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GROUNDWATER–SURFACE-WATER INTERACTIONS

Habitat, water quality, seasonality, or site? Identifying
environmental correlates of the distribution
of groundwater biota

Kathryn L. Korbel1,3,4 and Grant C. Hose2,3,5

1School of the Environment, University of Technology Sydney, P.O. Box 123, Broadway, Sydney, New South Wales 2007 Australia
2Department of Biological Sciences, Macquarie University, New South Wales 2109 Australia
3Cotton Catchment Community, Cooperative Research Centre, 2 Lloyd Street, Narrabri, New South Wales 2390 Australia

Abstract: The distribution of biota in aquatic ecosystems, including aquifers, is collectively influenced by habitat
structure, water quality, seasonality, and local variations in environmental conditions. However, little is known
about the nature and relative influences of such factors in groundwater ecosystems. Our aims were to identify
the key environmental variables influencing the distribution of biota within the Gwydir River alluvial aquifer in
northwestern New South Wales, Australia, and to consider the relative importance of environmental variables,
in terms of habitat structure, water quality, seasonality, and site attributes, to both microbial and invertebrate
(stygofauna) assemblages. Stygofauna distribution was primarily influenced by habitat variables (predominantly
sediment structure) followed by site variables (abundance of trees), with water quality and seasonality having
relatively little influence. These results indicate that it is the aquifer conditions relating to habitat structure, water
flow, and the supply of organic matter that are most important for determining stygofauna distribution. Micro-
bial assemblage structure was not strongly correlated with habitat variables, possibly because habitat restraints do
not exist because of their smaller size. Instead, seasonality and water-quality variables had the greatest influence
on microbial assemblages. Microbes might respond to seasonal (particularly rainfall induced) changes in water
quality more quickly than do stygofauna, which may explain the relatively greater importance of seasonality and
water quality to microbial assemblages. Given that stygofauna are most influenced by habitat and site variables,
and microbial assemblages are most influenced by seasonality and water quality, disturbance to any of these
factors may threaten the stability and integrity of the groundwater ecosystem.
Key words: stygofauna, groundwater health, biotic distribution, aquifer, groundwater

Predicting the distribution of biota and understanding
their responses to environmental gradients are central
questions in ecology and conservation (Levin 2009). In
surface aquatic ecosystems, the interaction of physical hab-
itat structure, water quality, and seasonality determines
the suitability of a habitat for a taxon, and biotic inter-
actions determine the success of a taxon in a particular
location (Wellborn et al. 1996). The roles of physical hab-
itat structure, water quality, and seasonality are well tested
in surface waters (e.g., Vinson and Hawkins 1998), partic-
ularly rivers, but the relative importance of these factors
in connected subsurface waters, such as alluvial aquifers,
is not.

Habitat structure in the groundwater environment is
largely determined by aquifer geology (Hahn 2006, Hancock
and Boulton 2009, Griebler and Lueders 2009). Geology
accounts strongly for differences in biota between aqui-
fers (Hahn 2006, Stein et al. 2012, Johns et al. 2015), but
it also is important within aquifers because the particle
size and composition of the aquifer matrix determine the
size of interstitial spaces. Interstitial spaces provide habi-
tat for groundwater invertebrates (collectively termed sty-
gofauna) and microbes (Zilliox 1994, Coineau 2000), and
influence the hydraulic conductivity and flow of water,
which is the means of delivery of C and O2 throughout the
ecosystem. Water quality, including C, O2, and other chem-
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ical constituents, also is a key factor determining the suit-
ability of the subterranean habitat and, hence, the distribu-
tion of biota. Both natural and anthropogenic gradients in
water quality influence microbial (Franklin et al. 2000, Ste-
phenson et al. 2013) and stygofauna (Malard et al. 1996,
Danielopol et al. 2000) assemblages.

Groundwater ecosystems are generally buffered against
seasonal changes in temperature, which are particularly strong
drivers in surface environments. Nevertheless, seasonal
changes in aquatic and terrestrial surface environments,
such as changes in rainfall or river flow, or cropping and ir-
rigation cycles can strongly influence surface–groundwater
interactions (Brunke and Gonser 1997, Korbel et al. 2013a).
These seasonal changes may interact with factors operat-
ing at the site scale (such as presence of phreatophytic trees,
land use, and proximity to surface waters), which them-
selves may influence the distribution of groundwater biota
(Jasinska and Knott 2000, Korbel et al. 2013a).

Our aim was to examine the environmental factors that
influence the distribution of biotic assemblages at the within-
aquifer scale in a shallow alluvial system in northwestern
New SouthWales (NSW), Australia. Our research questions
were: 1) What are the key environmental variables influ-
encing the distribution of microbes and invertebrates in
the Gwydir River alluvial aquifer? 2) What is the relative im-
portance of environmental variables collectively, in terms
of habitat structure, water quality, seasonality, and site at-
tributes, to these biota? 3) Are microbial and invertebrate
assemblages responding to the same variables?

METHODS
Study region

This study was conducted in the alluvial aquifer of the
Gwydir River in northwestern NSW. The Gwydir River
catchment is ∼26,500 km² (Barrett 2009) and forms part
of the Murray–Darling Basin. Samples were collected in
the shallow unconfined aquifer of the lower Gwydir Valley
(Narrabri Formation, 10–30 m depth; Milne-Home et al.
2007, Barrett 2009) around the town of Moree (lat 29°28’S,
long 149°54’E, population 8083; ABS 2006; Fig. 1). The
Gwydir River floodplain has been cleared and modified for
agriculture, including cattle grazing, irrigated (e.g., cotton),
and nonirrigated (e.g., cotton, sorghum) crop production.
The region is semi-arid with an average winter minimum
of 5°C and average summer maximum of 33°C (Bureau
of Meteorology; http://www.bom.gov.au/climate/data/). Rain-
fall in the region is highly variable, summer dominant, and
generally of high intensity (Milne-Home et al. 2007).

Floodplain soils are similar across the study area. Pro-
files have sequences of clay, sand, and gravel sediments
(Barrett 2009, Carr and Kelly 2010). The aquifer matrix is
predominantly shale and sandstone with seams of clay,
sand, and gravels (Barrett 2009). The major ions in natu-

ral water of the Gwydir valley region are Na+, K+, Ca2+,
Mg2+, Cl–, CO3

2–, HCO3
–, and SO4

2– (Please et al. 2000,
Milne-Home et al. 2007). The Gwydir River is the primary
source of recharge for the shallow Narrabri formation
aquifer (Barrett 2009, Carr and Kelly 2010). However, the
groundwater quality and hydraulic connectivity of the re-
gion are poorly studied (Milne-Home et al. 2007, Carr and
Kelly 2010).

Collection methods
Twenty sites were sampled for water quality, microbial,

and stygofaunal assemblages on 4 occasions (August 2007,
February 2008, February and August 2010). Bores were all
government owned. Bores were constructed of 50-mm-
diameter polyvinyl chloride (PVC) pipe and were com-
pletely enclosed except for discrete slotted sections near
the bottom of each pipe to allow entry of groundwater. All
bores accessed the same unconfined alluvial aquifer at depths
between 10 and 30 m below the surface.

Water-quality variables
Groundwater was pumped from each bore using a mo-

torized inertia pump (Waterra Powerpump II; Waterra
Pumps Ltd., Ontario, Canada). Pump rates were standard-
ized to ∼7 L/min. Before sampling at each site, pump tub-
ing was sterilized with dilute sodium hypochlorite and
rinsed with distilled water (Sundaram et al. 2009). The
exterior surface of the tube was wiped with ethanol (70%)
before it was inserted into the bore. This process, com-
bined with pumping 300 L (= 5–10 bore volumes) of wa-
ter for the stygofauna sample, was considered sufficient to
remove contaminants from previous sites before water
and microbial samples were collected.

Field meters were used to measure conductivity (TPS
LC84) and pH/oxidation–reduction potential (ORP)/tem-
perature (TPS LC80A; TPS, Springwood, Queensland, Aus-
tralia) of bore water samples on site. Water samples were
collected in sterile amber glass or clean plastic containers
for chemical and microbial analyses and refrigerated or
frozen until analyzed at the NSW Office of Water Environ-
ment Laboratory in Arncliffe, NSW, Australia. Based on
preliminary studies in the region (Korbel and Hose 2011,
Korbel et al. 2013a), 7 analytes of importance to biotic dis-
tribution were identified and grouped as water-quality var-
iables. The analytes and methods of analysis are listed in
Table 1.

Microbiota
Microbial assemblages were characterized with BiologTM

Ecoplates (Biolog, Hayward, California), which measure mi-
crobial activity via C use (Preston-Mafham et al. 2002).
The BiologTM Ecoplates were inoculated with 150 μL of the
sample/well and incubated in the dark at 20°C (Fliermans
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et al. 1997). Color development was measured at 590 nm
after 6 d of incubation.

Microbial activity was compared between sites with
cotton-strip assays (CSAs; Lategan et al. 2010). Cotton
strips made of 4 × 10-cm sections of calico material were
placed in each bore after sampling and left for 6 wk. Con-
trol strips were left in sterile water at 20°C for the same
period. Tensile strength loss of the cotton strips was
tested for each site in triplicate with a pneumatic tensi-
ometer Universal Testing Machine (UTM Instron 6022
10-kN load frame) with flat plate grips. Data were ana-
lyzed with DOLI EDC120 software (DOLI Elektronik
GmbH, Munich, Germany). This method provides a sur-
rogate measure of microbial activity in groundwater (see
Lategan et al. 2010 for detailed methods).

Stygofauna
Stygofauna were collected by pumping and sieving

300 L of bore water through a 63-μm mesh-size sieve
to retain animals. When replenishment of the bore was
slow, only 150–200 L of water was collected. However,
this reduction should have had little impact on the sam-
pling effort between sites (Hancock and Boulton 2009).
Stygofauna collected in the sieve at the time of sam-
pling were preserved in 100% ethanol, stained with rose
Bengal, and later sorted under microscope (60× magnifi-
cation). Stygofauna were identified to lowest taxonomic
level with the aid of relevant taxonomic keys (e.g., Serov
2002) and counted. Our identifications were confirmed by
taxonomic experts. Stygofauna specimens were measured

and, based on average body length, taxa were allocated to
a size category (Korbel et al. 2013b) (small: 63μm–0.25mm,
medium: 0.25–0.5 mm, large: >0.5 mm).

Habitat attributes
A range of habitat variables (Table 1) was assessed

at each site. Habitat variables were related mainly to at-
tributes of the aquifer matrix, such as sediment particle
size and organic matter, known to influence groundwater
biota (Coineau 2000, Hahn 2006, Griebler and Lueders
2009, Stein et al. 2010, Mermillod-Blondin et al. 2013,
Fiasca et al. 2014). Other variables in this category in-
cluded volume of sediment retrieved and proportion of
fine sediments, both thought to be related to hydraulic
connectivity within the aquifer. These factors influence
the distribution of nutrients, O2, and C in the ecosystem,
and affect groundwater biota (Dumas et al. 2001, Hahn
2006, Korbel and Hose 2011, Mermillod-Blondin et al.
2013).

Sediment type was assessed in the field from sediment
collected while pumping water from the bores as part of
stygofauna collection. Classification of sediment particle
size was based on the Wentworth (1922) scale for soils
(Table 1). The volume of sediment collected was classi-
fied as low, medium, or high (Table 1). The proportion
of fine sediment (silt/clay on the Wentworth 1922 scale)
in samples was assessed visually as low, medium, or high
after a representative sample (250-mL sample of com-
bined sediment and water collected in the field) had been
allowed to settle for 48 h. The percentage of organic matter

Figure 1. Map of study region, Moree, northwestern New South Wales, Australia
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in samples was determined by loss on ignition at 450°C for
4 h (Grimshaw et al. 1989).

The ground water, aquifer matrix, and connectivity
of the region are poorly understood (Milne-Home et al.
2007, Carr and Kelly 2010) and bore logs often were in-
complete, so the only option available to assess aquifer
matrix was to analyze sediment collected from pumped
water as described. The limitations of this method are
acknowledged, but it provided an indication of sediment
type, albeit a coarse one, and with a consistent pumping
rate, allowed comparison between sites.

Site variables
Two site variables were recorded for each sampling event.

The abundance of trees at each site was recorded qualita-
tively (Table 1) because tree roots are thought to provide
habitat for groundwater biota (Jasinska and Knott 2000)
and have been linked to stygofauna richness (Hancock and
Boulton 2008). Distance of a sampling bore to the closest
river or stream, estimated using topographic maps and satel-
lite imagery, was recorded because groundwater biota are
influenced by hydrological exchanges between surface and
groundwater (Schmidt et al. 2007, Graillot et al. 2014).

Table 1. Environmental variables and analytical methods used to measure them at groundwater sampling sites in the Gwydir River
catchment, New South Wales, Australia. * indicates variable measured using US standard methods (APHA 2005). GIS = geographical
information system.

Variable type Variable Type of data Method used Scale used or mean (range)

Water quality Electrical conductivity* μS/cm Field measurement 1011 (257–5690)

DOC* mg/L 54083 Dissolved organic C
(APHA 5310)

4.3 (0–140)

NO3-N* mg/L 54102 Oxidized N in water
(APHA 4500)

2.2 (0–15)

Total P* mg/L 54105 P using persulfate
digestion (APHA 4500)

0.26 (0.10–0.74)

Ca+* mg/L 54080 Ion chromatography
(APHA 4110B)

39 (9–210)

HCO3
–* mg/L 54080 Ion chromatography

(APHA 4110B)
289 (110–670)

pH pH units Field measurement 7.7 (6.98.4)

Habitat Soil type Qualitative Field observations 1 = clay/silt, 2 = very fine–fine sand,
3 = sand, 4 = sand/gravel

Proportion of
fine sediment

Quantitative
categorical

Sediment sample from bores
analyzed in laboratory

1 = little/no fines (<5% of sample),
2 = moderate fines (5–15%
of sample), 3 = high (>20%
of sample)

Volume of sediment Quantitative
categorical

Amount of sediment pumped
in field

1 = <100 mL sediment, 2 = 100 mL–
1 L sediment, 3 = >1L sediment

% organic matter Quantitative Sediment collected and passed
though a 63-μm-mesh sieve.

% organic matter in sample collected

Site Abundance of trees Qualitative Field observations of trees/large
shrubs within 50-m radius
of bore

0 = no trees, 1 = low trees (1–2 trees
in vicinity but none at bore),
2 = moderate tree abundance
(2–3 trees in vicinity, with 1 tree
within 2 m of bore), 3 = large tree
abundance (large tree at immediate
surround of bore and >3 trees in
vicinity)

Distance to water Qualitative Location and measurement of
distance between bore and
closest surface water on GIS

Measured in m

Seasonality Season Summer or winter sampling
period

Drought Presence/absence of drought 2007/2008 drought (El Niño),
2010 nondrought (La Niña)
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Seasonality variables
Sampling was done in summer (February 2008 and 2010)

and winter (August 2007 and 2010). Season of sampling
was used as a categorical variable (Table 1). A prolonged
El Niño event throughout 2007–2008 generated one of
the longest droughts ever recorded in eastern Austra-
lia. Heavy rain broke the drought in early 2010 and coin-
cided with a transition to a La Niña climatic cycle (BOM
2012). Samples collected in 2007/2008 were classified as
representative of drought (El Niño) conditions and 2010
samples as representative of post-drought (La Niña) con-
ditions (Table 1). Season refers to differences between sam-
ples collected in summer and winter, and seasonality refers
collectively to the effects of summer/winter and drought/no
drought conditions.

Data analysis
Analysis of variance (ANOVA) was used to compare

the univariate measures of stygofauna richness and abun-
dance between season, drought, sediment type, tree abun-
dance, volume of sediment retrieved, proportion of fine
sediment, and detritus-level categories. Data were tested
for homogeneity of variance with Bartlett’s test and log
(x)-transformed if necessary to satisfy this assumption and
approximate normality. Relationships between the univar-
iate richness and abundance of stygofauna data and CSA
and continuous environmental variables were examined
using linear regression. Regression and ANOVA were done
in Minitab (version 16.1; Minitab, Inc., State College, Penn-
sylvania).

Relationships between environmental variables (includ-
ing water quality) and multivariate biotic communities
were modeled with distance-based linear models (DistLM;
Anderson et al. 2008) and plotted using distance-based
redundancy analysis (dbRDA; Legendre and Anderson
1999). Based on draftsman plots, selected data were log(x)-
transformed to standardize and improve linearity before
analysis. Correlations among environmental variables were
examined using product–moment correlation. Variables
that were strongly correlated (r > 0.95) were selectively re-
moved from the data set (Clarke and Ainsworth 1993). En-
vironmental variables were normalized prior to analysis.

Environmental and site attributes were grouped as
water-quality, habitat, seasonality, or site (as above) and re-
analyzed. The unique contribution of each group of vari-
ables was assessed using partial DistLM in which the con-
tribution of each group was measured as the additional
variation explained by that group after all other variable
groups already had been added to the model.

In dbRDA and DistLM, stygofauna and microbial data
were log(x)-transformed and analyzed with Bray–Curtis
similarity with a dummy variable of 1 added to all samples
to facilitate inclusion of otherwise empty (0 abundance) sam-
ples. All multivariate analyses were done using E-Primer

(version 6.1.11; Primer-E Ltd., Plymouth, UK). All univariate
and multivariate inferential analyses were run with α = 0.05.

RESULTS
Water quality, habitat, and site attributes

Total N, NH3, oxidized N, and NO3-N were strongly cor-
related (r > 0.95), so NO3-N was chosen as the primary indi-
cator of N for further analyses. Electrical conductivity was
strongly correlated with Cl– and SO4

2–, so Cl– and SO4
2–

were omitted from subsequent analyses. The other highly
correlated variables were Mg2+, Ca2+, and Na+, and total and
reactive (filtered) P. Ca2+ and total P were retained for fur-
ther analyses. Concentrations of metals varied little across
the study area, and agricultural chemicals were detected in
only 2 samples, so metal and agrochemical concentrations
were excluded from further analyses.

Site and habitat attributes were compared to examine re-
lationships among variables. Most were poorly (r < |0.5|) and
not significantly (p > 0.05) correlated. The distance of sites
from rivers was negatively correlated with the volume of
sediment retrieved (r = –0.35) and the proportions of fine
sediments within samples (r = –0.34) and was positively
correlated with electrical conductivity (r = 0.51). Soil type 4
was correlated with % organic matter (r = 0.62) and volume
of sediment in samples (r = 0.54).

Biota
Microbial activity (CSA) Microbial activity was signifi-
cantly related to drought conditions and concentrations
of NO3-N in the ground water. Cotton tensile strength
was significantly (p = 0.001) lower (indicating more ac-
tivity) in 2010 (postdrought) than in 2007–2008. Cotton
tensile strength was not related to season, its interaction
with drought, or any individual habitat or site attribute
(p > 0.05). Cotton tensile strength increased (indicating
less activity) as NO3-N concentrations increased (R2 = 0.88,
p = 0.019).

Microbial functional assemblages (BiologTM) Microbial
functional assemblage composition (as indicated by BiologTM

metabolic profiles) was significantly correlated with electri-
cal conductivity, Ca2+, HCO3

– (p = 0.001, 0.003, and 0.004,
respectively; Table 2), soil type 2 (p = 0.007), and drought
(p = 0.032), but none of the site variables.

In the stepwise model, water-quality variables (electrical
conductivity, NO3-N, and HCO3

–) accounted for a signifi-
cant component of the variation in the microbial functional
assemblages (p = 0.001, 0.048, and 0.016 respectively; Ta-
ble 2). Seasonality strongly influenced microbial functional
assemblages, with significant relationships between assem-
blage composition and both season of sampling and the
presence of drought conditions (p = 0.028 and p = 0.024,
respectively; Table 2). Temporal shifts in microbial com-
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munity structure were evident in the dbRDA (Fig. 2) in
which sites are separated by season and drought along the
vertical axis. Separation of samples along the horizontal axis
is mostly by water-quality variables, particularly NO3-N and
HCO3

–.
The full DistLM model, including all variables, ac-

counted for 52.4% of the variation in microbial assem-
blages (Table 3). Electrical conductivity, drought, season,
NO3-N, and HCO3

– each explained a unique and signifi-
cant component of the variation in the microbial assem-
blage data. When grouped as variable suites, water-quality
variables explained the greatest unique proportion of the
variation (16.7%), followed by habitat (11.1%), seasonality
(9.7%), and site attributes (3.7%) (Table 3). The remain-
ing variance accounted for by the full model (11.2%) was
shared by all groups of variables. On average, seasonality
variables contributed most to explaining the patterns in
microbial functional assemblages (Table 3).

Stygofauna assemblages Twenty morphotaxa were col-
lected from across the study area (Appendix 1). Most
animals belonged to Crustacea (ostracods, copepods, syn-
carids, amphipods). Oligochaetes and mites also were com-
mon across the study area.

Presence of soil types 2 (silt/sand) and 4 (sand/gravel)
was significantly related to stygofauna assemblage struc-
ture (p = 0.005 and p = 0.001, respectively; Table 4). Con-
centrations of Ca2+ (p = 0.034), HCO3

– (p = 0.044), and
pH (p = 0.008) also were significantly correlated with sty-
gofauna assemblage structure, as was distance to the near-
est water body (p = 0.021). Ca2+, HCO3

–, and pH were
not included in the stepwise model, and dissolved organic
C (DOC) was the only water-quality variable. Tree abun-
dance was included in the stepwise model because of its
significant relationship with both richness and abundance
(see below). Soil types 1 (clay/silt), 2 (fine sand), and 4
(sand/gravel), sediment organic content, DOC, distance to
surface water, and the abundance of trees were significantly
related to stygofaunal assemblage structure (Table 4).

The heterogeneity in the stygofauna assemblages was
evident in the dbRDA plot (Fig. 3). Clear separation of sam-
ples on the basis of season and drought was not apparent.
Samples were separated along the horizontal axis by sed-
iment organic matter, pH, and the presence of soil types 2
(fine sand) and 4 (sand/gravel). HCO3

– concentrations
were strongly correlated with the vertical axis, as were
the site attributes presence of trees and distance to water
(Fig. 3).

Table 2. Relationship between environmental variables and microbial assemblages (BiologTM method) in the
Gwydir River alluvial aquifer. Marginal tests indicate the relationship between environmental variables and assem-
blages individually. The sequential test indicates the relationship between environmental variables and assemblages
determined by stepwise multiple regression. R2 values indicate the relationship of a variable once those listed above
it have already been fitted to the stepwise model. DOC = dissolved organic C. Bold indicates p < 0.05.

Variable

Marginal test Sequential test

Individual R 2 p Partial R 2 Cumulative R2 p

Electrical conductivity 0.117 0.001 0.117 0.117 0.001

Drought 0.055 0.032 0.050 0.164 0.024

Season 0.035 0.154 0.046 0.212 0.028

NO3-N 0.030 0.146 0.036 0.252 0.048

Bicarbonate as HCO3
– 0.042 0.004 0.055 0.304 0.016

Ca+ (soluble) 0.100 0.003

Soil type 2 (fine sand) 0.088 0.007

pH 0.048 0.052

Dissolved organic C (DOC) 0.025 0.302

Total P 0.021 0.450

Abundance of trees 0.012 0.835

Distance to water 0.015 0.742

% organic matter 0.025 0.348

Soil type 1 (clay/silt) 0.028 0.239

Soil type 3 (sand) 0.025 0.333

Soil type 4 (gravel/sand) 0.045 0.099

Proportion of fine sediment 0.028 0.461

Volume of sediment 0.022 0.150
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Environmental variables accounted for ∼50% of the
variability in stygofauna composition in the full DistLM
model (Table 3). Collectively and on average, ground-
water habitat variables accounted for the greatest com-
ponent of variation in stygofauna assemblages (19.2% of
total variance; 38% of the total environmental contribu-
tion to variation). Individually, water quality and site var-
iables accounted for a similar proportion of the variation
in the stygofauna assemblages (1.7 and 2 respectively),
but the collective influence of water quality was greater
than that of site variables (Tables 3, 4). Seasonality vari-
ables accounted for comparatively little variation in the
data (1.7%), and the remaining variation (13.3%) was shared
by all variable suites.

The abundance and richness of stygofauna varied with
habitat. Total abundance and richness of stygofauna
were significantly greater (p < 0.001) in samples with
coarse rather than fine sediments (Fig. 4A, E), and abun-
dance and richness increased significantly with the vol-
ume of sediment retrieved from a bore (ANOVA, p =
0.001 for both; Fig. 4B, F). The abundance and richness
(ANOVA; p = 0.004 and p = 0.032, respectively) of
stygofauna was significantly higher at sites with a large
number of trees than at sites with few or no trees
(Fig. 4C, G). The proportion of organic matter in the
sediment was significantly and positively related to sty-
gofauna abundance (R2 = 0.1, p = 0.004; Fig. 4D) and
richness (R2 = 0.41, p < 0.001; Fig. 4H).

The relative abundance of large taxa (syncarids and
amphipods) was highest in coarse sands. No large ani-

mals were found at sites from which large amounts of
clay and silt were retrieved. However, the abundance and
richness of stygofauna were not related to the proportion
of fine sediments in samples (data not shown).

DISCUSSION
The distribution of biota in the Gwydir River alluvial

aquifer was variably influenced by water quality, habitat
structure, climatic events (seasonality), and the avail-
ability of organic matter. These factors are all known
to influence biota in freshwater ecosystems (Boulton
et al. 2003, Scarsbrook and Fenwick 2003, Hahn 2006,
Korbel et al. 2013b). Our study also indicates that mi-
crobes and stygofauna respond differently to environ-
mental variables.

Groundwater biota were spatially and temporally het-
erogeneous. Some bores were devoid of fauna, while
nearby bores supported numerous animals, and some
taxa, such as Chilibathynella, were found at only 1 loca-
tion. Similarly, some bores were devoid of fauna on
one occasion, but supported numerous animals on other
sampling occasions. Site richness continued to increase
in some bores even on the 4th sampling event, indi-
cating the need to sample sites repeatedly to obtain a
reliable representation of the fauna present. Such hetero-
geneity and patchy distributions of stygofauna have been
noted elsewhere (Hahn and Matzke 2005, Hahn 2006,
Hancock and Boulton 2008), and the need for repeated
sampling is consistent with studies in other regions of
NSW (Hancock and Boulton 2008, Hose and Lategan
2012).

Water quality
The shallow alluvial aquifer of the Gwydir River has high

connectivity to the surface and rivers (Milne-Home 2007,
Barrett 2009) and responds rapidly to rainfall (Vanags 2007,
Carr and Kelly 2010). Water quality changes spatially and

Figure 2. Distance-based redundancy analysis (dbRDA) ordi-
nation of microbial community (BiologTM) constrained by envi-
ronmental variables (see Methods) in the Gwydir River alluvial
aquifer, northwestern New South Wales, Australia. EC = electrical
conductivity, DOC = dissolved organic C, Fines = proportion of
fines particles in sediment, TP = total P, Dist water = distance to
water, % Org. matter = % organic matter in sediment, Vol. sed =
volume of sediment in sample, Trees = presence of trees.

Table 3. Percentage of variation in biotic assemblages accounted
for by suites of variables. Values in parentheses are mean % varia-
tion explained per variable in that suite.

Variable suite No. variables

Microbial
functional
assemblages

Stygofauna
assemblages

Seasonality 2 9.7 (4.9) 1.7 (0.9)

Water quality 7 16.7 (2.4) 12.1 (1.7)

Habitat 7 11.1 (1.6) 19.2 (2.7)

Site 2 3.7 (1.9) 4.0 (2)

Shared 11.2 13.3

Total 18 52.4 (2.9) 50.3 (2.8)
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temporally with the degree of riverine influence (Menció
et al. 2014) and rainfall (Korbel et al. 2013a).

Individually, both pH and HCO3
– concentrations were

significantly, albeit weakly, associated with stygofaunal as-
semblage structure, but in the full model, DOC was the
only water-quality variable that explained a unique com-
ponent of the variation in stygofauna assemblages. Con-
ductivity did not appear to affect the larger crustaceans,
but the bores sampled all had relatively low electrical con-
ductivity. In general, little relationship was found between
water-quality variables and stygofauna structure. In con-
trast, strong relationships existed between with electrical
conductivity, NO3-N, and HCO3

– concentrations and the
microbial functional assemblage. Salinity can affect mi-
crobial assemblages (Wang et al. 2011) in surface waters,
and our study suggests this also is likely in ground waters.

DOC was significantly related to stygofauna communi-
ties in the region. This result was not expected because
DOC is not generally used directly by stygofauna. However,
relationships with stygofauna abundance and richness were
not found. A change in microbial abundance and activity
with increasing DOC was expected (Foulquier et al. 2010),
but, as indicated by the Biolog plates, was not found. The
Biolog method is based on the use of different C sources

by different taxa, so the absence of differences among mi-
crobial functional assemblages with respect to DOC may
suggest that similar DOC compounds were present among
sites (causing assemblage similarity), despite differences in
concentrations. DOC is a useful indicator of groundwater
ecosystem health (Korbel and Hose 2011) and is directly
relevant to important ecosystem functions (Gounot 1994,
Mauclaire et al. 2000). However, a strong relationship be-
tween DOC and biota has been shown only rarely, possibly
because of the uncertainty of the bioavailability of DOC
when total concentrations are reported (Grøn et al. 1992).
The literature suggests that DOC does influence ground-
water biota, with changes evident over large gradients
(Sinton 1984). However, the heterogeneity of groundwater
biota may mask differences over small natural gradients,
such as in our study.

The absence of strong stygofauna–water-quality rela-
tionships was apparent in the adjacent Namoi catchment
(Korbel et al. 2013b) and in aquifers elsewhere (Dumas
et al. 2001, Hahn 2006, Dole-Olivier et al. 2009) and is in
contrast to results of studies of microbial assemblages in
which biota–water-quality relationships (particularly for
nutrients and dissolved O2) are frequently evident (e.g.,
Strayer et al. 1997, Franklin et al. 2000). Stygofauna prob-

Table 4. Relationship between environmental variables and stygofauna assemblages in the Gwydir River alluvial
aquifer, northwestern New South Wales, Australia. Marginal tests indicate the relationship between environ-
mental variables and assemblages individually. The sequential test indicates the relationship between environ-
mental variables and assemblages determined by stepwise multiple regression. R2 values indicate the relationship
of a variable once those listed above it have already been fitted to the stepwise model. Bold indicates p < 0.05.

Variable

Marginal test Sequential test

Individual R2 p Partial R2 Cumulative R2 p

Soil type 4 (sand/gravel) 0.153 0.001 0.153 0.153 0.001

Distance to water 0.051 0.021 0.048 0.201 0.012

Abundance of trees 0.017 0.365 0.045 0.246 0.009

Soil type 2 (fine sand) 0.080 0.005 0.034 0.280 0.003

% organic matter 0.107 0.001 0.029 0.309 0.046

Dissolved organic C 0.024 0.204 0.031 0.340 0.041

Soil type 1 (clay/silt) 0.015 0.504 0.029 0.369 0.026

Electrical conductivity 0.035 0.077

NO3-N 0.009 0.717

Ca+ (soluble) 0.045 0.034

pH 0.057 0.008

HCO3
– 0.042 0.044

Total P 0.023 0.213

Soil type 3 (sand) 0.047 0.911

Proportion of fine sediment 0.018 0.345

Volume of sediment 0.027 0.457

Drought 0.021 0.264

Season 0.013 0.976
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ably are affected by water quality, but habitat, particularly
the nature of the aquifer matrix (and its influence on po-
rosity, groundwater flux, and nutrient delivery), probably
is the primary influence on their distribution (Hahn 2006,
Griebler and Lueders 2009, Griebler et al. 2010). In con-
trast, the much smaller body size of microbes means that
physical-habitat structure is not a major influence on
their distribution, and water quality is more important, as
shown in our study.

Habitat structure
The size of sediment particles pumped from a bore was

used as an indication of flow potential and hydrogeological
connectivity in the aquifer. Sites with larger sediment par-
ticle size were presumed to have greater connectivity and
water flow. The use of sediments from bores in this way
has limitations. In particular, whether such samples are
truly representative of the surrounding aquifers can be un-
clear (Hahn and Matzke 2005). Nevertheless, in the ab-
sence of any other reliable information on the aquifer
matrix at a site, and given the importance of measuring sedi-
ment structure when assessing groundwater fauna (Hahn
2006), this method is probably the best, albeit coarse, mea-
sure of the local aquifer matrix.

Stygofauna abundance and richness were highest in
coarse sediment, and large animals were absent from sites
dominated by clays and silts, a result suggesting that fine
sediments may clog interstitial spaces, thereby reducing
the habitat for larger organisms (see Wood and Armitage
1997, Boulton 2000). Sediment particle size in aquifers is
related to habitat size (via interstitial spaces), reflects local
hydrology, particularly groundwater flow, and influences
supply of O2, C, and nutrients to the ecosystem (Hahn

2006, Schmidt et al. 2007, Griebler and Lueders 2009,
Griebler et al. 2010), all of which can influence ground-
water communities (Hakenkamp and Palmer 2000, Dumas
et al. 2001, Hahn 2006). Thus, the relationship between
stygofauna distribution and sediment particle size proba-
bly expresses the influence of both habitat availability and
local hydrology on this biota.

Sediment particle size had little influence on microbial
functional assemblages. However, total microbial activity
increased with volume of sediment and particle size. Past
studies indicate clear positive relationships between bac-
terial abundances and grain size (Fredrickson et al. 1997,
Velasco Ayuso et al. 2009), although the influence of par-
ticle size on microbial activity might be an expression of
higher hydraulic connectivity rather than the availability
of habitat (Velasco Ayuso et al. 2009) because space and
habitat constraints do not appear to exist for groundwater
microbes (Griebler et al. 2010).

The only habitat variable that influenced both microbial
and stygofauna communities was the volume of sediment
retrieved, which was positively correlated with stygofauna
abundance and microbial activity. Bores can become traps
for fine sediments moving through an aquifer (Hahn and
Matzke 2005). Thus, the proportion of fine sediments ac-
cumulated may reflect greater flow and sediment mobility
in the surrounding aquifer. Our results suggest that biota
have a preference for such conditions.

Stygofauna abundance in the Gwydir River alluvium
was weakly correlated with total organic matter. However,
microbial functional assemblage structure and activity
were not influenced by total organic matter. In ground-
water ecosystems, the abundance of biota often is higher
when organic matter (both particulate and dissolved) is
more prevalent (Sinton 1984, Cho and Kim 2000, Griebler
et al. 2002, Scarsbrook and Fenwick 2003). We expected
microbes and stygofauna to respond to increased organic
matter concentration. However, as discussed for DOC
above, the variation in organic matter between sites was
small, making it difficult to discern relationships with the
biota.

Site variables
The presence of large trees was positively correlated

with the abundance, richness, and structure of stygofauna
but not with the structure or activity of the microbial
assemblages. The large trees, where present, were mostly
eucalypts, which are largely phreatophytic (Dawson and
Pate 1996). Tree roots provide habitat (Jasinska and Knott
2000) and have been linked with increased taxon rich-
ness in stygofauna (Hancock and Boulton 2008). Root ex-
udates are a source of bioavailable C for microbes, at least
in soil (Bonkowski 2004), but our results suggest that the
presence of trees may not be important for microbes in
ground water, or if so, then does not change the functional
activity of those assemblages.

Figure 3. Distance-based redundancy analysis (dbRDA) ordi-
nation of stygofauna community constrained by environmental
variables (see Methods) in the Gwydir River alluvial aquifer,
northwestern New South Wales, Australia. Symbols and vari-
able abbreviations are given in Fig. 2.
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Stygofauna assemblages in the Gwydir River alluvium
were weakly influenced by the proximity of the sampling
site to surface water, but microbial assemblages were not.
Proximity to surface waters might be related to water ex-
change between the surface water and the aquifer, partic-
ularly in this system, where the Gwydir River is largely

responsible for groundwater recharge (Barrett 2009, Carr
and Kelly 2010).

Seasonality
Microbial communities in the Gwydir River catchment

were significantly influenced by seasonal variation. Our

Figure 4. Mean (±1 SD) stygofauna abundance (A–D) and richness (E–H) with respect to soil type (A, E), volume of sediment
retrieved (B, F), abundance of trees (C, G), and % organic matter (D, H) in the Gwydir River alluvial aquifer, New South Wales,
Australia. Bars with the same letter are not significantly different (p > 0.05).
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study was conducted during and after a severe drought
that covered most of the inland region of Australia (CRC
2008), and ended in 2010 with significant rainfall and lo-
cal flooding across the study area and much of inland
NSW. Microbial activity and functional assemblages dif-
fered during and after drought. Indeed, this single factor
accounted for ∼5% of the total variance in the microbial
functional assemblages. The unconfined upper section of
the Gwydir River aquifer (Narrabri formation) responds
rapidly to rainfall (Carr and Kelly 2010), with spikes in
DOC concentrations in the ground water evident after
rain (Korbel et al. 2013a). The changes in the microbial
assemblages and activity postdrought may indicate a re-
sponse to this increase in DOC or to infiltrating rain wa-
ters that can transport microbes from the surface and
soils into the ground water (Cho and Kim 2000).

Microbial assemblages clearly changed between the
mid- and postdrought sampling events, but stygofauna
assemblages did not. Several possible reasons can be of-
fered for the lack of change evident in the stygofauna.
First, groundwater decline associated with drought can
affect stygofauna, but animals are likely to migrate with
slowly declining water levels (Stumpp and Hose 2013),
and only small changes in groundwater depths were noted
during the period of our study (Menció et al. 2014). Second,
changes to stygofauna assemblages may be expected fol-
lowing alterations to the microbial community (by way of
trophic interactions), but the similarity in stygofauna as-
semblages during and after drought despite changes in the
microbial assemblages may indicate a lag effect, with the re-
sponse of stygofauna delayed because of their slow growth
and reproductive cycles and, thus, their inability to respond
quickly (Coineau 2000, Huppop 2000). In contrast, micro-
bial assemblages have shorter life spans and faster genera-
tion times than fauna, so they may respond much more
quickly to environmental changes. Our results are consis-
tent with research showing seasonal change in microbial
assemblages (Ferris et al. 2004), but not in the abundance
of stygofauna (Scarsbrook and Fenwick 2003).

Conclusion
In the shallow alluvial aquifer of the Gwydir region,

stygofauna were influenced heavily by sediments of the
aquifer matrix, and in particular, by the proportion of
fine sediments, which is likely to influence the porosity,
flow of groundwater, and delivery of nutrients. Stygofauna
were more abundant at sites with loosely packed, coarse
sediment with few fine particles than at sites with a high
proportion of fine particles and appeared to prefer sites
with high proportions of organic matter in the sediment
and abundant trees. Overall, stygofauna were more influ-
enced by habitat factors than by water quality and site at-
tributes. Seasonality was of limited importance.

In contrast, microbial communities were influenced most
by seasonality including both time of year and the pres-
ence of drought, and to a lesser extent, by water quality,
particularly electrical conductivity, NO3-N, and HCO3

–

concentrations. The nature of the aquifer matrix appears
to be of little importance for microbes, which are not lim-
ited by the size of pore spaces as are the stygofauna.

Habitat and site variables primarily dictate the distribu-
tion of stygofauna in aquifers, and seasonality and water
quality variables greatly influence microbial assemblages.
Thus, all variables should be considered when assessing
and monitoring groundwater ecosystems. The fact that
stygofauna and microbial assemblages respond to differ-
ent suites of environmental variables implies great sen-
sitivity and vulnerability of the ecosystem as a whole be-
cause change to any aspect beyond the current range of
conditions may have far-reaching effects.
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APPENDIX

Species list of stygofauna collected in the Gwydir River catchment.

Class Order Lower taxon

Ostracoda Podocopida Candonidae

Copepoda Cyclopoida

Harpacticoida

Syncarida Anaspidacea Family A

Bathynellacea Notobathynella

Chilibathynella

Bathynella

Malacostraca Amphipoda Paramelitidae

Oligochaeta Phreodrilidae

Acarina Mite a

Mite b

Mite c

Mite d

Mite e

Mite f

Mite g

Mite h

Mite i

Mite j

Mite k
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