;
60,65). We identified representative vegetation species for
each class with similar age group and latitudinal location
and analyzed for above mentioned structural parameters.

2.5.5 Forage Types as Attractant or Deterrent

It was evident that the spatial distribution of many wildlife
species is passively influenced by the variation in plant
type and its chemical constituents [66]. Accordingly, rep-
resentative vegetation species were searched for major
chemical constituent and classified as attractant or deterrent
based on the existing literature [67]. Plants based on
chemical compounds were classified as deterrents (e.g.,
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diformyl phloroglucinols)
Sodium and Calcium) [69].

[68] and attractants (e.g.,

2.6 Modeling Approach
2.6.1 Plant BR Calculation

Spatial modeling techniques provide the means to model
spatial relationships in data and fill the gap where no data
are available [70]. We used the existing methodology
[1, 7, 8] to calculate plant BR. Six parameters (i.e., spatial,
phytosociological, social, physical, economic, and field
observations) were considered to compute plant BR using a
customized SPLAM software. Higher plant BR was
assigned to the habitats with (i) high species diversity, (ii)
high degree of ecosystem uniqueness (EU), (iii) high eco-
nomic value (Table S3), and (v) low disturbance level. This
simple idea of integrated three-tier modeling approach for
(i) utilization of geospatial tools, (ii) field survey and (iii)
landscape analysis; formed the basis of rapid assessment of
plant biological richness.

2.6.2 Animal BR Calculation

In the lineup with the existing methodology adopted by
Matin et al. [3], we have integrated four groups of terres-
trial animal taxa i.e., mammal, bird, reptile, and amphibian,
and evaluated for five surrogates of animal BR (habitat
suitability, spatial heterogeneity, eco-climatic stability,

structural properties, and forage). In addition, direct and
indirect measurements of species diversity, uniqueness, and
distribution were also illustrated. Finally, all the data were
spatially harmonized with respect to highest pixel size
(1 km) among all the raster data and re-projected to fit into
single GIS platform in ArcGIS software.

2.6.3 Weight Assignment for Modeling

Rescaling of the values by applying a transformation
function to convert the resulting values onto a specified
continuous evaluation scale helps to retain the data con-
sistency and to standardize the range of independent vari-
ables or features of data. All raster-based spatial layers
were rescaled to 1 and 9 [71]. Raster layers were prepared
using field input values of relative importance. Animal
habitat suitability was calculated for individual species
with defined criteria. Here, we have evaluated individual
species from each taxon for their habitat preference and
finally overlaid to create a single map for one taxon. Four
maps for all the four taxa were created and merged with
relative weight to prepare a final animal habitat suitability
map. Species richness and ecosystem uniqueness coined
with positive weights (Table 3), while disturbance and
fragmentation index map with negative weights [72].
Weights assigned to structural properties of vegetation, i.e.,
height, density and biomass as surrogates of richness were
based on published literature (Table 4) [65] while the final
map was created using mean values of all the three layers.

Table 3 Species and their relative weights for animal BR index calculation

Vegetation type Representative species Structural heterogeneity Weight
Height Den. Biomass Forage Average Final
Moist deciduous forest Shorea robusta 8 8 6 2.56 6.14 6
Sal mixed moist deciduous Shorea robusta 8 8 6 2.56 6.14 6
Teak mixed moist deciduous Tectona grandis 7 8 5 2.00 5.50 6
Dry deciduous forest Acacia catechu 5 7 1 1.62 3.65 4
Thorn forest Acacia nilotica 4 6 6 1.75 4.43 4
Aegle forest Aegle marmelos 6 4 4 2.50 4.12 4
Acacia catechu forest Acacia catechu 5 7 1 1.62 3.65 4
Lowland swamp forest Syzygium cumini 6 7 7 2.25 5.56 6
Forest plantation Tectona grandis 7 8 5 2.00 5.50 6
Open scrub Prosopis juliflora 3 5 9 1.50 4.62 5
Prosopis scrub Prosopis juliflora 3 5 9 1.50 4.62 5
Salvadora scrub Salvadora oleoides 1 3 1 1.50 1.62 2
Anogeissus pendula scrub Anogeissus pendula 2 1 2 1.50 1.62 2
Riverine grasses Cynodon dactylon 1 1 2 1.75 1.43 1
Dry grassland Setaria glauca 1 1 2 1.75 1.43 1
Orchards Eucalyptus hybrid 4 3 4 1.25 3.06 3

Vegetation type of similar representative species was merged with major class. Relative average weight of all four animal groups viz., mammals,
birds, reptiles and amphibians as forage attractant to vegetation species assigned and combined mean weight used as final input to calculate

vegetation type wise animal- plant attractant map for primary forage
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Table 4 Relative weights assigned to (a) 16 different vegetation types and (b) four categories of animals as per field’knowledge observations to

calculate biological

Type Ecosystem uniqueness Biodiversity value Species richness

(a) Flora Value Weight Value Weight Value Weight
Moist deciduous forest 3 0.5 0.038 0.3 19191 0.9
Sal mixed moist deciduous 5 0.9 0.09 0.5 4146 0.6
Teak mixed moist deciduous 4 0.8 0.088 0.5 3454 0.5
Dry deciduous forest 2 0.4 0.09 0.5 259 0.2
Thorn forest 2 0.4 0.067 0.4 3512 0.5
Aegle forest 1 0.2 0.151 0.7 475 0.2
Acacia catechu forest 2 0.4 0.09 0.5 320 0.3
Lowland swamp forest 2 0.4 0.119 0.6 1545 0.4
Forest plantation 1 0.2 0.069 0.4 476 0.2
Open scrub 1 0.2 0.061 0.1 1335 0.1
Prosopis scrub 1 0.2 0.056 0.3 4155 0.6
Salvadora scrub 0 0.1 0.244 0.8 27 0.1
Anogeissus pendula scrub 0 0.1 0.322 0.9 10 0.1
Riverine grasses 0 0.1 0.155 0.7 664 0.3
Dry grassland 0 0.1 0.042 0.1 2772 0.4
Orchards 0 0.1 0.023 0.1 8024 0.7
(b) Fauna Count Count

Amphibians 5 0.1 20 0.2 322 0.2
Birds 10 0.2 152 0.3 697 0.4
Mammals 28 0.22 67 0.9 1311 0.9
Reptiles 11 0.56 38 0.5 174 0.1

All four classes of the animal were individually related
with representative vegetation species mapped for forage
attractant or deterrent and assigned weights accordingly.
Finally, the average weights were converted to integer
values ranging from 1 to 9 [71]. We used known conser-
vation status [73] to derive relative weights for EU using
species endemism status and SR. We calculated number of
individuals for richness [58], and BV through Shannon’s
index [57] for plants and animals. EU, SR, and BV were
enumerated quantitatively for BR weights computation
(Table 3). Higher BR values were assigned to the layers
with (i) high species diversity (SD), (ii) high degree of EU,
(iii) high economic value (EV) and (v) low disturbance [1].

2.6.4 Inclusive BR Calculation

Plant and animal data collected in the field with other
spatial and ancillary data were utilized to prepare the map
of plant and animal BR and finally merged together to
prepare an inclusive BR map (Fig. 2). Before final over-
laying, both layers were checked for similar pixel size and
projection parameters. To analyses how animal BR value
varies along all the gradient of plant BR, we calculated a
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correlation using all the data points from both the BR
maps. A total 29035 pixels corresponds to nine gradients of
BR were arranged to see a correlation at different levels of
the gradients.

3 Results

3.1 Vegetation Type Distribution and Diversity
Analysis

The vegetation classes reported in this study were mapped
into 16 different units (9 forest and 7 non-forest classes
Fig. 1b), covering 2.93% and 2.34% of the total geo-
graphical area, respectively. Dense forests were found only
in the Northern Terai region, dominated by species of
moist and dry sal (Shorea robusta). Moist lands are occu-
pied with tall grass of Eulaliopsis binata, Saccharum
spontaneum and Imperata cylindrica, which possesses
suitable habitat for many ruminant species and hence its
predators. Scrubland was found dominating in the southern
Semi-arid zone, where the temperature is relatively high
with scanty rainfall. Such areas are good habitat for



Demonstrating Surrogacy of Animal Diversity with Plant Diversity and Their Integration to...

919

Step-l ey Step:2
] ; ¥ |
i | Plantdata | ! Animal data !
I
: v i N i
I
1| Fileddata |  Data collected by state !
i | collection |} forest department :
I . I |
1| using nested || N ,
1 I I
: quadrates ! Animal BR calculation !
: " using 5 Surrogates :
I I 1
: :: v |
| Plant BR " Habitat suitability !
1| calculation |} . . !
| - ¥ Eco-climatic stability ,
i using " !
: SPLAM " Spectral properties :
I I |
: software :i Spatial heterogeneity !
i Forage type i
_Step-3Ne _____tZZZZZZZZINZZZZZIZZIIfl
I
i Weight assignment !
l v v I
I
i Plant BR Animal BR  |!
L. | ______________________ % I
Step4___________] Ja _________________

Fig. 2 Simplified flowchart representation for inclusive BR calcula-
tion using output of plant and animal BR

shrubby species like Prosopis juliflora, Acacia nilotica,
Calotropis procera and for reptiles. The Central Gangetic

Fig. 3 Comparing Shannon 0.350

diversity and Margalef richness

index for 16 vegetation types i
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scrub; SOS, Salvadora oleoides; : :

KHR, Acacia catechu; AMF, > 0.250 4 1 _

Aegle marmelos; RGL, riverine é : : : :

grass lgnd; FPL, forest .g 0.200 - ! : : '

plantation; LSF, lowland swamp o il

forest; DDF, dry deqduous ' g 0.150 : : : -

forest; TMD, Teak mixed moist g e : Vi

deciduous forest; SMD, sal = : : R

mixed moist deciduous forest; @« 0.100 - 1 : I : : :

THF, thorn forest; OSC, open : | : 1 : :

scrub; PJS, Prosopis juliflora 0.050 : : : : i1

scrub; GLD, grass land; MDF, : : : : : :
i i R I 1

moist deciduous forest; ORC, 0.000 s

orchards

APS 3
SOSs 3
RGL |

plains were found to be almost treeless, with only 0.73%
area under forest cover with planted patches of Eucalyptus
hybrid, Populus deltoids, and Prosopis juliflora. Diversity
and richness indices for 16 vegetation types were calcu-
lated and final values used as an input for BR calculation.
Highest richness was observed in moist deciduous forest
followed by the mixed formation of sal and teak (Tectona
grandis), and least for orchards and forest plantation.
Among forest types, maximum diversity was observed in
Aegle marmelos, followed by lowland swamp forest and
other formations of dry and moist sal (Fig. 3). Acacia
catechu (Khair) was found showing surprisingly high
diversity value may be due to the high number of associ-
ated regenerated species. Scrubs possess higher diversity
(Anogeissus pendula and Salvadora oleoides) than of for-
est. We have observed six threatened plant species as per
international TUCN status(Table S2) in the region, and
calculated total importance value (TIV) as the economic
value [59] (Table S3) for 179 species.

3.2 Animal Data Collection and Analysis

A total of 271 animal species has been observed, falling
geographically in 16 vegetation types. Panthera tigris,
Elephas maximus, and Gazella gazelle were found in the
dense forest of the Northern Terai zone, while many spe-
cies of birds (like Sarus crane) and mammals (like Macaca
mulatta) were reported in the Central Gangetic plains. The
Semi-arid northern zone was found to be rich in reptile
population, especially Gavialis gangeticus in areas of
Chambal crocodile sanctuary. Out of 271 animal species in
the region, 50 were found internationally threatened, 3
critically endangered, 18 endangered, 16 vulnerable and 13

near threatened as per the IUCN red list 2012
16
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(Table S2),and used to calculate the EU. Protected forests
and wildlife sanctuaries were observed with maximum
richness for both plant and animal.

3.3 BR Calculation and Congruence

All the three BR maps were scaled between 1 and 9 (1: low
and 9: high) for the quantitative representation of the result,
and assigned with different colors. Plant BR map was
showing high richness values in Southern Terai region, and
least in Central Gangetic plans (Fig. 4a). High plant BR
was observed in sal mixed moist deciduous forest, followed
by moist deciduous forest and lowland swamp forest. On
the other hand, least plant BR was observed in orchards and
scrubs of Semi-arid zone. Animal BR found highest in the
protected areas and wildlife sanctuaries. Maximum animal
BR was observed in the core protected zones of lowland
swamp forest, followed by sal mixed moist deciduous
forest, and deciduous forest in the Terai zone (southern
side). Lowest animal BR was reported in all the scrublands
areas followed by dry grassland and orchards (Fig. 4b).

N
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Fig. 4 Biological richness (BR) map of a plants, b animals, ¢ inclu-
sive BR for both plants and animals (82.23% overlapping). Corre-
lation matrix of plant BR and animal for d BR values between 1 and
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The inclusive BR map (Fig. 4c) exhibits highest BR values
in the area of lowland swamp forest, followed by and moist
deciduous forest formation, while minimum in grass and
orchards. Inclusive BR map found holding more area under
high BR category while compared to plant BR map
(Table 5).

Areas with high plant richness encourage greater animal
richness was witnessed in the regions of high plant BR.
Although high animal richness was also observed in some
of the moderately rich vegetation units, and least in
grassland and scrubs, where plant BR reported very low.
Though, the maximum spatial overlapping between plant
and animal BR maps is 82.23%, which don’t ponder the
quantitative variations between richness, but it shows only
total overlapping areas. A total 29035 pixel values corre-
spond to nine gradients of BR shown that BR congruence is
decreasing with a decrease in plant BR value. Highest
congruence was observed in high BR values (7-9) with
17439 pixels which are 60% of the total matching pixels
with a correlation coefficient of R: 0.75 (Fig. 4f). The BR
value for the range 1-6 was observed with minimum
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low BR values, and rest in yellow color



Demonstrating Surrogacy of Animal Diversity with Plant Diversity and Their Integration to... 921

Table 5 Matrix showing area change for plant BR (column) against inclusive BR (plant and animal; row); combined both plant and animal BR,

in 10 x 10 matrix table

Class 1 2 3 4 5 6 7 8 9 10 Change
1 326.3 112.5 78.6 6.4 0 0 0 0 0 0 523.8

2 0 428.1 211.6 128.9 117.3 69 0 0 0 0 954.9

3 0 0 278.9 187.4 148.5 110.1 67.3 0 0 0 792.2

4 0 0 0 294.8 134.5 78 59 58.5 22 6.5 653.3

5 0 0 0 0 388.9 211.2 187 138.3 97 66.6 1089

6 0 0 0 0 0 518.8 317.7 127 87.3 82 1132.8
7 0 0 0 0 0 0 493.6 216.4 156.5 14.6 881.1

8 0 0 0 0 0 0 0 317 88.7 54.8 460.5

9 0 0 0 0 0 0 0 0 332.6 49.8 382.4
10 0 0 0 0 0 0 0 0 0 369.36 369.36
Change 326.3 540.6 569.1 617.5 789.2 987.1 1124.6 857.2 784.1 643.66 7239.36

positive correlation (Fig. 4d, e). Moderate correlation of
R?: 0.43 was observed for all the nine gradients of BR

(Fig. 4g).

4 Discussion

Our analysis indicated that plant richness drives animal
richness and such observations are possible only using
integrated approach by field-based information with
geoinformatics technique. Furthermore, we also believe
that our study has generated a database on animal distri-
bution for Indian Gangetic plains which have retrieval and
future modification capabilities. We analyzed the spatial
extent of the vegetation types and wildlife within it, as a
proxy to understand the entire ecosystem and explored the
possibilities using satellite-based observations. Assessing
species information by either direct method by field sam-
pling [74] or an indirect method using remotely sensed
information [75] have their own advantages but latter is
more in practice [40]. Such tool provides quantifiable
information that can be repeatedly obtained and updated
[38]. Remote sensing techniques that have aided the studies
on the plant cannot be applied directly to animals; hence
surrogacy concept is obligatory [76]. Among five surro-
gates of animal BR used in this study, mapping habitat
suitability is most straightforward approach and has a
strong positive correlation with the animal species richness
[77]. Furthermore, habitat use patterns can also be derived
from the movements of radio or satellite collared individ-
uals [78] using the method of area of occupancy and extent
of occurrence [79]. Though, other surrogates like spatial
heterogeneity, eco-climatic stability and structural proper-
ties of habitat are dynamic in nature and have an indirect
influence on animal BR. These surrogates may change with

prevailing climatic conditions and cannot stand same for a
longer span of time. Most studies relating forest structural
properties to animal richness relied on height variability,
percent canopy cover as density, and aboveground biomass
[14]. Chemical constituents as attractant or deterrent are
more consistent surrogate for animal BR but require
extensive laboratory-based analysis. Although some
authors like Grant et al. [66] recommended, that studies
should focus on monitoring seasonal changes in foliar
nutrient concentration as well as extending the method to
predict other macro nutrients (P, K, Na, Mg and Ca) and
secondary compounds in both grass and tree canopies.

In the current study, we considered 4 taxa of animals,
which include 271 animals in 16 vegetation units. In this
way, we extended the method proposed by Matin et al. [3],
which enabled us to cover more vulnerable species for
wider perspective for conservation. This paper validates the
assumption that high plant richness areas support high
animal richness, by superimposing plant and animal BR
maps and observed adequate results to approve the
hypothesis. We observed a positive correlation between
plant and animal BR while compared for congruence
between high BR values. The highest correlation was
observed in high plant BR, mostly in the swampy and
dense forest. BR was observed decreasing with decrees in
BR values, this shows that there is no or least congruence
between low BR areas and high in high BR areas, which
supports our hypothesis. Currie [80] also reported similar
observation with a very strong correlation between
amphibians and plant biological richness across North
America. Andrews and O’Brien [81] also established a
positive relationship between plant and mammal species
richness for southern Africa and found that variation in
plant species richness was responsible for up to 75% of the
variation in mammal species richness. Zhao et al. [82] in
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their study on the relationship between species richness of
vascular plants and terrestrial vertebrates on a broad scale
across 186 nature reserves in China also observed positive
correlation. Their analysis based on multiple regression
methods indicated that plant richness was a significant
predictor of richness patterns for terrestrial vertebrates
(except birds). Qian [37] examined the relationship
between the biological richness of vascular plants with four
classes of terrestrial vertebrates at a regional scale
(3.5 x 106 kmz), in 28 provinces of China. The author
observed that plant richness was correlated with animal
richness more strongly than the richness of different animal
groups correlated with each other. Contrary, Hawkins and
Pausas [28] in their study on the relationship between
mammals and vascular plants species richness in Catalonia,
Spain reported insignificant results. They suggested that
mammal richness pattern, as well as those of herbivores
and carnivores if considered separately, only weakly cor-
responded to the pattern of plants and depend mostly upon
other climatic factors. Contrary, there are very few studies
available to validate the reverse scenario where high ani-
mal diversity considered for high plant richness. High
animal diversity intensifies the count of herbivores and
increases feeding rates within the region. Depending on the
balance of these counteracting features, species-rich animal
groups may put plants under top-down control or may
release them from grazing pressure [83].

Such observational correlations for BR, reported in the
previous studies are contradictory. Most of the studies
resulted in strong and positive correlations, whereas others
showed weak or negative relationships. These inconsis-
tencies may result from limitations like sample size, spatial
extent, and scale of studies [36]. Positive congruence of BR
is more frequent in large-scale analyses, whereas weak or
negative at small scales observations. We prepared differ-
ent layers to analyze BR at moderate scale (1: 50,000),
which reduces the effect of scale for correlation analysis.
We understand that these divergences in results may be
influenced by factors like different methods in evaluating
surrogacy [84], different spatial scales, sample size [85],
and diverse underlying bio-geographical patterns [86].
Though, all such relationship is more theoretical and lacks
ground validation. Unlike any other study, we emphasized
animal BR analysis on vulnerable species information by
giving higher weight to species with critically endangered
or endangered status (Table S2). Understanding correlation
between vegetation types and vulnerable animals is more
important for conservation prospective than delineating
areas of high animal abundance. Hence, weight assignment
is very crucial especially in animal BR calculation and
have a vast effect on final output.
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5 Conclusions

This study highlights the capability of remote sensing
techniques to map ecological attributes and probably the
only tool to generate seamless landscape maps. Vegetation
is static, and hence the data collection is point-based, but
due to the fugitive behavior of the animal, its data collec-
tion is either extent or surrogate based. Plant-based infor-
mation are consistent, easy to sample and map hence, more
reliable and could be considered primary information for
any such analysis. Diverse plant habitats require consid-
erably less attention than of degraded animal habitats
because such areas may possess less species abundance,
but with rare or endangered fauna. So, data on endangered
and vulnerable species are crucial and must be used to
prepare a priority map for animal conservation.

In process of extending the methodological basis for
inclusive BR calculation; resulted in the positive congru-
ence between plant and animal BR, especially in the areas
of high plant richness. High plant BR area possesses a wide
range of plant species which serve as food and shelter for
animals and results in a diverse assemblage of animal
species and customs a healthy ecosystem with producer
and predator living in the same place. We believe that
conservation actions would be more efficient if there is a
strong congruence among taxa in the distribution of spe-
cies. Positive BR congruence at higher values and
insignificant in moderate and lower values may help the
researcher to classify areas based on the priority for con-
servation and policy makers to propose different strategies.
A rich BR area may be considered for conservation and
mark as “protected land” while the rest for establishing a
different level of biodiversity based on their BR gradients.
Besides, understanding such correlations, between plant
and animal may reduce effort to quantify both, and con-
serving one may work for other.

In contrast, it is intricate to prepare a map of BR com-
prising all forms of living organism and also to establish
correlation between plant and animal species for their
preferred habitat by using satellite data. Most promising
development in terms of methodology observed in the
assimilation of remote sensing data is to predict future
scenarios for species using species distribution models
[3, 14]. For generating future scenarios for inclusive BR
maps, the inputs from the current study may serve as
baseline information in the same study area, and the pro-
posed methodology for any similar analysis.



Demonstrating Surrogacy of Animal Diversity with Plant Diversity and Their Integration to...

923

6 Supporting Information

Table S3 list of TIV values of species found in the region,
the value assigned as per field knowledge, existing litera-
ture and expert consultation.
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