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Abstract Recent biological inventory data shows
severe declines in freshwater mussel abundance and
biodiversity in the Conasauga River Basin in North-
west Georgia, USA. Based on assessments of habitat
conditions, mussel populations should be sustainable.
We conducted a study of sediment and water quality
to evaluate the impact of anthropogenic contamina-
tion on mussel populations. Permeable membrane
devices (PMD), polar organic chemical integrative
samplers (POCIS™), conventional water and sedi-
ment quality analyses, and stable nitrogen isotope
ratio analyses (δ15N) of snails and sediments were
used to assess sediment and water quality at target
sites throughout the basin. Ambient concentrations of
organic contaminants in water were well below any
aquatic life criteria; concentrations of some nutrients
were detected above aquatic life criteria levels. Most
mussel species in the river are endangered or
threatened; therefore, snails were collected for δ15N
analyses. Mean δ15N values for snails collected at
forested upper watershed sites (national forest areas)
were significantly lower than δ15N values from snails

in agricultural areas. δ15N values for raw cow manure
and manure-treated soil were similar to δ15N values
for snails collected in agricultural areas. Dissolved
nitrate from water samples had elevated δ15N values
similar to the upper range of δ15N values for snails in
agricultural areas. Data, particularly stable nitrogen
isotope data, indicates that a land use change from
national forest land to agriculture alters nitrogen
sources to the basin and snails. Implications of
nutrient release on freshwater molluscan reproduc-
tion, growth, and survival are discussed.
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1 Introduction

Declines in freshwater molluscan biodiversity reflect
the overall imperilment of freshwater organisms in the
USA. Within the last 100 years, 26 species of
freshwater bivalves and 48 species of freshwater
gastropods have vanished from US waters (Interna-
tional Union for Conservation of Nature and Natural
Resources (IUCN) 2004). In the USA, the epicenter
of freshwater molluscan biodiversity is an area within
the southeastern states of Tennessee, Georgia, and
Alabama. This region contains 269 of the 297 mussel
species found in the USA. (Neves et al. 1997); over
the last century, this area has experienced significant
loss of mussel populations. Now, only 32 of 69
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unionid mussel species can be located in the
Tennessee Basin (Strayer et al. 2004), and only 18
of 51 unionid mussel species can be located in the
Coosa River, a part of the Mobile River Basin
(Burkhead et al. 1997). Significant declines in
gastropod, or snail, species have also occurred (Bogan
et al. 1995). The true extent of molluscan imperilment
is poorly documented and, most likely, underesti-
mated (Lydeard et al. 2004). In fact, assessment of the
conservation of 98% of mollusk species in the US is
incomplete (Lydeard et al. 2004).

Historical survey data is critical to assess changes
in molluscan communities (Neves et al. 1997) and can
indicate causative factors for molluscan population
declines. The Conasauga River Basin, headwaters of
the Mobile River Basin, is one of few basins with
historical documentation of molluscan species occur-
rence and distribution over the past 100 years.
Historically, the Conasauga River basin had 37
species of freshwater mussels and 14 species of snails
(Johnson and Evans 2000). Fifty-one percent (19 of
37) of mussel species and 10% of freshwater
prosobranchs, or gill breathing gastropods, are no
longer located in the river basin (Novak et al. 2004).
Recent inventory data (Johnson and Evans 2000)
found mussel populations intact within and just
outside of national forest property (above the Tennes-
see/Georgia (TN/GA) state line); however, mussel
populations outside national forest property (below
the TN/GA state line) were sparse if present at all.
Row crop and livestock operations dominate the
landscape below the TN/GA state line.

Numerous factors may negatively affect freshwater
mollusk populations such as habitat degradation,
pollution, river modification, over-harvesting, fish
host absence, predation, and invasive species (Strayer
et al. 2004). Current declines of freshwater mollusk
populations are not always attributable to one specific
causative factor. In the early 1900s, mussel population
losses resulted from major point source pollution
incidences, habitat destruction (i.e. dam and levee
building), and over-harvesting. Today, in the Cona-
sauga River basin, the greatest threat to mussel
populations appears to be chronic exposure of
mollusks to anthropogenic inputs (Strayer et al.
2004).

Recent studies have shown that low contaminant
concentrations in water can have chronic effects on

sensitive organisms (Hecnar 1995; Sullivan and
Spence 2003). Established criteria to protect aquatic
organisms, particularly freshwater mussels, may be
inadequate (Augsburger et al. 2003; Connors and
Black 2004). Collectively, historical biological inven-
tory data, habitat assessments, and mussel toxicity
data identified the need to assess the chemical
integrity of water and sediments in the Conasauga
River basin. However, the presence of organic con-
taminants in water and sediment throughout the basin
had not been assessed. Furthermore, stable nitrogen
isotope analyses of mollusks had not been used to
delineate possible sources of nitrogen inputs to the
basin. Data from prior studies, particularly recent
mussel inventory data, helped delineate specific sites
to monitor in the basin, including two tributaries. We
hypothesized that concentrations of anthropogenic
contaminants from analyses of sediment, water, and
mollusks would be greater in areas with significant
declines of historical mussel populations than areas
where mussel populations remain stable.

We pursued several objectives to test our hypoth-
esis. We analyzed water and sediment samples for
current use pesticides (CUPs), nutrients (N & P), and
polycyclic aromatic hydrocarbons (PAH). This effort
provided data to address our hypothesis and environ-
mentally-relevant concentrations of organic contami-
nants and nutrients in the basin that will be of use in
future mussel toxicity studies involving multiple
contaminant stressors. Stable nitrogen isotope ratios
were determined for sediments, dissolved nitrogen
species in water samples, and snails. Snails served as
surrogate mollusks for endangered mussels in the
basin. Field data (dissolved oxygen, conductivity, pH)
were also collected during water, sediment, and snail
samplings. Collectively, these data were used to
identify potential anthropogenic inputs to areas of
the basin where endangered mussel populations were
severely impacted.

2 Assessing Aquatic Habitats Under Multiple
Anthropogenic Chemical Stresses

Waterways and sediments therein often contain a
complex mixture of contaminants such as hydropho-
bic organic contaminants (such as polycyclic aromatic
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hydrocarbons (PAHs)), polar organic compounds (such
as current use pesticides (CUP), pharmaceuticals, and
personal care products), nutrients, andmetals. Sampling
technologies, such as permeable membrane devices
(PMD), polar organic chemical integrative samplers
(POCIS™), and isotope ratios, canprovidean integrated
assessment of mixtures of contaminants in waterways
(Petty et al. 2004). Semi-permeable membrane devices
(SPMD) were one of the first passive sampling
devices designed to ascertain aquatic organism expo-
sure to lipophillic contaminants. SPMDs consist of a
neutral lipid, triolein, contained between two low-
density polyethylene (LDPE) membranes. The SPMD
sampler essentially simulates the bioaccumulation
process of lipophillic contaminants into aquatic
organisms and accumulates hydrophobic contami-
nants with log octanol–water partition coefficient
(Log Kow) greater than or equal to three (Huckins
et al. 1993). SPMDs only measure the bioavailable
contaminant concentrations dissolved in water.
PMDs, just the LDPE strips, have been found to be
equivalent to SPMDs (Hofelt 1998; Luellen 1999).
The POCIS™ is a passive sampling device that
concentrates more hydrophilic or polar contaminants
at trace levels (Alvarez 1999). The POCIS™ sampler
has been used to monitor waterways for pesticides,
pharmaceuticals, personal care products, and hor-
mones (Alvarez 1999; Alvarez et al. 2004; Petty
et al. 2004).

Recently, research has found that aquatic organ-
isms, particularly freshwater mussels, are sensitive to
chronic exposures to anthropogenic nitrogen inputs
(Augsburger et al. 2003; Baker and Waight 1994;
Bartsch et al. 2003; Carmargo and Ward 1995;
Mummert et al. 2003; Newton et al. 2003; Pelley
2003; Rouse et al. 1999; Smith et al. 1999). Stable
nitrogen isotopes (δ15N) of organisms are useful
measurements to help delineate sources of nitrogen
inputs to aquatic environments and to study nitrogen
cycling in aquatic systems. The ratio of nitrogen
isotopes (15N:14N) in organisms reflects both the
dissolved nitrogen within an aquatic system as well
as the organism’s trophic position within an ecosys-
tem (Schmitt 2000).

Multiple studies have used filter feeding bivalves
to determine base level ecosystem δ15N values
because long-lived benthic macroinvertebrates occupy
a fixed trophic level and integrate nitrogen over their

long life spans (Cabana and Rasmussen 1996;
McKinney et al. 2000; Vander Zanden and Rasmussen
1999). δ15N for mussels show little temporal variation
relative to dissolved inorganic (DIN) nitrogen sources
(Cabana and Rasmussen 1996; Vander Zanden et al.
2005). Post et al. (2000) used δ15N signatures in
aquatic snails to determine the base, productivity level
δ15N in an aquatic ecosystem because snails reflect the
isotopic signature of detritus and periphyton. Nitrogen
isotope signatures increase with higher trophic levels by
approximately 3.4‰ (Minigawa and Wada 1984);
however, anthropogenic sources of nitrogen inputs
and in-stream nitrogen transformations will influence
the isotopic composition of base level and higher
trophic organisms (McKinney et al. 2002; Vander
Zanden et al. 2005). Elevated δ15N in dissolved
inorganic nitrogen and benthic macroinvertebrates
may reflect nitrogen inputs from sources with elevated
δ15N such as human waste or cattle manure (McKinney
et al. 2002). Elevated δ15N in DIN and biota may also
reflect nitrogen sources with significant loadings of low
δ15N inputs, such as inorganic N fertilizers, that
undergo in-stream processing such as denitrification
(Kendall 1998; Udy and Bunn 2001; Vander Zanden
et al. 2005). Anthropogenic nutrient loading can be
linked to elevated biotic δ15N, but assignment of
elevated δ15N in biota to specific nutrient loading
sources in a watershed with variable land uses is more
problematic given isotopic fractionation due to biogeo-
chemical transformations.

3 Materials and Methods

3.1 Study site

The Conasauga River basin (CRB) is at the head-
waters of the Mobile River Basin and is located in the
southeastern corner of Tennessee and northwestern
Georgia (Fig. 1). The drainage area for CRB is ap-
proximately 1,883 km2 and is divided into two
physiographic provinces, the Blue Ridge province
and the Ridge and Valley province. This division
occurs approximately along the national forest bound-
ary (Fig. 1). Land use within the basin falls into four
categories: agriculture, developed land, forested, and
“other” (barren land and reservoirs) (Freeman 1999).

Environ Monit Assess (2007) 132:275–295 277



Forests cover 1209.62 km2 of the basin, agriculture
covers 385.95 km2, developed land occupies
83.10 km2 of the basin, and “other” covers an area
of 204.86 km2 (Freeman 1999).

3.2 Study design

Figure 1 depicts the distribution of sampling sites and
monitoring activities at each site. Intensively moni-
tored sites are sites that were monitored for all
parameters described in the following sections; all

other sites were monitored for select nutrients and
isotopic signatures. Sediment and water samples were
collected on a bi-weekly basis from March 2004 to
September 2004 and during January 2005. In mid-
June and early August, daily sampling collections
were conducted twice to measure fluctuations in
nutrients or organic contaminants from two samples
collected 24 h apart. This sampling design provided
water quality data over 24 h, bi-weekly, monthly, and
seasonal intervals and sediment, PMD, and isotopic
data over monthly and seasonal intervals.

Fig. 1 Sampling site distri-
bution throughout the upper
portion of the Conasauga
River Basin. (Map for ref-
erence, not to scale) GIS
data source SAMAB (2000)
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Sampling occurred in the upper portion of the
basin where the historical mussel distribution data
was inventoried (Fig. 1; Johnson and Evans 2000;
Novak et al. 2004). Samples were collected repeated-
ly at the same sites in the national forest (Jacks 01,
Con 01, Con 02) and just outside the national forest
boundary (Con 03) where mussel populations remain
intact and down stream of the national forest (Con
04–Con 09) where mussel species have declined
significantly. Two tributaries, Mill Creek (TN) (MC
01, MC 02) and Coahulla Creek (Coahulla 01,
Coahulla 02), were also sampled. Mill Creek is a
major tributary to the upper portion of the basin and
receives primarily non-point source drainage from
Cleveland, TN. Prior research indicated that water
(Freeman 1999) and sediment samples (Nichols et al.
2003) from Mill Creek were more nutrient-rich and
toxic, respectively, than other samples collected
throughout the basin. Biological inventory data
indicated no apparent mussel populations in this
tributary (Johnson and Evans 2000). Coahulla Creek
also receives drainage from Cleveland, TN and is
located in a more urbanized portion of the basin.
Viable mussel populations have significantly declined
in range of distribution for Coahulla Creek (Johnson
and Evans 2000; Novak et al. 2004). Freeman (1999)
observed greater nutrient levels in Coahulla Creek
than the Conasauga River; thus, this site also serves as
a reference site for future changes to the Conasauaga
River if current land use practices within the Coahulla
subwatershed move eastward to the rest of the basin.

3.3 Sample collection and analyses

3.3.1 Nitrogen isotope ratios (δ15N)

Four species of snails, Elimia gerhardti, Elimia
carinifera, Pleurocera vestita, and Physella spp.,
were collected at sites in the national forest and
agricultural areas in clean, plastic bags and frozen
until preparation for stable nitrogen isotope analyses.
All species were not found at every site, nor were
snails collected at every sampling site (Table 1).
Surficial sediments were collected at every site by
compositing sediment samples in a transect across the
river; sediments were stored in clean, glass jars and
stored at 0°C prior to sample preparation for stable
nitrogen isotope analyses. Four liters of water for
nitrate and ammonia isotopic analyses were collected

at four sites by compositing water samples from a
transect across the river (Table 1).

Water samples for nutrient analyses were collected
in glass bottles by hand because the river was
accessible by wading. Nitrile gloves were worn at
all times. Bottles were first rinsed with distilled,
deionized water then rinsed three times with river
water at each site prior to the actual water sample
collection. Four subsamples were taken in a transect
across the river and composited to fill a 1 liter bottle;
during high flows events, two half river transects were
taken and composited. The collection method was
standardized across all sites due to the variable nature
of the river depth and seasonal water levels.

Water, manure, soils, sediments, and snail tissues
were all analyzed to determine their individual nitro-
gen isotope signatures. Manure and soil samples were
collected on agricultural fields adjacent to Con 05
and Con 06; and subsequently freeze–dried, ground,
and sieved with a 1 mm stainless steel sieve.
Approximately 25–30 mg of homogenized sediment,
manure, or soil was placed into separate tin capsule
for isotope analysis. Snail tissue was extracted from
the shell, freeze–dried, and ground; approximately
1 mg of snail tissue was placed into a tin capsule for
isotope analysis. Because of their abundance relative
to mussels, snails were collected for δ15N analyses.
Four snail species were initially collected, but only
two species, E. gerhardti and E. carinifera, were
found consistently throughout the basin. Thus, these
two species were used to acquire isotopic data at
mainstem and tributary sites.

Dissolved nitrate and ammonia were extracted
from water samples to determine their individual
nitrogen isotope signatures. All water samples were
sterile filtered within 48 h of collection and extracted
within seven days of collection. Plastic disposable
columns were packed with an exchange resin to
remove nitrate and ammonia from water samples. The
first resin column contained a cation exchange resin,
AG 50W-X8, Hydrogen form, 100–200 mesh (BIO-
RAD, Hercules, CA), to remove ammonia. The
second resin column contained an anion exchange
resin, AG 1-X8, Chlorine form, 100–200 mesh (BIO-
RAD, Hercules, CA), to extract nitrate. After all of
the water had passed through the resin, the cation
exchange resin was dried in a 60°C oven overnight,
and the anion exchange resin was processed by the
method described in Silva et al. (2000).
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The UC Davis stable isotope facility analyzed all
sediment, snail tissue, nitrate and ammonia extracts
for nitrogen isotope ratios. Stable isotope ratios were
measured by continuous flow isotope ratio mass
spectrometry (IRMS) (20–20 mass spectrometer,
PDZEuropa, Northwick, UK) after sample combus-
tion to N2 at 1,000°C in an online elemental analyzer
(PDZEuropa ANCA-GSL). The gases were passed
through a Carbosieve G column (Supelco, Bellefonte,
PA, USA) before introduction to the IRMS. Sample
isotope ratios were compared to those of standard
gases injected directly into the IRMS before and after
sample peaks and δ15N (AIR) values were calculated.
Final isotope values were adjusted to bring the mean
values of the standard samples distributed at intervals
in each analytical run to the ‘true’ value of the working
standards. The working standards are periodically
calibrated against international isotope standards.

Nitrogen isotope values are expressed as δ15N, that
is, the relative difference in 15N/14N ratios between
samples and atmospheric nitrogen. Atmospheric ni-
trogen is isotopically constant at 0‰ and is the
standard reference material utilized (Kendall 1998).
The values of δ15N are determined by the use of

isotope ratio mass spectrometry (IRMS), and are
expressed in parts per thousand (‰) using the
following equation:

δ15N ¼ 15N
�
14Nsample

� ��
15N

�
14Nstandard

� �� 1
� � � 1; 000:

3.3.2 Water quality parameters

Water and sediment samples, for organic contaminant
analyses and nutrient analyses, were collected in glass
bottles. All glass bottles and glass mason jars were
pre-cleaned by scrubbing with phosphate-free deter-
gent, rinsed with distilled water (DI) and acetone, and
then baked at 300°C for 24 h. Water samples for TKN
and NO3+NO2 were transported and stored in high-
density polyethylene (HDPE) bottles. During sample
collection in situ measurement (pH, conductivity,
temperature) were taken using a YSI Model 85 multi
probe meter.

After collection, water samples for nutrient analy-
ses were split into aliquots in individually labeled
bottles. Samples for TOC analysis were preserved

Table 1 Geometric mean δ15N snail values and standard deviations (SD) for seasonala,b collections in 2004 and δ15N-NO3 values for
water samples collected for August and September, 2004

Mean δ15N snail values (SD) δ15N-NO3 in water

Springa Summerb August September

National Forest Sitesc 2.96A (0.862) 3.70B (0.749)
Jacks 01 2.72A (0.706) 3.48B (0.521)
Con 01 4.33A (0.479) 4.18A (0.750)
Con 02 2.75A (0.690) 3.17A (0.661)
Mainstem Sitesc 8.30A (0.700) 8.79B (0.774)
Con 05 8.41A (0.687) 8.29A (0.833)
Con 06 9.12A (1.04) 8.77A (0.482) 6.97 9.33
Con 07 8.25A (0.425) 8.86B (0.696)
Con 08 NAd 9.34 (0.569)
Con 09 NAd NAd 8.99
Tributaries Sitesc 9.78A (0.843) 10.8B (1.17)
MC 01 NAd 11.4 (0.372) 10.4 12.7
Coah 01 10.2A (0.522) 11.4B (0.859) NAd 12.3
Coah 02 9.45A (0.871) 9.63A (0.891)

a Spring denotes snails collected during March–May, 2004
b Summer denotes snails collected during June–August, 2004
cMean δ15 N values for all snails collected at sites in each main section of river for each season
d Denotes either snails were not found at site or nitrate not fractionated from water sample or insufficient for δ15 N analyses
A,B Values across rows followed by different uppercase letters are significantly different from each other (Student t-test, p<0.05)
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with four drops of 10% phosphoric acid and samples
for NH4-N analysis were preserved with 1 ml of
phenol. Nutrient samples were then stored at 4°C until
time of analysis. Water sample processing and analyses
for nutrients were performed by the North Carolina
State University Center for Applied Aquatic Ecology
(NCSU-CAAE) using the following EPA methods:
total kjedahl nitrogen (TKN), EPA Method 351.1;
nitrate+nitrite (NO3+NO2), EPA Method 352.2; am-
monia nitrogen (NH4-N), EPA Method 350.1, and
total organic carbon (TOC), EPA Method 415.1
(United States Environmental Protection Agency
(US EPA) 1999). Total phosphorus was analyzed by
Standard Method 5310B (American Public Health
Association (APHA) 1998). Total nitrogen (TN) and
dissolved inorganic nitrogen (DIN) were calculated
by adding the concentrations of the appropriate
measured nutrients. TKN and NO3+NO2 were added
to determine TN concentrations; NH4-N and NO3+
NO2 concentrations were combined to determine DIN
concentrations (American Public Health Association
(APHA) 1998; Lake et al. 2001).

Water samples for organic contaminant analyses
were collected at the intensive monitoring sites
denoted in Fig. 1 and the analyses followed similar
protocols as for nutrient analyses. After collection and
transport, water samples were filtered through
0.45 μm glass-fiber filters (pre-baked at 300°C) and
extracted using Empore C-18 extraction disks (3M
Company, 47 mm diameter). The extraction method,
described by Mueller et al. (2000), was used with the
method modifications described in McCarthy (2002).
CUPs were analyzed by gas chromatography mass
spectrometry selective ion monitoring (GC/MS/SIM)
method (Zaugg et al. 1995). Targeted analytes in this
study were reported to have MDL’s between 1 and
18 ng/l (Zaugg et al. 1995).

3.3.3 Passive sampling devices

POCIS™ current use pesticide disks (Pat. No.
6,478,961) were purchased from EST Labs (St.
Joseph, MO.) and deployed at sites Jacks 01, MC
01, Con 05, and Coahulla 01 for 30 days during the
month of May, mid-June to mid-July, and mid-August
to late September. After 30 days, disks were removed
immediately from their cages and placed in pre-
combusted foil, secured in a zip lock bag, and frozen
until extracted. The patented sorbent admixture,

Isolute ENV+ polystyrene divinylbenzene and S-X3
dispersed Ambersorb 1500, was removed from
between the POCIS™ disk membranes and extracted
according to Petty et al. (2004) with some modifica-
tions to the method from Dr. David Alvarez (personal
communication, USGS, Columbia, MS). Ambient
concentrations were estimated from POCIS extracts
using sampling rates from Dr. David Alvarez (per-
sonal communication, USGS, Columbia MO). Data
obtained from PMDs and POCIS™ passive samplers
were converted into a time-weighted average ambient
concentration over the period of deployment for each
contaminant using the following integrative (linear)
formula:

CW ¼ CsMs=Rst

Cw and Cs are the analyte concentrations in water (ng/l)
and the sampler (ng/g), respectively, Ms is a mass, in
grams, related to the sampler. Rs is a laboratory
derived sampling rate of individual contaminants in
liters per day, and t is the length of deployment in
days (Petty et al. 2000).

PMDs were used to determine dissolved concen-
trations of polycyclic aromatic hydrocarbons (PAHs)
in river water. The PMD consisted of virgin, no slip
additive, low-density polyethylene (LDPE) with a
0.26 mm thickness that was purchased from Brent-
wood Plastics Inc. (St Louis, MO.) PMDs were
deployed at Jacks 01, Con 06, Con 09, MC 01, and
Coahulla 01 every two weeks for the duration of the
entire seven-month sampling period (March–Septem-
ber). PMDs were extracted using the method de-
scribed in Shea et al. (2001), without the column
fractionations. The GC/MS/SIM method of analysis is
described in Luellen (1999). Method detection limits
(MDL) for PAHs in PMDs corresponded to approx-
imately 0.05 ng/l in the water (Shea et al. 2001).
Aqueous PAH concentrations were calculated from
PMD extracts using the aforementioned passive
sampler equation and sampling rates derived by
Hofelt (1998) and Luellen (1999).

3.4 Quality control/quality assurance

The quality of CUP and PAH data were evaluated
through the use of field blanks, lab blanks, matrix
spikes, matrix spike duplicates, and surrogate internal
standards. Analysis of blanks revealed infrequent

Environ Monit Assess (2007) 132:275–295 281



low-level contamination that was well below detec-
tion limits and therefore did not require blank
subtractions. Matrix spike recoveries ranged from 70
to 86%; surrogate internal standard recoveries ranged
from 68 to 120%. Several of the CUPs are not
efficiently extracted with solid-phase extraction disks
(i.e. atrazine metabolites) (Shea et al. 2001) but
recoveries were comparable to those cited in Zaugg
et al. (1995). CUP concentrations were modified
using a surrogate correction factor.

Water quality nutrient data was monitored by the
use of field duplicates, digest blanks, digest dupli-
cates, digest spikes, and analytical spikes. All were
used at a minimum of 2 per 30 samples. The relative
percent error for standards and duplicates had to be
less than or equal to 5% for data acceptance.
Reportable limits for nutrient data set by NCSU-
CAAE are as follows: 140 μg/l for TKN, 5 μg/l for
NO3+NO2, 7 μg/l for NH4-N, 10 μg/l for TP, and
2 mg/kg C for TOC. Any data that fell below these
limits were reported as below reportable limits (BRL).
Nitrogen isotope data was evaluated by the use of
duplicate sediment and snail tissue samples making
up 10% of samples analyzed. Percent relative stan-
dard deviation (RSD) was predominantly within 10%
for most samples. Instrument precision was main-
tained at 0.3‰ based on replicate analyses of standard
reference materials.

3.5 Statistical analyses

Nutrient concentrations were analyzed using non-
parametric tests to investigate relationships with data
that was of non-normal distributions. A Kruskal–
Wallis test was used to examine differences between
the following site groupings: national forest sites
(Jacks 01, Con 01–Con 03); mainstem sites (Con 05–
Con 09); and tributary sites (MC 01, Coahulla 01,
Coahulla 02). A Wilcoxon signed rank test was used
to determine differences between individual sites
within and between these groupings. Spearman rank
correlations were used to determine the relationship
between land use percentages and nutrient concen-
trations. The groups used for these correlation
determinations were separated into smaller groupings
than above, groupings are as follows: national forest
sites (Jacks 01, Con 01–Con 03), MC 01 separately,
Con 05 to Con07, Con 08 & Con 09, and Coahulla 01
& 02.

Means of nitrogen isotope data were analyzed
using a Student t-test (p<0.05). Groups of sites
discussed previously were analyzed first and then
individual sites within and between groups were
analyzed for differences. Pearson correlation coeffi-
cients and linear regressions (SAS Version 8, SAS
Institute, Cary, NC) were used to describe the
relationship between the groups of sites within the
basin and land use percentages. Land use percentages
were determined from data provided in Freeman
(1999). Pearson correlations and linear regressions
were also used to describe the relationships between
nutrient concentrations and snail δ15N values. Log
transformations were performed on some of the
nutrient concentrations before regression analyses.

4 Results

4.1 Nitrogen isotope ratios (δ15N)

Two snails, E. gerhardti and E. carinifera, were found
throughout the basin, and their mean δ15N values,
10.87‰±0.88 and 10.80‰±1.07, respectively, were
not significantly different (Student t-test, p<0.05).
Thus, both snails could be collected at a particular site
and their individual δ15N values grouped and ana-
lyzed statistically regardless of species. Table 1
provides δ15N values for collected snails during
spring and summer months; snails from particular
sites were grouped into three major regions, National
Forest, Mainstem, and Tributaries. Table 1 shows that
mean δ15N signatures for snails in the National Forest
differ dramatically from Mainstem and Tributaries
regions. Significant temporal trends were also observed
within major regions. Mean δ15N values of snails
collected in spring from sites within a region were
significantly different than mean δ15N values of snails
collected in the summer (Student t-test, p<0.01)
(Table 1). Only three of eight sites were significantly
different by season on an individual basis.

Mean δ15N signatures for snails differed from site
to site (Table 1). The Mill Creek tributary (MC01) had
the highest monthly geometric mean δ15N values for
snails (+11.82‰). The largest individual δ15N value
(+13.34‰) was observed for E. gerhardti collected
from the Coahulla Creek (Coahulla 01) in August.
Overall, monthly geometric mean δ15N values for
snails from tributaries were found to be significantly
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higher than mean δ15N values for snails from national
forest or mainstem sites (Student t-test, p<0.01).
Snails collected in the national forest had the lowest
geometric mean δ15N values; for example, mean δ15N
values for snails from Jacks 01 were +2.26‰ in April.
Mainstem sites downriver of national forest land had
geometric mean δ15N values ranging from +7.71
to +9.62‰ (Fig. 2). δ15N geometric means for snails
increased as site collections moved downriver
(Fig. 2). For example, snails collected at Con 08,
downriver of the dairy farm at Con 05, had the greatest
mean δ15N values (Student t-test, p<0.01) for main-
stem sites. A positive correlation was found between
snail δ15N and agricultural land use (Fig. 3).

Collected manure-treated soils and raw manure
samples, from Con 05 a dairy farm, had δ15N
signatures that ranged from +6.71 to +9.48‰. This
range is below the δ15N signature range that is the
accepted standard for animal manures (+10 to +20‰)
reported by Kendall (1998) but within the range
(+5.86 to +20.64‰) reported by Curt et al. (2004).
This range overlaps with the isotopic signature that
was determined for the snails collected at this site
(Table 1).

Most sediment samples collected lacked sufficient
nitrogen levels (10 μg of nitrogen) to obtain reliable
isotopic signatures. Sediment samples with adequate
nitrogen were typically from tributaries. Coahulla
Creek had a dominant number of sediment samples
analyzed above the minimum nitrogen limit. Spatial
differences were apparent for mean nitrogen isotope

sediment values between national forest sites, main-
stem sites (Con 04–Con 09), and tributaries. National
forest sites had a mean sediment δ15N value of
+1.98‰±0.82 (n=20). Mainstem sites had a signifi-
cantly higher mean sediment δ15N value (+3.43‰±
1.10, n=13) than national forest sites (Student t-test,
p<0.01). Tributary sites had a significantly higher
mean δ15N value for sediments (+4.63‰±1.06, n=
37) than either of the other two groups of mainstem
sites (Student t-test, p<0.01).

4.2 Water quality parameters

Total nitrogen (TN) ranged from below the reporting
limit of 140 μg/l in the Cherokee National Forest to
2,585 μg/l where row crops and dairy cattle oper-
ations are present (Con 05) (Fig. 1). National forest
sites had approximately 80% of all collected samples
below the reporting limit for one of the constituents
used to calculate TN (Fig. 4a). Samples collected at
Con 05 during daily sampling events in June and
August 2004 exceeded the 1,500 μg/l eutrophic
potential threshold for temperate streams (Dodds
et al. 1998); samples were taken during application
of dairy cow manure amendments to row crop fields
(Fig. 4a). A Kruskal–Wallis test indicated that TN
concentrations were significantly higher (p<0.01) for
mainstem downriver sites (Con 05/Con 06/Con 08/
Con 09) and tributary sites (MC 01/ Coahulla 01 &
02) than for national forest sites (Jacks 01, Con 01,
and Con 03). A subsequent Wilcoxon signed rank test

Fig. 2 Monthly geometric
mean of δ15N values for
snails and boxplots of
NO3+NO2 concentrations
in water collected at
sampling sites from March
2004 to January 2005. Error
bars are mean ± one stan-
dard deviation (n=1 to 12)
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showed that the tributary sites had significantly higher
(p<0.05) individual TN concentrations than did
mainstem sites downriver.

TN concentrations in water samples at sites
correlated with agricultural land use in the basin.
Spearman rank correlations indicated a positive
correlation between increased TN concentrations and
increased agricultural land use percentage (ρ=0.76).
Tributary sites had significantly higher TN concen-
trations than all other sites (Wilcoxon signed rank
test, p<0.05) (Fig. 4a and b). Dramatic increases in
TN at Con 05, the dairy farm, were detected during
the daily sampling events in June and August 2004
after field amendments of dairy cow manure
(Fig. 4a).

Similar correlations between land use and water
quality nutrient data were observed for TKN, nitrates/
nitrites, ammonia, and phosphorus. Spearman rank
correlations showed not only a positive correlation of
Nitrate + Nitrite (NO3+NO2) concentrations to
increasing agricultural land (Fig. 2) use but also a
strong negative correlation to increasing forested land
use (ρ=−0.89). Ammonia (NH4-N) concentrations
increased with increased agricultural land use, but
concentrations did not exceed the US EPA NH4-N
criteria maximum concentration (CMC) for the
protection of freshwater organisms (5,620 μg/l at a
pH of 8 at 20°C). However, the US EPA NH4-N
criteria continuous concentration (CCC) of 1,240 μg/l

was exceeded once at Con 05, detected during the
daily sampling event when dairy cow manure was
applied to row crop field adjacent to the river (June
2004). NH4-N levels were below criteria levels when
water samples collected and analyzed two weeks later.

Significant total phosphorus fluxes occurred over
the daily sampling events similar to TN (Fig. 5a and
b), and there were multiple exceedances of both the
75μg/l eutrophic potential threshold (Dodds et al. 1998)
and the US EPA 100 μg/l nuisance algal growth
criteria (United States Environmental Protection
Agency (US EPA) 1988) especially at tributary sites.
Total organic carbon (TOC) concentrations at most
sites were below the reporting limit (2 μg/l). Sites
below the national forest generally had higher TOC
concentrations, and TOC measurements for tributar-
ies, Mill Creek and Coahulla Creek, were consistently
higher than mainstem sites (Fig. 6). Field measure-
ments of conductivity also increased outside of the
national forest boundary where the physiographic
provinces change and where agricultural land use
increases (Fig. 6), and conductivity measurements for
tributaries were consistently higher than mainstem
sites (Fig. 6); similar results were observed by
Freeman (1999).

Figures 2 and 7 show positive correlations between
snail δ15N values and nutrient water quality data for
NO3+NO2 and dissolved inorganic N (DIN ¼ NHþ

4 ,
NO�

3 , NO
�
2 ). Figure 2 shows the boxplots of NO3+
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Fig. 3 Linear regression of
snail δ15N values and agri-
cultural land use percen-
tages within the Conasauga
River Basin
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NO2 concentrations in water samples and the geo-
metric mean snail δ15N values at each site. Regression
analysis of this relationship between the snail δ15N
values and NO3+NO2 showed a linear relationship
(R2=0.76). In particular, tributaries (MC01, Coahulla
01 &02) show greater NO3+NO2 concentrations and
geometric mean δ15N values for snails relative to the
same measurements for mainstem sites. In Fig. 7, a
positive logarithmic relationship (R2=0.70) exists
between DIN and snail δ15N values. δ15N-NO3 values
at sites MC 01, Con 06, and Coahulla 01 for the
month of September 2005 were similar to the δ15N

signatures for snail tissue collected that month
(Fig. 8).

4.3 Passive sampling devices

POCIS samplers detected low ambient concentrations
of several CUPs in river water. Overall, seven
herbicides, one insecticide, and two herbicide metab-
olites were detected in POCIS disks; the same CUPs
were also detected in GC/MS analyses of water
samples. Detected herbicides were atrazine, metal-
ochlor, prometon, simazine, and tebuthiron. Two
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atrazine metabolites, deisopropylatrazine and desethy-
latrazine, were detected in the POCIS disks, but only
desethylatrazine was detected in water samples. The
only insecticide detected was carbaryl from a water
sample in the Coahulla Creek. Dacathal and prome-
tryn were only detected in water samples.

Uptake rates for CUP into POCIS disks were
provided by Dr. David Alvarez (USGS, personal
communication), but rates were limited to seven of
the nine pesticides detected. Table 2 shows the
similarity in the range of CUP concentrations in water
samples and ambient concentrations derived from

POCIS disks. Overall, ambient concentrations deter-
mined from POCIS disks indicated pesticide levels
slightly above MDL’s and significantly lower than
any established AQLC values. Table 2 presents CUP
data for sites that were sampled and had measurable
levels of pesticides, National Forest sites had no CUP
detections. Each POCIS disk and water sample
contained a combination of multiple pesticides at
relatively low concentrations.

Table 3 shows detected CUPs in sediments.
Although actual detections were small, typically 1–2
detections per 18 samples analyzed per site, the same
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Fig. 5 Total phosphorus
fluctuations at Conasauga
mainstem sites (a), and
tributary sites (b). Daily
sampling event data out-
lined in black rectangles.
Eutrophic potential thresh-
old=75 μg/l (Dodds et al.
1998) and the US EPA
recommended criteria to
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growth=100 μg/l (United
States Environmental
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CUPs were found at sites with declining mussel
populations. Most concentrations are sub-nanogram
per gram detections and are well below established
aquatic life criterias.

The primary detected organic contaminants in
PMD samplers were PAHs. PAH concentrations
within the basin were found to be at very low ambient
concentrations (<20 ng/l). The most frequently
detected PAHs were phenanthrene and retene, fol-
lowed by naphthalene, flouranthene, and pyrene. All
concentrations detected were well below protective
criteria levels for individual PAH compounds and
total PAH levels.

5 Discussion

Correlating environmental monitoring data with areas
of mussel declines is one approach to understand
what factors may impact mussel survival. Ideally,
sufficient environmental data would provide specific
causative factors for observed loss of mussel diversity
and richness. For the Conasauga River Basin, river
modification, over-harvesting, fish host absence,
predation, invasive species, and anthropogenic inputs
may all be responsible for impairment of mussel
populations. Prior research has investigated whether
habitat, fish host presence, and invasive species are

Fig. 7 Logarithmic rela-
tionship between Dissolved
Inorganic Nitrogen
(DIN=NH+

4+NO
-
2+NO

-
3-)

concentrations and snail
δ15N values within the
Conasauga River Basin

y = 2.9552Ln(x) - 7.7317

R2 = 0.6955
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responsible for declines in mussel populations; results
suggest that these factors do not pose a significant
threat to mussel survival (Freeman and Walters 1996;
Walters 1997; Johnson and Evans 2000; P. Johnson
personal communication, 2004).

In 1999, researchers conducted a basin-wide
survey of fish fauna, mapped landscape use, con-
ducted hydrological mapping of watersheds and
tributaries, and assessed water quality at sites from
the National Forest headwaters to well below our
study area (Freeman 1999). Freeman (1999) observed
that tributaries near to and below the GA–TN state
line increasingly contribute to total river drainage and
that the watersheds for these tributary streams contain
landscapes with greater levels of development and
land disturbance than the National Forest area.
Development and land disturbance could account for
the increased embeddedness, the degree of fine
material coverage on rocky bed substrates, that
Freeman observed in the central portion of the river
during his survey; however, he could not provide
baseline data to support his observation. Indications
of greater land disturbance and development for the
Mill Creek and Coahulla Creek subwatersheds are
evident in increased TOC and conductivity measure-
ments from our study (Fig. 6).

Freshwater mussels have a parasitic larval stage, or
glochidia, that attach to and feed from fish gills

(McMahon 1991); consequently, mussels are depen-
dent on fish populations for their reproductive success.
In fact, many mussel species have specific fish hosts
for their glochidia (Neves et al. 1997). Walters (1997)
found that 93% of all historical fish species are still
present in the Conasauga River basin. Freeman
(1999) examined the nestedness of Conasauga fish
assemblages to indicate declining ecological integrity.
Species richness was positively correlated with percent
forest cover and negatively correlated with percent
disturbed land (Freeman 1999). He noted that five
native fish species were not observed when tributaries
contributed more than 50% of the total river drainage
(Freeman 1999). Based on Freeman’s data, tributaries
in our study area contributed 20–30% of total river
drainage; the point at which tributary contributions
exceeded headwater contributions was downstream of
our study area. Collectively, these findings suggest
that for our study area fish host species are intact and
available for glochidia attachment.

Sediments are significant repositories for many
contaminants released to waterways. Once glochidia
develop into juvenile mussels, they release them-
selves from fish gills, settle into the sediment, and
typically “pedal” feed directly from sediment (Yeager
et al. 1994) in contrast to the “filter feeding” behavior
of adults. Thus, juvenile mussels may be at a greater
risk of exposure to contaminants in sediments during
this pedal-feeding, developmental stage. Initial toxic-
ity sediment screening of 11 Conasauga River sedi-
ments (1999–2001) indicated acute and chronic
sediment toxicities, especially at low flow events
(Nichols et al. 2003). Most of the toxic sediments
were located where row crop and livestock operations
dominate the landscape. In a separate study, Hudson
and McKinney (1999) found that, during a 90 day
chronic toxicity test, juvenile Utterbackia imbeccilis
mussels grew slower and had lower survival rates
than juvenile mussels in clean, control sediments.
Significant decreases in the survival of juveniles
exposed to Conasauga River sediment occurred early
in the test at day 7. With this information and recent
biological inventory data of declining mussel popula-
tions, we designed a study to provide chemical
contamination data for water and sediment matrices
in the basin. We hypothesized that in areas of
significant mussel declines, chemical contamination
should be evident in Conasauga River water, sedi-
ment, and mollusks.

Fig. 8 Geometric mean δ15N values for snail tissue and
dissolved nitrate for September 2005. Error bars are mean ±
one standard deviation (n=1 to 12)
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Table 2 High and low water concentrations of current use pesticides (CUP) at sampled sites compared with the total number of
detections (n), the Aquatic Life Criteria (AQLC), and the method detection limits (MDL)

Site Location Pesticide Water [high]
ng/l

Water [low]
ng/l

nc POCIS [high]
ng/l

POCIS [low]
ng/l

nd AQLCb ng/l MDL ng/l

Con 06 Atrazine 29.5 7.02 6 32.9 1.67 3 1,800 1
DIA 3.73 1
DEA 4.52 ND 3 2
Metalochlor 9.04 9.35 2 9.14 4.7 2 2
Prometon 24.8 ND 2 ND ND 1 18
Simazine 19.2 8.16 2 10,000 5

Con 09 Atrazine 131 6.23 4 1,800 1
DEA 16.0 5.01 2 2
Metalochlor 34.3 ND 3 2
Simazine 63.8 43.4 2 10,000 5

MC 01 Atrazine 135 4.89 7 32.4 2.51 3 1,800 1
Dacathal 2.87 1 5.96 2.67 3 7,800 2
DEA 8.16 2.14 4 ND ND 3 2
Prometon 2380 ND 4 18.3 ND 2 18
Prometryn 2.05 1 2.03 1
Simazine 4.86 1 4.86 1 10,000 5

Coah 01 Atrazine 66.1 2.70 9 17.3 2.10 3 1,800 1
Carbaryla 30.5 1 200 3
Dacathal ND 1 1 7,800 2
DIA 4.21 2.70 2
DEA 9.90 5.54 2 7.79 ND 3 2
Metalochlor 20.8 9.45 2 9.14 1 2
Prometon ND 1 ND ND 3 18
Simazine 29.2 25.6 2 6.32 ND 3 10,000 5
Tebuthirona 48.8 23.69 3 2 1,600 10

CUP were not detected for sites not listed

ND Detection below method detection limit; DIA deisopropylatrazine; DEA desethylatrazine
a Carbaryl and Tebuthiron do not have published uptake rates, therefore ambient concentration could not be calculated
b Source: CCREM (Canadian Council of Resources and Environment Ministers) (2002) and United States Environmental Protection
Agency (US EPA) (2002)
c Total number of detections per 14 samples analyzed
d Total number of detections per three disks analyzed

Table 3 High and low sediment concentrations (ng/g) of current use pesticides at sampling sites

Site ID Pesticide Sediment [high] ng/g Sediment [low] ng/g na

Con 06 Dacathal <1.00 2
Prometon 2.77 1
Prometryn <1.00 1

Con 09 Atrazine 38.06 10.46 2
Dacathal <1.00 2
Prometon 1.02 <1.00 2
Prometryn <1.00 3

MC 01 Atrazine 10.71 6.37 2
Dacathal <1.00 3

Coah 01 Trifluralin 1.56 <1.00 6

a Total number of detections per 18 samples analyzed
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Water quality data and sediment data (Figs. 2, 4, 5,
6, Tables 2, 3) did show the presence of anthropo-
genic contaminants in water and sediment samples
from areas of significant mussel declines. In areas
where mussel populations are more intact, within the
National Forest, current use pesticides were not
detected and nutrient data indicated better water
quality conditions than samples collected from agri-
culturally-based areas downstream of the National
Forest boundary. Nutrient and CUPs were evident
throughout the agriculturally-based mainstem and
tributaries where mussel declines are most severe.
Nutrient fluxes above criteria levels were observed at
agriculturally-based sites immediately after field
amendments of cow manure to row crop and pasture
land adjacent to the river.

Similar results were observed in a 1999 synoptic
survey of the basin that included data collection for
temperature, pH, specific conductivity, dissolved
oxygen, turbidity, fecal coliform, nutrients, and metals
at 18 mainstem sites and 12 tributary sites; data was
collected on a monthly basis from February to
November (Freeman 1999). In Freeman’s study,
nutrient and metals for water samples throughout the
basin were below criteria levels for aquatic species;
most of the cations analyzed, including heavy metals,
were below detection limits except for Ca, K, Na, and
Mg. Freeman (1999) observed that average concen-
trations of nitrates/nitrites (>0.3 to 1.4 mg/l) and fecal
coliform counts collected from tributary sites were
higher than mainstem sites (<0.3 mg/l). Freeman
(1999) stressed the importance of tributary influence
on the ecological integrity of the mainstem river
based on these data and estimated contributions of
tributaries to total river drainage.

δ15N macroinvertebrate signatures are useful mon-
itoring tools to indicate nitrogen source inputs from
specific tributaries and watersheds when they differ
spatially but not temporally (Fry and Allen 2003;
Vander Zanden et al. 2005). In our study, seasonal
variations for snail isotopic measurements were not
significantly different for snails collected at each
individual site (Table 1). We also observed that
geometric mean snail δ15N had a positive logarithmic
relationship to DIN concentrations in the river
(Fig. 7). Lake et al. (2001) and Vander Zanden
et al. (2005) noted similar relationships between biota

δ15N and DIN because primary consumers integrate
variable δ15N in DIN Thus, biota δ15N can be a
sensitive indicator of nutrient enrichment from an-
thropogenic sources.

The increase in snail δ15N signatures from Nation-
al Forest to mainstem and tributaries areas may reflect
changes to the type of nitrogen inputs to the
watershed. Vander Zanden et al. (2005) used land
use data and macroinvertebrate isotopic signatures to
estimate isotopic values associated with riparian land
use in specific watersheds. Their empirical data and
model found that land use, specifically in the riparian
zone, and nutrient loading best predicted observed
δ15N values in biota. In their study, elevated biota
δ15N was linked to agricultural and urban nitrogen
inputs, and livestock manure was an important driver
for aquatic biotic δ15N enrichment. In our study,
elevated δ15N in snails positively correlated with
agricultural land use (Fig. 3). Other studies, in addi-
tion to Vander Zanden et al. (2005) have made similar
correlations between elevated δ15N and agricultural
land use (Harrington et al. 1998; Lake et al. 2001;
McKinney et al. 2002). Our observed snail δ15N
values in agricultural areas where mussel populations
are declining were similar to the estimated primary
consumer biota δ15N values associated with agricul-
tural land use (δ15N=13‰) of Vander Zanden et al.
(2005). The primary method of field fertilization
within the basin is slurry or solid livestock manure
amendments. Mean snail δ15N signatures for snails
collected from mainstem sites at and downriver of
Con 05 (dairy farm) were similar to collected soil and
manure samples from the dairy farm.

Vander Zanden et al. (2005) observed that water-
ways appeared to respond to land use at a local scale
and that tributaries disproportionately influenced
nutrient dynamics in waterways. In our study, mean
δ15N signatures for snails collected from tributaries
were significantly greater than mainstem sites with
most tributary snail signatures (65%) between +10‰
to +20%. Total nitrogen fluxes in water samples from
tributaries (Fig. 4b) were consistently greater than
nitrogen fluxes in mainstem water samples (Fig. 4a).
δ15N for sediment samples collected from tributaries
was also greater than sediment samples from mainstem
sites. Observed nitrogen fluxes and elevated biotic and
sediment δ15N signatures detected in tributaries again
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emphasize the importance of tributaries to waterway
integrity.

As noted by other researchers, elevated δ15N in DIN
and biota may derive from nitrogen sources subjected
to in-stream nitrogen processing (denitrification or
ammonia volatilization) and organic matter decompo-
sition (Fry and Allen 2003; Udy and Bunn 2001;
White and Bun 2001; Vander Zanden et al. 2005).
Agricultural nitrogen sources can undergo fraction-
ation due to biogeochemical transformations; conse-
quently, inorganic fertilizer inputs with low δ15N can
fractionate due to elevated rates of denitrification and
produce elevated δ15N in DIN and biota. In-stream
processing could have contributed to elevated snail
δ15N found at the lower river sites in our study.

To better delineate sources of δ15N signatures in
snails, dissolved nitrate and ammonia were extracted
from water samples to determine their individual
nitrogen isotope signatures. d15N � NHþ

4 analyses
were not possible due to insufficient concentrations of
N for δ15N analyses; however, δ15N-NO3 signatures
for water samples collected at Con 06, Con 09, MC
01 and Coahulla 01 were determined and were similar
to mean snail δ15N values in September 2005
(Table 1). These results differ from Fry and Allen
(2003) and suggest that nitrate could be a major
source for snail δ15N signatures. However, this
interpretation is limited due to the complexity of in
stream N-processing, limited data for δ15N-NO3

signatures, and lack of d15N� NHþ
4 data. Further

analyses of dissolved nitrate and ammonia for
isotopic signatures are necessary to determine which
nitrogen species is responsible for the elevated δ15N
snail signatures.

Daily water quality sampling showed that excess
nutrients from anthropogenic sources are entering the
surface waters of the basin. Augsburger et al. (2003)
contends that ammonia criteria established by the US
EPA are not protective of freshwater mussels. Augs-
burger’s revised chronic exposure criteria level (0.3 to
1.0 mg/l at a pH of 8) for mussels was exceeded twice
at Con 05 after land applications of dairy cow
manure.

Nitrate has potentially been identified as an
endocrine disruptor (Pelley 2003), and concentrations
as low as 3 mg/l can produce acute and chronic
lethality and abnormalities in amphibians (Hecnar

1995). This level of nitrate is higher than any nitrate
concentrations found in the basin. More research is
needed to fully understand the relationship between
chronic toxicity of DIN species and elevated snail
δ15N signatures in areas of significant mussel
declines.

Potential synergistic interactions between nutrient
inputs and current use pesticides are yet another
compounding factor for aquatic organisms including
mussels. Concentrations of 37 mg/l of nitrate and
30 μg/l of atrazine caused sublethal affects in tadpoles
(Sullivan and Spence 2003). These test concentrations
exceeded concentrations of nitrate and atrazine mea-
sured in the river. Sullivan and Spence (2003) noted
that the toxic effect of CUPs with nitrate appears to be
dependent upon the concentrations of the second or
multiple chemicals. Thus, persistently low ambient
concentrations of multiple CUPs in the presence of
nitrate could have deleterious effects on sensitive
freshwater mussel species.

Pesticide detections in the CRB were located at
sites in areas of intense agricultural operations (TN/
GA stateline to Beaverdale, GA). Pesticide detections
outside of the national forest were similar to the most
frequently detected CUPs in national reports from the
USGS NAWQA program (Larson et al. 1999). The
United States Geological Survey (USGS) National
Water Quality Assessment (NAWQA) program
reported that most concentrations within US streams
were below 1 μg/l (Larson et al. 1999); in the CRB,
all detected pesticide concentrations fell well below
this level. None of the detections of CUPs in the CRB
were above AQLC values that have been derived for
select pesticides. Therefore, acute CUP toxic effects
to mussels are unlikely, if AQLC values are truly
protective for freshwater mussels.

AQLC values are limited in number and are also
generic in regard to the level of effect for individual
species. Connors and Black (2004) reported that the
mode of action of individual toxicants varies by
chemical and, therefore, will have different effects for
different species. The protective nature of CUP guide-
lines for mussel species is under review because
mussel glochidia have been found to be more sensitive
than other aquatic organism typically used in toxicity
testing to derive AQLC values (Augsburger et al.
2003; Connors and Black 2004). AQLC values also do
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not take into account pesticide mixtures of persistently
low ambient concentrations as observed in this study.
CUP mixtures comprised 20% of samples in the
NAWQA national report (Larson et al. 1999) and
75% of samples in the Lower Mississippi River
Ecosystem (Shea et al. 2001). Sixty-six percent of
water samples collected from the CRB contained a
mixture of two or more CUPs. Atrazine, one of the
most frequently detected pesticides in the nation, as
well as the CRB, has been shown to have additive and
synergistic toxic effects at sublethal concentrations
(Anderson and Lydy 2002; Belden and Lydy 2000;
DeLorenzo and Serrano 2003; Pape-Lindtrom and
Lydy 1997; Reylea 2004; Solomon et al. 1996).
Published research discussing the effect of detected
pesticide mixtures in the CRB is not available.

6 Conclusion

This study showed that detections of excess nutrients
and current use pesticides (CUPs) were greatest in
land use areas with predominantly agricultural oper-
ations in the Conasauga River Basin. Releases of
nutrients and CUPs are occurring in areas where
mussel population declines are also the most severe.
POCIS and PMD samplers showed persistently low
ambient concentrations of CUPs and PAHs in river
water. Nitrogen isotope signatures of snails, a surro-
gate organism for mussels, were an effective tool to
delineate areas of anthropogenic nitrogen inputs to the
river basin. Snail δ15N signatures correlated with DIN
concentrations and agricultural land use. Snail, soil,
and manure δ15N values suggest that animal waste
maybe a dominant nitrogen source to the upper portion
of the basin and that benthic organisms assimilate
animal waste nutrients over seasonal time periods.
Future work with δ15N analyses could improve the
prediction of ambient nitrogen concentrations in water
and potential impacts on aquatic organisms.

The discharge of nutrients or CUPs to the river is
particularly intense during land application events on
fields adjacent to the river. Researchers were able to
experience these events first hand, as they were on
site during two of the manure slurry applications and
observed slurry runoff from the fields to the drainage
ditches that connect directly to the mainstem channel.
Acute lethality at detected concentrations is unlikely,

but the chronic effect of this type of exposure to
mussels warrants further investigation. Subsequent
efforts will need to ascertain if various concentrations
and mixtures of detected contaminants in the river
directly impact mussel populations.

Data from this study provides environmentally
relevant contaminant concentrations for future labo-
ratory exposure studies with mussels. Potential con-
taminant concentrations should be tested individually
and in mixtures to better improve our understanding
of chronic and sub-chronic contaminant mixture
exposures on mussel survival. This information is
critically important and relevant to current efforts to
reverse freshwater mussel population declines and
ensure freshwater mussel populations for the future.
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