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ABSTRACT: Groundwater can be an important source
of nutrients and energy to aquatic ecosystems, but
quantifying the inputs and biogeochemical importance
remains challenging. A series of submerged groundwater vents in northern Lake Huron were examined to
determine the linkage between groundwater nutrients
and aquatic food webs. We collected samples of key
food-web components from groundwater vent and
reference habitats and analyzed them for 13C, 15N, and
34
S isotopes. Dissolved inorganic carbon (DIC) in the
groundwater was depleted in 13C, while aqueous sulfate was enriched in 34S (mean differences between
groundwater and reference sites were –3.9 ‰ and
+12.0 ‰, respectively). Benthic primary producers,
macroinvertebrates, and benthivorous fish had significantly lower δ13C values in groundwater environments, and benthivorous fish were somewhat depleted
(–2.5 ‰) in δ34S at groundwater sites compared to reference sites. However, δ15N values were not different
between groundwater and reference sites, and pelagic
components of the ecosystems (plankton and planktivorous and piscivorous fish) were similar in both δ13C
and δ15N. These data suggest benthic metazoan communities surrounding groundwater vents are partially
linked to groundwater-derived benthic primary production, while planktivorous and piscivorous communities not directly associated with the benthos do not
rely on groundwater nutrients.
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Underwater image showing purple cyanobacterial benthic
mats thriving in a 2 m layer of dense sulfur-rich groundwater
in Middle Island Sinkhole, Lake Huron (Inset, aerial photo of
100 m sinkhole with 7 m boat)
Photos: Rob Paddock, Scott Kendall (inset)

INTRODUCTION
A considerable amount of aquatic research has
focused on the transport and uptake of terrestrial nutrients via runoff and river discharge (Valiela et al. 1990,
Burnett et al. 2003). However, there is now increasing
recognition that groundwater flow can also be an
important source of nutrients and energy to aquatic
ecosystems (Moore 2010). For example, the transport
of nutrients via groundwater flow into nearshore
marine waters is more significant and widespread than
© Inter-Research 2011 · www.int-res.com
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originally thought (Johannes 1980, Church 1996, Moore
1996, Burnett et al. 2003, Slomp & Van Cappellan 2004,
Moore et al. 2008). Although the flow rates may be limited in magnitude, submarine groundwater discharge
(SGD) can carry increased concentrations of nutrients
into the surrounding nearshore marine water (Capone
& Bautista 1985, Valiela et al. 1990, Slomp & Van
Cappellan 2004, Basterretxea et al. 2010). While there
are fewer reports from freshwater habitats, sublacustrine groundwater discharge can also provide significant nutrient input into lakes when compared with
nutrient input from streams (Loeb & Goldman 1979,
Brock et al. 1982, Hagerthey & Kerfoot 1998, Shaw &
Prepas 1990).
Groundwater discharge is more prevalent in areas of
high porosity, such as carbonate and evaporite terrains. These sediment materials are dissolved through
chemical weathering to produce unique terrain features such as sinkholes and other karst topography
(Jennings 1985). Groundwater flow through these dissolution conduits creates large aquifers in the carbonate bedrock, and sinkholes serve as the points of entry
and exit to the groundwater system (Ford & Williams
1989). On land, surface runoff collects inorganic nutrients from erosion/weathering and organic nutrients
from decomposition, which can potentially enter the
groundwater system.
Tracing nutrient flow through food webs to understand trophic relationships within ecosystems is a fundamental goal in ecology. Stable isotope analysis (SIA)
provides a method to link biological production to
nutrient sources and allows us to identify the important
sources leading to the sustainability of food webs (Fry
2006). The use of stable isotopes to determine the
sources and flow of nutrients has been successful in
lentic (Estep & Vigg 1985, Fry 1988, 1989, Hobson &
Welch 1992, Jones & Waldron 2003), estuarine (Peterson et al. 1986, Peterson & Howarth 1987, McClelland
et al. 1997), and lotic (Hesslein et al. 1991, Hamilton et
al. 1992) ecosystems. Nutrient sources of more specialized aquatic systems, such as deep sea vent communities, have also been examined using SIA (Kennicutt et
al. 1992). Moreover, hydrologic research has shown
differences in carbon (Atekwana & Krishnamurthy
1998) and nitrogen (McClelland et al. 1997) isotope
values of groundwater relative to surface waters. The
applicability of stable isotope tracers in different
ecosystems lends support to the possibility of tracing
groundwater-derived nutrients to local aquatic vent
communities. To date, this has not been performed in
freshwater vent communities.
Since 2001, we have been studying the influence of
SGD on the Lake Huron ecosystem. Dissolution of carbonate bedrock has produced karst features in the
Lake Huron basin (Black 1983), with an extensive sys-

tem of onshore sinkholes near Alpena, Michigan, and
submerged sinkholes offshore in Lake Huron (Ruberg
et al. 2005, 2008, Biddanda et al. 2006, 2009). This area
is composed of Silurian-Devonian carbonate bedrock
that contains an aquifer of limestone, shale, and sandstone matrix (Black 1983, Moreau 1983). The submerged sinkholes are sites of venting groundwater
that is low in dissolved oxygen (DO), but high in inorganic ions (namely chloride [Cl–], sulfate [SO42 –], and
ammonium [NH4+]) (Biddanda et al. 2006, Ruberg et al.
2008). These environmental conditions cause the
growth of large mats of bacteria and algae surrounding
the groundwater vents that are different from surrounding lake communities (Nold et al. 2010a,b). However, little is known about the biological structure and
function of groundwater vent ecosystems in the Great
Lakes. Our objective was to trace inorganic nutrients
from groundwater through primary producers into
higher trophic levels (plankton, invertebrates, and fish)
of the Lake Huron ecosystem using stable isotopes of
C, N, and S. We hypothesized that isotopic differences
between groundwater and ambient lake water would
create distinct source isotope pools that would allow us
to trace and evaluate the importance of groundwater
nutrient subsidies on the benthic and pelagic communities surrounding the vents.

MATERIALS AND METHODS
Study area. We sampled food-web components from
4 sites in Lake Huron, northeast of Alpena, Michigan
(Fig. 1). The study was conducted from May to August
2007 and 2008 at 2 sampling sites: a shallow (1 to 3 m)
spring in the El Cajon embayment (600 × 150 m) along
the coast of Lake Huron (17N 0317083 m E, 4994904 m
N [UTM notation]) and a deeper (14 to 23 m), bowlshaped collapse (100 × 150 m) offshore along the northeastern edge of Middle Island in Lake Huron (17N
0317208 m E, 5007627 m N) (Fig. 1; Biddanda et al.
2009). Groundwater at the shallow site mixes quickly
with surrounding oxic waters; mixing at the deeper
groundwater site is limited due to thermo-, pycno-, and
chemoclines.
Isotopic data from the groundwater sites were compared to reference sites that were similar in depth, but
lacked groundwater input. To determine the absence
of groundwater input at the reference sites, we measured specific conductance (mS cm–1) and based our
decision on data from past studies (Ruberg et al. 2005,
Biddanda et al. 2006) that showed groundwater in
the area to have specific conductance values ranging
from 1.8 to 2.5 mS cm–1, while lake water ranged from
approx. 0.2 to 0.4 mS cm–1. Two reference sites were
identified: Squaw Bay, a shallow (1 to 2 m depth)
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embayment south of Alpena (17N 0306454 m E,
4986394 m N), and an offshore area (25 to 26 m depth)
approximately 3.5 km northwest of Middle Island (17N
0317736 m E, 5007412 m N) (Fig. 1).
Field sampling. We collected 5 l water samples from
each site using Niskin bottle samplers. At the shallow
sites, we collected water from a kayak to prevent perturbation of sediments; water was collected by SCUBA
divers at the deeper sites. Groundwater samples were
collected directly from the vents. At the reference sites,
water was collected <1 m from the bottom to ensure
that the samples were taken at similar depth.
Bulk vegetation samples (~100 g) were collected by
hand from within the groundwater-impacted zone and
from within the local area at our reference sites. Benthic producers were separated in the field by color and
morphology, as previous work indicated distinct lineages based on color differences: purple filamentous
cyanobacteria, whitish strands of sulfur-oxidizing bacteria (Beggiatoa spp.), and green photosynthetic benthic algae (Ruberg et al. 2008, Biddanda et al. 2009,
Nold et al. 2010a, 2010b). For macrophytic vegetation,
we made a visual estimate of relative abundance and
collected samples from the dominant vegetation types.
Phytoplankton and zooplankton samples were col-

lected from water overlying the sinkhole sites and
throughout the water column of the reference sites
using a 20 µm Nitex plankton net with a 20.3 cm mouth
(Wildlife Supply); offshore sites were sampled with a
vertical plankton tow, while shallow sites were sampled with discrete water samples filtered through a
plankton net. We filtered plankton tow samples
through a 112 µm screen and retained both the filtrate
and the remaining coarser fraction. With the bulk of
seston and microbes likely to have passed through the
20 µm plankton net, we assumed the > 20 to <112 µm
filtrate fraction consisted of phytoplankton cells and
the >112 µm coarser fraction consisted of zooplankton.
We collected macroinvertebrates using HesterDendy samplers (APHA 1996). Hester-Dendy samplers
were placed in the center of the sampling area at each
site above the bottom sediment, but in the groundwater
plume, and were left in the field for approximately 40 d.
Macroinvertebrates from each Hester-Dendy sampler
were pooled before analysis to obtain stable isotope
values for the entire macroinvertebrate community.
We collected fish using gillnets and minnow traps.
The minnow traps had 0.3 cm mesh and a 2.5 cm diameter mouth. Gillnets were 38.1 m long experimental
gillnets with 6.8 m high panels of increasing mesh size:
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Offshore groundwater
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Offshore lake water
Shallow groundwater
Shallow lake water
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Fig. 1. Locations of shallow and offshore groundwater and reference study sites in the Thunder Bay National Marine Sanctuary
near Alpena, Michigan. Lake water sites are reference sites
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1.3, 2.5, 3.8, 4.1, and 5.4 cm bar measure monofilament
mesh. Both minnow traps and gillnets were set on
the lake bottom for 5 to 18 h during both the day and
night to obtain a representative sample. Approximately 100 g of muscle tissue was taken from just behind the dorsal fin and above the vertebral column
(Keough et al. 1996, Carabel et al. 2006) from fish
larger than 9.0 cm. Fish smaller than 9.0 cm were analyzed whole. All tissue samples were frozen for subsequent laboratory analysis.
Laboratory analysis. A 40 ml aliquot of each water
sample was retained for SIA of aqueous dissolved inorganic carbon (DIC), which was performed by the
University of Utah Stable Isotope Ratio Facility for
Environmental Research. Water samples were filtered
onto 0.45 µm Whatman GF/F filters to collect particulate organic matter (POM, representing all seston components), which were dried at 60°C for 48 h, acidified
with 1 M HCl to remove carbonates, and re-dried at
60°C for 12 h. Organic matter samples were coarsely
homogenized and dried at 60°C for 48 h, or until completely dry. After drying, all samples except fish dorsal
muscle tissue were acidified with 1 M HCl and dried
again at 60°C for 12 h. Animal tissues were lipid
extracted for 7 h using a Soxhlet apparatus and an
azeotropic mixture of chloroform and methanol (87:13)
to obtain a more accurate determination of 13C content
(Sweeting et al. 2006). Organic samples were finely
homogenized, loaded into tin capsules, and analyzed
for C and N stable isotopes (13C/12C; δ13C and 15N/14N;
δ15N) by continuous flow–isotope ratio mass spectrometry following standard procedures at the Michigan
State University Biogeochemistry and Paleoproteomics
Laboratory.
For isotopic analysis of sulfate-derived dissolved
inorganic sulfur (DIS; levels of hydrogen sulfide were
undetectable in groundwater, whereas concentrations
of sulfate were around 1 g l–1; Ruberg et al. 2008, Biddanda et al. 2009), water samples were fixed with mercuric chloride and sealed in either 125 ml (groundwater) or 500 ml (lake water) airtight conical-capped glass
bottles. Splits of prepared fish samples were analyzed
for stable sulfur isotopes (34S/32S; δ34S). Approximately
5 mg of fish material was mixed with 1 mg of vanadium
pentoxide and sealed into 4 × 6 mm tin capsules. All 34S
analyses were performed by the United States Geological Survey Stable Isotope Laboratory in Denver,
Colorado.
Stable isotope notation. The ratio of stable isotopes
is expressed in delta (δ) notation:
δ = [(Rsample /Rstandard) – 1] × 1000

(1)

where δ is the isotope ratio of the sample relative to a
standard and Rsample and Rstandard are the ratios of heavy
to light isotopes in the sample and standard, respec-

tively. Stable isotope data were normalized to the respective international standards for C, N and S: Vienna
Pee Dee Belemnite (VPDB), atmospheric nitrogen (air),
and Vienna Canyon Diablo Troilite (VCDT), respectively.
Data analysis. To analyze food-web differences, we
compared mean isotope values for each trophic level
between our groundwater and reference sites using
Student’s or Mann-Whitney t-tests after assessing normality and equality of variances. We grouped fish into
feeding groups (benthivorous, planktivorous, piscivorous) based on information from regional compilations
(e.g. Hubbs & Lagler 2007) and life histories. These statistical analyses were conducted using SPSS v. 14.0.
We also analyzed the proportion of various nutrient
sources to the benthic macroinvertebrate and benthivorous fish compartments of the food web at the
groundwater sites using the IsoError (Phillips & Gregg
2001) and IsoSource (Phillips & Gregg 2003) stable isotope mixing model software developed by the Environmental Protection Agency, Western Ecology Division
(www.epa.gov/wed/pages/models/stableIsotopes/
isotopes.htm).

RESULTS
We collected 126 samples for stable isotope analysis,
69 from the groundwater sites and 57 from the reference sites (Table 1). Sample sizes varied based on differences in primary producer and fish species distributions among sites. Groundwater and reference sites
appeared similar in macroinvertebrate and fish community composition and typical of shallow wetlands
and offshore ecosystems of the Great Lakes.
The mean δ13C-DIC was lower in the groundwater
(–3.35 ± 1.06 ‰, n = 2) compared to the lake water
(0.55 ± 0.50 ‰, n = 2) , although not statistically significant (p = 0.121, non-parametric Mann-Whitney). These
differences in isotopic content were reflected in the
food webs of the respective ecosystems. Benthic algal
and bacterial mats were lower in δ13C (mean difference of 9.4 ‰) at groundwater sites relative to the reference sites, while macrophyte vegetation from the
shallow groundwater site was slightly lower in δ13C
(5.2‰) compared to the shallow reference site (Table 1).
Although not an ideal comparison because of the possible δ13C contribution from epiphytes and because
epiphytes are an important food base, it is quite difficult to obtain clean samples from aquatic vegetation,
so emergent plants were used as a proxy for comparison. The benthic consumers (macroinvertebrates and
benthivorous fish) from the groundwater systems followed a similar trend, with significantly lower δ13C values compared to reference ecosystems (Table 2). The
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Table 1. Mean, range, and sample size of δ13C, δ15N, and δ34S values for all components of the groundwater and reference (lake water)
sites of sampling areas in Lake Huron. DIC: dissolved inorganic carbon from water samples; DIS: dissolved inorganic sulfur from water
samples; POM: particulate organic matter; nd: not determined
Site, sample type
n
Shallow groundwater
DIC
DIS
POM
Benthic producers
White bacterial mat
Purple cyanobacterial mat
Green algal mat
Emergent vegetation
Schoenoplectus spp.
Chara spp.
Phytoplankton
Zooplankton
Macroinvertebrates
Benthivorous fish
Brown bullhead Ameiurus nebulosus
Brook stickleback Culaea inconstans
Central mudminnow Umbra limi
Bluegill Lepomis macrochirus
Piscivorous fish
Northern pike Esox lucius
Offshore groundwater
DIC
DIS
POM
Benthic producers
White bacterial mat
Purple cyanobacterial mat
Green algal mat
Phytoplankton
Zooplankton
Macroinvertebrates
Benthivorous fish
Longnose sucker Catostomus catostomus
Round goby Neogobius melanostomus
Warmouth Lepomis gulosus
Ninespine stickleback (Pungitius pungitius)
Planktivorous fish
Lake whitefish Coregonus clupeaformis
Piscivorous fish
Walleye Sander vitreus
Burbot Lota lota
Smallmouth bass Micropterus dolomieu
Shallow reference
DIC
DIS
POM
Emergent vegetation
Schoenoplectus spp.
Chara spp.
Potamogeton spp.
Phytoplankton
Zooplankton
Macroinvertebrates
Benthivorous fish
Spottail shiner Notropis hudsonius
Round goby Neogobius melanostomus
Piscivorous fish
Northern pike Esox lucius
Smallmouth bass Micropterus dolomieu
Longnose gar Lepisosteus osseus
Offshore reference
DIC
DIS
POM
Benthic producers
Green algal mat
Phytoplankton
Zooplankton
Macroinvertebrates
Benthivorous fish
Round goby Neogobius melanostomus
Planktivorous fish
Lake whitefish Coregonus clupeaformis
Piscivorous fish
Walleye Sander vitreus

δ13C
Mean
Min./Max.
(‰)
(‰)

1

–2.6

5

–26.6

1
1
1

–25.1/–28.4

n

δ15N
Mean
Min./Max.
(‰)
(‰)

1

2.6

–32.4
–32.5
–32.9

1
1
1

2.1
1.0
2.5

1
1
1
1
5

–26.3
–22.3
–29.6
–32.6
–21.5

–28.9/–18.6

1
1
1
1
5

2.0
–5.5
3.9
4.6
4.1

1
1
1
2

–23.5
–26.7
–26.9
–22.2

–22.3/–22.1

1
1
1
2

5.7
6.6
8.1
7.19

4

–22.7

–23.2/–22.2

4

10.0

–27.8/–23.7

1

0.02

–34.9/–30.1

1
1
1
1
1
3

–0.5
–0.1
–0.9
3.0
6.5
3.4

n

δ34S
Mean Min./Max.
(‰)
(‰)

1

19.4

6.9/7.5

1
2
1
2

–3.0
–1.0
–5.0
–2.6

–2.7/–2.4

9.7/10.3

4

–1.5

–1.7/–1.3

1

18.4

3.9/4.3
–4.4/2.5

1

–4.1

9

–25.7

1
1
1
1
1
3

–34.9
–25.3
–26.7
–22.4
–21.8
–31.7

3
4
1
1

–20.4
–20.6
–15.5
–22.1

–21.7/–18.3
–21.8/–20.1

3
4
1
1

8.3
9.7
8.2
10.5

7.5/9.3
8.9/10.9

3
4
1
1

–1.0
3.8
4.2
0.6

–3.9/4.8
0.7/5.6

4

–18.4

–19.4/–17.2

4

10.5

10.3/10.7

4

4.4

4.0/4.9

2
1
4

–19.6
–19.0
–16.6

–20.0/–19.2

12.6
13.2
11.0

12.2/12.9
10.5/11.4

2
1
4

3.9
3.6
3.9

3.6/4.1

–17.2/–16.0

2
1
4

1

6.9

–26.5/–23.4

5

3.9

1.38/9.07

–1.0
–1.6
–3.3
2.5
2.7
3.3

1.0/3.9
6.1/6.6
6.9/7.3

5
2

1.6
1.7

1.3/2.1
1.4/1.9

13.1/13.4

1
1
2

2.5
3.7
2.1

1.1/3.0

1

nd

3.0/3.6

3.7/4.0

1

0.2

5

–25.7

1
1
1
1
1
7

–26.8
–17.7
–12.9
–23.2
–23.0
–21.7

–23.0/–18.6

1
1
1
1
1
7

5
2

–18.6
–18.1

–19.4/–17.8
–18.2/–17.9

5
2

6.4
7.06

1
1
2

–19.3
–17.9
–21.2

–23.3/–19.0

1
1
2

10.5
10.8
13.2

1

0.9

5

–25.3

–27.3/–23.5

1

2.0

1
1
1
3

–21.4
–22.2
–21.2
–19.1

–19.7/–18.7

1
3

2.3
nd
3.2
1.4

1.3/1.5

11

–17.8

–20.3/–15.7

11

8.7

7.7/10.3

11

3.4

2.5/4.5

3

18.7

–21.5/–17.3

3

11.2

10.3/11.7

3

3.8

3.6/4.1

2

–19.5

–19.8/–19.2

2

12.8

12.7/12.9

2

4.6

3.9/5.3
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Table 2. Mean (± SD) δ13C, δ15N, and δ34S values of different trophic levels at reference (lake water) and groundwater sites (sample size in
parentheses), and associated p-values from independent t-tests. POM: particulate organic matter; *: statistical significance at the α < 0.10 level
Trophic group
Reference
(‰)
POM
Producers
(macrophytes,
benthic mats)
Phytoplankton
Zooplankton
Macroinvertebrates
Benthivorous fish
Planktivorous fish
Piscivorous fish

δ13C
Groundwater
(‰)

δ15N
Groundwater
(‰)

p

Reference
(‰)

–25.5 ± 1.3 (10) –26.1 ± 1.2 (14)
–19.7 ± 5.9 (4)
–29.2 ± 4.6 (8)

0.297
0.011*

3.6 ± 2.8 (6)
–0.9 ± 2.4 (4)

1.3 ± 1.8 (2)
0.1 ± 2.6 (8)

–22.7 ± 0.7 (2)
–22.1 ± 1.3 (2)
–20.9 ± 2.0 (9)
–18.1 ± 1.4 (18)
–18.7 ± 2.4 (3)
–19.8 ± 1.9 (6)

0.439a
0.439a
0.096*
0.001*
0.655a
0.868

2.5 ± 0.0 (1)
3.0 ± 0.35 (2)
2.7 ± 1.3 (9)
7.8 ± 1.3 (18)
11.1 ± 0.7 (3)
12.2 ± 1.3 (6)

3.5 ± 0.6 (2)
5.5 ± (1.3)
3.8 ± 0.5 (8)
8.2 ± 1.4 (13)
10.5 ± 0.2 (5)
11.1 ± 1.2 (11)

–26.0 ± 5.1 (2)
–27.2 ± 7.6 (2)
–25.3 ± 6.4 (8)
–21.6 ± 3.1 (13)
–19.1 ± 1.9 (5)
–19.6 ± 2.8 (11)

p

Reference
(‰)

δ34S
Groundwater
(‰)

0.317a
0.308a

0.221a
0.121a
0.016*,a
0.452
0.230a
0.090*

2.7 ± 1.1 (18)
3.8 ± 0.3 (3)
3.3 ± 1.4 (6)

0.2 ± 4.0 (14) 0.014*
3.6 ± 1.7 (5) 0.368a
1.9 ± 2.7 (11) 0.195

a

Non-parametric statistical analysis

δ13C of macroinvertebrates at groundwater sites was
lower (4.4 ‰) than that at reference sites; groundwater
benthivorous fish were, on average, 3.5 ‰ lower than
at reference sites.
Except for the shallow groundwater site, the pelagic
food-web components did not exhibit significant differences in δ13C values (Table 2). Phytoplankton and
zooplankton δ13C from the shallow groundwater site
were 6.4 and 9.0 ‰ lower than those from the shallow
reference site, although there were negligible differences (~1.0 ‰) in phytoplankton and zooplankton at
offshore sites. Furthermore, planktivorous and piscivorous fish also showed little difference in isotope values
between groundwater and reference sites (Table 2). In
general, there were larger differences in δ13C values between the shallow sites and the offshore sites (Table 1).
The differences in δ15N values between groundwater
and reference sites ranged from 0.8 ‰ (benthivorous
fish) to 2.5 ‰ (zooplankton), although macroinvertebrates and piscivorous fish were the only trophic groups
to show significant differences (Table 2). However,
both groundwater and lake-water food webs showed
a positive enrichment in δ15N in succeeding trophic
levels. The average δ15N trophic enrichment across
trophic levels at all sites was 3.5 ‰ per trophic level,
although the range was quite variable (0.5 to 8.2 ‰).
The available δ34S data also show clear differences in
34
δ S between groundwater (18.9 ± 0.71 ‰, n = 2) and
lake-water (6.9 ± 0.0 ‰, n = 1) systems. Groundwater
was 12.0 ‰ higher than lake water, although sample
size precluded the use of statistical tests. The δ34S of
benthivorous fish was also significantly different between the groundwater and reference sites. In contrast
to the δ34S-DIS results, benthivorous groundwater fish
were isotopically lighter than those from reference
sites (Table 2). Similar to the δ13C data, there were no

p

significant differences in δ34S of either the planktivorous or piscivorous fish.
In general, benthic food-web components displayed
distinct isotopic signatures (δ13C and δ15N) between
groundwater and lake-water ecosystems (Fig. 2), while
pelagic food-web components were indistinguishable
with respect to groundwater influence (Fig. 2). Fish
species, however, displayed significantly higher δ15N
values in benthic and pelagic habitats (Fig. 2). Benthivorous fish in the groundwater habitat displayed a distinct isotopic signature when comparing carbon and
sulfur stable isotopes (Fig. 3).
The results of the source partitioning analysis using
IsoSource and IsoError gave estimates of the contributions of different sources to the upper trophic level
consumers at the groundwater sites (Table 3). The
IsoSource mixing model showed reference POM was
the dominant dietary component of macroinvertebrates
(range = 61 to 100%); groundwater POM (range = 0 to
13%) and benthic producers (range = 0 to 8%) represented smaller contributions. Furthermore, IsoError
indicated that benthivorous fish showed a similar pattern, i.e. lake-water macroinvertebrates were the main
C source (mean ± SE: 84 ± 25%), but groundwater
macroinvertebrates also contributed 16 ± 24%.

DISCUSSION
Our data suggest that distinct communities comprised of microbial and algal mats, macroinvertebrates, and benthivorous fish incorporate C and possibly S derived from venting groundwater in Lake
Huron sinkhole ecosystems. The separation of δ13C
and δ34S values of benthic food-web components
between groundwater and reference sites indicates
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different nutrient sources. Moreover, the source partitioning analysis shows that small components of both
the macroinvertebrate and benthivorous fish C pool
could originate from groundwater-linked production.
Based on the well-separated δ13C-DIC and δ34S-DIS
values of groundwater relative to lake water, the former provides a unique source of inorganic C and S,
although the differences were not statistically different
due to the small sample size. Based on video and diver
observations (Ruberg et al. 2008), the groundwater is
denser than the surrounding lake water (due to differences in salinity and temperature), which leads to laminar flow that follows the bathymetry of the system and
limits mixing with overlying lake water. We hypothesize that the denser, S-rich groundwater flows out of
the vents and disperses across the benthos, bathing
this community in nutrient-rich groundwater. This in-

organic pool of nutrients appears to be incorporated by
the dense organic mats of algae, cyanobacteria, and
other microbes during photosynthesis and other alternative metabolic pathways, such as sulfate reduction
(Nold et al. 2010a), and during recycling within the
mats. In turn, part of this fixed energy is transferred to
higher trophic levels in the benthos, which subsidizes
the local benthic food web. The plume-like flow of
groundwater likely affects the input of C and S to different parts of the benthic communities. Theoretically,
organisms farther from the groundwater source would
show higher δ13C values compared to those closer to
the source, because the subsidy is reduced. However,
this may be partially augmented by nutrient recycling
along the spatial continuum.
This hypothesized energy flow path is similar to
deep-sea hydrothermal vent habitats, where nutrientrich water creates localized benthic ecosystems based
on microbial metabolism (Lonsdale 1977, for a review
see Lutz & Kennish 1993). Furthermore, research on
deep-sea hydrothermal vents using stable isotopes has
shown that local upper-level communities of consumers can be linked to non-photosynthetic primary
producers (Kennicutt et al. 1992, Van Dover 2000,
Colaço et al. 2002).
The lake water δ13C-DIC values are consistent with
expectations for lakes of moderate to high pH, where
dissolved bicarbonate is the predominant species and
in equilibrium with atmospheric CO2 (δ13C ca. –8 ‰)
(Keough et al. 1998). Relative to lake water, venting
groundwater was depleted in δ13C by 4 ‰. The lower
δ13C-DIC of the groundwater areas is likely due to CO2
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Table 3. Calculated contributions of different food sources to benthic macroinvertebrates and benthivorous fish at groundwater
sites. Isotope data is from mean values derived from food-web sampling, except for plankton values, which were a mean of both
phytoplankton and zooplankton samples from the shallow lake-water, offshore groundwater, and offshore lake-water sites.
Increment: increment of increase parameter set as part of the IsoSource program; Tolerance: accepted tolerance value (±) from the
known value of the mixture of δ13C and δ15N values; POM: particulate organic matter, CI: confidence interval
Trophic compartment

Increment
(%)

Tolerance
(‰)

Groundwater macroinvertebratesa

1

0.5

Food sources

Groundwater POM
Lake-water POM
Groundwater producers
Lake-water producers
Plankton

Groundwater benthivorous fishb

δ13C
(‰)

δ15N
(‰)

–25.3

3.8

–26.1
–25.5
–29.2
–19.7
–22.3

1.3
3.6
0.1
–0.9
3.6

Contribution
range (%)

0–13
61–100
0–8
0–6
0–31
% Contribution
(mean ± SE)

95% CI

–25.3

16 ± 24

0–67

–20.9

84 ± 25

33–100

–21.6
Groundwater macroinvertebrates
Lake-water macroinvertebrates

a

Calculated using the IsoSource program from the EPA Western Division (Phillips & Gregg 2003)
Calculated using the IsoError program from the EPA Western Division (Phillips & Gregg 2001)

b

contributions from heterotrophic respiration in the sediments. Respiration of organic C by heterotrophic bacteria (as well as other groups) results in 13C-depleted
CO2 that subsequently lowers the δ13C value of DIC
(Peterson & Fry 1987, Chapelle & McMahon 1991,
Nascimento et al. 1997, Keough et al. 1998). The
importance of respiration-derived CO2 in the DIC pool
has been observed in many aquatic systems (Bade et
al. 2004), has been experimentally confirmed (Keough
et al. 1998), and is evident throughout most of the
Silurian-Devonian aquifers of northern Michigan
(McIntosh & Walter 2006).
Although the δ34S-DIS data were sparse, it appears
that groundwater is highly enriched in 34S relative
to lake water. This is consistent with dissolution of
ancient evaporite deposits by venting groundwater
(McIntosh & Walter 2006). In contrast, the single Lake
Huron δ34S value better reflects watershed sources
of dissolved SO4. We note that in the environment
directly influenced by venting groundwater, anoxic
bacterial sulfate reduction occurs at depth in the sediments (Nold et al. 2010a), which results in 34S-depleted
H2S. Subsequent oxidation of the sulfide back to sulfate, both abiotically and by S oxidizers, largely retains
the depleted 34S value in the newly formed secondary
SO4, since fractionation is minimal during sulfide oxidation relative to sulfate reduction (Nakai & Jensen
1964, Bates et al. 2002). Our data suggest that the predominant pool of fixed S is derived from the isotopi-

cally light secondary SO4 pool that is cycled within the
upper mats and sediments and that this fixed S is then
propagated up through vent consumers.
In contrast to the benthos, the input of groundwater
does not appear to extend to the pelagic food web,
most notably at the offshore site. Most likely, the density differences in the laminar plume of groundwater
limit it from mixing with the upper parts of the water
column (Ruberg et al. 2008, Biddanda et al. 2009). At
the shallow groundwater site, there is not a welldeveloped water column and mixing occurs more
rapidly, which is indicated by a greater influence of
groundwater on the isotope signature of pelagic foodweb components. At the deep groundwater site, the
small volume of groundwater entering the system relative to the surrounding lake water weakens the extent
of the influence of groundwater. Our data suggest that
phytoplankton, zooplankton and planktivorous fish are
not reliant on groundwater-derived C, as the δ13C values of these trophic levels were not different between
groundwater and reference ecosystems. Furthermore,
planktivorous and piscivorous fish are more mobile
than small, benthic species, which would make them
more likely to forage over a wide geographic area,
therefore, making groundwater-derived C a small component of their total dietary intake.
Taken together, the distribution of C, N, and S isotopes in the various reservoirs of the sinkhole food web
suggest a small but distinct input of groundwater-
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fueled microbial mat production to benthic consumers,
such as invertebrates and fish. These conclusions are
corroborated by the lower δ13C-DIC values of groundwater becoming expressed in benthic cyanobacterial
mats that in turn, are transferred to benthic invertebrates and fish. The δ15N values shift upwards along
this trophic gradient, supporting the trophic linkage
between benthic mat production and consumption by
resident invertebrates. The limited δ34S data also add
to this hypothesis, in that the groundwater influence
does not seem to impact the local pelagic fish of the
surrounding lake.
Our observations portray a unique benthic ecosystem
in which groundwater emerges from the carbonate
aquifer, covering the benthos, and supporting a novel
sub-ecosystem. Here, benthic macroinvertebrates rely
on bacterial mat production as a food source and are, in
turn, consumed by benthivorous fish. This zone is low
in dissolved oxygen, but rich in inorganic nutrients,
which creates ideal conditions for the growth of
cyanobacterial mats and algae. However, questions remain from this preliminary study. Most notably, data on
the spatial heterogeneity of isotopic inputs and the extent of groundwater influence are lacking and should
be included in future studies. Heterogeneous groundwater flow rates have been shown to impact macrophyte biomass (Lodge et al. 1989), so it is plausible that
inorganic inputs from groundwater would also affect
the isotopic composition of local food-web producers
and consumers.
To our knowledge, these data provide the first evidence of benthic communities in the Great Lakes that
are partly supported by nutrients from groundwater
vents. The possibility of many more vent communities
with a rich microbial fauna in other regions of the
Great Lakes is quite likely (e.g. Biddanda et al. 2006,
Chaudhary et al. 2009), as the entire northern portion
of Lake Michigan and Lake Huron are underlain by
carbonate bedrock (Grannemann et al. 2000), with a
distinct carbonate ridge that bisects Lake Huron from
the karst-sinkhole fault complex near Alpena across
the lake to southwestern Ontario, Canada. In addition,
the Lake Huron basin is surrounded by highly productive littoral zones (Les Cheneaux Islands, Georgian
Bay, and Saginaw Bay; Dodge & Kavetsky 1994) that
could be sites of elevated primary production due to
inorganic nutrients from groundwater input.
The advent of tracers such as stable isotopes has
enabled our ideas about linkages among and within
food webs to move from conceptual to quantitative.
Recent research in other large lakes has shown the
presence of hydrothermal vents and associated ecosystems where the food webs are linked to nutrients in the
venting water (De Ronde et al. 2002, Morgan et al.
2003). We emphasize that the areas in Lake Huron are
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not hydrothermal vents. However, these karst sinkholes may serve a similar role as a concentrated area of
microbial activity that is linked to the surrounding benthic macroinvertebrate and fish community. Indeed,
karst ecosystems are known to support unique and
specialized food webs (Opsahl & Chanton 2006). Our
previous observations of Lake Huron sinkholes have
indicated that the distribution of benthic cyanobacterial mats is strictly limited to the zone of groundwater
influence and that sinkholes host a diverse community
of sinkhole-specific microbes and microinvertebrates
(Ruberg et al. 2008, Biddanda et al. 2009, Nold et al.
2010a,b). The present study demonstrates that these
unique benthic ecosystems may act as hot spots of
microbial activity, which help support higher trophic
levels that are intricately linked to the groundwater
flow into the Great Lakes ecosystem.
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