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1  | INTRODUC TION

Freshwater mussels (Order Unionoida) once dominated benthic 
biomass in many streams worldwide, but they are now among the 
most imperilled organisms on Earth (Lopes-Lima et al., 2017; Strayer 

et al., 2004). In the 1970s, entire mussel assemblages began to dis-
appear rapidly in U.S.A. streams, and these declines continue across 
a large area (Haag, 2019). These declines are enigmatic because clear 
causes are not evident and other components of aquatic commu-
nities are relatively unaffected. Several anthropogenic sources of 
water pollution are proposed causes of mussel declines (e.g. ammo-
nia, coal mining; Wang et al., 2007; Zipper et al., 2016). However, 
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Abstract
1. Causes of worldwide freshwater mussel declines are poorly understood, and the 

potential role of the invasive Asian Clam, Corbicula fluminea, has received little 
attention.

2. We measured survival and growth of captively-reared juveniles of four native 
mussel species during 84-day in situ exposures at 17 sites in the Rockcastle River 
system, Kentucky, U.S.A., where mussel declines are attributed to coal mining. 
We measured water temperature, a comprehensive array of water chemistry vari-
ables, and Corbicula abundance at each site during mussel exposures.

3. Mussel survival was high (mean = 85.4%), did not differ among species, and was 
not related to any measured factor. In contrast, growth varied among sites by an 
order of magnitude, but growth responses were nearly identical for all four species. 
We found little evidence of water pollution from coal mining or other sources, and 
pollution did not explain variation in mussel growth. Growth was best explained 
by a model including only temperature (positive effect) and Corbicula abundance 
(negative effect) without interaction.

4. Our model predicts 46% lower mass gain over 84 days for every 10-fold increase 
in Corbicula abundance regardless of temperature, but growth may be reduced 
to unsustainably low levels in cooler streams. Previous ideas about water pollu-
tion as a cause of low growth and mussel declines were not supported by our 
data. Instead, the predicted strong effects of Corbicula, combined with similar re-
sponses of four mussel species, suggest that Corbicula may be an important, but 
overlooked, factor in widespread mussel declines.
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these factors may not explain declines at large scales, and species re-
sponses can vary (Beggel et al., 2017; Denic et al., 2014; Haag, 2019).

Enigmatic mussel declines can be accompanied by sharply reduced 
juvenile growth, possibly indicating chronic effects of water pollution 
(Haag et al., 2019; Rogers et al., 2018). However, reduced growth is not 
consistently associated with any single anthropogenic water quality 
factor. Haag et al. (2019) found a negative correlation between mus-
sel growth and agricultural contaminants, but agricultural contami-
nants were absent in some streams with low growth, suggesting that 
other factors were involved. Growth was also strongly influenced by 
catchment physiography. Physiographic variation among the streams 
studied by Haag et al. (2019) may have obscured subtle relationships 
between growth and other causal factors.

A potential factor in mussel declines that has received little at-
tention is the invasive Asian Clam, Corbicula fluminea (hereafter 
Corbicula). Corbicula is one of the most widespread aquatic invasive 
species in the world and has major ecological and economic effects 
(Sousa et al., 2008). It colonised most of the U.S.A. by the 1970s, co-
incident with the advent of enigmatic mussel declines (Haag, 2019). 
Early studies failed to show unequivocal negative effects of 
Corbicula on native mussels, and, subsequently, it has been largely 
ignored in the U.S.A. (Haag, 2012; Strayer, 1999). However, Corbicula 
arrived more recently in Europe, where growing evidence supports 
negative effects on native bivalves (Ferreira-Rodríguez et al., 2018; 
Sousa et al., 2011). Another invasive bivalve, Dreissena polymorpha, 
is unequivocally linked to native bivalve extirpation in the northern 
U.S.A. and Canada due to food competition (Strayer, 1999). This sug-
gests that Corbicula may have similar effects and could be an import-
ant, widespread factor in mussel declines.

We examined relationships between captively-reared juvenile 
mussel survival and growth, water temperature, water chemistry, 
and Corbicula abundance at 17 sites in the Rockcastle River system, 
Kentucky. This system has experienced severe mussel declines yet 
it has essentially no row-crop agriculture and basin physiography 
is relatively homogeneous. This allowed us to examine factors re-
lated to mussel survival and growth without potentially confound-
ing effects of agricultural contaminants and variation in stream 
conditions. We exposed mussels to ambient conditions at each site 
for 84 days (average). We used four mussel species to evaluate 
differences in species responses. We evaluate the importance of 
water temperature, water chemistry, and Corbicula abundance in 
explaining variation in mussel survival and growth, and we discuss 
how these results inform our understanding of mussel declines.

2  | METHODS

2.1 | Study area

The Rockcastle River is a tributary of the Cumberland River in 
south-eastern Kentucky (Figure 1) that historically supported high 
mussel species richness (about 32 species), but mussels have de-
clined dramatically throughout the catchment since the 1960s, 

and some tributaries have lost essentially their entire mussel fauna 
(Haag, 2019). These declines have been attributed to coal mining; 
however, Corbicula colonised the system beginning in the late 1960s 
coincident with the beginning of mussel declines (Haag, 2019).

The catchment lies mostly on the Cumberland Plateau section of 
the Appalachian Plateaus physiographic province. Portions of some 
western tributaries lie on the Highland Rim section of the Interior 
Low Plateaus physiographic province. The Cumberland Plateau lies 
mostly on Pennsylvanian sandstones and shales, but some streams 
have downcut into Mississippian limestones; Highland Rim streams 
lie on Mississippian limestones. Streams are upland in character, 
moderately- to well-buffered, and flow over gravel, sand, and bed-
rock. Land use is 64% forest, 27% pasture/hay, 8% developed, and 
<1% row-crop (Haag et al., 2019). 4.6% of the catchment is within 
permitted coal mine boundaries, and the greatest extent of mining 
is in the South Fork Rockcastle River catchment (Figure 1; Table 1).

We chose 17 study sites to provide coverage throughout the 
catchment (Figure 1; Table 1), including four sites on the Rockcastle 
River and one to three sites on each major tributary.

2.2 | Study species and field deployment

Our study species were Venustaconcha troostensis, Villosa taeniata, 
Lampsilis cardium, and Ptychobranchus subtentus, all of which are native 
to the Rockcastle River system. Venustaconcha troostensis and P. sub-
tentus are protected under the U.S. Endangered Species Act and have 
disappeared from much of their range (USFWS, 2020). Villosa taeniata 
and L. cardium are not of conservation concern. We produced juveniles 
of each species using broodstock obtained from the Rockcastle River 
system or elsewhere in the Cumberland River system (Appendix S1). 
We reared juveniles in a hatchery until they were about 4 months old. 
At that time, mean shell length and mass (blotted wet mass, includ-
ing shell) were: V. troostensis, 4.6 mm (±0.6 SD), 0.019 g (±0.002); 
V. taeniata, 4.3 mm (±1.0), 0.009 g (±0.001); L. cardium, 5.9 mm (±1.3), 
0.028 g (±0.007); P. subtentus, 4.3 mm (±0.6), 0.008 g (±0.001) (based 
on subsamples of 111–119 individuals of each species). We used these 
values as estimates of initial size for all sites.

We deployed mussels in streams between 5 and 7 June 2018. 
We placed mussels in concrete silos with a central chamber of 10.2-
cm PVC pipe covered by a drain grate and containing a removable 
mussel holding chamber of 7.6-cm PVC covered on both ends by 
1-mm screen (see Haag et al., 2019). Silos create an upwelling cur-
rent through the central chamber, which delivers food and oxygen 
and carries away waste. We placed 15 mussels in each silo and each 
species in a separate silo. At all sites, we deployed six silos, includ-
ing two each containing V. troostensis, V. taeniata, and L. cardium. 
We did not have enough P. subtentus to deploy them at all sites; we 
placed two silos of P. subtentus at five sites (HLC, MFR, RC2, RR3, 
SFR1). We acclimated mussels to stream temperatures by gradually 
replacing transport water with stream water over about 45 min. 
The mean difference of transport temperature − stream tempera-
ture was 1.2°C. We placed silos in runs 0.5–1 m deep to ensure that 
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silos had sufficient water flow and remained immersed. We placed 
an IBWetland temperature logger (Alpha-Mach Inc., Sainte-Julie, 
Quebec, Canada; measurement interval = 90 min) in two silos at 
each site.

We retrieved silos on 28 and 29 August 2018. Exposure time av-
eraged 84 days (82–85). Upon retrieval we recorded the number of 
live mussels in each silo, froze live mussels in liquid N, and returned 
them to the laboratory. In December 2018, we thawed samples and 
measured length and mass of all individuals.

2.3 | Water chemistry

We collected water samples monthly, while mussels were deployed, 
following Kentucky Division of Water and U.S. Environmental 
Protection Agency (USEPA) standard methods (Appendix S2). This 
resulted in four samples for all sites. Water samples were ana-
lysed at the Kentucky Division of Environmental Program Support 
(Frankfort, Kentucky) following USEPA standard methods. Kentucky 

Division of Environmental Program Support measured 163 analytes 
in water samples (Table S1).

We assessed the extent of coal mining associated with each 
site using the U.S. Geological Survey's Streamstats v4.3.11 (https://
strea mstats.usgs.gov/ss/, accessed 18 March 2020) to create poly-
gons encompassing the entire catchment upstream of each site. 
We imported these shapefiles into ArcGIS version 10.5 (ESRI) and 
overlaid a data layer of permitted mining boundaries (inactive and 
active, combined; Kentucky Division of Mine Permits, Frankfort, KY, 
https://kygeo portal.ky.gov/geopo rtal/catal og/main/home.page, ac-
cessed 18 March 2020). We then calculated the percentage of each 
site's catchment in permitted mine boundaries based on the total 
area of mine boundaries in each catchment and catchment area.

2.4 | Corbicula abundance

We estimated Corbicula abundance once at each site near the end of 
or shortly after the study (August to November 2018). At each site, 

F I G U R E  1   Map of the Rockcastle 
River system, Kentucky, U.S.A., showing 
study sites. Yellow-shaded areas are 
permitted coal mine boundaries. See 
Table 1 for site codes. Inset map shows 
location of Kentucky (light shading) and 
the Rockcastle River system (dark shading) 
in the eastern U.S.A. [Colour figure can be 
viewed at wileyonlinelibrary.com]

https://streamstats.usgs.gov/ss/
https://streamstats.usgs.gov/ss/
https://kygeoportal.ky.gov/geoportal/catalog/main/home.page
www.wileyonlinelibrary.com
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we established a 50-m reach including the silo location. We sampled 
cross-sectional transects at five randomly selected locations within 
the reach. Within each transect, we sampled a 0.018-m2 circular 
quadrat (a 20-cm length of 15.2-cm diameter PVC pipe) every 1 m. 
We excavated all sediment to about 10-cm depth, washed sediment 
across a 2-mm mesh sieve, and counted all Corbicula in the sample. 
We estimated mean Corbicula abundance (number/m2) across tran-
sects at a site based on the pooled number of Corbicula in each tran-
sect and the total area sampled. We measured the length of up to 
the first 50 Corbicula collected at each site, but we were unable to 
estimate biomass because too few individuals were collected at sev-
eral sites. We encountered few wild, native mussels while sampling 
for Corbicula, but mussel abundance is low at most sites and our sam-
pling was not designed to detect them or estimate their abundance.

2.5 | Data analysis

We calculated survival as the proportion of live individuals in each silo 
at the end of the experiment. We expressed growth as instantaneous 
growth (per day: ln[final mass in g/initial mass in g]/deployment period 
in days, Ricker, 1975; hereafter growth) based on the mean mass of all 

live individuals in each silo. Instantaneous growth is the exponential 
factor by which mass is predicted to increase each day; we used this 
measure instead of raw growth because it can be more easily com-
pared with other studies (by accounting for differences in initial size 
and study duration) and it has better statistical properties. Growth 
responses among sites were nearly identical for all four species (see 
Results). Consequently, we computed mean mussel growth across all 
silos at each site (n = 6–8 silos/site). We used this generalised meas-
ure of growth as the response variable in all analyses involving water 
chemistry, water temperature, and Corbicula abundance.

A total of 43 water chemistry analytes were detected in at least 
one sample (Table S1). We reduced this dataset by omitting analytes 
detected at no more than three streams or present at uniformly low 
levels near the detection limit. Water hardness, calcium, and alkalin-
ity were highly correlated (r > 0.90) and redundant; we retained only 
alkalinity. Reducing the dataset in this way left 18 water chemistry 
variables. We log-transformed water chemistry variables with skew-
ness >1 (median skew after transformation = 0.65), and we used the 
mean value for each analyte across all monthly samples from a stream.

We calculated Spearman correlation coefficients between 
growth and survival and all retained water chemistry variables 
to examine general patterns in the data. We then used principal 

Stream
Site 
code

Site coordinates (UTM)
Catchment 
area (km2)

Coal mining 
area (%)Latitude Longitude

Clear Creek CLC 37.4255 −84.2893 60 0.00

Crooked Creek CRC 37.3508 −84.2222 62 0.00

Horselick Creek HLC 37.3231 −84.1422 161 0.74

Indian Creek IC 37.3701 −84.0462 96 0.48

Laurel Fork LF 37.3672 −84.0453 85 2.41

Little Rockcastle 
River

LRR 37.2444 −84.2076 145 1.61

Middle Fork 
Rockcastle 
River

MFR 37.3435 −84.0796 205 1.59

Roundstone 
Creek

RC1 37.3037 −84.2306 360 0.34

Roundstone 
Creek

RC2 37.3739 −84.2675 243 0.14

Roundstone 
Creek

RC3 37.4367 −84.3164 57 0.00

Rockcastle River RR1 37.1504 −84.2906 1,590 3.58

Rockcastle River RR2 37.2398 −84.2392 1,347 3.82

Rockcastle River RR3 37.3097 −84.1525 754 5.20

Rockcastle River RR4 37.3357 −84.1200 588 6.39

Sinking Creek SC 37.0960 −84.2230 93 1.89

South Fork 
Rockcastle 
River

SFR1 37.2965 −84.0939 350 8.92

South Fork 
Rockcastle 
River

SFR2 37.2678 −84.0438 218 11.35

TA B L E  1   Study sites in the Rockcastle 
River system, Kentucky, U.S.A. Catchment 
area represents the entire catchment 
upstream of the study site. Coal mining 
area represents the percentage of the 
catchment area within permitted mine 
boundaries (active and inactive)
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components (PC) analysis based on correlation matrices to examine 
patterns of water chemistry among sites; we assessed interpretabil-
ity of PC axes following Jackson (1993). We examined relationships 
between mussel growth and survival and water chemistry with prin-
cipal components regression based on water chemistry PC scores 
for each site (Quinn & Keough, 2002).

We used Akaike information criteria (AIC; Burnham & 
Anderson, 2002) with a correction for small sample size (AICc) to 
evaluate a set of candidate models for predicting mussel growth 
based on the three variables that were significantly related to growth: 
water temperature, Corbicula abundance, and water chemistry PC1 
(see Results). We then used coefficients from the best-supported 
model to evaluate the utility of this model for predicting growth by 
comparing those predictions with observed growth. All analyses 
were conducted in SAS version 9.4 (SAS Institute, Cary, NC, U.S.A.).

We used coefficients from the best-supported model (two-factor 
model with temperature and Corbicula and no interaction; see Results) 
to construct isoclines showing the predicted relationship between 
growth and temperature at different levels of Corbicula abundance. 
Because instantaneous growth depicts exponential changes in mass 
over time, values of instantaneous growth at a given temperature do 
not differ linearly among isoclines. Therefore, we also constructed 
isoclines based on predicted mass gain over the 84-d duration of our 
study [Mass gain (g ) =

(

Mie
gd
)

−Mi, where Mi is initial mass, e is the 
base of natural logarithms, g is instantaneous growth (d−1, as g), and 
d is the number of days]; this allowed us to compute a single factor 
by which predicted mass gain decreased according to a specified in-
crease in Corbicula abundance at any given temperature.

3  | RESULTS

We recovered all silos from all streams, but we omitted one silo at 
CLC that was displaced on the shore by flooding (n = 111 undis-
turbed silos).

3.1 | Mussel survival and growth

Mussel survival was generally high and averaged 85.4% across 
all silos (Figure 2). Survival was not significantly different among 
sites or species (two-factor generalised linear mixed model, sites: 
F16,36 = 1.35, p = 0.223; species: F3,36 = 2.07, p = 0.121). Mean 
survival was 77.3% ± 5.1 (SE) for L. cardium; 91.3% ± 10.1 for 
P. subtentus; 82.9% ± 5.1 for V. taeniata; and 94.5% ± 5.1 for 
V. troostensis.

Growth differed significantly among sites and species (two-fac-
tor generalised linear mixed model, sites: F15,35 = 41.05, p < 0.0001; 
species: F3,35 = 22.12, p < 0.0001; Figure 3). Growth was lowest for 
all species at CRC, IC, and HLC (growth = −0.002–0.010 day−1, as 
g) and highest at Roundstone Creek and RR1 (0.019–0.034 day−1, 
as g). Final individual length and mass ranged from a minimum of 
4.2 mm (HLC, P. subtentus) and 0.0136 g (IC, V. taeniata) to a maxi-
mum of 14.9 mm and 0.4364 g (L. cardium, RC1). In general, growth 
was about one order of magnitude higher at the highest growth sites 
than at the lowest growth sites. Mean growth across species at each 
site was not related to mean survival (slope = 0.011, p = 0.192, n 
= 17).

Growth of P. subtentus and V. taeniata (least square mean 
growth = 0.0186 and 0.0185 day−1, as g, respectively) did not dif-
fer but were significantly higher than L. cardium and V. troostensis, 
which did not differ from each other (least square means = 0.0129 
and 0.0133, respectively; Tukey’s HSD, ɑ = 0.05). Despite the 
differences in the magnitude of growth among species, species 
responses among sites were nearly identical. All pairwise linear 
regressions of growth between species were highly significant 
(r2 = 0.803–0.992, p < 0.01–.0001) and showed essentially 1:1 
relationships. 95% confidence intervals around estimates of the 
slope and intercept included 1 and 0, respectively, for all relation-
ships except V. taeniata versus V. troostensis, which showed a small, 
non-zero intercept (intercept = 0.006 ± 0.002 SE; slope not sig-
nificantly different from 1).

F I G U R E  2   Juvenile mussel survival 
after 84-day exposures at 17 sites in the 
Rockcastle River system, Kentucky. Bars 
represent mean survival among silos at a 
site, and points represent individual silos. 
See Table 1 for site codes
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3.2 | Water chemistry

There was little evidence of anthropogenic water quality degrada-
tion (Table 2). Nitrate and ammonia concentrations were uniformly 
low. Only three pesticides were detected at more than three sites, 
but their concentrations were near the detection limit (2,4-D, 
mean concentration = 0.032 µg/L; atrazine, 0.004 µg/L; hexachlor, 
0.006 µg/L). There was little evidence of coal mining effects such as 

elevated conductivity, metals, or major ions. Aluminium was slightly 
elevated but was not correlated with the extent of mining in the 
catchment (rS = 0.09, p = 0.732). Potassium (rS = 0.60, p = 0.010) 
and SO4 (rS = 0.70, p = 0.002) were the only variables positively cor-
related with mining, but they were not conspicuously elevated (see 
Discussion). Alkalinity was the only variable negatively correlated 
with mining (rS = −0.71, p = 0.001). Manganese was moderately 
elevated at several sites, but it was only weakly related to mining 

F I G U R E  3   Mean (+SE) instantaneous 
growth of juvenile mussels after 84-day 
exposures at 17 sites in the Rockcastle 
River system, Kentucky. Data points 
without error bars are represented by only 
one observation (e.g., Lampsilis cardium, 
CLC); all individuals of Villosa taeniata died 
at RR3. See Table 1 for site codes-0.005
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Variable Mean (SD) Range
PC1
(53.5%)

PC2
(15.8%)

Alkalinity (as CaCO3, 
mg/L)

69.8 (28.5) 34.9–129.0 0.18 −0.93

Al (µg/L) 134.4 (75.8) 52.7–285.4 0.84 −0.04

Ammonia (as N, mg/L) 0.014 (0.013) 0.000–0.045 0.76 0.07

Cl (mg/L) 5.2 (3.0) 1.0–11.6 0.80 −0.17

Specific conductivity 
(µmho/cm)

198.4 (48.9) 123.9–298.3 0.62 −0.56

Cu (µg/L) 0.65 (0.60) 0.14–2.69 0.80 0.18

Fe (mg/L) 0.34 (0.18) 0.12–0.79 0.79 0.45

Mg (mg/L) 5.3 (1.9) 3.2–11.1 0.77 0.23

Mn (µg/L) 93.0 (79.3) 27.4–357.5 0.77 0.54

Nitrate/nitrite (as N, 
mg/L)

0.27 (0.09) 0.17–0.53 0.40 0.12

Organic carbon, total 
(mg/L)

2.15 (0.66) 0.97–3.63 0.75 0.35

P (total, mg/L) 0.025 (0.012) 0.009–0.053 0.84 0.05

K (mg/L) 2.0 (0.6) 1.1–3.2 0.76 0.65

Na (mg/L) 4.5 (2.3) 1.6–9.5 0.89 0.12

Suspended solids, total 
(mg/L)

8.2 (9.0) 0.5–39.1 0.82 −0.14

SO4 (mg/L) 23.1 (14.7) 7.2–67.9 0.44 0.85

Total Kjeldahl N (mg/L) 0.21 (0.20) 0.00–0.83 0.60 0.30

Turbidity (NTU) 9.3 (5.4) 3.7–19.5 0.88 0.08

TA B L E  2   Water chemistry values at 
17 sites in the Rockcastle River system, 
Kentucky, from June to September 2018, 
and principal components loadings for 
each variable. The percentage of variation 
explained by each principal component 
is given below the component number. 
Correlations greater than or equal to 0.80 
are bolded
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(rS = 0.45, p = 0.072). The highest value of Mn (357.5 µg/L) occurred 
at the site with the greatest extent of mining (SFR2), but conductivity 
and other metals were not conspicuously elevated at that site, and 
elevated Mn occurred at sites with no mining (e.g. RC3, 182.0 µg/L).

Principal components analysis of 18 water chemistry variables 
revealed two interpretable axes (Table 2, Figure S1). Principal com-
ponent axis 1 explained 53.5% of the variation in water chemistry 
among sites and contrasted sites with higher values of Na, turbidity, 
Al, P, total suspended solids (TSS), Cl, and Cu (Roundstone Creek, 
SFR2, LRR) with sites having lower values for those variables (HLC, 
IC). However, many other variables were highly correlated with PC1, 
and no variables were negatively correlated with PC1. Principal com-
ponent axis 2 explained 15.8% of variation among sites, and it con-
trasted sites having higher alkalinity (Roundstone, CLC, CRC) with 
those having higher SO4 (South Fork and LRR).

3.3 | Corbicula abundance

Corbicula abundance differed widely among streams (Figure 4). The 
highest abundances were at RR3 and SFR2 (240 and 192 m−2, re-
spectively). Abundance was <10 m−2 at RR1, LRR, and Roundstone 
Creek. We did not detect live Corbicula at RC1, but dead shells were 
present at the site. Mean Corbicula size among sites was 16.6 mm 
(±1.8 SD). Corbicula abundance was not related to water tempera-
ture or water chemistry PC1 (p = 0.731 and 0.244, respectively, n 
= 17, log Corbicula abundance + 1).

3.4 | Factors related to mussel survival and growth

Neither survival nor growth were correlated with catchment area 
or the extent of coal mining in the catchment (rS = −0.14–0.19, p = 
0.486–.813). Eleven out of eighteen water chemistry variables were 
positively correlated with mussel growth (Al, Cl, conductivity, Cu, 
Mg, total organic carbon, P, K, Na, TSS, turbidity; rS = 0.52–0.79, p = 
0.032–<.001). No variables were negatively correlated with growth, 
including variables potentially associated with coal mining (Mn, 
rS = 0.45, p = 0.073; SO4, rS = 0.10, p = 0.715). Growth was positively 
related to PC1 (slope = 0.0018, p = 0.005, r2 = 0.423, n = 17), indi-
cating higher growth at sites with higher Na, turbidity, Al, P, TSS, Cl, 
Cu, and other variables. Growth was not related to PC2 (p = 0.428, 
r2 = 0.042, n = 17). Survival was not related to PC1 or PC2 (p = 0.643 
and 0.575, respectively, n = 17, arcsine survival).

Growth was positively related to water temperature and nega-
tively related to Corbicula abundance, and both variables explained a 
moderate amount of variation in growth (Figure 5). However, both re-
lationships had influential observations (studentised residuals >2.0), 
and the variance of residuals for growth increased with increasing 
values of water temperature. Survival was not related to water tem-
perature or Corbicula abundance (temperature: slope = 0.040, p = 
0.462; Corbicula: slope = −0.171, p = 0.133, n = 17; arcsine survival, 
log Corbicula abundance).

The best supported AIC model for explaining observed varia-
tion in growth among sites contained only water temperature and 
Corbicula abundance (Table 3). No other models were considered 
plausible based on ΔAICc values > 2 and low Akaike weights (wi).

A model including water temperature, Corbicula abun-
dance, and the interaction term was highly significant (ANOVA, 
F3,13 = 14.07, p < 0.001). Water temperature (F1,13 = 25.95, p < 
0.001) and Corbicula abundance (F1,13 = 14.57, p = 0.002) were 
significant factors, but the interaction term was not signifi-
cant (F1,13 = 1.67, p = 0.218). A reduced model omitting the in-
teraction term also was highly significant (F2,14 = 19.33, p < 
0.001; predicted growth = [0.0043 × temperature] − [0.0075 × 
log Corbicula abundance + 1] − 0.0704). Coefficients from 
the two-factor model without interaction predicted observed 
growth accurately: for the regression of observed growth on 
predicted growth, 95% confidence intervals for the slope and 

F I G U R E  4   Mean (+SE) abundance of Corbicula fluminea at 17 
sites in the Rockcastle River system, Kentucky. No Corbicula were 
encountered in samples at RC1. See Table 1 for site codes
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intercept contained 1 and 0, respectively (slope = 0.997 ± 0.155 
SE; intercept = −0.00007 ± 0.00267), indicating a 1:1 relationship 
(Figure S2).

Assuming independent effects of temperature and Corbicula 
(i.e., no interaction), isoclines predicted sharply decreased 
growth with increasing Corbicula abundance at all temperatures 
(Figure 6). However, they predicted negative growth below 
about 21.5°C at 1,000 Corbicula m−2 and below about 19.8°C at 
100 Corbicula m−2. Isoclines predicted 46% lower mass gain over 
84 days for every 10-fold increase in Corbicula abundance at any 
given temperature.

4  | DISCUSSION

The high survival we observed at all sites indicates a lack of acute 
toxicity to mussels in the Rockcastle River system, which is similar 
to previous findings at a larger scale (Haag et al., 2019). Low survival 
appeared to be largely a random occurrence, and survival was not 
related to any of the factors we examined. Low survival was prob-
ably caused by localised cage effects that reduced flow or otherwise 
created anoxic or other unfavourable conditions in some silos.

In contrast, growth varied widely and was extremely low at 
some sites, which could indicate chronic effects of water qual-
ity degradation (Haag et al., 2019; Rogers et al., 2018). However, 
we found little evidence of water pollution, and water chemistry 
was relatively uninformative for explaining variation in growth. 
Concentrations of all water chemistry variables with estab-
lished ambient water quality criteria were far below those val-
ues (KDEP, 2016; USEPA, 2018), and we found no evidence for 
a negative relationship between growth and any anthropogenic 
water chemistry factor. The positive relationship of mussel growth 
with PC1 may reflect higher growth at sites with higher nutrients 
and overall productivity (e.g. P, K, total organic carbon; see Haag 
et al., 2019), but no variables inordinately contributed to this pat-
tern. Several variables that were positively associated with PC1 
and growth are injurious to mussels at high concentrations (e.g., 
Cu, Cl; Wang et al., 2007; Gillis, 2011), but concentrations of these 
elements were uniformly low and the correlations are probably 
spurious. The alkalinity gradient depicted by PC2 is easily ex-
plained because it contrasted streams with greater amounts of 
limestone in their catchments from those underlain primarily by 
sandstones and shales. The opposing gradient of SO4 on PC2 may 
reflect coal mining pollution because coal deposits in Kentucky 

Variables in model r2 AICc ∆AICc wi

Evidence 
ratio

temperature, 
Corbicula

0.734 −178.532 0.000 0.726 –

temperature, 
Corbicula, PC1

0.741 −176.329 2.203 0.241 3.01

Corbicula, PC1 0.581 −170.802 7.730 0.015 47.67

temperature 0.470 −169.218 9.314 0.007 105.27

temperature, PC1 0.532 −168.899 9.632 0.006 123.45

PC1 0.423 −167.775 10.757 0.003 216.57

Corbicula 0.330 −165.202 13.330 0.001 784.21

TA B L E  3   Akaike information criteria 
(AIC) for predicting mussel instantaneous 
growth based on water temperature, log 
Corbicula abundance, and water chemistry 
PC1. AICc is the AIC value corrected for 
small sample size; ∆AICc is the difference 
between the AICc value of a given model 
and the model with the lowest AICc value; 
wi is the Akaike weight

F I G U R E  6   Isoclines showing predicted (a) instantaneous mussel growth and (b) mass gain in relation to water temperature at four levels 
of Corbicula abundance (0, 10, 100, 1,000 m−2). Instantaneous growth represents the exponential factor by which predicted mass increases 
each day, and mass gain represents the predicted mass gained by mussels over 84 days (the duration of our study). Instantaneous growth 
isoclines were constructed using the equation: growth = (0.0043 × temperature) − (0.0075 × log Corbicula abundance + 1) − 0.0704; see 
text for calculation of mass gain
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are typically associated with sandstone and shale geology, and the 
sites with the highest scores on PC2 (South Fork) had the high-
est amount of coal mining in their catchments (see subsequent). 
However, PC2 explained little of the variation in water chemistry 
among sites and was not related to mussel growth.

Coal mining is widely invoked as a cause of mussel declines in the 
Appalachian region, including the Rockcastle River system (Houslet 
& Layzer, 1997; Zipper et al., 2016). We found no evidence of seri-
ous coal mining pollution. Elevated Mn and slightly elevated SO4 in 
the South Fork may constitute a weak mining signal. However, our 
values for SO4 and other mining indicators (e.g., conductivity, K, Mg) 
were within the ranges reported for streams without mining in their 
catchments; values in severely mine-impacted streams typically 
are one to two orders of magnitude higher than our values (Kunz 
et al., 2013; Lindberg et al., 2011; Pond et al., 2008). Manganese is 
naturally high throughout Kentucky, particularly in regions underlain 
by Pennsylvanian sandstones and shales (Fisher & Davidson, 2007), 
suggesting that elevated Mn is unrelated to mining. In the labora-
tory, Mn levels (500 µg/L) comparable to our highest observation 
(SFR2, 357.5 µg/L) resulted in metabolic suppression in a freshwater 
mussel, but this effect was not evident in mixtures containing other 
metals (Oliveira et al., 2018). Regardless, we did not find a negative 
relationship between mussel growth or survival and Mn or any other 
coal mining indicator.

Water temperature was strongly and positively related to 
growth, which is expected for ectotherms such as mussels (Carey 
et al., 2013). However, the heterogeneous variance of this relation-
ship and the low AIC support for the model containing only tempera-
ture suggested that other factors also influenced growth. Akaike 
information criteria results supported a combined effect of tem-
perature and Corbicula abundance on mussel growth, and the model 
containing both factors predicted observed growth remarkably well. 
The lack of interaction between temperature and Corbicula is im-
portant because it predicts that Corbicula negatively affects mussel 
growth in a similar way regardless of temperature. In this scenario 
(see Figure 6), mussels can sustain moderate growth (>0.010 day−1) 
at any growing season temperature when Corbicula abundance is 
low (<10 m−2). At moderate to high Corbicula abundance, growth will 
be substantially reduced at all temperatures, but growth in cooler 
streams will be reduced to unsustainably low levels. This suggests 
that, despite a constant effect, the ultimate outcome of growth re-
duction associated with Corbicula will differ according to stream con-
ditions, and it provides explicit predictions for testing those effects.

Previously proposed negative effects of Corbicula on native 
mussels include competition for space or food; ingestion of mus-
sel sperm, glochidia, or juveniles; displacement of juvenile mussels 
by Corbicula burrowing; ammonia toxicity produced during pe-
riodic Corbicula die-offs; and as a vector of disease (Haag, 2019; 
Strayer, 1999; Vaughn & Hakenkamp, 2001). In the context of our 
study, competition for food, ammonia toxicity, and disease are the 
only plausible explanations because our experimental mussels were 
not exposed to Corbicula directly. Ammonia toxicity and disease 
seem unlikely explanations because of the high survival we observed 

at all sites, but these factors could have had sublethal effects (e.g. 
Newton & Bartsch, 2007). Ammonia and nitrate/nitrite concentra-
tions were uniformly low during our study, but our monthly sampling 
could have missed brief spikes of ammonia; however, we saw no ev-
idence of Corbicula die-offs at any site. Disease also seems unlikely 
because transmission to native mussels does not necessarily require 
high Corbicula abundance.

Reduction of food resources available to native mussels due to 
competition with Corbicula seems the most likely explanation for 
our results. Dense populations of Corbicula can remove a substantial 
percentage of organic matter from both the seston and the sediment 
(Hakenkamp & Palmer, 1999; Lauritsen, 1986; Leff et al., 1990). Our 
experimental animals were not exposed directly to the sediment, 
suggesting that reduction of seston alone is sufficient to negatively 
influence mussel growth.

Only two previous studies have shown strong evidence for re-
duction of mussel growth potentially related to food competition 
with Corbicula. Growth and carbohydrate content of adult mussels 
caged with different Corbicula densities (0, 100, 1,000, 2,000 m−2) 
in a stream were negatively related to Corbicula density, but these 
responses differed only between the 0 and 2,000 m−2 treatments 
(Ferreira-Rodríguez et al., 2018). In contrast, growth of 1–3 day-
old juvenile mussels exposed to different Corbicula densities (0–
5000 m−2) in the laboratory showed a sharp reduction in growth 
(as shell length added) with increasing Corbicula density, including 
a 78% reduction in growth at only 625 Corbicula per m2 and a 93% 
reduction at 5,000 m−2 relative to the control treatment (Yeager 
et al., 2000). The discrepancy between these studies in the density 
of Corbicula necessary to produce a detectable effect probably re-
lates to energetic differences between juvenile and adult mussels. 
Rapidly growing juveniles may have higher energetic requirements 
and lower energy stores (Bartsch et al., 2017)—and thus may be more 
vulnerable to food competition—than slow-growing adults, and their 
higher growth rate makes it easier to detect differences in growth.

Regardless of the mechanism, our study is the first we know of to 
show a negative relationship between mussel growth and Corbicula 
abundance in a wild, unmanipulated context. Our results from the 
field are similar to those of Yeager et al. (2000) from the laboratory. 
Our model predicts a 69% decrease in growth (as shell length added) 
at 625 Corbicula m−2, and an 84% reduction at 5,000 m−2 relative 
to a density of 0 m−2 (calculated at 25°C, the temperature used by 
Yeager et al., 2000; Appendix S3; Table S2). However, our predic-
tions cannot be compared directly to Yeager et al. (2000) because of 
large differences in initial mussel size and growing conditions. More 
importantly, our predictions are similar to Yeager et al. (2000) in that 
they support a measurable, negative effect of Corbicula on mussel 
growth even at relatively low Corbicula abundance.

We were surprised by the absence or low abundance of 
Corbicula at many of our sites. Corbicula frequently reaches abun-
dances >1,000 m−2 (Hakenkamp & Palmer, 1999; Sousa et al., 2011). 
Corbicula abundance in our streams may have declined to a more sta-
ble equilibrium after a period of higher abundance during initial colo-
nisation, similar to other invasive bivalves (Strayer & Malcom, 2006). 
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Unfortunately, historical trends in Corbicula abundance at our study 
sites are unknown. The apparent negative effects of Corbicula even 
at relatively low abundance may be because our Appalachian study 
streams are relatively unproductive in the broader context of eastern 
North America, resulting in a greater potential for food limitation.

Our results show that Corbicula may negatively affect native 
mussel growth in some situations, but the extent to which our results 
can be applied to other regions is unclear. By design, our study en-
compassed a relatively homogeneous area with regard to the phys-
ical characteristics of streams. A fuller understanding of the effects 
of Corbicula on native mussels requires evaluating those effects in a 
wider range of stream conditions. For example, if Corbicula is a food 
competitor, native mussels in more productive streams with greater 
food resources may be less vulnerable to competition. Evaluating 
our results in other contexts also requires incorporating the effect of 
variation in Corbicula size. Corbicula size was similar among our sites, 
which made Corbicula abundance a useful measure. Comparisons in 
different regions with potentially different Corbicula size structure 
will require estimating biomass, which better represents filtering ca-
pacity and, hence, the potential for competition.

Another important result of our study was the similarity in 
growth responses among mussel species, including imperilled 
and non-imperilled species. The differences in the magnitude of 
growth we observed among species were not unexpected because 
growth rates and maximum size differ widely among mussel species 
(Haag, 2012). More importantly, the similarity of growth for all four 
species among sites shows that they responded in nearly identical 
ways to conditions at the sites. All of our study species are in the 
same tribe (Lampsilini) and share similar life histories (Haag, 2012). 
Additional studies should examine growth of slower-growing or lon-
ger-lived mussel species in other phylogenetic groups. Nevertheless, 
our results do not support categorising these species as sensitive or 
tolerant to the effects of Corbicula or other, unmeasured stressors 
that may be present in the Rockcastle River system. The consistent 
responses we found across species suggest that Corbicula may be a 
major factor in widespread mussel declines.
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