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ABSTRACT

1. Freshwater mussels (order: Unionidae) are among the most endangered aquatic organisms in North America.
Conservationists and resource managers within the United States are increasingly advocating restoration of these
animals to preserve biodiversity and boost ecosystem services in the nation’s waterways.
2. Historically, restoration methods have yielded less than optimal survival rates due in part to an inability to

identify suitable habitat for these organisms. Through the use of caged mussels as bioindicators, a method was
developed to test prospective restoration sites for their ability to support mussel fitness before beginning
restoration so that investments are strategic.
3. Mussels (Elliptio complanata) from a healthy population were caged and deployed to candidate streams.

Their survivorship, condition, and proximate biochemical composition (protein, carbohydrate, lipid) was then
monitored for 1 year. Streams that supported mussel fitness as well as or better than their source stream were
considered to be suitable for restoration.
4. Four of five candidate streams were found to support mussel fitness. In addition, reciprocal transfers between

two source populations showed that the seasonal patterns of tissue biochemical composition responded to ambient
stream conditions, indicating that this species is diagnostic as a bioindicator of stream quality and habitat
suitability.
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INTRODUCTION

The precipitous decline of freshwater mussels
(Unionidae) in North America is well documented
(Master, 1990; Neves et al., 1997; Lydeard et al.,
2004). The decline of species diversity, distribution,

and population abundance has largely been
attributed to overharvesting, construction of dams,
habitat degradation, pollution, and introduction of
invasive species (Bogan, 1993; Vaughn and Taylor,
1999). Owing to their catastrophic decline as well
as the recognition of their cultural and ecological
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significance, more aggressive action for the restoration
of freshwater mussels has been recommended (Strayer
et al., 2004; Geist, 2010). In addition, unionid
restoration has been promoted as a tactic to
remediate water quality and build resilience of aquatic
systems for changing conditions (Kreeger, 2005a).

Freshwatermussel restoration usually occurs in one
of three forms: seeding streams with hatchery-reared
juvenile mussels, reintroducing reproductive adults to
their historic range from extant populations, or
removing dams or other impediments to mussel
dispersal via fish hosts for their larvae. Each of these
restoration tactics has advantages and disadvantages,
but all approaches can be costly. Moreover,
restoration by relocating portions of existing
populations, a common management tool, has
historically been met with moderate to low survival
rates (Cope and Waller, 1995; Cope et al., 2003).
Given the precious nature of these resources (e.g.
listed species, glochidia, restoration funds), any
improvement in the identification of suitable habitat
would greatly improve restoration outcomes.

In many cases, streams that once held vibrant
mussel assemblages may have seen sufficient
improvement in water quality or habitat conditions
to sustain these animals again, but other streams
have not. Therefore, before investment in mussel
reintroduction it is prudent first to test whether
candidate recipient streams are capable of
sustaining mussel populations. The objectives of
this study were to examine the use of freshwater
mussels as bioindicators of environmental quality
while simultaneously evaluating several streams
in south-eastern Pennsylvania for suitability
before restoration.

Approach

As a straightforward first step to screening multiple
candidate restoration streams for mussel
reintroduction, survival and sublethal indicators of
mussel fitness were monitored in caged animals
held in candidate streams. Mussel condition index
and proximate biochemical composition of mussel
tissues were monitored seasonally for a 1 year
period and contrasted among recipient streams,
source streams, and uncaged controls. Significant
deviations in expected seasonal patterns of condition

and tissue biochemistry, as evidenced by caged and
uncaged animals in healthy populations in source
streams (hereafter referred to as ‘source’ mussels)
were interpreted as sub-optimal.

Similar to marine bivalves, the biochemical
composition of tissues in healthy, reproductively
active freshwater mussels cycles through predictable
seasonal patterns (Figure 1; Bayne, 1976; Zandee
et al., 1980; Okumus and Stirling, 1998). For
example, in late winter to spring, high tissue protein
content can be associated with gametogenesis,
whereas tissue protein content and condition index
following spawning, and larval release is expected to
be reduced (Okumus and Stirling, 1998). Therefore,
any depression of proteins (and possibly also lipids)
during reproductive development indicates that the
animals may not be as reproductively active as
animals that have robust seasonal buildup of
essential biochemical constituents.

The utility of these tissue metrics as sublethal
stress indicators depends on the seasonal context
whereby stress must be inferred from deviations in
expected normal seasonal patterns observed in
animals in healthy populations. Hence,
environmentally stressed animals are expected to
have either significant shifts in the timing of these
cycles, or they will fail to show the seasonal
variation normally associated with successful
reproduction (e.g. consistently lean with low
condition, protein, lipid, and carbohydrate
content). The fitness and biochemical composition
of mussels transferred to a new stream eventually
reflects the prevailing environmental conditions

Figure 1. Expected seasonal variation of condition index and proximate
biochemical composition in the freshwater mussel, Elliptio complanata.
Biochemical constituents are measured in % dry tissue weight. (Values
based upon marine mussel data derived from Bayne, 1976; Zandee

et al., 1980; Okumus and Stirling, 1998).
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found in the new habitat (Widdows et al., 1990), but
it is important to allow sufficient time for this to
occur before interpreting results.

Elliptio complanata (Lightfoot, 1786) was
historically abundant throughout much of
south-eastern Pennsylvania (Ortmann, 1919);
however, many populations have since been
extirpated. A caging experiment with E. complanata
was conducted to document the normal seasonal
cycles of condition and tissue biochemistry in two
streams that currently still harbour E. complanata
as well as in five candidate restoration streams.
Fitness parameters of mussels held in candidate
streams that consistently fell below those of the
source population mussels at crucial times of the
year indicated that the candidate stream was less
suitable. In addition, mussels that did not display
seasonal variation in biochemical composition were
considered less suitable as this would be an
indication of abnormal mussel physiological cycling
and basal metabolic behaviour.

Reciprocal transfers of caged adult mussels were
made between two source populations of E.
complanata in addition to transfers to candidate
streams (Table 1). Monitoring of these reciprocal
transfers between source populations established
seasonal cycles for condition and tissue
biochemistry in healthy populations and also
examined whether they were similar between
streams in these tissue metrics.

Candidate streams were scored on performance
criteria compared with source mussels and then
ranked (see Methods for scoring criteria).
Therefore, a weight-of-evidence approach was
used to rank the candidate restoration streams in
terms of their readiness for mussel restoration,
while also contrasting fitness between the two
source populations.

METHODS

Study streams and caging

The main supply of E. complanata for deploying to
candidate streams was from Brandywine Creek
(BC) in south-eastern PA. Kreeger (2005b)
reported that approximately 500 000 adult mussels
inhabit a 9.65 km reach between Chadds Ford, PA
and the Pennsylvania–Delaware state border. The
physiological cycles of this species have been
studied for the past 10 years, providing
intermittent data on expected seasonal patterns of
condition and tissue biochemistry. Mussels were
also collected from Ridley Creek (RC) within RC
State Park for use in the reciprocal transfer study.
Candidate restoration streams were West Branch
Brandywine Creek (WB), Red Clay Creek (RCL),
East Branch White Clay Creek (EBC), Middle
Branch White Clay Creek (MWC), and Chester
Creek (CC) (Figure 2). All of these sites were
reported once to hold diverse species of native
unionid mussels (Ortmann, 1919), but decades of
recent surveys failed to detect any live unionids
therein (Thomas et al., 2011).

Populations of E. complanata in Brandywine
Creek and Ridley Creek were identified through
stream surveys in 2005, and these served as the
two source populations in the present study;
however, the Brandywine population was larger
than in Ridley Creek and therefore it supplied all
mussels deployed to candidate streams. In October
2007, 567 mussels were collected by hand while
snorkelling/swimming, cleaned, measured for shell
length, and assigned a 6mm plastic tag with a
unique number which was glued to the exterior of
the shell with superglue (Krazy Glue) and coated
with acrylic nail polish. Mussels were held out of
the water for a total approximate time of 40min.

Table 1. Number of cages of mussels transferred from two source streams into seven recipient streams (including candidate restoration streams and
reciprocal controls)

Source

Recipient Streams

Brandywine
Middle Branch
White Clay

East Branch
White Clay

Red Clay
Creek

West Branch
Brandywine

Chester
Creek

Ridley
Creek

Brandywine 4 4 4 4 4 4 4
Ridley 4 4

Note that each cage had at least 15 mussels.
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Mussels were subdivided and taken to five
candidate restoration streams in coolers containing
fresh stream water. For each study stream, at least
14 adult mussels of similar size variation per group
were added to each of four replicate cages per
recipient stream.

To account for handling and caging effects,
mussels from the source streams were similarly
caged within their native streams and subsequently
monitored in comparison with uncaged mussels.
Caged and uncaged mussels were monitored for
condition index and proximate biochemical
composition in all streams at the start of the
experiment and then seasonally as described
below. Mortality was also assessed for caged
mussels. Travel time from any one creek to
another was less than 1 h. Mussels were deployed
in cages consisting of a 0.61m2 industrial
dishwashing tray (Kitchen Equipment Co.)
covered with black plastic netting. The netting was
rigid with 20mm square holes that permitted
ample flow through the cages. The net covered the

top, sides, and bottom of the cage to exclude
predators and prevent mussels from escaping.
Cages were numbered and deployed into the
stream bottom in similar substrates and habitats to
those they were collected from in source streams
(mixed cobble, gravel, sand, and silt substrates
with unobstructed flows). The bottom of the cage
was placed approximately 10 cm below the
substrate layer and anchored with 0.3– 0.76m
rebar on corners. Trays were then half filled with
ambient local silt, sand, gravel and a few large
rocks to provide mussels with substrate and to
help anchor cages. Rocks placed along the exterior
of cages aided in armouring them against debris.

Baseline sampling of uncaged mussels from
Brandywine Creek and Ridley Creek occurred in
October 2007. Subsequent sampling of caged
mussels deployed in candidate streams and caged
and uncaged mussels within source streams
occurred in December 2007, March 2008, June
2008, and October 2008. During sampling, 12
mussels per stream (three mussels per cage × four
cages per stream) and more than six uncaged
source mussels were collected and brought back to
the laboratory in coolers filled with stream water.
Once in the laboratory, excess mud and sediment
were gently cleaned from the shells. Mussels were
dabbed dry and total wet weight (TWW) and shell
height of each animal was recorded. Tissue from
each animal was excised and freeze-dried to
determine their dry tissue weight and dry shell
weight. Dry tissue was then ground by hand with
a mortar and pestle into a fine, homogeneous
powder. Subsamples of homogenized tissue
samples from each mussel were used to determine
their condition index and proximate biochemical
composition (i.e. protein, lipid, and carbohydrate
content) at the time of sampling.

Condition index

Condition index is a common index for bivalves
that estimates meat fatness by comparing the dry
weight of the animal tissue with the interior shell
volume (Hopkins, 1949).

Condition index (CI) was obtained using the total
wet weight (TWW), dry shell weight (DSW), and ash
free dry tissue weight (AFDTW) using the gravimetric

Figure 2. Map of south-eastern Pennsylvania showing the numbered
locations of the streams that were studied. The numbers are placed at
the approximate location of study sites on each stream: 1. MB White
Clay Creek, 2. EB White Clay Creek, 3. Red Clay Creek, 4.
Brandywine Creek (source for all candidate streams and reciprocal
transfers), 5. WB Brandywine Creek, 6. Chester Creek, 7. Ridley
Creek (source for reciprocal transfers) (image courtesy of US

Geological Survey).
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method of Crosby and Gale (1990), modified using
ash-free dry weight as per Kreeger (1993)

CI ¼ AFDTW*1000
TWW �DSWð Þ

Tissue protein content

Approximately 5–10mg subsamples of homogenized
tissue were weighed into pre-weighed test tubes.
Each was then treated with 4mL of 0.1molL–1

NaOH, homogenized for 10 s (Tekmar M-1574),
and then sonified (Branson Sonifier M-250) at half
power (setting 5; 50%) for eight bursts. Tubes were
then loosely capped and placed in an oven at 60°C
for 45min. After incubation, samples were
vortexed, allowed to cool for 15min, centrifuged
(1500 g, 10min) and the protein concentration of
the supernatant determined spectrophotometrically
using a microplate with a 580 nm filter (Molecular
Devices Thermomax) and a BCA protein assay kit
(Thermo Scientific).

Tissue carbohydrate content

Subsamples of homogenate from each mussel were
quantified, treated with 1mL of laboratory pure
water (LPW; deionized and distilled water),
vortexed for 10 s, 1mL of 5% phenol added to the
sample, and vortexed again for an additional 10 s.
Finally, 5mL of concentrated sulphuric acid was
slowly added to the sample, allowed to cool for
15min, carefully vortexed, and allowed to stand
for 10min so that the reaction could be completed.
Following centrifugation at 1500 g for 20min,
supernatant was withdrawn for spectrophotometric
determination of carbohydrate using the procedure
described by Dubois et al. (1956). Carbohydrate
concentrations were standardized with cold soluble
starch (Sigma Chem., Co. Cat # 9765), and the
weight of carbohydrate in the tissue subsample was
then divided into the dry subsample weight to
calculate the carbohydrate content of that mussel
(% dry weight/weight).

Tissue lipid content

Lipid concentrations in tissues were determined
gravimetrically following methods from Folch

et al. (1957), modified for bivalves by Kreeger and
Langdon (1993). Subsamples of approximately
10mg of equivalent dry weight of tissue
homogenate were added to a tissue vial grinder
(10mL Potter-Elvehjem with PTFE pestle,
Wheaton #358039) and ground by hand in 2mL
of 2:1 chloroform/methanol (C/M) solution.
Using 2mL more of 2:1 C/M as a wash, all
material was transferred back to a test tube and
centrifuged (International Equipment Co. M- CL)
(1000 g, 5min). Each supernatant was then
transferred to a 7mL conical borosilicate glass test
tube. An addition of 20% (final v/v) of 0.88% KCl
solution was added to each tube and then
centrifuged again (1000 g, 2min). The lower,
lipid-containing chloroform layer was carefully
transferred to a pre-weighed 7mL glass test tube
and allowed to dry completely. Tubes were
reweighed after drying and amounts of lipid in the
original sample were calculated after applying a
correction factor for any percentage loss in
standards. Neutral lipids and 3-hexadecanone lipid
standards (Sigma-Aldrich S543934) were used to
determine lipid extraction efficiency.

Stream suitability scoring

The five candidate streams were assigned a simple
numerical score according to five criteria, with
weighted emphasis on the first three metrics as
follows. The scoring approach was based on best
scientific judgment of the relative importance of
the five metrics as fitness indicators. Benchmarks
for each metric (e.g. condition index >50 in the
autumn after 1 year) are based upon values
obtained from Ridley Creek mussels that were
found to be the most fit population.

(1) Survivorship. A streamwas assigned 2 points if
it was not significantly different from mussels
in Ridley Creek, which was considered the
most fit source population. If survivorship
was significantly lower, it was scored as 0.

(2) Condition index (CI). Streams that supported
mussel CI>50 in the autumn after 1 year (as per
Ridley Creek mussels) were assigned 2 points,
whereas streams with mussel CI 40–50 were
given 1 point, and streams with mussel
CI< 40 were assigned 0 points.
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(3) Carbohydrate content. Streams having mussels
with >40% carbohydrates in their tissues
sustained throughout the spring to autumn
period (as per Ridley Creek mussels) were
assigned 2 points. Streams supporting >40%
carbohydrate content in only two of these
three seasons were assigned 1 point.
Carbohydrate contents that did not exceed
40% in at least two of these three seasons
were assigned 0 points.

(4) Protein content. If protein content in mussel
tissues was greater in autumn and winter than
in spring and summer, then streams were
assigned 1 point (as per Ridley Creek mussels).
If protein did not vary significantly during the
year or if the protein peak timing was offset,
then the stream was assigned 0 points.

(5) Lipid content. Streams were assigned 1 point
if lipid content peaked in winter (as per
Ridley Creek mussels) and 0 points if not.

Analysis

For statistical analysis, all percentage data (e.g.
survival %, protein % content) were transformed
by arcsine square root and then output means and
variabilities were back transformed for presentation.
Statistical comparisons among streams and seasons
were discerned using ANOVA and Fisher’s LSD at
95% confidence intervals to determine significantly
different means. Statgraphics v5.0 software was used
for statistical analysis. For more detailed statistics
on condition index and biochemical constituents,
including p-values from all ANOVAs and their
respective F-Statistics and degrees of freedom, see
Supplementary material (Tables S2–S9).

RESULTS

Comparison of candidate restoration streams with
Brandywine mussels

Survivorship of translocated Brandywine E.
complanata held in most streams was high (>90%)
and not significantly different among all streams
with the exception of West Branch Brandywine
(WB), which had significantly lower survivorship
than all others (53%, P-value = 0.03F6, 415 = 2.54).
Although the low survivorship in WB was
significant early in the study, statistical differences

toward the end of the study were unable to be
assessed because flooding and human disturbance
led to the eventual loss of three of the four cages
initially deployed. Therefore, data from this site
were less informative than other sites during the
spring 2008 to autumn 2008 period.

Mean condition index ranged from 32 to 66
among all streams and sampling times during the
study (Supplementary material, Table S2; Figure 3).
Mussels held in MWC, RCL, RC, and EBC had a
significantly greater condition index (P< 0.05, 1-way
ANOVA, Fisher’s LSD) than BC mussels (66, 61,
55, 52, and 37, respectively) at the final sampling
period, which was the important autumn
conditioning period. Mussels held in CC and WB
were similar (Fisher’s LSD) to Brandywine source
mussels at that time. At other times there was no
significant difference in the condition index of
mussels held in different streams.

Protein content (% w/dry tissue weight [DTW],
hereafter (% w/DTW)) varied significantly among
translocated Brandywine mussels held among
streams (mean range, 21% to 41%) and the
greatest protein content was found in autumn.
Caged mussels in all candidate streams held their
protein content at least as well as mussels in
Brandywine Creek (source stream), although the
seasonal timing of high and low protein content
appeared to shift as animals started to adapt to
the ambient conditions of each stream (Figure 3).
Protein content of mussels from all streams was
similar during winter. Owing to high variability
among animals, protein content was not
significantly different among streams in winter and
spring when protein may be most important. It
was interesting to note, however, that mussels in
both source streams and MWC had greatest
seasonal protein in winter, whereas two of the
candidate restoration streams had lowest seasonal
protein content in winter (Supplementary material,
Table S3).

Carbohydrate content of mussels from all
streams, except WB, varied significantly (P< 0.05,
1-way ANOVA) over the study period (Figure 3).
Mean carbohydrate content of mussels from all
streams ranged from 24% to 57% throughout the
study (Supplementary material, Table S4).
Carbohydrate content of mussels varied most
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significantly among streams during the summer
when WB mussels were significantly lower
(P< 0.05, 1-way ANOVA, Fisher’s LSD) in
carbohydrate content than all other streams.
Elliptio complanata held in MWC peaked in
carbohydrate content during the summer and were
significantly greater (Fisher’s LSD) than mussels
sampled from EBC and WB (54%, 45%, and 22%,
respectively). In autumn (2008), mussels held in
MWC were significantly greater (P=0.04, 1-way
ANOVA, Fisher’s LSD) than mussels held in WB
and BC mussels during the final sampling period
(49%, 57%, 26%, and 33%, respectively). Late
summer to autumn was considered the most
important time for diagnosing ecological fitness in
terms of carbohydrate content. Mussels in source
streams tended to have carbohydrate content
>40% from spring to autumn. In comparison,
mussels in four of the five candidate restoration
streams were similar, also >40% carbohydrate
during that period. However, WB failed to ever
show carbohydrate >40%.

Lipid content of mussels was low and relatively
unchanging overall (5–16%) (Supplementary

material, Table S5). No significant differences were
found among streams at any time, and all followed
the same seasonal pattern (Figure 3). Seasonality
was characterized by a winter peak and remained
low thereafter.

Reciprocal transfers and comparisons with uncaged
mussels

At no time during the study was the condition index
or proximate biochemical composition of caged
source mussels held in their native stream
significantly different from that of uncaged source
mussels, suggesting that caging and handling stress
was negligible. Condition index varied significantly
among Brandywine source mussels, transferred
Brandywine and Ridley mussels, but not Ridley
source mussels that remained in RC throughout
the entire study (Figure 4). Both source
populations were found to be similar for condition
index during the summer. Ridley Creek source
mussels had greater condition than that of
Brandywine source mussels at all times except
summer. Reciprocally transferred populations

Figure 3. Condition index and proximate biochemical constituents (with standard error bars) of caged Brandywine mussels transferred to candidate
streams and back into the reference stream (Brandywine).
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were similar in condition index to that of the source
mussels of the recipient stream in the summer
sampling period. At the end of the study (autumn
2008), all mussels held in Ridley Creek, regardless
of origin, were significantly greater in condition
index than Brandywine source mussels, while
transferred Ridley mussels were similar to both
source populations (P-value = 0.01, 1-way
ANOVA, Fisher’s LSD). By the end of the study,
mussels reciprocally transferred between source
streams (i.e. Ridley transferred to Brandywine and
vice versa) had a condition index similar to
mussels native to those streams, suggesting that
mussel physiology and fitness responded to new
stream conditions (P-value = 0.01, 1-way ANOVA,
Fisher’s LSD).

Protein content of source mussels and all
reciprocally transferred mussels varied significantly
throughout the study, except for Brandywine
mussels transferred to Ridley Creek (P-value= 0.07,
1-way ANOVA, Fisher’s LSD). Ridley source
mussels initially had significantly greater protein
content during the autumn of 2007 (P-value =0.01,
1-way ANOVA, Fisher’s LSD). All mussels held in
Ridley Creek were similar in protein content by the
winter and spring sampling periods. Ridley Creek

mussels transferred to Brandywine were
significantly greater in protein content than all other
source mussels at the end of the study in autumn
2008.

Carbohydrate content of both source
populations and Brandywine mussels transferred
to Ridley Creek varied significantly over the
course of the study (Supplementary material,
Table S8, Figure 4). However, Brandywine mussels
transferred to Ridley Creek did not vary over time
but were significantly greater than all other
treatments by the autumn of 2008. Ridley mussels
transferred to Brandywine Creek declined
significantly from spring to the autumn of 2008.
By the end of the study, these mussels contained
the lowest carbohydrate content of any group, but
were still similar to Brandywine mussels. The low
carbohydrate content of transferred Ridley mussels
might also explain the high protein content
during this same time period. Since percentage
content reflects the interplay among biochemical
constituents (protein, lipid, carbohydrates, ash),
a high protein level can result simply from a
drop in some other constituent.

Lipid content of all source mussels tended to
decrease over the year-long study period, but

Figure 4. Condition index and proximate biochemical constituents (with standard error bars) of Ridley mussels transferred to Brandywine Creek
(RTB), Brandywine mussels transferred to Ridley Creek (BTR), and source mussels moved back into their own stream (controls).
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varied among mussels at most study sites between 8
and 16% w/dtw. There were no significant
differences in lipid content among any treatments
at any point in the study.

DISCUSSION

Relocation of adult freshwater mussels and
reintroduction of juvenile mussels to restored
habitat has been identified as a key tool in the
re-establishment of populations (Jenkinson, 1985;
Hubbs et al., 1991; Layzer and Gordon, 1993;
Haag and Williams, 2013). Despite moderate
improvements in relocation efforts (Cope et al.,
2003), the historically high mortality rates
associated with these activities has prompted some
to consider it a last resort conservation strategy
(Cosgrove and Hastie, 2001; Haag and Williams,
2013). Surprisingly, when relocation efforts have
been performed, outcomes are rarely monitored
owing to a lack of tactics to assess performance of
translocated mussels (Gum et al., 2011). Lack of
suitability measures has forced many restoration
programmes to shift the focus to stock
augmentation (Haag and Williams, 2013). Indeed,
indentifying habitat suitability has now become a
major impediment for restoration of these
declining taxa.

Previous measures of suitability have relied on
survivorship data of relocated mussels collected
over short periods of time (1–3 years) (Havlik,
1997; Dunn et al., 2000; Cope et al., 2003).
However, owing to the long-lived nature of these
organisms, it is difficult to determine the success of
any conservation strategy for freshwater mussels
by simply measuring survivorship in the short
term. In this study, sublethal measures of
freshwater mussel condition and tissue
biochemistry were more diagnostic of rearing
conditions in targeted streams for restoration in
comparison with survivorship alone. Indeed,
except for one location where mortality was high,
survival of caged mussels held for 1 year in seven
streams was near 100% and indistinguishable.

In contrast to survivorship (an indicator of acute
stress), the autumn condition index after 1 year (an
indicator of chronic stress) differed significantly

among various candidate restoration streams.
Importantly, the condition of mussels held in some
candidate streams (three of five) was higher in the
autumn of 2008 than mussels left in Brandywine
creek, whereas one candidate stream was clearly
sub-optimal for mussels. This was thought to be
physiologically significant as high condition in
autumn indicated the accumulation of energy
stores that would be needed throughout the
unproductive winter months (Gabbott, 1983;
Beninger and Lucas, 1984).

Monitoring of the proximate biochemical
composition of mussel tissues yielded additional
information to discern subtle differences among
sites and times in mussel fitness, and hence habitat
suitability, among the studied streams. There are
several different ways to express proximate
biochemical composition. In nutritional studies
that seek to quantify seasonal dietary needs, tissue
biochemical components can be calculated as
absolute concentrations (e.g. protein concentration,
mg per animal). This information is useful to
examine times when animals accumulate or use up
macromolecules over time. Proximate biochemical
components can also be expressed as relative
percentages of total dry tissue mass (e.g. protein
content, % w/w), which is a useful approach for
comparing seasonal and spatial differences in
physiological status among treatment populations.
Here, the biochemical composition of animals in
each stream was reported as relative percentage
differences to facilitate comparisons among
mussels that varied in size and were held in
different streams.

Interpretation of tissue biochemistry data
focused on the proportion of important
constituents during critical periods when the
constituent was thought to be needed most, such
as for reproduction or growth (protein, lipid) or
maintenance of energy balance and storage
(carbohydrate). Care must be taken in interpreting
these data, since sub-optimal health must be
inferred by deviations from normal cycling
patterns rather than simple high or low values.
Hence, it is critical to identify reference conditions,
which we determined here to be the seasonal
patterns of condition and tissue biochemistry of
mussels from the Ridley Creek source population,
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which was deemed to be healthier than the
Brandywine source population based upon
numerous observations (e.g. presence of diverse
size range including juveniles, less shell erosion,
fatter and more biochemically enriched tissues).

Carbohydrate stores are critical for sustaining
mussels through winter and expected to be high in
autumn (Gabbott, 1983; Beninger and Lucas,
1984). However, significantly lower carbohydrate
content and condition index in mussels transferred
among candidate streams were found during
critical time periods; namely, mussels transferred to
WB suffered reduced carbohydrate content and
condition index during the autumn sampling
periods before these mussels would have undergone
overwintering indicating poor suitability. Although
the biochemical data for this stream were
statistically invalid after the winter sampling owing
to lack of replication, macroinvertebrate surveys
from this stream support the assertion that WB
was impaired from 2007–2008 (USGS, 2012).
Furthermore, macroinvertebrate surveys from all
other candidate streams reported these streams to
be less impaired or non-impaired during the study
period (USGS, 2012).

Protein and lipid content varied seasonally and
among streams; however, it is unclear from this
study alone how to interpret these differences in
terms of fitness because of a lack of published
information on the specific nutritional demands of
freshwater mussels. Protein and lipid are
important for reproduction and perhaps larval
brooding, but little is known about whether and
how tissue composition varies in association with
changing needs throughout the year and in
relation to various reproductive stages. In this
study, the greatest protein content was observed in
autumn and the greatest lipid content during
winter in the Brandywine source population. These
findings could reflect gametogenesis in late autumn
to winter, consistent with reproductive cycles of
freshwater mussels that are short-term brooders
(Zale and Neves, 1982; Garner et al., 1999), which
include E. complanata. In marine mussels, higher
protein content and nutritional demand for protein
occur in late winter to spring. More studies of
reproductive cycling and associated physiological
and nutritional processes are needed to assess fully

whether biochemical composition can help discern
mussel fitness. For these reasons, the scoring
approach to characterizing suitability among
candidate restoration streams assigned a lower
weight to these biochemical constituents, reflecting
lower confidence in their utility as fitness indicators.

Reciprocal transfers of mussels between source
streams yielded clear evidence of biochemical
adaptation. By spring (two seasons following
deployment), all biochemical constituents
of transferred mussels had begun to mirror those
of mussels native to the host stream. By the end of
the study, other indices, such as condition index or
carbohydrate content, indicated full adaptation as
reciprocally transferred mussels biochemically
resembled host stream mussels. For example,
mussels held in Brandywine consistently had a
lower condition index than mussels held in Ridley,
suggesting that RC may be the superior habitat.
The condition index and carbohydrate data from
reciprocally transferred mussels supports this
statement as transferred mussels more closely
resembled host stream mussels than their own
source mussels by the end of the study with respect
to condition index and carbohydrate content
(Figure 4).

Hence, reciprocal transfers indicated that Elliptio
complanata, like other bivalve species, gradually
adapted to their new environments in the recipient
streams, with tissue biochemistry and condition
shifting to reflect the new conditions. The time
required for full adaptation was approximately
6–12months, depending on the parameter. This
result was consistent with the wealth of data
showing that suspension-feeding bivalves serve as
excellent bioindicators of environmental quality
(Burns and Smith, 1981; Boening, 1999; Gunther
et al., 1999). A surprising result was that the
condition of mussels in one of our source streams
(Brandywine) was sub-optimal, suggesting that the
presence of extant mussels does not necessarily
indicate the presence of high quality habitat. This
result was supported by other observations
(Kreeger and Gray, unpublished) that the mussel
population of the Brandywine is not successfully
reproducing and experiences greater shell erosion,
compared with the Ridley reference location. The
reasons for these differences are unclear, possibly
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including variation in fish hosts, benthic habitat
conditions, food quantity/quality, or water quality.
Hence, streams that still support at least some
mussels should not automatically be regarded as
reference streams (Cosgrove and Hastie, 2001),
especially given the long-lived nature of some
unionids (Anthony et al., 2001),

There are many types of physiological,
biochemical, and molecular markers that have
been developed to diagnose chronic stress in
aquatic organisms, but differentiating subtle
differences in fitness is often best accomplished by
a weight-of-evidence approach that relies on
multiple stress indicators (e.g. in this study:
condition index, protein content, lipid content,
carbohydrate content). Some of the other potential
measures of chronic fitness include physiological
rate functions (feeding, respiration, assimilation),
O:N ratios, scope for growth, and biomarkers.
Direct tracking of reproductive status (gametes,
brooded larvae) would also determine if a
population is reproductively active and, hence,
healthier. Molecular biomarkers are also well
established for their ability to diagnose sublethal
effects of unknown and known contaminants and
can be short-term predictors of long-term
ecological impacts (Bayne et al., 1979; Murphy
and Kapustka, 1989; Monserrat et al., 2007).
However, the technical expertise required and cost
for making measurements using some biomarkers
can be high (Livingstone, 1993). All of these
measurements can be time consuming and difficult
to use widely, especially during in situ monitoring.
The method described here is relatively
straightforward and comparatively inexpensive,
especially if only condition is tracked among caged
mussels.

Monitoring caged mussels was a valuable tool for
evaluating the suitability of candidate streams for E.
complanata. Most candidate restoration streams
were found to be suitable with regard to water
quality and food conditions since they supported
the expected seasonal pattern of tissue biochemistry
and overall condition as measured in the source
population. It is important to note that sustainable
mussel populations also require appropriate
substrate habitat, stable bottom conditions with
minimal erosion, and free passage of fish hosts for

larvae during reproduction. Thus, because of the
complex life-history traits of E. complanata,
restoration of sustainable mussel populations could
still be hampered by lack of fish hosts or other factors
even though this fitness assessment indicates that
some of the candidate restoration streams are suitable.

Candidate streams were assigned scores for their
ability to support mussels, as shown by seasonal
profiles of mussel condition index and proximate
biochemical composition (see methods for scoring
criteria). This weight-of-evidence scoring approach
was arbitrary but was needed to integrate the
various tissue-based metrics into a common index
that can be used to set priorities for stream
restoration. The weighting was based on the most
current literature on the relative importance of the
different metrics for indicating mussel fitness. For
example, more work is needed on seasonal protein
and lipid demands of freshwater mussels to
provide greater understanding of their utility in
assessing fitness of mussels; hence they were
assigned half the weighted score values compared
with condition index and carbohydrate. The
overall score should be interpreted with caution as
a preliminary guide with which to grade the
candidate streams for their relative suitability for
restoration.

The weighted scoring approach provided a way of
qualitatively discerning among the candidate
streams, indicating that RCL, MWC, and EBC are
suitable for mussels because they scored 8 points,
identical to the ‘best’ source stream, Ridley Creek.
CC and BC were judged to be slightly less suitable
(6 and 5 points, respectively) but still capable of
supporting mussels. In contrast, WB scored only 1
point and would require more study and possible
improvement before mussel restoration should
commence.

To summarize the seasonal patterns of condition
and tissue biochemistry seen in relatively healthy
mussels living in south-east Pennsylvania, Figure 5
depicts seasonal variation in the four key sublethal
measures studied, averaged among mussels from
Ridley Creek and the three top-ranked candidate
streams. Although more studies are needed to
assess seasonal patterns of tissue metrics in other
areas and mussel species, these results suggest that
the condition index and tissue carbohydrate
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content of freshwater mussels follows a similar
seasonal pattern for many marine bivalves, being
greatest during autumn. However, seasonal peaks
of protein and lipid content in freshwater mussels
were earlier (winter) compared with marine
mussels (spring), possibly reflecting earlier seasonal
reproductive conditioning in the short-term
brooder, E. complanata. Further research on the
biochemical physiology of freshwater mussels is
warranted. Indeed, this study represents one of the
few studies to monitor seasonal changes in the
biochemical composition of freshwater mussels
(Baker and Hornbach, 2001). However, the
approach described here was found to be useful in
helping to set priorities for mussel restoration and
ensuring that scarce resources are invested
strategically in locations where mussel populations
are more likely to thrive and be self-sustaining.
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