Groundwater supports intermittent-stream food webs
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Abstract: Stream food webs are changing in response to anthropogenic stressors, such as nutrient enrichment and
water extraction. One way to monitor these changes is to examine shifts in the relative importance of autotrophic
and detrital energetic pathways in food webs. This understanding is particularly pertinent in intermittent streams
whose prevalence is projected to increase because of a changing climate and groundwater extraction. We used
the stable-isotope values (5'*C and §'°N) of autotrophic and detrital basal resources and the tissue of consumers
to examine the relative importance of these 2 energetic pathways during wet and dry phases in 5 groundwater-
influenced intermittent streams. In addition, we used surface-water biogeochemical data to estimate the use of
groundwater-derived dissolved inorganic C (DIC) in food webs. Autotrophic basal resources were the dominant
C source for primary consumers during wet (>95%, on average) and dry (>77%, on average) hydrological phases.
13C-depleted autotrophs and consumers and negative correlations between the §'*C values of autotrophs and
consumers with aqueous CO, concentrations, indicated that primary producers probably are assimilating micro-
bial respired CO, from groundwater. Overall, we suggest that groundwater discharge is probably central to food-
web productivity in these streams by extending the duration of wetted habitat for autotrophic growth during dry
phases and by delivering dissolved resources that potentially contribute to the energetic base of producers and con-
sumers. Consequently, extended periods of reduced flow (and cease-to-flow events) caused by groundwater extrac-
tion or changed climatic conditions may reduce the overall productivity of groundwater-influenced intermittent
streams.
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Understanding which resources sustain the energy re-
quirements of consumers and what factors limit the avail-
ability of those basal resources is fundamental when assessing
ecological patterns and processes (Brett et al. 2017). Consum-
ers ultimately obtain their resources from autotrophic and
detrital energetic pathways (Moore et al. 2004, Shurin et al.
2006). Autotrophic C includes all C converted from an in-
organic molecule to organic matter (Shurin et al. 2006),
whereas detrital C is nonliving autotrophic material at vari-
ous stages of decomposition (Moore et al. 2004). In river net-
works, the relative importance of these 2 energetic pathways
is expected to vary along a spatial continuum, with a reduc-

tion in detrital resources as channel order increases because
of reduced linkages between terrestrial—aquatic habitats (i.e.,
fewer organic matter inputs from overhanging vegetation)
and increased light availability, which promotes autotrophic
production (Vannote et al. 1980). At more local scales, such
as within replicates of the same stream order or type, the rel-
ative importance of detrital and autotrophic energetic path-
ways may vary spatially and temporally because of patchi-
ness in vegetation cover and seasonal- and human-driven
changes in resource supply (i.e., light availability and organic
matter flux). In addition, the relative importance of these
2 energetic pathways depends on specific life histories of
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taxa (i.e., growth rates and feeding strategies) and the scale of
assessment (i.e., trophic position and ecosystem extent)
(Moore et al. 2004, Shurin et al. 2006). Last, ‘multichannel’
feeding, the direct and indirect consumption of both auto-
trophic and detrital resources, is common in nature and
complicates the quantification of these energetic pathways
(Polis and Strong 1996, Wolkovich et al. 2014). Recognizing
the dynamic nature and importance of autotrophic and de-
trital energetic pathways, the mechanisms controlling spa-
tiotemporal variation in these pathways are of considerable
interest. A better processes-based understanding should al-
low predictions of how food webs may respond to variation
in the availability of basal resources caused by natural and
anthropogenic changes in riparian, catchment, and global
environmental condition.

The importance of autotrophic C resources to higher
trophic levels has been the focus of considerable scientific
attention, but only a few researchers have reversed their
focus to investigate where this inorganic C originates (Fin-
lay 2004, Gray et al. 2011). This origin is most relevant for
primary producers that can assimilate various forms of
dissolved inorganic C (DIC) including bicarbonate (HCO3 ")
directly from the water column in aquatic environments
(Raven 1970). However, aqueous CO, (CO,,,) is the main
form of DIC assimilated by aquatic primary producers be-
cause unlike HCO; , CO,,q is a neutral, nonpolar molecule
that can readily diffuse across biological membranes (Coo-
per and Hausman 2013). CO,,q concentrations in streams
are determined by a balance among the processes of atmo-
spheric exchange, in-stream respiration and photosynthe-
sis, and inputs of inorganic-C-rich groundwater (Dinsmore
et al. 2013). Groundwater is often enriched in CO,,q be-
cause of soil or aquifer microbial respiration (Appelo and
Postma 2005), and streams and rivers with high ground-
water inputs can be supersaturated in CO,,q (relative to
the atmosphere) (Jones and Mulholland 1998, Hope et al.
2004). Algae can assimilate this microbially respired CO,,
leading to aquatic food webs that can derive >50% of their
C supply from groundwater DIC (Gray et al. 2011). There-
fore, groundwater contributions to streams and rivers in-
fluence their hydrologic characteristics by decreasing the du-
ration of cease-to-flow periods for benthic environments
between rainfall events (Tallaksen 1995) and deliver DIC that
isotopically labels food webs and allows tracing of ground-
water influences (Finlay 2004, Gray et al. 2011).

In streams, changes in hydrology appear to be an im-
portant factor dictating shifts between dominance of auto-
trophic vs detrital pathways in food webs, especially for in-
termittent streams where flow is dynamic and the wetted
environment is often reduced to a series of isolated water
holes (Steward et al. 2012). Autotrophic resources gener-
ally become more important during periods of low flow
and surface-flow cessation because the availability of dis-
solved and particulate detritus in streams is mediated by
overland and subsurface flow paths (Huryn et al. 2001, Fin-
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lay et al. 2002, Bunn et al. 2003, Reid et al. 2008). There-
fore, stream intermittency is associated with greater auto-
chthony, which may be most noticeable during periods of
surface-flow cessation. However, detrital resources might
remain important food and energy sources through time,
and presumably with changes in flow, in heavily shaded in-
termittent stream reaches, as has been observed in peren-
nial streams (Wallace et al. 1997, Hall et al. 2001).

We tested how flow intermittency influences the con-
tribution of detrital vs autotrophic C resources support-
ing aquatic food webs. We hypothesized that the energetic
contribution of autotrophic resources would be greater dur-
ing the dry season, with detrital resources becoming more
important during the wet season. We addressed this ques-
tion by sampling basal resources and the tissue of consumers
and measuring the ratios of stable isotopes of C (**C/**C =
83C) and N (**N/"N = §'°N) in wet and dry periods in 5
intermittent streams in eastern Australia. In addition, we
sought to estimate the importance of groundwater subsi-
dies to stream food webs by investigating links between
DIC concentrations and the §'*C of primary producers
and consumers. Stream intermittency is predicted to in-
crease globally as a result of climate change and increasing
groundwater extraction (Steward et al. 2012, Acuna et al.
2017), and there is a pressing need to understand better
the consequences of reduced flow for ecosystem patterns
and processes in intermittent and perennial systems, espe-
cially in areas subjected to potential groundwater draw-
down.

METHODS
Study area and design

We sampled 100-m sections of 5 gravel-dominated in-
termittent streams in the upper Bremer River catchment
in eastern Australia (Fig. S1). All streams were 2™\ or
3" order channels with catchment areas ranging from
5.97 to 45.3 km? (Burrows et al. 2017). This region has a
humid subtropical climate, as classified under the Képpen
climate classification scheme (Peel et al. 2007). Precipita-
tion and river discharge in this region are governed by a
varying influence of tropical and temperate weather sys-
tems but are generally lowest from August to November
(austral late winter to spring) and peaks in January to March
(late summer to early autumn) (Mackay et al. 2014). All
streams have characteristics typical of systems with sub-
stantial surface-water—groundwater connectivity, includ-
ing high radon concentrations (Burrows et al. 2017; Ta-
ble 1) and patches of active hyporheic exchange (data not
shown). Riparian canopy cover was 78.0 + 2.0% (mean +
SD), and tree basal area was 13.0 + 4.5 m*/ha (Andersen
et al. 2016). Periphyton algal biomass (dry = 153 +
13 pg/m?® wet = 34.3 + 45 pg/m®) was often elevated but
did not vary consistently among seasons in the study sites,
with variability in algal dynamics probably related to the
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patchiness of residual wetted habitats, frequency and dura-
tion of drying, and local biogeochemical conditions (An-
dersen et al. 2016).

We sampled all study streams twice, once in the drier
season and once in the wetter season, for foodweb basal re-
sources and consumers (dry: 3-7 September 2015; wet: 7—
10 March 2016) and physicochemical characteristics (dry:
7-9 October 2015; wet: 29 February—3 March 2016). The
12-wk average pool water-height data at each site before
physicochemical sampling confirmed that our dry- and
wet-season sampling occasions corresponded with low-
(17.1 £ 23 c¢m) and high-water (37.4 + 16 cm) periods, re-
spectively.

Foodweb and biogeochemical sampling

We used values of 5'°C and §'°N for inorganic and or-
ganic matter to investigate resource coupling and trophic
linkages between basal resources and consumers in stream
food webs. Basal resources have distinct §*>C values and
these, along with 8'°N values, increase up the food chain
(i.e., from resource to consumer) because of faster meta-
bolic loss of the lighter isotopes (*2C and N) than the
heavier isotopes (**C and '°N) (DeNiro and Epstein 1978,
1981).

We collected triplicate individual samples of basal re-
sources and consumers, whenever possible, from each
study stream for measurement of 'C and §'°N. Resources
included coarse particulate organic matter (CPOM), sub-
merged and emergent macrophytes (Alismataceae, Cerato-
phyllaceae, Polygonaceae, and Potamogetonaceae), and pe-
riphyton attached to rocks (epilithon) and wood (epixylon).
We collected benthic macroinvertebrates, gastropods, and
decapods via a combination of hand picking and 1- to 2-m
dipnet sweeps of benthic surfaces and areas of littoral veg-
etation. We collected fish occasionally in the dipnet sweeps,
but we also sampled them with an electrofisher. We col-
lected a nonlethal fin clip, which is a reliable surrogate
for muscle-tissue and whole-body isotope values in Austra-
lian freshwater fishes (Jardine et al. 2011), from each fish
(maximum of 5 individuals per species per site and sam-
pling occasion) for stable-isotope analysis. Primary con-
sumers included Ephemeroptera (Baetidae, Caenidae, Lep-
tophlebiidae), Trichoptera (Calamoceratidae, Ecnomidae,
Hydropsychidae, and Leptoceridae), scraping Coleoptera
(Psephenidae), and scraping Gastropoda (Planorbidae, Lym-
naeidae). Secondary consumers or predatory macroinver-
tebrates included Hemiptera (Belostomatidae, Corixidae,
Gelastocoridae, Gerridae, Hydrometridae, Notonectidae,
Pleidae, Velidae), Odonata (Coenagrionidae, Corydalidae,
Gomphidae, Libellulidae, Isostictidae, Megapodagrioni-
dae), Coleoptera (Dytiscidae, Gyrinidae), Decapoda (Atyi-
dae, Macrobrachium spp.) and Parastacidae (Cherax spp.).
We classified fish as predatory (Fish-P: Anguilla australis,
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Anguilla reinhardtii, Hypseleotris galii, Hypseleotris klun-
zingeri, Mogurnda adspersa, Tandanus tandanus) or om-
nivorous (Fish-O: Melanotaenia duboulayi, Craterocepha-
lus marjoriae).

We used DIC biogeochemistry to trace groundwater
C, especially respired CO, from microbial mineralization
of organic matter, through aquatic food webs. Primary
producers confined entirely within the water column use
COyyq as their primary C source, but can use HCO;
(Finlay 2004). The 8'3C of primary producers generally
decreases with increasing CO,,q concentrations because
of: 1) the effects on the 8'3C of COy,q, Which becomes
more negative when respiration exceeds production, or
in groundwater-influenced systems that are rich in soil re-
spired CO,,q (Finlay 2004); and 2) elevated photosynthetic
fractionation that lowers 5'C by up to 29%0 when the en-
zyme ribulose bisphosphate carboxylase oxygenase cata-
lyzes photosynthetic C fixation (Roeske and O’Leary 1984).
The assimilation of soil-respired CO, by primary produc-
ers can be identified in aquatic ecosystems because soil-
respired CO,, which is transported in subsurface flow paths
to surface waters, typically has a much lower §'>C value
(~—23%o) than atmospheric CO, (~—8%o) (Finlay 2004,
Gray et al. 2011). Soil-respired CO, has lower §'>C that re-
sembles the 8'°C value of vegetation in Cs-dominated
landscapes (Gray et al. 2011). Consequently, low §'>C val-
ues for primary producers (and the entire food web) would
indicate that groundwater-derived DIC is being used by
stream organisms. Water—rock interactions in aquifers,
predominantly by carbonate minerals (e.g., CaCQO3), can in-
crease the §'C value of groundwater DIC and can, in ex-
treme cases, approach a 5'°C value of 0%0 (Appelo and
Postma 2005). The presence of C, vegetation in the land-
scape, which has a higher §"3C value than C; vegetation,
also can increase the §'>C value of groundwater DIC (Fin-
lay and Kendall 2007). In such cases, the groundwater-
derived DIC may lead to higher §'*C values of primary
and secondary consumers, and thus, higher §'°C values
do not necessarily preclude a groundwater source.

We collected surface-water samples for DIC measure-
ment with a peristaltic pump connected to a polyethylene
tube installed 5 to 10 cm above the streambed. We took
samples during daylight hours at representative locations
in the study reaches. We measured dissolved O, (DO), elec-
trical conductivity (EC), pH, and water temperature with
HQ40D water-quality meters and probes (HACH, Love-
land, Colorado) in an in-line Sheffield Lfc Flow-through cell
(Waterra-In-Situ, Shirley, UK) isolated from the atmo-
sphere. Once these variables stabilized, we collected water
samples with a 50-mL Luer Lock® syringe from a sampling
port upstream of the flow-cell to minimize gas exchange
with the atmosphere. The syringes were capped and kept
cool and dark for alkalinity analysis the same evening. We
collected 3 replicate 2-L surface-water samples, with zero
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46 | Groundwater-influenced stream food webs

headspace, from each stream during a period of surface-
water flow for ***Rn activity measurements.

Laboratory sample preparation and analysis

We rinsed all plant and invertebrate collections with
distilled water and removed any residual organic matter
under a dissecting microscope. We classified all specimens
to family, genus, or species where possible. We extracted
muscle tissue from decapods with a scalpel. We dried all
samples at 60°C for 24 h and then ground and homoge-
nized them in a ball mill grinder. We weighed ~5-mg plant
and ~2-mg animal tissue samples and combusted them in
a Sercon Europa EA-GSL elemental analyzer (Sercon Lim-
ited, Crewe, UK). Sample gases were delivered to a Sercon
Hydra 20-22 isotope ratio mass spectrometer for isotope
and elemental analysis of C and N. Elemental concentra-
tions of C and N were used to calculate the molar C: N
ratios of basal resources, wherein low C : N ratios indicate
good nutritional quality for consumers. We calibrated work-
ing standards against internal standards CH6, CH7, N1, and
N2 from the International Atomic Energy Agency (IAEA)
and had elemental compositions that approximately matched
the samples (44% C and 11% N for animal tissues, 41% C
and 2% N for plant tissues).

We measured the alkalinity of surface-water samples by
the Gran titration technique (Stumm and Morgan 1996)
with 0.16 N sulfuric acid and a digital titrator (HACH).
The samples were filtered (0.45-um pore size) to remove
suspended solids before titration. We calculated DIC and
individual species concentrations (CO,, HCO; ™, and CO5>")
by a PHREEQC speciation (Parkhurst and Appelo 2003)
based on the field-measured pH and the alkalinity values,
assuming that the alkalinity is entirely dominated by inor-
ganic C: alkalinity = [OH ] - [H"] 4+ [HCO; ] + 2[CO5>7].

We measured **’Rn activity of water samples using a
RAD-7 radon detector (Durridge Company, Billerica, Mas-
sachusetts), following the methods of Burnett and Dulaiova
(2003), within 24 h of sample collection. Final ***Rn values
were back-calculated to account for radioactive decay from
time of sampling. **’Rn is an excellent tracer to identify ar-
eas of significant groundwater influence or hyporheic ex-
change because subsurface water is very enriched in **’Rn
compared to surface waters (typically >1000x), it is chemi-
cally unreactive, volatile, and has a short half-life (t;, =
3.83 d) (Burnett and Dulaiova 2003). **’Rn concentrations
in rainwater have been reported to be ~0.1 Bq/L (Andrews
and Wood 1972), and values in excess of this indicate ground-
water discharge or subsurface—surface water exchange.

Data treatment and statistical analyses

We assessed changes to consumer—resource coupling
among wet and dry sampling periods with complimentary
approaches. First, we undertook a gradient or shift approach
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to visualize and assess significant flow-influenced changes in
the 5'>C values of basal food resources, consumers, and the
entire food web (i.e., mean of all basal food resources and
consumers). We subtracted mean dry-season 8">C values
from mean wet-season 5'°C values, yielding A'*C. Basal re-
source or consumer values that deviate from A>C = 0%o
indicate temporal variation in "3C values. Coupled positive
or negative 5'°C values for a basal resource and consumer
may indicate a strong reliance of that consumer on that
particular basal resource. In this analysis, shifts in ground-
water inputs and inorganic C supplies would result in shifts
in food-resource isotopes, with these altered food signals
passed up through the food web to consumers.

Second, we used a 3-source linear mixing model (IsoError)
that incorporates dietary source and mixing variability (Phil-
lips and Gregg 2001) to solve the dietary contributions of
primary consumers from potential food sources (CPOM,
macrophytes and periphyton, and filamentous algae). Mac-
rophyte and periphyton had similar §'*C and 5'°N values
and were pooled for each sampling period to enable this
3-source model. In each IsoError model, we corrected pri-
mary consumers in a bivariate space for enrichment arising
from trophic fractionation (Ben-David et al. 1997). An ini-
tial trophic enrichment factor (TEF) of 0.2 for §'*C and 0.6
for 5'°N was chosen for primary consumers because these
values have been recommended or previously used for local
foodweb investigations (Bunn et al. 2003, 2013). However,
because TEFs have been termed the “the weakest link in
the application of stable-isotope mixing models to ecolog-
ical questions of diet reconstruction” (Bond and Diamond
2011, p. 1017), we ran additional IsoError models using
2 alternative TEFs (8'2C = 0.2 and 8'°N = 0.6; §'3C =
0.3 and 8'°N = 0.7; 8">C = 0.4 and §'°N = 0.8). Use of
a variety of TEFs allowed us to assess the sensitivity of
our data set to variation in the TEF applied to consumers.
We report dietary contributions based on a mean of the
3 TEFs applied, but dietary contributions for the individual
TEFs are available in Fig. S2. TEF-corrected dual-isotope
plots for the primary consumers and basal food resources
are available in Fig. S3.

As a check on the IsoError output, we also used a Bayes-
ian mixing model (MixSIAR) (Stock and Semmens 2013)
to estimate the dietary contributions of 3 basal food re-
sources to primary consumers in wet and dry sampling
seasons. MixSIAR produces probability distributions of the
contributions of basal resources to consumer isotope values
while accounting for variability in the §'C and §'°N of basal
resources, consumers, and the trophic enrichment factors
applied. We used uninformative (equally likely) priors for
each model. Uninformative (equally likely) priors often shift
the posterior or dietary contribution outcome toward a gen-
eralist diet (Moore and Semmens 2008). For all MixSIAR
Bayesian mixing models, we set the Markov Chain—Monte
Carlo parameters at the ‘long’ test length (chain length =
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300,000; burn-in = 200,000; thin = 100; chains = 3) and ap-
plied the following TEFs and SDs: '°C = 0.2 + 1.3 and
8N =0.6+18.

We could not use mixing models confidently to esti-
mate the dietary contributions for high-order consumers
(i.e., fish) because TEF-corrected isotope values for con-
sumers based on TEFs estimated for consumers locally
(Bunn et al. 2013) fell outside the basal food resource tri-
angles in dual-isotope plots (plots not shown). Failure to
obtain the correct TEF for fish will lead to error in trophic
position estimation and, thus, estimation of dietary contri-
butions (Blanke et al. 2017). Thus, better estimates of TEFs
for higher-order consumers from methods including gut-
content assessment or compound-specific (amino acids)
stable-isotope analysis are required.

We used Spearman’s rank-order tests to investigate the
relationships between the mean concentrations of DIC,
CO,, HCO; ™, and CO;*" with the average §">C values
of primary producers, primary consumers, and the entire
food web (mean of all basal resources and consumers).
An inverse correlation between CO, and 8'3C values of
the foodweb components above has been used to indicate
contributions of groundwater-derived DIC to surface food
webs (Finlay 2004). We performed correlations separately
for each sampling period and for both trips combined. We
performed linear-mixed effects models (LMMs) to assess
these changes in 3'>C values and DIC concentrations be-
tween dry and wet sampling periods with site as a random
factor and sampling period as a fixed factor using the /me4
R package (Bates et al. 2015). All analyses were conducted
in R (version 1.0.136; R Project for Statistical Computing,
Vienna, Austria).

RESULTS
Stable isotopes

Basal food resources were isotopically distinct, with a
large separation in mean §'°N and §'>C values (Fig. 1A,
B). Consumers generally had higher 5'°N values than basal
food resources (Fig. 1A, B), with fish and decapods hav-
ing the highest values. Overall, §'>C values for many of
the basal food resources and consumers in our study were
much lower than many algal or detrital-driven freshwater
food webs from elsewhere, represented by the dashed line
in Fig. 1A, B, which indicates the hypothetical trophic en-
richment gradient for a food web based on the global mean
for periphyton. Periphyton was the most nutritious basal
food resource (mean + SD, C : N = 10.0 + 2.12), followed
by filamentous algae (C : N = 16.9 £ 5.46), macrophytes
(C:N = 22.6 + 7.83), and CPOM (C : N = 37.8 + 14.4).

Consumer-resource coupling
8'>C values for periphyton in the wet sampling period
(8"3C = —29.4%0 + 3.00) were significantly higher (by
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Figure 1. Mean (£SD) of the 'C and §'°N values for basal
resources, primary consumers, and higher order consumers of
the 5 study streams during the dry (A) and wet (B) sampling
periods. Values are not corrected for trophic enrichment. The
dashed line represents the estimated trophic enrichment gradi-
ent (intercept = 0; slope = 3/1, with trophic enrichment fac-
tors §'°N = 0.6 and §'*C = 0.2) associated with a hypothetical
algae-dependent food web centered on the global periphyton
mean of —25.7%o (Ishikawa et al. 2012). CPOM = coarse par-
ticulate organic matter, Fish-P = predatory fish, Fish-O = om-
nivorous fish.

5.5%0 on average) than periphyton 8'3C values in the dry
sampling period (8'"°C = —34.9%0 + 2.54) (LMM, t =
6.8, p = 0.002; Fig. 2). Coupled with this 5.5%o increase in
periphyton §'°C during the wet period was a correspond-
ing increase in mean 5'C values for primary consumers
(LMM, ¢t = 2.8, p = 0.007), predatory Coleoptera (LMM,
t =29, p <0.05), Decapoda (LMM, ¢ = 3.5, p = 0.02),
and for the entire food web (LMM, ¢t = 9.1, p = 0.001)
(Fig. 2). 8"3C values for filamentous algae, macrophytes,
CPOM, Hemiptera, Odonata, Cherax, and omnivorous and
predatory fish did not differ among sampling periods (LMM,
p > 0.05; Fig. 2).

In-stream primary producers contributed >77 and 95%,
on average, of primary consumers’ diets during the dry and
wet sampling periods, respectively (LMM; Fig. 3). Periph-
yton or macrophytes were the dominant basal resources
for primary consumers in both sampling periods, with an
estimated mean (+SD) dietary contribution of 44.8 +
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Figure 2. Mean (+SD) differences in §'°C values for basal re-
sources, consumers, and a foodweb average between wet and
dry sampling periods. 8'>C values > 0 indicate a lower §'°C
value in the dry than the wet sampling periods. CPOM =
coarse particulate organic matter. Asterisks indicate significant
differences among &'C values between dry and wet sampling
periods. * p < 0.05, ** p < 0.01, *** p < 0.001.

25.9% during the dry period and 66.2 = 14.1% during the
wet period (LMM,; Fig. 3). The dietary contribution from
filamentous algae was consistent among sampling periods
(32.6 £13.2% and 29.0 + 4.52% for dry and wet periods, re-
spectively). The contribution of CPOM to primary con-
sumer diets was relatively low but >4x greater in the dry
(22.5 £ 16.0%) than the wet period (4.69 + 12.8%) (LMM;
Fig. 3). Despite a greater dietary contribution of CPOM
to primary consumers during the dry than wet sampling
periods (Fig. 3), primary-consumer 3'3C values did not
shift toward that of CPOM from the dry to wet sampling
periods (Figs 1A, B, 2). Estimated dietary contributions
were very similar across the 3 TEFs used (Fig. S2A—C),
and Bayesian mixing models yielded very similar mean re-
sults to those of the LMMs (Fig. S4).

Biogeochemistry

Surface water samples were high in **’Rn at all study
sites (Table 1). pH was circumneutral, with the mean value
varying from 6.61 to 7.65 among sites and sampling peri-
ods (Table 1). Total DIC concentrations were, on average,
significantly higher during the wet (5526 + 388 pmol/L)
than the dry (4755 £ 729 pmol/L) sampling period
(LMM, t = —2.9, p = 0.01). HCO3™ constituted, on aver-
age, 81% of the total DIC concentrations at each site and
was greater in the wet (4303 = 445 pmol/L) than the dry
(4004 + 678 pmol/L) sampling period (LMM, t = —2.8,
p = 0.02). CO,,q constituted, on average, 19% of the total

DIC concentrations at each site and was greater in the wet
(1220 + 617 umol/L) than the dry (747 + 335 umol/L) sam-
pling period (LMM; ¢t = —2.8, p = 0.02). CO3>~ (0.001% of
total DIC) did not vary between wet and dry sampling pe-
riods (LMM; ¢ = 1.3, p = 0.23). The only exception to
these overall trends was for the Bremer River site, in which
DIC, CO,, and HCO3 were greater in the dry than wet
sampling period (Table 1).

Mean DIC concentrations across sites were positively
correlated with the 3'°C values of primary consumers,
and the average value for the entire food web in the dry
sampling period and for both sampling periods combined
(Table 2). DIC concentrations were negatively correlated
with the 5'°C of filamentous algae during the wet sampling
period (Table 2), but this test was limited to 3 sites. The
overall correlations between mean CO,,q concentrations
and the §">C value for periphyton and primary consumers
were not significant (Table 2), but trends were generally
negative (Fig. 4A, B). Mean CO,,, concentrations were
negatively correlated with mean 3'>C values for the entire
food web during the wet sampling period (Table 2, Fig. 4C)
and with the §'>C value for filamentous algae during the
dry sampling period (Table 2).

DISCUSSION

The productivity of the intermittent streams we studied
is probably strongly linked to groundwater contributions
to flow that: 1) sustain wetted environments and autotro-
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Figure 3. Mean (+SD) diet proportion for primary consum-
ers collected from 5 intermittent streams in dry and wet sam-
pling periods. Proportions were calculated with a 3-source
linear mixing model (IsoError) and represent dietary propor-
tions from 3 pooled mixing models, each based on different
trophic-enrichment factors for primary consumers (§"*C = 0.2
and 8'°N = 0.6, 5'°C = 0.3 and 3'°N = 0.7, 3'°C = 0.4 and
3'®N = 0.8). CPOM = coarse particulate organic matter.
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Table 2. Spearman’s correlation coefficients of relationships between the §'3C of various foodweb components
and dissolved inorganic C (DIC) chemistry data collected in dry and wet sampling periods and for all data com-

bined. Significant correlations (p < 0.05) are in bold.

Foodweb component DIC COnaq HCO; ~ CO; >~
Sampling period (6'3C) Sample size ~ (umol/L)  (umol/L)  (umol/L)  (umol/L)
All Periphyton 10 0.49 —0.05 0.60 0.12
All Macrophyte 10 —0.30 0.04 —0.39 —0.11
All Filamentous algae 6 —0.33 —0.14 0.02 0.29
All Primary consumer 10 0.64 0.01 0.59 0.05
All Food web 10 0.76 0.01 0.79 0.16
Dry Periphyton 5 —0.30 —0.30 0.20 0.40
Dry Macrophyte 5 0.30 0.30 —0.20 —0.40
Dry Filamentous algae 3 —0.50 -1.00 1.00 1.00
Dry Primary consumer 5 1.00 0.20 0.30 —0.10
Dry Food web 5 0.90 0.10 0.40 0.00
Wet Periphyton 5 0.50 —0.70 1.00 0.70
Wet Macrophyte 5 —0.80 —0.40 —0.20 0.40
Wet Filamentous algae 3 -0.90 0.30 —0.70 —0.30
Wet Primary consumer 5 —0.20 —0.50 0.40 0.50
Wet Food web 5 —0.30 —0.90 0.60 0.90

phic growth during dry phases, and 2) input dissolved re-
sources that potentially contribute to the energetic base of
producers and consumers. Multiple lines of evidence indi-
cated that autotrophic food resources were the main C
source for primary and higher-order consumers during
both drier and wetter hydrological periods. We found evi-
dence that groundwater-delivered DIC, probably from sub-
surface microbial respiration, was incorporated into the
biomass of primary producers and consumers. Thus, au-
totrophic activity in our study streams appears to be influ-
enced by inorganic C from subsurface-detrital energetic
pathways in the broader catchment. Just as soil concentra-
tions of DIC and DOC are coupled by the metabolic pro-
cesses of subsurface respiration and surface photosynthesis
(Shibata et al. 2001), our research highlights that autotro-
phic energetic pathways in streams can be linked directly
to soil detrital energetic pathways through inputs of high
concentrations of microbially respired CO, in groundwa-
ter. Foodweb investigators commonly recognize that con-
sumers obtain resources from both autotrophic and detrital
pathways through the process of ‘multichannel’ feeding,
and this factor can complicate the quantification of these
energetic pathways, particularly at higher trophic positions
(Polis and Strong 1996, Wolkovich et al. 2014). We use the
findings from our research to highlight that a notion of
‘multichannel’ resource origin can apply to autotrophic or-
ganisms themselves because they can assimilate C originat-
ing from detrital pathways, even across environmental
boundaries (i.e., DIC transport from terrestrial to aquatic
environments).

Groundwater-derived DIC incorporated into
autotrophic and consumer biomass

Mean §"3C values of many foodweb components in our
study were much lower (e.g., periphyton: dry = —34.8%o,
wet = —29.2%o; primary consumers: dry = —34.9%o,
wet = —33.1%o) than reported global average values, such
as for periphyton (—25.7%o; Ishikawa et al. 2012) and ter-
restrial detritus (C3 plant mean ~—27%o; Finlay and Ken-
dall 2007). Several processes may contribute to the low
foodweb 8'>C values, including incorporation of C from
CH,-oxidizing bacteria, which can lead to §'*C values for
consumers <—40%o (Grey 2016). However, no consumers
had values this low, so it is unlikely that CH,-oxidizing
bacteria were responsible for the low 5'3C foodweb values
in our study. The low 5'C values most probably reflect as-
similation of soil-respired CO, in groundwater by primary
producers and subsequent isotopic fractionation. This
CO, pool has a much lower §'C value (~—23 = 3%o, in
a region dominated by C; vegetation; Gray et al. 2011) than
by atmospheric CO, (~—8%o) and is often found at high
concentrations in groundwater-influenced streams and
rivers (Jones and Mulholland 1998, Hope et al. 2004). It
is worth noting that C, vegetation is present in southern
Queensland (Hattersley 1983) and may have led to a higher
8"2C value of soil-respired CO, than if the landscape were
completely dominated by C; vegetation. Nonetheless, the
high concentrations of groundwater-derived CO, coupled
with photosynthetic fractionation, which decreases §'°C
by up to 29%o (Roeske and O’Leary 1984), can lead to highly
13C-depleted values of primary producers (<—46%o) and
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Figure 4. Mean (£SD) aqueous carbon dioxide (CO,,q) con-
centration and the 5'?C of periphyton (A), primary consumers
(B), and the entire food web (mean for basal resources and con-
sumers) (C) in 5 intermittent streams during dry and wet sam-
pling periods. A line of best fit is fitted for significant Spear-
man’s rank-order test.

their consumers (<—34%o, and down to —43.6%o) (Rou-
nick and James 1984, Finlay 2004, Gray et al. 2011). We
recorded similarly low §'>C values for filamentous algae
(mean = —42%o) and primary consumers (mean =
—34%o) (Fig. 1A, B).

We also observed a significant negative association be-
tween CO,,q and the 8">C of the entire food web during
the wet sampling period, a trend indicative of incorpora-
tion of groundwater DIC into producer and consumer bio-
mass (Finlay 2004, Gray et al. 2011). However, this negative
association was based on basal food resource and consumer
isotope values collected from 5 sites and further research is
required to confirm this trend. Additional research should
also be done to investigate the factors underpinning re-
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gional variation in the association between the §"3C of pri-
mary producers and consumers with CO,,4 concentrations,
because, for example, we observed similar 5'C values of
primary producers and consumers to those reported by Fin-
lay (2004) but at greater CO,,q concentrations. Different
DIC acquisition strategies by algae and region-specific
8'3C values of DIC probably contribute to variation in the
8'>C values of primary producers.

Seasonal shifts in periphyton 6*3C values were
reflected in whole food web

Our results clearly show that periphyton was an impor-
tant C source for primary consumers during dry periods
because they and the overall food web became depleted
in '*C during this time. The energetic importance of pe-
riphyton during the dry period is broadly consistent with
our hypothesized response and current understanding of
the energy dynamics of stream ecosystems with large sea-
sonal changes in hydrology. Periods of low flow can reduce
the flux of detrital resources through the ecosystem and
cause consumers to become more reliant on algal resources
(Finlay et al. 2002, Bunn et al. 2003, Reid et al. 2008). How-
ever, the combined dietary contribution of periphyton and
macrophytes to primary consumers, calculated based on
linear and Bayesian mixing models, was lower during the
dry than the wet sampling period. We suggest that this find-
ing may be related to an observed lower prevalence and
availability, and thus dietary contribution, of macrophytes
during the dry sampling period. Indeed, dual-isotope plots
that do not combine stable-isotope values for periphyton
and macrophytes indicate that periphyton stable-isotope
values were more similar to those of primary consumers
than of macrophytes in the dry sampling period (Fig. S5),
even though large errors and fairly similar means prevented
a more precise separation of periphyton and macrophyte
contributions. Regardless of changes in the dietary contri-
bution from periphyton and macrophytes to primary con-
sumers, the lower 5'°C values for periphyton during the
dry sampling period probably were linked to greater rela-
tive contributions of groundwater to surface water, which
presumably led to lower §'>C values of the streamwater
DIC that periphyton assimilated.

We observed a negative association between CO,,q and
8'2C values for the food web during the wet but not the dry
sampling period. The lack of association between CO,,q
and §"C values for the food web during the dry sampling
period is surprising given that periphyton was still an im-
portant C source for primary consumers. The controls
over algal 8'°C in freshwater ecosystems are not well un-
derstood (Finlay 2004), and multiple factors could influ-
ence both CO,,q concentrations and 313C values of living
biomass. Reduced flow velocity, in particular, can increase
the thickness of stagnant boundary layers surrounding al-
gal membranes, reducing passive diffusion of CO,,q across
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membranes and leading to C limitation and more variable
fractionation during C uptake (Finlay 2004). In addition, re-
duced surface-water flow presumably led to greater reach-
scale heterogeneity in DIC concentrations, a pattern that
has been observed for dissolved nutrients and organic mat-
ter (von Schiller et al. 2011, 2015). The §'3C value of biota
may vary as a function of this reach-scale heterogeneity,
and variation in biota 8'>C values could be most evident
for biota inhabiting pools with varying groundwater con-
nectivity. Consequently, reach-scale values of CO,,q con-
centrations may not be representative of measured pro-
ducer and consumer '>C values during the dry sampling
period.

Food webs were overwhelmingly supported by sources
of autochthonous primary production (i.e., periphyton,
macrophytes, and filamentous algae) rather than terrestrial
detritus (i.e., CPOM). Eucalypt leaves are a dominant detri-
tal fraction in many Australian streams (Bunn 1986), but
are considered a poor-quality resource for primary con-
sumers because of their toughness, low N concentrations,
and secondary metabolites, which include high concentra-
tions of tannins and phenolic molecules (Watson and Bar-
muta 2011). In addition, successive periods of wetting and
drying in intermittent streams can lead to reduced CPOM
processing efficiency by microbes and detritivores once
flow resumes (Dieter et al. 2011). Poor-quality detrital re-
sources combined with the negative effects of flow inter-
mittency may have contributed to relatively low consump-
tion of CPOM by consumers in our intermittent study
streams.

Groundwater discharge enhancing stream ecosystems
The low 8'°C value of the entire food web indicates
that respired inorganic C from sub-surface microbes is a
dominant source of biologically fixed inorganic C. How-
ever, the extent to which inputs of dissolved resources from
groundwater limit or enhance autotrophic productivity or
simply act as a label for DIC origin is still unknown. In-
vestigators who conducted experiments in which they ele-
vated CO,,q concentrations above ambient concentrations
reported increased stream algal biomass and production
(Hu and Gao 2008, Park et al. 2016) and increased density,
biomass, and average size of consumers (Hargrave et al.
2009). In contrast, Brown et al. (2017) reported no change
in algal biomass over a 5-wk CO,,q enhancement experi-
ment in a stream, but inorganic N and P limitation may
have reduced or eliminated the effects of CO,,, fertili-
zation. Primary production can be co-limited by CO,,q in
unproductive lakes (Jansson et al. 2012). Therefore, ground-
water inputs that elevate CO,,q concentrations might pro-
mote primary production, especially at times of labile C
limitation (Low-Décarie et al. 2014). However, subsurface
inputs and groundwater discharge probably also deliver
other dissolved resources that enhance stream productivity,
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such as dissolved organic matter and nutrients. Dissolved re-
sources from groundwater discharge have been associated
with enhanced rates of stream heterotrophic activity (Fellman
et al. 2014) and more complex food webs (Pettit et al. 2016),
and have been considered ‘hotspots’ for riparian plant
(Kuglerova et al. 2014) and invertebrate (Gray and Harding
2009) diversity and productivity. Groundwater discharge to
aquatic environments plays a critical role for maintaining,
and possibly enhancing, important ecological processes
while supporting diverse species assemblages that contrib-
ute to local and regional biological diversity.

Research and management implications
for intermittent stream food webs

Our research uncovered strong energetic links between
autotrophs and consumers during both wetter and drier hy-
drological phases in our intermittent study streams. Given
that the presence of aquatic autotrophs is constrained by
the extent of wetted habitat, prolonged periods of reduced
flow (and cease-to-flow events) caused by groundwater ex-
traction or changed climatic conditions may reduce the
availability of this preferred energy source for consum-
ers. We uncovered a strong biogeochemical link between
groundwater inputs and biologically fixed C in the surface
water environment. Overall, the continued productivity of
the intermittent aquatic food webs we studied was strongly
linked to groundwater inputs that sustained surface aquatic
environments during dry phases and potentially continued
surface—subsurface hydrological exchange that delivered
groundwater resources to surface waters. Rarely do re-
searchers investigate the origin of the DIC that supports
aquatic autotrophs or consider the role of groundwater in-
puts, more generally, for enhancing stream processes. We
suggest that efforts should be made to understand better
the spatiotemporal patterns and controls of groundwater-
derived resources entering the aquatic food webs and their
contribution to catchment biogeochemical processes.
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