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Abstract The Indian subcontinent has a specific

biogeographical history, but has remained understud-

ied with respect to invertebrates like the Anostraca. In

this study, we discuss the anostracan diversity and

zoogeography on the subcontinent. We collected all

pertinent literature and considered nineteen biocli-

matic variables along with altitude and its terrestrial

ecoregions. The study area was overlaid with

10,000 km2 grids, and five hundred random GIS data

points per grid were extracted for analysis besides the

species locality data. Species richness estimators

predict at least 3–4 more species to the existing list

of 19 species. The beta diversity measure bsim reveals

two zoogeographic ‘‘zones,’’ viz., a Northern (NZ)

zone and the rest of the subcontinent (RS) comprising

the Central (CZ) and South (SZ) zones by Unweighted

Pair-Group Method using arithmetic averages cluster-

ing and Analysis of Similarity. Complementarity

index shows that no fauna is shared between NZ and

RS, while CZ and SZ share 50% of the species.

Principal Component analysis shows that NZ and RS

differ somewhat from one another climatically. NZ

and RS have different ecoregions with montane and

temperate grasslands commonly observed in NZ while

the latter comprising tropical forests, implying differ-

ences in soil geochemistry which is crucial for

anostracan distribution.
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Introduction

Anostraca (‘fairy shrimps’) are typical of temporary

waterbodies, high mountain lakes, and salt water lakes

(Dumont & Negrea, 2002; Brendonck et al., 2008;

Rogers, 2015) around the world.

Zoogeographical studies of Anostraca on a large

scale are few (Rogers, 2015) in contrast to studies on

specific countries: Botswana (Brendonck & Riddoch,

1997); Morocco (Thiéry, 1991); South Africa (Hamer

& Brendonck, 1997); Mexico (Maeda-Martı́nez et al.,

1997) Russia (partim) (Vekhov, 1993), Thailand (and

other South East Asian countries) (Rogers et al.,

2013). Distinct bioregions have been identified in

North America and Australia by analyzing species

occurrence and species assemblage data, availability

of habitats, soil geochemistry, and dispersal patterns

(Rogers, 2014a, b, c; Rogers & Timms, 2014). Rogers

(2015) proposed a conceptual model for Anostracan

biogeography with probable causes (such as resource

monopolization and island biogeography dynamics)

for the extant distributional patterns of these animals.

The Indian subcontinent currently represents a gap

in the knowledge of anostracan species diversity and

distribution. Bond (1934) provided the first data for all

large branchiopods including fairy shrimps from the

region in the form of a fewmaps. This was followed by

a review (rather a checklist) by Battish (1983) listing

species per region with comments on their localities.

Belk & Esparza (1995) presented distribution records

of 15 species of Anostraca from the Indian subconti-

nent (barring Afghanistan), primarily discussing (1)

authenticity of records of some species and (2)

taxonomical identities of Indian streptocephalids and

thamnocephalids. Velu & Munuswamy (2005) taxo-

nomically re-evaluated all Indian Streptocephalus

briefly, presenting distributional records. Selvarajah

& Costa (1979) presented locality data for strepto-

cephalids of Sri Lanka while Kazmi & Sultana (2014)

published a checklist of Anostraca of Pakistan with

distributional comments. Rogers & Padhye (2015)

have recently presented a list of valid Anostraca

species occurring in India, Pakistan, and Sri Lanka.

Some reports focus on local habitats and/or single

species within the region (Mathur & Sidhu; Baid,

1958; Qadri & Baqai, 1956; Tiwari, 1958, 1965;

Manca & Mura, 1997; Rogers & Padhye, 2014;

Padhye et al., 2015). The Indian subcontinent has a

complex geography and geology resulting in different

biogeographical patterns (Mani, 1974; Briggs, 2003),

making it an interesting landmass to study. Recently,

patterns in the branchiopod genus Daphnia were

studied, and altitude and latitude were shown to

determine its zoogeography (Padhye et al., 2016).

Even though local distribution records of fairy

shrimps from the subcontinent are available, a com-

prehensive zoogeographical analysis is still missing.

Against this background, we put forth a first species

richness estimate of fairy shrimps from the region to

approximate the number of missing species and assess

the diversity and distribution patterns of Anostraca

using species occurrence along with environmental

variables.

Materials and methods

Study area

The region covers the countries bound by the

Himalayan and Hindu Kush mountains, viz., India,

Pakistan, Afghanistan (partim), Nepal, Sri Lanka,

Bangladesh, and Bhutan. There exists a broad spec-

trum of physical variables like altitude (0–8000 ? m

a.s.l.), temperature and precipitation within the study

area. Most of this region has a characteristic season,

viz., ‘monsoon,’ where it rains on average for

3–4 months of the year (more in some areas) (Mani,

1974). For more details, see Padhye et al. (2016).

Data collection

Locality data were gathered from published Anostraca

literature from the region (see Supplementary Mate-

rial—Appendix 1) and collections of authors from the

western region of India. Articles from predatory

journals were avoided as far as possible. We found

no information of Anostraca from Bangladesh and

Bhutan, and only a single incidence of one species was

obtained from Nepal. GIS data on each locality were

then obtained from Google Earth portal. Grids of area

nearly 10,000 sq. km. (http://earth-info.nga.mil/

GandG/coordsys/index.html) were used for deter-

mining the zoogeographic regions by data extraction

of species locality data across these grids (names of the

grids given in Fig. 1a). Standard grids of a uniform

area were used to avoid sampling errors related to

variable area sizes. Broader resolution (in area) was
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selected due to the distribution pattern of the locality

data in the study area (as many parts of the study area

had no occurrence data). As a result, most of the grids

(more than 90%) had at least one occurrence datum.

To test the differences if/any in the environmental

conditions across different grids (of our study area),

data of 19 climatic variables, with altitude and

terrestrial ecoregions, were extracted from (1) BIO-

CLIM dataset (http://www.worldclim.org; Hijmans

et al., 2005) at ten-minute spatial resolution and (2)

‘Terrestrial Biomes’ shapefile (maps.tnc.org/gis_-

data.html) for a set of 500 random points (generated

using a random number generator) across individual

grid cell, respectively. Random points and non-local-

ity data were used so that (1) any sample number bias

across the grids would be nullified and (2) each grid

would be sufficiently represented for better determi-

nation of the inherent environment.

Data analysis

Species richness was estimated using nonparametric

methods to evaluate true species richness from sam-

ple-based data (Chao, 1987; Colwell & Coddington,

1994). Species incidence data (coded as 1: presence; 0:

absence) from all the localities across the subcontinent

were used, and each locality was considered as a

distinct sample. We selected sample-based estimators

such as Chao2, Jackknife2, and Bootstrap indices for

our data to estimate the true species number. Five

hundred randomizations per sample were carried out

to obtain standard deviations (SD) around the mean.

Determination of the zoogeographical regions for

Anostraca of the Indian subcontinent was done using

the methods given by Kreft & Jetz (2010). It is based

on a distance index called bsim which is calculated

using the species incidence data extracted across grids,

and calculates the distinctness if/any between the grids

from the study area. It is given by the formula:

bsim ¼ 1� a

min b; cð Þ þ a
;

where a = number of shared species; b and c are the

number of species unique to each grid cells.

For calculation of this index, a data matrix was

created using the grid cells and species occurrence per

grid in form of a presence–absence matrix where rows

represented grid cells and columns represented

Fig. 1 a Grids used for data analysis (The numbers in each grid indicate longitude while the alphabets indicate latitude); b altitudinal

ranges of the anostracan species reported from the subcontinent (Pa Artemia: Parthenogenetic Artemia populations)
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species. Grids (45R and 44 N) with single occurrence

of species were excluded from analysis to avoid any

bias. Grids (41S, 46R, 47R, and 46Q) with no

occurrence data were omitted as well.

The bsim results (matrix) were used to visualize the

species turnover (for grids) using cluster analysis. We

used UPGMA (Unweighted Pair-Group Method using

Arithmetic averages) to check grid groupings (as per

Kreft & Jetz, 2010), making use of bsim values. The

groups obtained from the clustering were tested for

statistical significance using one way Analysis of

Similarity (ANOSIM; Clarke, 1993) with null hypoth-

esis ‘the groups formed by UPGMA clustering are not

significantly different.’ All ANOSIM calculations

used the bsim values with 5,000 permutations. For

geographical visualization of the analysis, we used the

FADA (Freshwater Animal diversity Assessment

database) zoogeographical regions shapefile (http://

data.freshwaterbiodiversity.eu/shapefiles).

We then checked the faunal distinctness of the

groups obtained from clustering by means of a

complementarity index. This index is statistically

reliable to measure the complementarity of two

regions/sites (Colwell & Coddington, 1994). The

index is calculated as follows:

C
jk¼Ujk

Sjk

;

where Ujk = Sj ? Sk - 2Vjk; Sjk = Sj ? Sk - Vjk;

and Sj = Species in region ‘j’; Sk = Species in region

‘k’; Vjk = Common species between the two regions;

Ujk = Species unique to respective regions. A value of

100% indicates total distinctness while 0 indicates a

fauna shared between two regions.

Principle component analysis (PCA) was used to

explore the differences if/any in the environmental

conditions of the ‘‘groups’’ formed as per the

UPGMA. Environmental variables including latitude,

longitude, altitude, and the 19 bioclimatic variables

were considered for each of the 500 random points

generated for each grid cell. A correlation matrix used

as the BIOCLIM variables had different scales of

measurement. One thousand bootstrap randomizations

were carried out for estimating the confidence inter-

vals for eigenvalues of each axis.

Relative frequencies of different terrestrial ecore-

gions were calculated by extracting the data from the

Terrestrial ecoregion shapefile using the random GIS

points across all the grids and subsequently pooling

the data with respect to each zone to assess its

ecoregion makeup. Species nomenclature follows

Rogers (2013). Some of the terminologies used in

the text (Taxonomic structure, geographical structure,

major genera, intermediate genera, and minor genera)

follow Rogers (2015).

DIVA-GIS (v 7.5c) (www.diva-gis.org/) was used

for data extraction, while EstimateS (v 9.1) (Colwell,

2013, http://viceroy.eeb.uconn.edu/EstimateS), PAST

(v.3.1) (Hammer et al., 2001), and R (v 3.2.2) were

used for species richness estimations and data

analysis.

Results

Faunistics and species richness

A total of 19 species (plus parthenogenetic Artemia

populations) were reported from 113 localities. Strep-

tocephalidae was the most species rich family (7),

while Thamnocephalidae had most genera (3)

(Fig. 2a). Seventy percent of the genera known from

the region were represented by a single species.

Streptocephalus (8–34�N) and Branchinella (9–30

8N) were the most widely distributed genera, while

Branchipodopsis and Phallocryptus were restricted to

higher latitudes ([33�N) (Table 1). Generic and

species diversity decreased from northern (37–25�N)
(genera = 9; species = 14) to southern latitudes

(27–7�N) (genera = 3; species = 10). Strepto-

cephalus longimanus Bond, 1934, Streptocephalus

echinus Bond, 1934, and Streptocephalus spinifer

Gurney, 1906 were restricted to lower latitudes

(\18�N), while Streptocephalus torvicornis (Waga,

1842), Chirocephalus priscus (Daday, 1910), Bran-

chinecta orientalis Sars, 1901 were found only at

higher latitudes ([25�N) (Table 1). Streptocephalus

dichotomusBaird, 1860 was the most common species

by occurrence in the region (frequency = 0.33), while

Chirocephalus povolnyi Brtek, 1967 and Phallocryp-

tus spinosus (Milne-Edwards, 1840) had only a single

report. Branchinecta orientalis was the only species

found at altitudes above 5000 m a.s.l, while Artemia

representatives were not observed above 500 m a.s.l

(Fig. 1b).

With the given sample number, the Chao 2 and

Bootstrap estimators produced similar estimates of

23.72 (24) (± 4.18 SD) and 22.64 (23) species,
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respectively, while Jackknife 2 yielded the highest

estimate of 28.94 (29) species (Fig. 2b). Thus, there is

a chance of discovery of 3–10 extra species from the

study region.

Species distribution patterns using species

incidence data

Two clusters were formed after UPGMA clustering

using bsim index (for values see Supplementary

Material—Appendix 3) (Fig. 3a), viz., (1) northern

zone (NZ, henceforth) and (2) rest of the subcontinent

(RS, henceforth) (ANOSIM, P = 0.0163, R = 0.95)

(Fig. 3b). Species like Branchipodopsis affinis Sars,

1901 and Phallocryptus spinosus (Milne-Edwards,

1840) were restricted to NZ, while all streptocephalids

were found in the RS apart from S. torvicornis.

The second cluster (RS) split into two further

groups, a central zone (CZ henceforth) and a southern

zone (SZ henceforth) (ANOSIM, P = 0.0178,

R = 0.34). Central Zone contained more unique

genera such as Branchipus and Carinophallus and

species like Artemia salina (Linneaus, 1758), while

widely distributed genus Streptocephalus dominated

the SZ with two geographically restricted species, S.

longimanus and S. spinifer (Table 1).

The northern zone was distinct from both the CZ

(77.2%) as well as SZ (100%), while SZ and CZ

shared nearly half the fauna between them (52.6%).

None of the species reported from the subcontinent

occurred in all the 3 zones. Streptocephalus dichoto-

mus and Branchinella (Branchinellites) maduraiensis

(Raj, 1951) were reported from CZ as well as SZ.

Environmental data patterns

The first two PCA axes explained 72.7% of the

observed variance in environmental variates for the

three groups. The first component explained 47.3% of

the variance with altitude, mean annual temperature,

temperature of the coldest month, and coldest quarter

having a larger contribution. The second component

explained 25.4% of the observed variance, with mean

diurnal range of temperature, annual precipitation, and

precipitation of the driest quarter being the contribut-

ing factors. The correlations of specific variables on

PCA axes were weak. Of these, Mean diurnal range of

temperature (bio2) and altitude (alt) showed a negative

correlation (-0.37 & 0.31, respectively), while vari-

ables like annual mean temperature (bio1) and annual

precipitation (bio12) (0.31 & 0.34, respectively) were

positively associated with the first two axes (Fig. 4)

Fig. 2 a Species number per genus for all the genera reported

from the study region; b Species richness estimator curves for

anostracan species richness. Each point is the mean of 500

estimates based on 500 randomizations of sample accumulation

order (SD values given in the text)
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(Refer to see Supplementary Material—Appendix 5

for PCA values).

The terrestrial biomes also changed within these

regions with the NZ comprising mostly of high

altitudinal Montane Grasslands and Shrublands

(37%) and temperate forests (8%) along with arid

environments (39%), while the RS comprised mostly

of Tropical and Subtropical Dry (28%) and moist

Broadleaf Forests (26%) along with arid areas (42%)

(Table 2).

Discussion

The Indian subcontinent has about 1/3rd the number of

species (19) of regions such as North America (68) and

Australia (62) (Rogers & Timms, 2014). All genera

found in the subcontinent are widely distributed (Belk

& Brtek, 1995) and nearly 40% of the species are

endemic. The taxonomic structure of Anostraca from

the Indian subcontinent follows Rogers (2015) for

some of the genera. Major genera constitute 65% of

the total species richness, while minor genera make up

about 30% of the species. Some variations from the

‘taxonomic structure’ were observed such as (1) a

single species of Branchinecta, a ‘major genus,’ (2)

only one species from the ‘intermediate genera’

Branchipodopsis, and (3) Two species from the minor

genus Artemia which included the introduced species,

Artemia franciscana Kellogg, 1906. This variation in

the species number and structure could be attributed to

(1) some part of the subcontinent still unsurveyed;

most of the records being from India while no reliable

records existing for countries like Bangladesh and

Bhutan (42 and 43S) (Fig. 1a; see Supplementary

Material—Appendix 1). Species richness estimators

(Fig. 2b) further provide evidence that up to ten

species could still be found given the available data;

(2) the species richness of a region is also determined

by the inherent taxonomical expertise available

Table 1 List of the species from the Indian subcontinent along with their latitudinal extent and occurrence in respective grids (grid

names and numbers as per Fig. 1a; *—endemic species to Indian subcontinent; #—also reported from Myanmar)

Species name Occurrence (as per grid numbers) Latitudinal extent of

distribution (�N)

Artemia franciscana Kellogg, 1906 42Q,43P,43Q,44P 8–23

Artemia salina (Linneaus, 1758) 43R 27

Parthenogenetic Artemia species 42Q,42R,43Q,43R,44P 8–27

Branchinecta orientalis Sars, 1901 42S,43S,45R 27–37

Branchinella (Branchinellites) hardingi (Qadri & Baqai, 1956)* 42R,44R 24

Branchinella (Branchinellites) maduraiensis (Raj, 1951)* 42R,43R,44P 9–30

Branchipodopsis affinis Sars, 1901 43S 33–34

Branchipus schaefferi Fischer, 1834 42R 26

Carinophallus ornata (Daday, 1910) 43R 26

Chirocephalus bobrinskii (Alcock, 1898) 43S 37

Chirocephalus povolnyi Brtek, 1967 42S 33

Chirocephalus priscus (Daday, 1910)* 43S,43R,44R 29–32

Phallocryptus spinosa (Milne-Edwards, 1840) 42S 34

Streptocephalus dichotomus Baird, 1860*# 41R,42R,43Q,43P,43R,44P,44Q,44R,45Q 8–30

Streptocephalus echinus Bond, 1934* 44P,44Q 10–16

Streptocephalus longimanus Bond, 1934* 44P 12

Streptocephalus sahyadriensis Rogers & Padhye, 2014* 43Q 17

Streptocephalus simplex Gurney, 1906 42Q,43Q,43R,44P,44R,45Q 12–31

Streptocephalus spinifer Gurney, 1906* 44P 9–15

Streptocephalus torvicornis (Waga, 1842) 42S 34

Nomenclature as per Rogers (2013)
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Fig. 3 a Dendrogram showing UPGMA clustering using bsim
values (NZ, CZ, and SZ correspond to the zones given in the

text; color coding as per (c); b Map showing the FADA

Palearctic and Oriental biogeographic zones within the Indian

subcontinent; c Grid map showing the different anostracan

zoogeographic zones (Demarcation of zones based on the

clusters obtained by UPGMA clustering in (a))

Fig. 4 Principal component analysis using the ‘BIOCLIM’

values of all random points generated for each grid within the

study region. Delineated zones are as per UPGMA clusters; For

BIOCLIM names please refer to see Supplementary Material—

Appendix 2; (inset: scree plot showing the percent variation

explained by each component)
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(Maiphae et al., 2005). Given that there is a dearth of

taxonomists in the region, species number could well

be underestimated. In Streptocephalus, for example, a

species such as Streptocephalus sahyadriensis Rogers

& Padhye, 2014 was grouped into the common S.

dichotomus (e.g., Watve, 2013) until Rogers and

Padhye (2014) separated it into a distinct species based

on fine morphological characters; (3) The continental

or regional endemism concept prevalent in the

Cladocera, another branchiopod group (Frey, 1986;

Xu et al., 2009; Ma et al., 2015), has also been shown

to be present in other large branchiopods such as the

fairy shrimp genus Branchinella (Pinceel et al., 2013),

notostracan genus Triops (Korn & Hundsdoerfer,

2016; Meusel & Schwentner, 2016), cyzicid clam

shrimps (Schwentner et al., 2015) as well as the

tropical clam shrimpCyclestheria hislopi (Schwentner

et al., 2013) using molecular techniques. This has

resulted in an increase in species richness from their

respective study zones. Similar studies across the

Indian subcontinent would likely increase the local

species number.

The Indian subcontinent also showed a similar

‘geographic structure’ for fairy shrimp biogeography.

A large part of it has experienced major geological

events such as the Deccan volcanism and collision of

the Indian with the Eurasian plate (Briggs, 1989, 2003)

resulting in major orogenic events. Newer landscapes

house more families, genera and species (Rogers,

2015). Geologically, NZ and CZ are relatively ‘‘newer

and younger’’ as compared to the ‘‘senescent

peninsular landscape’’ (sensu Mani, 1974) of the SZ

(or the peninsular region). Of the 9 genera from the

subcontinent, species from 5, 4, and 1 genera are

reported solely from the NZ, CZ, and SZ, respectively,

mirroring the geology of the region. Australian region,

a geologically stable area has less number of genera

(5) as compared with American region (12) which

been geologically active (as per Rogers, 2015).

The ‘distributional structure’ cannot be elaborated

much at this point due to the aforementioned problems

of inadequate samples and will resolve with extensive

studies from all the zones of the Indian subcontinent.

Although based on the frequency of occurrences of

species, the Indian subcontinent had many spatially

restricted elements (latitudinal extent of 18 only)

(n = 10), while 4 species and parthenogenetic Arte-

mia populations are widely distributed (Table 1). A

similar pattern was also reported in the Australian

bioregions (Rogers & Timms, 2014).

Genera (and species) followed their known distri-

bution patterns and habitat types.

Streptocephalus, a relatively warm-water genus

(Belk & Brtek, 1995) had the highest species number

in the RS (6 out of the 7 species), especially in the SZ

(6 species) where the average temperatures are higher

([25�C), while Chirocephalus, the second largest

anostracan genus which is commonly distributed in

the Palearctic (Brendonck et al., 2008; Reniers et al.,

2013) was only observed in NZ and few reports from

northern parts of CZ. Artemia was restricted to the salt

pans of the coastal regions (Fig. 1b) with only one

Table 2 Terrestrial

ecoregion makeup (in %)

for the three zones as per

UPGMA clustering

Percent values are based on

the relative frequencies

calculated from a set of

random points across each

grid, subsequently pooled

into zones formed by

clustering (‘-’ indicates no

ecoregion observed of that

type)

Ecoregions NZ RS

CZ SZ

Deserts and Xeric shrub-lands 38.88 39.04 52.82

Flooded grasslands and savannas – 0.04 5.88

Mangroves – 0.54 0.88

Montane grasslands and shrub-lands 37.88 1.44 –

Rock and ice 5.00 0.11 –

Temperate broadleaf and mixed forests 5.00 0.83 –

Temperate conifer forests 7.75 0.54 –

Temperate grasslands, savannas and shrub-lands 1.00 – –

Tropical and subtropical coniferous forests 4.50 2.16 –

Tropical and subtropical dry broadleaf forests – 28.02 23.90

Tropical and subtropical grasslands, savannas and shrub-lands – 0.54 –

Tropical and subtropical moist broadleaf forests – 26.76 16.52
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exception in the saline Sambhar lake (Bhargava &

Alam, 1980). Members of Thamnocephalidae which

occur mainly in tropics/subtropics around the world

(except Thamnocephalus) (Rogers, 2006) were

restricted to the RS with only P. spinosus observed

in the NZ. Branchinecta ferox group members are

widely distributed at relatively higher latitudes

([25�N) (Manca & Mura, 1997; Brtek & Mura,

2000). B. orientalis, a representative from that species

group was reported only upwards of 27�N and at very

high altitudes (Fig. 1b; Table 1). Rare occurrences

and restricted distribution of the otherwise widely

distributed species like S. torvicornis, P. spinosus, and

B. affinis (Belk & Brtek, 1995; Dumont et al., 1995;

Ketmaier et al., 2008) could be due to unsuitable en-

vironmental conditions resulting in a lack of suit-

able habitats and/or ‘resource monopolization’ by the

prevalent commonly occurring species (Rogers,

2014b; Rogers & Timms, 2014; Rogers, 2015). This

is a conjectural statement though and needs to be

tested further.

bsim results follow the two major biogeographic

zones already known from the region, viz., the

Himalayan region (corresponding to the NZ) and the

Indian peninsula (corresponding to the RS). The

former is composed predominantly of Palaearctic

elements, the latter harbors combinations of Oriental,

Gondwanan, and Indian endemics (Mani, 1974).

These observations are based on plant and mostly

vertebrate species. This pattern also grossly corre-

sponds to the biogeographical zones defined by

Freshwater Animal Diversity Assessment (FADA)

(http://fada.biodiversity.be/) with the NZ correspond-

ing to the Palaearctic and RS to part of the Oriental

zone, though the Palearctic zone in this study starts at a

higher latitude (Fig. 3b, c). Similar patterns have

already been observed in freshwater invertebrates like

Daphnia (Padhye et al., 2016) and copepods (Kiefer,

1939; Sewell, 1956; Ranga Reddy, 1994; Dussart &

Defaye, 2002) from the region. The high comple-

mentarity further indicates the uniqueness of NZ, with

very few shared species with the RS, inferring to the

biogeographical partitions of the subcontinent.

The geography of the study area compliments these

results—the northernmost regions are high, mountain-

ous, with lower temperatures and rainfall than the

central and southern zones. Altitude, temperature,

precipitation patterns and the resultant hydroperiod

regimes affect freshwater crustaceans like large

branchiopods and copepods by influencing their

ecology and altering their life histories, consequently

affecting their distribution (Jersabek et al., 2001;

Mura, 2001; Tavernini et al., 2003; Frisch et al., 2006;

Marrone et al., 2006; Waterkeyn et al., 2009; Chaves

& Couto, 2014).

The results of the PCA indicated that NZ and RS

(CZ and SZ) zones differ somewhat in altitude,

temperature, and precipitation, although none of the

variables could explain the separation of zones in

individual capacity (Fig. 4). Nearly equal contribu-

tions of these variables in explaining the variation

could be one reason for the observed pattern and

would resolve further once more environmental data

becomes available (see Supplementary Material—

Appendix 5 for values).

The terrestrial ecoregion makeup of NZ is also very

different from that of the RS (CZ and SZ) due of these

environmental variables with the former having a

more temperate setting while the latter having more of

a tropical makeup (Table 2). Arid regions found in

both the zones also differ in their average temperatures

and altitude [average temperature above 25�N is about

18�C while between 6 and 24 �N its 25�C, sensu
Padhye et al. (2016)]. Temperature, precipitation, and

altitude largely influence the structure and composi-

tion of soils—which in turn shape plant communities

(see Molles, 2008). The differences in the terrestrial

ecoregion composition of the ‘‘zones’’ can thus be

considered to reflect underlying differences in soil

chemistry. Anostracan distribution has been shown to

be affected by soil chemistry, particularly by levels of

sodium salts and CaCO3 (Rogers, 2014b, c); hence,

soil composition could be one more factor for the

apparent high complementarity of fauna between NZ

and RS. However, as we currently do not have data on

the soil chemistry, we refrain from making specific

statements.

Sampling in the northern Himalayan grids (41S,

44S) may reveal the presence of either new or NZ zone

species owing to their (grid’s) similarity in climate and

environment (Poudel et al., 2012; Khan et al., 2013)

with the NZ. This in turn could influence the extent of

the NZ and RS, becoming more like the known FADA

zones (sensu stricto).

Still, our final result can be deemed as a conserva-

tive approach of anostracan biogeography in the

region. Additional data collection and analysis con-

cerning (1) characteristic distribution of species [e.g.,
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disjunct distributions are known in some fairy shrimps

(Hamer & Brendonck, 1997; Rogers, 2006; Sanoa-

muang & Saengphan, 2006)]; (2) detailed geochem-

istry of the region; and (3) habitat loss (with loss of

hitherto unknown diversity) due to anthropogenic

pressures may influence these observations.
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