
Spatial distributions and environmental relationships of two
species complexes of freshwater atyid shrimps

A. GH. YASSER ,� F. SHELDON, AND J. M. HUGHES

Australian Rivers Institute, Griffith University, 170 Kessels Road, Nathan, Queensland 4111 Australia

Citation: Yasser, A. G., F. Sheldon, and J. M. Hughes. 2018. Spatial distributions and environmental relationships of two
species complexes of freshwater atyid shrimps. Ecosphere 9(8):e02388. 10.1002/ecs2.2388

Abstract. Knowledge of cryptic species distributions and their relationships with environmental factors
may be extremely valuable for biodiversity conservation. In freshwater ecosystems, morphologically cryp-
tic species often have different geographic distributions that can overlap to varying extents. The impor-
tance of differential species responses to environmental conditions in determining their spatial
distributions is, however, unclear. Here, we evaluated the importance of species responses to environmen-
tal drivers, in particular the physicochemical factors, in the spatial distributions and environmental rela-
tionships of two shrimp species complexes Caridina indistincta Calman, 1926 and Paratya australiensis
Kemp, 1917. We analyzed shrimp specimens from 89 sites in 17 catchments across South-East Queensland
by sequencing a fragment of the mitochondrial cytochrome c oxidase subunit I gene (COI) to identify indi-
viduals. Furthermore, although there is evidence that morphologically the cryptic species of these shrimps
differ very little, we made detailed morphological assessments to combine with molecular data, hoping to
be able to distinguish among the species more easily and cheaply for future studies. There were significant
morphological differences among the three cryptic species of the C. indistincta species complex, specifically
in carapace length (cl), number of dorsal teeth (nDt), number of ventral teeth (nVt), teeth posterior to orbi-
tal margin (TPOM), and the calculated ratios A/rl, and rl/cl, while the two lineages of the P. australiensis
species complex differed in the number of dorsal teeth (nDt) and the calculated ratios of A/rl, rl/cl, and
rh/ch. To determine the importance of species responses in explaining the spatial distribution of cryptic
species based on the species-variables relationships, a redundancy analysis (RDA) was used to summarize
these relationships. This ordination analysis showed distinct differences among cryptic species in their
correlation with water quality variables and elevation. C. indistincta sp. B and C. indistincta sp. D were
significantly associated with elevation and dissolved oxygen range, respectively. As well, P. australiensis
lineages 4 and 6 were significantly correlated with elevation and conductivity, respectively. Overall, our
results demonstrated the advantage of using analyses of biotic and abiotic variables as a valid approach for
defining species responses to abiotic factors in cryptic species of atyid freshwater shrimps.
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INTRODUCTION

The application of genetics to understanding
species diversity has resulted in a rapid increase
in the number of documented species (Miller
2007, Meleg et al. 2013, Leys et al. 2016). This is

particularly true in freshwater systems, where an
increase in the number of genetic studies has
revealed both new species and, interestingly,
many indistinctive morphologically cryptic spe-
cies (Baker et al. 2004, Bickford et al. 2007, Weiss
et al. 2014, Katouzian et al. 2016). The presence
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of sympatric cryptic taxa poses a range of inter-
esting ecological questions; such as, what are the
mechanism(s) that allow cryptic species of the
same complex to co-exist in the same locality
(Gabald�on et al. 2017) and do cryptic species
show differential responses to environmental fac-
tors (Ortells et al. 2003, Macher et al. 2016a). In
fact, studies have suggested that differences in
physiological responses among cryptic taxa
might limit their spatial and temporal distribu-
tions (Ortells et al. 2003, Xiang et al. 2011). The
presence of cryptic diversity also has implica-
tions for conservation, especially in the case of
endangered taxa (Fi�ser et al. 2015). For example,
a species complex may appear to be geographi-
cally widespread, but embedded cryptic species
may have limited distributions and could poten-
tially be threatened (B�alint et al. 2011). Neglect-
ing the identification of cryptic species will also
lead to an underestimate of total species diversity
(Leys et al. 2016) and most likely affect our view
of the relationships between environmental gra-
dients and species diversity (Esteban and Finlay
2010, Obertegger et al. 2014).

This study focused on the atyid freshwater
shrimps, which often play a significant role in
the ecology of freshwater ecosystems; as collec-
tor-gatherers they process both organic material
and algal biomass (Pringle et al. 1993, Pringle
and Blake 1994). Moreover, several atyid shrimps
are of economic importance (Holthuis 1980). For
example, many species of the genus Caridina
attain sufficient size to be considered for human
consumption (Baur 1897, Holthuis 1980). In addi-
tion to their ecological and economic importance,
atyid shrimps are also important groups for
bioassessment studies and conservation planning
(Metzeling et al. 2006, Linke et al. 2007), and in
aquatic toxicity testing for pesticides, including
Paratya australiensis, and Caridina (Hughes et al.
1992, Mensah et al. 2012).

In Australia, particularly in South-East
Queensland (SEQ), there are broad differences in
the geographical distribution of cryptic species
within the family Atyidae, particularly the Carid-
ina indistincta and Paratya australiensis complexes
(Cook et al. 2006, Page and Hughes 2007). The
freshwater shrimp C. indistincta Calman, 1926
(Crustacea: Decapoda: Atyidae) is actually a spe-
cies complex that is widely distributed in rivers
and lakes of eastern Australia suggesting

adaptations to a diverse array of aquatic regimes
(Page and Hughes 2007); the C. indistincta spe-
cies complex comprises at least five genetically
distinct species (known as sp. A, sp. B, sp. C, sp.
D, and sp. E; Page et al. 2005). Similarly, the
P. australiensis complex comprises nine cryptic
species (Cook et al. 2006), also widely dis-
tributed in eastern Australia, and inhabiting
diverse habitats, including streams, rivers, and
estuaries (Walsh 1994, Hancock and Bunn 1997).
Many species are a widely distributed as a

result of their life history traits (Hughes 2015).
For example, diadromous species move over
large distances, as they spend part of their life in
freshwater and the other part in marine environ-
ment (Hughes 2015). One form of the diadromy
is amphidromy, in which species would migrate
between marine and freshwater environments
for feeding and growth (Myers 1949). According
to Bauer (2013), many caridean shrimps are
amphidromous with widespread distributions.
Indeed, in caridean shrimps the reproductive
traits (e.g., egg size, clutch size, and larval devel-
opment) are important factors determining their
distributions (Hayashi and Hamano 1984). The
broad geographic distributions of the two species
complexes of C. indistincta and P. australiensis
provide an opportunity to explore whether
broad differences in the distribution of cryptic
freshwater species reflect differences in the spe-
cies responses to various water quality variables.
Despite the number of genetic and ecological

studies focused on cryptic species of C. indis-
tincta and P. australiensis (Hancock 1998, Baker
et al. 2004, Page and Hughes 2007), no study has
explored relationships between cryptic species
and/or lineage distributions and environmental
water quality, and it is still unclear why the cryp-
tic species of these species complexes differ in
their distribution patterns within South-East
Queensland. Lack of such information is one of
the obstacles potentially restricting their biodi-
versity conservation.
To explore this question, an integrative

approach combining molecular tools, morphol-
ogy, and ecology is required (Lapointe and Riss-
ler 2005). This study used a large dataset that
included the presence of each species complex
along with a number of relevant environmental
variables collected from individual sites over a
broad geographical region to explore two specific
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questions: (1) What is the extent of the geograph-
ical distribution for the two cryptic shrimp spe-
cies complexes? and (2) Are there significant
relationships between cryptic species distribu-
tions and background water quality variables?

In this study, molecular analysis was initially
used to identify individuals to species. We then
used this information to test the ability of tradi-
tional morphometric analysis to distinguish
between the cryptic species. Once species iden-
tity was confirmed, we mapped the spatial distri-
bution of the cryptic species and examined
relationships between cryptic species distribution
and background environmental variation, specif-
ically water quality parameters and elevation.

METHODS

Sampling sites and specimen collection
Shrimp specimens were collected using a dip

net with a 3.5–10 m sweep, as part of the South-
East Queensland Ecosystem Health Monitoring
Program (EHMP; see Bunn et al. 2010, Sheldon
et al. 2012). The dataset included samples col-
lected from 89 sites across 18 catchments.

Samples were collected during the austral
autumn (November) in 2005 and preserved in
absolute ethanol (Figs. 1, 2). The dataset also
included background water quality variables
(Bunn et al. 2010, Sheldon et al. 2012) and site-
specific characteristics related to catchment, coor-
dinate, and stream class (Appendix S1: Tables S1,
S2). Specimens were initially classified to genus,
Caridina or Paratya, using a stereo-optical micro-
scope. Where possible, species designations
within Caridina were assigned using the species-
level identification key created by Dr. Satish
Choy (Page et al. 2005).

DNA extraction, polymerase chain reaction (PCR),
and sequencing
For molecular identification, DNA was

extracted from pleopods of 220 shrimp speci-
mens using a commercial QIAamp Tissue Kit
(QIAGEN, Hildon, Germany).
For the PCR, we amplified a fragment of cyto-

chrome oxidase subunit I (COI) using the follow-
ing protocol with PCR mastermixes totaling
12.5 lL and consisting of 1.25 lL of 109 poly-
merase reaction buffer, 2 lmol/L of MgCl2,

Fig. 1. Map showing the sampling locations for three cryptic species of Caridina indistincta species complex that
were included in this study. More information about the site names, catchments, and coordinates of collection
sites is presented in Appendix S1: Table S1.
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0.4 lmol/L of forward primers, 0.4 lmol/L of
reverse primer, 0.2 mmol/L of dNTPs, 0.275 Uni-
tes white Taq polymerase, 0.5 lL of template
DNA, and the rest ddH2O. For DNA sequencing
of Caridina specimens, we used CDCO.La (Page
et al. 2005) and COIa.H (Palumbi et al. 1991) as
forward and reverse primers, respectively. For
sequencing Paratya specimens, ParaCOI-L (Cook
et al. 2006) was used as a forward primer and
ParaCOI-H (Cook et al. 2006) as a reverse primer.
PCR settings for the COI amplification of Carid-
ina individuals were initial denaturation at 94°C
for 3 min; 15 cycles of denaturation at 94°C for
30 s, annealing at 40°C for 30 s, extension at
72°C for 60 s; and then 25 cycles of 94°C for 30 s,
55°C annealing temperature for 30 s, 72°C for
60 s; and final extension at 72°C for 7 min, and
finally hold at 4°C, while the cycling conditions
for COI of Paratya specimens were as follows:
94°, 3 min; 409 (94°, 30 s/50°, 30 s/72°, 30 s);
72°,7 min, hold at 4°. Afterward, all PCR prod-
ucts were visualized on agarose gels to deter-
mine whether the PCR amplification was
successful and to detect possible contamination
using a negative control. Before sequencing, PCR
products were purified enzymatically with

0.25 lL of Exonuclease 1 (Exo) and 1 lL of
Shrimp Alkaline Phosphatase (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) by an
incubation step at 37°C for 35 min followed by a
step at 80°C for 20 min. Finally, PCR amplicons
were subsequently sent in individual tubes/
plates with the relevant forward primers for
sequencing at Macrogen in Seoul, Korea.

Morphological identification and measurement
Each individual of Caridina indistincta and

Paratya australiensis was examined morphologi-
cally. Damaged specimens were excluded from
further morphological examination, and only,
adult males were used in this analysis to avoid
the effect of sex and state of maturity on the
observations of morphological differences.
Each shrimp was photographed using a digital

camera (ToupTek U3CCD, Hangzhou ToupTek
Photonics Co., Ltd., Hangzhou, Zhejiang, China)
mounted on a stereomicroscope. The resulting
microphotographs were treated with ToupView
software v3.6 (image processing application
Toup View, Hangzhou ToupTek Photonics Co.,
Ltd., Hangzhou, Zhejiang, China) to measure
eight morphological characters (Table 1, Fig. 3),

Fig. 2. Map showing the sampling locations for two lineages of Paratya australiensis species complex that were
included in this study. More information about the site names, catchments, and coordinates of collection sites is
presented in Appendix S1: Table S2.
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which included carapace length (cl), number of
dorsal teeth (nDt), number of ventral teeth (nVt),
teeth posterior to orbital margin (TPOM), armed
part of the rostrum length (A), rostrum length

(rl), rostrum height (rh), and carapace height
(ch). To standardize the morphological variables
for size, we calculated ratios of (1) rostrum
length to carapace length ratio (rl/cl), (2) rostrum

Table 1. List of eight morphological variables measured.

Structure Variables Abbreviations Remarks

Carapace 1. Carapace length Cl Laterally, from the orbit to the posterior margin
Rostrum 2. Armed part of rostrum length to rostrum

length ratio
A/rl Armed part of rostrum covered with dorsal teeth

3. Rostrum length to carapace length ratio rl/cl Rostrum length from the orbital margin to the tip
of rostrum

4. Rostrum height to carapace height ratio rh/ch
5. Carapace height to carapace length ratio ch/cl Carapace height from the third pereiopod to the tip
6. Number of teeth on dorsal margin (Dorsal
teeth)

nDt Including frontal–orbital teeth but not apical teeth

7. Number of teeth on ventral margin (Ventral
teeth)

nVt

8. Number of teeth posterior to orbital margin TPOM Including post-orbital teeth

Fig. 3. Diagram showing the morphological measurements that were taken on cryptic species and/or lineages:
cl, carapace length; ch, carapace height; rl, rostrum length; rh, rostrum height; nVt, number of ventral teeth; nDt,
number of dorsal teeth; TPOM, teeth posterior of orbital margin; A, armed part of rostrum length.
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Fig. 4. Neighbor-Joining tree (NJ) of the phylogenetic relationships among COI sequences (450 bp) for three
cryptic species of the Caridina indistincta. Bootstrap support values above node were calculated with 1000 rep-
etitions. Only bootstrap support values with ˃50 are shown. 0.02 value is referred to evolutionary distances,
which were computed using K-2-Parameters. DQ478453 reference sequences (Page et al. 2007) were added
to sequences of this study, whereas AY795001, AY795014, and AY795029 reference sequences were from Page
et al. (2005).
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height to carapace height ratio (rh/ch), (3) cara-
pace height to carapace length ratio (ch/cl), and
(4) armed part of rostrum length to total rostrum
length ratio (A/rl).

Data analysis
Genetic analysis.—The obtained sequences were

edited and aligned using Geneious 9.1.2 (Kearse
et al. 2012) to remove primers before analysis and
to check manually for erroneous bases. Then, we
subjected these sequences to similarity analysis
using the nucleotide Basic Local Alignment
Search Tool algorithm at the National Centre for
Biotechnology Information (NCBI). A multiple
sequence alignment was conducted using Clus-
talW (Thompson et al. 1997). The alignment was
cropped to a final length of 450 bp (COI) for spe-
cies of the C. indistincta species complex and to
430 bp for P. australiensis, so that all sequences of
specimens were of equal length. The tree con-
structed for C. indistincta species contained 50
sequences, while the one for P. australiensis con-
tained 39 sequences. Basically, in constructing the
phylogenetic tree for each complex, we included
only one sequence from each location. Finally,
these sequences were used to construct a Neigh-
bor-Joining (NJ) phylogenetic tree for each species
complex in MEGA 7 (Kumar et al. 2016) using
Kimura 2 distance (Figs. 4, 5). Support for the
nodes was assessed using bootstrapping (Felsen-
stein 1985), with 1000 bootstrap replicates. As we
were only concerned with allocating individuals
to species and/or lineages, a more complex phylo-
genetic analysis was deemed unnecessary.

Morphological analysis.—Box plots of each mea-
sured morphological variable and calculated
ratio for each cryptic species in the complex were
produced (Appendix S2: Fig. S1). Data normality
was tested using a Shapiro–Wilk test (Sokal and
Rohlf 1995) and showed a significant deviation
from normality (P < 0.05). Consequently, Kruskal–
Wallis tests (Kruskal and Wallis 1952) were used
to test for significant differences in the mean rank
values of each morphological measurement and
calculated ratios among cryptic species for both
complexes. Dunn’s nonparametric multiple com-
parison test (Dunn 1964) was then used to
explore significant differences between pairs of
cryptic species based on the complete morpho-
logical dataset. As we were making multiple
comparisons and wished to be conservative in

our estimate of significance, we used Bonferroni
corrected P values.
A multivariate approach using principal com-

ponent analysis (PCA) was used to group the
individuals of C. indistincta and P. australiensis
identified through molecular analysis based on
their measured morphological variables and
identify which morphological variables were the
most important for delineating the cryptic spe-
cies. Additionally, discriminant function analysis
(DFA) was used to determine whether individu-
als could be correctly assigned to their genetic
species identity based on the morphological mea-
surements. Box plots, Kruskal–Wallis tests, and
Dunn’s test pairwise comparisons were per-
formed using R 3.2.5 (R Core Team 2016), and all
other statistical analyses were conducted using
Paleontological Statistics (Past) software package
version 3.17 (Hammer et al. 2001).
Relationships with environmental variations.—

Using the water quality data (pH, conductivity,
24-h dissolved oxygen minimum, 24-h dissolved
oxygen range, 24-h temperature maximum, and
24-h temperature range) collected in the austral
autumn, 2005, from the EHMP dataset (Bunn
et al. 2010) for each site where atyid shrimps
were collected, the range (min–max), mean, and
standard deviation were calculated. Values for
water quality variables were normalized using a
log10 transformations, after rejecting normality
of distributions (Shapiro–Wilk test, P ˂ 0.05)
using Paleontological Statistics (Past) version
3.17 (Hammer et al. 2001).
The spatial distribution of each cryptic species

was compared with background water quality
data and elevation using multivariate analysis to
explore (1) significant relationships between spe-
cies presence and environmental drivers, and (2)
to highlight potential differences in species-speci-
fic responses to these environmental factors.
Firstly, for each species complex, separately
detrended correspondence analysis (DCA) was
used to examine whether a unimodal or a linear
method was most appropriate for data analysis.
The longest gradient (LoG) of the first axis in the
DCA was <2.5 standard deviation units, so a lin-
ear model, redundancy analysis (RDA) was
deemed to be more appropriate for this study
(ter Braak and �Smilauer 2002).
Finally, a forward selection procedure was

implemented in the analysis, to identify the
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Fig. 5. Neighbor-Joining tree (NJ) of the phylogenetic relationships among COI sequences (430 bp) for two lin-
eages of the Paratya australiensis. Bootstrap support values above node were calculated with 1000 repetitions.
Only bootstrap support values with ˃50 are shown. 0.005 value is referred to evolutionary distances, which were
computed using K-2-Parameters. �Pa9 (AF534902) and ��Pa1 (AF534894) reference sequences (Hurwood et al.
2003) were added to sequences of this study, whereas AY308175, AY308124, AY308172, AY308126, AY308151,
AY308171, and AY308146 reference sequences were from Cook et al. (2006).
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environmental factors that were significantly
associated with the distribution patterns of each
species (Monte Carlo permutation tests with 999
unrestricted permutation, P ˂ 0.05). Only the sig-
nificant correlations (P ˂ 0.05) were incorporated
into the final analysis. The DCA and RDA were
performed using CANOCO version 4.5 (ter
Braak and �Smilauer 2002).

RESULTS

Morphological and molecular differences
More than 200 COI sequences for species com-

plexes of Caridina indistincta and Paratya australien-
sis matched successfully with COI sequences of
a species already present in the GenBank library
(NCBI). This revealed that all specimens of
C. indistincta were C. indistincta sp. A; sp. B or sp.
D, and those of P. australiensis were either Lineage
4 or Lineage 6.

A total of 50 sequences of the C. indistincta spe-
cies complex aligned with four sequences
retrieved from GenBank based on Page et al.
(2005, 2007), and a total of 39 sequences of the
P. australiensis species complex aligned with nine
sequences from Hurwood et al. (2003) and Cook
et al. (2006). A sequence from each already identi-
fied clade was taken from GenBank and added to
the analysis. This enabled us to determine which
already defined clades our sequences matched–
and whether or not new clades had been identi-
fied. All positions containing gaps and missing
data were eliminated; there was a total of 392
positions in the final dataset that were used in
constructing the Neighbor-Joining tree for the
C. indistincta species complex, and 295 positions
in the final dataset were used to construct the tree
for the P. australiensis species complex.

For the C. indistincta species complex, there
were four monophyletic clades, three of which
represented C. indistincta sp. A, sp. B, and sp. D,
while the fourth clade represented C. indistincta
sp. C using a sequence from a former study (Page
et al. 2005). The two cryptic species C. indistincta
sp. A and sp. B, clustered together as sister spe-
cies, while C. indistincta sp. D was divergent
from both sp. A and sp. B (Fig. 4).

For P. australiensis, NJ tree showed nine clades,
two of which represented sequences from this
study belonging to either lineage 4 or lineage 6,
as identified by Hurwood et al. (2003) and Cook

et al. (2006), while the other seven clades were
sequences from a former study belonging to
other lineages of P. australiensis as previously
identified by Cook et al. (2006; Fig. 5).
To compare the cryptic species of C. indistincta

and P. australiensis morphologically, we analyzed
53 and 136 individuals, respectively. For each
cryptic species, the range (min–max), mean and
standard deviation for each morphological mea-
surement and associated ratio was calculated
(Tables 2, 3). Morphological characters for the
three cryptic species (sp. A, sp. B and sp. D) iden-
tified genetically as part of the C. indistincta spe-
cies complex were visually compared using box
plots (Appendix S2: Fig. S1A–H). Generally,
Kruskal–Wallis tests suggested significant differ-
ences among the three cryptic species for cara-
pace length (cl) (P < 0.05), number of dorsal
teeth (nDt; P < 0.0001), number of ventral teeth
(nVt; P < 0.001), teeth posterior to orbital margin
(TPOM; P < 0.0001), and the calculated ratios
A/rl, and rl/cl (P < 0.001; Table 2). Moreover,
Dunn’s test suggested significant morphological
differences between C. indistincta sp. A and
C. indistincta sp. B in the number of dorsal teeth
(nDt) (Bonferroni corrected, P ˂ 0.01) and armed
part of rostrum length to the total rostrum length
ratio (A/rl) (Bonferroni corrected, P ˂ 0.05).
C. indistincta sp. A was also significantly distinct
than C. indistincta sp. D in a number of morpho-
logical traits including carapace length (cl; Bon-
ferroni corrected, P ˂ 0.05), number of dorsal
teeth (nDt; Bonferroni corrected, P ˂ 0.001), and
the ratio of armed part of rostrum length to the
total rostrum length ratio (A/rl; Bonferroni cor-
rected, P ˂ 0.001). While C. indistincta sp. B was
distinguished from C. indistincta sp. D based on
number of ventral teeth (nVt; Bonferroni cor-
rected, P ˂ 0.001), teeth posterior to orbital mar-
gin (TPOM; Bonferroni corrected, P ˂ 0.001), the
ratio of armed part of rostrum length to the total
rostrum length ratio (A/rl; Bonferroni corrected,
P ˂ 0.001), and rostrum length to carapace len-
gth ratio (rl/cl; Bonferroni corrected, P ˂ 0.0001;
see Appendix S1: Table S3). Individuals of
C. indistincta sp. A had the largest values for nDt
and A/rl, while the highest values of cl and
TPOM were found for C. indistincta sp. B. Indi-
viduals of C. indistincta sp. D had the greatest
values for nVt, rl/cl and ch/cl compared with
other species.
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Morphological characters for the two lineages
(4 and 6) in the P. australiensis species complex
were also visually compared using box plots
(Appendix S2: Fig. S1I–P). Kruskal–Wallis tests
suggested significant differences between the
two lineages of P. australiensis (P ˂ 0.001) for the
number of dorsal teeth (nDt) and the calculated
ratios of A/rl, rl/cl, and rh/ch (Table 3). P. aus-
traliensis lineage 6 had the greatest values for cl,
nDt, TPOM, A/rl, rl/cl, and rh/ch, whereas indi-
viduals of P. australiensis lineage 4 had the great-
est values of ch/cl.

Principal component analysis of morphometric
data for C. indistincta described ˃99.9% of the
total variation between species; PC1 explained
80.66% of the total variation and was correlated
with number of dorsal teeth (nDt; 98%), while
PC2 explained a further 19.34% of the total varia-
tion and was correlated with teeth posterior to

orbital margin (TPOM; �50%), and number of
ventral teeth (nVt; 84%; Appendix S1: Table S4;
Appendix S2: Fig. S2A). In the visual PCA
ordination plot, there was minor overlap of indi-
viduals of C. indistincta sp. B with C. indistincta
sp. D, and somewhat greater overlap between
C. indistincta sp. A and C. indistincta sp. B., but
there was no overlap between C. indistincta sp. A
and C. indistincta sp. D. Despite these overlaps,
discriminant function analysis (DFA) revealed
that 96.23% of C. indistincta individuals could be
classified to their correct species based on mor-
phological traits.
Principal component analysis of the morpho-

metric data from the P. australiensis species com-
plex explained 99.3% of total morphometric
variation between lineages; PC1 described 66.61%
of this variation and was correlated with number
of dorsal teeth (nDt; 100%), while PC2 described

Table 2. Summary of traditional morphometric measurements for three cryptic species of Caridina indistincta and
results of the Kruskal–Wallis tests.

Traits

C. indistincta A (n = 11) C. indistincta B (n = 22) C. indistincta D (n = 20) Between species

Range Mean � SD Range Mean � SD Range Mean � SD Chi-square P value

cl (mm) 3.13–4.71 3.6 � 0.46 2.31–4.92 3.5 � 0.7 2.07–3.81 3.07 � 0.44 7.44 ˂0.05
nDt 24–28 26 � 1.34 15–26 22.5 � 2.8 16–25 21.3 � 2.41 22.7 ˂0.0001
nVt 7–9 7.82 � 0.9 5–8 6.71 � 1.13 5–14 8.8 � 2.2 13.44 ˂0.001
TPOM 2–5 3.2 � 0.8 2–5 3.8 � 0.8 2–3 2.5 � 0.51 23.95 ˂0.0001
A/rl 1–1 1 � 0 0.93–0.98 0.95 � 0.02 0.67–0.9 0.79 � 0.06 45.5 ˂0.0001
rl/cl 0.96–1.31 1.1 � 0.12 0.78–1.32 0.99 � 0.14 0.92–1.6 1.21 � 0.16 16.97 ˂0.001
rh/ch 0.15–0.21 0.17 � 0.02 0.11–0.25 0.17 � 0.04 0.09–1.81 0.34 � 0.46 0.01015 ˃0.05
ch/cl 0.74–0.85 0.8 � 0.035 0.5–0.83 0.72 � 0.09 0.61–0.92 0.73 � 0.1 3.81 ˃0.05

Notes: Significant values are labeled with bold. Range (min–max), mean (�SD), df = 2, Chi-square values, and P values
based on differences among species in the morphological measurements.

Table 3. Summary of traditional morphometric measurements for two lineages of Paratya australiensis and results
of the Kruskal–Wallis tests.

Traits

P. australiensis Lin 4
(n = 15)

P. australiensis Lin 6
(n = 121) Between lineages

Range Mean � SD Range Mean � SD Chi-square P value

cl (mm) 2.2–5.81 3.91 � 1.01 2.17–6.5 4.2 � 0.85 0.89 ˃0.05
nDt 14–26 17.47 � 3.4 18–29 22.5 � 2.5 24.87 ˂0.0001
nVt 2–8 4.8 � 1.93 1–14 4.64 � 1.8 0.18 ˃0.05
TPOM 0–2 0.93 � 0.8 0–4 1.21 � 0.9 1.22 ˃0.05
A/rl 0.86–0.92 0.89 � 0.02 0.78–0.96 0.91 � 0.03 12.98 ˂0.001
rl/cl 0.54–1.0 0.73 � 0.12 0.64–1.67 0.98 � 0.16 24.57 ˂0.0001
rh/ch 0.07–0.15 0.123 � 0.02 0.10–0.25 0.17 � 0.02 29.44 ˂0.0001
ch/cl 0.61–0.9 0.72 � 0.07 0.5–1.6 0.71 � 0.13 0.85 ˃0.05

Notes: Significant values are labeled with bold. Range (min–max), mean (�SD), df = 1, Chi-square values, and P values
based on differences among species in the morphological measurements.
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23.93% of the total variation and was correlated
with carapace length (cl; 24%) and number of ven-
tral teeth (nVt; 95%; Appendix S1: Table S5;
Appendix S2: Fig. S2B). Again, although there
was considerable overlap in the PCA, discrimi-
nant function analysis (DFA) suggested that
92.7% of individuals could be assigned to the cor-
rect species based on morphology.

Spatial distribution of cryptic species and lineages
When species were mapped spatially, there

were obvious differences in the distribution of
cryptic species within both C. indistincta and
P. australiensis. C. indistincta sp. A showed a dis-
tinct and separate distribution compared with
C. indistincta sp. B and C. indistincta sp. D across
all stream classes (lowland, coastal, and wallum;
see Appendix S1: Table S1). In contrast, C. indis-
tincta sp. B and C. indistincta sp. D co-occurred in
two catchments included in this study, the upper
Brisbane and Lockyer catchments. Furthermore,
these data suggest that C. indistincta sp. B can
exist sympatrically with C. indistincta sp. D; in
this dataset, they were located sympatrically at
Ivory Ck, Buaraba Ck, and Emu Ck (Appendix S2:
Fig. S1; Appendix S1: Table S1).

In comparison, the spatial distribution of the
two lineages within the P. australiensis complex
showed large-scale differences. Lineage 6 was
widely distributed across lowland, upland, wal-
lum, and coastal stream classes, while lineage 4
was found only at four sampling sites East Kilcoy
Ck, Reedy Ck, Mudgeeraba Ck, and Purling Ck,
with three of these sites being classified as

upland stream sites of high elevation, the excep-
tion being Reedy CK which was a lowland site
(Fig. 2; Appendix S1: Table S2). Moreover, the
present data showed that P. australiensis lineage
4 was found sympatrically with P. australiensis
lineage 6 only at Reedy Ck (Fig. 2; Appendix S1:
Table S2).

Spatial patterns in background water quality
variables
Table 4 presents the summary values of water

quality measurements recorded during autumn,
2005, from the 89 locations. Mean water pH was
generally within basic limits for sampling sites
with individuals from the C. indistincta and
P. australiensis complexes. Generally, although
ranges of water pH were between 5.7 and 9 for
sites containing C. indistincta and between 6.2 and
9 for sites containing P. australiensis (Table 4), pH
values were for most study locations between 6.5
and 8.1, and these values were within the range of
normal pH values for South-East Queensland
streams (Queensland Water Quality Guidelines
2009). Nine sites were exceptions, five had pH val-
ues ˂6.5 (i.e., Eprapah Ck, Moogurrapum Ck,
Doonan Ck, Noosa R., and Running Ck), and four
sites had pH values ˃8.1 (i.e., Woolshed Ck,
Cressbrook Ck, Brisbane River West, and Heifer
Ck). For conductivity, the range was between
60 lS/cm and 4350 lS/cm for sites containing
C. indistincta and between 10 lS/cm and 3450
lS/cm for sites containing P. australiensis (Table 4).
Conductivity values varied among sites based on
catchment; the higher values, between 400 lS/cm

Table 4. Mean water quality and elevation variables (�standard deviation) reordered from all sampling sites for
the two species complexes.

Variables Units

Environmental variables for
sampling sites containing Caridina

indistincta
Environmental variables for sampling
sites containing Paratya australiensis

Mean � SD Range (min–max) Mean � SD Range (min–max)

Elevation m a.s.l. 81.98 � 8.95 3–459 196.54 � 140.41 8–603
PH – 7.31 � 0.7 5.7–9 7.39 � 0.54 6.2–9
Conductivity lS/cm 655.26 � 722.9 60–4350 655.9 � 665.94 10–3450
Dissolved oxygen minimum % 25.014 � 20.7 0–71.9 39.3 � 26.6 0–87.4
Dissolved oxygen range % 35.79 � 32.41 4–136.2 33.7 � 36.9 3.4–184.6
Maximum water temperature (°C) 21.1 � 2.52 15.6–26.2 20.15 � 2.46 16–27.9
Water temperature range (°C) 2.104 � 1.5 0.3–8.1 2.2 � 1.5 0.4–8.6

Note: Maximum water temperature, water temperature range, dissolved oxygen minimum, and dissolved oxygen range
recorded by data logger over 24 h.
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and 3450 lS/cm, were recorded for most sites of
the Upper Brisbane, Stanley, Lockyer, Bremer, and
Caboolture catchments, while lower conductivi-
ties between 10 lS/cm and 400 lS/cm were often
recorded in sites of Tallebudgera-Currumbin,
Nerang-Mudgeeraba, Pine Rs., Logan, and Mar-
oochy catchments. However, study locations that
had conductivity values between 500 lS/cm and
1200 lS/cm can be considered within the range
reported by Department of Environment and Her-
itage Protection (2009). Finally, the 24-h DO range
for all study locations of C. indistincta and P. aus-
traliensis complexes was 4–136.2% saturation and
3.4–184.6% saturation, respectively, whereas the
range of 24-h DO minimum values was 0–71.9%
saturation for locations containing C. indistincta
and 0–87.4% saturation for locations containing
P. australiensis (Table 4). Generally, dissolved oxy-
gen concentrations varied based on catchment,
with a number of locations within the Lockyer
and Upper Brisbane catchments having generally
higher values for 24-h DO ranges (43.5–184.6%
saturation), and some locations within the Logan
and Redland catchments also have higher values
for 24-h DOminimums (40–87.4% saturation).

Relationships between environmental conditions
and the spatial distribution of Caridina and
Paratya

Based on the RDAs, there were obvious spatial
patterns in both measured environmental data
and the distribution of the genetically distinct
species (Fig. 6). Elevation and dissolved oxygen
range were significantly correlated (Monte Carlo
permutation test, P ˂ 0.01) with the spatial distri-
bution of C. indistincta sp. B and sp. D, respec-
tively (Appendix S1: Table S6), while elevation
and conductivity were significantly associated
(P ˂ 0.05) with the spatial distribution of
P. australiensis lineages 4 and 6, respectively
(Appendix S1: Table S6). Consequently, based on
the significant correlations of variables with spe-
cies distributions, only the following variables
were included in the model: elevation and
dissolved oxygen range for the C. indistincta
complex and elevation and conductivity for the
P. australiensis complex (Fig. 6A and B). By con-
trast, five abiotic variables had no significant
relationships with the spatial distribution of the
cryptic species. These were conductivity, maxi-
mum water temperature, water temperature

range, dissolved oxygen minimum, and pH for
the C. indistincta complex and dissolved oxygen
minimum, dissolved oxygen range, maximum
water temperature, water temperature range,
and pH for the P. australiensis complex (Appen-
dix S1: Table S6), although these variables varied
considerably among sites.
For the C. indistincta complex, Fig. 6A shows

two significant variables (Elevation and DO
range) associated with the cryptic species

Fig. 6. Redundancy analysis (RDA) triplot shows
the relationships between measured significant envi-
ronmental variables with (A) C. indistincta complex.
(B) P. australiensis complex in 89 sites sampled in SEQ.
Abbreviations are DO range, dissolved oxygen range;
symbols of green-triangles-sampling sites.
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(C. indistincta sp. A, sp. B and sp. D). The first
two axes of the RDA (Axis 1 and Axis 2)
explained 46.2% of the variance in species-envir-
onmental variables; with RDA axis 1 explaining
43.6%, and RDA axis 2 a further 2.6% of the total
variation in the cryptic species distribution-envir-
onmental data (Fig. 6A). Monte Carlo unre-
stricted permutation tests revealed that only axis
1 was significant (F = 36.349, P ˂ 0.001), with
axis 2 non-significant (F = 2.233, P ˃ 0.05). The
first RDA axis was negatively correlated with
Elevation (�0.954) and DO range (�0.716).
C. indistincta sp. B had negative scores on the
RDA axis 1 (�0.533; on the upper left side of dia-
gram), while C. indistincta sp. D had negative
scores (�0.459) on RDA axis 1 (on the lower left
side of diagram). C. indistincta sp. B and sp. D
are inferred to be highly correlated with Eleva-
tion and DO range, respectively. This implies that
C. indistincta sp. B appeared to occur at higher
elevations sampling sites; while C. indistincta sp.
D preferred higher DO range values. Although
both the former cryptic species (C. indistincta sp.
B and D) and the environmental drivers (DO
range and Elevation) were highly associated with
axis 1, from the angles between the cryptic spe-
cies vectors and the abiotic factors vectors, we
may conclude that C. indistincta sp. B and sp. D
were slightly correlated with DO range and eleva-
tion, respectively. Correspondingly, C. indistincta
A had highly positive scores on axis 1 (0.845) with
the vector pointing in a direction roughly oppo-
site to that of Elevation and DO range, which
suggests that it is negatively associated with
those variables. This implies that C. indistincta
sp. A occurs in sites which have low altitudes and
a low range of DO concentration.

For the P. australiensis complex, the first two
axes explained 36.4% of the total variation in the
species-environmental data; as RDA axis 1 and
axis 2 explained 36.4% and 0.0% of the variability
in the data, respectively (Fig. 6B). Based on the
Monte Carlo unrestricted permutation test, axis 1
was statistically significant (F = 20.567, P ˂ 0.001).
Fig. 6B shows that the first RDA axis is mainly
positively correlated with Elevation (0.601), and
negatively with conductivity (�0.881). P. aus-
traliensis lineage 4 had positive scores on axis 1
(0.761) with a vector pointing in the opposite
direction to that of conductivity, suggesting
that lineage 4 is negatively correlated with

conductivity and tends to have a high probability
of occurrence at high altitudes. Conversely, P. aus-
traliensis lineage 6 was associated with a vector
of conductivity and had high negative scores
(�0.884) on axis 1, which indicates that lineage 6
was highly associated with conductivity, conse-
quently tended to occur at low elevations and
high conductivity.

DISCUSSION

Genetic and morphological divergence of
individuals of the two complexes
Two common species of atyid shrimps in

South-East Queensland, C. indistincta and P. aus-
traliensis, are complexes of at least five and nine
cryptic species, respectively, that cannot be
distinguished on morphology alone. Analysis of
COI sequences of shrimp specimens clearly
showed that specimens of C. indistincta in the
study area belonged to three different species,
C. indistincta species A, B, and D as had been
demonstrated in previous studies (Chenoweth
and Hughes 2003, Page et al. 2005). For Paratya
australiensis, analysis of the mitochondrial gene
(COI) revealed that all specimens belonged to
two previously identified mitochondrial lineages
of the atyid shrimp; P. australiensis lineages 4
and 6 (Hurwood et al. 2003, Cook et al. 2006)
(Fig. 5). The cryptic species within the two
species complexes have not been formally
described.
The importance of the armed part of rostrum

length to the total rostrum length (A/rl) in this
designation is in agreement with previous stud-
ies (Page et al. 2005) that showed that the ante-
rior dorsal part of the rostrum not naked (armed;
teeth present along the dorsal rostral part) was
associated with C. indistincta sp. A. Additionally,
the observation regarding the importance of the
number of ventral teeth (nVt) was also consistent
with Page et al. (2005), who showed that C. indis-
tincta sp. A and sp. B had 7–11 and 4–8 ventral
teeth, respectively, while C. indistincta D had ˂15
ventral teeth.
The morphological identification of atyid

shrimps can be complicated, because morpholog-
ical characters that have been used to separate
species such as armature and shape of rostrum
are highly plastic in response to environmental
variations (Smith and Williams 1980), and exhibit
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variations even between individuals of the same
species (De Grave 1999). Richard and Clark
(2014), however, suggested that number of ros-
tral teeth and their placement on the rostrum
were valuable identification traits in separating
species of atyids, particularly in comparison with
rostrum length which is considered highly plas-
tic and varies among individuals as an adapta-
tion to environmental effects (Jugovic et al.
2010). This fact was supported by de Mazancourt
et al. (2017), who suggested that rostrum length
should not be relied upon to identify boundaries
among species of Caridina, and other characters,
such as the number of teeth on the dorsal mar-
gin, would be better morphological characters.
Indeed, in our study, we found the difference in
the numbers of dorsal teeth and the proportion
of the armed part of rostrum length to the total
rostrum length were important morphological
characters in separating species of both C. indis-
tincta and P. australiensis.

Limiting factors for distribution of cryptic taxa
The present work suggested that the different

cryptic species within both C. indistincta and
P. australiensis complexes had different spatial
distributions that potentially reflect different envi-
ronmental requirements. This suggestion is sup-
ported by other studies that suggest some aquatic
organisms probably have adaptive traits to the
environmental conditions such as physical–chem-
ical characteristics (Berg et al. 2015, Longshaw
and Stebbing 2016), with these physical–chemical
characteristics potentially determining spatial dis-
tribution boundaries of cryptic species. For exam-
ple, differences in species tolerance to salinity and
temperature were responsible for seasonal succes-
sion among the rotifer Brachionus plicatilis species
complex (Gomez et al. 1995), while oxygen con-
centrations and pH were deemed responsible for
driving the co-existence of species within the
rotifer B. plicatilis complex (Ortells et al. 2003). In
our study, we suggest two scenarios that might
explain the differences in observed geographic
distributions of cryptic species complexes within
C. indistincta and P. australiensis across our study
region: (1) The geographic distribution of the
cryptic species reflects life history strategies; dif-
ferent responses to environmental conditions
might be displayed by species that have distinct
life history traits (Hancock 1998, Oppliger et al.

2012); or/and (2) the distribution patterns could
reflect the differences among cryptic species in
their tolerance to background environmental con-
ditions (e.g., Xiang et al. 2011, Obertegger et al.
2014).
Elevation had a significant effect on the

distributions of species in our study, and this
potentially reflected elevation differences in envi-
ronmental conditions such as temperature, dis-
solved oxygen, and salinity (March et al. 2001,
Hodkinson 2005, Carvajal-Quintero et al. 2015).
The background changes in environmental para-
meters associated with elevation gradients are
likely key in the evolution of life history strategies
(Boyle et al. 2016, Laiolo and Obeso 2017).
In general, understanding the significant role

of life history in explaining the difference in the
geographical distributions of cryptic species in
the C. indistincta and P. australiensis species com-
plexes reflects reproductive strategies (e.g., eggs
size, larval development) (Hayashi and Hamano
1984). Comparative studies have suggested that
atyid shrimps can be classified into three groups
based on life history strategy: (1) Shrimps with
large eggs, small-sized clutch, abbreviated (or
direct) larval development, and low salinity tol-
erance are often restricted to upland streams; (2)
shrimps with medium eggs, intermediate larval
development, intermediate salinity tolerance are
often found in a wide range of freshwater sys-
tems; and (3) shrimps with small-sized eggs,
large clutch sizes, planktonic larvae, and high
salinity tolerance are often restricted to lowland
sites and sites connected to estuaries and oceans
(Hayashi and Hamano 1984, Hancock et al.
1998). Also, Page and Hughes (2007) reported
that differences in egg size and larval develop-
ment among caridean shrimp species are impor-
tant determinants of life history that can lead
to differences in population structure among
co-occurring cryptic species.
Besides the significant contribution of life his-

tory traits in species distribution, the tolerance of
species to variation in water quality parameters
can also be reflected in their geographic distribu-
tion. For instance, information available from lab-
oratory study has shown that the atyid shrimp
Caridina pristis has a narrow range of salinity and
temperature tolerance compared with other atyid
shrimps and is found at high elevations and fur-
thest from marine habitats (de Silva 1987).
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Environmental variation and the distribution of
C. indistincta species complex

In this study, the distribution of C. indistincta
sp. A was negatively correlated with elevation
and 24-h dissolved oxygen range. Based on pre-
vious studies, C. indistincta sp. A has medium
sized eggs (Page et al. 2005), which might indi-
cate a distribution across a wide range of fresh-
water habitats (Hayashi and Hamano 1984,
Hancock et al. 1998). Conversely, the geographic
distributions of C. indistincta sp. B were posi-
tively associated with elevations. As outlined
above, elevation plays a substantial role in the
distribution of aquatic species through its impact
on water quality conditions such as temperature
and dissolved oxygen (Hodkinson 2005).

In our study, dissolved oxygen range was also
associated with species distributions, being posi-
tively correlated with the occurrence of C. indis-
tincta sp. D. Dissolved oxygen is one of the
environmental variables likely to affect the occur-
rence of freshwater taxa at different elevations
(Jaramillo-Villa et al. 2010, Carvajal-Quintero
et al. 2015), through its correlation with tempera-
ture (Verberk et al. 2011), temperature affects on
species development, behavior, growth, and
metabolic processes (Buisson et al. 2008) and con-
sequently species distributions (Carvajal-Quin-
tero et al. 2015). According to Page et al. (2005),
C. indistincta sp. D has small eggs, which might
suggest they occurred in lowland sites. The tem-
perature regime of these lowland sites tends to
include higher daily maxima, lower daily min-
ima, and a greater 24-h range (Sheldon et al.
2012) resulting in much higher dissolved oxygen
concentrations being required for the mainte-
nance of organism survival (Nebeker 1972).
However, although other cryptic species (e.g.,
P. australiensis lineage 6 and C. indistincta sp. A)
were found at lowland sites similar to the distri-
bution of C. indistincta sp. D, DO range was only
correlated with the distribution of C. indistincta
sp. D. Therefore, to further explore the influence
of these water quality parameters on survival
comparative studies under laboratory conditions
would be required.

Environmental variation and the distribution of
P. australiensis species complex

In the current work, the distribution of P. aus-
traliensis lineage 4 was highly correlated with

elevation, being predominantly found in upland
streams, which agrees with findings of Hancock
et al. (1998) and Cook et al. (2007) who reported
that P. australiensis lineage 4 occurred at a higher
elevations than lineage 6. This significant associa-
tion between lineage 4 and high elevation may
reflect their reproductive strategy that includes
large-sized eggs (Hancock 1998). One possible
explanation for the large eggs in atyid shrimps at
upland site relates to the hydrological regime
common at these sites, since large-sized eggs and
short development (or direct) of larvae at high
elevations represent an adaptation to maintain
upland spatial position and reduce larval dis-
placement to the downstream area (Dudgeon
1985, de Silva 1988).
High elevation sites are also described as dif-

fering from lower elevation sites in temperature
regime (Bunn et al. 1999). This has been reported
to be very important in limiting the spatial distri-
bution for several species (Oppliger et al. 2012),
since it significantly affects survival, growth, and
reproduction (Rhyne et al. 2009). Indeed, this has
been suggested as important in the distribution
of atyid shrimps by previous authors based on
laboratory experiments on the two lineages
(Fawcett et al. 2010).
Our study also revealed that P. australiensis lin-

eage 6 was associated with higher conductivity;
this finding might be not surprising if we take
into consideration the life history strategy of this
lineage; as suggested by Walsh and Mitchell
(1995) that some populations of P. australiensis in
southern Australia might have an amphidro-
mous life cycle. Generally, Bauer (2013) sug-
gested that caridean shrimps are amphidromous
species, and these species exhibit broader geo-
graphic distributions than non-amphidromous
taxa, this suggestion agrees with this study as
P. australiensis lineage 6 had a broader geo-
graphic distribution compared with lineage 4
and is congruent with the findings of Cook et al.
(2006).

CONCLUSIONS AND MANAGEMENT
RECOMMENDATIONS

1. We recommend the use of morphological
characters as described here to identify spe-
cies and thus delineate more appropriately
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species–environment relationships in the
context of conservation efforts. Particularly,
traditional morphometric analysis results of
this study were consistent with genetics
results in separating individuals of the
C. indistincta complex into three species and
individuals of P. australiensis into two lin-
eages. Thereby, morphometric assessments
can be used as a supportive tool to distin-
guish among species in these species com-
plexes, taking into account that the
morphological approach is cheaper and
easier as a descriptive tool in compared to
the genetic approach.

However, this study also showed intraspecific
morphological variation (Inoue et al. 2014),
which can be plastic (de Mazancourt et al. 2017)
and has been observed among individuals of the
same species in response to environmental effects
(Jugovic et al. 2010). It is therefore very impor-
tant to combine both morphological and genetic
characters when identifying cryptic species
particularly within other groups of species
complexes.

2. Considerable insight can be gained from
exploring differences in geographic distribu-
tion patterns of cryptic species and their envi-
ronmental relationships because this will
contribute essential knowledge about the cryp-
tic species status and will be useful in con-
tributing to conservation programs of cryptic
species biodiversity (Sattler et al. 2007).

3. Additionally, morphologically cryptic species
belonging to the same species complex have
been repeatedly shown to co-exist in the
same localities (Leibold and McPeek 2006,
Nicholls and Racey 2006, Cook et al. 2007,
Macher et al. 2016b). This case, however,
poses questions about the extent of ecological
divergence between cryptic species allowing
them to co-exist. To answer this question, fur-
ther ecological studies need to be conducted
at a fine spatial scale and an effort should be
focused to explore the mechanisms responsi-
ble for co-occurrence of cryptic species of
both species complexes studied.

4. Finally, precise knowledge of the distribu-
tions and tolerances of cryptic species is
crucial for developing comprehensive

biomonitoring programs and biodiversity
assessments (Macher et al. 2016a).
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