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SUMMARY

1. Freshwater mussels are a particularly imperilled group of aquatic organisms. To date, there is

limited understanding of their dietary and nutritional subsidies, including those from both

autochthonous (aquatic) and allochthonous (terrestrial) sources. The aim of this study was to

evaluate the relative contributions of potential nutritional resources to mussel biomass using a

Bayesian mixing model (MixSIAR) for (i) bulk suspended versus benthic organic matter (OM) pools,

(ii) general autochthonous versus allochthonous OM sources and (iii) specific individual OM sources.

2. Nutritional subsidies of five species of freshwater mussels were assessed using natural abundance

stable isotopes (d13C, d15N, d2H) and natural radiocarbon (D14C). The ranges for each of the four

isotopes were similar across all species and sampling dates, and mussel d13C and d15N values were

similar to those measured in previous studies. Despite relatively low variability in this study, species

and temporal differences in mussel d15N, d2H and D14C values were generally significant (P < 0.05).

3. Based on d13C values alone, bulk suspended OM subsidised mussel biomass to a greater extent

than bulk benthic OM (c. 60 and 40% respectively). Modelling of multiple isotopes indicated that

while the collective allochthonous nutritional sources accounted for a significant part (c. 33%) of

mussel biomass, autochthonous materials collectively subsidised mussel tissue at about twice this

level (c. 67).

4. Significant amounts of 14C-depleted aged carbon were incorporated into freshwater mussel tissue

(mean equivalent 14C age = 1325 � 68 years BP). Potential nutritional sources were also mostly aged,

including benthic algae (1226 � 556 years BP), zooplankton (1682 years BP), terrestrial soil

(10 588 � 4330 years BP) and suspended particulate OM (1443 � 57 years BP).

5. No single potential individual nutritional OM source explained the multiple isotopic values of

freshwater mussel tissue, indicating that these organisms have a multi-source and potentially

opportunistic diet. Benthic algae and phytoplankton were quantitatively the most important

individual OM subsidies to freshwater mussel nutrition at our study site (27 and 19% respectively).

Observed seasonal shifts in freshwater mussel isotopic values were minimal, suggesting (i) that

mussels may not be seasonally limited by individual nutritional resources and/or (ii) the

replacement times of C, N and H in freshwater mussel tissues make detection of temporal

nutritional subsidy shifts – if they occur – difficult to discern.
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Introduction

North America is home to the most diverse assemblage

of freshwater mussels in the world. Freshwater mussels

are long-lived (30–200 years; Bauer, 1992; Anthony et al.,

2001) filter-feeding, benthic invertebrates with limited

mobility. Population declines and recent extirpations

and extinctions of a number of freshwater mussel
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species have prompted increasing research on the basic

biology and ecology of these organisms. Success in con-

servation goals and in maintaining the viability of intact

populations of freshwater mussels rely in part on

improved understanding of their feeding ecology,

including both their general and specific food resources

and nutritional subsidies.

The specific food resources filtered, ingested and

assimilated by freshwater mussels are at present poorly

identified and quantified (reviewed by both Strayer,

2008 and Vaughn, Nichols & Spooner, 2008). Phyto-

plankton have traditionally been thought to be the pri-

mary food source of mussels (Jorgensen, 1990;

Boltovskoy, Izaguirre & Correa, 1995; Gatenby et al.,

2003). Recently, however, bacteria (Silverman et al., 1997;

Nichols & Garling, 2000; Christian et al., 2004; Bucci,

Szempruch & Levine, 2013), microzooplankton (Atkin-

son et al., 2011), fungal spores (Barlocher & Brendel-

berger, 2004), non-living detrital organic matter (OM)

(Raikow & Hamilton, 2001; Nichols et al., 2005) and even

dissolved OM (DOM, through flocculation or direct

uptake by mussel tissues) (Roditi, Fisher & Sanudo-Wil-

helmy, 2000; Barnard et al., 2006; Baines, Fisher & Cole,

2007) have been identified as potential dietary sources to

freshwater mussels across different habitat types. Clear-

ance rate studies have shown that freshwater mussels

can ingest a broad range of particles (1–250 lm in diam-

eter; Strayer, 2008 and references therein; Atkinson et al.,

2011), and mussels have been found to possess the

digestive enzymes to catabolise and assimilate nutrient-

poor detrital materials (Christian et al., 2004).

Knowledge of the sources and characteristics of bulk

OM pools ingested and assimilated by mussels is essential

to understanding how this group of relatively sedentary

filter-feeders accesses and selects specific nutritional com-

ponents of bulk materials essential to their diet. In addi-

tion, utilisation of both suspended (i.e. water column) and

benthic food resources could provide mussels with oppor-

tunistic dietary alternatives, depending on the relative

availabilities of these resources over time (Nichols et al.,

2005; Makhutova et al., 2013). Recent studies have demon-

strated that consumers occupying lower trophic levels in

freshwater ecosystems can rely to a significant extent on

allochthonous OM originating in associated watersheds

(Rounick, Winterbourn & Lyon, 1982; Caraco & Cole,

2004; Cole, 2013). Allochthonous materials may be avail-

able to stream consumers either via direct ingestion of ter-

restrial OM (Cole et al., 2006; Caraco et al., 2010; Dekar

et al., 2012) and/or as microbial biomass produced from

bacterial or fungal utilisation of terrestrial OM (Meyer,

1994; Thorp & Delong, 2002).

Natural abundance isotopes are less equivocal than tra-

ditional gut content studies of consumer nutrition

because they reflect nutritional resources that have been

assimilated and integrated into organism tissues over

extended, rather than instantaneous, time frames (Rou-

nick & Winterbourn, 1986; Peterson & Fry, 1987; Post,

2002). In the case of filter-feeders like freshwater mussels,

such an approach is important because their digestive

tracts contain both food and non-food particles (Coker

et al., 1921; Nichols & Garling, 2000). For stable isotopes,

the heavier isotope of each element (13C, 15N and 2H) is

selected against (i.e. ‘fractionated’) relative to the light

isotope (12C, 14N and 1H) at the enzymatic level in organ-

isms. This fractionation is unique to different biosynthesis

and degradation reactions, and allows the organic materi-

als and biomass from different organisms to be traced in

food webs and ecosystems (DeNiro & Epstein, 1981;

Peterson & Fry, 1987). Estimating the contributions of

potential food sources and nutritional subsidies to con-

sumers relies on adequate isotopic separation between

the various potential sources (Finlay, 2001; Cloern,

Canuel & Harris, 2002). Hence, ambiguities resulting

from isotopic overlap of nutritional sources often found

using one or even two natural isotopes may be reduced

through the simultaneous use of multiple natural iso-

topes by allowing for multi-dimensional differentiation

of mixtures of potential food sources to an organism’s

nutrition (Hamilton, Lewis & Sippel, 1992; Finlay, 2001).

Previous isotopic natural abundance studies of mussels

have all exclusively used d13C and/or d15N (Nichols &

Garling, 2000; Raikow & Hamilton, 2001; Christian et al.,

2004), and have in general failed to adequately con-

strained the animals’ nutritional subsidies.

The use of the multiple natural abundance isotope

approach employed in this study, including two isotopes

(d2H and D14C) that have not been used previously in

studies of native freshwater mussel diet, may more fully

constrain mussel nutritional sources. Natural 14C (radio-

carbon) is the radioactive form of carbon (half-

life = 5568 years), and as such can be used not only as a

tracer similar to stable isotopes, but to also determine

the age of organic and inorganic pools, both living and

non-living. The overarching goal of this study was to

quantitatively estimate the general bulk OM pools (sus-

pended versus benthic, and autochthonous versus

allochthonous), as well as individual OM components

important to freshwater mussel diet. We predicted that

(i) differences in nutritional subsidies to riverine fresh-

water mussels would be reflected in different isotopic

values between species, (ii) water column-derived OM

would provide a larger nutritional subsidy to mussels
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than benthic-derived sources and (iii) riverine mussels

would rely on both allochthonous and autochthonous

nutritional resources, and their reliance on these

resources would be temporally variable.

Methods

Study site

The site of this study, the Muskingum River, is a seventh-

order tributary of the Ohio River and was located in the

mainstem downstream of the Devola Dam near Marietta,

OH (Fig. 1). We recognise that factors such as hydrology

and nutrient cycling may be affected by the presence of

the dam upstream of this site compared to non-dammed

systems. However, this particular site provides riffle/run

habitat that is otherwise scarce in other parts of the main-

stem, and is thought to help maintain the exceptionally

large and diverse populations of mussels found there

(Richardson & Mackay, 1991; Doi et al., 2008). The choice

of this site further allowed for access to multiple

individuals of multiple species (including two Ohio state

endangered species), and assessment of intra-annual vari-

ability in the isotopic signatures of these species.

Field sampling

Unless otherwise noted, freshwater mussels and their

potential nutritional resources were sampled four and

three times, respectively, in 2012–13. Mussels were col-

lected by wading and hand-locating exposed shells and

siphons. Three individuals of each species were sampled

at each sampling time. All mussel species studied were

from the family Unionidae. Amblema plicata and Quad-

rula pustulosa were sampled at all four sampling times

(13 June 2012, 10 October 2012, 8 May 2013, 16 August

2013), Pleurobema cordatum were sampled on two occa-

sions (8 May 2013 and 16 August 2013), and Potamilus

alatus and Ellipsaria lineolata were each sampled one time

only (13 June 2012 and 10 October 2012 respectively; see

Table S1). Differences in species sampling frequency

were limited by our ability to locate all species on differ-

ent sampling dates.

Mussel sample collection. Non-lethal biopsy was used to

collect a small sample (c. 1–2 cm2) of mantle tissue by

gently opening the shells using acetone-cleaned reverse

pliers (Berg et al., 1995). Tissue samples as well as sam-

ples of all potential nutritional sources collected were

stored in pre-baked (500 °C) sheets of aluminium foil

and immediately frozen on dry ice in the field.

Potential nutritional sources. Unless otherwise noted, at

least duplicate samples of potential nutritional resources

of mussels were collected both within and outside the

mussel bed and were pooled and frozen for later analy-

sis. Bulk suspended particulate OM (POM) samples

were collected by filtering river water through a quartz

fibre filter (type QMA; 0.8 lm nominal pore size).

Low-density flocculent OM was sampled from surfi-

cial sediments in June 2012 from within the mussel bed

by siphoning the floc from the top of the sediment.

River sediment cores were collected for bulk benthic (i.e.

sediment) OM at each sampling time by pushing cut-off

60 mL plastic syringes into the sediment and then

retracting them. Isotopic values of the top 1 cm of the

sediment cores were used for isotopic modelling (see

Data analysis section below).

Riparian soil samples were collected in October 2012

by excavating a hole near the river’s edge at depth

increments of approximately 7 cm. Samples were later

pooled as stable isotopic values were not different

0 90 18045 Km

0 2 41 Km

(a)

(b)

Fig. 1 (a) The Muskingum River watershed (drainage area c.

20 000 km2) in Ohio (U.S.A.), with major tributaries shown. (b)

Highlighted sub-watershed (USGS HUC 05040004), with the study

site circled (39°28007.30″N/81°29021.25″W).
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across depths (Table 1). To assess riparian primary pro-

ducer inputs, leaf samples were collected from the dom-

inant tree species that included Acer spp. (Sapindaceae)

and Plantanus spp. (Platanaceae), shrubs (Salix spp.; Sali-

caceae), and/or grasses (Aster spp.; Asteraceae) and Jus-

ticia spp. (Acanthaceae). Collected plant materials

included living or recently fallen (i.e. not senesced or

decayed) leaves.

On all sampling dates, attached filamentous benthic

algae (determined to be dominated by Cladophora spp.

(Cladophoraceae) were collected from various sized

rocks and logs as well as from the shells of freshwater

mussels themselves. The d13C signatures of different

algal species have been found to vary as a function of

season (Bunn & Boon, 1993), light intensity (Ishikawa,

Doi & Finlay, 2012 and references therein) and stream

hydrology (i.e. flow) (France, 1995; Finlay, Power &

Cabana, 1999). Therefore, a detailed sampling of all

potential algal sources was conducted. Benthic algae iso-

tope data were later pooled into two groups, those from

fast-flowing (riffle) and those from slow-flowing (run)

areas due to the potentially large hydrologic impact on

the isotopic values.

Phytoplankton and zooplankton samples were col-

lected using a 50 lm mesh net deployed to a depth of

50 cm in the water column for a minimum of 1 h during

August 2013. The material in the cod end of the net was

pre-filtered through a 363 lm mesh in the field to sepa-

rate large zooplankton from small zooplankton and phy-

toplankton. All plankton samples were maintained in the

dark in the field, and sorted upon return to the laboratory

(see Supporting Information). All solid samples were

dried and acid-fumed prior to isotope analysis. See Sup-

porting Information for details of sample processing.

Laboratory incubations

Laboratory incubation experiments were conducted in

May 2013 to obtain isotopic signatures of ‘pure’ (i.e.

without detrital POM) assemblages of phytoplankton

and of heterotrophic bacteria grown on river DOM and

leaf litter (see Supporting Information). Aquatic hypho-

mycetes (fungi) can produce large numbers of conidia

that may be consumed by mussels and other filter feed-

ers (Barlocher & Brendelberger, 2004). During October

2012, decomposing leaf litter from the river was col-

lected and maintained in the dark at ambient tempera-

ture in the laboratory. Further processing of conidia for

abundance estimates and isotopic analysis was con-

ducted in the laboratory according to methods modified

from Gulis & Suberkropp (2011; see Supporting Informa-

tion). Filtrates from suspended POM collections were

used to measure d13C of dissolved organic and inorganic

carbon (DOC and DIC respectively).

Ground, acid-fumed samples were analysed for d13C
and d15N by elemental analysis-isotope ratio mass

spectrometry (EA-IRMS) and for d2H analysis, non-

acid-fumed ground samples were measured on a high-

temperature conversion elemental analyser (TC/EA)

coupled to an IRMS. Ground, acid-fumed samples for

D14C analysis were analysed by accelerator mass spec-

trometry (AMS), and, using the d13C-corrected fraction

modern carbon (Fmc) from this analysis, we obtained

radiocarbon age using the conventions of Stuiver &

Table 1 Natural isotope values of potential nutritional resources to freshwater mussels pooled over all sampling dates. Values presented

are raw data not adjusted for isotopic fractionation (d13C and d15N) or dietary water (d2H). Bold italicised values were not directly measured

but inferred from the literature or other measured values. See Results for details. POM, particulate organic matter; POMfloc, flocculated par-

ticulate organic matter from sediment surface; benthic algae-low flow, filamentous attached algae from run areas; benthic algae-high flow,

filamentous attached algae from riffle areas.

Nutritional source n

d13C (&) d15N (&) d2H (&)

n

D14C (&)

D14C Age

(years BP)

Mean SD Mean SD Mean SD Mean SD Mean SD

Bulk suspended POM 6 �32.1 0.8 5.1 2.1 �121.2 2.9 3 �171 12 1443 57

Bulk Sed. OM (0–1 cm)+POMfloc 11 �25.8 0.8 4.6 1.4 �113.6 8.7 3 �210 77 1923 786

Bacteria+fungi 2 �29.4 0.7 7.4 2.3 �76.4 14.5 1 �8 5 66 NA

Riparian vegetation 10 �30.4 1.1 5.6 3.6 �132.4 11.2 0 39 2 Modern

Terrestrial soil 4 �26.5 0.6 3.9 1.8 �95.7 4.7 2 �713 148 10 588 4330

Benthic algae-low flow 6 �25.7 1.2 12.7 1.0 �156.1 24.5 1 �180 11 1590 NA

Benthic algae-high flow 6 �29.3 1.0 8.6 1.1 �261.4 13.8 3 �161 11 1414 108

Phytoplankton 3 �33.0 1.0 6.3 1.6 �199.3 8.1 0 �166 13 1454* 175

Zooplankton 2 �31.4 2.1 10.0 2.6 �202.7 8.1 1 �189 13 1682 NA

*Based on D14C value of DIC. See Methods for details.
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Polach (1977). Full details of sample preparation and

stable isotope and radiocarbon analyses are provide in

Supporting Information.

Data analysis

The Bayesian modelling program MixSIAR (Semmens

et al., 2009; Stock & Semmens, 2013) in R (R Core Team,

2014) was used to estimate the relative contributions of

different potential nutritional subsidies to mussel tissue

that can be explained by the isotopic signatures (d13C,
d15N, d2H and D14C) measured for each potential OM

source. This model incorporates variability in mussel iso-

topic values, potential nutritional resources and trophic

isotopic enrichment factors, as well as an additional resid-

ual error term to account for unknown errors in the

observed data.

Trophic enrichment factors and their standard devia-

tions for d13C and d15N used in the model are from Post

(2002). Deuterium fractionation was assumed to be

0 � 10& (Hobson, 1999; Doucett et al., 2007). Mussel d2H
values were corrected to remove the contribution of diet-

ary water to the measured isotopic value. The d2H value

of dietary water was not measured directly for Musk-

ingum River water, and we therefore assumed similar val-

ues to those from the Hocking River and Upper Twin

Creek in southeastern Ohio (�43.8 � 5.2&) that have

been measured (Coplen & Kendall, 2000; Kendall &

Coplen, 2001) and are close to our study site (within 50

miles). The dietary water contribution of d2H to con-

sumers was estimated at 17.3 � 12.2% as established by

Solomon et al. (2009) and using the equations of Wilkin-

son et al. (2013). Because D14C is corrected by d13C values,

D14C values required no further correction for fractiona-

tion (Stuiver & Polach, 1977). To account for differences in

lipid content between mussel individuals and species,

which were needed to make comparisons between spe-

cies, we applied corrections to the d13C values using the

C:N ratio of each individual according to Post et al. (2007).

To estimate the isotopic values of missing data points

(i.e. required as input terms to our MixSIAR model),

multiple imputation was used for both mussel tissue

and potential nutritional sources. A maximum of 31%

and 10% of D14C and d2H values, respectively, were

imputated a priori to model fitting (see Table S1; Su

et al., 2011) using R (R Core Team, 2014). We did not

imputate D14C values for the nutritional sources due to

the relatively small number of samples analysed for this

isotope. Multiple imputation (Rubin, 1987; Nakagawa &

Freckleton, 2008) uses all available measured data for

the missing values (e.g. values of the other isotopes

measured, C:N ratios, etc.) as well as other complete

data sets to develop a regression-based predictive model

to output a predicted mean. This model is then impu-

tated (30 iterations) to resolve to the closest predictive

mean for the missing values. Sensitivity analysis was

also conducted to determine the maximum range of val-

ues the imputation procedure would produce. This

resulted in maximum ranges of �0.75& for d13C, �1&
for d15N, �10& for d2H and �16& for D14C. The ranges

in SD values for each isotope were less than the mean

ranges of the measured sample values (Table 1), and we

therefore deemed the imputations for the missing values

to be acceptable.

To evaluate the relative contributions of bulk sus-

pended POM and benthic surface OM (defined as the

sum of flocculent OM and the 0–1 cm depth sediment

interval) to mussels, a separate MixSIAR model was fit

with only suspended POM and benthic OM as the

sources. The model was based on d13C values alone

because of their large difference in suspended POM ver-

sus surface benthic OM; such differences were not dis-

played by the other three isotopes.

To evaluate the relative contributions of autochthonous

and allochthonous nutrition to mussels, a separate model

was run with benthic algae (slow flow areas), phytoplank-

ton, riparian vegetation and terrestrial soil as the primary

food sources. Riparian vegetation and terrestrial soil were

treated as allochthonous sources; phytoplankton and ben-

thic algae were considered autochthonous sources.

Individual source modelling was run with zooplank-

ton, phytoplankton, benthic algae-slow flow, bacte-

ria+fungi, terrestrial soil and riparian vegetation as

potential nutritional sources. Only benthic algae from

slow flow areas were included in the model due to mini-

mal modelled nutritional contribution to algae from fast-

flowing areas (see Supporting Information for details

about model assumptions pertaining to benthic algae).

Welch two-sample t-tests were run in R (R Core Team,

2014) to determine if isotopic differences existed

between the bulk suspended POM and benthic OM

sources, and between the autochthonous and allochtho-

nous pooled sources. These tests were also run for each

individual isotope.

Results

Freshwater mussel isotopic and C:N values

Average (�SD) isotopic values for freshwater mussel tis-

sue exhibited low variability between species and sam-

pling times (Fig. 2; Table S1). Mean d13C, d15N, d2H and
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D14C values for all mussels measured were �29.0 � 0.6&,

11.9 � 0.6&, �142.5 � 7.6& and �152 � 8&, respec-

tively (Fig. 2a–d). Over all sampling dates, A. plicata dis-

played the most enriched d15N and Q. pustulosa had the

most enriched d13C compared to all other species (Fig. 2a,

b). All species and sampling dates overlapped in d2H iso-

topic values (Fig. 2c). Q. pustulosa had the most enriched

D14C value (�137& in June 2012) and E. lineolata had the

most depleted value (�171& in October 2012) (Fig. 2d).

The average measured D14C value of all mussel species

had an equivalent 14C age of 1325 � 68 years BP (n = 24;

Table S1). C:N values of mussel tissue (Fig. 3) also

exhibited a narrow range, with an overall mean for all

species and sampling times of 4.1 � 0.6. Q. pustulosa

had a notably wider range of C:N values than the other

species sampled (Fig. 3). Most of the elevated C:N val-

ues (>c. 5) for Q. pustulosa were during the June 2012

and August 2013 samplings.

Isotopic values of potential nutritional sources

Significant differences were observed in d13C values

between bulk suspended POM and benthic OM

(t(9.716) = 15.2541, P ≤ 0.001) but not for d15N, d2H and

D14C (Table 1). Mean isotopic values for benthic OM (sed-

iment OM [0–1 cm]+POMfloc) were d13C = �25.8 � 0.8&,

d15N = 4.6 � 1.4&, d2H = �113.6 � 11.2& and D14C =

�210 � 77& (equivalent 14C age = 1923 � 786 years BP;

Table 1). In comparison, mean isotopic values for

bulk suspended POM were d13C = �32.1 � 0.8&,

d15N = 5.1 � 2.1&, d2H = �121.2 � 2.9& and D14C =

�171 � 12& (equivalent 14C age = 1443 � 57 years BP).

Mean isotopic ratios for riparian vegetation and terrestrial

soils pooled across all sampling times are shown in

Table 1. While D14C of living riparian vegetation (i.e.

leaves) was not measured directly, it is reasonably

inferred from the D14C value of atmospheric CO2 (Ran-

derson et al., 2002; Garnett & Billett, 2007) to be 39 � 2&
(zero years old, or modern in age) in the northern hemi-

sphere in 2012 (Levin, Kromer & Hammer, 2013). Terres-

trial soils had the lowest D14C values of any potential

source measured (�713 � 148&; equivalent 14C

age = 10 588 � 4330 years BP;Table 1).
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Fig. 2 Freshwater mussel (a) d13C, (b) d15N, (c) d2H and (d) D14C

values in the present study. Quadrula pustulosa (filled circles) and

Amblema plicata (open circles) were sampled on all dates. Pleurobema

cordatum (filled squares) were sampled in May and August 2013.

Potamilus alatus (filled triangles) and Ellipsaria lineolata (open trian-

gles) were sampled in June 2012 and October 2012, respectively.

Vertical lines associated with each data point represent SD. Signifi-

cant sampling time or species ANOVAs are shown in the upper

right of plots when significant (P ≤ 0.05). d13C values are lipid-cor-

rected according to Post et al. (2007) and d2H values are adjusted

for dietary water according to Solomon et al. (2009) and Wilkinson

et al. (2013).

C:N
3.0 3.5 4.0 4.5 5.0 5.5 6.0

Q. pustulosa

A. plicata

P. cordatum

P. alatus

E. lineolata

August 2013 
June 2012 
May 2013 
October 2012 

Fig. 3 C:N values of the five freshwater mussel species measured

on the four sampling dates of the study. Data points represent

measurements of individual mussels.
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Benthic algae from low-flow (run areas) and high-flow

(below-dam and riffle areas) waters showed distinct dif-

ferences in all isotopes (Table 1). Benthic algal isotopic

values for low-flow regions were d13C = �25.7 � 1.2&,

d15N = 12.7 � 1.0&, d2H = �156.1 � 24.5&, and D14C =

�180& (equivalent 14C age = 1590 years BP) when com-

bined by season. Only one sample was measured for

D14C, and therefore, for model analysis, its SD was

assumed to be similar to the SD of D14C for all benthic

algae samples measured. In high-flow reaches, values for

benthic algae were d13C = �29.3 � 1.0&, d15N =

8.5 � 1.1&, d2H = �261.4 � 13.8&, and D14C = �161

� 11& (equivalent 14C age = 1414 � 108 years BP;

Table 1). The high-flow values were significantly different

from those from low-flow reaches.

Isotopic values for phytoplankton were similar to those

for zooplankton (Table 1), with the exception of d15N
(d15N = 6.3 � 1.6& for phytoplankton, d15N = 10.0 �
2.6& for zooplankton). In order to include zooplankton in

our MixSIAR model, we assumed the SD for the D14C

value of zooplankton (n = 1) was the same as that for ben-

thic algae (low and high flow; SD = 13&, n = 4).

Analysis of the isotopic ratios of autochthonous and

allochthonous OM (see Data analysis section in Methods

for how individual sources were grouped) showed that

significant differences existed in the d15N (t

(24.873) = �4.076, P ≤ 0.001) and d2H (t(14.796) = 5.386,

P ≤ 0.001) values between the two groups of OM. There

were no significant differences in the d13C and D14C val-

ues between the autochthonous and allochthonous forms

of OM (see Table 1).

Isotope bi-plots. Isotope–isotope plots of mussel tissues

and all individual potential nutritional sources measured

in this study are shown in Fig. 4a–c. All plots showed

that mussels were constrained by the potential nutri-

tional sources measured and that there was isotopic sep-

aration between species. The individuals within species

clustered isotopically. The D14C versus d13C (Fig. 4c) plot

also showed separation between potential autochtho-

nous and allochthonous nutritional sources, and further

differentiated 14C-depleted (i.e. aged) potential sources

from those enriched in 14C (i.e. young or modern-aged)

(see also Table 1).

Laboratory cultures and incubations. Mean (�SD) stable

isotopic values of the phytoplankton community from

laboratory incubations (data not shown) were

d13C = �33.2 � 1.3&, d15N = 4.94 � 0.28& and

d2H = �197.5 � 10.6& (n = 2). These values were very

similar to a phytoplankton net sample collected in the

field (d13C = �32.6&, d15N = 7.7& and d2H = �202.9&,

n = 1) (data not shown). Therefore, incubation and field

phytoplankton stable isotopic values were pooled for

modelling purposes (Table 1). Analysis of lab-grown or

field-collected phytoplankton samples for D14C was not

possible due to a lack of adequate sample mass needed

for AMS analysis. For modelling purposes, we used the

mean D14C of all the benthic algae samples collected at

all sampling times (D14C = �166 � 13&), which was

indistinguishable from the mean D14C of the DIC sam-

ples (D14C = �165 � 18&, n = 4; d13C = �9.2 � 0.5,

n = 6) (data not shown). This supports the contention

that D14C of DIC is a reasonable proxy for phytoplank-

ton D14C values (Chanton & Lewis, 1999; Raymond &

Bauer, 2001b).
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Fig. 4 (a) d15N versus d13C, (b) d 2H versus d13C and (c) D14C ver-

sus d13C plots of freshwater mussel tissue and potential nutritional

sources (crosshairs indicate means and SDs) in this study. Mussel

d13C and d15N values are adjusted for fractionation (Post, 2002),

d13C for lipids (Post et al., 2007), and d2H values for dietary water

contribution (Solomon et al., 2009; Wilkinson et al., 2013).
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Mean d13C values of DOC (�SD, n = 2) were

�27.4 � 0.3&, �27.9 � 0.1& and �27.5 � 0.4& for May

2013, August 2013 and October 2012 respectively (data

not shown). The mean decrease in d13C of DOC during

the May 2013 laboratory incubation was 0.3& (time0
mean d13C = �27.4&, range: �27.2 to �27.6&; timeend
mean d13C = �27.1&, range: �27.3 to �26.9&). We used

isotopic mass balance of d13C-DOC at time0 and timeend
for duplicate incubations to estimate the isotopic signa-

ture of the DOC utilised by heterotrophic bacteria (Ray-

mond & Bauer, 2001b). After accounting for isotopic

fractionation of DOC by bacteria (c. �2& for d13C) (Cof-
fin et al., 1989, 1990; Hullar et al., 1996), we estimated

heterotrophic bacteria in our study system to have a

maximum range in d13C of -30.3& to �25.1&.

The laboratory incubation experiment with fungi

yielded isotopic values of d13C = �28.9&, d15N = 5.8&
and d2H = �66.1& (n = 1) for fungal conidia, which dif-

fered from the detrital leaves from the river on which

they were grown (d13C = �29.9&, d15N = 4.2& and

d2H = �132.5&, n = 1) (data not shown). The isotopic

values of the biofilm formed during the fungal incuba-

tion, estimated to be a combination bacteria and fungi

(see Methods), had isotopic values of d13C = �29.9&,

d15N = 9.1&, d2H = �86.7& and D14C = �8&; n = 1).

These values were also different from the detrital leaf

material. d15N values showed the greatest difference

between detrital leaf material, fungi and the biofilm. The

d13C value for the biofilm was also within the range for

bacteria estimated by the DOC utilisation incubation

experiment. For modelling purposes, the biofilm and

fungi were pooled for all isotopes, and the SD for their

D14C (n = 1) was inferred from the SD of D14C of ripar-

ian vegetation, and doubled to obtain a conservative

estimate of D14C error (SD = 5; Table 1).

Bayesian mixing model findings

The two-source, single-isotope (d13C) mixing model cal-

culation (not shown) indicated that a larger proportion

of mussel nutrition was derived from suspended POM

(67.5 � 7.3%) than from benthic OM (32.5 � 7.3%).

Results of the six-source, four-isotope mixing model

using individual potential nutritional sources (Fig. 5)

showed that slow-flow benthic algae were the primary

nutritional subsidy (27 � 6%) for all mussel species and

seasons, with lower contributions from phytoplankton

(19 � 9%) and equal proportions from riparian vegeta-

tion (17 � 7%) and zooplankton (17 � 8%). In contrast,

terrestrial soils had the lowest relative contributions to

mussel biomass (7 � 2%). Small differences in the

contributions of the different potential nutritional

resources were observed between mussel species

(Fig. 5a) and sampling times (Fig. 5b), but the propor-

tional contributions were overall similar for all mussel

species across the entire study. The autochthonous ver-

sus allochthonous model showed that the collective

sources of autochthonous OM were the primary form of

nutrition to mussels (73 � 7%), with only minor differ-

ences in autochthonous contributions between species

(9%) and seasons (5%) (Fig. 6).

Discussion

Isotopic signatures of freshwater mussels

The d13C values of freshwater mussel tissue in this study

were similar to those observed in previous studies

(Table 2). In contrast, d15N values of mussel tissue vary
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Fig. 5 MixSIAR model output means and standard deviations for

relative contributions to mussel tissue of potential nutritional

sources selected for model computation. Nutritional subsidies are

presented by (a) species and (b) sampling times. Grand means are

also shown for reference. All mussel isotope values were lipid-cor-

rected. See Methods for details.
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widely between studies, from 7.5& in a North Carolina

river (Gustafson et al., 2007) to 16.4& in a river in Okla-

homa (Newton et al., 2013) (Table 2). While this may be

related in part to the specific types of mussel tissue anal-

ysed in each study, it is also likely indicative of different

nitrogen sources having unique d15N signatures in the

different systems (reviewed in Peipoch, Mart�ı & Garcia,

2012). Within-site variability (including seasonal and

species differences) was low for all studies, suggesting

that site-specific differences in factors such as nutrient

cycling and dominant primary producers at the individ-

ual sites are the primary drivers of freshwater mussel

isotopic values rather than temporal or interspecies vari-

ability (Peipoch et al., 2012). To the best of our knowl-

edge, this is the first time that d2H has been measured

for freshwater mussels, so we compared our observed

values to other benthic macroinvertebrates [including

some non-native Dreissenid (Dreissenidae) mussels] and

our values were within the range from all known previ-

ous studies (�250& to �100&; Doucett et al., 2007; Jar-

dine, Kidd & Cunjak, 2009; Finlay, Doucett & McNeely,

2010; Cole & Solomon, 2012).

The only other study known to have measured D14C

in freshwater mussels (WeiBe Elster River, Germany)

found remarkably similar equivalent 14C ‘ages’ of native

river mussels (990–1160 years BP, n = 2) (Fernandes

et al., 2012) to this study (Table S1). The similar relative

‘ages’ of mussel tissues both within and between the

two studies suggest, along with the results of d13C, d15N
and d2H (Figure 4 and Table S1), that different species

of native freshwater mussels across a range of systems

and times are supported by similar sources of nutrition.

As suggested by Fernandes et al. (2012), the equivalent

‘ages’ of mussels may be related to the equivalent ages

of DIC, POC and/or DOC, where aged inorganic and/

or organic carbon is entering the food web from the

watershed (e.g. from aged soils and/or fossil shale,

weathered rock, limestone, petroleum and kerogens)

(Raymond & Bauer, 2001a; Hossler & Bauer, 2013). We

also observe this general age range in several of the

potential nutritional sources and pools, including ben-

thic algae, zooplankton and DIC, but not in bacteria+

fungi or riparian vegetation which were modern or

near-modern in age (Table 1).

Bulk benthic versus pelagic OM subsidies to mussels

Freshwater mussels are considered filter feeders that

rely predominantly on both living and non-living sus-

pended OM (Welker & Walz, 1998; Baker & Levinton,

2003). However, recent research using both natural and

tracer isotopes suggests a greater importance of benthic-

derived OM subsidies (Nichols & Garling, 2000; Raikow

& Hamilton, 2001). Based on our mixing model, bulk

pelagic OM contributed c. 59.8% to mussel biomass ver-

sus c. 40.2% from bulk benthic OM subsidies. The large

isotopic difference between benthic and suspended OM

at our study site is likely due to the individual organic

components in each pool. Benthic OM appears to be clo-

sely linked to the soil profile and benthic algae from low

flow areas, while suspended OM appears to be a mix-

ture of multiple individual sources (see Table 1). The

ability to constrain bulk nutritional sources with some

(e.g. d13C), but not other (i.e. d15N, d2H and D14C in our

study), individual isotopes has been observed in previ-

ous freshwater mussel studies that used d13C and/or

d15N (Christian, Crump & Berg, 2008; Yasuno et al.,

2014). This suggests that mussels may be selecting,

through physical filtration, digestion and/or assimila-

tion, specific OM components, each having unique iso-

topic signatures, from the bulk pools.

In a second-order stream, Raikow & Hamilton (2001),

using a novel whole-stream d15N enrichment approach,

found that mussels predominantly relied on benthic-

derived OM (up to 80%), which contrasts with our

results. Differences in drainage area and stream order,
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Fig. 6 MixSIAR model mean relative outputs and standard devia-

tions for combined autochthonous and allochthonous nutritional

sources. Nutritional proportions by species (a) and by sampling

date (b) are shown. Grand means (across species and sampling

date) are also shown. All mussel isotope values were lipid-cor-

rected. See Methods for details.
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which could impact the basal food resources (e.g. phyto-

plankton versus terrestrial primary production; Peipoch

et al., 2012), as well as streamflow and other anthro-

pogenic factors (e.g. presence of a dam immediately

upstream of our site) could help account for differences

in findings between Raikow & Hamilton (2001) and this

study. Although there were no large differences in mus-

sel reliance on suspended and benthic bulk OM as a

function of sampling time, Q. pustulosa consumed nearly

30% more benthic-derived nutrition than P. cordatum

(see Supporting Information) in this study. In previous

studies, species such as Fusconaia flava (Unionidae) (in-

cluded in the Raikow & Hamilton, 2001 study) that

spend greater amounts of time buried in sediment

(Watters, O’Dee & Chordas, 2001; Allen & Vaughn,

2009), may rely more on benthic resources than species

residing primarily at the sediment surface (i.e. the spe-

cies in our study). In addition, flocculated DOM may be

incorporated into surface sediments, as found in other

studies (Dahm, 1981; von Wachenfeldt et al., 2008). In

the present study, the d13C value of surface sediment

floc was very similar to that of DOM, suggesting that

flocculated DOM may be a significant component of the

surface sediment OM ingested and assimilated by mus-

sels. If flocculated DOM comprises a significant fraction

of surface sediments, this may represent a mechanism

for freshwater mussels to access the DOM pool (Roditi

et al., 2000; Barnard et al., 2006; Baines et al., 2007).

Table 2 Summary of natural abundance d13C and d15N values of freshwater mussels for studies where both isotopes were measured in U.S.

streams and rivers. The type of mussel tissue analyzed for each study is noted. All species are Unionidae except Corbicula fluminea

(Corbiculidae).

Source Species Location Season d15N (&)* d13C (&)*‡

Nichols and Garling (2000)

(composite of all soft tissues)†
Cyclonais tuberculata Huron River, MI Autumn 8.7 � 0.2 �31.9 � 0.1

Lampsilis fasciola Huron River, MI Autumn 9.8 � 0.6 �32.0 � 0.1

Lampsilis ventricosa Huron River, MI Autumn 9.5 � 0.2 �32.5 � 0.0

Lampsilis radiata Huron River, MI Autumn 9.4 � 0.1 �33.0 � 0.0

Ligumia recta Huron River, MI Autumn 9.8 � 0.2 �32.1 � 0.1

Ptychobranchus grandis Huron River, MI Autumn 10.7 � 0.2 �33.2 � 0.1

Ptychobranchus fasciolaris Huron River, MI Autumn 9.4 � 0.0 �32.4 � 0.2

Christian et al (2004)

(composite of all soft tissues)†
Elliptio dilatata Big Darby Creek, OH Summer 11.5 � 0.1 �29.2 � 0.1

Elliptio dilatata Big Darby Creek, OH Autumn 11.4 � 0.2 �30.6 � 0.3

Ptychobranchus fasciolaris Big Darby Creek, OH Summer 11.1 � 0.1 �30.4 � 0.2

Ptychobranchus fasciolaris Big Darby Creek, OH Autumn 11.9 � 0.1 �30.4 � 0.2

Gustafson et al (2007) (foot tissue) Elliptio complanata Neuse River basin, NC Spring-Summer 7.5 � 0.2 �28.3 � 0.4

Atkinson et al (2010) (foot tissue) Elliptio crassidens Ichawaynochaway Creek, GA Summer 8.4 � 0.0 �28.2 � 0.1

Corbicula fluminea Ichawaynochaway Creek, GA Summer 9.7 � 0.1 �29.0 � 0.3

Newton et al (2013) (foot tissue) Amblema plicata Little River, OK Summer 16.4 � 0.2 �30.2 � 0.2

Amblema plicata Cass River, MI Summer 13.4 � 0.1 �31.4 � 0.1

Amblema plicata Upper Mississippi River, WI Summer 12.1 � 0.1 �28.5 � 0.1

Amblema plicata Sydenham River, ON Summer 13.6 � 0.1 �32.6 � 0.1

Actinonaias ligamentina Little River, OK Summer 14.4 � 0.2 �31.1 � 0.1

Actinonaias ligamentina Cass River, MI Summer 13.5 � 0.1 �31.6 � 0.1

Newton et al (2013) Actinonaias ligamentina Sydenham River, ON Summer 13.5 � 0.3 �32.9 � 0.1

Present study (mantle tissue) Amblema plicata Muskingum River, OH Summer 12.0 � 0.2 �29.7 � 0.1

Amblema plicata Muskingum River, OH Autumn 12.6 � 0.2 �29.5 � 0.3

Amblema plicata Muskingum River, OH Spring 12.5 � 0.1 �29.3 � 0.0

Quadrula pustulosa Muskingum River, OH Summer 11.3 � 0.3 �29.8 � 0.1

Quadrula pustulosa Muskingum River, OH Autumn 12.2 � 0.2 �29.4 � 0.0

Quadrula pustulosa Muskingum River, OH Spring 11.5 � 0.3 �29.7 � 0.1

Pleurobema cordatum Muskingum River, OH Summer 11.4 � 0.3 �30.1 � 0.2

Pleurobema cordatum Muskingum River, OH Spring 11.8 � 0.2 �29.7 � 0.2

Ellipsaria lineolata Muskingum River, OH Autumn 12.2 � 0.2 �29.9 � 0.0

Potamilus alatus Muskingum River, OH Summer 11.5 � 0.3 �30.1 � 0.2

*Values expressed as mean � SE to allow incorporation of all published data points, many of which used SE rather than SD for error estimates.
†Individuals were allowed to void their guts or had digestive fluid manually removed before isotope analysis.
‡All reported d13C values are not lipid corrected because the necessary data for lipid correction in previous studies was not always available.
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Model estimates of specific nutritional subsidies to

freshwater mussels

Our Bayesian modelling showed relatively small differ-

ences (≤c. 7% contribution to mussel biomass) in specific

nutritional subsidies between different species and sea-

sons (Fig. 5), indicating unexpectedly similar resource

utilisation across a range of species. This similarity

between multiple species suggests that nutritional

resources are not limiting to different co-existing species.

In addition, the freshwater mussel species examined in

this study did not rely exclusively, or even predomi-

nantly, on any single potential dietary resource (Fig. 5).

Model outcomes showed that benthic algae and phyto-

plankton were the primary nutritional subsidies for all

mussel species over all sampling dates (Fig. 5). Counter

to our expectations, benthic algae was the predominant

nutritional source to mussels. This may also be an indi-

cator of nutritional feedback from mussels to algae,

which has been shown in previous studies (Vaughn

et al., 2008; Atkinson et al., 2010). These earlier studies

demonstrated that benthic algae were reliant on mussel

faeces and pseudofeces. With our approach, it is difficult

to discern if mussels are utilising benthic algae directly

as a source of nutrition or if the algae are utilising mus-

sel wastes.

According to our model, the significant changes in

d15N (&) and D14C (&) (Fig. 2) values of mussel tissues

observed over the study period (Fig. 2) may be

explained by changes in availability and/or utilisation

of individual nutritional sources (Fig. 5). Such temporal

shifts may also be related to metabolic ‘fasting’. When

tissue stores (normally in the form of lipids) are used as

an energy source, the d15N signature tends to increase

due to metabolic selection of the 14N isotope in mussel

tissues, causing a ‘self’ trophic fractionation (Hobson,

Alisauskas & Clark, 1993; Cherel et al., 2005). Bowes,

Lafferty & Thorp (2014) found this to be the case for

d15N values of certain fish and it may also be a possible

explanation for freshwater mussels. Our ability to infer

temporal changes in mussel nutrition is hindered by

turnover or replacement time effects of C and N (i.e.

from food sources that were assimilated earlier;

reviewed in Inger & Bearhop, 2008), which are particu-

larly relevant to mussels because of their slow metabolic

rates. In previous studies, N and C were estimated to

take over 300 days and 3 years, respectively, to turn

over in healthy mussel tissue (Hawkins, 1985; Raikow &

Hamilton, 2001).

A potential limitation to our classification of different

specific nutritional sources concerns the experimental

growth of the biofilm, which we classified as bacte-

ria+fungi because chlorophyll a was undetectable in the

samples. Other studies have suggested that mussels may

ingest bacterivores (e.g. microzooplankton such as cili-

ated and flagellated protists via the microbial loop),

rather than bacteria (Atkinson et al., 2011), which we

were unable to differentiate between. Thus, the experi-

mental biofilm was assumed to represent nutrition

derived from lower food-web components in general

(bacteria, fungi and possibly bacterivores), but not

specifically what biological form(s) the material is

ingested as by the mussel. Another limitation of our

approach is that the experimental methods for growing

the biofilm may bias some of its isotopic signatures. Hla-

dyz et al. (2011) found that biofilms grown on organic

substrates reflected the d13C value of the substrate, while

biofilm d15N was independent of substrate d15N and

relied on N from the water column and/or recycling of

the biofilm itself. Allochthonous materials are thought to

be the primary nutritional sources supporting aquatic

microbes (Meyer, 1994; Cole, 2013). Therefore, our iso-

topic values for experimental biofilms are assumed to

reflect those of biofilms in the Muskingum River system.

In spite of these limitations to our approach, the contri-

bution estimates from bacteria and fungi are conserva-

tive, and we conclude are important to mussel diet.

Autochthonous versus allochthonous nutritional subsidies

to freshwater mussels

The traditional view of large (>c. fourth order) river

ecosystems is that autochthonous subsidies support con-

sumer food webs while allochthonous sources subsidise

microbial communities (Thorp & Delong, 2002; Bunn,

Davies & Winning, 2003). This view also assumes that

the aquatic microbial community primarily recycles

allochthonous OM and is only loosely linked to the con-

sumer food web (Thorp & Delong, 2002). However,

recent studies (Caraco et al., 2010; Cole & Solomon, 2012)

have challenged this paradigm. In our study, freshwater

mussels were reliant on phytoplankton and bacte-

ria+fungi (Fig. 5), both of which are components of the

microbial and consumer food web. While autochthonous

nutritional resources represent the dominant subsidies to

freshwater mussel nutrition in our study, one-third or

more of mussel biomass is derived from resources origi-

nating from outside the river proper (Fig. 6).

The use of d2H in our and previous studies shows

clear separation between riparian vegetation and terres-

trial soil OM from aquatically produced primary pro-

duction (Table 1, Doucett et al., 2007). D14C cannot
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discretely separate all autochthonous and allochthonous

sources into these two groups (Fig. 4c) but can more

sensitively partition autochthonous and allochthonous

sources into those that are recently produced and those

that are aged (Raymond et al., 2004; Caraco et al., 2010).

Based on D14C values, the mussels in our study clearly

were not assimilating carbon derived exclusively from

terrestrial soil OM, and some contribution of riparian

vegetation is needed to explain the enriched d2H and

D14C mussel values compared to the d2H and D14C of

autochthonous aquatic resources (Figs. 4b and c). This

further highlights the power of a multi-isotope approach

for delineating and quantifying potential nutritional

resources (Peterson & Fry, 1987; Hamilton et al., 1992;

Finlay, 2001).

Suitability of multi-isotope approaches for estimating

aquatic consumer nutritional subsidies

The use of a four isotope model is novel in studies of

aquatic organism nutrition. However, the addition of

D14C did not significantly change the resulting contribu-

tions of the nutritional source subsidies estimated using

only d13C, d15N and d2H in a three-isotope model (data

not shown). This may be a result of the diet of freshwater

mussels consisting of a mixture of autochthonous and

allochthonous sources, where both d2H and D14C isotopes

can adequately separate these (Doucett et al., 2007;

reviewed in Ishikawa, Hyodo & Tayasu, 2013 respec-

tively). While adding D14C may have contributed limited

additional power to the model, a three-isotope model

(d13C, d15N and either d2H or D14C) substantially reduced

variation around our source subsidy estimates by further

separating the nutritional sources into autochthonous and

allochthonous groups that are not usually readily

resolved by the two most commonly used isotopes, d13C
and d15N. Although D14C did not significantly improve

our model estimates, it has the unique advantage of dis-

cerning nutritional contributions on the basis of their rela-

tive ages (Caraco et al., 2010). Based on the D14C values

and corresponding relative ages of mussels in this study

(Figs 2 & 4; Table S1), we further conclude that significant

amounts of aged carbon (Table 1) support mussel bio-

mass, whether from aged OM or recently produced

authochthonous OM that is reliant on 14C-depleted and

aged DIC supporting aquatic primary production.
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