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ABSTRACT
Freshwater ecosystems represent hotspots for the world’s total diversity and human well-being.
However, they are also subjected to threats across the globe as a result of localised human
activities, broad scale catchment clearance, climate change and invasive species. The increased
degradation of freshwater habitats and their ecological functions as a consequence of these
threats, at local and global scales, has led to significant freshwater problems for human existence
and the world’s biodiversity. There is growing evidence that the loss of biodiversity is one of the
most complex environmental issues facing the world; however, the importance of understanding
species distribution patterns and the ecological differentiation among species that are reflected as
species-specific responses or tolerances to environmental drivers is less well understood. In
particular, when a morphological approach is used as a taxonomic tool for investigating species
diversity and species level responses to environmental drivers, the diversity of responses hidden
within species complexes may not be realized, and the conclusion of generality may mask
specific cryptic species responses.
In South-East Queensland, Australia, European occupation since the mid 1800’s has seen large
scale clearing of native vegetation along streams and rivers in nearly all catchments. As a
consequence of this land-use change catchment hydrology has been substantially altered, which,
combined with the presence of dams and weirs, has resulted in a decline in water quality of
streams in some catchments, which is of growing concern for conservation of species
biodiversity. This study aimed to explore cryptic diversity in two species complexes of
freshwater aytid shrimps common in South-East Queensland and elucidate species level
responses to environmental variation that could explain their spatial distribution. This broad aim
was met through three specific studies.
First, using regional scale data of cryptic species diversity and water quality, the importance of
species-specific responses to environmental conditions in determining spatial distribution
patterns and environmental relationships of cryptic species in the Caridina indistincta and
Paratya australiensis species complexes was examined. To accomplish this aim, DNA
sequences were used to identify shrimp specimens from 89 sites in 17 catchments spanning the
study area. In addition, an assessment of eight morphological traits was used to test whether
these cryptic species could be morphologically identified. Use of these eight traits did allow
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species level identification, at least in South-East Queensland. However, caution is suggested in
the use of these morphological traits for recognising species, due to the probability of
morphological plasticity within a species across broad spatial scales. Ordination analysis of
presence-absence data showed that the five cryptic species within the two species complexes
showed spatially distinct distributions across streams in SEQ, with each cryptic species
displaying different relationships with individual environmental variables. For species in the
Caridina indistincta complex, C. indistincta sp. B was significantly associated with elevation, C.
indistincta sp. D was significantly correlated with dissolved oxygen range, whilst, individuals of
C. indistincta sp. A were negatively associated with elevation and dissolved oxygen range. This
may indicate that C. indistincta sp. A tended to inhabit sites with low elevation and perhaps
having a higher tolerance to a low range of dissolved oxygen. For the Paratya australiensis
species complex, P. australiensis lineage 4 and 6 showed significant correlations with elevation
and conductivity, respectively.
The second broad aim of the study was to explore these spatial patterns at smaller geographical
scales and with greater detail about water quality to understand and quantify the fundamental
environmental factors (e.g., physical chemical water parameters and concentrations of heavy
metals) that are potentially shaping the current distribution patterns and abundance of cryptic
species within the two species complexes. To explore this aim, sediment samples from 22 sites in
13 catchments in SEQ were analysed to determine concentrations (mg/kg dry weight) of 11
heavy metals. Additionally, a number of water quality variables were measured in situ,
including: elevation, stream width, stream temperature, dissolved oxygen, conductivity, pH, total
dissolved solids, and turbidity. Also, a water sample was taken from each site for laboratory
analysis of: Ammonium nitrogen (NH4-N), Dissolved oxidized nitrogen (Nitrate+Nitrite) (NO XN), Total nitrogen (TN), Total kjeldahl nitrogen (TKN), Total kjeldahl phosphorus (TKP),
Orthophosphate-P (PO4-P). Shrimps were collected from each site and identified to species using
both morphology and DNA sequencing. The morphological identification of each adult
individual (except juveniles which were genetically analysed) was used as a measure of absolute
abundance and the genetic ‘checking’ of a set number of individuals in each sample was used to
compute relative abundance. Redundancy analysis (RDA) showed that the spatial distribution
and absolute and relative abundance of C. indistincta sp. D and sp. B were significantly
positively influenced by elevation, while the relative abundance of P. australiensis Lin.6 was
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significantly positively affected by the concentration of manganese (Mn). Stream Total nitrogen
(TN) was significantly positive driver of the spatial distribution and relative abundance of C.
indistincta sp. A, while Orthophosphate-P (PO4-P) was significantly positive driver for the
absolute and relative abundance of this species. Further analysis, this study confirms that P.
australiensis Lin.6 was more tolerant of heavy metal concentrations compared with other cryptic
species, as its distribution and absolute and relative abundance were significantly positively
correlated with the concentrations of manganese, iron and cobalt. In contrast, C. indistincta sp. A
was more sensitive to these metals than other study species. These results demonstrated that
cryptic species of freshwater atyid shrimps of the C. indistincta and P. australiensis species
complexes were different in their environmental requirements. As well, the cryptic species of
both complexes were identified to have different associations with heavy metal concentrations,
indicating that these species were different in their tolerance to toxicants.
Finally, the third aim of the study was to further examine the differences in sensitivity to heavy
metals (Copper and Zinc) among cryptic species of the two study complexes experimentally in
the laboratory. Two cryptic species of each complex were used as study species, C. indistincta
sp. A and sp. D and P. australiensis Lin.4 and Lin.6. The field studies showed differences among
these species in their correlations with metal concentrations, and therefore they were seen as
good candidate species for testing differences in the sensitivity to metal toxicants. Each cryptic
species was exposed to six concentrations of each metal Cu or Zn using an acute (96-h) toxicity
test. The results from this study were generally showed contrasting correlation between species
and heavy metals; P. australiensis Lin.6 was the most tolerant species to both study metals,
while C. indistincta sp. A was more sensitive to copper, and C. indistincta sp. D was more
sensitive to Zn compared with the other tested species. Furthermore, the exposure of individuals
of each species to the heavy metals caused changes in both their behaviour and their colour
during exposure time.
Overall, this study has shown cryptic species within broad species complexes can vary in their
spatial distribution and their tolerance and response to water quality parameters. This highlights
the advantage of using analyses of biotic and abiotic variables for ecological management and
biodiversity conservation and the need to understand true species diversity when looking at
species level responses to environmental degradation.
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1 General Introduction
1.1 Threats to biodiversity in freshwater ecosystems
The current rate of global biodiversity loss is a complex environmental issue (Elbrecht & Leese,
2015) with freshwater biodiversity being lost at a greater rate than marine or terrestrial
biodiversity (Dudgeon et al., 2006; Darwall et al., 2009; Strayer & Dudgeon, 2010). The decline
in freshwater biodiversity reflects the fact that freshwater ecosystems are one of the most
threatened globally as a result of human activities, including direct human impacts on rivers and
their catchments, climate change (Dudgeon et al., 2006; Strayer & Dudgeon, 2010; De Grave et
al., 2015) and a significant threat of invasive species (Ricciardi & MacIsaac, 2011).
In recent decades, the extent of the human impact on the environment in general (Bartram,
1996), and freshwater ecosystems specifically, has dramatically increased (Dudgeon et al., 2006;
Strayer & Dudgeon, 2010; Elbrecht et al., 2016). With a growing human population, human uses
of freshwater have increased steeply, resulting in widespread degradation of freshwater
ecosystems (Strayer & Dudgeon, 2010; Inoue et al., 2013). This degradation includes, among
other factors, declines in water quality through pollution and nutrient runoff associated with
urbanization and irrigation (Bartram, 1996; Dudgeon et al., 2006) and overexploitation of the
freshwater resource for human use (Benstead et al., 1999; Dudgeon et al., 2006; Greathouse et
al., 2006; Silva-Junior et al., 2017).
There is also a growing body of research that highlights the threats climate change, and
associated extreme climatic events, pose for freshwater ecosystems (Dudgeon et al., 2006; Heino
et al., 2009; Strayer & Dudgeon, 2010). Climate change is projected to increase climate
variability (Huntington, 2006; Karl et al., 2008; Ruff et al., 2011), including an increase in the
spatial and temporal variability of temperature and precipitation (Boersma et al., 2016). The
associated changes in water temperature will have, and are having, dramatic impacts on both
ecosystem processes and biodiversity of aquatic systems (Thuiller, 2007; Diez et al., 2012;
Grimm et al., 2013). The water temperature regime of a river can determine local species
persistence (Boersma et al., 2016) or local extinction, it can limit species dispersal and therefore
may cause a change in the distribution of species (Wittmann et al., 2016). Increased variability of
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precipitation will drive changes in the flow regimes of streams and rivers with consequent
impacts on habitat availability and water quality conditions, which could impact on species
physiological responses, life history traits and life cycles (Brönmark & Hansson, 1998; HenningLucass et al., 2016). Woodward et al. (2010) suggested that freshwater systems may be more
vulnerable to the impacts of climate change than other systems reflecting their natural habitat
fragmentation and hierarchical structure which possibly limits the capacity of freshwater species
to disperse when environment conditions change.
In addition to the impacts of human activities and climate change on freshwater biodiversity,
invasive species also pose a significant threat (Sala et al., 2000; Ricciardi & MacIsaac, 2011) and
are a significant contributor to extinctions of indigenous freshwater species (Rahel, 2002;
Verbrugge et al., 2011). Invasions of non-native species into new habitats are mostly driven by
either human activities or climate change (Christodoulou et al., 2016). Often due to traits that
allow rapid adaptation, invasive species can have a greater tolerance to the ecological
consequences of climate change compared with native species (Rahel & Olden, 2008; Sotka et
al., 2018). Invasive species have serious economic and ecological effects on freshwater
ecosystems, through decreased biodiversity, changes in community composition, increased
competition with native species for food resources or predation of resident taxa (Gamradt &
Kats, 1996; Barbaresi & Gherardi, 2000; Vitule et al., 2009; Gallardo et al., 2016), often due to
the differences in the species-specific tolerances between native species and non-native species
(Verbrugge et al., 2012).
Combined, these impacts have contributed to the fact that since 1970 there has been a 76%
decline in freshwater biodiversity (WWF, 2014), leading to freshwater ecosystems being one of
the most vulnerable globally (Strayer & Dudgeon, 2010; Vörösmarty et al., 2010). This is
significant as freshwater ecosystems cover less than 1% of the Earth surface (Gleick, 1996) and
comprise only 0.01% of the world’s water (Dudgeon et al., 2006). Despite this they are still
considered among the most diverse ecosystems harbouring an extraordinarily high proportion
(nearly 10%) of the world’s species (Dudgeon et al., 2006; Strayer and Dudgeon, 2010).
As outlined above, climate and other anthropogenic changes in freshwater ecosystems are having
unprecedented impacts on freshwater biodiversity across all levels of the taxonomic hierarchy
(Aschonitis et al., 2016; Macher et al., 2016). In freshwater systems, biodiversity has most
2|Page

commonly been estimated using traditional morphological approaches which are unable to detect
morphologically cryptic taxa (Leys et al., 2016), suggesting the biodiversity of freshwater
ecosystems might be even greater than currently documented. Morphologically cryptic species
are a common and widespread phenomenon (Bickford et al., 2007; Nygren et al., 2014),
occurring throughout all phyla and across all types of environments (Pfenninger & Schwenk,
2007). Variable environments, such as freshwater streams and rivers, may harbor greater cryptic
diversity compared with stable systems due to morphological plasticity (Bickford et al., 2007)
and the strong influence of the flowing water environment on morphology (Sheldon, 2017).

1.2 Cryptic species in freshwater systems
The term ‘cryptic species’ refers to genetically distinct species erroneously classified as a single
species due to at least superficial morphological similarity (Bickford et al., 2007). The notion
that species can evolve similar morphological traits is historical (Mayr, 1942), but the use of
molecular methods to identify species has increased our knowledge of just how abundant cryptic
species are (Bickford et al., 2007; Adams et al., 2014; Nygren, 2014) and how widespread they
are across most types of organisms and habitats (Pfenninger & Schwenk, 2007). Cryptic species
have been found within the fungi (Hawksworth & Lücking, 2017), algae (Pinseel et al., 2018),
higher order plants (Sokoloff et al., 2019), amphibians (Wang et al., 2017), reptiles (Singhal et
al., 2018), decapods (Page et al., 2005a; Cook et al., 2006; Phiri & Daniels, 2014; Naser et al.,
2018; Shih et al., 2018), and mammals (Esselstyn et al., 2013; Fennessy et al., 2016). They are
particularly abundant in freshwater ecosystems (e.g., Baker et al., 2003, 2004; Cook et al., 2006;
Miller, 2007; Hughes et al., 2008; Meleg et al. 2013, Leys et al., 2016).
Despite efforts to present a unifying conceptual framework for understanding cryptic species
(e.g., Struck & Cerca, 2019) a consensus on an exact definition is still lacking (e.g. de León &
Nadler, 2010; Struck et al., 2018). Some authors suggest that fully cryptic species are only those
for which morphological differences cannot be detected (Jörger & Schrödl, 2013). Other authors
suggest that perfect morphological similarity does not really exist and that when species are
identified based on molecular evidence, further morphological analyses may often reveal
morphological differences that were previously unrecognised (e.g., Amato et al., 2007; de León
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& Nadler, 2010; Zúniga-Reinoso & Benítez, 2015; Michaloudi et al., 2018). The main issue,
however, is that while morphological differences between so-called ‘cryptic’ species may be
identified by combining molecular and morphological studies (Yasser et a., 2018), for
morphological characters to be reliable in species identification they need to be demonstrated as
‘fixed’ or ‘stable’ at the species level (de Mazancourt et al., 2017), particularly in freshwater
invertebrates where morphological plasticity within a species across broad spatial scales can be
common (De Grave, 1999; von Rintelen & Cai 2009; de Mazancourt et al., 2017).
Recent research using molecular approaches has provided invaluable information about the
importance of detecting cryptic species, particularly in estimating biodiversity (e.g., Bickford et
al., 2007; Meleg et al. 2013; Katouzian et al., 2016; Leys et al., 2016), assessing species
conservation status (e.g., Witt et al., 2006; Fiser et al., 2015) and in bioassessment and
monitoring studies (e.g., Bickford et al., 2007; Obertegger et al., 2014). The detection of cryptic
species within previously recognised species can change our view about the levels of diversity in
many taxonomic groups (Baker et al., 2004; Miller 2007; Hughes et al., 2008; Meleg et al. 2013,
Leys et al. 2016). For freshwater invertebrates within Australia there appear to be numerous
species complexes harbouring cryptic species, suggesting freshwater diversity may be higher
than previously thought. For example, based on molecular evidence, the freshwater atyid shrimp
Paratya australiensis is a complex of at least nine cryptic species (Hurwood et al., 2003; Cook et
al., 2006) while the aytid Caridina indistincta comprises five cryptic species (Chenoweth &
Hughes, 2003; Page et al., 2005a; Page & Hughes, 2007). Likewise, within the crayfish Cherax
dispar, there are likely four cryptic species (Bentley et al., 2010) while genus Tenuibranchiurus
may comprise six cryptic species (Dawkins et al., 2017). Similarly, hidden diversity has been
found in the Australian freshwater crab Austrothelphusa wasselli (Naser et al., 2018) and
freshwater mussels within the Lake Eyre and the Murray–Darling Basin rivers (Baker et al.,
2003).
Inaccurate species identification may also constrain our ability to conserve cryptic species. One
of the first steps in conservation planning is to measure and map biodiversity (Margules &
Pressey, 2000). Without identifying cryptic species and their distributions we cannot determine
their conservation status, especially vulnerable and endangered species (Witt et al., 2006;
Bickford et al., 2007; Fiser at al., 2015). For instance, if cryptic species are present within a
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broader species complex, the individual cryptic species may have different distributions; rather
than a single widespread species, there might be a number of species with narrow distributions
(Hughes, 2015). Therefore, cryptic species with limited distributions are potentially threatened,
even though they might not be recognized taxonomically (Bálint et al., 2011). Recent genetic
studies of forest dwelling frogs in Southeast Asia have demonstrated that two nominal species,
Odorrana livida and Rana chalconota, that were previously thought to be geographical
widespread, represents at least 14 separate species each with a limited distribution and
potentially increased vulnerability to extinction (Stuart et al., 2006). Similar challenges to the
conservation status of cryptic species have been found within a species complex of
microendemic frog, Leptolax sp. (Rowley et al., 2015) and in subterranean amphipods Niphargus
stygius (Delićet al., 2017).
The potential restricted spatial distributions of cryptic species within more broadly distributed
species complexes reflects the role environmental variation can play in species distributions.
Species complexes may appear tolerant and widely distributed, but this likely masks much
narrower tolerances and distributions of the component cryptic species (Macher et al., 2016a).
This has obvious implications for conservation (Bálint et al., 2011) and it may also be one of the
main obstacles in accurately estimating the impact of environmental stressors on river ecosystem
health (Otomo & van Vuuren., 2009; Macher et al., 2016a). In the context of bioassessment and
monitoring, where species differ in their responses to environmental stressors, using a single
species as a bioindicator of environmental degradation will be more reliable than relying on the
responses of a complex of species (Bickford et al., 2007). For example, the mayfly genus
Deleatidium was previously recorded as being tolerant of environmental stressors (Hickey &
Vickers, 1992, 1994; O’Halloran et al., 2008), however, recent research suggests Deleatidium
comprises numerous cryptic species, which differ in their distributions across degraded streams,
suggesting different tolerances to environmental stressors (Macher et al., 2016a). Deleatidium is
one of the most commonly used bioindicators of stream condition in New Zealand, an inability to
identify cryptic species within this genus could lead to inaccurate conclusions from
bioassessment and monitoring (Macher et al., 2016a). Likewise, the aytid shrimp species
complexes of Caridina indistincta and Paratya australiensis have been used as test organisms in
eco-toxicological research (Brown et al., 2000; Phyu et al., 2005). The presence of cryptic
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species within these complexes, each potentially with different environmental tolerances, may
make the interpretation of eco-toxicological results complicated and potentially inaccurate.

1.3 Environmental gradients and biodiversity
Globally, as a result of the threats outlined above, the environmental conditions of many
freshwater ecosystems are rapidly deteriorating (Trombulak & Frissell, 2000; Rahel, 2002;
Nilsson et al., 2005; Ricciardi & MacIsaac, 2011; Elosegi & Sabater, 2013). A major factor in
this deterioration is a decline in water quality (Yi et al., 2018), which directly impacts benthic
macroinvertebrate

diversity.

The

influence

of

water

quality

changes

on

benthic

macroinvertebrate diversity reflects changes in the physical and chemical parameters of water
such as temperature, pH, conductivity, nutrient concentrations and dissolved oxygen (Araujo et
al., 2009) that have negative impacts on aquatic organisms (Aschonitis et al., 2016). Comparative
studies of species presence and abundance combined with measures of abiotic factors can help
determine the influence of environmental variables on species distributions (Rundle & Nosil,
2005). Environmental variables at the local scale, such as stream depth, can affect the occurrence
of species as depth will be related to the availability of refuge sites during drought (Rundle &
Nosil, 2005). While at larger scales, the effect of environmental variables along an altitudinal
gradient may affect the distribution of species along a river continuum (Hodkinson, 2005).
Water quality can vary over large spatial scales but also more locally between river reaches
(Sheldon & Fellows, 2010). A recent publication on the effects of abiotic variables on aquatic
macroinvertebrate diversity and functional feeding group structure, suggested that the
concentrations of ammonium, nitrates and phosphates were significant factors in explaining
variation in freshwater biodiversity at the regional scale (Camargo & Alonso, 2006; Singer &
Battin, 2007), particularly the larval and juvenile stages of some freshwater taxa such as mussels
that are highly sensitive to elevated concentrations of ammonia (Augspurger et al., 2003; Keller
et al., 2007). Nutrient concentrations are likely to increase regionally in rivers due to increases in
agricultural activity (Shaviv & Mikkelsen, 1993). Likewise, there are often regional increases in
conductivity across rivers and streams resulting from land-use change (Sheldon et al., 2012), and
even a small increase in conductivity can impact macroinvertebrate diversity (Hutchinson, 1967;
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Therriault & Kolasa, 1999; Scheibler & Ciocco, 2011) through two main mechanisms (i) toxicity
from osmotic stress where organisms are unable to physiologically regulate their ion balance
when conductivity increases or (ii) specific-ion toxicity where changes in specific ions in the
environment can impact internal homeostasis and potentially cause impaired cellular function
(Soucek, 2007; Weber-Scannell & Duffy, 2007). At smaller spatial scales, both water
temperature and dissolved oxygen can vary reflecting local land-use and riparian tree cover as
well as organic pollution and increased levels of primary production (Sheldon et al., 2012). Thus,
changes in water quality parameters are known to influence biotic diversity and survival of
macroinvertebrates (Hutchinson, 1967; Cao et al., 1996; Giller & Malmqvist, 1998).
In aquatic ecosystems, heavy metal pollution is also of concern (Iwasaki et al., 2009; Bentum et
al., 2011; Bere et al., 2016; Qu et al., 2017) and is increasingly a threat to biodiversity (Zhang &
Shao, 2013), due to the environmental persistence and high toxicity of these elements (Leslie et
al., 1999). Benthic sediments in freshwater systems act as sinks for heavy metals (Yi et al., 2011)
and because of their high environmental persistence they can remain in the sediment for very
long periods of time (Li et al., 2000). These accumulated concentrations may pose severe threats
to benthic macroinvertebrates that in turn expose biota at higher trophic levels to hazardous
metal concentrations (Bentum et al., 2011). Accordingly, many studies have tested the impacts of
exposure to heavy metals on aquatic biota and have demonstrated that even with low-doses of
heavy metals; exposure may cause cascading effects in exposed organisms, including
histological alterations in primary tissue, physiological, and biochemical processes (White &
Rainbow, 1986; Kaliamurthy et al., 1994; Zieritz et al., 2016).
In summary, as the sensitivity of different biota to environmental factors differs between species,
freshwater macroinvertebrates are commonly used to assess the condition of the environment and
can provide an early warning signal about changes in ecological status (Haslett, 2007). However,
although the presence and abundance of stream macroinvertebrate species can be used as an
important ecological indicator of ecosystem condition (Qu et al., 2010), the complication of
cryptic species complexes within most taxonomic groups means the validity of these assessments
may be compromised (Jackson et al., 2014).
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1.4 Tools for identification of biodiversity
Species represent fundamental units of ecological communities (Jackson et al., 2014) and are the
building blocks of environmental structure (Jackson et al., 2014; Hajibabai et al., 2011),
therefore reliable species identification and description is important in many research fields,
including biodiversity assessments (Monaghan et al., 2005). For many groups of freshwater
invertebrates, however, an understanding of species level diversity using morphological
taxonomy is poor (Hajibabai et al., 2011; Jackson et al., 2014). One of the major limitations is
that species identification keys are often ineffective for the larval stages of aquatic invertebrates
which are the dominant life form collected in freshwater ecosystems (Hebert et al., 2003). In
addition, discrimination of species based only on morphological characters is not an easy task
and requires highly trained taxonomists (Hebert et al., 2003). Few laboratories have taxonomists
with sufficient levels of expertise to identify many aquatic invertebrates to species level (Hebert
et al., 2003). Furthermore, the high variability of some morphological traits, due to phenotypic
plasticity, can often hamper species identification (De Grave, 1999; Daniels et al., 2003; von
Rintelen & Cai, 2009; Haag, 2012; Phiri & Daniels, 2014). Moreover, the prevalence of cryptic
species in many groups of organisms also poses a serious challenge for morphology-based
identification (Bickford et al., 2006). For these reasons, particularly in cases where there are
cryptic species and phenotypic plasticity, it is difficult to apply morphology-based
identifications, which can lead to both over and underestimates of species diversity (Inoue et al.,
2014).
In the past decade much work has been done to discover and develop alternative techniques for
the identification of freshwater taxa, particularly the use of molecular approaches such as DNA
barcoding (Ebach & Holdrege, 2005; Meier et al., 2006). DNA barcoding, is a useful method of
species identification, using sequences of approximately 650 bp of the mitochondrial COI gene
(Hebert et al., 2004). This DNA-based approach can be used to identify unknown species within
a freshwater ecosystem by comparing the query sequence from the collected specimen with an
identified DNA barcode available online (e.g. GenBank and Barcoding of Life Datebase
(BOLD)) which is based on described species (Meier et al., 2006; Ratnasingham & Hebert,
2007). Mitochondrial DNA (mtDNA) is useful due to several characteristics: generally high
substitution rates, lack of introns, large copy numbers in each cell, and an almost exclusive
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maternal and haploid inheritance with no recombination (Ballard & Rand, 2005; Bernt et al.,
2013). Within the mitochondrial genome, the mitochondrial cytochrome c oxidase subunit I
(COI) gene is preferentially used because of its relatively high rate of molecular evolution and
lack of insertions or deletions relative to ribosomal genes, and the availability of robust universal
primers (Hebert et al., 2003).
The efficiency of a barcoding gene in species delimitation depends on the separation between
intra- and interspecific divergences (Hebert et al., 2003). According to the approach, genetic
distances have to be generally smaller (mostly by an order of magnitude) than interspecific
genetic distances. This provides the basis for species delimitation (Meier et al., 2008). Methods
that have been developed to delimit species utilizing single locus data including barcode gap
detection (Puillandre et al., 2011; Lefebure et al., 2006; Hebert et al., 2004) or phylogenetic trees
(Pons et al., 2006; Zhang et al., 2013).
DNA barcoding is useful for both distinguishing between different species and for identifying
new species (Hebert et al., 2003; DeSalle et al., 2005); however, its use as a taxonomic tool has
also been criticised (Moritz & Cicero, 2004; Will & Rubinoff, 2004; Taylor & Harris, 2012;
Krishna Krishnamurthy & Francis, 2012). One criticism relates to the lack of a complete
database of voucher specimens with which to compare a test sequence (Moritz & Cicero, 2004).
Others argue that there is a lack of a common distance threshold for species delimitation, as
levels of variation between phylogenetic groups vary (Will & Rubinoff, 2004; Wang et al.,
2011). Finally, delimitation of species depending on a single locus can be problematic due to
incomplete lineage sorting, heteroplasmy, introgression or ‘young’ species showing no variation
at COI (Costa et al., 2007).
Despite these constraints, DNA barcoding has become a popular tool that provides valuable
information regarding species recognition, solving the problem of cryptic species and correcting
the misdiagnosis that has occurred using traditional morphological approaches (Mallet &
Willmott, 2003; Shackleton & Rees, 2016). When dealing with species complexes, initial
identification of distinct species using these genetic techniques provides a framework for
morphological studies; when this occurs, previously cryptic species may display minor
morphological differences based on either morphological characters or morphometric analyses
(Page et al., 2005a; Lajus et al., 2015; Shih et al., 2018, Naser, 2018, Yasser et al., 2018).
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In general, advanced morphometric analyses have successfully been used in morphological
discrimination among one, or a few, closely related species of freshwater taxa, such as crayfish
(Bertocchi et al., 2008; Haddaway et al., 2012). Such methods have also been employed to
explicitly explain intra-specific morphological variations (De Grave, 1999; Kapiris & ThessalouLegaki, 2001) and to elucidate the effects of habitat fragmentation on morphological characters
of populations (Tzeng et al., 2001; Tzeng, 2004). Morphometrics is usually conducted by
analyzing variation in the shape and size of a number of specific morphological traits within and
between taxa that have been identified as distinct using molecular data (Dryden & Mardia,
1998); morphometric traits include linear distances, ratios, and counts for a specific character
(e.g., number of teeth on rostrum) (see Chapter 2, Fig. 2.3). The differences in these
measurements within and among samples are then assessed using statistical analyses such as
ANOVA (Zar, 1984) or multivariate techniques (eg. Principal Component Analysis (PCA)
(Lajus et al., 2015) and Discriminant Function Analysis (DFA)) (Adams et al., 2004).

1.5 Study species
There are currently seven families of freshwater shrimps (De Grave et al., 2014), of which the
family Atyidae is one of the most numerically dominant (De Grave et al., 2015). Together with
the family Palaemonidae it represents approximately 97.4% of all freshwater shrimp species in
the world (De Grave et al., 2015). Globally, the family Atyidae contains 42 extant genera with at
least 469 species described (De Grave & Fransen, 2011), in addition to a fossil genus Delclosia
(De Grave et al., 2009). Atyid freshwater shrimps (Crustacea: Decapoda: Caridea: Atyidae) that
belong to this ancient family are widely distributed throughout the world, bar Antarctica. Bruce,
(1992) noted that the important identifying feature of the family is the hair like setae at the ends
of their chelae (claws) that they usually use in scraping food particles from stone and vegetation.
Atyid shrimps in Australia are relatively small (Davie, 2002) and are found in most types of
freshwater environments including creeks, lakes and caves (Davie, 2002). According to Lai &
Shy (2009) freshwater atyid shrimps can be divided into two groups depending on differences in
their life-history strategies: (1) species with few large eggs that lack planktonic larval stages and
live in freshwater habitats for their entire life; and (2) species with many small eggs that produce
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planktonic larvae that develop in brackish water estuaries (Amphidromy: McDowall, 2007;
Bauer, 2013).
Atyids are important components of stream food webs in tropical freshwater ecosystems (Yam &
Dudgeon, 2006) because they play an important role in freshwater habitats and serve as
intermediate consumers, linking production of periphyton and detritus with higher trophic groups
in the food chain (Frederick & Spalding, 1994). Furthermore, atyid shrimps are of economic
importance where numerous species are used for food (Holthuis, 1980) or for the aquarium trade
(De Grave et al., 2015). In addition to their ecological and economic importance, atyid
freshwater shrimps have also been used in aquatic toxicity testing for pesticides, including
Paratya australiensis (Olima et al., 1997; Phyu et al., 2005) and species within Caridina
(Hughes et al., 1992; Brown et al., 2000; Sucahyo et al., 2008; Mensah et al., 2012) as they are
quite sensitive to pollutants (Vera et al., 2014; Bain et al., 2016).
In Australia, the Atyidae consists of eight genera (Choy & Horowitz, 1995; Davie, 2002). These
genera can be divided into two groups: four genera are epigean (surface), while another four
genera are hypogean (underground) (Page et al., 2007a). Epigean genera include: Caridina H.
Milne Edwards, 1837, which is widely distributed in the Indo-Pacific (Page et al., 2007b);
Paratya Miers, 1882, considered an anti-tropical genus (Page et al., 2005b); Caridinides Calman,
1926, a genus endemic to northern Australia (Smith & Williams, 1982); and Australatya a genus
endemic to eastern Australia (Chace, 1983). Three of these epigean genera (Decapoda: Atyidae:
Paratya, Caridina & Australatya) are common in eastern and southern Australia in lotic systems
and used as bioindicators in bioassessment studies (Cook et al., 2008).
There is ample evidence that atyid shrimps such as the species complexes Caridina indistincta
and Paratya australiensis harbor a number of cryptic species (C. indistincta: Chenoweth &
Hughes, 2003; Page et al., 2005a; Page & Hughes, 2007a,b; P. australiensis: Cook et al., 2006)
some of which occur sympatrically (P. australiensis: Hughes et al., 2003; Cook et al., 2007; C.
indistincta: Chenoweth & Hughes, 2003; Page et al., 2005a) and are reproductively isolated (P.
australiensis: Cook et al., 2007; C. indistincta: Chenoweth & Hughes, 2003). Thus, this project
will focus on cryptic species within the species complexes of Caridina indistincta and Paratya
australiensis.
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Caridina indistincta is widely distributed in rivers and lakes of eastern Australia (Page &
Hughes, 2007a). Recent research using morphological and genetic analyses has shown that the
described taxon C. indistincta is a complex of at least five species (sp. A, sp. B, sp. C, sp. D &
sp. E) (Page et al., 2005a) with some evidence of lineages within these species (Chenoweth &
Hughes, 2003; Page & Hughes, 2007a, Page & Hughes, 2007b). These species of the C.
indistincta complex have large differences in the extent of their geographic distribution,
population structure and intra-specific divergence (see Page & Hughes, 2007a). Caridina
indistincta sp. A, sp. C and sp. E, are less widely distributed than C. indistincta sp. B and D,
which both have very wide distributions (see Page & Hughes, 2007a,b). The broad distributions
of some of these species suggests a strong ability to disperse and adapt to a wide range of
habitats and environmental niches, but it is still unclear what effect ecology and water quality
variables have had on the current distribution of the different cryptic species within each species
complex in Southeast Queensland (SEQ).
Paratya australiensis Kemp, 1917, is a small freshwater shrimp that is widely distributed in
eastern Australia (Williams & Altmann, 1980); however, it represents a complicated complex of
at least nine cryptic species in south eastern Australia (Cook et al., 2006) and so is an excellent
model to provide insight into species-specific tolerances to environmental variables that might
limit the distribution of these cryptic species. Members of this species complex often occur in
sympatry with species of the genus Caridina. Paratya is morphologically very similar to
Caridina but can be distinguished by the presence of a supra-orbital spine (Choy & Horowitz,
1995). Despite lineages of this species complex having been used extensively in previously
genetic studies (e.g., Hughes et al., 2003; Hurwood et al., 2003; Baker et al., 2004; Cook et al.,
2006, 2007; Garzon, 2009; Fawcett et al., 2010; Wilson et al., 2016), their ecological
differentiation and their tolerances to metal pollution have not been studied either in the field or
in experimental studies.
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1.6 Study aims and thesis structure
Although there have been several genetic and ecological studies conducted on freshwater
shrimps from the Caridina indistincta and Paratya australiensis species complexes in Southeast
Queensland (SEQ), none have focused on the influence of environmental variables on the
geographic distribution patterns of each cryptic species or on their habitat requirements and
tolerances to stressors. Specifically, this project will examine the effect of environmental factors
on the distribution of the cryptic species within these species complexes in SEQ. This study is
based on previous studies that have shown that species and even closely related taxa can have
different tolerances to environmental variables (Cranston, 1990; Schmidt-Kloiber & Nijboer,
2004; Feckler et al., 2012) and in addition to non-cryptic species, cryptic species can also have
different biological reactions to stressors (Soucek et al., 2013; Fiser et al., 2015; Macher et al.,
2016a).
The thesis comprises three data chapters, each building from the results presented in the previous
chapter.
Chapter 2 uses a large macroinvertebrate and water quality dataset from across SEQ, and a
combination of morphological and genetic techniques for species identification of the cryptic
species within the Caridina indistincta and Paratya australiensis complexes, to explore how
much variation in cryptic species distribution can be explained by environmental variation at a
large spatial scale. An integration of DNA barcoding, morphometrics, water quality variables
and elevation information is employed to address the above question. This chapter tested the
hypothesis that; “as the taxa have contrasting distributions, their responses to water quality and
elevation parameters are expected to differ as well”.

This chapter has been published as a manuscript:
Yasser, A.G., Sheldon, F. & J.M. Hughes (2018) Species response of two cryptic species
complexes of atyid shrimp: spatial distributions and environmental relationships. Ecosphere
9(8) e02388 https://doi.org/10.1002/ecs2.2388
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Chapter 3 builds on the results from Chapter 2 by selecting a smaller number of sites from
across the environmental variation gradient and more intensively sampling for aytid shrimps.
Using the morphometrics identified to delineate the cryptic species in Chapter 2, the absolute
abundance of each species in each replicate sample from each site is determined. However,
despite morphometric measures successfully distinguishing between cryptic species in Chapter
2, the extent of morphological persistence in these characters has not been determined, and thus
the species remain essentially morphologically cryptic, so the identity of a subset of each
morphometrically determined species is verified using genetic techniques, to give an estimate of
relative abundance for each species. These measures of cryptic species abundance (absolute and
relative) at each site are then used to explore how much variation in species distribution could
be explained by an expanded set of environmental variables.
This chapter tested the hypothesis that “as cryptic species are phylogenetically divergent, their
ecological niches, and therefore environmental tolerances, are expected to diverge as well”.

This chapter has been prepared as a manuscript for submission.

Finally, Chapter 4 uses the results from Chapter 3 that highlight which heavy metals are likely
having an impact on the distribution of cryptic species within the species complexes of C.
indistincta and P. australiensis to explore differential tolerances to heavy metal pollution. In
this chapter only two of the cryptic species of each atyid freshwater shrimp complex are chosen
for experimental testing of heavy metal tolerance. These are C. indistincta sp. A and sp. D and
P. australiensis Lineages 4 and 6. This chapter uses the above species as test organisms in a
laboratory exposure experiment. This chapter tested the hypothesis that “there are differences
among cryptic species of Caridina and Paratya in their sensitivity to some heavy metals”.

This chapter has been prepared as a manuscript for submission.
Chapter 5 synthesizes the results from the three data chapters into a General Discussion.
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2 Spatial distributions and environmental relationships of two
species complexes of freshwater atyid Shrimps
2.1 Abstract
Knowledge of cryptic species distributions and their relationships with environmental factors
may be extremely valuable for biodiversity conservation. In freshwater ecosystems,
morphologically cryptic species often have different geographic distributions that can overlap to
varying extents. The importance of differential species responses to environmental conditions in
determining their spatial distributions is, however, unclear. Here, we evaluated the importance
of species responses to environmental drivers, in particular the physicochemical factors, in the
spatial distributions and environmental relationships of cryptic freshwater shrimps within two
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 individuals. 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 of orbital 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 summarise 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 lineage 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.
Key words: abiotc variables, COI, environmental relationship, freshwater cryptic species,
morphometric technique, spatial distribution.
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2.2 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 species
(Baker et al., 2004; Bickford et al., 2007; Weiss et al., 2014; Katouzian et al., 2016). The
presence of sympatric cryptic taxa poses a range of interesting ecological questions; such as,
what are the mechanism(s) that allow cryptic species of the same complex to co-exist in the same
locality (Gabaldon et al., 2017) and do cryptic species show differential responses to
environmental factors (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 distributions (e.g., Ortells et al., 2003; Xiang et al., 2011). The presence of cryptic
diversity also has implications for conservation, especially in the case of endangered taxa (Fišer
et al., 2015). For example, a species complex may appear to be geographically widespread, but
embedded cryptic species may have limited distributions and could potentially be threatened
(Bálint et al., 2011). Neglecting 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 gradients and species diversity (Esteban & 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 collector-gatherers they process both organic material and
algal biomass (Pringle et al., 1993; Pringle & Blacke, 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
addition 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 Aytidae, particularly the Caridina
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indistincta and Paratya australiensis complexes (Page & Hughes, 2007a; Cook et al., 2006). The
freshwater shrimp C. indistincta Calman, 1926 (Crustacea: Decapoda: Atyidae) is actually a
species complex that is widely distributed in rivers and lakes of eastern Australia suggesting
adaptations to a diverse array of aquatic regimes (Page & Hughes, 2007a); the C. indistincta
species complex comprises at least five genetically distinct species (known as sp. A, sp. B, sp. C,
sp. D & sp. E) (Page et al., 2005a). Similarly, the P. australiensis complex comprises nine
cryptic species (Cook et al., 2006), also widely distributed in eastern Australia, and inhabiting
diverse habitats, including streams, rivers and estuaries (Walsh, 1994; Hancock & Bunn, 1997).
Many species are 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 the marine environmente (Hughes, 2015). One form of diadromy
is amphidromy, in which species 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 development) are important factors determining their
distributions (Hayashi & Hamano, 1984). The broad geographic distributions of the two species
complexes of C. indistincta and P. australiensis provide an opportunity to explore if broad
differences in the distribution of cryptic freshwater species reflect differences in the species
responses to various water quality variables.
Despite the number of genetic and ecological studies focused on cryptic species of C. indistincta
and P. australiensis (e.g. Hancock 1998, Baker et al. 2004, Page & Hughes 2007a), no study has
explored relationships between cryptic species distributions and environmental water quality,
and it is still unclear why the cryptic species of the these species complexes differ in their
distribution patterns within South-East Queensland. Lack of such information is one of the
obstacles potentially restricting their conservation.
To explore this question, an integrative approach combining molecular tools, morphology and
ecology is required (Lapointe & Rissler, 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
questions (i) what is the extent of the geographical distribution of the two cryptic shrimp species
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complexes?; and (ii) are there significant relationships between cryptic species distributions and
background water quality variables?
Molecular analysis was initially used to identify individuals to species. We then used this
information to test the ability of traditional morphometric analysis to distinguish between the
cryptic species. Once species identity was confirmed, we mapped the spatial distribution of each
of the cryptic species and examined relationships between cryptic species distribution and
background environmental variation, specifically water quality parameters and elevation.

2.3 Materials and methods
2.3.1 Sampling sites and specimen collection
Shrimp specimens were collected using a dip net with a 3.5-10 m sweep, as part of the SouthEast Queensland Ecosystem Health Monitoring Program (EHMP) (see Bunn et al., 2010;
Sheldon et al., 2012). The dataset included samples collected from 89 sites across 17 catchments.
Samples were collected during the austral autumn (November) in 2005 and preserved in absolute
ethanol (Fig. 2.1 & 2.2). The dataset also included background water quality variables (see Bunn
et al., 2010; Sheldon et al., 2012) and site specific characteristics related to catchment,
coordinate and stream class (Appendix S1: Table SI & S2). Specimens were initially classified to
genus, Caridina or Paratya using a stereo-optical microscope. Where possible, species
designations within Caridina were assigned using the species-level identification key created by
Dr. Satish Choy (Page et al., 2005a).
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Figure 2-1: Map showing the sampling locations for three cryptic species of the Caridina indistincta species
complex that were included in this study. More information about the site names, catchments and coordinates of
collection sites are presented in Appendix S1: Table S1

Figure 2-2: 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 are
presented in Appendix S1: Table S2
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2.3.2 DNA extraction, polymerase chain reaction (PCR) and sequencing
For molecular identification, DNA was extracted from pleopods of 220 shrimp specimens using
a commercial QIAamp Tissue Kit (QIAGEN, Hildon, Germany).
For the PCR, we amplified a fragment of cytochrome oxidase subunit I (COI) using the
following protocol with PCR mastermixes totalling 12.5 μL and consisting of: 1.25 μL of 10x
polymerase reaction buffer, 2 mM of MgCl2, 0.4 μM of forward primers, 0.4μM of reverse
primer, 0.2 mM of dNTPs, 0.275 Unites white Taq polymerase, 0.5 μL of template DNA and the
rest ddH2O. For DNA sequencing of Caridina specimens, we used CDCO.La (Page, 2006) 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 Caridina
individuals were initial denaturation at 94ᵒC for 3 min; 15 cycles of denaturation at 94ᵒC for 30s,
annealing at 40ᵒC for 30s, extension at 72ᵒC for 60s; and then 25 cycles of 94ᵒC for 30s, 55ᵒC
annealing temperature for 30s, 72ᵒC for 60s; and final extension at 72ᵒC for 7 min, and finally
hold at 4ᵒC, whilst the cycling conditions for COI of Paratya specimens were as follows: 94ᵒC, 3
min; 40X (94ᵒC for 30s, 50ᵒC for 30s, 72ᵒC for 30s); 72ᵒC for 7 min, hold at 4ᵒC. Afterwards, all
PCR products were visualized on agarose gels to determine if the PCR amplification was
successful and to detect possible contamination using a negative control. Before sequencing,
PCR products were purified enzymatically with 0.25 μL of Exonuclease 1 (Exo) and 1 μL of
Shrimp Alkaline Phosphatase (Thermo Fisher Scientific, Waltham) by an incubation step at 37ᵒC
for 35 min followed by a step at 80ᵒC for 20 min. Finally, PCR amplicons were subsequently
sent in individual tubes/plates with the relevant forward primers for sequencing at Macrogen Inc.
in Seoul, South Korea.
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2.3.3 Morphological identification and measurement
Each individual of C. indistincta and P. australiensis was examined morphologically. 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, China) mounted on a
stereomicroscope. The resulting microphotographs were treated with ToupView software v3.6
(image processing application Toup View) to measure eight morphological characters (Table 2.1;
Fig. 2.3), 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 (i) rostrum length to carapace length
ratio (rl/cl), (ii) rostrum height to carapace height ratio (rh/ch), (iii) carapace height to carapace
length ratio (ch/cl), and (iv) armed part of rostrum length to total rostrum length ratio (A/rl).
Table 2-1: List of morphological variables measured on each individual
Structure
Carapace

Variables
1. Carapace length

Abbr.
Cl

Rostrum

2.

Armed part of rostrum length to rostrum
length ratio

A/rl

3.

Rostrum length to carapace length ratio

rl/cl

4.

Rostrum height to carapace height ratio

rh/ch

5.
6.

Carapace height to carapace length ratio
Number of teeth on dorsal margin
(Dorsal teeth)
Number of teeth on ventral margin
(Ventral teeth)

ch/cl
nDt
nVt

Rostrum length from the orbital margin to
the tip of rostrum
Carapace height from the third pereiopod to
the tip
Including frontal–orbital teeth but not apical
teeth
-

Number of teeth posterior to orbital
margin

TPOM

Including post-orbital teeth

7.

8.

Remarks
Laterally, from the orbit to the posterior
margin
Armed part of rostrum covered with dorsal
teeth
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Figure 2-3: Diagram showing the morphological measurements that were taken on cryptic species and / or lineages:
(A) 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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2.4 Data analysis
2.4.1 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 ClustalW (Thompson et al., 1997). The alignment was cropped
to a final length of 450 bp (COI) for species of the C. indistincta species complex and to 430 bp
for P. australiensis, so that all sequences were of equal length. The tree constructed for C.
indistincta species contained 50 sequences, while the one for P. australiensis contained 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 NeighbourJoining (NJ) phylogenetic tree for each species complex in MEGA 7 (Kumar et al., 2016) using
Kimura 2 distance (Fig. 2.4 & 2.5). Support for the nodes was assessed using bootstrapping
(Felsenstein, 1985), with 1000 bootstrap replicates. As we were only concerned with allocating
individuals to species and/or lineages, a more complex phylogenetic analysis was deemed
unnecessary.
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Figure 2-4: Neighbor-joining tree (NJ) of the phylogenetic relationships among COI sequences (450bp) for three
cryptic species of the Caridina indistincta. Bootstrap support values above node were calculated with 1000
repetitions. Only bootstrap support values with ˃ 50 are shown. 0.02 value is evolutionary distance computed using
K2P. DQ478453 reference sequences from Page et al (2007b) were added to sequences of this study, whereas
AY795001, AY795014 and AY795029 reference sequences were from (Page et al., 2005a).

24 | P a g e

Figure 2-5: Neighbor-joining tree (NJ) of the phylogenetic relationships among COI sequences (430bp) for two
lineages 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 were computed
using K2P. *Pa9 (AF534902) and **Pa1 (AF534894), reference sequences (Hurwood et al., 2003) was added to
sequences of this study, whereas, AY308175, AY308124, AY308172, AY308126, AY308151, AY308171,
AY308146 reference sequences were from Cook et al. (2006).
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2.4.2 Morphological analysis
Box plots of each measured morphological variable and calculated ratio for each cryptic species
in the complex were produced (Fig. 2.6). Data normality was tested using a Shapiro-Wilk test
(Sokal & Rohlf, 1995) and showed a significant deviation from normality (P < 0.05).
Consequently, Kruskal-Wallis tests (Kruskal & Wallis, 1952) were used to test for significant
differences in the mean rank values of each morphological measurement and calculated ratio’s
among cryptic species for both complexes. Dunn’s nonparametric multiple comparison test
(Dunn, 1964) was then used to explore significant differences between pairs of cryptic species
based on the complete morphological 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 Component 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 species. Additionally, Discriminant Function Analysis
(DFA) was used to determine if individuals could be correctly assigned to their genetic species
based on the morphological measurements. Box plots, Kruskal-Wallis tests, and Dunn’s test
pairwise comparisons were performed 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).
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2.4.3 Relationships with environmental variations
Using the water quality data (pH, conductivity, 24 hour dissolved oxygen minimum, 24 hour
dissolved oxygen range, 24 hour temperature maximum and 24 hour temperature range)
collected in the austral autumn, 2005, from the EHMP dataset (Bunn et al., 2010) for each site
where aytid shrimps were collected, the range (min-max), mean and standard deviation were
calculated. Values for water quality variables values were normalized using a log10
transformations, after rejecting normality of distributions (Shapiro-Wilk test, p ˂ 0.05) using
Paleontological Statistics (Past) version3.17 (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 (i) significant relationships between
species presence and environmental drivers, and (ii) to highlight potential differences in speciesspecific 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 less than 2.5 standard deviation units, so a linear model, redundancy analysis (RDA)
was deemed to be more appropriate for this study (ter Braak & Šmilauer, 2002).
Finally, a forward selection procedure was implemented in the analysis, to identify the
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
significant correlations (p ˂ 0.05) were incorporated into the final analysis. The DCA and RDA
were performed using CANOCO version 4.5 (ter Braak & Šmilauer, 2002).
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2.5 Results
2.5.1 Morphological and molecular differences
More than 200 COI sequences for the species complexes of C. indistincta and P. australiensis
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 species complex aligned with four sequences
retrieved from Genbank based on Page et al. (2005a) and Page et al. (2007b), 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). 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 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, whilst the fourth clade represented C.
indistincta sp. C using a sequence from a former study (Page et al., 2005a). The two cryptic
species C. indistincta sp. A and sp. B, clustered together as sister species, while C. indistincta sp.
D was divergent from both sp. A and sp. B (Fig. 2.4).
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), whilst 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. 2.5).
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 measurement and associated ratio was
calculated (Table 2.2 & 2.3). Morphological characters for the three cryptic species (sp. A, sp. B
and sp. D) identified genetically as part of the C. indistincta species complex were visually
compared using box plots (Fig. 2.6A-H). Generally, Kruskal-Wallis tests suggested significant
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differences among the three cryptic species for carapace length (cl) (P < 0.05), number of dorsal
teeth (nDt) (P < 0.0001), number of ventral teeth (nVt) ((P < 0.001), teeth posterior of orbital
margin (TPOM) (P < 0.0001), and the calculated ratios A/rl, and rl/cl (P < 0.001) (Table 2.2).
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 morphological traits including; carapace length (cl) (Bonferroni 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 corrected, p ˂ 0.001). C.
indistincta sp. B was distinguished from C. indistincta sp. D based on number of ventral teeth
(nVt) (Bonferroni corrected, p ˂ 0.001), teeth posterior to orbital margin (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 length 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. Individuals of C. indistincta sp. D had the greatest values for nVt, rl/cl
and ch/cl compared with other species.
Morphological characters for the two lineages (4 and 6) in the P. australiensis species complex
were also visually compared using box plots (Fig. 2.6I-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 2.3). P. australiensis
lineage 6 had the greatest values for cl, nDt, TPOM, A/rl, rl/cl and rh/ch, whereas individuals of
P. australiensis lineage 4 had the greatest values of ch/cl.
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Table 2-2: Summary of traditional morphometric measurements for three cryptic species of C. indistincta and
results of the Kruskal-Wallis tests. Significant values are labeled with Bold.
Traits

C. indistincta sp. A
(n=11)
Range
Mean ±SD

C. indistincta sp. B
(n=22)
Range
Mean ±SD

C. indistincta sp. D
(n=20)
Range
Mean ±SD

Between species

3.13-4.71

3.6±0.46

2.31-4.92

3.5±0.7

2.07-3.81

3.07±0.44

Chisquare
7.44

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

cl (mm)

P value
˂ 0.05

Table 2-3: Summary of traditional morphometric measurements for two lineages of P. australiensis and results of
the Kruskal-Wallis tests. Significant values are labeled with Bold.
Traits

P. australiensis Lin. 4
(n=15)
Range
Mean ±SD

P. australiensis Lin. 6
(n=121)
Range
Mean ±SD

Between lineages
Chi-square

P value

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-.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

cl (mm)
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Figure 2-6: Boxplots showing the median (line), 25th and 75th percentiles (box), 10th and 90th percentiles
(whisker) and range (points) for each morphological index for each cryptic species of the two complexes; A, B, C,
D, E, F, G, and H boxplots for the morphometric analysis of C. indistincta complex; A, C. indistincta sp. A; B, C.
indistincta sp. B; and D, C. indistincta sp. D, while I, J, K, L, M, N, O, and P; boxplots for the morphometric
analysis of P. australiensis, lineage 4 and lineage 6. Abbreviations: Cl-carapace length; nDt-number of dorsal teeth;
nVt-number of ventral teeth; TPOM-teeth posterior of orbital margin; A/rl- the armed part of rostrum length to total
rostrum length ratio; rl/cl-the rostrum length to carapace length ratio; rh/ch- the rostrum height to carapace height
ratio; ch/cl- the carapace height to carapace length ratio.
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Principal Components Analysis (PCA) 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 variation and was correlated with teeth posterior to orbital margin (TPOM)(-50%), and
number of ventral teeth (nVt)(84%) (Table 2.4; Fig. 2.7A). In the PCA ordination plot there was
minor overlap of individuals 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 morphological traits.
PCA Analysis of the morphometric data from the P. australiensis species complex 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 23.93% of the
total variation and was correlated with carapace length (cl)(24%) and number of ventral teeth
(nVt) (95%) (Table 2.5; Fig. 2.7B). Again, although there was considerable overlap in the PCA.
Discriminant function analysis (DFA) suggested that 92.7% of individuals could be assigned to
the correct species based on morphology.
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Table 2-4: Result of Principal Component Analysis (PCA) of C. indistincta species complex. Morphological traits
that contributed most to PC1 and PC2 are shown in Bold.
Morphological variables

Abbreviations

PC1

PC2

Carapace length

Cl

0.1

-0.1

Number of dorsal teeth

nDt

0.98

0.17

Number of ventral teeth

nVt

-0.12

0.84

Number of teeth posterior to orbital margin

TPOM

0.103

-0.5

Armed part of rostrum length to the total rostrum length ratio

A/rl

0.04

-0.05

Rostrum length to carapace length ratio

rl/cl

-0.02

0.08

Rostrum height to carapace height ratio

rh/ch

0.00001

0.001

Carapace height to carapace length ratio

ch/cl

0.01

0.014

80.66

19.34

6.2

1.5

% of Variance
Eigenvalue

Table 2-5: Result of Principal Component Analysis (PCA) of P. australiensis species complex. Morphological
traits that contributed most to PC1 and PC2 are shown in Bold.

Morphological variables
Carapace length (mm)
Number of dorsal teeth
Number of ventral teeth
Number of teeth posterior to orbital margin
Armed part of rostrum length to the total rostrum length ratio
Rostrum length to carapace length ratio
Rostrum height to carapace height ratio
Carapace height to carapace length ratio
% of variance
Eigenvalue

Abbreviations
Cl
nDt
nVt
TPOM
A/rl
rl/cl
rh/ch
ch/cl

PC1
0.02
1
0.1
-0.03
0.005
0.03
0.03
0.002
66.61
9.41

PC 2
0.24
-0.11
0.95
0.12
-0.0001
-0.009
0.0006
-0.001
23.93
3.4
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Figure 2-7: Scatter plots from Principal Component Analysis (PCA) of morphometric variation (A) Caridina
indistincta species complex: Caridina sp. A (red circle; n: 11), Caridina sp. B (green circle; n=22), and Caridina sp.
D (blue circle; n=20). (B) Paratya australiensis species complex: Paratya lineage 4 (red circle; n = 15) and Paratya
lineage 6 (blue circle; n = 121).
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2.5.2 Spatial distribution of cryptic species
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
distinct 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. indistincta sp. B and C. indistincta sp. D co-occurred in two catchments included in
this study, the upper Brisbane and Lockyer catchments. Furthermore, this data suggests 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 (Fig. 2.1; 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, wallum
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 exception being Reedy CK which was a lowland site (Fig. 2.2
and 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. 2.2; Appendix S1: Table
S2).

2.5.3 Spatial patterns in background water quality variables.
Table 2.6 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 2.6), pH values were for most study locations
between 6.5 to 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 values ˂ 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).
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For conductivity, the range was between 60 µS cm-1 to 4350 µS cm-1 for sites containing C.
indistincta and between 10 µS cm-1 to 3450 µS cm-1 for sites containing P. australiensis (Table
2.6). Conductivity values varied among sites based on catchment; the higher values, between 400
µS cm-1 to 3450 µS cm-1, were recorded for most sites of the Upper Brisbane, Stanley, Lockyer,
Bremer, and Caboolture catchments, whilst lower conductivities between 10 µS cm-1 to 400 µS
cm-1 were often recorded in sites of Tallebudgera- Currumbin, Nerang-Mudgeeraba, Pine Rs.,
Logan and Maroochy catchments. However, study locations that had conductivity values
between 500 µS cm-1 to 1200 µS cm-1 can be considered within the range reported by
Queensland Water Quality Guidelines (2009).
Finally, the 24 hour DO range for all study locations of C. indistincta and P. australiensis
complexes was 4-136.2% saturation and 3.4-184.6% saturation, respectively, whereas the range
of 24 hour DO minimum values was 0-71.9% saturation for locations containing C. indistincta
and 0-87.4% saturation for locations containing P. australiensis (Table 2.6). Generally, dissolved
oxygen concentrations varied based on catchment, with a number of locations within the Lockyer
and Upper Brisbane catchments having generally higher values for 24 hour DO ranges (43.5184.6% saturation), and some locations within the Logan and Redland catchments also having
higher values for 24 hour DO minimums (40 - 87.4% saturation).

2.5.4 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. 2.8). Elevation and dissolved oxygen
range were significantly correlated (Monte Carlo permutation test, p ˂ 0.01) with the spatial
distribution of C. indistincta sp. B and sp. D, respectively (Table 2.6), while elevation and
conductivity were significantly associated (p ˂ 0.05) with the spatial distribution of P.
australiensis lineage 4 and 6, respectively (Table 2.6). Consequently, based on the significant
correlations of variables with species 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. 2.8A & 2.8B). By contrast, five abiotic
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variables had no significant relationships with the spatial distribution of the cryptic species.
These were conductivity, maximum 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 (Table 2.6), although these variables varied considerably among sites.

Table 2-6: Results of RDAs showing significance level (Monte Carlo permutation test, p ˂ 0.05) for the influences
of each explanatory variable on species distribution. Significant values are labeled with Bold.

Variables

Elevation
Dissolved oxygen range
Conductivity
pH
Dissolved oxygen minimum
Maximum water temperature
Water temperature range

C. indistincta
P
0.001
0.007
0.206
0.644
0.556
0.264
0.893

F
31.86
5.48
1.63
0.41
0.55
1.29
0.11

P. australiensis
P
0.041
0.414
0.002
0.489
0.588
0.077
0.176

F
4.59
0.76
14.56
0.58
0.39
3.05
1.93
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Figure 2-8: Redundancy Analysis (RDA) triplot shows the relationships between measured significant
environmental variables with (A) C. indistincta complex. (B) P. australiensis complex in 89 sites sampled in SEQ.
Abbreviations: DO Range- Dissolved oxygen Range, symbols of green-triangles-sampling sites.
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For the C. indistincta complex, Figure 8A shows two significant variables (Elevation and DO
Range) associated with the cryptic species (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-environmental
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-environmental data (Fig 2.8A). Monte-Carlo
unrestricted 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 diagram), 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 Elevation and DO Range, respectively. This implies that
C. indistincta sp. B appeared to occur at higher elevation sampling sites; whilst 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 species vectors and the abiotic factor vectors, we
may conclude that C. indistincta sp. B and sp. D were slightly correlated with DO Range and
elevation, respectively. Correspondingly, C. indistincta A had highly positive scores on axis 1
(0.845) with a vector roughly opposite 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 concentrations.
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. 2.8B). Based on the Monte Carlo unrestricted
permutation test, axis 1 was statistically significant (F = 20.567, p ˂ 0.001). Figure 8B shows
that the first RDA axis is mainly positively correlated with Elevation (0.601), and negatively
with conductivity (-0.881). P. australiensis 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. australiensis 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, consequently tended to occur at low elevations and high conductivity.
39 | P a g e

2.6 Discussion
2.6.1

Genetic and morphological divergence of individuals of the two complexes

Two common species of atyid shrimps in South-East Queensland, C. indistincta and P.
australiensis are complexes of at least five and nine cryptic species, respectively, that cannot be
distinguished on morphology alone. Analysis of COI sequences of shrimp’s 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 &
Hughes, 2003; Page et al., 2005a). 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 lineage 4 and 6 (Hurwood et al., 2003; Cook et al., 2006)
(Fig. 2.5). These 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 studies (see Page et al., 2005a) that showed that the
anterior 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. (2005a), who showed
that C. indistincta 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 morphological
characters that have been used to separate species such as armature and shape of rostrum are
highly plastic in response to environmental variations (Smith & Williams, 1980), and exhibit
variations even between individuals of the same species (De Grave, 1999). Richard & Clark
(2014), however, suggested that “number of rostral 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 plastic and varies among individuals as an adaptation
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
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margin 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.
indistincta and P. australiensis.

2.6.2 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
environmental requirements. This suggestion is supported by other studies that suggest some
aquatic organisms probably have adaptive traits to environmental conditions such as physicalchemical characteristics (Berg et al., 2015; Longshow & stebbing, 2016), with these physicalchemical characteristics potentially determining spatial distribution boundaries of cryptic
species. For example, differences in species tolerance to salinity and temperature were
responsible for seasonal succession among the rotifer Brachionus plicatilis species complex
(Gómez et al., 1995), while oxygen concentrations 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: (i) the geographic distribution of the cryptic species reflects life history strategies;
different responses to environmental conditions might be displayed by species that have distinct
life history traits (Hancock, 1998; Oppliger et al., 2012); or/and (ii) the distribution patterns
could reflect the differences among cryptic species in their tolerance to background
environmental conditions (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 environmental conditions such as temperature, dissolved
oxygen, and salinity (March et al., 2001; Hodkinson, 2005; Carvajal-Quintero et al., 2015). The
background changes in environmental parameters associated with elevation gradients are likely
key in the evolution of life-history strategies (Boyle et al., 2016; Laiolo & Obeso, 2017).
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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
complexes, reflects reproductive strategies (e.g., eggs size, larval development) (Hayashi &
Hamano, 1984). Comparative studies have suggested that atyid shrimps can be classified into
three groups based on life history strategy: (i) shrimps with large eggs, small-sized clutch,
abbreviated (or direct) larval development, and low salinity tolerance are often restricted to
upland streams; (ii) shrimps with medium eggs, intermediate larval development, intermediate
salinity tolerance are often found in a wide range of freshwater systems; and (iii) 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 & Hamano,
1984; Hancock et al., 1998). Also, Page & Hughes (2007a) reported that differences in egg size
and larval development among caridean shrimp species are important determinants of life history
that can lead to differences in population structure among co-occurring cryptic species.
Besides the significant contribution of life history traits in species distribution, the tolerance of
species to variation in water quality parameters can also be reflected in their geographic
distribution. For instance, information available from laboratory 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 furthest from marine habitats (de Silva,
1987).

2.6.2.1 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 hour dissolved oxygen range. Based on previous studies, C. indistincta sp. A has medium
sized eggs (Page et al., 2005a), which might indicate a distribution across a wide range of
freshwater habitats (Hayashi & Hamano, 1984; Hancock et al., 1998). Conversely, the
geographic distributions of C. indistincta sp. B were positively 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).
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In our study, dissolved oxygen range was also associated with species distributions, being
positively correlated with the occurrence of C. indistincta sp. D. Dissolved oxygen is one of the
environmental variables likely to affect the occurrence of freshwater taxa at different elevations
(Jaramillo-Villa et al., 2010; Carvajal-Quintero et al., 2015), through its effects on species
development, behavior, growth and metabolic processes (Buisson et al., 2011) and consequently
species distributions (Carvajal-Quintero et al., 2015). According to Page et al. (2005a), C.
indistincta sp. D has small eggs, which might suggest they occurred in lowland sites. The
temperature regime of these lowland sites tends to include higher daily maxima, lower daily
minima and a greater 24 hour range (Sheldon et al., 2012) resulting in much higher dissolved
oxygen concentrations being required for the maintenance 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 distribution 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.

2.6.2.2 Environmental variation and the distribution of P. australiensis species complex
In the current work, the distribution of P. australiensis 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 association between lineage 4 and high
elevation may reflect their reproductive strategy which includes large-sized eggs (Hancock,
1998). One possible explanation for the large eggs in atyid shrimps at upland sites 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 displacement to the downstream area (Dudgeon, 1985; de Silva, 1988).
High elevation sites are also described as differing from lower elevation sites in temperature
regime (Bunn et al., 1999). This has been reported to be very important in limiting the spatial
distribution for several species (Oppliger et al., 2012), since it significantly affects survival,
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growth, and reproduction (Rhyne et al., 2009). Indeed, this has been suggested as important in
the distribution of aytid shrimps by previous authors based on laboratory experiments on the two
lineages (Fawcett et al., 2010).
Our study also revealed that P. australiensis lineage 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 & Mitchell (1995) that some populations of P. autraliensis in
southern Australia might have an amphidromous life cycle. Generally, Bauer (2013) suggested
that caridean shrimps are amphidromous species, and these species exhibit broader geographic
distributions than non-amphidromous taxa, this suggestion agrees with this study as P.
autraliensis lineage 6 had a broader geographic distribution compared with lineage 4 and is
congruent with the findings of Cook et al. (2006).

2.7 Conclusions and management recommendations:
1. We recommend the use of morphological characters as described here to identify species
and thus delineate more appropriately 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 lineages. Thereby,
morphometric assessments can be used as a supportive tool to distinguish among species
in these species complexes, 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 important to combine both morphological and genetic
characters when identifying cryptic species particularly within other groups of species
complexes.
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2. Considerable insight can be gained from exploring differences in geographic distribution
patterns of cryptic species and their environmental relationships; because this will
contribute essential knowledge about the cryptic species status and will be useful in
contributing 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 coexist in the same localities (e.g. Leibold & McPeek,
2006; Nicholls & 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 further ecological studies need
to be conducted at a fine spatial scale and an effort should be focused to explore the
mechanisms responsible for co-occurrence of cryptic species of both species complexes
studied.
4. Finally, precise knowledge of the distributions and tolerances of cryptic species is crucial
for developing comprehensive biomonitoring programs and biodiversity assessments
(Macher et al., 2016a).
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3 A fine scale assessment of the drivers of freshwater atyid shrimp
(Decapoda: Caridea: Atyidae) community structure and spatial
distributions in South-East Queensland, Australia.
3.1 Abstract
In freshwater systems atyid shrimps contribute significantly to ecological structure and
function and can sometimes dominate the biomass of invertebrates in streams and rivers.
However, knowledge of the fundamental drivers shaping the current distribution patterns and
absolute and relative abundance of species within the family Atyidae in general, and within the
species complexes of Caridina indistincta Calman, 1926 and Paratya australiensis Kemp,
1917 specifically, are still poorly understood. Accordingly, to quantify the main drivers of the
variation in geographical distribution and abundance of the ecologically important atyid
shrimps across the study area, we sampled 22 sites in 13 catchments in SEQ, Australia,
spanning a wide range of environmental conditions. To test for differences in the variation in
abundance of aytids between sites that could be explained by environmental drivers (water
quality and heavy metals), the Kruskal–Wallis test was performed. This analysis showed that
environmental factors were significantly different among sites (P < 0.05), except for total
nitrogen (TN) and total kjeldahl nitrogen (TKN) which were non-significant (p ˃ 0.05). The
role of environmental drivers in shaping the composition of atyid freshwater shrimp
assemblages and their distribution patterns was also assessed using Redundancy analysis
(RDA). This ordination analysis showed that the spatial distribution and absolute abundance of
C. indsitincta sp. B and C. indsitincta sp. D were significantly influenced by elevation,
whereas orthophosphate (PO4-P) was significant driver of variation in the distribution and
absolute abundance of C. indsitincta sp. A. In contrast, this analysis revealed that the spatial
distribution and relative abundance of C. indsitincta sp. B and C. indsitincta sp. D were
significantly influenced by elevation, while P. australiensis Lin.6 was significantly affected by
manganese (Mn). Orthophosphate (PO4-P) and TN were significant drivers of variation in the
distribution and relative abundance of C. indsitincta sp. A. Overall, this study suggested that
both absolute and relative abundance of species and their geographic distribution were
significantly related to spatial (e.g., elevation) and environmental drivers, and these drivers
were key in shaping the atyid freshwater shrimp community. Additionally, our results
highlight the importance of finer taxonomic resolution in studying species responses to abiotic
factors.
Key words: family Atyidae, cryptic species, absolute and relative abundance, spatial
distributions, environmental factors.
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3.2 Introduction
The caridean shrimps of the Family Aytidae are a species-rich group (De Grave et al., 2015) that
can sometimes dominate the biomass of invertebrates in freshwater ecosystems (Sheldon &
Walker, 1997; March et al., 2002; Silva-Junior et al., 2017). These shrimps play a particularly
important trophic role in tropical freshwater ecosystems (Yam & Dudgeon, 2006); as
intermediate consumers (Camara et al., 2009) they provide a link between lower trophic levels
and predators such as fish, as they consume detritus or algae and serve themselves as an
important food source for predators (Browder et al., 1994; Frederick & Spalding, 1994).
Moreover, they can be key organisms controlling the distribution and structure of algal
communities (Pringle, 1996; March et al., 2002), removing sediment cover (Pringle & Blake,
1994) and accelerating leaf litter processing, thus presenting a source of nutrients for other
aquatic fauna (Crowl et al., 2001). In experimental studies, the exclusion of shrimps from
ecosystems has been shown to cause trophic cascades (Pringle & Hamazaki, 1998; Pace et al.,
1999; Moulton et al., 2004), suggesting their importance in maintaining the health of freshwater
systems (Silva-Junior et al., 2017). In addition, they are recognized as an essential food source
for humans, particularly in tropical and subtropical regions (Holthuis, 1980; de Almeida et al.,
2008).
Unfortunately, despite their abundance and ecological significance, shrimps of the family
Atyidae are increasingly at risk of extinction because of the progressive degradation of
freshwater habitats (De Grave at al., 2015). Overall, freshwater biodiversity has declined faster
than that in any other ecosystem over recent decades (Ormerod et al., 2010; Strayer & Dudgeon,
2010), which has impacted the productivity, distribution, and assemblage composition of many
freshwater systems (Morgan & Cushman, 2005; Mejia-Ortiz & Alvares, 2010, Kemenes et al.,
2010). Therefore, considerable attention has been focused on the monitoring and protection of
freshwater biodiversity (e.g., Kallis & Butler, 2001).
In most bioassessments, organisms are identified only to higher taxonomic levels, such as family,
and not to species level (e.g., Dalu et al., 2017; Yi et al., 2018). The main obstacle in species
level identification is usually a lack of taxonomic expertise (Hebert et al., 2003) or budget
constraints (Sparrow et al., 1994, Oliver & Beattie, 1996; Marshall et al., 2006). While coarselevel taxonomy may be sufficient for detecting the ecological state of aquatic systems (Dickens
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& Graham, 2002; Muller et al., 2013; Kaaya et al., 2015), species-level approaches are essential
for understanding environmental tolerances, as it has been suggested repeatedly by many
ecologists that even closely related species might exhibit different tolerances to stressors
(Schmidt-Kloiber & Nijboer, 2004, Feckler et al., 2012). A species level approach is particularly
important as many freshwater species are actually a complex of morphologically cryptic species
(Weiss et al., 2014; Katouzian et al., 2016; Leys et al., 2016), with individual species within the
complex differing in their ecological requirements and tolerances, especially at fine spatial scales
(Westram et al., 2011; Soucek et al., 2013; Fišer et al., 2015).
In Australia, the Aytidae, an ancient family of freshwater shrimps, consists of eight genera (Choy
& Horowitz, 1995; Davie, 2002). Of these, four genera are hypogean (underground dwellers),
while the remaining four genera are epigean (surface dwellers) (Page et al., 2007a). Of the
epigean genera, Caridina H. Milne Edwards, 1837, is widely distributed in the Indo-Pacific
(Page et al., 2007b), while Paratya Miers, 1882, is considered anti-tropical (Page et al., 2005b);
Caridinides Calman, 1926, is endemic to northern Australia (Smith & Williams, 1982), and
Australatya, is endemic to eastern Australia (Chace, 1983). The genus Caridina contains two
described species, Caridina indistincta Calman, 1926 [widely distributed in South-East
Queensland (SEQ)] and Caridina mccullochi J. Roux, 1926 [often distributed in New South
Wales, the Australian Capital Territory, South Australia and Victoria] (Cook et al., 2008). In
contrast, both Paratya and Australatya contain a single described species, Paratya australiensis
Kemp, 1917, and Australatya striolata McCulloch and McNeil, 1923 (Cook et al., 2008).
However, recent genetic approaches have presented evidence that both C. indistincta and
P. australiensis harbor a number of cryptic species, with C. indistincta represented by at least
five distinct cryptic species (Page et al., 2005a) and P. australiensis represented by at least nine
cryptic species (Cook et al., 2006), Australatya striolata also consists of two distinct lineages but
species status is still unclear (Cook et al., 2012).
A previous study (Yasser et al., 2018) using the presence and absence of Caridina and Paratya
species at sites across a large spatial scale in Southeast Queensland, Australia, revealed that the
geographical distribution of species within the C. indistincta and P. australiensis complexes was
related to site scale background abiotic conditions (water quality parameters and elevation). This
finding suggests that species within the two complexes are likely showing niche differentiation.
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While, Chapter 2 (Yasser et al., 2018) explored spatial variation over a large spatial scale, this
study tested whether differences in the spatial distributions of the different cryptic species within
the C. indistincta and P. australiensis complexes could be related to fine scale environmental
variation.
Little is known about the influence abiotic environmental drivers, such as water quality or the
presence of heavy metals (Yasser et al., 2018), have on the fine scale spatial distribution of aytid
shrimps. Heavy metals may be important abiotic drivers of biodiversity in aquatic ecosystems
owing to their environmental persistence and high toxicity (Zhang & Shao, 2013). After entering
aquatic environments, they can be absorbed by suspended solids and accumulated in sediments
(Montuori et al., 2013), where they may remain for extended periods of time (Li et al., 2000).
However, metals are not permanently bound to sediments, when environmental conditions (e.g.,
temperature and pH) change, or when sediments undergo biological or physical disturbances
(Agarwal et al., 2005), metals can be released from sediment stores into the water column,
leading to degradation of water quality and potentially toxic impacts on aquatic flora and fauna
(Liu et al., 2009; Montuori et al., 2013).
Building on the findings of Yasser et al. (2018) a more detailed study at a finer scale was
undertaken to further explore the potential ecological differentiation between different species
within the C. indistincta and P. australiensis species complexes. The main objectives of this
study were: (i) to identify similarities and/or differences in environmental variables among
sampling sites spanning the study area; (ii) to explore the variation in abundance of the cryptic
species within the C. indistincta and P. australiensis species complexes, in relation to various
environmental variables from a number of sites across SEQ; and finally (iii) to determine which
environmental factors contributed significantly to the spatial distribution of atyid freshwater
shrimp communities and their abundance.
To address these aims, two sets of abiotic variables were measured at each sampling site (a)
water physico-chemical variables and (b) heavy metals. Shrimp were also collected at each site
and identified using (a) morphometrics (see Yasser et al., 2018; Chapter 2) to provide a measure
of absolute abundance, and (b) molecular tools (COI) on a sub-sample of individuals to provide a
measure of relative abundance. The spatial distribution of each species was mapped across the
study area and the variation explained by water physico-chemical variables and heavy metals.
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3.3 Materials and methods
3.3.1 Study area and sampling sites
Aytid shrimps were collected from 22 sites within South-East Queensland, Australia (SEQ) (Fig.
3.1; Appendix S1: Table S4). The SEQ region spans from the Noosa River catchment in the
north to the Gold Coast catchments in the south, and then west to the headwaters of the Brisbane
River catchment east of the city of Toowoomba (Fig. 3.1A), this area contains 15 major
catchments with a combined area of approximately 23,000 km2 (Bunn et al., 2010).
South-East Queensland (SEQ) is subtropical; the annual median rainfall is 1500 mm (Abal et al.,
2005a) with most occurring during the summer hot-wet season. The headwater streams of the
SEQ region are generally forested, whereas lowland streams and rivers are characterized by
urban land use and agriculture. Since European settlement there has been a loss of 75% of the
native vegetation along streams and rivers of many catchments, which has significantly increased
sediment delivery to downstream reaches and altered catchment hydrology. As a result of these
changes, streams in the SEQ area have witnessed a decline in biodiversity and water quality
(Bunn et al., 2007, 2010). Further details about the SEQ region can be found in Abal et al.
(2005a, b).
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Figure 3-1: Map of the study area in South-East Queensland: (A) locations of 13 catchments across the SEQ region,
and (B) distributions of freshwater atyid shrimps across 22 sites in 13 catchments throughout the SEQ area as
recorded in this study.

3.3.2 Specimen collection
Twenty-two sites were sampled for atyid freshwater shrimps from mid October 2016 to the end
of March 2017. At each sampling site, all available habitats were sampled. This meant that at all
sites, apart from at the Nerang River, only pool habitats were available. At the Nerang River site
both pool and riffle habitats were sampled (see Appendix S1: Table S4). Shrimp samples at each
site were collected using a D-shaped hand net (mesh size: 0.5 mm, dimension: 0.5 m x 0.5 m)
and sweeping along a 10-20 m stretch of each stream within a set time; 3 min for streams less
than 2 m wide to up to 5 min for larger rivers (De Pauw et al., 1983). A total of three replicate
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samples of shrimps were collected from each site. In the field the collected shrimps were initially
preserved in 70% ethanol and then in the laboratory, after 2 days, they were transferred to
absolute ethanol and stored for later identification and enumeration.

3.3.3 Specimen identification
Two approaches were used for species identification. First all individuals were identified
morphologically using the species-level identification key created by Dr. Satish Choy (Page et
al., 2005a) for species within Caridina combined with those morphometric measurements
identified in a previous study to differentiate between cryptic species within the C. indistincta
and P. australiensis species complexes (Yasser et al., 2018). This morphological approach gave
a value of absolute abundance of each species within a sample at a site. While Chapter 2 showed
that morphometric measurements could be used to distinguish between cryptic species within C.
indistincta and P. australiensis across some sites in SEQ, the stability of these morphometric
measures to consistently identify the species has still not been demonstrated, and thus a sample
of 15 individuals (maximum) from each sample was secondarily identified using genetic
approaches. This genetic approach gave an estimate of relative abundance of each species within
each sample from a site and provided more data on the stability of the morphometric features
used to identify the species described in Chapter 2.
It should be noted, however, that in Chapter 2 (Yasser et al., 2018) morphometric measurements
were used to test whether cryptic species within the two species complexes could be identified
morphometrically and which morphological characters could be used for this objective.
Therefore, in Chapter 2, to reduce the variation and avoid the possible effect of sex only adult
males were used. In contrast, in this chapter, as morphometric assessments were being employed
to discriminate between different species within the species complexes, to estimate absolute
abundance of such species, morphometric measurements were made on both males and females.
Of the eight morphological traits used in Chapter 2, is known that carapace size may vary with
sex in caridean shrimps (Smith & Williams, 1980; Anastasiadou et al., 2008), therefore the
measurements of carapace size, which included carapace length and carapace height to carapace
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length ratio (ch/cl) (see Table 2.1), were excluded from the morphometric assessments used in
this Chapter (see Appendix S1: Table S5).
A total of 455 atyid shrimps from the two species complexes, C. indistincta and P. australiensis,
were collected across all sampling sites. Of this total, 430 were adult individuals that were then
morphometrically analysed (i.e., male and female atyid shrimps), while the remaining
individuals (25) were juveniles that were genetically analysed, as it is often difficult to identify
specimens to species if they are juveniles or larvae. The morphological identification for adult
samples with the genetic identification for a few juveniles provided an indication of absolute
abundance of each species at each site. However, although the morphological characters used to
distinguish between species appear to be consistent, at least within SEQ (see Yasser et al., 2018),
the genetic identity relative to the morphological designation was checked by analysing the COI
sequence from a maximum of 15 individuals from each site, providing an indication of relative
abundance. This means, in addition to the juvenile samples that were genetically analysed and
included within the measurement of absolute abundance, an additional maximum of 15 adult
individuals were randomly selected from those comprising the absolute abundance at each site
and genetically analysed to provide an estimate of relative abundance.
For those individuals identified using molecular data, genomic DNA was extracted from the
abdominal tissue of each individual using a commercial QIAamp Tissue Kit (QIAGEN, Hildon,
Germany). For the PCR, a fragment of cytochrome oxidase subunit I (COI) was amplified using
the following protocol with PCR mastermixes totalling 12.5 μL and consisting of: 1.25 μL of 10x
polymerase reaction buffer, 2 mM of MgCl2, 0.4 μM of forward primer, 0.4 μM of reverse
primer, 0.2 µM of dNTPs, 0.275 Units white Taq polymerase, 0.5 μL of template DNA and the
rest ddH2O. For DNA sequencing of Caridina specimens, we used CDCO.La (Page, 2006) 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. For sequencing Australatya striolata specimens, we used
AtyaPL and AtyaCR (Page et al., 2013) as forward and reverse primers, respectively. PCR
settings for the COI amplification of Caridina individuals were initial denaturation at 94ᵒC for 3
min; 15 cycles of denaturation at 94ᵒC for 30s, annealing at 40ᵒC for 30s, extension at 72ᵒC for
60s; and then 25 cycles of 94ᵒC for 30s, 55ᵒC annealing temperature for 30s, 72ᵒC for 60s; and
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final extension at 72ᵒC for 7 min, and finally hold at 4ᵒC, whilst the cycling conditions for COI
of Paratya specimens were as follows: 94ᵒC, 3 min; 40X (94ᵒC for 30s, 50ᵒC for 30s, 72ᵒC for
30s); 72ᵒC,7 min, hold at 4ᵒC. For A. striolata individuals, the PCR settings for the COI
amplification were as follows: 40X (94ᵒC for 30s, 50ᵒC for 30s, 72ᵒC for 30s); 72ᵒC, 7 min, hold
at 4ᵒC. Afterwards, all PCR products were visualized on agarose gels to determine if the PCR
amplification was successful and to detect possible contamination using a negative control.
Before sequencing, PCR products were purified enzymatically with 0.25 μL of Exonuclease 1
(Exo) and 1 μL of Shrimp Alkaline Phosphatase (Thermo Fisher Scientific, Waltham) by an
incubation step at 37ᵒC for 35 min followed by a step at 80ᵒC for 20 min. Finally, PCR
amplicons were sent in individual tubes/plates with the relevant forward primers for sequencing
at Macrogen Inc. in Seoul, South Korea.

3.3.4 Sampling and analysis of environmental variables
3.3.4.1 Water physical chemical parameters measurement
At each site where shrimp were collected, the following water quality parameters were also
measured using a Horiba U-10 water quality checker-multi-parameter probe (Horiba Ltd, Japan):
water temperature, dissolved oxygen (DO), conductivity, pH, total dissolved solids (TDS), and
turbidity. Water samples were also collected in duplicate at each site using pre-washed glass
bottles (250 ml) which were placed under the water surface in the centre of the stream,
immediately filtered using 0.45-µm syringe filters and placed on ice in a cooler box before being
transported to the laboratory for further analysis which included: (1) ammonium nitrogen (NH4N), (2) dissolved oxidized nitrogen (Nitrate+Nitrite) (NO X-N), (3) total nitrogen (TN), (4) total
and dissolved kjeldahl nitrogen (TKN), (5) total and dissolved kjeldahl phosphorus (TKP), and
(6) orthophosphate-P (PO4-P).
Dissolved ammonium nitrogen (NH4-N) was determined for each water sample in accordance
with method 4500-NH3 (APHA WEF AWWA, 2012); a variation of the automated cadmium
reduction method 4500-NO3 (APHA WEF AWWA, 2012) was used to determine the
concentration of dissolved oxidized nitrogen present as Nitrates and Nitrites (NO X-N) by
segmented flow analysis; the concentration of the orthophosphate-P (PO4-P) was determined in
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accordance with method 4500-P G (APHA WEF AWWA, 2012) by segmented flow analysis,
while total Kjeldahl nitrogen and phosphorus (TKN & TKP) were determined according to
methods 4500-Norg D and 4500-P B (APHA WEF AWWA, 2012): catalysed acidic block
digestion with a colorimetric segmented flow analyser finish. Finally, total Nitrogen (TN) was
calculated using equation (1) and the results from the measurements of filterable nutrients (NO XN) and Kjeldahl Nitrogen (TKN), as above.
TN = TKN + NOX-N……. (1).
All analyses were undertaken in the laboratories of the Chemistry Centre, Queensland
Department of Environment and Science, Dutton Park, Brisbane.

Additionally, at each site physical variables that included site elevations were measured using
GPS and stream widths (width) were measured using Google Maps.

3.3.4.2 Sediment collection and heavy metal measurements
At each site approximately 250 g (n=2) of fine sediment was collected from the deposited fine
sediments on the stream bed. Samples were collected using the protocol and guidelines as
described in Simpson & Batley (2016). Ultimately, after cleaning the samples from foreign
objects (e.g., debris, leaves, shells or snails and other large organic objects), the sediment
samples were stored in acid-ddH2O washed polyethylene containers and placed on ice in a cooler
box before being transported to the laboratory.
In the laboratory, the method of “weak acid extractable metals” was used to determine the
concentrations of specific heavy metals that included: chromium (Cr), manganese (Mn), nickel
(Ni), lead (Pb), cobalt (Co), iron (Fe), copper (Cu), zinc (Zn), cadmium (Cd), arsenic (As), and
selenium (Se) in each sediment sample. In this method, metals were extracted from 0.5 g (wet
weight) of each sediment sample with 10ml of 0.5 M HCl for one hour. The sample was
centrifuged, filtered (0.45 µm mixed cellulose ester filters) and diluted 50-fold in 2% HNO3. The
diluted sample was then analysed using an Agilent 7900 ICP-MS operating in Helium Collision
mode.
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Concentrations were corrected for the difference between wet and dry weights by drying a
separate subsample of sediment at 105oC until constant weight and determining the wet: dry
weight ratio.

3.4 Data analysis
3.4.1 Site selection
Hierarchical cluster analysis using Ward’s Euclidean distance method (Legendre & Legendre,
1998) was used to select sites for the current study from the 86 sites across 17 catchments used in
Yasser et al. (2018) (see also Chapter 2) which separated sites into several groups based on
background water quality parameters and elevation. Two separate clusters of sites were
generated one each for the two species complexes; C. indistincta and P. australiensis. Sites for
this study were then selected from the cluster analysis to cover a broad spectrum of
environmental variation and to contain different species from the two species complexes. Cluster
analysis was performed using the Stats package in R version 3.2.5 (R core Team, 2016).

3.4.2 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. These sequences
were then subjected to similarity analysis using the nucleotide Basic Local Alignment Search
Tool algorithm at the National Centre for Biotechnology Information (NCBI). A multiplesequence alignment was conducted using ClustalW (Thompson et al., 1997). The alignment was
cropped to a final length of 450 bp (COI) for species of the C. indistincta species complex and to
430 bp for P. australiensis, so that all sequences of each species were of equal length. The tree
constructed for C. indistincta species contained 167 sequences; 153 sequences for the three
cryptic species within the species complex and 14 for the riffle species (Australatya striolata),
while the one for P. australiensis consisted of 93 sequences. Basically, in constructing the
phylogenetic tree for each complex only 15 sequences per site were included, except for sites
with low species abundance where the number included was based on the number of individuals
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of each species per site. Finally, these sequences were used to construct a Neighbour-Joining
(NJ) phylogenetic tree for each species complex in MEGA 7 (Kumar et al., 2016) using Kimura2-distance (Appendix S2: Fig. S1). Support for the nodes was assessed using bootstrapping
(Felsenstein, 1985), with 1000 bootstrap replicates. As the aim here was to allocate individuals to
species and/or lineages, a more complex phylogenetic analysis was deemed unnecessary.

3.4.3 Analysis of stream environmental conditions and biotic data
Initially, the range (min-max), mean and standard deviation for each collected environmental
variable from the ‘physico-chemical’ and ‘heavy metal’ groups of environmental variables were
calculated for each site where aytid shrimps were collected (Table 3.3). For each variable a
Shapiro–Wilk test (Sokal & Rohlf, 1995) was used to check normality. A non-parametric
Kruskal-Wallis test (Kruskal & Wallis, 1952) was consequently used to investigate the
differences in environmental conditions among sampling sites. Statistical analyses were
conducted in R version 3.2.5 (R core Team, 2016).
Relationships between environmental variables and species distribution was explored using two
datasets; one generated using absolute abundance from the morphometric identification of each
adult individual (except juveniles that were genetically analysed) and the other using relative
abundance based on the genetic ‘checking’ of a set number of individuals in each sample with
relative abundance calculated as the number of individuals of a species confirmed through
genetic analysis at a site/ number of total individuals of all atyid species at that site) X 100. The
correlation between both absolute abundance and relative abundance of each study species and
the two sets of environmental variables was explored using “Spearman-rank correlations” in
SPSS software version 23.0 (Armonk, 2015). Additionally, to provide further clarity as to the
differences among sites in environmental conditions, the column charts for each heavy metal
measured at each sampling sites was plotted. As well, to visualize the correlation matrix of
environmental factors with absolute and relative abundance of species, a heatmap was applied
using the Corrplot package in the R programming language (R core Team, 2016).
The spatial distribution and both absolute and relative abundance of each species was compared
with the two major groups of environmental variables [i.e., water physico-chemical parameters
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and heavy metals concentrations] using multivariate analysis: (i) to determine the importance of
the two groups of environmental data in explaining the variability in the composition of the atyid
shrimp assemblage at each site; (ii) to highlight potential significant relationships between the
abundance of each species and environmental drivers; and (iii) to describe and visualize the
similarities and differences of environmental requirements of species, which in turn might reflect
differential niche preferences among taxa.
To examine whether a unimodal [Canonical Correspondence Analysis (CCA)] or a linear method
[Redundancy Analysis (RDA)] was most appropriate for data analysis, a Detrended Canonical
Correspondence Analysis (DCCA) was initially employed (ter Braak & Smilauer, 2002). The
DCCA yielded the longest gradient (LoG) for the first axis and this was less than 3 standard
deviation units, so a linear model, Redundancy Analysis (RDA) was deemed to be more
appropriate for this study (ter Braak & Šmilaure 2002). A preliminary RDA was initially applied
on the entire environmental dataset to determine collinear predictors (correlated predictors). If
they were present, they were then excluded from the final RDA by identifying them based on the
values of variance inflation factors ˃ 20 (variables if present with VIF values higher than 20
should be excluded; ter Braak & Verdonschot, 1995). In RDA analysis, a forward selection
procedure with Monte Carlo permutation tests (999 unrestricted permutation, p ˂ 0.05) was
implemented, to identify those variables signiﬁcant in explaining the spatial distribution of
individual species using both absolute and relative abundance. Only significant correlations (p ˂
0.05) were incorporated into the final analysis for each measure of abundance.
Partial Redundancy Analysis (PRDA; Legendre & Legendre, 1998) was then used to evaluate
the relative importance of the physicochemical and heavy metal environmental groups on the
variation of the atyid freshwater shrimp assemblage and to provide further information about
their potential roles in structuring the atyid shrimp assemblage at a site. This analysis works on
the entire environmental dataset and then allows partitioning into two or more groups to
determine both their unique effects and their shared contribution to the total variance of atyid
shrimp composition at a site (Legendre & Legendre, 1998). Prior to this ordination analysis,
log10 (x+1) was applied to transform both the absolute and relative abundance data. Only species
that occurred at more than one site were retained for further analysis (Paillex et al., 2013).
Environmental data, except pH, were normalized; this is an important step to ensure all variables
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are at the same relative scale, especially where they are measured in different units, and therefore
avoid the effect on the analysis outputs. The DCCA, RDA, and PRDA were performed using
CANOCO version 4.5 (ter Braak &Šmilaure, 2002).

3.5 Results
3.5.1 Site selection
The hierarchical cluster analysis clearly classified all sites containing cryptic species of
C. indistincta into three broad groups (Appendix S2: Fig.S2). Group I contained sites
characterized by moderate conductivity (620 µS cm-1 to 810 µS cm-1), except for two sites that
had high conductivity values (2870 µS cm-1 and 4350 µS cm-1 for Woolshed Ck and Oaky Ck,
respectively). Furthermore, sites within this group also had moderate concentrations of DO
range (40-127.6% saturation) except for one site (Lockyer Ck) that had higher DO range
(136.2% saturation). Group II was mainly composed of two sites located in the Upper Brisbane
catchment. These sites were unlike sites from the other two groups (Group I and Group III), as
they had high elevations (371 m and 459 m for Bum Bum (spring) Ck and Crows Nest CK,
respectively). Finally, sites from Group III grouped together based on the wide range of
elevations and DO minimum, as this cluster consisted of sites that had elevations from 7 m to
158 m and DO minimum from 0.0% saturation to 71.9% saturation.
For sites that contained cryptic species from the P. australiensis complex, the cluster analysis
results showed three distinct groups (Appendix S2: Fig. S3). Group I consisted of two sites
(Brisbane R. (East Branch) and Brisbane R. (West branch). The main similarities between
Brisbane R. (East Branch) and Brisbane R. (West branch) were relatively high pH values; that
were 8 and 9, respectively. As well they had high DO range, 184.6% saturation and 127.6%
saturation, respectively. Cluster Group II mainly consisted of sites from lowland, upland, and
coastal stream classes. These sites had moderate DO minimum concentrations, between 46%
saturation to 87.4% saturation, except four sites within this cluster (Cedar Ck, North Pine R.,
Delanely Ck, and Kobble Ck) where the DO minimum ranged between 11.6% saturation to
40.2% saturation. In fact, small conductivity values for these Group II sites might explain the
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large similarity (small dissimilarity) among sites within this group. Group III consisted of sites
from lowland stream classes with two exceptions; one site from the upland stream class
(Northbrook Ck) and one site from coastal streams (South Pine River). Generally, sites in Group
III had high conductivity values ranging from 460 µS cm-1 to 3450 µS cm-1. Two sites were
exceptions, one site had conductivity value of 240 µS cm-1 (Northbrook Ck) and one site had a
conductivity value of 340 µS cm-1 (Teviot Brook). The reason that those two previous sites were
included within Group III likely relates to their low to moderate elevations (8 m to 407 m).

3.5.2 Species delimitation using DNA barcoding and morphometric measurements
A total of 260 COI sequences of shrimps from Australatya striolata and the species complexes
of C. indistincta and P. australiensis matched successfully with COI sequences of 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 153 sequences of the C. indistincta species complex aligned with four sequences
retrieved from Genbank based on Page et al. (2005) and Page et al. (2007) and a total of 93
sequences of the P. australiensis species complex aligned with nine sequences from previous
SEQ studies, Hurwood et al. (2003) and Cook et al. (2006). The remaining 14 sequences
obtained in this study were from the riffle species Australatya striolata. All positions containing
gaps and missing data were eliminated, leaving a total of 394 positions in the final dataset that
were used in constructing the Neighbour-Joining tree for the C. indistincta species complex, and
353 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, four of which
represented C. indistincta sp. A, sp. B, sp. D and Australatya striolata. The two cryptic species
C. indistincta sp. A and sp. B clustered together as sister species, while C. indistincta sp. D was
divergent from both sp. A and sp. B (Appendix S2: Fig. S1A). For P. australiensis, NeighbourJoining analysis 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.
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(2006), whilst 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) (Appendix S2: Fig.
S1B).

3.5.3 Spatial patterns in the Aytid shrimp assemblage
Based on the morphometric and genetic identification of specimens to species level, a total of
469 shrimp individuals were classified into six taxa within the Family Atyidae (Appendix S1:
Table S4). Of these six taxa, five were species within the species complexes; C. indistincta and
P. australiensis, with the total number of taxa per site varying from 1 to 3 (Table 3.1), whereas
the remaining species was the riffle species, Australatya striolata.
When the geographical distribution of each species was mapped using their absolute and relative
abundance (Table 3.1 & 3.2), there were clear patterns in the spatial distribution of the different
species of atyid shrimps (Fig. 3.1B). Paratya australiensis Lin. 6 was the most widely distributed
species, being found at nine sites across seven catchments (see Fig. 3.1B; Appendix S1: Table
S4), C. indistincta sp. A occurred at seven sites from five catchments, while C. indistincta sp. D
was collected from six sites across three catchments. In contrast C. indistincta sp. B and P.
australiensis Lin. 4 had restricted distributions, being found in only two catchments; C.
indistincta sp. B. was sampled from four sites across two catchments and P. australiensis Lin. 4
was collected at two sites across two catchments (see Fig. 1B; Appendix S1: Table S4). The
remaining species, the riffle species Australatya striolata had a highly restricted distribution,
being found at only a single site (Nerang River) in the Nerang-Mudgeeraba catchment (Fig.
3.1B; Table 3.1 & 3.2). Furthermore, the species distribution data also suggested that lineages
within the P. australiensis species complex (i.e., P. australiensis Lin. 4 and Lin. 6) each showed
distinct and separate geographic distributions compared with the species within the C. indistincta
species complex, with C. indistincta sp. D occurring sympatrically with C. indistincta sp. B in
the Brisbane River and Woolshed Creek within the Upper Brisbane and Lockyer catchments,
respectively (Fig. 3.1B; Appendix S1: Table S4).
Paratya australiensis Lin.6 was the most numerically dominant species across the study region
(Table 3.1). Of the 13 catchments, P. australiensis Lin 6 occurred in seven catchments (Bremer,
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Logan, Pine River, Currumbin-Tallybudgerra, Stanley, Upper Brisbane, and Lockyer).
Generally, this lineage exhibited the lowest absolute and relative abundance at sites in the Upper
Brisbane and Lockyer catchments (Table 3.1 & 3.2), with the highest absolute abundance at
Currumbin Ck within the Currumbin-Tallybudgerra catchment (Table 3.1) and highest relative
abundance at sites within five catchments (Bremer, Logan, Currumbin-Tallybudgerra, Pine
River, and Stanley; Table 3.2). Caridina indistincta sp. A was also dominant in terms of absolute
and relative abundance in five catchments (Nerang-Mudgeeraba, Lower Brisbane, Redlands,
Coomera-Pimpama, and Caboolture; Table 3.1 & 3.2), followed by C. indistincta sp. D with
highest abundance at six sites across three catchments (Upper Brisbane, Lockyer, and Stanley;
Table 3.1 & 3.2). Correspondingly, C. indistincta sp. B and P. australiensis Lin. 4 had lower
absolute and relative abundance compared with P. australiensis Lin. 6 and C. indistincta sp. A
and sp. D (Table 3.1 & 3.2). The remaining species Australatya striolata had the lowest absolute
and relative abundance among species of the Family Atyidae in the study area, as it was
restricted to riffle habitats in the Nerang River of the Nerang-Mudgeeraba catchment. Of 22 sites
within the study range, riffle habitat was only available at this latter site. However, A. striolata
was excluded from any analysis, due to their occurrence at solely one site, and discussion of its
existence is provided here to give general information about present of this species within shrimp
samples in the current study.
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Table 3-1: Total abundance (TA), absolute abundance (AA) and species richness [S] of atyid shrimps collected from 22 sampling sites within 13 catchments across SEQ.
Note: A. striolata was not further included in the analyses.
Catchment

Sampling site

Site

Total

Code

Abundance of
atyid shrimps

AA of P. australiensis

AA of C. indistincta

cryptic species

cryptic species

Lineage 4

Lineage 6

Sp. A

Sp. B

Sp. D

A. striolata

Number
of Taxa
(S)

(TA)
Upper Brisbane

1. Brisbane River

Bri

16

-

2

-

5

9

-

3

2. Cressbrook Creek

Cress

25

-

-

-

25

-

-

1

3.Sandy Creek

San

5

-

1

-

4

-

-

2

4. Bremer River

Bre

9

-

9

-

-

-

-

1

5.Warrill Creek

War

27

-

27

-

-

-

-

1

6. Oxley Creek

Oxl

12

-

-

12

-

-

-

1

7. Bullockhead Creek

Bul

9

-

-

9

-

-

-

1

4. Logan

8.Teviot Brook

Tev

7

-

7

-

-

-

-

1

5. Nerang-Mudgeeraba

9. Mudgeeraba Creek

Mud

27

27

-

-

-

-

-

1

10.Nerang River

Ner

99

-

-

99

-

-

14

2

6.Currumbin-Tallybudge

11.Currumbin Creeek

Cur

100

-

100

-

-

-

-

1

7. Redland

12. Hillards Creek

Hill

9

-

-

9

-

-

-

1

13. Moogurrapum Creek

Moo

5

-

-

5

-

-

-

1

14. Lockyer Creek

Loc

10

-

2

-

-

8

-

2

15. Woolshed Creek

Woo

11

-

-

4

7

-

2

16. Buaraba Creek

Bua

21

-

-

-

-

21

9. Coomera-Pimpama

17. Pimpama River

Pim

13

-

-

13

-

-

-

1

10. Pumicestone

18. Tibrogargan Creek

Tibr

9

9

-

-

-

-

-

1

11.Caboolture

19. Caboolture River

Cab

8

-

-

8

-

-

-

1

12.Pine River

20. Cedar Creek

Ced

9

-

9

-

-

-

-

1

13.Stanley

21. Sheepstation

She

12

-

9

-

-

3

-

2

22. Reedy Creek

Ree

12

-

-

-

-

12

-

1

2. Bremer

3. Lower Brisbane

8. Lockyer

1
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Table 3-2: Relative abundance (RA) and species richness [S] of atyid shrimps collected from 22 sampling sites within 13 catchments across SEQ. Note: A. striolata was
not further included in the analyses.
Catchment

Sampling site

1. Upper Brisbane

Site Code

RA of P. australiensis

RA of C. indistincta

cryptic species

cryptic species

A. striolata

Number (S)
of Taxa

Lineage 4

Lineage 6

Sp. A

Sp. B

Sp. D

1. Brisbane River

Bri

-

12.5

-

31.2

56.25

-

3

2. Cressbrook Creek

Cress

-

-

-

100

-

-

1

San

-

20

-

80

-

-

2

4. Bremer River

Bre

-

100

-

-

-

-

1

5. Warrill Creek

War

-

100

-

-

-

-

1

6. Oxley Creek

Oxl

-

-

100

-

-

-

1

7. Bullockhead Creek

Bul

-

-

100

-

-

-

1

4. Logan

8. Teviot Brook

Tev

-

100

-

-

-

-

1

5. Nerang-Mudgeeraba

9. Mugeeraba Creek

Mud

100

-

-

-

-

-

1

10. Nerang River

Ner

-

-

87.6

-

-

12.39

2

6.Currumbin-Tallybudge

11. Currumbin Creeek

Cur

-

100

-

-

-

-

1

7. Redland

12. Hillards Creek

Hill

-

-

100

-

-

-

1

13. Moogurrapum Creek

Moo

-

-

100

-

-

-

1

14. Lockyer Creek

Loc

-

20

-

-

80

-

2

15. Woolshed Creek

Woo

-

-

36.3

63.63

-

2

16. Buaraba Creek

Bua

-

-

-

-

100

9. Coomera-Pimpama

17. Pimpama River

Pim

-

-

100

-

-

-

1

10. Pumicestone

18. Tibrogargan Creek

Tibr

100

-

-

-

-

-

1

11.Caboolture

19. Caboolture River

Cab

-

-

100

-

-

-

1

12.Pine River

20. Cedar Creek

Ced

-

100

-

-

-

-

1

13.Stanley

21. Sheepstation

She

-

66.67

-

-

33.33

-

2

22. Reedy Creek

Ree

-

-

-

-

100

-

1

1.

2. 3. Sandy Creek
2. Bremer
5.
3. Lower Brisbane

8. Lockyer

1
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3.5.4 Variation in environmental variables across the study sites
The summary values of all environmental variables recorded for the sampling sites in this study
are provided in Table 3.3. In general, there was considerable variation among study sites in
elevation and stream width (Table 3.3). Elevation varied from 10 m to 340 m; and stream width
from less than 4 m to greater than 178 m. Overall, study sites from Teviot Brook in the Logan
catchment and Mudgeeraba Creek in Nerang-Mudgeeraba catchments had the highest values for
stream width and elevation, respectively. Likewise, stream temperature varied from less than
23°C to greater than 28°C. Consequently, Kruskal-Wallis tests showed that there were
significant differences in these three parameters among sites (Table 3.3).
Similarly, sites showed significant differences in most water quality parameters, including
conductivity, turbidity, pH, total dissolved solids (TDS), dissolved oxygen (DO), dissolved
oxidized nitrogen (Nitrate+Nitrite) (NOX-N), ammonium nitrogen (NH4-N), total and dissolved
kjeldahl phosphorus (TKP), and orthophosphate-P (PO4-P). In contrast, there were no significant
differences among sampling sites in total kjeldahl nitrogen (TKN) and total nitrogen (TN) (Table
3.3).
Dissolved oxygen values varied from less than 2 mg L-1 to greater than 11 mg L-1. The highest
value of DO (11.4 mg L-1) was observed at Woolshed Ck in the Lockyer catchment, where the
highest value of conductivity was recorded (2880 µS cm-1), while the lowest value of DO (1.79
mg L-1) and conductivity (69 µS cm-1) were measured in the Upper Brisbane River and
Currumbin Creek, respectively. pH varied among sites and ranged from 6.5 to 9. Of 22 sites, 12
sites had pH values between 6.5-8.1 (Brisbane R.; Cressbrook Ck; Sandy Ck; Bremer R.; Warrill
Ck; Teviot Brook; Mugeeraba Ck; Hillards Ck; Moogurrapum Ck; Lockyer Ck; Sheepstation;
Buaraba Ck; Nerang R.; and Pimpama R.), these values were considered within the range of
normal pH values for South-East Queensland streams (Queensland Water Quality Guidelines,
2009). In contrast, the remaining local sampling sites had pH values between 8.4 and 9. The
lowest values of total dissolved solids (TDS) (20 mg L-1) and turbidity (1 NTU) were observed at
the same location (Nerang R.), whereas the highest values of total dissolved solids (TDS) (960
mg L-1) were measured at the same catchment where the highest value of conductivity and DO
were recorded (Lockyer catchment). Despite the fact that concentrations of total nitrogen (TN)
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and total kjeldahl nitrogen (TKN) were not significantly different among sites, these factors
displayed spatial variation in their values as they ranged from 0.003 mg L-1 to 0.128 mg L-1 for
NOX-N, and from 0.17 mg L-1 to 0.99 mg L-1 for TN, and from 0.145 mg L- to 0.99 mg L-1 for
TKN. Finally, total kjeldahl phosphorus (TKP) and Orthophosphate-P ranged from 0.02 mg L-1
to 0.25 mg L-1 and from 0.001 mg L-1 to 0.123 mg L-1, respectively (Table 3.3).
For the heavy metals, significant differences were found among sampling sites in concentrations
of all heavy metals that were recorded (Table 3.3). Overall, the highest concentrations of Co,
Mn, and Se were observed at the same location within the Bremer catchment (Bremer R.), with
the trace metals Fe, Cu, and As recorded at highest values in Reedy Ck within the Stanley
catchment (Fig. 3.2). Furthermore, Bullockhead Ck within the Lower Brisbane catchment
contained the highest values of Zn, Cd, and Pb. Finally, Hilliards Ck and the Caboolture River
showed the highest concentrations of Ni and Cr. The lowest concentrations of most trace metals
were measured in this study at Moogurrapum Ck within the Redland catchment, with the
exception of Zn that was recorded at lowest values in Buaraba Ck within the Lockyer catchment
(Fig. 3.2).

Page | 66

Table 3-3: Mean±Standard deviation (SD), median, and range (Min-Max) of environmental variables recorded across sampling sites and results of Kruskal-Wallis tests.
The asterisks highlight significance levels between sites; Significant Codes: ‘***’ p < 0.001, ‘**’ p < 0.01, ‘*’ p < 0.05.
Kruskal-Wallis tests
Environmental Variables

Units

Mean ± SD

Median

Range
(Min-Max)

Between Sites
Chi-square

P –value

Physical variables
Elevation

M

71.636±72.9

49.81

10-340

43.0

0.003**

Stream width

M

19.84±36.15

9.49

3.6-178.84

43.0

0.003**

Temperature

°C

26.03±2.05

26.68

22.55-28.63

42.7

0.003**

5.76±2.48

5

1.79-11.4

38.8

0.01**

µS cm

741.86±667.48

572.5

69-2880

42.9

0.003**

-

7.92±0.66

7.96

6.5-9

42.1

0.004**

mg L

336.6±255.22

306.5

20-960

42.9

0.003**

NTU

Chemical variables: Water analysis
Dissolved oxygen (DO)
Conductivity
Ph
Total dissolved solids (TDS)
Turbidity
Ammonium nitrogen (NH4-N)

mg L-1
-1

-1

10.05±8.60

7.25

1-30

42.9

0.003**

-1

0.035±0.033

0.028

0.002-0.148

35.03

0.028*

-1

mg L

Dissolved oxidized nitrogen (Nitrate+Nitrite ) (NOX-N)

mg L

0.022±0.028

0.01

0.003-0.128

37.3

0.015*

Total nitrogen (TN)

mg L-1

Total kjeldahl nitrogen (TKN)
Total kjeldahl phosphorus (TKP)
Orthophosphate-P (PO4-P)

0.50±0.197

0.493

0.17-0.99

30.7

0.08

-1

0.481±0.196

0.483

0.145-0.99

30.34

0.085

-1

0.068±0.064

0.04

0.02-0.25

36.1

0.02*

-1

0.016±0.027

0.006

0.001-0.123

37.0

0.02*

mg L
mg L
mg L

Page | 67

Table 3-3 continued: Mean±Standard deviation (SD), median, and range (Min-Max) of environmental variables recorded across sampling sites and results of KruskalWallis tests. The asterisks highlight significance levels between sites; Significant Codes: ‘***’ p < 0.001, ‘**’ p < 0.01, ‘*’ p < 0.05.
Kruskal-Wallis tests
Environmental Variables

Units

Mean ± SD

Median

Range
(Min-Max)

Heavy metals: Sediments analysis
Chromium (Cr)
Manganese (Mn)
Nickel (Ni)
Lead (Pb)
Cobalt (Co)
Iron (Fe)
Copper (Cu)
Zinc (Zn)
Cadmium (Cd)
Arsenic (As)
Selenium (Se)

mg Kg—1
—1

mg Kg

—1

mg Kg

—1

mg Kg

—1

mg Kg

—1

mg Kg

—1

mg Kg

—1

mg Kg

—1

mg Kg

—1

mg Kg

—1

mg Kg

1.03±0.88

0.7

0.03-2.82

41.5

0.005**

127.4±156.63

78.95

3.83-551.5

42.5

0.004**

2.75±3.59

1.04

0.02-12.93

42.6

0.003**

3.564±4.084

2.113

0.24-21.63

41.5

0.005**

3.511±3.33

2.03

0.03-11.46

42.5

0.004**

2411.6±1709.8

2130.5

112.5-6146.5

42.3

0.004**

2.742±2.728

1.518

0.195-8.695

41.9

0.004**

9.423±9.11

6.05

0.81-42.13

41.7

0.004**

0.014±0.019

0.006

0.001-0.085

41.6

0.005**

0.296±0.24

0.24

0.025-1.18

41.3

0.005**

0.899±0.849

0.652

0.02-3.13

41.9

0.004**
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Figure 3-2 continued
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Figure 3-2: Column chart showing the differences in the heavy metal concentrations (mg kg-1) in sediment of 22
sampling locations collected across the study area. More information about site names and catchments are presented
in Appendix S1: Table S4.
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3.5.5 Relationships between environmental variables and the freshwater Atyid
assemblage composition
There were spatial differences in species distribution and background environmental data across
the sampled sites. Based on RDAs, using Monte Carlo unrestricted permutations (P < 0.05) to
test for significance, the environmental predictor variables, elevation and PO4-P, showed
significant correlations with the absolute abundance of atyid shrimps across all sampling sites
(Table 3.4), while Mn, Elevation, PO4-P, and TN showing significant correlations with relative
abundance (Table 3.4). Although the remaining predictor variables varied among study sites,
they did not show significant correlations with absolute or relative abundance of atyid shrimps
(Table 3.4).
In the multivariate analysis of the sampling sites based on environmental variables the twodimensional RDA separated the sites into four groups based on the strong correlations between
absolute abundance and the predictor variables PO4-P and elevation (Fig. 3.3A). Interestingly,
most urban and rural sites from catchments between the Gold Coast in the south and
Pumicestone in the north (Fig. 3.1A; Appendix S1: Table S4) were in the first and second
quadrants of the RDA (Fig. 3.3A) (the right hand side of the plot), while most rural sites that
extended from the Stanley and upper Brisbane catchments to the more westerly and southwesterly catchments, including the Logan and Lockyer catchments, were in the third and fourth
quadrants of Fig. 3.3A (on the left hand side of the plot). The only exception was sites from the
western Bremer catchment which were located in the first quadrant (see Fig. 3.1A & Fig. 3.3A).
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Table 3-4: Results of RDA analysis showing significance level (Monte Carlo permutation test, p ˂0.05) for the
influences of each explanatory variable on species distribution using absolute abundance (AA) and relative
abundance (RA). Significant values are labeled Bold. Note: this sign (-) indicates that these environmental variables
are collinear, and thus the redundant ones are dropped by CANOCO analysis to get better explanation for the
relationships between species and the predictor variables (environmental variables).
Variables

Absolute abundance

Relative abundance

(AA)

(RA)

P

F

P

F

Elevation

0.008

3.9

0.012

3.02

Stream width

0.347

1.12

0.299

1.38

Temperature

0.155

1.71

0.221

1.48

Dissolved oxygen (DO)

0.222

1.83

0.243

2.12

Conductivity

0.11

1.87

0.089

2.04

pH

0.298

1.27

0.217

1.44

Total dissolved solids (TDS)

0.47

0.95

0.136

1.9

Turbidity

0.21

1.59

0.142

2.19

Ammonium nitrogen (NH4-N)

0.252

1.56

0.43

0.99

Dissolved oxidized nitrogen (Nitrate+Nitrite ) (NOX-N)

0.22

1.53

0.156

1.74

Total nitrogen (TN)

0.131

2

0.05

3.04

Total kjeldahl nitrogen (TKN)

0.407

0.98

0.508

0.71

Total kjeldahl phosphorus (TKP)

0.079

2.23

-

-

Orthophosphate-P (PO4-P)

0.05

3.04

0.041

2.43

Chromium (Cr)

0.347

1.17

0.278

1.29

Manganese (Mn)

0.068

2.26

0.001

5.45

Nickel (Ni)

1

0

0.334

1.15

Cobalt (Co)

0.254

1.39

0.285

1.56

Iron (Fe)

0.233

1.53

0.241

1.45

Copper (Cu)

0.117

4.03

1

0

Cadmium (Cd)

0.398

1.43

-

-

Selenium (Se)

-

-

0.117

2.11

Zinc (Zn)

-

-

0.121

7.11
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Generally, the four axes of species-predictor variables based on absolute abundance explained
77.2% of the total variance in the atyid shrimp assemblage (Table 3.5), with the first (23%) and
second (2.1%) RDA axes jointly explaining 25.1%, of the variation in assemblage composition
due to measured environmental factors (Fig. 3.3B, Table 3.5). Axis 1 was positively correlated
with PO4-P (0.68), and negatively with Elevation (-0.75) (Fig. 3.3B; Table 3.6).
Correspondingly, axis 2 was positively correlated with PO 4-P (0.72) and elevation (0.68) (Fig.
3.3B, Table 3.6). Monte Carlo unrestricted permutation tests suggested that Axis 1 (999
permutations) was significant (F = 5.664, p ˂ 0.0040), as were other canonical axes (F = 3.169, p
˂ 0.0080) (see Table 3.5).
Similar patterns were found when the multivariate analysis was undertaken using relative
abundance of the atyid species. Again, sites were separated into four groups based on their strong
correlations with the predictor variables PO4-P and elevation, however, this analysis also showed
significant correlations with TN, and Mn (Fig. 3.3C). As with absolute abundance, most urban
and rural sites from catchments between the Gold Coast in the south and Pumicestone in the
north (Fig. 3.1A ; Appendix S1: Table S4) were in the first and second quadrants of the RDA
(Fig. 3.3C) (the right hand side of the plot), while most rural sites that extended from the Stanley
and upper Brisbane catchments to the more westerly and south-westerly catchments including
the Logan, Lockyer and Bremer River catchments were in the third and fourth quadrants of Fig.
3.3C (on the left hand of the plot).
Overall, the four axes of species-predictor variables explained 41.6% of the total variance in the
atyid shrimp composition based on relative abundance, with the first (30.1%) and second (9.3%)
RDA axes explaining a total of 39.4% of the variation assemblage composition related to
measured environmental factors (Fig. 3.3D, Table 3.7). Axis 1 was positively correlated with TN
(0.62) and PO4-P (0.64) and negatively associated with Mn (-0.77) and Elevation (-0.80) (Fig.
3.3D; Table 3.8). In contrast, axis 2 was positively associated with Mn (0.61) and PO4-P (0.39)
and a negatively correlated with elevation (-0.21) (Fig. 3.3D, Table 3.8). Monte-Carlo
unrestricted permutation tests, showed that Axis 1 (999 permutations) was significant (F = 7.329,
p ˂ 0.0020), as were other canonical axes (F = 3.031, p ˂ 0.0020) (see Table 3.7).
Combining the information from analysis of both absolute abundance based on morphometric
and genetic data (genetic analysis only for a few juveniles) and relative abundance based on
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molecular data, the abundance of C. indistincta sp. A was positively associated with relatively
high TN and PO4-P levels and negatively associated with high elevation and high Mn (Fig. 3.3B
& 3.3D, Table 3.6 & 3.8), suggesting that it tends to be in habitats with low elevation and low
Mn level. In contrast the abundance of C. indistincta sp. B and C. indistincta sp. D was
positively correlated with high elevation, in particular C. indistincta sp. D, and negatively
correlated with TN and PO4-P (Fig. 3.3B & 3.3D; Table 3.6 & 3.8), suggesting that the two
former species exhibit a high altitudinal preference, which may suggest that high elevation and
low levels of TN and PO4-P represent preferred habitat for both species (Fig. 3.3B & 3.3D).
Using measures of absolute and relative abundance of species within the P. australiensis species
complex, the abundance of P. australiensis Lin. 4, although collected from only two sites,
showed some positive correlation with elevation (3.3B & 3.3D; Table 3.6 & 3.8) and negative
correlation with high Mn (Fig. 3.3D; Table 3.8) and high PO4-P (Fig. 3.3B; Table 3.6).
Conversely, the abundance of P. australiensis Lin. 6 was positively associated with Mn (Fig.
3.3D; Table 3.8) and low elevations (Fig. 3.3D; Table 3.8), suggesting that this lineage might be
more tolerant to Mn than P. australiensis Lin. 4, and other study species of atyid freshwater
shrimps such as C. indistincta sp. A (Fig. 3.3D).

Page | 74

Table 3-5: Result of RDA analysis showing axis eigenvalues and weighted intraset correlations between the RDA axes and environmental variables related to
absolute abundance of atyid shrimps in the SEQ area. Significant values of the canonical axes (Monte Carlo permutation test, p ˂ 0.05) are given and labeled
with bold.
Ordination axis

Total

Axis 1

Axis 2

Axis 3

Axis 4

Variance

Eigenvalues

0.230

0.021

0.376

0.145

1

Cumulative percentage variance of species data

23.0

25.0

62.6

77.2

91.8

100.0

0

0

Full model
F-ratio

P-Value

Test of significance of first canonical axis

5.664

0.0040

Test of significance of all canonical axes

3.169

0.0080

Cumulative percentage variance of species-environmental
relationships
Sum of all eigenvalues

1

Sum of all canonical eigenvalues

0.250

Table 3-6: Weight correlation matrix of environmental conditions and species absolute abundance with RDA axes
Variable

Axis 1

Axis 2

Elevation

-0.7507

0.6814

Orthophosphate-P (PO4-P)

0.6777

0.721

C. indistincta sp. A

0.8072

-0.0781

C. indistincta sp. B

-0.3594

-0.031

C. indistincta sp. D

-0.7926

-0.1237

P. australiensis Lin. 4

-0.1544

0.2516

P. australiensis Lin. 6

0.0569

0.1298
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Table 3-7: Result of RDA analysis showing axis eigenvalues and weighted intraset correlations between the RDA axes and environmental variables related to
relative abundance of freshwater atyid shrimps in the SEQ area. Significant values of the canonical axes (Monte Carlo permutation test, p ˂ 0.05) are given and
labeled with bold.
Ordination axis

Total

Full model
F-ratio

P-Value

Test of significance of first canonical axis

7.329

0.0020

Test of significance of all canonical axes

3.031

0.0020

Axis 1

Axis 2

Axis 3

Axis 4

Variance

Eigenvalues

0.301

0.093

0.020

0. 002

1

Cumulative percentage variance of species data

30.1

39.5

41.5

41.6

Cumulative percentage variance of species-environmental relationships

72.4

94.8

99.6

100

Sum of all eigenvalues

1

Sum of all canonical eigenvalues

0.416

Table 3-8: Weight correlation matrix of environmental conditions and species relative abundance with RDA axes
Variable

Axis 1

Axis 2

Elevation

-0.7974

-0.2111

Manganese (Mn)

-0.7705

0.6127

Orthophosphate-P (PO4-P)

0.6385

0.3911

Total nitrogen (TN)

0.6204

-0.0779

C. indistincta sp. A

0.8116

-0.0165

C. indistincta sp. B

-0.3799

-0.2854

C. indistincta sp. D

-0.5754

-0.2164

P. australiensis Lin. 4

-0.074

-0.1665

P. australiensis Lin. 6

-0.3123

0.5224
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Figure 3-3: RDA ordination biplot showing the relationship between measured significant environmental variables
with: (A & C) sampling sites for absolute and relative abundance data, respectively. (B & D) atyid shrimps’ absolute
and relative abundance data, respectively. Abbreviations: PO4-P- Orthophosphate-P; Elev-elevation. More
information about sampling sites names, coordinates, habitats, and species number are highlighted in Appendix S1:
Table S4
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Based on the variation partitioning analysis, the physicochemical variables grouped collectively
yielded 55.0% of the total variance in absolute abundance of aytid shrimps, with the heavy metal
group of environmental variables contributing 24.6% of this total (Fig. 3.4A). The shared
variation among the two environmental groups was 20.4%. Using the measure of relative
abundance the heavy metals group yielded 27% of the total variance in abundance of atyid
shrimps, with physicochemical drivers yielding 45.3% of this total (Fig. 3.4B). Furthermore, this
analysis revealed that the total shared variation among the two environmental groups was 27.7%.

Figure 3-4: Partitioning of variation in atyid shrimp composition as explained by the two major groups;
physicochemical variables and heavy metals concentrations based on: (A) absolute abundance data; and (B) relative
abundance data.
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Spearman–rank correlations between measures of relative and absolute abundance and the
measured environmental variables were used to further understand relationships between aytid
assemblage composition at a site and background environmental data. For C. indistincta sp. A,
there was a significant negative correlation between its absolute abundance and elevation and the
heavy metals Mn, Fe and Co (Table 3.9; Fig. 3.5A), with significant positive correlations
between absolute abundance and TKN, TN and PO4-P (Table 3.9; Fig. 3.5A). When using
relative abundance of C. indistincta sp. A, the patterns were similar with significant negative
correlations again with elevation and the heavy metals Mn, Fe, and Co (Table 3.10; Fig. 3.5B)
and significant positive correlations with TKN, TN, and PO 4-P (Table 3.10; Fig. 3.5B).
For C. indistincta sp. B both absolute and relative abundance were significantly negatively
correlated with temperature and stream width (Table 3.9 & 3.10; Fig. 3.5A & 3.5B). Absolute
and relative abundance of C. indistincta sp. D had significant positive correlations with
conductivity, elevation and NO X-N (Table 3.9 & 3.10; Fig. 3.5A & 3.5B) with absolute
abundance additionally positively correlated with TDS (Table 3.9; Fig. 3.5A); this species also
showed significant negative correlations between both measures of abundance and TKN, PO 4-P
and TKP (Table 3.9 & 3.10; Fig. 3.5A & 3.5B), with absolute abundance additionally negatively
correlating with TN (Table 3.9; Fig. 3.5A).
For the P. australiensis complexes, a significant negative relationship was found between both
absolute and relative abundance of P. australiensis Lin. 4 and conductivity, while a significant
positive relationship was found between absolute and relative abundance of P. australiensis Lin.
6 and Mn, Fe and Co (Table 3.9 & 3.10; Fig. 3.5A & 3.5B).
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Table 3-9: Spearman rank correlation coefficient (r) between environmental factors and absolute abundance of cryptic species for both complexes studied.
Significant values are labeled with bold font. Abbreviations of environmental factors are available in Table 3.3.
Species

C. sp.

Temp

pH

Cond

Turb

DO

TDS

Width

Elev

Cr

Mn

Fe

Co

Ni

Correlation

.305

-.046

-.211

-.243

-.359

-.238

.081

-.635**

-.102

-.620**

-.446*

-.433*

-.191

P-Value

.168

.838

.346

.276

.101

.286

.721

.002

.650

.002

.037

.044

.394

Correlation

-.463*

.054

.310

-.046

-.016

.376

-.476*

.402

-.053

.032

.084

.082

.033

P-Value

.030

.811

.160

.840

.944

.085

.025

.064

.815

.888

.710

.717

.885

Correlation

-.155

-.094

.434*

.264

.002

.438*

-.061

.517*

.171

.224

.223

.168

.167

P-Value

.491

.676

.044

.236

.992

.042

.787

.014

.448

.317

.318

.456

.458

Correlation

-.348

.162

-.426*

-.166

.070

-.384

-.231

.155

-.135

-.094

-.033

-.109

-.187

P-Value

.113

.471

.048

.459

.756

.077

.301

.492

.550

.678

.885

.630

.405

Correlation

.136

-.051

.172

.101

.264

.189

.253

.131

.244

.614**

.470*

.508*

.294

P-Value

.547

.820

.444

.655

.235

.399

.257

.563

.273

.002

.027

.016

.184

A

C. sp.
B

C. sp.
D

P.
Lin.4

P.
Lin.6
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Table 3.9 continued
Species

C. sp.

Cu

Zn

As

Se

Cd

Pb

NH4-N

NOX-N

TKN

TN

PO4-P

TKP

-.390

.134

-.297

-.259

-.191

-.059

-.030

-.331

.522*

.511*

.478*

.058

P-Value

.073

.552

.179

.245

.395

.795

.894

.132

.013

.015

.025

.796

Correlation

.081

-.216

-.073

-.087

-.183

-.158

-.130

-.016

-.299

-.323

-.313

.059

P-Value

.721

.335

.748

.699

.415

.483

.564

.945

.176

.143

.156

.796

Correlation

.289

-.088

.010

.027

-.069

-.032

.072

.508*

-.480*

-.448*

-.553**

-.434*

P-Value

.192

.698

.963

.904

.761

.886

.750

.016

.024

.036

.008

.044

-.061

.010

-.036

.134

.072

.155

-.012

.231

-.084

-.084

.079

-.024

P-Value

.787

.964

.875

.553

.750

.491

.956

.301

.711

.711

.727

.916

Correlation

.417

.124

.362

.395

.317

.138

.027

-.058

-.206

-.182

.018

.135

P-Value

.054

.583

.098

.069

.150

.539

.904

.796

.357

.419

.935

.549

Correlation

A

C. sp.
B

C. sp.
D

P.

Correlation

Lin.4

P.
Lin.6
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Table 3-10: Spearman rank correlation coefficient (r) between environmental factors and relative abundance of cryptic species for both complexes studied.
Significant values are labeled with bold font. Abbreviations of environmental factors are available in Table 3.3.
Species
C. sp. A

C. sp. B

C. sp. D

Temp

P. Lin. 6

Cond.

Turb

DO

TDS

Width

Elev.

Cr

Mn

Fe

Co

Ni

Correlation

0.233

-0.109

-0.192

-0.196

-0.316

-0.164

0.026

-.698**

-0.106

-.649**

-.509*

-.442*

-0.176

P-value

0.297

0.630

0.393

0.383

0.152

0.465

0.910

0.000

0.639

0.001

0.015

0.039

0.433

Correlation

-.453*

0.073

0.321

0.005

0.034

0.351

-.479*

0.395

-0.047

0.055

0.091

0.088

0.044

P-value

0.034

0.748

0.145

0.981

0.879

0.109

0.024

0.069

0.836

0.810

0.686

0.698

0.844

-0.129

0.041

.448*

0.285

0.066

0.381

-0.026

.500*

0.184

0.254

0.238

0.176

0.191

0.566

0.855

0.037

0.199

0.770

0.080

0.909

0.018

0.412

0.254

0.287

0.434

0.395

-0.349

0.162

-.424*

-0.150

0.075

-0.386

-0.224

0.125

-0.150

-0.100

-0.050

-0.125

-0.199

P-value

0.111

0.470

0.049

0.506

0.741

0.076

0.316

0.580

0.507

0.659

0.826

0.580

0.374

Correlation

0.143

-0.057

0.225

0.172

0.247

0.236

0.301

0.125

0.220

.647**

.459*

.509*

0.298

P-value

0.526

0.801

0.313

0.444

0.268

0.291

0.173

0.581

0.325

0.001

0.032

0.015

0.178

Correlation
P-value

P. Lin. 4

pH

Correlation
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Table 3.10 continued
Species
C. sp. A

C. sp. B

C. sp. D

P. Lin. 4

P. Lin. 6

Cu

Zn

As

Se

Cd

Pb

NH4-N

NOX-N

TKN

TN

PO4-P

TKP

-0.369

0.055

-0.359

-0.385

-0.243

-0.066

0.039

-0.275

.565**

.552**

.451*

0.100

P-value

0.091

0.809

0.101

0.077

0.275

0.771

0.861

0.215

0.006

0.008

0.035

0.657

Correlation

0.047

-0.237

-0.055

-0.103

-0.195

-0.161

-0.136

-0.037

-0.277

-0.300

-0.309

0.049

P-value

0.836

0.287

0.808

0.648

0.384

0.474

0.546

0.870

0.211

0.175

0.162

0.828

Correlation

0.281

-0.054

0.049

0.027

-0.051

-0.025

0.079

0.513*

-0.446*

-0.412

-0.560**

-0.434*

P-value

0.205

0.811

0.827

0.906

0.821

0.911

0.726

0.015

0.038

0.057

0.007

0.043

-0.075

0.050

-0.037

0.125

0.062

0.150

0.000

0.225

-0.075

-0.075

0.063

-0.038

P-value

0.741

0.826

0.869

0.580

0.783

0.507

1.000

0.315

0.741

0.741

0.782

0.866

Correlation

0.391

0.097

0.408

0.407

0.329

0.161

0.093

-0.080

-0.201

-0.182

-0.002

0.139

P-value

0.072

0.668

0.059

0.060

0.134

0.473

0.680

0.724

0.369

0.418

0.992

0.538

Correlation

Correlation
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Figure 3-5: Heatmaps showing the correlation matrix of environmental conditions and cryptic species of both
complexes based on: (A) absolute abundance data, and (B) relative abundance data.

Page | 84

3.6 Discussion
This work represents the first comprehensive assessment of the influence of abiotic factors on
measures of absolute and relative abundance of cryptic species within the two species
complexes, C. indistincta and P. australiensis, across sites in SEQ. There were clear differences
in spatial distributions between the species and these differences could be explained by
background environmental conditions. Using two analytical approaches (RDA and SpearmanRank correlations) and measures of absolute and relative abundance, the strongest environmental
drivers in explaining variation in spatial differences were elevation, nutrients (TN and PO4-P)
and the heavy metal manganese. Additional variation could be explained by a combination of
water temperature, conductivity, stream width, NOX-N, TKN, Fe and Co.
Differences in the spatial distributions of these freshwater shrimps have been noted in previous
studies, individuals of P. australiensis Lin. 4 and C. indistincta sp. B are known to be more
common at high altitudinal sites compared with individuals of P. australiensis Lin. 6 and C.
indistincta sp. A (P. australiensis: Cook et al., 2006; Hancock et al., 1998; Fawcett et al., 2010;
Wilson, et al., 2016; C. indistincta: Yasser et al., 2018). However, in this study both absolute and
relative abundance of C. indistincta sp. D and C. indistincta sp. B were significantly associated
with elevation, while the relative abundance of P. australiensis Lin. 4 was not. This, however,
likely reflects the number of sampling sites where individuals of P. australiensis Lin. 4 were
sampled, being found at only two sites. These findings confirm that elevation is an important
factor in shaping shrimp assemblages in SEQ streams and elsewhere (Bálint et al., 2011; Tonkin
et al., 2017); elevation determines habitat conditions and is correlated with other environmental
drivers such as dissolved oxygen saturation and water velocity (Qu et al., 2005; Jacobsen, 2008;
Bálint et al., 2011), nutrient concentrations (Mejia-Ortiz & Alvarez, 2010) and temperature
regime (Bunn et al., 1999; Mejia-Ortiz & Alvarez, 2010).
Elevation, and associated water quality variables have been shown to explain the spatial
distribution of two cryptic species of freshwater snail Ancylus fluviatillis (Macher et al., 2016b);
Ancylus C1 was restricted to higher elevations, with Ancylus C4 found at lower altitudes.
Similar findings were noted by Obertegger et al. (2014), who found that the spatial distribution
of cryptic species within the rotifer Polyarthra dolichoptera complex reflected different water
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quality parameters occurring between low- and high-altitude, which in turn reflected the different
ecological preferences among these cryptic taxa.
Elevation and the associated changes in land-use may also explain differences in water nutrient
concentrations, which were also found to correlate with the abundance and distribution of species
within this study. There was a significant positive relationship between the concentration of
dissolved oxidized nitrogen (Nitrate+Nitrite) NOX-N and the distribution of C. indistincta sp D.
While C. indistincta sp. A was more tolerant to elevated TKN, TN, and PO4-P than the other
atyid species. The consequences of elevated water nutrient levels may be excessive algal
production and thereby water quality decline (Correll, 1999), excess production can have adverse
effects on ecosystems due to increasing bacterial production and consequent high ecosystem
respiration rates, resulting in water hypoxia or anoxia (Correll, 1999).
Although elevation and temperature were dominant drivers in the local distribution patterns of
the cryptic species, many studies have also suggested that the different species within complexes
can differ in their spatial distribution due to differences in their sensitivity levels to chemical
stressors (e.g., Schmidt-Kloiber & Nijboer, 2004; Feckler et al., 2012, 2014). In our study,
variation in local geographical distributions, measured by both absolute and relative abundance,
could also be explained by heavy metal concentrations. The abundance of P. australiensis Lin. 6
was positively correlated with high concentrations of Mn, Fe and Co with the abundance of all
other species in this study showing negative correlations. This suggests that P. australiensis Lin.
6 may be more tolerant to high concentrations of heavy metals. The high sensitivity of freshwater
shrimps to toxicants in general, and to high concentrations of heavy metals in particular, has
been well established in many toxicological studies (Hatakeyama & Sugaya, 1989; ShuhaimiOthman et al., 2011; Vera et al., 2014; Oulton et al., 2014). Individuals within the C. indistincta
species complex have been shown to be sensitive to insecticides (Brown et al., 2000) as well as
the heavy metals Al, Cu and Zn (Chapman & Simpson, 2005). Interestingly, toxicity to heavy
metals in aytid shrimps appears to change with background water quality, in the Chapman &
Simpson (2005) study heavy metal toxicity was highest at pH 5 and least at pH 6. Similarly,
Holland et al. (2013, 2014) found evidence that acid mine drainage water was toxic to
C. indistincta sp. D, with toxicity decreasing in the presence of humic substances. Freshwater
shrimps are generally heavy metal-sensitive organisms (Bain et al., 2016), which may explain
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their low abundances at sites in this study with high concentrations of heavy metals; with the
exception of P. australiensis Lin. 6, which appears better able to tolerate high concentrations of
heavy metals.
This study also showed that the different species within the C. indistincta complex may occur in
sympatry (i.e., in the same stretch of a river or creek). C. indistincta sp. D and C. indistincta sp.
B occurred together at both the Brisbane River and Woolshed Ck sites (see Appendix S1: Table
S4). This finding seems in agreement with previous studies (e.g., Chenoweth & Hughes, 2003;
Page, 2006; Page & Hughes, 2007a), who noted the co-occurrence of different cryptic species of
the C. indistincta complex sp. (A-D). For example, C. indistincta sp. A and C. indistincta sp. B
(Yandina Creek, Glasshouse/Maroochy; Chenoweth & Hughes, 2003), C. indistincta sp. B and
C. indistincta sp. D (Dingo Creek, Burnett basin; Page & Hughes, 2007a), as well as C.
indistincta sp. A and C. indistincta sp. D (Rosewood, Brisbane, Page, 2006).
In contrast, for the P. australiensis species complex, this study showed that the two lineages each
displayed distinct and separate spatial distributions. This finding is not surprising, as earlier
studies have reported that to date, P. australiensis lineage 4 and lineage 6, have not been found
naturally at the same site (e.g., Garzon, 2009; Fawcett et al., 2010). Correspondingly, numerous
other lineages of P. australiensis have been found together (Cook et al., 2006). In some
examples, where such lineages co-occur, they have been shown to be reproductively isolated
(Cook et al., 2007). For instance, in Granite Creek in southern Australia, lineage 4 and 8 cooccur, and allozyme analysis has showed that these two lineages were reproductively isolated
(Cook et al., 2007). In South Eastern Queensland lineages 3, 4 and 8 have been found together in
streams on the Gold-Coast (Cook et al., 2006). Nonetheless, a recent genetic study noted that P.
australiensis Lin 4 was with Lin. 6 at one of six study sites (Broken Bridge High in the Mary
River catchment) in South-East Queensland, with the proportion of lineage 4 to 6 being 1:2
based on phylogenetic analysis using COI gene (mtDNA) (Rahman, 2017).
In fact, it is possible that some species within a complex may seldom co-occur in sympatry due
to different ecological demands or interspecific competition causing competitive exclusion (Fišer
et al., 2015). This means that although environmental factors act to limit species distributions,
resource competition and sexual interactions (such as erroneous female choice and hybridization)
between species may also play a role in determining species coexistence in nature (Gröning &
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Hochkirch, 2008; Okuzaki et al., 2010; Gabaldon et al., 2017). Basically, in accordance with the
principle of competitive exclusion; if competing species are not sufficiently different to reduce
interspecific competition, exclusion of one species by another species is expected to occur
(Gröning & Hochkirch, 2008). Reproductive interference for species coexistence might also have
dramatic consequences such as displacement of species by related species (Kuno, 1992), called
“sexual exclusion” (Hochkirch et al., 2007). Hughes et al. (2003) presented evidence that
individuals of P. australiensis Lin 4, that had been translocated into pools naturally inhabited by
P. australiensis Lin 6, were sending the resident lineage to extinction. Hughes et al. (2003)
suggested that the explanation for the rapid reduction in numbers of resident shrimp might be
that the resident females (lineage 6) were preferentially hybridizing with translocated males
(lineage 4) and their subsequent F1s were nonviable (because none were observed in samples).
This finding suggests that the incomplete reproductive isolation between lineage 4 and 6, may be
the main reason that they seldom co-occur naturally, compared with some other lineages of P.
australiensis that are clearly reproductively isolated (Cook et al., 2007). It is also possible that
the repeated co-existence of some species within the C. indistincta complex is because the
reproductive isolation between them is complete (C. indistincta sp. A and sp. B: Chenoweth &
Hughes, 2003). Recently however, genetic and ecological studies, have suggested that the reason
for one lineage of P. australiensis tending to displace the other may be related to the elevation of
the site (Wilson et al., 2016); lineage 4 tends to occur at higher elevations compared with lineage
6 and has been shown to be less tolerant of high temperature (Fawcett et al., 2010). Wilson et al.
(2016) also showed that where the two lineages co-occurred, mating appeared to be non-random,
with fewer heterozygotes (i.e. hybrids) than expected. Taken together, these findings suggest that
the extinction of the resident lineage is due to a combination of the two processes above, i.e.
sexual exclusion and different environmental tolerances.
Competition for niche space appears to be relatively unimportant in my study. For example, two
or more Caridina species are often found in the same pool, which suggests that competitive
exclusion is not a factor here. In contrast, while other lineages of Paratya often co-occur, the two
common lineages in my study seem to co-occur rarely and, judging from the results of Hughes et
al. (2003), Fawcett et al. (2010) and Wilson et al. (2016), this is probably a result of sexual
exclusion rather than competition. It is more likely that the spatial distributions of Caridina
species are closely linked to environmental tolerances, while the distributions of the Paratya
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lineages may be determined by both environmental tolerances and, in a few cases, sexual
isolation.

3.7 Conclusions
1. This study provided background information on the differences among species of atyid
shrimps within the two complexes to background environmental variation. Such information
highlighted the importance of species-level studies when using one of these complexes as a
bioindicator in future monitoring programs. Moreover, studies of this kind are important in
biodiversity conservation; as they deal with different species within a broader species
complex, each representing a distinct species (Bickford et al., 2007). Therefore, mapping
their distributions and the ecological knowledge concerning their tolerance to local
environmental conditions may considerably impact their conservation status (Fišer et al.,
2015).
2. RDA analysis demonstrated significant relationships between some environmental
parameters and atyid freshwater shrimp assemblage composition. These included elevation,
nutrients (TN and PO4-P) and the heavy metal Manganese (Mn).
3. Furthermore, a variance partitioning procedure using PRDA analysis confirmed that the
different groups of environmental drivers can explain different percentages of the variance in
the aytid assemblages, using the measurement of absolute abundance the water
physicochemical parameters explained 55.0% of the variance in the atyid freshwater shrimps
community structure in their study area, while heavy metal concentrations explained more
than 24.6%. Correspondingly, using the measure of relative abundance the physicochemical
drivers explained more than 45.3% of the total variance in abundance of atyid shrimps,
whereas heavy metals group explained only 27%.
4. Finally, this study showed there were differences in species responses to heavy metals; C.
indistincta sp. A correlated negatively with Mn, Fe and Co while P. australiensis Lin. 6
showed significant positive associations with these elements.
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4 Differences in sensitivity to two heavy metals (Copper and Zinc)
among taxa of the Caridina indistincta and Paratya australiensis
species complexes

4.1 Abstract
Caridina indistincta and Paratya australiensis, atyid freshwater shrimps, are frequently used in
freshwater toxicity tests. C. indistincta and P. australiensis are actually complexes of a number
of cryptic species. This study investigated whether species within the two complexes differed in
their sensitivity to chemical stressors. Adults of the two cryptic species of each complex were
exposed in two independent experiments to six concentrations of the heavy metal Copper (Cu)
or Zinc (Zn) under laboratory conditions for a four-day period (96 hour). Mortality was
recorded, and the median lethal concentrations (LC50) at 24 h, 48 h, 72 h, and 96 h calculated
to compare sensitivity between study species. The results showed that copper was more toxic to
these species than zinc, with C. indistincta sp. A being more sensitive to copper (Cu) than C.
indistincta sp. D. In contrast, C. indistincta sp. A was less sensitive to zinc (Zn) than C.
indistincta sp. D. For the P. australiensis complex, lineage 6 was overall more tolerant to
copper and zinc than lineage 4. Besides, during the exposure period to the different
concentrations of both the heavy metals, particularly copper, some alterations in almost
behaviour patterns were observed in the four tested species; e.g., increase hyperactivity and
movement in the term of horizontal towards surface. With increasing exposure time, loss of
body balance, settled on the bottom of aquaria, mucous secretion, dark red demarcations and
deeper blackening on different parts of the body, were observed for most the exposed
individuals. This study only considered acute toxicity differences between cryptic species,
future studies should investigate sub-lethal differences in sensitivity and behavioural
characteristics between these cryptic species that may further explain spatial distribution
patterns.
Key words: atyid freshwater shrimps, cryptic species, acute toxicity, heavy metals, LC50, sensitivity.
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4.2 Introduction
Cryptic species are those species that are genetically different but not morphologically distinct
(Bickford et al., 2007; Obertegger et al., 2014). Cryptic species within a species complex may
differ in their sensitivity to chemical stressors, including heavy metals (Rocha-Olivares et al.,
2004; Bickford et al., 2007; Leung, 2014), they may also display different behavioural and
physiological characteristics (Westram, 2011; Cothran et al., 2013). Differences in sensitivity
and tolerance of chemical stressors have been found between cryptic lineages of the Gammarus
fossarum complex (Feckler et al., 2012), while some cryptic species within the amphipod
Hyalella azteca species complex were found to be more vulnerable to fish and invertebrate
predators than others (Cothranet et al., 2013; Smith, 2013). This reinforces the fact that
individual cryptic species may possess unique adaptations and evolutionary potential (Westram
et al., 2011), therefore dealing with these species as one nominal species provides misleading
physiological and ecological information (Feckler et al., 2014). In developing appropriate
guidelines for environmental and conservation management, accurate assessment of species
within species complexes is critical for understanding environmental tolerances (Sattler et al.,
2007).
Freshwater shrimps are a common model organism in toxicity bioassays and bio-monitoring
(Hatakeyama & Yokoyama, 1997; Hatakeyama & Hiroaki, 1998; Scherman & Palmer, 2000;
Kumar et al., 2010; Bertrand et al., 2018; Hong et al., 2018), probably due to their considerable
role in aquaculture (Lehman et al., 1996; Hart et al., 2001; Janssens de Bisthoven et al., 2006)
and their sensitivity toward multiple stressors (Brown et al., 2000; Phyu et al., 2005; Bain et al.,
2016). In Australia, atyid shrimps of the species complexes Caridina indistincta and Paratya
australiensis are both common and widely distributed in freshwater ecosystems and are
commonly used as test organisms when exploring the impact of contaminants such as pesticides
(e.g., Hughes et al., 1992; Brown et al., 2000) and acid mine water (Chapman & Simpson, 2005;
Holland et al., 2013). However, both species are actually complexes of a number of cryptic
lineages and many of these toxicology studies have ignored the cryptic diversity and dealt with
each complex as single nominal species (e.g., Brown et al., 2000; Phyu et al., 2005). Each
species complex can be split into at least five cryptic species of C. indistincta (Page et al.,
2005a), and nine cryptic species of P. australiensis (Cook et al., 2006), see also Chapter 2. The
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previous eco-toxicological studies could not have assessed the real sensitivity of these taxa,
because there was no information on which of the cryptic species within each complex was being
tested (Feckler et al., 2012).
Given the different spatial distributions of the species of C. indistincta and P. australiensis
complexes (Page et al., 2005a; Cook et al., 2006; Chapter 2, Chapter 3), there are likely to be
species specific differences in sensitivity to toxicants. Environmental concentrations of heavy
metals were shown to explain the distribution of cryptic species within these two species
complexes (Chapter 3). The heavy metals manganese (Mn), iron (Fe), and cobalt (Co) correlated
negatively with the abundance of C. indistincta sp. A but showed significant positive correlations
with the abundance of P. australiensis Lin. 6 across 22 sites in South-East Queensland (Chapter
3; Table 3.9 & 3.10). While not significant at p < 0.05 the concentration of copper (Cu) showed
some negative correlation with abundance of C. indistincta sp. A and positive association with P.
australiensis Lin. 6, the same pattern as seen for Mn, Fe and Co (Chapter 3; Table 3.9 & 3.10).
To further explore this, the aim of this study was to explore if there were differential responses
between the cryptic species within the two species complexes to heavy metals using acute
toxicity tests.
The solubility of heavy metals in water is strongly influenced by water quality parameters, such
as dissolved oxygen, pH (Vuori, 1995) and temperature (Lide & Frederikse, 1993; Clifford &
McGeer, 2009; Ryan et al., 2009). For example, in freshwater environments iron (Fe) exists in
two oxidation states: reduced ferrous ion (Fe II) and oxidized ferric ion (Fe III). In oxygenated
waters, soluble ferrous ions (Fe II) may oxidize to ferric ions (Fe III; Hem, 1985) and when
water pH > 6.5 these ferric ions become insoluble and rapidly precipitate as hydroxides and
oxyhydroxides (Hem, 1985; Kimball et al., 2007). Likewise, the solubility of manganese (Mn) in
freshwater environments is also essentially influenced by water quality parameters such as pH
and the presence of bicarbonate and sulphate (Hem, 1963). Manganese can occur at oxidation
levels from Mn (I) to Mn (VII), with the oxidation states Mn (II), Mn (III), Mn (IV) and Mn (VI)
dominating in waters (Hem, 1963). Manganese in the Mn (II), Mn (III), and Mn (IV) states may
form oxides or hydroxides that have low solubility. For example, when dissolved oxygen is high
and pH is 8.5-9.0, manganese in the Mn (II) state may form low solubility oxides or hydroxides
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(Hem, 1963). Cobalt is also less soluble in water compared with Cu and Zn (Lide & Frederikse,
1993).
Due to issues with maintaining water solubility of the heavy metals under laboratory conditions
and appropriate water quality conditions (dissolved oxygen, pH) that would not themselves cause
toxicity issues, the metals copper (Cu) and zinc (Zn) were selected for acute toxicity tests.
Copper, because is showed similar correlations with abundance to Fe, Mn and Co and zinc as it
showed no correlations with abundance in the field survey. These two heavy metals, Cu and Zn,
are also easily soluble in water under the neutral and oxygenated conditions required to
undertake the heaving metal toxicity testing (Lide & Frederikse, 1993).
The largest two sources of zinc in urban areas originate from tyres and galvanized metals
(Makepeace et al., 1995; Vos & Janssen, 2008). Highly elevated levels of zinc have been
detected in road surface dust worldwide, mostly coming from tyre wear deposited on highways
and urban roads (Varrica et al., 2003; Yuen et al., 2012). For copper, the largest anthropogenic
source in urban areas comes from adding copper instead of asbestos to brake pads to make
smooth braking and to prevent brakes from squeaking and shuddering (Lifset et al., 2012).
Duodu et al. (2017) identified three sources of heavy metals, as follows: lithogenic sources
accounting for 72% (natural background of heavy metals in soil and a spectrum of rocks (Tyszka
et al., 2012), shipping related sources contributing 15% and traffic related sources representing
13% of the total load in the sediment of Brisbane River estuary, Australia.
Overall, pollution by heavy metals is considered to be a major cause of poor freshwater quality
globally (Montuori et al., 2013; Sekabira et al., 2010). The most serious source for heavy metals
is human activities through industrial effluent, agricultural drainage, vehicle emissions, and
domestic waste, all of which have adverse effects on human and freshwater ecosystems (Sekhar
et al., 2003; Green et al., 2010; Xin et al., 2015). Unfortunately, because there is no independent
guide for toxicity of pollutants on Australian fauna, there is an urgent need to determine lethal
concentrations for native species (Khan & Nugegoda, 2007).
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The present study, therefore, aims to compare sensitivities between two cryptic species in each of
the species complexes of C. indistincta and P. australiensis to dissolved copper (Cu) and zinc
(Zn). The median lethal concentration (LC50), for each heavy metal, was used to infer
sensitivity. This is a quick and an inexpensive method for evaluating the toxic effect of pollutants
(Zhang et al., 2014). Consequently, the toxicants LC50 to 96 hour (acute toxicity) for species of
interest is often the easiest and quickest method for determining whether there are differences
between taxa in their sensitivity to heavy metals (Wang et al., 2013). In doing this we also aimed
to determine lethal concentrations to these heavy metals that would be helpful in future risk
assessment of toxicants to freshwater atyid shrimps, specifically, for P. australiensis Lin. 4 &
Lin. 6 and for C. indistincta sp. A & sp. D. To achieve these aims we: (i) used C. indistincta sp.
A and sp. D, and P. australiensis Lin. 4 and Lin. 6 as model organisms, (ii) used a range of Cu
and Zn concentrations as test materials (heavy metals), (iii) monitored behavioural and body
colour changes to the test organisms during time of exposure to investigate the differences in the
responses to toxicants between taxa, (iv) employed statistical analysis to calculate the median lethal
concentration (LC50) of each metal for each species of interest to compare the differences in
sensitivity towards each metal between study species.
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4.3 Materials and methods
4.3.1 Collection and maintenance of shrimps
Adults from C. indistincta sp. A and sp. D, within the C. indistincta species complex, and P.
australiensis Lin. 6 and Lin. 4 from the P. australiensis species complex were collected using a
D-shaped hand net from four sites in South-East Queensland (Fig. 4.1). These sites were chosen
as the species identity of shrimps from them had already been investigated genetically with only
one of the cryptic species being found at each site reducing the likelihood of using multiple
species in each test (see Chapter 2 & 3 and also section 4.3.2).

Figure 4-1: Location of sampling sites of freshwater atyid shrimps within South- East Queensland. Mudgeeraba Ck
(purple circle), Bremer River (yellow circle), Oxley Ck (red circle) and Brisbane River (blue circles). Further details
about the catchments and coordinates of sampling sites are found in Appendix S1: Table S6.
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Collected shrimp specimens were gently placed in 15-L buckets with natural water from the
collection site that was continuously aerated with air stones attached using battery operated
aerators and then carefully transported to the laboratory. In the laboratory, shrimps were placed
in 30-L aquaria containing de-chlorinated tap water aerated via air stones, they were kept for a
minimum of one week for acclimation prior to use for bioassays. Aquaria were kept in a
Constant Environment Room with a temperature of 18.0±0.06°C and photoperiod of 10 h light
and 14 h dark before being used in the experimental tests (Fig. 4.2). During this time shrimps
were fed with commercial dry pellets (Trow Espana) at least once per day. Excess food and
waste materials were removed daily from containers by siphoning to prevent microbial growth.
Water parameters including temperature, pH, conductivity, and dissolved oxygen were
measured daily in all containers, treatments and controls (Table 4.1).

Figure 4-2: Part of the experimental set-up of the laboratory exposures. (A) part of the holding tank where shrimps
were acclimated; and (B), part of experimental design of shrimp exposures.
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Table 4-1: Mean ± SD (n = 3) for water quality parameters for each bioassay. No significant differences were recorded between bioassays for each water quality
parameter (P ˃ 0.05; Kruskal-Wallis tests). SD = standard deviation
Water quality
Parameters

Cu

Zn

C .sp. A

C. sp. D

P. Lin.4

P. Lin.6

C. sp. A

C. sp. D

P. Lin.4

P. Lin.6

pH

8.4±0.12

8.3±0.04

8.28±0.12

8.23±0.25

8.41±0.25

8.41±0.25

8.43±0.21

8.43±0.16

Conductivity (µS cm-1)

484.66±

482.33±

484.00±

482.00±

483.33±

480.00±

485.00±

486.00±

18.6

17.21

21.9

19. 16

20. 81

17.32

18.03

15.27

Temperature (°C)

18.1±0.06

18.1±0.1

18.1±0.1

18.1±0.1

18.2±0.1

18.1±0.06

18.1±0.05

18.1±0.1

Dissolved Oxygen

9.72±0.7

10±0.1

9.7±1.4

9.9±1.7

9.9±0.35

10±0.1

9.83±0.15

9.83±0.42

-1

(mg l )
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4.3.2 Identification of test samples and acute lethal toxicity assay
4.3.2.1 Identification of test samples
At the end of the acclimation period shrimps were hand sorted and their identity verified based
on the morphological characters outlined in two previous studies (Page at el., 2005a; Yasser et
al., 2018).

4.3.2.2 Acute lethal toxicity assay
According to criteria that have been set out by the American Society for Testing Materials (US
EPA, 2002) for acute toxicity, static exposure assays are designed and performed to evaluate the
differences in species sensitivity/tolerance depending on the calculated values of the LC50 (50%
mortality of test individuals) for 24-h, 48-h, 72-h, and 96-h. In this type of exposure assay, the
test solutions are not changed for the duration of the bioassay. This experiment had 7 treatments:
one control and 6 concentrations of each heavy metal (copper or zinc). For zinc, the
concentrations were; 44.4, 1000, 2500, 4000, 6000, and 7000 μg L -1 of Zn2+, and for copper
concentrations were 9.65, 20, 30, 40, 50, and 60 μg L -1 of Cu2+. These test concentrations chosen
for each metal were based on a series of trial experiments undertaken before conducting acute
toxicity tests (US EPA, 2002). Each bioassay was conducted with three replicates per treatment
(see Figure 4.2; Table 4.2) using 10 healthy individuals of approximately similar size that were
selected from the acclimated aquariums and added to 5-L test tanks (glass beakers). Before the
animals were transferred, each test glass beaker was dosed with a concentration of either Cu or
Zn. These test concentrations were prepared as follows; firstly, standard stock solutions of Cu
and Zn were prepared by dissolving the appropriate amount of CuSO 4_5H2O (249.677 g/mol)
and ZnSO4_7H2O (287.56 g/mol) in dissolved de-ionized water in a 1-L volumetric flask and
stored at 4oC. Afterwards, the test concentrations of each metal (Cu and Zn) to be used in the
toxicity tests were made by diluting a specific volume of stock solution with de-chlorinated tap
water. For the control solution, only de-chlorinated tap water was used. Both compounds (Merck
Company) were analytical grade.
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Ten individuals were placed in 5-L test aquaria that were filled with 4-L of de-ionized water.
Aquaria were gently aerated for all treatments for the duration of the assays. To avoid the
possibility that heavy metals may bind to food items, shrimp were not fed for 24-h before
experimental tests were started. The test aquaria were checked carefully for early mortality
during the first few hours, and then the number of surviving shrimps was recorded at the end of
each 24-h, 48-h, 72-h, and 96-h period. Any dead shrimp were removed daily to avoid any
adverse effect on the remaining test shrimp. The criterion for death was taken to be lack of
movement of the pleopods and antennae when the animal was gently prodded (Mills et al.,
1979).

4.4 Data analysis
The LC50 represents the concentration of toxicant causing 50% mortality of test animals. The
probit analysis (PB) method was used to estimate the LC50 values and their 95% confidence
limits, using the SPSS statistical package (Version 20.0). Additionally, to provide further insight
for the difference in survival rates between the study species, bar graphs were produced using
“Microsoft Excel”.
Furthermore, significant differences (p < 0.05) in 24-h, 48-h, 72-h, and 96-h LC50 between
study species for each metal were compared using a 95% Confidence Intervals (CI) limits
overlap test. Significant differences (p < 0.05) in LC50 between species were assumed when the
95% CI limits values did not overlap between corresponding pairs. When the 95% CI limits
values did overlap, a Z-test was employed to investigate whether there was a significant
difference between species that could not be determined by comparing 95% CI limits (Wheeler
et al., 2006). The Z-tests were conducted using the Metan package in Stata Statistical Software
version 14.0. Additionally, to test if there were significant differences among water conditions
during experimental tests, a non-parametric analysis, Kruskal-Wallis test (Kruskal & Wallis,
1952) was employed (see Table 4.1). This analysis was conducted using Paleontological
Statistics (Past) software package version 3.17 (Hammer et al., 2001).
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Behavioural observations for individuals of the species within the two complexes were also
made for each test aquaria during the acute toxicity tests (96-h) and compared with individuals
from the control aquaria.

4.5 Results
4.5.1 Acute toxicity tests of two cryptic species of the C. indistincta complex
Mean± SD values of the water quality parameters for each bioassay suggested test conditions
were kept almost constant during exposure time, as there were no significant differences between
bioassays for each measured water quality variable (p ˃ 0.05; Kruskal-Wallis tests; see Table
4.1). No mortality was observed during the acclimation period before exposure, and no mortality
was observed for shrimps in the control treatment.
The 24-h, 48-h, 72-h, and 96-h LC50 values for copper were lower for C. indistincta sp. A than
for C. indistincta sp. D (Table 4.2; Table 4.3), indicating that C. indistincta sp. A was more
sensitive (Fig. 4.3A). Conversely, the 24-h, 48-h, 72-h, and 96-h LC50 values for zinc were
lower for C. indistincta sp. D than for C. indistincta sp. A (Table 4.2), which means that C.
indistincta sp. A was more tolerant to Zn (Fig. 4.3B). The outcome of the present study based on
the 95% confidence interval limits overlap test showed significant differences (p < 0.05) in the
sensitivity to copper between C. indistincta sp. A and sp. D for all comparisons (24-h, 48-h, 72h, and 96-h) and to zinc during the first 24-h. Additionally, although there was some overlap in
the 95% confidence interval limits between the corresponding pairs, there were statistical
differences (p < 0.05) between species during 48-h, 72-h, and 96-h of exposure based on Z- tests,
as Z; (Z= 10.87, P= 0.001, Z= 5.83, P= 0.016, and Z=5.90, P= 0.015) respectively.
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Table 4-2: The median lethal concentration (LC50) and 95% confidence intervals (in parentheses) for cryptic species within the two study complexes exposed to
Cu and Zn calculated by probit analysis.
Toxicant

Cu

Zn

Time
(hour)

C. sp. A

C. sp. D

P. Lin. 4

P. Lin. 6

24

LC50
(µg L-1 )
37.154

95%
confidence
limits
31.84 - 43.87

LC50
(µg L-1 )
48.265

95%
confidence
limits
44.08 - 53.93

LC50
(µg L-1 )
40.288

95%
confidence
limits
31.84 - 43.87

LC50
(µg L-1 )
59.627

95%
confidence
limits
53.11 - 70.06

48

31.368

24.77 - 38.64

45.59

39.58 - 54.99

36.704

30.41 - 45.05

55.421

47.86 - 69.41

72

24.768

16.64 - 31.97

38.988

33.36 - 46.52

29.709

21.98 - 37.93

46.555

40.95 - 55.08

96

23.016

16.58 - 28.55

32.128

24.94 - 40.47

25.79

18.43 - 32.53

37.189

31.35 - 44.81

24

7813.217

6298.57 - 10845.85

3986.971

3149.97 - 5207.16

5050.214

4323.16 - 5917.47

7380.892

6426.23 - 9014.54

48

5093.153

4238.78 - 6419.09

3076.707

2604.12 - 3601.79

3415.482

2894.78 - 4026.91

6687.453

5523.41 - 8787.91

72

3316.102

2772.43 - 3962.94

1973.418

1094.63 - 2919.59

2701.931

2217.85 - 3241.22

5097.306

3896.31 - 7407.29

96

2741.024

1983.45 - 3609.62

1376.245

636.35 - 2122.90

2113.322

1485.63 - 2771.57

3639.133

2995.45 - 4474.08
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Table 4-3: Effects of acute Cu and Zn toxicity on the mortality rate (%) ± SE of two cryptic species of species complexes C. indistincta. (n=10 per replicate, No.
of replicates per concentration= 3).
Chemical

Cryptic
species/Lineages

Cu

C. sp. A

C. sp. D

Zn

C. sp. A

C. sp. D

Concentration
(µg L−1)

24-h
Mortality rate (%)

48-h
Mortality rate (%)

72-h
Mortality rate (%)

96-h
Mortality rate (%)

9.65
20
30
40
50
60
9.65
20
30
40
50
60
44.4
1000
2500
4000
6000
7000
44.4
1000
2500
4000
6000
7000

0
26.67±3.33
40±0
53.33±3.33
63.33±3.33
73.33±3.33
0
13.33±3.33
30±0
40±0
50±0
60±0
0
10±0
16.67±3.33
30±0
43.33±3.33
50±11.55
0
20±0
30±0
50±0
60±0
70±0

0
36.67±3.33
50±0
60±5.77
70±0
83.33±3.33
0
16.67±3.33
33.33±3.33
40±0
50±0
66.67±3.33
0
16.67±3.33
30±5.77
43.33±6.66
53.33±6.66
60±15.28
0
23.33±3.33
40±0
56.67±3.33
66.67±3.33
76.67±3.33

0
50±0
70±0
73.33±3.33
80±0
90±0
0
23.33±3.33
36.66±3.33
46.67±3.33
60±0
76.67±3.33
0
23.33±3.33
43.33±8.82
53.33±12.02
60±0
73.33±3.33
0
40±0
53.33±3.33
60±0
73.33±3.33
86.67±3.33

0
50±0
76.67±3.33
80±5.77
86.67±3.33
96.67±3.33
0
36.67±3.33
50±0
60±0
66.66±3.33
80±0
0
26.67±6.67
50±5.77
53.33±12.02
66.67±8.82
80±0
0
50±0
63.33±3.33
73.33±3.33
80±0
93.33±3.33
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Figure 4-3: Bar chart showing survival rates of two cryptic species, C. indistincta sp. A and C. indistincta sp. D,
following exposure to: (A) six Cu concentrations, and (B) six Zn concentrations after 24-h, 48-h, 72-h, and 96-h. For
more details about the concentrations of two the heavy metals see Table 4.3.
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4.5.2 Acute toxicity tests of two cryptic species of the P. australiensis complex
P. australiensis Lin.6 had higher LC50 values in the 24-h, 48-h, 72-h, and 96-h exposure times
to zinc and copper than P. australiensis Lin. 4 (Table 4.2; Table 4.4). This was reflected in the
percent mortality rates for Lin. 6, which had a lower mortality rate than Lin.4, and can therefore
be considered more tolerant to both metals (Fig. 4.4A & 4.4B). Similar to the cryptic species
within the C. indistincta complex, differences in the sensitivity to both metals (Cu and Zn)
between the cryptic species were statistically significant (p < 0.05) based on a 95% confidence
interval limits overlap test.
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Table 4-4: Effects of acute Cu and Zn toxicity on the mortality rate (%) ± SE of the two lineages of species complexes P. australiensis. (n=10 per replicate; No.
of replicates per concentration=3).
Chemical
Cu

Cryptic
species/Lineages
P. Lin. 4

P. Lin. 6

Zn

P. Lin. 4

P. Lin. 6

Concentration (µg L−1)
9.65
20
30
40
50
60
9.65
20
30
40
50
60
44.4
1000
2500
4000
6000
7000
44.4
1000
2500
4000
6000
7000

24-h
Mortality rate (%)
0
23.33±3.33
36.67±3.33
46.67±3.33
60±0
70±0
0
10±0
20±0
30±0
40±0
50±0
0
10±0
26.67±3.33
40±0
56.67±3.33
63.33±3.33
0
0
13.33±3.33
23.33±3.33
40±5.77
46.67±3.33

48-h
Mortality rate (%)
0
30±0
40±0
53.33±3.33
63.33±3.33
73.33±3.33
0
13.33±3.33
20±0
30±0
43.33±3.33
56.67±3.33
0
20±0
40±0
56.67±3.33
60±0
73.33±3.33
0
10±0
23.33±3.33
33.33±3.33
43.33±3.33
56.67±3.33

72-h
Mortality rate (%)
0
40±0
56.67±3.33
66.67±3.33
70±0
80±0
0
16.67±3.33
26.67±3.33
40±0
50±0
66.67±3.33
0
30±0
46.67±3.33
60±0
66.67±3.33
73.33±3.33
0
20±5.77
33.33±3.33
40±0
50±0
63.33±3.33

96-h
Mortality rate (%)
0
46.67±3.33
66.67±3.33
70±0
80±0
90±0
0
26.67±3.33
40±0
56.67±3.33
60±0
73.33±3.33
0
36.67±3.33
50±0
66.33±3.33
73.33±3.33
83.33±3.33
0
23.33±3.33
46.67±3.33
50±0
56.67±3.33
66.67±3.33
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Figure 4-4: Bar chart showing survival rates of two cryptic lineages, P. australiensis Lin. 4 and P. australiensis Lin.
6 following exposure to: (A) six Cu concentrations, and (B) six Zn concentrations after 24-h, 48-h, 72-h, and 96-h.
For more details about the concentrations of two heavy metals see Table 4.4.
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4.5.3 Behavioural and dark demarcations in the shrimp exposed to heavy metals
Peculiar behavioural changes were observed for the atyid shrimps of both species of the C.
indistincta (sp. A and sp. D) and P. australiensis (Lin. 4 and Lin. 6) complexes after exposure to
Cu and Zn during the acute toxicity tests.
During the first 24-h of exposure, the atyid shrimps exposed to copper showed increased
hyperactivity movement in a horizontal direction towards the surface. After 48-h exposure to
copper, the animals showed less hyperactivity and less horizontal and surfacing movements, and
they tended to stay at the bottom of the tanks. Later, at 72-h, there was a noticeable decrease in
movement of animals to the surface, a decrease in horizontal movements, most animals in the
high concentrations displayed a loss of body balance. Severe physical symptoms in the shrimps
exposed to copper after 72-h, included mucous secretions and dark red demarcations on the
cephalothorax, abdomen and uropods. At 96h of exposure, there was significant loss of body
balance during walking, deeper blackening in the cephalothorax, eyestalks, antennular peduncles,
abdomen and uropods, while shrimps in the control treatments showed clear and light white body
colour with normal movement behaviour (Fig. 4.5). In contrast, shrimps that were exposed to
zinc exhibited less hyperactivity, and the physical symptoms such as red pigments on the
shrimps body were not clear.
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Figure 4-5: Photographs showing P. australiensis Lin.6. A & B, control shrimp showing clear and white body; C &
D, shrimp following exposure to copper after 96h. Black arrows indicate blackening in; cephalothorax, abdomen and
uropod.
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4.6 Discussion
Crustaceans are considered ideal bio-indicators, and there is a large body of literature dealing
with their sensitivity to heavy metals (e.g. Judy, 1979; Correa, 1987; Shuhaimi-Othman &
Pascoe, 2001; Lombardi et al., 2011; Khan & Nugegoda, 2007; Pestana et al., 2007). However,
there is generally, a scarcity of data on the sensitivity of endemic Australian crustaceans to trace
heavy metal toxicity (Markich et al., 2002) and the potential differential response to toxicity of
cryptic species within species complexes. Thus, the current study is unique in Australia by
investigating differences in sensitivity among cryptic species to heavy metals (copper and zinc)
at a range of aqueous concentrations that could cause acute (96-h) toxic effects. Overall, the
current study found significant differences in the sensitivity of the cryptic species to these two
heavy metals. Within the C. indistincta species complex, C. indistincta sp. D displayed a lower
96-h LC50 for Zn, and a higher 96-h LC50 of Cu compared with C. indistincta sp. A. For the P.
australiensis species complex, P. australiensis Lin. 4 had a lower 96-h LC50 of Zn and a lower
96-h LC50 for Cu compared with P. australiensis Lin. 6. Although few studies exist on the
toxicity of copper and zinc to atyid shrimps (Pestana et al., 2007), one study from Victoria,
Australia, found the 96-h acute toxicity for P. australiensis exposed to copper was 34μg L-1,
which was similar to the present study, where the 96-h LC50 exposure to copper for P.
australiensis Lin 6 was 37.19 μg L-1, and for P. australiensis Lin 4 was 25.79 μg L-1. (Daly et al.,
1990)
The current study showed that copper is more toxic to species within both cryptic species
complexes than zinc, and this confers with the results of the field study (Chapter 3) which
showed no association between species abundance and zinc concentrations in the environment.
Previous studies on freshwater decapods also revealed that copper is more toxic than zinc. For
example, the estimated LC50 96-h value for copper for the palaemonid shrimp Macrobrachium
spp ranged from 32 to 418 μg L-1 (Correa, 1987; Shazili & Ali, 1988; Lombardi et al., 2000;
Lodhi et al., 2006; Shuhaimi-Othman et al., 2011) (Table 4.6), while the LC50 96-h estimated
value for copper for the four atyid species tested in this study was much lower and ranged from 23.02
to 37.2 μg L-1. Furthermore, Quintaneiro et al. (2016) estimated the 48-h LC50 of the freshwater
atyid Atyaephyra desmarestii, from Rio Ceira near Coimbra, Portugal, exposed to copper to be
128 μg L-1, which is much higher than the 48-h LC50s estimated for all species in the present study
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(Table 4.2). According to these comparisons, it can be concluded that atyid shrimps from Australia
are more sensitive to copper than the atyid shrimp Atyaephyra desmarestii exposed to the same
pollutant. C. indistincta sp. A and P. australiensis Lin. 4 showed higher sensitivity to copper than C.
indistincta sp. D and P. australiensis Lin. 6. These differences in sensitivity of crustacean cryptic
species toward pollutants can be attributed to the differences in their physiological and behavioural
responses as suggested by Feckler et al. (2012, 2014) and Soucek et al. (2013).

While not as toxic, there were also some differences in sensitivity to zinc between species within
both complexes, the most sensitive species to zinc was C. indistincta sp. D, while the least
sensitive to zinc from both complexes was P. australiensis Lin. 6. When we compare the 48-h
LC50s of atyid shrimps from the present study with an atyid shrimp Atyaephyra desmarestii
from Portugal (48-h LC50= 7950 μg L-1) (Quintaneiro et al., 2016) (see Table 4.5), it appears
that both cryptic complexes of atyid shrimps from Australia are more sensitive than Atyaephyra
desmarestii from Portugal. Likewise, a comparison of the 96-h LC50s of atyid shrimps from the
current investigation with an atyid shrimp Atyaephyra desmarestii from Europe (96-h LC50=
5430 μg L-1), reveals that the study species are more sensitive than Atyaephyra desmarestii from
Europe (Pestana et al., 2007) (see Table 4.6).
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Table 4-5: Comparison of median lethal concentrations (LC50) of atyid freshwater C. indistincta and P.
australiensis species complexes with other freshwater decapods. Bold indicates the LC50 value’s from of this study.
Heavy

Species

Live stage

metal
Copper

Zinc

Test

LC50

Reference

duration
Cherax destructor

Juvenile

96 h

379

Khan & Nugegoda (2007)

Macrobrachium carcinus

Adult

96 h

100

Correa (1987)

Macrobrachium rosenbergii

Juvenile

96 h

<10

Shazili & Ali (1988)

Macrobrachium rosenbergii

Post larva

96 h

50

Lombardi et al. (2000)

Macrobrachium lamarrei

96 h

300

Lodhi et al. (2006)

Macrobrachium dayanum

96 h

418

Lodhi et al. (2006)

Macrobrachium lanchesteri

Adult

96 h

32

Shuhaimi-Othman et al. (2011)

Atyaephyra desmarestii

Adult

48-h

128.3

Quintaneiro et al. (2016)

Caridina sp. A

Adult

96 h

23.016

This study

Caridina sp. D

Adult

96 h

32.128

This study

Paratya australiensis Lin.6

Adult

96 h

25.79

This study

Paratya australiensis Lin.4

Adult

96 h

37.189

This study

Atyaephyra desmarestii

Adult

96 h

5430

Pestana et al. (2007)

Macrobrachium rude

Adult

48 h

3000

Rao et al. (1998)

Macrobrachium malcolmsonii

Juvenile

96 h

2600

Vijayram and Geraldine (1996)

Macrobrachium lanchesteri

Adult

96 h

525

Shuhaimi-Othman et al. (2011)

Atyaephyra desmarestii

Adult

48-h

7950

Quintaneiro et al. (2016)

Caridina sp. A

Adult

96 h

2741.024

This study

Caridina sp. D

Adult

96 h

1376.245

This study

Paratya australiensis Lin.6

Adult

96 h

2113.322

This study

Paratya australiensis Lin.4

Adult

96 h

3639.133

This study

Using the freshwater quality guidelines established by the Australian and New Zealand
Environment and Conservation Council (for protection of 95% of aquatic organisms)
(ANZECC/ARMCANZ, 2000), the guideline for copper is 1.4 μg L-1 and for zinc is 8.0 μg L-1.
The results of acute toxicity testing from the present study confirm that the current standards for
Cu and Zn concentrations are adequate to protect both C. indistincta and P. australiensis species
complexes from acute toxicity of Cu and Zn in Australian freshwater ecosystems.
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The atyid shrimps in the present study displayed different behavioural responses across the 24-h
48-h, 72-h and 96-h exposure times to the heavy metals, particularly in the case of exposure of
shrimps to copper. The animals showed hyperactivity and increased swimming to the surface
with horizontal movements; this behaviour is often associated with avoidance of the pollutants
(Spear, 1981; Brown, 1982; Verma et al., 2005; Verma, 2012). An increase in the aggregation
response of the shrimps in the present study might be attributed to the alteration in synaptic
transmission. The heavy metals affect chemical synaptic transmission in the brain and peripheral
systems (Casdorph, 1995; Verma, 2012), and disrupt brain and calcium levels that will affect
body functions in two ways: first by depressed levels of serotonin and acetylcholine, causing
mood and motivational changes (Smith et al., 1989; Devinsky et al., 1992; Goyer, 1997). Thus,
low serotonin levels, abnormal glucose tolerance (hypoglycaemia), low foliate levels, and low
chromium have been found to be associated with affective disorders, impulsiveness, and violent
behaviour in aquatic organisms (Walsh, 2000). At 96-h, the exposed shrimps showed loss of
balance in swimming with increasing toxicant concentrations that might be, for example, due to
alterations in the acetyl-cholinesterase enzyme levels that will cause impairments either in
nervous tissues or in muscle fibres (Verma, 2012).
It is likely that blackening in the body parts of the exposed shrimp to pollutants is due to metallic
action and melanin deposition in the shrimp (Nimmo et al., 1977; Ghate, 1984). Furthermore, the
toxicant perhaps bonded to astaxanthin of the shrimp producing a complex that is redder or
darker in colour (Martínez et al., 2014).
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4.7 Conclusions
1. In this study sensitivity to concentrations of copper and zinc was found to be different
between the four study species within the two species complexes. Differences in the
sensitivity to study metals between species may be attributed to the ecological
differentiation of these species as suggested by Fišer et al. (2015) and Macher et al.,
(2016a). However, as the current study focussed on the differences in sensitivity to heavy
metals for acute toxicity, further studies for sub-acute toxicity to heavy metals are
recommended.

2. Furthermore, the outcome of the present study that the cryptic species differ in their
sensitivity to environmental pollutants, highlighted that toxicity experiments should be
executed with properly identified test organisms.
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5 General Discussion
5.1 Identifying cryptic species
Previous genetic and ecological studies of the freshwater shrimps, Paratya australiensis and
Caridina indistincta, have provided an understanding of dispersal capability, taxonomic status,
biogeographic relationships and reproductive isolation (e.g., C. indistincta: Chenoweth &
Hughes, 2003; Page et al., 2005a; Page & Hughes, 2007a,b; Page et al., 2007a,b; P.
australiensis: Hughes et al., 2003; Hurwood et al., 2003; Baker et al., 2004; Cook et al., 2006,
2007; Wilson et al., 2016). These species, however, are actually complexes of several
morphologically cryptic species. This study expanded our knowledge of the ecology of these
species complexes by exploring the distributions and abundance of the cryptic species and
documenting the environmental parameters likely influencing the distributions of individual
species.
The identification of cryptic species is often impossible using morphological techniques only,
therefore, DNA barcoding is often employed to discover hidden diversity (Jörger & Schrödl,
2013). In this study both morphological and DNA methods were used to understand cryptic
diversity in two species complexes of freshwater aytid shrimps, Paratya australiensis and
Caridina indistincta. Combining the use of morphometric measurements and genetic techniques
allowed accurate identification of the cryptic species within these two broad species complexes.
Three cryptic species from a known total of five within the C. indistincta complex (Page et al.,
2005a) were identified from the study area in South-East Queensland; these were C. indistincta
sp. A, sp. B, and sp. D. Similarly, two cryptic species from a total of at least nine (Cook et al.,
2006) were identified from the P. australiensis species complex; these were P. australiensis
lineage 4 and lineage 6.
The morphometrics data from this thesis (Chapter 2) showed that species within the
C. indistincta complex were morphometrically different in carapace length (cl), number of
ventral teeth (nVt), rostrum length to carapace length ratio (rl/cl), number of dorsal teeth (nDt),
teeth posterior to orbital margin (TPOM) and armed part of rostrum length to rostrum length
ratio (A/rl). While, lineages within the P. australiensis complex were morphometrically different
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in armed part of rostrum length to rostrum length ratio (A/rl), number of dorsal teeth (nDt),
rostrum length to carapace length ratio (rl/cl) and rostrum height to carapace height ratio (rh/ch).
This work, overall, suggested that the number of dorsal teeth (nDt) and the proportion of the
armed part of rostrum length to the total rostrum length ratio (A/rl), were the best morphological
characters for separating study species within both complexes. Within the C. indistincta complex
the only morphological character able to separate all three cryptic species was the proportion of
the armed part of rostrum length to the total rostrum length ratio (A/rl). In comparison, carapace
length (cl) could only discriminate between C. sp. A and C. sp. D (see Chapter 2; Appendix S1:
Table S3). The number of teeth on the dorsal margin of the rostrum (nDt) was also a useful
character for separating species within the two complexes. This finding is in accordance with
other studies (Richard & Clark, 2014; de Mazancourt et al., 2017) where rostral teeth and their
placement on the rostrum have been identified as valuable traits in distinguishing between
species of atyid shrimps.
The combination of molecular and morphological studies often results minor morphological
differences being identified in otherwise morphologically indistinct species (Knowlton, 1993;
Schlick-Steiner et al., 2007; de León & Nadler, 2010). For example, an earlier study combining
morphological and genetic approaches noted some morphological differences among genetically
distinct species within the C indistincta complex, and these differences allowed the construction
of a small morphological key for cryptic species within a latter complex (e.g., Page et al., 2005a).
Likewise, morphometric analysis allowed researchers to differentiate subtle morphological
variations for cryptic species of copepod within the Eurytemora affinis species complex (Lajus et
al., 2015). Similarly, analysing morphological shape (eg. landmark-based two-dimensional
geometric morphometrics) that takes into account the geometry of phenotype led to the
description of two of three cryptic species of a subterranean copepod species complex belonging
to the harpacticoid genus Schizopera Sars, 1905 in Western Australia, these were initially
identified as distinct species by DNA-barcoding (COI) (Karanovic et al., 2016). Morphometric
and/or geometric morphometric methods, combined with molecular analyses, during the last
decades, have proved successful tools in the delimitation of cryptic species (Zúniga-Reinoso &
Benítez, 2015; Lajus et al., 2015).

Page | 115

In summary, although this work observed that some cryptic species of atyid shrimps of the two
complexes showed minor morphological characters, there were still major challenges in the
identification of freshwater cryptic species of both complexes, partly reflecting the
morphological complexity of identification within freshwater atyid shrimps (de Mazancourt et
al., 2017), where cryptic species often show morphological similarity of appearance (Knowlton,
1993) but considerable genetic divergence (Bickford et al., 2007; Leys et al., 2016; Katouzian et
al., 2016). High plasticity of some morphological features may lead to the complexity in
morphological delimitation of atyid freshwater shrimps; for example, the armature and shape of
the rostrum is often variable within species in response to environmental conditions (Smith &
Williams, 1980; de Mazancourt et al., 2017).

5.2 Relationships between abundance and environmental variation
The present work combines site-based information on species abundance and abiotic
environmental parameters to explore the relationship between the spatial distribution of the
cryptic species and background environmental variation; this showed that fundamental
differences exist in the distribution and ecological requirements of cryptic species within the two
species complexes of Paratya australiensis and Caridina indistincta (Chapter 2 and Chapter 3)
Understanding environmental differentiation between cryptic species may provide insights into
their ecological divergence. At a large spatial scale (Chapter 2), covering 89 sampling sites
across 17 catchments, elevation and 24 hour dissolved oxygen range explained the most variation
in spatial distributions of C. indistincta sp. A, sp. B, and sp. D, while the differential distribution
of P. australiensis lineage 4 and lineage 6 related to water conductivity and site elevation.
At a finer spatial scale (Chapter 3) site elevation was again shown to be an important factor
determining spatial distribution and abundance of the cryptic species within the two complexes;
site elevation was positively correlated with the abundance of C. indistincta sp. B and
C. indistincta sp. D, and with the abundance of P. australiensis lineage 4 (see Fig. 3.3B; Chapter
3), and negatively associated with the abundance of C. indistincta sp. A, and P. australiensis
lineage 6 (see Fig. 3.3D; Chapter 3). Other water quality parameters explained significant
variation in the abundance of cryptic species at finer spatial scales, total kjeldahl nitrogen (TKN),
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total nitrogen (TN) and orthophosphate-P (PO4-P) were positively associated with the abundance
of C. indistincta sp. A but negatively associated with the abundance of C. indistincta sp. D.
Interestingly, C. indistincta sp. A was found to have a wide tolerance to dissolved oxidized
nitrogen (Nitrate+Nitrite) (NOX-N) compared with all other species from both complexes, while
C indistincta sp. D showed a higher tolerance to conductivity and total dissolved solids (TDS) in
comparison with the other species studied (Chapter 3).
The patterns in species-environmental relationships for the cryptic species outlined in Chapter 2
(Yasser et al., 2018) and Chapter 3, likely reflect differing environment tolerances, as has been
observed in similar studies (Macher et al., 2016a; Gabaldón et al., 2017). In this context, there is
growing evidence, based on field and laboratory studies, that different species within a complex
might have widely differing environmental requirements and tolerances (e.g., Bickford et al.,
2007; Xiang et al., 2011; Feckler et al., 2012; Soucek et al., 2013; Fišer et al., 2015; Macher et
al., 2016a,b). Different environmental tolerances among species within a single complex likely
contribute to confining cryptic taxa to specific spatial and temporal distributions (Gómez et al.,
2002; Xiang et al., 2011; Obertegger et al., 2012; Obertegger et al., 2014) or reduce cryptic
species abundance (Macher et al., 2016a). For instance, freshwater rotifer species belonging to
the Brachionus calyciflorus species complex showed significantly differently correlations with
pH and water temperature suggesting distinct environmental preferences (Xiang et al., 2011).
Differing distributions of cryptic species within species complexes have also been shown to
reflect altitude, or elevation, including in freshwater snails (Ancylus fluviatilis complex; Macher
et al., 2016b), rotifers (Polyarthra dolichoptera complex; Obertegger et al., 2014) and in this
study both freshwater shrimps (P. australiensis and C. indistincta; Chapter 2).
Spatial differences in cryptic species complexes have also been shown to reflect background
water quality; salinity and temperature were shown to influence the distribution of species within
the rotifer Brachionus plicatilis complex (Gómez et al. 2002), while background nutrients have
been important drivers in the distribution of cryptic species in other complexes. The nutrients
parameters TKN, TPN, TN, and PO4-P explained the differential distribution of five
morphospecies of rotifer Synchaeta (Obertegger et al., 2008) as well as the differential
distribution of cryptic species within the mayfly genus Deleatidium (Macher et al., 2016a).
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Within the current study, of the three species within the C. indistincta complex two species were
found to occur sympatrically, while both species within the P. australiensis complex displayed
distinct and separate spatial distributions. Sympatric populations of C. indistincta sp. B and C.
indistincta sp. D were found in the Brisbane River and in Woolshed Creek within the Upper
Brisbane and Lockyer catchments, respectively. This appears congruous with previous studies
(Chenoweth & Hughes, 2003; Page, 2006; Page & Hughes, 2007a), where C. indistincta sp. A
and C. indistincta sp. B were found to occur sympatrically within Yandina Creek in the
Maroochy River catchment (Chenoweth & Hughes, 2003), C. indistincta sp. B and C. indistincta
sp. D were found sympatrically in Dingo Creek, within the Burnett River basin (Page & Hughes,
2007a) while C. indistincta sp. A and C. indistincta sp. D were found to be sympatric at
Rosewood, on the Brisbane River (Page, 2006). In comparison, P. australiensis Lin.4 has only
been found to occur sympatrically with P. australiensis Lin. 6 at one site (Reedy Ck) based on
species presence/absence data (Chapter 2). Previously, Fawcett et al. (2010, pg 1178) stated “to
date, we have not found our 2 lineages, L4 and L6, naturally occurring at the same site”,
however, as well as the sympatric populations found in this study (Chapter 2), there is recent
evidence for the co-occurrence of the two linages in a separate study by Rahman (2017).
While this study has shown that background environmental variation can explain variation in the
distribution of cryptic species within the C. indistincta and P. australiensis complexes, differing
distributions of cryptic species may also represent the outcomes of interspecific competition for
resources (Macher et al., 2016b) or sexual competition (eg. sexual interactions between species
(reproductive interference) such as erroneous female choice and hybridization) (Gröning &
Hochkirch, 2008; Okuzaki et al., 2010; Gabaldon et al., 2017). It was previously thought that P.
australiensis Lineage 4 individuals translocated between pools from two different subcatchments
within the same drainage system in southeast Queensland, Australia, caused the extinction of the
resident genotype (P. australiensis Lineage 6) due to differences in mate choice or by differences
in fitness between the hybrids (Hughes et al., 2003). Recent genetic and ecological studies,
however, have noted that the best explanation for the observation that P. australiensis Lineage 6
declined while P. australiensis Lineage 4 increased, is that these two lineages seldom co-exist
and the apparent changes in abundance reflected the differences in ecological tolerance among
the two lineages in the P. australiensis species complex to water temperatures (e.g., Fawcett et
al., 2010; Wilson et al., 2016). Taken together, these findings suggest that the extinction of the
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resident lineage is due to a combination of the two processes, sexual exclusion and different
environmental tolerances (Hughes et al., 2003).
However, in addition to the likely crucial role of environmental conditions in explaining the
differences in observed geographic distributions and species abundance among cryptic species
within the C. indistincta and P. australiensis species complexes across the study area, life history
strategies will also have an impact (e.g., Hancock, 1998; Oppliger et al. 2012). In fact, lifehistory traits might have an important influence on species distributions, or alternatively, species
distributions may reflect life-history traits. This seems to be true for several caridean shrimps, as
a close association has been observed between reproductive traits and habitat types in other
species (Hayashi & Hamano, 1994).
In summary, the outcomes of the present work suggest that the different species within a species
complex are essentially different in their ecological requirements, therefore accurately
recognising species is of considerable importance when deducing species-environment
relationships (Bickford et al. 2007; Obertegger et al., 2014). This is particularly important where
a single species with broad generalist tolerances to environmental stressors (Hickey & Vickers,
1992, 1994; O’Halloran et al., 2008) is actually found, using molecular approaches, to be
numerous species potentially encompassing specialists with narrow environmental niches
(Bickford et al., 2007; Obertegger et al., 2014; Macher et al., 2016a).

5.3 Heavy metal concentrations might explain the differences in sensitivity
among species of the two complexes: field and laboratory investigation
The fine spatial scale study exploring the role of environmental variation in the distribution of
cryptic species suggested sediment heavy metal concentrations may have been a factor in the
presence and absence of specific species (Chapter 3). To further examine this experimental
toxicity tests to heavy metals were explored in Chapter 4. These laboratory experiments
suggested differences in sensitivity to two heavy metals (Cu and Zn) among species of the C.
indistincta and P. australiensis species complexes (Chapter 4).
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The local scale field study suggested that P. australiensis lineage 6 was more tolerant of higher
heavy metal concentrations than the other cryptic species studied, being positively correlated
with higher concentrations of Mn, Co and Fe, while C. indistincta sp. A was significantly
negatively associated with these metals. However, although the metals of Mn, Co, and Fe were
significantly correlated with species abundance in the field study (Chapter 3), in the laboratory
Cu and Zn were tested due to their easy solubility in water in comparison with other measured
metals (Lide & Frederikse, 1993) (the rationale for choosing these two metals is further
discussed in Chapter 4). Laboratory evaluation of the differences in sensitivity to two metals (Cu
and Zn), revealed that P. australiensis lineage 6 was less sensitive to higher concentrations of Cu
and Zn compared with the other test species. Also, comparison between cryptic species within
the same complex, suggested that C. indistinca sp. A was less tolerant to Cu than C. indistinca
sp. D, and C. indistinca sp. D was less tolerant to Zn than C. indistincta sp. A (Chapter 4).
These findings, that the studied cryptic species substantially differed in their sensitivity to
various ecological factors, including heavy metal concentrations, suggests that earlier
toxicological studies that used C. indistincta (Brown et al., 2000) and P. australiensis (Phyu et
al., 2005) as test organisms (Page et al., 2005a; Cook et al., 2006) should be treated with caution.
The inadvertent use of different species may render the outcomes of these studies unreliable, not
only because they have not stated which species were tested, but also the results cannot be
regarded as reflecting responses of these species generally.
Overall, the sensitivity of shrimps to toxicants has been demonstrated in many toxicological
studies (Hatakeyama & Sugaya, 1989; Shuhaimi-Othman et al., 2011; Ver et al., 2014; Oulton et
al., 2014), and was a likely factor contributing to the absence of shrimps in sites with high
concentrations of heavy metals in my study (Chapter 3).
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5.4 General conclusions

Results from this study lave led to the following conclusions:

By finding evidence of cryptic diversity of P. australiensis and C. indistincta in earlier studies
(Page et al., 2005a; Cooke et al., 2006), paid attention to use the different species within these
complexes as a study model to determine, whether the species' spatial distributions, species
abundance (i.e., absolute and relative abundance) and species sensitivity within the both
complexes are differentiated or not, based on the different species-environmental variable. The
outcomes of these investigations were significant in relation to ecological and biodiversity
concepts as follows:

1. Cryptic species concept: The presence of cryptic species is hard to establish based solely
on traditional morphological techniques (Katouzian et al., 2016; Weiss et al., 2018), the
presence of cryptic species needs to be confirmed using molecular approaches. However, in
this study we tried to present some morphological differences, hoping to distinguish among
the species more easily and cheaply in future studies. Nonetheless, caution should be shown
when using these morphological characters to separate among species, and therefore we
recommended to use these morphological traits only for the species studied here and in the
same currently discovered area due to the highly plastic of some morphological features of
atyid freshwater shrimps (Smith & Williams, 1980; de Mazancourt et al., 2017).

2. Regarding ecological monitoring and biodiversity assessments: the integration of genetic
and ecological approaches is important for exploring the occurrence of cryptic species and
their ecological requirements, which in turn is critical in ecological monitoring and the
conservation of biodiversity. This integrated approach has been employed in this study and
showed that different species within both complexes were differing in their relationships
with environmental conditions (physicochemical factors of water quality and heavy metals
concentrations), over relatively large and fine geographic scales and based on laboratory
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investigations. Such differences in the environmental relationships among species study
might elucidate the differences in ecological requirements among these species.

3. Distinct sensitivity to toxicants among cryptic species: A major outcome of this study is
the firm conclusion that the cryptic species of both complexes differ in their sensitivity to
toxicants, the misidentification of cryptic species therefore poses a serious complicating issue
for ecological risk assessment of chemicals.

Further studies
1. This study showed that the ecological differentiation among different species within the two
complexes can be explained based on the environmental variables that act as determiners for
species distributions. Nonetheless, the seldom co-occur for species studies, particularly the
two lineages within the P. australiensis, need to be explored in future studies by conducting
ecological studies to investigate niche competition, predation and species behaviour.

2. In this research we used acute toxicity to investigate the differences in sensitivity towards
heavy metals among species. To further emphasized the differences among species in their
sensitivity towards metals, biological feature of species such as feeding or biochemical
changes (i.e., enzymatic changes) need to assess by running chronic experimental tests
(probably for 21 days).
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Table S1: Caridina indistincta sampling sites by site information (Catchments, stream class, and site coordinates), and COI Genbank
accession number.
Catchment

Sample Site

Site
Code

Lockyer

Bremer

Lower Brisbane

Logan

Nerang-Mudgeeraba

Coordinate
Log.

Lat.

Stream

Caridina indistincta

Accession

Class

species

Number

Woolshed Ck

Woo

152.4881

-27.5524

Lowland

C. indistincta D

MH517646

Lockyer Ck

Loc

152.5711

-27.4449

Lowland

C. indistincta D

MH517626

Buaraba Ck

Bua

152.2822

-27.3600

Lowland

C. indistincta B

MH517608

Buaraba Ck

2Bua

152.2822

-27.3600

Lowland

C. indistincta D

MH517600

Warrill Ck

War

152.6005

-27.9325

Lowland

C. indistincta D

MH517644

Bremer R.

Bre

152.5093

-27.8319

Lowland

C. indistincta D

MH517605

Enoggera Ck

Eno

152.8908

-27.4410

Lowland

C. indistincta A

MH517619

Blunder Ck

Blu

152.9795

-27.6221

Coastal

C. indistincta A

MH517603

Bullockhead Ck

Bul

152.9400

-27.5958

Coastal

C. indistincta A

MH517609

Oxley Ck

Oxl

153.0228

-27.6104

Coastal

C. indistincta A

MH517635

Logan R.

Log

152.9659

-27.9864

Lowland

C. indistincta A

MH517627

Teviot Brook

Tev.

152.8422

-27.9269

Lowland

C. indistincta A

MH517640

Nerang R.

Ner.

153.2977

-28.0263

Coastal

C. indistincta A

MH517632

Bonogin Ck.

Bon

153.3620

-28.0998

Coastal

C. indistincta A

MH517604
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Table S1Continued
Catchment

Sample Site

Site

Coordinate

Code

Log.

Lat.

Stream

Caridina indistincta

Accession

Class

species

Number

Pimpama-Coomera

Pimpama R.

Pim

153.2303

-27.8113

Coastal

C. indistincta A

MH517636

Currumbin- Tallybudge

Tallebudgera Ck

Tal

153.4035

-28.1518

Coastal

C. indistincta A

MH517639

Currumbin Ck

Cur

153.4142

-28.1880

Coastal

C. indistincta A

MH517617

Eprapah Ck

Epr

153.2556

-27.5865

Coastal

C. indistincta A

MH517620

Hilliards Ck

Hil

153.2464

-27.5193

Coastal

C. indistincta A

MH517623

Tingalpa Ck

Tin

153.1821

-27.5762

Coastal

C. indistincta A

MH517642

Moogurrapum Ck

Moo

153.2954

-27.6184

Coastal

C. indistincta A

MH517630

Coolnwynpin Ck

Coo

153.2092

-27.5310

Coastal

C. indistincta A

MH517614

Oaky Ck (North Branch)

Oak

152.6109

-27.0226

Lowland

C. indistincta D

MH517634

Reedy Ck

Ree

152.6399

-27.1300

Lowland

C. indistincta D

MH517647

Sheepstation Ck

She

152.5243

-26.8672

Lowland

C. indistincta D

MH517638

Waraba Ck

Wara

152.8598

-27.0477

Coastal

C. indistincta A

MH517645

Burpengary Ck

Bur

152.9379

-27.1645

Coastal

C. indistincta A

MH517611

Caboolture Ck

Cab

152.8867

-27.1090

Coastal

C. indistincta A

MH517612

Noosa R.

Noo

153.0066

-26.0575

Wallum

C. indistincta A

MH517633

Redland

Stanley

Caboolture

Noosa
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Table S1 Continued
Catchment

Sample Site

Site
Code

Upper Brisbane

Coordinate
Log.

Lat.

Stream

Caridina indistincta

Accession

Class

species

Number

Sandy Ck

San

152.5557

-27.2247

Lowland

C. indistincta B

MH517637

Cressbrook Ck

Cress

152.3139

-27.1513

Lowland

C. indistincta B

MH517615

Brisbane R.

Bri

152.3173

-26.8954

Lowland

C. indistincta D

MH517606

Emu Ck

1Emu

152.2868

-26.9756

Lowland

C. indistincta D

MH517598

Emu Ck

2Emu

152.2868

-26.9756

Lowland

C. indistincta B

MH517601

Ivory Ck

1Ivo

152.3360

-27.0312

Lowland

C. indistincta D

MH517599

Ivory Ck

2Ivo

152.3360

-27.0312

Lowland

C. indistincta B

MH517602

Esk Ck

Esk

152.4368

-27.2296

Lowland

C. indistincta D

MH517621

Monsidale Ck

Mon

152.2822

-26.7842

Lowland

C. indistincta D

MH517629

Wallaby Ck

Wall

152.2775

-26.8972

Lowland

C. indistincta B

MH517643

Maronghi Ck

Maro

152.3335

-26.9786

Lowland

C. indistincta B

MH517628

Bum Bum (spring) Ck

Bum

151.9735

-27.0762

Lowland

C. indistincta B

MH517610

Crows Nest CK

Crw

152.1069

-27.2524

Lowland

C. indistincta B

MH517616

Kangaroo Ck

Kan

152.3804

-26.8799

Lowland

C. indistincta B

MH517624

Brisbane R.(West Branch)

Brw

152.1831

-26.6251

Lowland

C. indistincta B

MH517607
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Table S1 Continued
Catchment

Sample Site

Site
Code

Coordinate
Log.

Lat.

Stream

Caridina indistincta

Accession

Class

species

Number

Mooloolah

Mooloolah R.

Mool

152.9707

-26.7627

Coastal

C. indistincta A

MH517631

Maroochy

Doonan Ck

Doo

153.0548

-26.4837

Wallum

C. indistincta A

MH517618

Eudlo Ck

Eud

153.0034

-26.6823

Wallum

C. indistincta A

MH517622

Pumicestone

Tibrogargan Ck

Tibr

152.9810

-26.9368

Wallum

C. indistincta A

MH517641

Pine river

Kobble Ck

Kob

152.8360

-27.2480

Coastal

C. indistincta A

MH517625

Cedar Ck

Ced

152.9114

-27.3451

Coastal

C. indistincta A

MH517613
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Table S1: Paratya australiensis sampling sites by site information (Catchments, stream class, and site coordinates), and COI Genbank accession
number.
Catchment

Upper Brisbane

Pine River

Sample Site

Site

Coordinate

Stream

Paratya australiensis

Accession

Class

species

Number

Code

Log.

Lat.

Brisbane R.(East Branch)

Bree

152.2490

-26.5716

Lowland

P. australiensis Lin. 6

MH544708

Pierces Ck

Pire

152.0041

-27.1394

Lowland

P. australiensis Lin. 6

MH544730

BrisbaneR.(West branch)

Brw

152.1831

-26.6251

Lowland

P. australiensis Lin. 6

MH544709

Kangroo Ck

Kan

152.3804

-26.8799

Lowland

P. australiensis Lin. 6

MH544721

Yarraman Ck

Yarri

152.0090

-26.8142

Lowland

P. australiensis Lin. 6

MH544743

Emu Ck

Emu

152.0048

-27.0640

Lowland

P. australiensis Lin. 6

MH544719

Northbrook Ck

Nor

152.6823

-27.3059

Upland

P. australiensis Lin. 6

MH544728

Cooyar Ck

Coo

151.9772

-26.9032

Lowland

P. australiensis Lin. 6

MH544716

Sandy Ck

San

152.5557

-27.2247

Lowland

P. australiensis Lin. 6

MH544735

Wallaby Ck

Wall

152.2775

-26.8972

Lowland

P. australiensis Lin. 6

MH544742

Maronghi Ck

Maro

152.3335

-26.9786

Lowland

P. australiensis Lin. 6

MH544724

Cedar Ck

Ced

152.9114

-27.3451

Coastal

P. australiensis Lin. 6

MH544712

Kobble Ck

Kob

152.8360

-27.2480

Coastal

P. australiensis Lin. 6

MH544722

North Pine R.

NPR

152.7444

-27.1278

Upland

P. australiensis Lin. 6

MH544729
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Table S2 Continued

Catchment

Sample Site

Site

Coordinate

Code

Log.

Lat.

Stream

Paratya australiensis

Accession

Class

species

Number

Pine River

South pine River

SPR

152.9412

-27.3474

Coastal

P. australiensis Lin. 6

MH544737

Lockyer

Murphy Ck

Mur

152.0531

-27.4582

Lowland

P. australiensis Lin. 6

MH544726

Alice Ck

Ali

152.0893

-27.4951

Lowland

P. australiensis Lin. 6

MH544706

Heifer Ck

Hei

152.0893

-27.7493

Lowland

P. australiensis Lin. 6

MH544720

Blackfellow Ck

Bla

152.2302

-27.8673

Lowland

P. australiensis Lin. 6

MH544707

East kilcoy Ck

EKC

152.5739

-26.7484

Upland

P. australiensis Lin. 4

MH544718

Neurum Ck

New

152.6823

-26.9709

Lowland

P. australiensis Lin. 6

MH544727

Sheepstation Ck

Shee

152.5243

-26.8672

Lowland

P. australiensis Lin. 6

MH544736

Delanely Ck

Del

152.7151

-27.0062

Lowland

P. australiensis Lin. 6

MH544717

Stoney Ck

Stone

152.7308

-26.8797

Lowland

P. australiensis Lin. 6

MH544739

Stanely Ck

Sta

152.8244

-26.7986

Lowland

P. australiensis Lin. 6

MH544738

Reedy Ck

Ree

152.6399

-27.1300

Low land

P. australiensis Lin. 4

MH544732

Reedy Ck

Ree2

152.6399

-27.1300

Low land

P. australiensis Lin. 6

MH544704

Purling Brook

Pur

153.2677

-28.1954

Upland

P. australiensis Lin. 4

MH544731

Mudgeeraba Ck

Mud

153.3056

-28.1825

Upland

P. australiensis Lin. 4

MH544725

Coomera R.

Com

153.2205

-27.9958

Coastal

P. australiensis Lin. 6

MH544715

Stanley

Nerang-Mudgeeraba

Coomera-Pimpama
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Table S2 Continued
Catchment

Logan

Albert

Sample Site

Site

Coordinate

Stream

Paratya australiensis

Accession

Class

species

Number

Code

Log.

Lat.

Burnett Ck

Bur

152.6808

-28.1697

Low land

P. australiensis Lin. 6

MH544710

Teviot Brook

Tb

152.5324

-28.2147

Low land

P. australiensis Lin. 6

MH544740

Running Ck

Run

152.8902

-28.2265

Low land

P. australiensis Lin. 6

MH544734

Running Ck

Rug

152.9709

-28.3190

Low land

P. australiensis Lin. 6

MH544733

Logan Ck

Log

152.8594

-28.2215

Low land

P. australiensis Lin. 6

MH544723

Canon Ck

Cnn

152.8705

-28.0993

Low land

P. australiensis Lin. 6

MH544714

Teviot Brook

Tv

152.9076

-27.8637

Low land

P. australiensis Lin. 6

MH544741

Christmas Ck

Chr

152.9957

-28.2391

Low land

P. australiensis Lin. 6

MH544713

Cainbable Ck

Can

153.0793

-28.0967

Lowland

P. australiensis Lin. 6

MH544711

Albert Ck

Alb

153.1036

-27.8755

Lowland

P. australiensis Lin. 6

MH544705
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Table S2: Bonferroni- corrected P-values of the Dunn’s test pairwise comparison of cryptic species of
C. indistincta complex.

Morphological variables

C. indistincta species

cl (mm)

sp. A
sp. D

nDt

sp. A

nVt

sp. D
sp. A

TPOM

sp. D
sp. A

A/rl

sp. D
sp. A

rl/cl

sp. D
sp. A
sp. D

Significance

sp. B
sp. D
sp. B

*

sp. B
sp. D
sp. B
sp. B
sp. D
sp. B
sp. B
sp. D
sp. B
sp. B
sp. D
sp. B
sp. B
sp. D
sp. B

**
***
***
***
*
***
***
***

-
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Table S3: Atyid shrimps sampling sites by site information (Catchments, stream class, site coordinates, and habitat types). Colors of rows
correspond to species color in the pie chart in Figure 1 and COI tree (Appendix S2: Figure S1).

Catchment

Sample Site

Site
Code

1. Upper Brisbane

1.Brisbane River

Bri

Coordinate
Log.
152.3173

Stream

Habitat Type

Lat.

Class

Run/Riffle/Pool

-26.8954

Lowland

Pool

Atyid taxa

No. of
Ind.

C. indistincta sp. B

5

C. indistincta sp. D

9

P. australiensis Lin. 6

2

2.Cressbrook Creek

Cress

152.3119

-27.1564

Lowland

Pool

C. indistincta sp. B

25

3.Sandy Creek

San

152.5557

-27.2247

Lowland

Pool

C. indistincta sp. B

4

P. australiensis Lin. 6

1

P. australiensis Lin. 6

9

P. australiensis Lin. 6

27

4.Bremer

Bre

152.5096

-27.8315

Lowland

5.Warrill Creek

War

152.6004

-27.9326

Lowland

6.Oxley Creek

Oxl

153.0231

-27.6109

Coastal

Pool

C. indistincta sp. A

12

7.Bullockhead Creek

Bul

152.9397

-27.5964

Coastal

Pool

C. indistincta sp. A

9

4. Logan

8.Teviot Brook

Tev

152.8543

-27.9345

Lowland

Pool

P. australiensis Lin. 6

7

5.Nerang-Mudgeeraba

9.Mudgeeraba Creek

Mud

153.3056

-28.1825

Coastal

Pool

P. australiensis Lin. 4

27

10.Nerang River

Ner

153.2976

-28.0263

Coastal

Pool

C. indistincta sp. A

99

Riffle

A. striolata

14

2. Bremer

3. Lower Brisbane

Pool
Pool
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Continued Table S4
Catchment

Sample Site

Site
Code

Coordinate
Log.

Lat.

Stream

Habitat Type

Class

Run/Riffle/Pool

Atyid taxa

No. of
Ind.

Cur

153.4143

-28.1886

Coastal

Pool

P. australiensis Lin.6

12. Hillards Creek

Hil

153.2455

-27.5198

Coastal

Pool

C. indistincta sp. A

9

13.Moogurrapum

Moo

153.2965

-27.6201

Coastal

Pool

C. indistincta sp. A

5

Loc

152.5737

-27.4457

Lowland

Pool

C. indistincta sp. D

8

P. australiensis Lin.6

2

C. indistincta sp. B

4

C. indistincta sp. D

7

6.Currumbin-

11.Currumbin

Tallybudge

Creeek

7. Redland

100

Creek
8. Lockyer

14. Lockyer Creek

15. Woolshed Creek

Woo

152.4881

-27.5524

Lowland

Pool

16. Buaraba Creek

Bau

152.2833

-27.3602

Lowland

Pool

C. indistincta sp. D

21

9.Coomera-Pimpama

17. Pimpama River

Pim

153.2359

-27.8068

Coastal

Pool

C. indistincta sp. A

13

10. Pumicestone

18.Tibrogargan

Tibr

152.9814

-26.9367

Wallum

Pool

P. australiensis Lin.4

9

Creek
11.Caboolture

19. Caboolture River

Cab

152.8853

-27.1100

Coastal

Pool

C. indistincta sp. A

8

12.Pine River

20. Cedar Creek

Ced

152.9114

-27.3451

Coastal

Pool

P. australiensis Lin.6

9

13. Stanley

21. Sheepstation

She

152.5295

-26.8675

Lowland

Pool

C. indistincta sp. D

3

P.australiensis Lin.6

9

C. indistincta sp. D

12

22.Reedy Creek

Ree

152.6399

-27.1300

Lowland

Pool
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Table S5: List of 6 morphological variables measured.
Structure
Rostrum

Variables
1. Armed part of rostrum length to rostrum length ratio

Abbrevation

Remarks

A/rl

Armed part of rostrum covered with dorsal teeth

2. Rostrum length to carapace length ratio

rl/cl

Rostrum length from the orbital margin to the tip of
rostrum

3. Rostrum height to carapace height ratio

rh/ch

4. Number of teeth on dorsal margin (Dorsal nDt

Carapace height from the third pereiopod to the tip.
Including frontal-orbital teeth but not apical teeth

teeth)
5. Number of teeth on ventral margin (Ventral nVt

-

teeth)
6. Number of teeth posterior to orbital margin

TPOM

Including post-orbital teeth
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Table S6: Site information for Atyid shrimps sampling sites (Catchments, Sampling Site, site
coordinates).

Sampling Site

Catchment

Log.

Lat.

Mudgeeraba Creek

Nerang-Mudgeeraba

153.3056

-28.1825

Bremer River

Bremer

152.5096

-27.8315

Oxley Creek

Lower Brisbane

153.0231

-27.6109

Brisbane River

Upper Brisbane

152.3173

-26.8954
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8 Appendix S2: Four Figures
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Continued Figure S1

Figure S1: NJ of the phylogenetic relationships; (A) among COI sequences (450bp) for three cryptic
species of the Caridina indistincta, (B) among COI sequences (430bp) for two lineages of the Paratya
australiensis. The numbers at nodes indicate to bootstrap numbers.
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Figure S2: Dendrogram of hierarchical cluster analysis using Ward’s method similarity matrix
indicating the similarity among sampling sites in relation to background water quality and elevation of
47 sites that contain cryptic species of C. indistincta species complex (see Appendix S1: Table S1;
Yasser et al., 2018). The asterisks highlight sampling sites that have been used for the current study. Site
names, coordinates, and stream class are highlighted in Appendix S1: Tables S1 &S2.
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Figure S3: Dendrogram of hierarchical cluster analysis using Ward’s method similarity matrix
indicating the similarity among sampling sites in relation to background water quality and elevation of
39 sites that contain lineages of P. australiensis species complex (see Appendix S1: Table S2; Yasser et
al., 2018). The asterisks highlight sampling sites that have been used for the current study. Site names,
coordinates, and stream class for are highlighted in Appendix S1: Tables S1 & S2.
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