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1. Introduction
Increased nutrient runoff from agricultural activities and urbanization have greatly disrupted freshwater 
ecosystems, resulting in eutrophication and harmful algal blooms. In order to better understand the mag-
nitude and sources of this pollution and to start to quantify how natural processes have been affected on a 
local to regional scale, it would be beneficial to reconstruct a detailed history of ambient nutrient sources in 
affected aquatic systems. Suspended particulate organic matter (SPOM) and other nutrients such as nitrate 
(NO3

−) and ammonium (NH4
+) are at the base of freshwater food webs and are largely derived from the 

Abstract We present a timeline of the carbon, nitrogen, and oxygen stable isotope compositions 
of 10 unionid mussel shells across three species–Threeridge (Amblema plicata), Ebonyshell (Reginaia 
ebenus), and Pimpleback (Cyclonaias pustulosa)—collected live in 2011 from the Tennessee River near 
Paducah, Kentucky, USA. Inorganic aragonite δ18O profiles were compared to a predicted shell δ18O time 
series that was based on water temperature and isotopic composition. Shell growth was assumed to stop 
below ∼12°C. Profiles of inorganic δ18O and δ13C were then used to establish relationships between shell 
growth and calendar dates. Because shell growth is faster during warmer months and therefore easy to 
sample, assignment of calendar years to individual growth increments was validated using the interannual 
changes in the predicted minimum δ18O value of summer shell. Mussel shell periostracum and carbonate-
bound organic matter (CBOM) samples were then assigned calendar dates based on their location along 
shell growth axes and compared to measurements of δ13C and δ15N of suspended particulate organic 
matter (SPOM)–the mussels' food source–during shell growth (1997–2006). Mussel shell periostracum and 
CBOM faithfully recorded seasonal variability in δ15N and δ13C values of SPOM, after accounting for the 
time difference between SPOM consumption and deposition of shell organics due to the gradual turnover 
of mantle tissue. This demonstrates that unionid shell geochemistry could be used to document changes 
in riverine environment, runoff, and nutrient cycles across a spectrum of time scales, from historical to 
archeological to Quaternary.

Plain Language Summary Like tree rings, freshwater mussels produce yearly growth lines 
in their shells. This creates a year-by-year calendar of shell chemistry that records changes in riverine 
environmental conditions (e.g., temperature and water chemistry). However, organic matter in mussel 
shells also records the source of riverine nitrogen present in the organic particles that the mussels 
ingest and assimilate. To test this, we used 10 mussel shells to create a timeline of shell chemistry in the 
Tennessee River from 1997 to 2006. We precisely dated each shell sample using river water temperatures 
and oxygen isotope ratios recorded while the mussels were alive. We then compared the nitrogen 
isotope ratio in shell organic material to that of the river particulates that the mussels assimilated. After 
accounting for the time it takes for food to assimilate into tissues, we found that mussel shells record 
seasonal changes in particulate nitrogen isotope composition. With these mussel shell nitrogen isotope 
records, we can see when and where excess nitrogen from farms or cities has entered freshwater bodies 
without having to continuously monitor water chemistry. Using abundant historical and archeological 
shell collections in museums, it should be possible to reconstruct nutrient cycling and human impacts on 
waterways in the past.
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surrounding landscape. Nitrogen and carbon isotope ratios of SPOM, nitrate, and ammonium are therefore 
known as “baseline” ecosystem isotope ratios (Cabana & Rasmussen, 1996; Vuorio et al., 2007).

At the seasonal scale, variation in baseline ecosystem δ15N is typically caused by processes such as primary 
productivity and soil erosion caused by springtime runoff (Kendall et al., 2001). However, across different 
land use types and when land use changes over time, SPOM δ15N values can indicate significant changes in 
the relative input of nitrogen from animal waste (from factory farms or cities) as opposed to natural sources 
or man-made nitrate fertilizers (Kendall, 1998). For example, Peipoch et al. (2012) performed a meta-analy-
sis on δ15N values of base nutrients in rivers around the world and found that agricultural and urban areas 
had significantly higher δ15N values than forested areas. Such changes can be difficult to detect directly 
at the local scale, however, because many nutrient loading studies rely on point measurements taken se-
quentially over the study period (Chang et al., 2002; Mayer et al., 2002; Panno et al., 2006). Such studies are 
significantly constrained by time and cost, making it hard to gather enough samples to form a representative 
picture of baseline conditions, especially through the seasonal cycle.

The soft tissue of freshwater mussels has been used to determine baseline δ15N and δ13C values in aquatic 
food web studies because: (1) organic matter in freshwater mussel shells and soft tissue reflects dietary car-
bon and nitrogen isotope values (Delong & Thorp, 2009; Gillikin et al., 2017), and (2) freshwater mussels 
are largely sessile filter feeders, meaning that their tissues reflect a weighted time average of SPOM—their 
food—of where they live (Arapov et al., 2010; Atkinson et al., 2014; Bucci et al., 2011; Vuorio et al., 2007). 
For example, Atkinson et al. (2014) used δ15N values of mussel tissue to determine the fraction of agricul-
tural land contributing to the rivers and streams in which the mussels lived. However, using soft tissue to 
produce a record of nitrogen and carbon isotope ratio changes in a river system is difficult because soft 
tissues are constantly replaced as the animal grows and only reflect the very recent past (1 year or less; 
Fukumori et al., 2008; Gustafson et al., 2007). As such, using mussel tissue for a baseline ecosystem stable 
isotope study would both require mussels to be collected at different times of year and limits the scope of 
such studies to the modern day moving forward.

The accretionary nature of mussel shell growth, however, gives us an opportunity to build a detailed stable 
isotope history of a river or lake with a single sample collection. The carbon, nitrogen, and oxygen stable 
isotope composition of aragonite shells respond to changes in food, water chemistry, temperature, stream-
flow, turbidity, growth rate, size, age, and reproduction (Dettman et al., 1999; Goodwin et al., 2003; Kelemen 
et al., 2017; Lorrain et al., 2002; Sampei et al., 2005; Thorp et al., 1998; Versteegh et al., 2009). Therefore, the 
geochemical record stored in these accretionary shells reflects annual to sub-annual changes in the environ-
mental conditions that the bivalve experiences over the course of its life.

Freshwater mussel shells have three primary layers: (1) the periostracum, an outer organic protective layer 
made of conchiolin, (2) the prismatic layer, a thin layer of crystalline aragonite with traces of organic matter, 
around the outside of the shell underneath the periostracum, and (3) the nacre, a composite of microcrys-
talline aragonite and conchiolin that forms the mother of pearl interior of the shell (Rhoads & Lutz, 1980). 
Organic tissue deposition is part of shell construction by the animal, thereby incorporating proteins into 
mollusk shells as they grow (Bevelander & Nakahara, 1969; Checa, 2000; Nakahara, 1991). Because of this, 
shell organic matter should record changes in the δ15N value of riverine environmental nitrogen and, im-
portantly, allow us to build a detailed history of dietary δ15N values derived from SPOM using a time-series 
stored in shell material. Because mollusk shells are dense and resistant to weathering, they are able to store 
these geochemical records across a spectrum of time scales, from modern (Gillikin et al., 2017; Whitney 
et al., 2019), to historical (Black et al., 2017; Gillikin et al., 2017) to archeological (Andrus, 2011; Darrow 
et al., 2017; Hallmann et al., 2013; Oczkowski et al., 2016), to Quaternary (Engel et al., 1994; Estrella-Mar-
tinez et al., 2019; Goodfriend, 1988; Goodfriend & Ellis, 2000). This history can be extracted after the fact, 
without extensive long-term monitoring, and it can cover decades with seasonal to weekly resolution.

Previous work looking at changes in baseline ecosystem δ15N using shells has primarily employed car-
bonate-bound organic matter (CBOM) to document changes over historical or spatial scales (Black 
et  al.,  2017; Gillikin et  al.,  2017). A few studies, however, have examined both periostracum, the outer 
organic layer in mollusk shells, and CBOM within shells. Delong and Thorp (2009) showed strong linear 
relationships in carbon and nitrogen isotope ratios between mussel tissue and newly formed periostracum 
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in freshwater mollusks. In addition, Whitney et al.  (2019), showed a strong linear relationship between 
δ15N values of contemporaneously formed CBOM and periostracum in marine bivalves. While it is pos-
sible to measure δ15NCBOM values at relatively high resolution (see Gillikin et al., 2017; Lueders-Dumont 
et al., 2018), the low percentage of organic matter–∼2% organics and 0.2% nitrogen by mass (our calcula-
tions; Carmichael, 2004; Carmichael et al., 2008; Goulletquer & Wolowicz, 1989)—often makes it difficult to 
precisely measure δ15NCBOM values without very large sample sizes (∼25 mg shell carbonate per δ15N meas-
urement) or newly developed techniques to increase instrument sensitivity (Das et al., 2020). Modern shells 
with intact periostracum may be a better target material for high resolution (seasonal to weekly) records 
of change in ecosystem δ15N and δ13C because (1) it is made of protein, thus reducing the required sample 
sizes, (2) it is easy to acidify periostracum samples to remove all shell carbonate in order to measure shell 
organic δ13C over the lifetime of the mollusk, and (3) it is made of largely the same material (conchiolin) as 
CBOM, deposited concurrently with CBOM, and as we will demonstrate below, records δ15N values strongly 
related to CBOM values (Checa, 2000; Graniero et al., 2016; Whitney et al., 2019).

This study examines how organic matter in mussel shells (periostracum or CBOM) can be used to recon-
struct seasonal patterns in riverine SPOM δ15N and δ13C values. To do this, we present a time series of oxy-
gen, carbon, and nitrogen isotope ratios of shell carbonate and periostracum from three, naturally abundant 
species Threeridge, (Amblema plicata), Ebonyshell (Reginaia ebenus), and Pimpleback (Cyclonaias pustulo-
sa) and compare these to a concurrent timeline of measured riverine conditions. Previous work has focused 
on marine bivalves rather than freshwater mussels, making this the first high resolution study of δ15N and 
δ13C in freshwater mussel shell organic material to date.

2. Materials and Methods
2.1. Study Site and Riverine Data Collection

The study site is a 5 km stretch of the Tennessee River near Paducah, KY, downstream of the Kentucky 
Dam, and before the confluence of the Tennessee and Ohio Rivers (Figure 1). This region has a humid 
subtropical climate with an average temperature of 14.4°C and a mean annual precipitation of 1,249 mm 
(Arguez et al., 2010). This stretch of the Tennessee River is approximately 275 m across, up to 7 m deep, and 
has an annual discharge of 40,000 m3/s.

Water temperature as well as samples of water and SPOM for isotopic analysis were recorded and collected 
at USGS NASQAN site 03609750. Water samples and temperature data were collected using protocols de-
scribed by Edwards and Glysson (1999): samples were collected with pre-cleaned TeflonTM sampling equip-
ment using depth- and width-integrated sampling techniques (Kelly et  al.,  2001) to generate composite 
samples representative of the entire stream cross-section. Within 1–3 h after collection, 1 L of water was 
pumped from the carboys through pre-combusted glass fiber filters with a nominal porosity of 0.7 μm.

To sample SPOM, the filters were wrapped in aluminum foil, put in plastic bags, frozen, and sent to the 
USGS Menlo Park Stable Isotope Laboratory for analysis. The filters were thawed and scraped with a spatula 
while wet, which removed the organic matter along with a thin layer of the glass fiber filter material. The 
scraped samples were then freeze-dried, ground to a fine powder with mortar and pestle, and stored dry in 
glass vials until analysis (Kendall et al., 2001).

2.2. Mussel Shell Sampling

A total of 28 Unionid mussels of three species were collected live in June 2011 at Tennessee River mile 8.45 
by Lewis Environmental Consulting, LLC as part of a permitted mussel survey (Figure 1). Three species 
were used in this study: Threeridge (A. plicata), Ebonyshell (R. ebenus), and Pimpleback (C. pustulosa).

Among the 10 individuals used in this study, different sized shells were selected to sample both old and 
young shells at the time of collection (Table 1). These shells were first cleaned of external dirt and algae 
using deionized water and a toothbrush. One valve from each individual was then sectioned from the umbo 
to the ventral margin using a Buehler IsoMetTM Low Speed saw with a diamond wafering blade. Thick sec-
tions (∼1 mm thick) of each shell cross section were mounted onto a glass slide and polished. This section 
was used to drill small samples of shell aragonite (CaCO3) for the δ18O and δ13C analyses used to produce a 
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chronology for shell growth (Figure 2). Half of the sectioned mussel valve was used for periostracum and 
CBOM sampling.

A combination of coarse sampling and micromilling was used to collect aragonite samples for inorganic 
δ18O and δ13C analysis. Coarse sampling used a 300 μm diameter dental burr under a binocular microscope. 
Micromilling was performed along observed growth lines using a GeoMill 326 system at spatial resolutions 
varying from 40  to 200 μm. This combination of high and low spatial resolution sampling allowed us to 
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Figure 1. The study site is downstream of the Kentucky Dam (purple star) and upstream of the confluence of the Tennessee and Ohio Rivers in Paducah, KY 
(see black star in top/right inset for study site location relative to major US rivers). Water temperature, δ18O, and SPOM δ13C and δ15N were collected/measured 
from the bridge at State Highway 60 (yellow star; USGS NASQAN station 03609750). The mussels were collected live from a loading dock at river mile 8.45 (red 
star). SPOM, suspended particulate organic matter.

Species Sample name Shell lengtha (mm)
Age (years) = number of growth 

increments
Year 
born

Amblema plicata Ampl1 100 18 1994

Ampl3 94 9 2003

Ampl6 81 12 2000

Ampl7 97 19 1993

Reginaia ebenus Fueb7 61 6 2006

Fueb10 91 12 2000

Fueb11 (aka Tenn2) 94 15 1997

Cyclonaias pustulosa Qupu4 65 11 2001

Qupu7 56 11 2001

Qupu8 71 14b 1995
aShell length was measured from umbo to edge along maximum growth axis. bLast visible growth was in 2008 (14 years).

Table 1 
Shells Sectioned/Analyzed
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capture seasonal variability during periods of slower growth during the fall 
and spring, adjacent to the dark/opaque winter growth line which signals a 
growth cessation in each year, as well as periods of faster growth during the 
summer. The target mass for aragonite samples was ∼60 μg (Figure 2).

Periostracum was collected manually using small wood-carving knives. 
These samples were divided into two portions, each weighing ∼0.7 mg be-
cause δ13C and δ15N measurements each required different sample prepara-
tion procedures (see Figure 3). As described in Section 2.3, nitrogen isotope 
ratios were measured in the untreated portion because carbonate does not 
interfere with the δ15N measurement, while the second portion was acidified 
with ∼6% sulfurous acid to remove inorganic carbon prior to δ13C analysis. 
Two drops of H2SO3 solution were added to the sample in a silver capsule, 
followed by drying in a 50°C oven. This was performed three times to ensure 
complete removal of calcium carbonate based on visible lack of efferves-
cence on the third addition of acid. Sulfurous acid was used because acidifi-
cation can be done in the combustion capsule to prevent loss of fine organic 
particulates (Fernandes & Krull, 2008). Powdered shell material for CBOM 
analysis was collected using a 1 mm diameter carbide dental drill under a 
binocular microscope.

2.3. Periostracum Acid Test

We tested potential effects of acid pretreatment on δ15N values of peri-
ostracum samples (following Brodie et al., 2011 and Carmichael et al., 2008). 
Homogenized periostracum material from multiple shells was separated into 
twelve ∼0.7 mg samples. Six of the 12 were pretreated with sulfurous acid 

prior to analysis and the remaining six were analyzed with no pretreatment. Acidifying periostracum prior 
to analysis clearly alters the δ15Nperiostracum measurement (Figure 3)—likely due to volatilization of N-bear-
ing compounds (see Das et al., 2020)—but without acidification, δ13C values are scattered due to variable 
amounts of contamination by aragonite. In this study, we therefore analyzed all periostracum samples twice: 
once with acid pretreatment to obtain a δ13C value and once without pretreatment to obtain a δ15N value.

2.4. Stable Isotope Analysis

δ18O of water samples was measured using a dual-inlet isotope ratio mass 
spectrometer (DuPont 21–491) at the USGS Reston Stable Isotope Labo-
ratory in Reston, Virginia. Water samples were loaded into glass sample 
containers on a vacuum manifold and equilibrated with gaseous CO2 at 
25°C. An aliquot of CO2 was extracted sequentially from each sample 
container, separated from water vapor by means of a dry ice trap, and in-
troduced into the mass spectrometer. Precision (2σ) is better than ±0.2‰ 
(Révész et al., 2008).

δ18O and δ13C of carbonates were measured using an automated car-
bonate preparation device (KIEL-III) coupled to a gas-ratio mass spec-
trometer (Finnigan MAT 252) at the University of Arizona. Powdered 
samples were reacted with dehydrated phosphoric acid under vacuum at 
70°C. The isotope ratio measurement is calibrated using repeated meas-
urements of NBS-19 (δ18O = −2.20‰ VPDB; δ13C = +1.95‰ VPDB) and 
NBS-18 (δ18O = −23.20‰ VPDB; δ13C = −5.01‰ VPDB) and precision 
is ± 0.10‰ for δ18O and ±0.08‰ for δ13C (1σ) based on repeated daily 
measurements of NBS-19.
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Figure 2. Sectioned Threeridge (A. plicata) shell Ampl3 on a glass 
slide. (a) Coarse sampling is shown by the drill holes in the early years 
of growth. The yellow reference line around the exterior of the shell (a 
.svg polyline) was used to measure distance from umbo. Micromilled 
sections are indicated by the blue boxes. Winter growth lines are in red 
(see Section 2.5 in text and supporting information S1 for descriptions). 
Periostracum samples taken on the exterior of the shell are related 
to the chronology established on the inside of the shell (aragonite) 
using the offset distances indicated by jogs in the winter lines. (b) The 
outer edge of the shell in greater detail, showing the shell's nacreous, 
prismatic, and periostracum layers.

Figure 3. A single homogenized periostracum sample, measured with and 
without acid pretreatment: Untreated periostracum samples (blue) show 
little change in δ15N while varying amounts of included aragonite leads to 
a range in δ13C values (average aragonite δ13C = −10‰). Sulfurous acid 
treatment (orange) removes all aragonite but affects N-bearing compounds 
and alters the resulting δ15N measurement.
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About 80% of the POM samples were analyzed for δ15N, δ13C, and C:N at the USGS on a Carlo Erba 1500 
elemental analyzer attached to a Micromass Optima mass spectrometer, in computer-controlled runs of 
50–100 analyses each. Analytical precision (1σ) for standards was ±0.15 for both δ15N and δ13C, but preci-
sion of repeated SPOM analyses was ±0.56‰ for δ15N, ±0.37‰ for δ13C, and ±0.62% for C:N (n = 273; see 
Kendall et al., 2001).

δ15N and δ13C, as well as carbon and nitrogen content, of shell organics and the remaining SPOM sam-
ples were measured on a continuous-flow gas-ratio mass spectrometer (Finnigan Delta PlusXL) at the 
University of Arizona. Samples were combusted using an elemental analyzer (Costech) coupled to the 
mass spectrometer. Standardization of elemental concentrations was based on acetanilide. δ13C stand-
ardization was based on IAEA-CH-7 and USGS-24 (−32.151‰  ±  0.050 and −16.05‰  ±  0.07 VPDB, 
respectively). δ15N standardization was based on IAEA-N-1 and IAEA-N-2 for δ15N (0.4‰  ±  0.2 and 
20.3‰ ± 0.2 AIR, respectively). Precision is better than ± 0.08 for δ13C and ± 0.2 for δ15N (1σ), based 
on repeated internal standards. CBOM samples, containing trace amounts of organic matter in arago-
nite, were combusted in the Elemental Analyzer connected to a chemical CO2 trap to remove the large 
amount of CO2 generated. Blank tins were run between each sample to ensure complete combustion of 
the previous sample.

All data are reported relative to the following international standards. Carbon isotope ratios are relative 
to Vienna Pee Dee Belemnite (VPDB). Nitrogen isotope ratios are relative to atmospheric nitrogen (AIR). 
Oxygen isotope ratios are relative to VPDB when measured material is shell carbonate, and Vienna Stand-
ard Mean Ocean Water (VSMOW) when referring to water. No correction was applied to the shell δ18O 
data based on a proposed phosphoric acid fractionation difference between calcite standards and aragonite 
samples (Kim et al., 2007; see Fullenbach et al., 2015 for a discussion of this issue) because we use the frac-
tionation relationship of Dettman et al. (1999), which did not apply a correction.

2.5. Determining the Chronology of Shell Growth

A chronology of shell growth is required for an accurate comparison of shell chemistry to river water sam-
ples. Because counting of visible growth bands in unionid mussels often results in inaccurate animal ages 
(Veinott & Cornett, 1996), we use oxygen isotope ratios in shell aragonite as markers of the changing season-
al cycle in river temperature. δ18Oaragonite responds strongly to seasonal temperature change and becomes an 
annual marker in shell growth when ambient water δ18O values change only a small amount. This approach 
enables more accurate estimates of animal age and growth (Goodwin et al., 2019; Jones & Quitmyer, 1996; 
Veinott & Cornett,  1996). To assign calendar dates to shell growth using measured δ18Oaragonite, we first 
created a time series of predicted δ18Oaragonite values using measured water temperature and δ18O values. 
In order to quantify riverine conditions for each day between NASQAN water sampling dates, we used a 
cubic spline fit (time step = 1 day). With these interpolated riverine temperatures and δ18Owater values, we 
calculated predicted δ18Oaragonite values using the freshwater mussel oxygen isotope fractionation equation 
from Dettman et al. (1999):

     6 21000 ln 2.559 10 T 0.715 

where T is in degrees Kelvin and α is the fractionation between water and aragonite described by:
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The conversion of δ18Oaragonite values from a VPDB reference to VSMOW, and the reverse, uses this relation-
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To directly compare these predicted δ18Oaragonite values with measured 
values through time, we then projected each aragonite sample's position 
onto a reference curve following the exterior of the shell in cross section 
(Figure 2; see Figure S3 for details). Aragonite samples (including CBOM 
samples) were projected to the reference curve simply by following vis-
ible growth lines. The comparison of measured δ18Oaragonite values with 
predicted values of known dates (based on the interpolated cubic spline 
fit) yields a calendar date for each point along the reference curve. See 
below, Results Section 3.2, for the comparison.

In order to project periostracum samples to the reference curve, we had 
to account for the physical offset between periostracum and contempo-
rary aragonite because periostracum extends beyond the edge of arag-
onite deposition during growth (Figure  2). To do this, the locations of 
winter lines visible in the shell carbonate were matched with a visible 
break in periostracum on the exterior of the shell that indicates the ces-
sation of growth during winter. These breaks are not always present but 
are relatively frequent. We then used this offset to correlate periostracum 
samples with the points on the reference curve that match contempora-
neous shell carbonate and CBOM (Figures 2 and 4). Due to sample size 

requirements, periostracum samples represent longer periods of time than aragonite samples. As such, each 
periostracum sample is characterized by the range of dates over which it grew rather than a single date, as 
with the finer-scale aragonite measurements.

3. Results
3.1. Instrumental and Isotopic Data

3.1.1. Riverine Data

Between 1997 and 2011, water temperatures varied between 3.2°C and 31.4°C, average 16.5°C, at the study 
site. The average growing season water temperature was 22.5°C. Following Dettman et al. (1999), we define 
the growing season as the period of the year when water temperatures are greater than 12°C. Measured river 
water δ18O values varied between −7.2‰ (VSMOW) and −3.1‰ with an average growing season value of 
−5.1‰ (Figure S1). Water δ18O values in this reach of the Tennessee River change slowly, probably due to 
the mixing effects of the dam immediately upstream of the shell collection location. The combination of the 
regular seasonal cycle in water temperature and the relatively smooth δ18Owater cycle produces a relatively 
simple cycle in predicted δ18Oaragonite values.

The SPOM record extends from 1996 to 2006. The minimum, maximum, and average growing season 
δ15NSPOM values were 0.9‰ (ATM), 11.4‰, and 5.9‰, respectively (Figure 5). The minimum, maximum, 
and average growing season δ13CSPOM values were −31.0‰ (VPDB), −24.9‰, and −28.2‰, respectively. 
Although these data exhibit significant scatter, δ15NSPOM increases while δ13CSPOM decreases over the course 
of each annual growing season.

3.1.2. Shell Data

All organic δ15Nperiostracum and δ13Cperiostracum data are presented in Figure  5. Organic matter produced 
by the mollusks ranged from −30.5‰ to −25.6‰ in δ13C with a mean value of −28.5‰ (VPDB), and 
from 4.6 to 13.8‰ in δ15N with a mean value of 8.9‰ (AIR) Periostracum data undergoes large with-
in-year changes in carbon and nitrogen isotope ratios. Similarly, CBOM shows significant changes in 
δ15N through time and tends to track the periostracum values both within and across years (Figure 6). 
We find no statistically significant changes in periostracum δ15N and δ13C through ontogeny across the 
sampled population, but we do find small differences in mean periostracum δ15N and δ13C values across 
the three species. Mean δ15N values of Threeridge, Ebonyshell, and Pimpleback periostracum samples 
are 9.7‰, 8.1‰, and 8.8‰, respectively and mean δ13C are −28.3‰, −28.8‰, and −28.4‰, respectively 
(Figure S5).
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Figure 4. CBOM sampling of Ampl3. CBOM samples were taken to 
replicate periostracum samples with a spatial offset due to the extension 
of periostracum beyond shell aragonite during shell growth. To highlight 
this offset, the sampling locations of the tenth CBOM and periostracum 
samples are shown. The diameter of the coin is 18 mm (0.7 inches). 
CBOM, carbonate-bound organic matter.
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Minimum and maximum δ18Oaragonite values were −7.3‰ and −1.9‰ (VPDB). Carbon isotope ratios in 
shell aragonite ranged from −14.9 to −5.8‰ (VPDB). Growth patterns in shells lead to U-shaped oxy-
gen isotope curves, where fast growth in the summers (when higher temperatures lead to lower values 
in aragonite) generates clear minimum δ18O values. Cooler temperatures combined with slow growth 
or stoppage, leads to narrow peaks in the δ18O trace associated with late fall and winter (e.g., Dettman 
et al., 1999; Goodwin et al., 2019; Jones & Quitmyer, 1996; Versteegh et al., 2010). These cycles track var-
iation in the predicted δ18Oaragonite curves calculated in Section 2.5 and can be counted to determine each 
animal's years of growth. In addition, the sequential time-series of summer minimum δ18O values can 
be used to determine a unique chronology, matching year to year for each individual in this set of shells 
(Figures 7 and 8).

3.2. Shell Growth Chronology

3.2.1. Calendar Year Assignments to Growth Increments

Assignments of annual increments to calendar years were confirmed by 
correlating the pattern of higher and lower midsummer values seen in 
both the predicted and measured δ18Oaragonite records (Figure 8). Because 
shell growth is faster in summer than during the rest of the year, summer 
δ18Oaragonite values are the easiest landmark to sample in the shell's an-
nual cycle, even if an annual growth increment is very small (Goodwin 
et al., 2003, 2019; Versteegh et al., 2010; Vihtakari et al., 2016). Predicted 
minimum δ18Oaragonite values change through successive summers, and 
the pattern of higher or lower minimum values predicted and observed 
in this set of shells can be used to match shell growth with specific years 
(Figure  8). For example, unusually low δ18O values were predicted for 
the mid-summer shell in 2005 and 2010, whereas higher values were pre-
dicted for 2006–2009. Counting backwards from the time of collection in 
June 2011 (i.e., animal time of death) results in an expected pattern of 
lower δ18O values in 2010, 4 years of more positive midsummer minima 
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Figure 5. All SPOM and periostracum δ15N and δ13C plotted through time. Periostracum samples are plotted as 
colored circles (Threeridges, Ebonyshells, and Pimplebacks are plotted in blue, red, and yellow, respectively). Two-
month averages of periostracum isotope ratios are shown by the purple line. Black points represent individual SPOM 
measurements, black lines (both continuous and dotted) represent monthly average SPOM, and the gray boundaries 
around the SPOM measurements represent the range in measured SPOM values. Light gray vertical bars in the 
background represent “dormant” periods, in which water temperature was less than 12°C (Dettman et al., 1999). 
SPOM, suspended particulate organic matter.

Figure 6. CBOM deposited contemporaneously with periostracum 
samples was collected from shell Ampl3. Nitrogen isotope values from 
corresponding CBOM and periostracum samples closely follow a 1:1 line 
(δ15NCBOM = 1.2*δ15NPeriostracum–0.7, R2 = 0.85). Significant differences 
between δ15N values of CBOM and periostracum are likely due to slight 
differences in temporal matching of samples or slight differences in the 
amino acid composition of periostracum and CBOM (Whitney et al., 2019). 
CBOM, carbonate-bound organic matter.
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Figure 7. Assigning individual shell aragonite δ18O measurements to calendar dates for specimen Ampl3. Individual 
δ18O measurements are shown as blue dots. Predicted shell aragonite δ18O values are shown in gray. “Winter peaks” 
indicate a cessation of growth due to cooling temperatures. Most shell growth occurs in the first few years of animal 
life.

Figure 8. Full shell aragonite δ18O and δ13C chronology. Both carbon and oxygen isotope ratios of the shell also show 
an annual cycle although carbon isotope ratio patterns are less regular. Predicted shell aragonite δ18O values are shown 
in black and gray, Threeridge, Ebonyshell, and Pimpleback aragonite δ18O and δ13C curves are shown in blue, red, and 
yellow, respectively. Comparing the unique sequence of predicted summer minimum δ18O values to measured values 
allows us to confidently assign specific calendar years to individual growth bands in the shells.
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followed by more higher values again in 2005. This can be seen clearly in the last six years of growth of 
shells Ampl3, Ampl6, Qupu4, and Qupu7 (Figures 7 and 8).

3.2.2. Within-Year Date Assignments to Shell Aragonite Samples

To assign each aragonite sample to an approximate calendar date, we took the first and last δ18O measure-
ments from each annual increment and fit them to the corresponding year's predicted δ18Oaragonite curve 
described in Section 2.5. From there, we fit the overall δ18O U shape to the predicted daily cubic spline, 
lining up the minimum measured shell δ18O values in time with the minimum values in the predicted spline 
curve. We then refined our estimates of intraannual growth rates for each growth increment of each shell 
using a method based on those of Versteegh et al. (2010) and Goodwin et al. (2019): For each calendar year, 
we lined up obvious subannual peaks and troughs in shell carbonate δ18O and δ13C, which we inferred to 
reflect short term fluctuations in river δ18Owater and δ13CDIC. We then cross-checked the resulting subannual 
growth rates, derived from the reference curve's distance to the umbo, to be sure that they followed simple 
expected patterns of shell growth (i.e., the mussels grew faster when water temperatures were between 
∼20°C and 30°C and when they had access to more food derived from summer productivity). The full chro-
nology, annual and sub-annual, of shell aragonite δ18O and δ13C values are presented in Figure 8.

With the resulting age model, every location on the reference curve along the outer edge of each shell (see 
Section 2.5) can be assigned a date during which that section of the shell grew. We estimate that this age 
model is accurate to within a few weeks, based on uncertainty in the prediction of δ18Oaragonite (e.g., Good-
win et al., 2019). Because shell organic samples are also projected onto the reference curve (or growth axis 
line) used in creating the age model, we can use the relationship between shell growth and calendar date to 
assign beginning and end dates to each shell organic sample.

4. Discussion
4.1. Slow or No Growth in Old Mussels

The δ18Oaragonite chronology yields information about the timing of shell growth in each year. As expected, 
young animals begin growth earlier in the year and grow for a longer period of time compared to mature 
animals (see Figure S4). Growth in some shells is even more restricted; they have extremely slow growth or 
no growth at all in the final years leading up to the collection date. This is a surprising result, as the animals 
were collected live. However, the pattern of δ18O values in such shells matches earlier intervals in the pre-
dicted isotope record. The three shells (Ampl1, Fueb11, and Qupu8) that fail to match the final years lead-
ing up to the 2011 collection were old, growing very slowly, and perhaps failed to add annual increments 
each year. For example, after 2005, shell Qupu8 deposited only three growth increments which were each 
∼300 μm wide, meaning that our sampling techniques were insufficient to measure their isotope ratios with 
fine enough time resolution for this study.

4.2. Comparing SPOM and Shell Organics Isotope Ratios

4.2.1. Seasonal Fluctuations in SPOM Isotope Values

Comparing the overall seasonal patterns for SPOM across multiple years, we can see that most years exhibit 
a saw-tooth pattern in which δ15N values start lower, gradually increase, and sharply decrease late in the 
year. The δ13C values start higher, gradually decrease, and sharply increase again at the end of the growing 
season due to seasonal changes in the primary sources of SPOM (Figure 5; Kendall et al., 2001). Kendall 
et al. (2001) observed this pattern throughout the Ohio River Basin and used δ15N, δ13C, and C:N ratios to 
show that this sawtooth pattern occurs because the primary source of SPOM fluctuates seasonally between 
soil organic matter and aquatic plants. In the late fall, winter, and early spring, the primary source of SPOM 
appears to be soil organic matter, which has an average δ13C value of −27‰, a δ15N value of 2–5‰, and 
an atomic C:N ratio of 8–15 (see Kendall et al., 2001 for a review). Over the course of the growing season, 
macrophytes (vascular aquatic plants) and plankton (both algae and heterotrophic aquatic microorgan-
isms) increase in abundance until they supersede soil organics as the primary source of SPOM in the late 
summer and early fall. It is difficult to distinguish macrophytes from soil as a source of SPOM, but algae 
have a δ13C value of ∼ −30‰, highly variable δ15N values, and atomic C:N ratios between 5 and 8. During 
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the fall, these aquatic organisms die off and soil once again becomes the 
dominant source of SPOM (Kendall et al., 2001).

This pattern is most apparent in the years for which we have the most 
isotope data. The temporal sampling distribution of the USGS samples is 
variable and some years are not well represented. It is also apparent that 
there is a large amount of variability in the SPOM isotope data and the 
combination of infrequent sampling with short-term variability means 
that we cannot directly relate SPOM data to shell organic matter for many 
of the years represented in this study. We will therefore restrict our dis-
cussion of the relationship between SPOM and shell organics to the years 
1997, 1999, and 2000, when samples were taken at least once every other 
month over the course of the growing season. Figure 9 shows the typi-
cal seasonal pattern in SPOM δ13C and δ15N for this site. In Figure 5, we 
can see that the mussel shells record seasonal and longer-term variability 
more reliably than the infrequent point measurements taken in the later 
years of the SPOM data set. The susceptibility of point measurements to 
be biased by short-term variability underscores the utility of environmen-
tal proxies, like shells, that integrate environmental signals over time to 
show longer term trends.

4.2.2. Comparing SPOM and Periostracum Isotope Ratios

Within the years in which we have good temporal resolution for SPOM 
isotope data, we see that mussels exhibit the same overall saw-tooth sea-
sonal patterns of δ15N and δ13C as SPOM (Figure 5). Although there is not 
perfect overlap, the direction of overall seasonal change, and consistent 
time-averaged offsets in δ15N and δ13C are highly similar between SPOM 
and periostracum. For example, during the warmer months, δ13C values 
of SPOM and periostracum both start at ∼−27.5‰ and decrease over the 
growing season to ∼−29.5‰. Meanwhile, δ15N values of SPOM increase 
from ∼4‰ to 10‰ and periostracum δ15N values increase from 8 to 11‰, 
indicating that mussels feed approximately one trophic level (∼2‰–4‰) 
above SPOM (Post,  2002). From this, we can infer that changes in the 
isotopic composition of mussel organic tissues track the isotopic compo-
sition of their food.

However, freshwater mussels do not incorporate food carbon and nitrogen into their shells instantane-
ously. Whereas it is well accepted that bivalves rapidly incorporate environmental carbon (from DIC) and 
metabolic carbon (from food) into their inorganic shell aragonite (Lorrain et al., 2004; McConnaughey & 
Gillikin, 2008; Poulain et al., 2010), the shell's organic component may not. We hypothesize that when a 
mussel deposits organic matter in its shell, the isotopic composition of that organic matter reflects that of 
the mussel's mantle, the organ from which shell material is derived (Checa, 2000). If there is a change in 
the δ13C and δ15N values of SPOM taken in as food, mussel tissue will gradually equilibrate to these new 
values as SPOM is consumed and old mantle tissue is replaced. The rate at which different tissue types 
equilibrate with metabolized food SPOM is called the tissue turnover time. Previous studies have shown 
that different freshwater mussel soft tissues have different tissue turnover times (Fukumori et al., 2008; 
Gustafson et al., 2007; Hawkins, 1985; Raikow & Hamilton, 2001; Riera & Richard, 1997). Our timeline of 
SPOM and mussel shell organic isotope values suggests that, after accounting for the ∼3.4‰ trophic level 
increase for δ15N SPOM to conchiolin (Minagawa & Wada, 1984), there is an apparent lag of several months 
between SPOM and conchiolin values due to time averaging as soft tissues are turned over. The time-aver-
aging “lag” effect is more apparent in the nitrogen data set because δ15N of SPOM undergoes a 5‰–10‰ 
change seasonally (only ∼5‰ during the warmer months) while δ13C of SPOM and periostracum only 
change by 2‰–3‰ seasonally and exhibit much more scatter over time. We expect that periostracum fails 
to reflect the full magnitude of measured SPOM isotopic variability because (1) mussels average organic 
isotope signals over time, which dampens some of this variability in the shell record and (2) the mussels are 
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Figure 9. “Typical” seasonal variability in periostracum and SPOM 
stable isotope ratios. Periostracum and SPOM data from 1997, 1999, and 
2000 in grayscale to show the overall pattern of seasonal of δ15N and δ13C. 
Reconstructed SPOM based on all periostracum isotope data is shown in 
teal. The reconstructed SPOM values are plotted with a 90-days shift later 
in the year to reflect the apparent time lag in mussel shell organic matter 
due to tissue turnover. The reconstructed δ15NSPOM values incorporate 
a decrease of 3.4‰ due to trophic level fractionation between mussel 
organics and SPOM (Minagawa & Wada, 1984). Nonmetabolically active 
periods (when water temperatures were generally below 12°C (Dettman 
et al., 1999) and marked in the shells by winter lines) are shown as gray in 
the background. Because mussels are thought to be largely dormant during 
the winter months, “reconstructed” SPOM during the late winter months 
likely represents a mix of SPOM from late fall and early spring, as shown 
by the arrows and transparent teal box. SPOM, suspended particulate 
organic matter.
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only metabolically active during the warm part of the year, meaning that they are not able to record some 
extreme SPOM isotope values observed in the winter and summer (Figures 5 and 10). It should be noted that 
this effect is not observed in other high-resolution bivalve shell δ15N studies such as Gillikin et al., (2017), 
who propose rapid incorporation of food-derived nitrogen into shell organic matter. Further research into 
the precise mechanisms by which bivalves incorporate food nitrogen into their shells would help explain 
why an apparent “lag” between δ15NSPOM and δ15Nshell values might be observed.

4.2.3. Reconstructed SPOM Record

To generate a “typical” growing season δ15N and δ13C SPOM record for this station on the Tennessee River, 
we sort all of our periostracum data together by the day of year (DOY) it was deposited and apply correc-
tions based on (1) trophic level, (2) species, and (3) tissue turnover time. (1) To correct for trophic level dif-
ferences, we subtracted 3.4‰ from measured δ15Nperiostracum values, representing one step in the food chain 
(Minagawa & Wada, 1984). Carbon isotope ratios do not always undergo any significant change with trophic 
level in filter feeders (DeNiro & Epstein, 1978; Fukumori et al., 2008; McKutchan et al., 2003) so no trophic 
correction was applied. (2) To correct for species differences, we calculate the differences between each spe-
cies average δ15N and δ13C (see Section 3.1.2 and Figure S5) from the average δ15N and δ13C of the three spe-
cies together and subtract these differences from periostracum data. For example, Threeridge periostracum 
δ15N is 0.8‰ higher than the average of all species (8.9‰) so we subtract 0.8‰ from all Threeridge peri-
ostracum δ15N values. (3) We estimate mantle tissue turnover time to be 60–90 days (Atkinson et al., 2014; 
Gustafson et al., 2007) so we shift each periostracum measurement back in time by 90 days to reflect the 
timing of dietary intake of SPOM. “Typical” seasonal SPOM is plotted as monthly averages of the resulting 
data set in Figures 9 and 10.

Figure 10 shows the full isotopic record of our reconstructed SPOM based on periostracum carbon and 
nitrogen isotope ratios. Due to the months-long tissue turnover time of the mantle, we are unable to recon-
struct short term (<1 month) variability, and we can only see broad changes in seasonal baseline δ15N and 
δ13C values. Using the stable isotope ratios of periostracum tissue automatically introduces a time-averag-
ing filter to the reconstructed record of δ13C and δ15N values of riverine SPOM: these values integrate the 
variability present in the river's SPOM over a period of 60–90 days. However, this method should allow the 
reconstruction of stable isotope ratios of riverine SPOM matter over long time periods without the need to 
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Figure 10. Full SPOM δ15N and δ13C reconstruction. Light gray vertical bars in the background represent “dormant” 
periods, in which water temperature was less than 12°C (Dettman et al., 1999). Black lines and dark gray regions 
represent monthly average and range of measured isotope ratios of SPOM, respectively. Green shapes and thick 
green lines represent the range of reconstructed SPOM and monthly averages of reconstructed SPOM isotope ratios, 
respectively based on periostracum measurements. It is likely that reconstructed “winter” SPOM represents stored 
tissue from the previous year. It is also possible that high-temporal uncertainty due to low-growth rates near the 
beginning and ends of the growing season caused error in the SPOM reconstruction at the beginning and end of each 
modeled year. SPOM, suspended particulate organic matter.
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repeatedly sample a river system, using the full record of organic matter present in the shell throughout the 
animal's life history.

4.3. Carbonate-Bound Organic Matter

Like periostracum, CBOM has been found to reflect δ15N values of both mussel tissue and environmental 
nitrogen (Gillikin et al., 2017; Graniero et al., 2016; Whitney et al., 2019). When examining ancient river 
systems based on archeological, fossil, or museum specimens, old shells are sometimes preserved intact, 
but many have been exposed to the elements and have lost their periostracum. However, if their aragonite 
is well-preserved, there may still be organic matter forming the nacreous matrix into which the aragonite 
plates were deposited. These unaltered, shell-encapsulated organic tissues could be used to trace shifts in the 
δ15N value of organics in river systems, changes that reflect historic land use changes and/or anthropogenic 
nitrogen loading. This approach has been applied in marine systems, where changes in δ15NCBOM in marine 
shells have been tied to an increase in anthropogenic nitrogen nutrients in estuaries (Black et al., 2017; 
Darrow et al., 2017; Gillikin et al., 2017).

Because both CBOM and periostracum are produced from the mantle tissues during shell formation, 
δ15NCBOM should be very similar to δ15Nperiostracum. We, therefore, sampled contemporaneously deposited 
CBOM and periostracum from Threeridge shell Ampl3 and compared the δ15N values (Figure 6). Although 
not a perfect match, the nitrogen isotope values of corresponding periostracum and CBOM have similar 
δ15N values (Figure  6, R2  =  0.85). On average, the CBOM values are ∼1.1‰ higher than those of peri-
ostracum. This difference is far smaller than the seasonal and interannual variability of δ15N (between 5‰ 
to 10‰) and it may be due either to imprecise temporal matching of the periostracum to the CBOM or to 
differences in amino acid composition between periostracum and CBOM (Whitney et al., 2019).

It therefore seems likely that CBOM can be used in lieu of periostracum to determine SPOM δ15N at inter-
annual to seasonal resolutions. This presents potential for δ15N analysis of chemically unaltered museum 
specimens (Carabel et al., 2009; Delong & Thorp, 2009; Gillikin et al, 2017; Versteegh et al., 2011) or archeo-
logical shells that lack periostracum or have periostracum that has been chemically altered due to exposure 
or preservatives (Black et al., 2017; Darrow et al., 2017). Such studies could help us better understand the 
carbon and nitrogen cycles in freshwater systems in the past when water quality data were not collected. 
The high-resolution, seasonal methods described in this study could be used to subsample the large, early 
year growth increments of ancient mussels to discern seasonal or monthly isotopic variability of SPOM 
when the mussel was alive.

Carbon isotope ratios of CBOM were not measured because of the low ratio of organic material to aragonite 
(<2%), making recovery of pure organic carbon via sample acidification difficult. Additionally, since δ15N 
and δ13C of shell organics need to be measured independently (see Section 2.3), a very large amount of 
material would be needed for each CBOM sample (∼55 mg for our instrumentation). Requiring such large 
sample sizes greatly reduces the temporal resolution that could be achieved in the resulting isotopic time 
series.

5. Conclusions
This study used multiple shells of multiple unionid mollusk species to test the reconstruction of the δ13C and 
δ15N values of riverine particulate organic matter. A chronology was constructed for shell carbonate δ18O 
and δ13C values and shell organic δ13C and δ15N values from 10 freshwater mussels of species Threeridge 
(A. plicata), Ebonyshell (R. ebenus), and Pimpleback (C. pustulosa) using measurements of shell carbonate 
δ18O and δ13C. Measured δ18O values were compared to predicted δ18O values derived from the temperature 
and oxygen isotope composition of river water collected in the same segment of river as the mussels when 
they were alive. Summer minimum δ18O values were used to correlate and confirm the annual chronology 
for each annual growth increment present in the 10 shells. Within-year aragonite δ18O and δ13C variation 
was used to assign calendar dates to shell measurements which are estimated to be accurate to within a 
few weeks. δ13C and δ15N values of periostracum from the shells were placed on this chronology using the 
observable offset between winter breaks in periostracum formation and the winter growth lines in the nacre 
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of the shells. Periostracum data were then compared with δ13C and δ15N measurements of SPOM, showing 
that freshwater mussels record seasonal changes in SPOM δ15N and δ13C values. We reconstructed “typical” 
riverine SPOM δ15N and δ13C after accounting for differences between trophic levels (SPOM to mussel or-
ganic matter), vital effects (species and ontogenetic differences in periostracum isotope ratios), and tissue 
turnover time that delays the mussel shell isotopic response to changes in river organic isotope ratios. Car-
bonate bound organic matter (CBOM) in one Threeridge shell, Ampl3, was compared to periostracum data, 
suggesting that freshwater mussels record SPOM nitrogen isotope ratios in both their periostracum and 
CBOM, with a potential ∼1‰ increase between periostracum and CBOM.

A similar strategy could be applied to museum collections of historical and ancient shells. Applications of 
this method could better constrain both baseline ecosystem δ15N and δ13C and its seasonal variability in the 
past and under different land use regimes. Moreover, because SPOM δ15N values can undergo large seasonal 
variation, we believe that any assessment of baseline δ15N must use either extensive ecosystem sampling 
or a proxy, such as freshwater mussels, that averages values over time. The use of point measurements of 
SPOM or nitrate δ15N, such as in traditional water sampling regimes, is extremely difficult and time con-
suming compared to reconstruction from shell organic matter.

Data Availability Statement
Our reported data are available in the NOAA Paleoclimatology Program database (https://www.ncdc.noaa.
gov/paleo/study/32566).
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