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Abstract. Calcrete aquifers are unique groundwater habitats containing stygobiontic species endemic to each calcrete.

The evolutionary history of stygofauna suggests the calcretes in Western Australia contain multiple ancient lineages, yet
populations experience episodic variation in rainfall patterns, with little-known ecological consequences. The aim of the
present studywas to document stygofaunal diversity patterns and determinewhether they are influenced by rainfall events.

The average taxon richness in boreholes peaked shortly after periods of high rainfall, and when dominant taxa were
excluded, evenness decreased after periods of both high and low rainfall, indicating that dominant taxa are an important
factor in driving the system. Strong abundance–distribution relationships reflected the commonality of taxon groups;

common taxon groups had broad distributions and high abundance levels, whereas rare taxon groups had small
distributions and low abundance. After periods of intermediate and low rainfall, taxon groups had narrower distributions
and the maximum number of individuals per borehole was lower. Finally, the majority of boreholes did not show changes

in evenness over the 11-year study period, suggesting a reasonably stable ecosystemwith episodic fluctuations that can be
attributed to rainfall events. The results of the present study indicate that diversity patterns within boreholes are driven
episodically by both external and internal factors, such as rainfall and rapid borehole dominance respectively.
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Introduction

Spatiotemporal patterns of diversity are highly dependent on
both habitat and species traits (Chase and Leibold 2003). In

general, species diversity increases with increasing habitat
heterogeneity (MacArthur and MacArthur 1961) because spe-
cies can occupy and exploit different niches. However, in

fragmented habitats, diversity tends to decrease as dispersal and
resource availability becomes limiting for new colonisation
events, and competition limits population growth (Mouquet and

Loreau 2003; Munguia et al. 2011; Munguia 2015). Patchiness
in small fragmented landscapes can facilitate specialisation that
may otherwise not occur and can result in the evolution of
endemic species (MacArthur and MacArthur 1961). Fragmen-

tation can also lead to some species being more abundant than
others in particular environments and potentially lead to the
formation of areas with only one taxon group present (MacArthur

and MacArthur 1961; Davies and Margules 1998).

A unique fragmented habitat comprising groundwater cal-
cretes in the Yilgarn region of central Western Australia was
recently shown to contain a diverse ecosystem of groundwater

subterranean animals known as stygofauna. These groundwater
calcretes formed in the aridYilgarn regionwhere themean annual
rainfall is below 200 mm and potential evapotranspiration

exceeds 3 m (Mann and Horwitz 1979). Such groundwater
habitats are generally entirely enclosed, having been deposited
from the groundwater as it approaches base level close to playas

(salt lakes) in palaeodrainage systems (Humphreys 2001). The
Yilgarn region contains over 200 large isolated calcretes, with
several phylogeographic studies having demonstrated that spe-
cies are each restricted in their distribution to a single calcrete

(Cooper et al. 2002, 2007, 2008; Leys et al. 2003), an endemicity
that can be attributed to the insular form of the calcretes and the
nature of the intervening regolith (Anand and Paine 2002) likely

preventing dispersal between calcretes (Guzik et al. 2010).
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In subterranean habitats, the trophic structure is simplified
relative to epigean habitats owing to the absence of primary

producers, save in rare systems that have chemoautotrophic
primary producers and parasites (Gibert and Deharveng 2002),
and sparse energy resources (Huppop 2000; Culver and White

2005). Because subterranean ecosystems are continuously dark,
micro-organisms (bacteria and fungi) are usually dependent on
organic carbon for energy capture. The energy that does enter

the system is primarily mediated by the movement of water, and
the exogenic organic matter carried in by water is, in turn,
thought to be affected by both rainfall and plant growth
(Deharveng and Bedos 2000; Humphreys 2012). Rainfall in

the Australian arid zone is episodic both within and between
years (Mann and Horwitz 1979), and amounts equivalent of
mean annual rainfall may occur in a single event or, in contrast,

drought can span several years. As such, carbon inputs into the
calcrete aquifers are also likely to be highly variable, but the
ecological effect of this variability on stygofaunal communities

is unknown.
Herein we document stygofauna diversity patterns within a

calcrete located at the Sturt Meadows pastoral property in

central Western Australia, which contains a suite (,100) of
boreholes that enable assessment of spatial and temporal eco-
logical changes across part of the aquifer (Fig. 1). Because the
system experiences episodic rainfall events followed by long

periods of no precipitation, we focused on how rainfall may
affect diversity sampled within boreholes. We calculated the
number of taxon groups and faunal evenness occurring within

individual boreholes and estimated changes in common and rare
taxon groups driven by rainfall patterns. Given the boom-and-

bust population dynamics observed in other arid zone aquatic
systems (e.g. Lake Eyre aquatic invertebrates; Davis et al.

2013), we explored whether sampled boreholes were dominated

by a single taxon group. Given the periodic changes in the water
table and the heterogeneous structure of the calcrete (Guzik
et al. 2009; Bradford et al. 2013), we hypothesised that specific

taxon groupsmay become the dominant groupwithin a borehole
because of reduced connectivity during low water table periods.
We discuss two potential mechanisms arising from the observed
rainfall patterns that could affect the dynamics of this unique

subterranean ecosystem: (1) changes in connectivity within the
calcrete due to fluctuations in the water table affecting dispersal;
and (2) nutrient replenishment driven by rainfall. Ultimately,

these proximate, episodic mechanisms could be the drivers
behind the high levels of endemicity.

Materials and methods

The study site was at a calcrete located on the Sturt Meadows

pastoral station in theYilgarn region,WesternAustralia (Fig. 1),
with an area of ,43 km2. The surface vegetation is an open
Acacia woodland with lowland shrubs. In a few places, the
calcrete is exposed on the surface, whereas for the most part the

top of the calcrete is up to 2 m below the surface (Allford et al.
2008; Bradford et al. 2013). Bores were originally drilled for
mineral exploration to a depth of 10.3 m and a diameter of
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Fig. 1. (a) Location of Sturt Meadows within Australia and (b) the study area with sampled boreholes (black circles). (c) Climatological data

showingmean temperature. The horizontal line indicates mean temperature for the year. (d) Boreholemonitoring for recharge over a 12-month period

at one borehole location, showing water depth (black line) and rainfall events (grey line).
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100 mm. Two bore grids were drilled, a northern and a southern
grid. The northern grid has bores spaced at 100 m in each
direction and is 1.4� 0.9 km; the southern grid has bores spaced
at 100 m east–west and 200 m north–south and is 1.2 � 0.9 km

(Fig. 1). The present study site covered both grids and an area of
,2.34 km2. The current condition of the bores allows access to
the water table from,1.9 to 4.0 m below the surface, with water

depth varying between 0.4 and 8 m among each of the 116 bores
that have been accessed to date across the bore grid (Allford
et al. 2008).

The Sturt Meadows calcrete stygofauna consists of 18 known
macroinvertebrate taxa. There is a sister species triplet of dytiscid
diving beetles Paroster macrosturtensis, P. mesosturtensis, and

P. microsturtensis (Watts and Humphreys 2006), three species of
chiltoniid amphipods, namely Yilgarniella sturtensis, Scutachil-
tonia axfordi and Stygochiltonia bradfordae (Bradford et al.

2010; King et al. 2012), at least four divergent lineages of

oligochaete worms (Bradford et al. 2010) and eight copepod
species (T. Karanovic, pers. comm.). There are also troglobiont
species present above the water table, including two oniscidean

isopod species (Troglarmadillo sp. and Paraplatyarthrus occi-

dentoniscus; Javidkar et al. 2015, 2017), at least one mite species
(Acari), one centipede species (Chilopoda), one palpigrade

species (Eukoenenia guzikae; Barranco and Harvey 2008) and
one springtail species (Collembola; Bradford et al. 2010).

The study comprised 11 sampling events at the Sturt Mea-
dows calcrete: 2 in 2004 (March and September), 2 in 2005

(March and April), 3 in 2006 (March, July and November), 2 in
2007 (February andMay) and 1 each in 2011 and 2015 (May and
April respectively). All samplings from 2004 to 2015 were

undertaken using a small weighted plankton net (250 mm)
hauled through thewater column. In addition, sampling between
2005 and 2007 used a pump to retrieve samples. Previous

research has shown that these two methods do not differ in their
sampling intensity (Allford et al. 2008). The sampling effort
from 2004 to 2015 resulted in the collection of 9118 stygobitic

macroinvertebrate specimens from 512 sampling events from
116 boreholes (with 78% of boreholes sampled at least twice).
Identification to family level for the amphipods, copepods and
oligochaetes and species level for the beetles was performed in

the field, and samples were stored in liquid nitrogen, or in 75 or
100% ethanol. Copepods and oligochaetes could not be identi-
fied to species level in the field because of a lack of taxonomic

information for these groups. Morphological descriptions of
three amphipod species were recently published by King et al.

(2012), but these were not available for the early collections,
where specimens had been discarded, so we were unable to

identify the amphipods to species level. Therefore, our analyses
clustered copepod, amphipod and oligochaete species each into
distinct functional groups because these species usually share

similar trophic levels (Gibert and Deharveng 2002; Bradford
et al. 2014).

Environmental data as specified in Watts and Humphreys

(2006) were collected in March 2006 and April 2015 and
obtained while invertebrate samples were being collected. The
nearest pertinent meteorological data were sourced from the

Australian Bureau of Meteorology, namely rainfall events at
Sturt Meadows from 2004 to 2015 and average temperature data
from two different stations located 1.4 km apart in Leonora
(,42 km from the Stuart Meadows calcrete) because neither

station had complete records for the 2004–15 period. The
average pan evaporation is 2400 mm year�1, which far exceeds
the average yearly rainfall of just over 200 mm.

Data analysis

Monitoring water table levels in the aquifer from July 2006 to

May 2007 indicated that recharge occurred shortly after a major
rainfall event, with low rainfall events (,10mm) having little or
no effect on groundwater levels, rainfall events between
10–30 mm resulting in a moderate increase in groundwater

levels and rainfall events.30mm leading to amajor recharge of
the aquifer (Fig. 1). Therefore, we defined low-, intermediate-
and high-rainfall periods based on total rainfall in the 30 days

before sampling (Table 1). Low rainfall was defined as,10mm
of rain in the previous 30 days, intermediate rainfall was defined
as,30 mm of rainfall in the previous 30 days and high rainfall

was defined as $30 mm of rainfall in the previous 30 days.
We first compared taxon richness and evenness among the

three rainfall periods (high, intermediate and low rainfall) using

mixed models (e.g. Darnell et al. 2015). Rainfall period was
used as a fixed factor and sampling year was used as a random
effect to account for year-to-year variability. Borehole occupancy,
including unoccupied sites, was compared among rainfall periods

for each taxon group using a contingency test to contrast periods
and a Cochran–Mantel–Haenszel test to assess among-year dif-
ferences in the number of sites occupied.

Table 1. Sampling data information from 2004 to 2015 including month, period, rainfall and number of boreholes sampled

Month Year Period Number of boreholes sampled Rainfall in the 30 days before sampling (mm)

March 2004 High rainfall 14 68.4

September 2004 Low rainfall 66 3.6

March 2005 Low rainfall 26 2.6

April 2005 Low rainfall 64 1.4

March 2006 High rainfall 54 57.6

July 2006 Low rainfall 52 0

November 2006 Intermediate rainfall 52 10.4

February 2007 High rainfall 53 59

May 2007 Intermediate rainfall 54 27

May 2011 Intermediate rainfall 23 11.2

April 2015 Intermediate rainfall 53 12

116 Marine and Freshwater Research J. Hyde et al.



To determine the effects that the different rainfall events had
on the various taxon groups, site occupancy was calculated for

all taxon groups. The average number of individuals present was
calculated for each rainfall period. The taxon groups were
ordered in the graph by their rank site occupancy in the high-

rainfall period.
Taxon group abundance–distribution patterns were com-

pared for each of the three rainfall periods. An analysis of

covariance (ANCOVA) tested differences in the relationship
between maximum abundance within boreholes against the
number of boreholes occupied by each taxon group. A positive
relationship between borehole abundance and distribution was

expected because it is a common pattern across systems and taxa
(Magurran 1988; Munguia 2014). Therefore, we followed the
ANCOVA with individual regressions to test whether the slope

of abundance to distribution was different from zero in each of
the three rainfall periods. Data were log transformed to meet
parametric assumptions.

Given the hypothesis that dominant taxa were driving the
system, we further investigated the observed sites where a single
taxon group was exclusively found (henceforth referred to
as ‘dominant taxon sites’). To determine whether all taxon

groups were equally likely to become dominant, the proportion
of sites with dominant taxon groups from the total number of
sites in a given sampling period averaged across each rainfall

period was calculated and a Chi-Square test was used to
compare their frequency across the three rainfall periods.

To test changes in long-term diversity patterns, the 18 bore-

holes that were repeatedly sampled most often over the 11
sampling events were selected and evenness was compared in
both 2006 and 2015 using a paired t-test. Finally, a principle

component analysis (PCA) was used to associate environmental
parameters of each individual borehole (depth, O2, temperature,
pH and salinity) from each of the 2006 and 2015 surveys.
Principal components were rotated using varimax and Factor 1

was used to represent the environmental gradient present in
boreholes. Next, a mixedmodel tested the effect of environment
(as PCA Factor 1) on richness, total abundance and evenness

using year as a random effect. All analyses were performed in
JMP (SAS Institute, Cary, NC, USA).

Results

Stygofaunal diversity in boreholes differed among the three
rainfall periods. Diversity was lowest during the low-rainfall

period (Fig. 2a) and greatest during the high-rainfall period
(F¼ 8.057,P¼ 0.0004), with year-to-year variation accounting
for 13% of the variance. Evenness also differed among rainfall

periods, with boreholes showing lowest evenness during the
high-rainfall period (Fig. 2b) and highest evenness during the
intermediate- and low-rainfall periods (F ¼ 7.316, P ¼ 0.001),

with year-to-year variation accounting for 7.6% of the variance.
When removing sites with a single dominant taxon group, both
the high- and low-rainfall periods had the lowest evenness

(Fig. 2b) and the intermediate-rainfall period maintained the
highest evenness (F ¼ 10.029, P , 0.001), with year-to-year
variation accounting for 6.7% of the variance.

The effect of rainfall on the distribution of different taxon

groups varied (Fig. 3). For example, copepods occupied a large

proportion of sites during high- and intermediate-rainfall periods
(57 and 51% respectively), but few sites (16%) during low-

rainfall periods. In contrast, the dytiscid beetleP. microsturtensis
did not significantly change proportional occupation of sites with
changes in rainfall period (0, 2 and 1.5% for high, intermediate

and low respectively, Table 2).
The more boreholes a taxon group occupied, the greater its

abundance (ANCOVA, F ¼ 4.46, P ¼ 0.011; Fig. 4), yet this

pattern varied within each rainfall period. A positive relationship
between rainfall events and maximum abundance was observed
in each rainfall period (Fig. 4). During high-rainfall events, a
species’maximum abundance was independent of its distribution

among boreholes (Fig. 4a; F ¼ 3.04, d.f. ¼ 1, P ¼ 0.11,
R2 ¼ 0.43). In the intermediate-rainfall season, although there
was a tendency for a relationship between maximum abundance

and distribution in the intermediate-rainfall season, it did not
reach statistical significance (Fig. 4b; F ¼ 6.22, d.f. ¼ 1,
P¼ 0.054, R2 ¼ 0.55), whereas during the period of low rainfall

a significant relationship was found between maximum abun-
dance and distribution (Fig. 4c; F ¼ 11.21, d.f. ¼ 1, P ¼ 0.02,
R2 ¼ 0.69). Copepods had the greatest abundance levels during

high- and intermediate-rainfall periods, yet they did not affect the
overall results of the regressions.

The proportion of sites that had dominant taxon groups
varied among rainfall periods (x2¼ 30, P, 0.05; 10.7% during

high rainfall, 37.6%during intermediate rainfall and 30%during
low rainfall; Fig. 5). For sites that had dominant taxon groups,
these groups were mainly either amphipods or copepods. How-

ever, dominance shifted; during intermediate- and high-rainfall
periods, copepods dominated; during low-rainfall periods
amphipods dominated.
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Borehole diversity remained stable between 2006 and 2015

(Fig. 6), with evenness not differing between these 2 years
(paired t-test, t ¼ 0.77, P ¼ 0.45), and remaining reasonably
low (J0 (evenness) ¼ 0.32 and 0.39 in 2006 and 2015 respec-

tively). There were four sites that showed increases in even-
ness, and this pattern was driven by the dominant taxon groups
in 2015.

Boreholes showed consistency in environmental gradients

between the 2 years of 2006 and 2015 (Table 3). In both years, an
environmental gradient was produced in PCFactor 1 (PC1) from
high temperature and pH to high salinity and greater depth

(Table 3). Oxygen did not contribute greatly to this gradient;
instead, it was influential on an orthogonal gradient (PC2;
Table 3). Taxon richness increased with the environmental

Table 2. Chi-Square distribution tables calculated for the relative abundances of each taxon group from each rainfall period

A Cochran–Mantel–Haenszel (CMH) test was used to assess among-year differences in the number of sites occupied (Fig. 3)

Taxon group CMH test

d.f. x2 P-value x2 d.f. P-value

Copepoda 2 137.697 ,0.0001 48.152 2 ,0.0001

Amphipoda 2 4.804 0.091 4.295 2 0.117

Paroster mesosturtensis 2 4.605 0.100 3.393 2 0.183

Paroster microsturtensis 2 1.962 0.374 7.387 2 0.024

Dytiscidae 2 6.259 0.0437 12.413 2 0.002

Paroster macrosturtensis 2 8.675 0.0131 0.279 2 0.869

Oligochaeta 2 19.213 ,0.0001 10.733 2 0.005
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gradient (F¼ 4.11, P¼ 0.046) where year explained only 0.8%,
of the total variance (Fig. 7a, b). Similarly, evenness dropped as
the scores on PC1 increased (F ¼ 5.65, P ¼ 0.02) and year did

not explain any of the variance in the model (Fig. 7c, d).
However, these relationships were weak because environment
only explained a small proportion of the variation in either

taxonomic richness or evenness (Fig. 7).

Discussion

At Sturt Meadows, the subterranean invertebrate community
sampled within boreholes exhibited shifts in composition with
an increase in taxon richness during periods of high and inter-

mediate rainfall. It also showed periods of high taxon evenness
during times of intermediate and low rainfall after sites with a
single dominant taxon group were excluded from the analyses.

Variation in community composition appears to be driven to a
large extent by the dominant taxon groups and, in particular,
copepods. The proportion of sites that had dominant taxon

groups decreased during high-rainfall periods, whereas the
composition of dominant taxon sites also changed with rainfall
period. This system has dynamic variation that is determined by
rainfall. However, evidence from long-term temporal patterns

suggests that over long periods of time the system is also stable.
Significant precipitation events and subsequent aquifer

recharge increased borehole occupancy. After moderate to large

precipitation events, the water table in the calcrete increased
(Fig. 1), possibly leading to easier movement between different

areas of the calcrete. After these rainfall events, the proportion
of sites that contained dominant taxon groups decreased, sug-
gesting that precipitation events affect taxon group composition

of individual boreholes. Because the timing and amount of
rainfall vary, we suggest that the connectivity of the calcrete
changes and stochastic dispersal events are likely to play a role

in the frequency and abundance of taxon groups within individ-
ual boreholes.When thewater table decreases, taxamay become
isolated at specific locations and concentrated into a smaller
volume of water. Habitat heterogeneity, possibly resulting from

porosity and water chemistry changes, is also likely to affect
species composition in these subterranean systems.

Water chemistry can be important in structuring invertebrates

in fresh water, with studies detailing a decrease in taxon richness
where water chemistry is extreme (Heino 2000), for example
when the pH is below 5 or salinity is .1.5 (calculated from

Reeves et al. 2007). Conversely, except for salinity, water
chemistry seems to have remarkably little effect on the distribu-
tion of ostracods in groundwater systems of the Pilbara Region of
Western Australia, including in calcretes (Reeves et al. 2007),

suggesting that individual taxonomic groups may show idiosyn-
cratic responses to water chemistry. High pH and low oxygen
concentrations create thresholds that can cause local extinctions

by changing prey abundance or nutrients in the water column
(Adlassnig et al. 2012). Although the distribution of species in
calcretes is affected by rainfall, it is also possible that other

factors, such as the spatial heterogeneity of the calcrete due to a
fluctuating water table, provide niche space availability and the
potential for refugia in deep calcrete deposits, aswell as extinction

of populations in shallow calcrete areas (Bradford et al. 2013).
Potentially, this could result in temporary or long-term isolation of
species, thus affecting their distribution and abundance.

The Western Australian calcretes have provided habitat for

stygofauna for millions of years. The isolation of these calcretes
following post-Miocene aridification of theAustralian continent
has been inferred from the distribution of multiple obligate

stygobiotic lineages and molecular phylogeographic studies
(Cooper et al. 2002; Leijs et al. 2012). Owing to the long-term
stability and isolation of the calcretes, and the long evolutionary

history of their resident communities, wewould expect localised
borehole extinctions and year-to-year variation. However, rain-
fall events cause rapid and extreme changes to the environment
and a platform for environmental variation.

The chemocline of the water table within calcretes is expected
to support a complex microbiological community, based on
studies of similarly complex anchialine systems (Humphreys

et al. 2009). Salinity in groundwater calcretes increases towards
groundwater base level, typically as it moves towards a salt lake.
At the Sturt Meadows study site, salinity increases across the

calcrete towards Lake Raeside (Humphreys et al. 2009). Infil-
tration of rainfall carrying particulate organic carbon and dis-
solved organic carbon into the calcrete would affect the

microbiological community, which is likely to be the lowest
trophic level in the food chain. Changes to the composition and
abundance of the microbial community would potentially cas-
cade up the system, affecting the invertebrates and their location

and abundance.
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The present study has revealed a highly dynamic and
episodically rainfall-dependent subterranean system that has
ancient lineages of taxa inhabiting groundwater calcretes.

Although one of the most significant factors in driving diversity
patterns within the boreholes is periodic recharge from rainfall,
this does not explain all the changes within the system. It is

possible that changes in the water table, the introduction of
nutrients, or a combination of factors are also affecting changes
in species composition and abundance, and further research will

be necessary to determine whether this is the case.
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