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Groundwater environments interact with and support subterranean biota as well as
superficial aquatic and terrestrial ecosystems. However, knowledge of subterranean
energy flows remains incomplete. Cross-boundary investigations are needed to better
understand the trophic structures of groundwater ecosystems and their reliance on
carbon inputs from aboveground. In this study we used carbon and nitrogen stable
isotope analyses combined with radiocarbon fingerprints to characterise organic flows
in groundwater ecosystems. We coupled these data with DNA metabarcoding of the gut
contents of stygofauna to further elucidate organic matter (OM) sources and shifts in diet
preferences. Samples were collected from the arid zone Sturt Meadows calcrete aquifer
under low rainfall (LR) and high rainfall (HR) conditions. Bayesian modelling of A'4C,
8'3C, and 8"°N data indicated that primary consumers (copepods) incorporated mainly
particulate organic carbon (POC) under LR but during HR shifted to root derived material
(either exudates or direct root grazing). By contrast, diets of secondary consumers
(amphipods) were dominated by root material under both LR and HR. Our DNA
metabarcoding-based results indicate that amphipods relied primarily on root inputs
from perennial trees (likely Eucalyptus and Callitris) during the dry season (LR). Under
HR, diets of both amphipods and copepods also included organic material derived
from a broad range of more shallow rooted shrubs, and ephemeral herbs and grasses.
Our findings illustrate the complexity of functional linkages between groundwater biota
and surface terrestrial ecosystems in environments where aboveground productivity,
diversity and OM flux to groundwater are intimately linked to often episodic rainfall.

Keywords: groundwater, stygofauna, vegetation, organic matter sources, seasonal rainfall, DNA metabarcoding,
stable isotope analysis, radiocarbon

INTRODUCTION

Groundwater is the largest active freshwater resource on Earth, and a key component of the
global hydrological cycle as well as a matrix for unique and diverse subterranean ecosystems
(Gibert et al., 1990; Gleeson et al., 2016). Groundwater also sustains surficial (aboveground)
aquatic and terrestrial ecosystems. The ecological connectivity between above- and underground
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biomes is exemplified by groundwater-dependent ecosystems
(GDEs), which rely on either the surface expression or subsurface
presence of groundwater to sustain biodiversity, growth and
productivity (Gou et al., 2015). GDEs thus encompass diverse
environments and associated biotic communities, including
riparian and floodplain vegetation, wetlands and estuaries,
hyporheic ecosystems, springs, aquifers and caves (Murray et al.,
2003). Most studies of GDEs have focused on water fluxes and
the maintenance of riparian and floodplain vegetation (e.g.,
Eamus et al., 2016). While it is often assumed that subterranean
fauna in shallow groundwaters are dependent on carbon and
nutrient inputs from this vegetation (Venarsky et al., 2022), there
have been remarkably few studies that have determined whether
particular plant species are more or less important for sustaining
subterranean aquatic fauna, or how these may vary seasonally.

Subterranean environments often provide oligotrophic
conditions, with total organic C concentrations ~ 1 mg/L (Sacco
et al., 2020a). Consequently, the growth and productivity of
aquatic biota (stygofauna) is thought to be largely dependent on
external inputs of carbon and nutrients from primary producers
at or near the surface (Klgve et al., 2011; Venarsky et al., 2022).
Organic matter (OM) in groundwaters is usually derived from
the hyporheic and surficial aquatic and terrestrial zones via
water flow, percolation, or animals and plant material falling
directly into the aquifer (Humphreys, 2006). Surficial vegetation
and their associated root systems have long been considered
to provide crucial nutrients and carbon to both subterranean
micro- (e.g., microbes and protozoans) and macro-organisms
(e.g., stygofauna and cave fishes) (Hancock and Boulton, 2008).
Root exudates also provide bioavailable carbon for microbes in
soil and groundwater (Liu et al, 2019); in particular, aquatic
root mats have been observed to provide reliable habitats and
food sources for cave invertebrates (Eberhard and Spate, 1995;
Jasinska and Knott, 2000). Several rare and endemic stygofaunal
species have been discovered amongst tree roots in caves (e.g.,
Nerilla sp. at Christmas Island, Humphreys and Eberhard,
2001). Further, the density and diversity of the plant species that
form root mats correlates to stygofaunal richness/abundance
in caves and aquifers (Hoch and Howarth, 1989; English et al,,
2000; Perriam et al., 2008; Hick, 2021). However, the trophic
links between vegetation assemblages and different stygofaunal
groups are unknown.

Worldwide, increasing over-extraction and contamination
of groundwater resources coupled with direct and indirect
climate change impacts (including but not limited to droughts,
altered aquifer recharge, reduced surface productivity, changing
dynamics of OM flux, and functional cascade effects) are
threatening the complex matrix of habitats and biota associated
with GDEs (Mammola et al., 2019; Sanchez-Fernandez et al.,
2021). It has been estimated that almost two thirds of the
world’s largest aquifers (21 out of 37) have exceeded their
sustainable limits (Richey et al., 2015). Negative feedbacks result
from declines in groundwater quantity and quality further
exacerbating declines in the diversity and functioning of surface
ecosystems, which in turn alters and restricts groundwater
recharge and transport of carbon subsidies to subterranean
food webs (Green et al., 2011; Amanambu et al., 2020). These

multi-layered pressures are particularly evident in arid regions,
which are naturally exposed to high water deficits owing to low
rainfall and high evapotranspiration rates (Lian et al., 2021).

Arid regions account for almost a third of the total global
land area (31%, Salem, 1989), including almost 70% of the
Australian continent (Khan, 2008). Australian arid zones harbour
a vast range of groundwater ecosystems, including the Pilbara
region of north-western Australia, which is estimated to host
the highest stygofaunal diversity in the world (Sacco et al,
2019a and references therein). The Sturt Meadows calcrete
aquifer, also located in inland Western Australia, is arguably
one of the most studied groundwater ecosystems in the world,
with more than thirty manuscripts published in the last
15 years (Sacco et al, 2019a and references therein). Here,
functional ecological modelling has helped elucidate the role
of rainfall and aquifer recharge in shaping microbial diversity
and metabolisms, together with stygofaunal niche occupation
trends and food web interactions (Sacco et al., 2019b, 2020a,b,
2021a). However, baseline information on the role of surficial
vegetation in mediating organic inputs across the ecosystem
is still lacking. In this study, we use state-of-the-art isotope
analyses (Bayesian modelling involving three proxies: A4C,
813C, and 8'°N) coupled with molecular approaches (DNA
metabarcoding on the guts of primary and secondary consumers)
to unravel the consumption of surficial vegetation by stygofaunal
communities over two contrasting rainfall regimes at the
Sturt Meadows aquifer. Our broad objective is to develop a
more holistic understanding of the ecological functioning of
groundwater communities by widening knowledge of terrestrial
inputs in the aquifer and improving the accuracy of ecological
modelling at Sturt Meadows. Specifically, we seek to: (i)
quantify the proportion of terrestrial vegetation within diets
of stygofaunal copepods and amphipods, (ii) characterise the
diversity of plant-derived material in guts of primary (copepods)
and secondary (amphipods) consumers, and (iii) investigate
how plant-based sources differed between periods of low
versus high rainfall.

MATERIALS AND METHODS

Detailed description of the study area, fieldwork procedures,
sample preparation and pre-treatments, and isotopic (A*C,
313C, and 5!°N) and molecular analyses (DNA metabarcoding
on guts) can be found in Sacco et al. (2019b, 2021a). In brief,
stygofaunal plant-derived dietary proportions were estimated
by using previously published data through conventional stable
isotope analysis (SIA; 3'3C and 3'°N, from Sacco et al., 2019b)
but coupled with radiocarbon data (A'C, from Sacco et al.,
2021a). This analytical design allows greater discrimination in
carbon fingerprints between sources and consumers than stable
isotopes alone (Larsen et al., 2018). DNA metabarcoding of
stygofaunal plant-derived gut contents was undertaken for this
study and the new data generated allows for presence-absence
diet characterisations of food sources. All the analyses were
repeated for low (LR) and high (HR) rainfall sample batches to
compare trends across contrasting rainfall periods.
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FIGURE 1 | Location the Sturt meadows aquifer (A) and illustration of the borehole grid and samples collected (B); weather station data from bore E7 adapted from
Sacco et al. (2020b) (C) and (D) photographs illustrating specimens belonging to the taxa Copepoda Cyclopoida (C, top left), Copepoda Harpacticoida (H, top
middle), Amphipoda Scutachiltonia axfordi King, 2012 (AM1, bottom left) and Amphipoda Yilgarniella sturtensis (AM2, bottom middle), and also the root material
obtained through sample collection in the field (right). Ground water levels (in mm) are illustrated in light blue and rainfall events (in mm) are shown in red in

Figure 1C; flags indicate the dates of LR1 (26/07/2017), LR2 (07/11/2017), and HR (17/03/2018) campaigns, and the black rectangles illustrate the cumulative
rainfall and water depth trend for the 30 days before samplings [for rainfall periods category thresholds refer to Hyde et al. (2018)].

2017

Days

2018

Fieldwork and Sample Preparation

Fieldwork was carried out at the Sturt Meadows calcrete aquifer,
in the northeast Yilgarn, Western Australia (28°41" S 120°58'
E, Figure 1A). The aquifer is comprised of a calcrete deposit
developed via precipitation of groundwater calcium carbonate
in palaeodrainage channels during the Late Eocene to Early
Oligocene (37-30 Mya) (Morgan, 1993). The surrounding area
is dominated by unconsolidated Quaternary surficial deposits
(Sacco et al., 2020b). Two main types of geological units can be
distinguished at the study area: calcretes and clayey formations
(see Sacco et al., 2020a for further details). Lithological profiles
show topsoil over vadose calcrete. The latter extends from the
surface to the water table and overlies phreatic calcrete containing
groundwater. This in turn sits above and is associated with sands
and clays which also act as an aquifer (Bradford, 2010).

The Sturt Meadows aquifer is very shallow (2-4 m below the
surface) and readily accessible through a bore grid comprised
of 115 bore holes (Figure 1B). The mean permeability of the
calcrete is similar to that of sand (1.9-4.6 x 107%m s7
Anaconda, 2001), suggesting an average porosity of ~25%

(Allford et al., 2008). Sampling occurred over three campaigns
belonging to two different hydrological seasons as described by
Hyde et al. (2018): low rainfall (LR - LR1: 26/07/2017; LR2:
07/11/2017) and high rainfall (HR - 17-18/03/2018) (Figure 1C).

The surface vegetation of the broader area is dominated by
open Acacia woodlands, primarily Acacia aneura (F.Muell. ex
Benth.; family Fabaceae) interspersed with lowland shrubs and
grasses (Poaceae) (Allford et al, 2008). Occasional eucalypts
and Melaleuca (Myrtaceae) are found in creek zones (Hamano
et al., 2011). The calcrete formation at Sturt Meadows sits
upstream of a salt lake, Lake Raeside, which like many lakes
within the region is surrounded by stands of Callitris columellaris
(e.g., O’Donnell et al., 2021).

Stygofaunal specimens were collected from the bores by
hauling a weighted plankton net (mesh 100 pwm) five times
through the water column following the site-specific procedure
published by Allford et al. (2008). Four crustacean taxa were
considered for the present study: Copepoda Cyclopoida (C)
and Copepoda Harpacticoida (H) - both primary consumers
- and Amphipoda Scutachiltonia axfordi King, 2012 (AM1)
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and Amphipoda Yilgarniella sturtensis King, 2012 (AM2) -
previously identified as secondary consumers (Sacco et al,
2021a; Figure 1D). All biological and water samples were kept
frozen (—20°C) in darkness until laboratory processing. The
specimens were counted and identified via optical microscopy
and specific taxonomic keys.

To investigate direct potential sources of plant-derived OM
in the aquifer, we separated plant root material from water
samples (Figure 1D) and sediment during the sorting of fauna
in the laboratory. Each sample was pooled according to sampling
campaign (LR1, LR2 — merged as LR - or HR). For particulate
organic carbon (POC), 2 L of water were collected from bores
D13 and W4 (Figure 1B) and then filtered through pre-
combusted GF/F filters. POC was analysed for '*C, $'*C, and
81°N as described in Sacco et al. (2021a).

Stable Isotope and Radiocarbon

Analyses

813C and 3'°N SIA of bulk homogenised samples of sediment,
roots, POC and stygofauna (AM1, AM2, C, and H) were
analysed with a continuous flow isotope ratio mass spectrometer
(CF-IRMS, Delta V Plus, Thermo Scientific Corporation,
Madison, WI, United States), interfaced with an elemental
analyser (Thermo Fisher Flash 2000 HT EA, Thermo Electron
Corporation, United States). These tests were performed at
the Australian Nuclear Science and Technology Organisation
(ANSTO, Sydney) (see Sacco et al., 2019b for further details). l4c
content of the same samples was determined using the accelerator
mass spectrometry (AMS) STAR Facility at ANSTO (Sydney) (see
Sacco et al., 2020c¢, 2021a for further details).

Gut DNA Metabarcoding

Specimens of AM1, AM2, C, and H were used for gut DNA
metabarcoding analysis targeting plant material (primer trnL
g-h). Prior to DNA extraction, stygofaunal animals (three to
five individuals per pool; n = 84) were placed in petri dishes
containing ultrapure water and UV sterilized in a UV oven for
10 min to eliminate any environmental DNA species that may
be contained on the exoskeleton. Details on the DNA extraction,
controls, sequencing and blasting for stygofaunal gut analysis are
described in detail in Sacco et al. (2021a). A minimum threshold
of five OTU counts was established for the presence-absence
analysis. Only taxa known to occur in the Goldfields Region of
Western Australia (Florabase; Western Australian Herbarium,
1988) were considered in this study.

Statistical Analyses

Relative contributions from dietary items were estimated using
SIMM (Stable Isotope Mixing Models, R-package “simmr”). We
used a triple proxy approach (§!2C, §!°N, and A'*C) as described
in Sacco et al. (2020c) coupled with carbon and nitrogen
concentration data as priors (see Supplementary Table 1 for
details). Specific trophic discrimination factors have not yet been
determined for stygofauna. We thus used the widely accepted
discrimination values of 3.46 & 2% for nitrogen and 0.5 = 1%
for carbon for all bulk tissues (Zanden and Rasmussen, 2001).

A™C is free from isotopic fractionation due to the internal
correction by the 813C of —25%y (Ishikawa et al., 2013).

RESULTS

Plant-Derived Food Web Incorporations
Primary consumers copepods (C and H) showed distinctive
dietary patterns under LR compared to HR. During LR, POC
was the most abundant food source (C: 47.1 + 24.9%; H:
448 + 23.6%), followed by roots (C: 33.7 £ 14.3%; H:
34.9 & 13.5%) and sediment (C: 19.2 = 10.8 %; H: 20.3 + 10.2%)
(Figures 2A1,A2), while roots dominated the diets of copepods
under HR (C: 63.4 &+ 0.9%; H: 59.6 £ 0.8%) (Figures 2B1,B2).
By contrast, the base organic source of secondary consumers
amphipods (AM1 and AM2) was dominated by roots under both
rainfall regimes (LR, AM1: 61 £ 11.8%; AM2: 39.9 £ 9.8%;
HR, AM1: 55.1 £ 7.9%; AM2: 65.8 + 8.9%). The relative
proportion of POC was ~two-fold (from 14.5 to 32.5%) during
HR for AM1 when compared to LR (Figures 2A3,A4,B3,B4).
Contributions of sediment, cyclopoids and harpacticoids to AM1
and AM2 diets were always below 10%, with the exception of
sediment during LR for AM2, which accounted for 22.2 & 6.9%
(Supplementary Table 2). POC contributions across all taxa
and rainfall regimes correlated negatively with incorporations of
sediment and roots, indicating that the SIMM could not discern
between the different sources. In contrast, positive correlations
between roots and sediment indicated that stygofauna tend to
target either one source or the other (Supplementary Figure 1).

Plant-Based Diet Preferences

DNA metabarcoding of the guts of consumers revealed eight
plant families belonging to four life forms (herb, tree, shrub,
and grass) varying OM quality across the two rainfall regimes
(Table 1). During LR, gut contents of amphipods AM1 and
AM2 were dominated by two plant families: Myrtaceae (locally
dominated by the species from the genus Eucalyptus) (AM1
and AM2), and Cupressaceae, genus Callitris (AM2). Under HR,
amphipod AM1 was associated with four families (Fabaceae,
Myrtaceae, Poaceae, and Scrophuliariaceae). By contrast, only
two of the grass/herbaceous families (Poaceae and Polygonaceae)
were identified in copepods H guts. During HR, Poaceae were
detected most frequently (in H, AM1 and AM2), and together
with Scrophulariaceae (likely Eremophila species) were the only
two families present in more than one stygofaunal taxa at the
same time; the rest of the families were uniquely detected in
one taxon at a time. In addition, during HR only the family
Poaceae was detected both in primary (H) and secondary
(AM1 and AM2) consumers; Asteraceae (C), Cupressaceae (C),
Polygonaceae (H), and Rutaceae (H) were only detected in
primary consumers copepods, and Brassicaceae (AM2), Fabaceae
(AM1), Myrtaceae (AM1) and Scrophulariaceae (AM1 and AM2)
were detected in secondary consumers amphipods. Overall, long-
lived tree life forms (Callitris and Eucalyptus) dominated the
stygofaunal gut contents under LR, whilst all the other families
characterising life forms other than trees (with the exception
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FIGURE 2 | Modelled basal plant-derived OM contributions to the diets of Copepoda Cyclopoida (C), Copepoda Harpacticoida (H), Amphipoda Scutachiltonia
axfordi (AM1) and Amphipoda Yilgarniella sturtensis (AM2), during LR (A1-4 respectively) and HR (B1-4 respectively). Cyclopoida and Harpacticoida were included in
the diet modelling of AM1 and AM2 because they are potential organic incorporation of amphipods’ diets and were previously considered in Sacco et al. (2019b).
See Supplementary Table 1 for the values (mean + SD) of the estimated contributions of the diet items.

TABLE 1 | Presence-absence data of plant-derived material in stygofaunal guts extrapolated from DNA metabarcoding analyses.

Family Life form LR HR
Cc H AM1 AM2 Cc H AM1 AM2
Asteraceae herb -
Brassicaceae herb -
Cupressaceae’ tree - -
Fabaceae herb,shrub or tree
Myrtaceae? tree or shrub - - .
Poaceae grass -
Polygonaceae shrub -
Rutaceae shrub -
Scrophulariaceae® shrub - -

C, Copepoda Cyclopoida; H, Copepoda Harpacticoida: AM1, Amphipoda Scutachiltonia axfordi; AM2, Amphipoda Yilgarniella sturtensis.
Presence of taxa under LR is showed in dark yellow, while presence during HR is displayed in blue.

T Callitris is the only genus reported in the area.
2Dominated by Eucalyptus (tree).
SLikely genus Eremophila.

of Fabaceae, which include the locally dominant Acacia) were
detected exclusively during HR.

DISCUSSION

This study, to our knowledge, provides the first evidence
based on isotopic modelling combined with gut content

analysis that surface derived plant-material plays a critical role
in sustaining stygofauna of shallow groundwater ecosystems
of the arid zone (Figure 3). We found that roots and
other plant material constitute a key organic source for the
subterranean ecosystem at Sturt Meadows, in an arid and
highly dynamic hydrological environment characterised by
oligotrophic conditions and truncated food webs due to the
lack of autochthonous primary producers (Sacco et al., 2021b).
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of the plant-derived material identified in stygofaunal guts via DNA metabarcoding analysis.

Stygofauna, including oligochaetes, copepods and amphipods, provide favourable niches for their biological cycles. This study
are routinely found amongst submerged roots at Sturt Meadows  using gut analyses combined with isotopic modelling confirms
(Humphreys; personal communication), suggesting that trees that tree roots are both habitat and source of OM for stygofauna,
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as has been previously suggested in several groundwater
ecosystems in inland Western (Jasinska et al., 1996) and Eastern
continental Australia (Hancock and Boulton, 2008), as well as
Tasmania (Jasinska and Knott, 2000). The native cypress Callitris,
a shallow-rooted but very long-lived tree (Cullen and Grierson,
2009; O’Donnell et al., 2021) was detected in amphipods AM2
(LR) and copepods C (HR). Recent investigations of the Sturt
Meadows stygofaunal community suggested a substantial shift
in the OM incorporated by amphipods (AM1 and AM2) from
root-based during LR to a POC-based diet under HR (Sacco
et al., 2021a). However, the “triple proxy approach” (31°C, 3'°N,
and A*C) used in this study indicates that, despite a two-fold
increase in the predicted amount of POC incorporated under
HR compared to LR, roots constitute the main plant-derived
organic source for amphipods under both rainfall regimes. The
differences between the findings of the conventional and “triple
proxy approach” can be ascribed to the ability of radiocarbon
data to improve the tracing of the carbon flows, especially when
multiple potential sources are available in the system as a result
of seasonal changes (i.e., rainfall-driven subterranean inputs).
While comparable results were generated by both approaches
under LR, once the system receives mixed terrestrially-derived
inflows of OM during HR (see Sacco et al., 2020a), the outputs
of the two models differed substantially. Further discussion on
the cost-benefit evaluation of the different designs, including the
potential incorporation of prior qualitative information in form
of DNA metabarcoding data, can be found in Sacco et al. (2020c).

Interestingly, plant-derived OM incorporated by copepods
during LR followed a slightly different trend. POC was the most
abundant dietary item during LR, suggesting potential trophic
niche partitioning with amphipods (Sacco et al., 2020b). Previous
radiocarbon dating of POC under both rainfall regimes showed
old (LR: 1160 £ 70 BP; HR: 3605 =+ 35 BP, Sacco et al,, 2021a)
rather than modern inputs (contrarily to roots, see Sacco et al.,
2021a), suggesting that ancient carbon in sediment provides
the bulk of this organic fraction in the groundwater. However,
POC in groundwater is conventionally composed by a mixture
of leaves, dead wood, guano, and animal carrion (Venarsky
et al.,, 2022). This was confirmed in our analysis as the SIMM
was not able to discriminate between differential consumptions
of POC, roots and/or sediment (Supplementary Figure 1).
Further in-depth and fine scale investigations on the different
POC fractions - coarse (CPOC, >1 mm) and fine (FPOC,
1 mm > FPOC > 0.45 pm) - and relative contributions to
stygofaunal diets at Sturt Meadows will help unravel the flows of
particulate OM in the aquifer.

This study elucidates the complex matrix of interactions
among plants and groundwater ecosystems. Stygofaunal gut
contents analysis indicates that OM from phreatophytic trees
such as Eucalyptus or Callitris underpin stygofauna diets under
both rainfall regimes. Shorter lived species, such as shallow rooted
herbs, grasses and shrubs, were only evident in guts after HR.
There are possibly two reasons as to why this is the case. First, OM
production by grasses and many herbs in the arid zone is confined
to after rainy periods. Second, rainfall-driven inputs of these
species seem to play a key role in shaping the organic flows at
Sturt Meadows (Sacco et al., 2021a). The detection of stygofauna

species-specific preferences for particular types and species of
plant material suggests that trophic behaviours are shaped by
differential nutrient/prey availability. In-depth genomic (ie.,
transcriptomics, Beasley-Hall et al., 2021) and genetic (i.e.,
species-specific eDNA, Sacco et al., 2022) studies are necessary
to understand patterns shaping both surficial and subterranean
realms. Predicted altered rainfall regimes and increased aridity
for the region will likely have an impact on this delicate balance
(Lian et al., 2021), affecting both the groundwater-dependent
surficial vegetation, and the subterranean biota that depend
on plant material as a food source. In arid inland Australia,
vegetation is often entirely dependent on groundwater sources,
which are increasingly being impacted by resource development
e.g., agriculture and mining (Nevill et al., 2010). These regions
also often host unique stygofauna (Guzik et al., 2017) that have
co-evolved with GDEs and associated natural organic sources.
Consequently, future research priorities should focus on the
resilience of the subterranean and GDEs to climate change, an
impelling task given the uniqueness of these fauna and the risk of
their extinction associated with anthropogenic impacts.
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