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ABSTRACT
1.	 Freshwater mussels (Bivalvia: Unionida) are among the most imperilled freshwater taxa. Yet, there is a lack of basic life his-

tory information for mussels, including data on their growth and longevity. These data help inform conservation efforts, as 
they can indicate whether species or populations may be vulnerable to decline and inform which species may be best adapted 
to certain habitats. We aimed to quantify growth and longevity in five mussel species from four river systems in the south-
eastern United States and test whether growth was related to stream flow. We also interpreted our findings in the context of 
life history theory.

2.	 To model mussel growth and longevity, we cut radial thick sections from the shells of mussels and used high-resolution pho-
tography to image the shells. We identified annual growth rings (annuli) and used von Bertalanffy growth models to estimate 
growth rate (K) and maximum age (Amax) across 13 mussel populations. We then used biochronological methods to remove 
age-related variation in annual growth in each shell. We tested whether annual growth was correlated with stream flow using 
discharge-based statistics.

3.	 We found substantial variation in K and Amax among species and among populations of the same species. K was negatively 
related to Amax. We did not find consistent correlations between annual growth and stream flow.

4.	 Our estimates of K and Amax align with previous studies on closely related species and populations. They also match the eco-
evolutionary prediction that growth rate and longevity are negatively related. Life history theory predicts that short-lived 
species with higher growth rates should be better adapted to environments with cyclical disturbance regimes, whereas longer-
lived species with low growth rates should be better adapted to stable environments. The lack of correlation between annual 
growth and stream flow suggests that mussel growth may be limited by other factors in our study system.

5.	 While some species seem to have relatively narrow ranges for growth and longevity, other species show wide variation among 
populations. This highlights the need for species- and population-specific conservation efforts. Fundamental life history in-
formation can be integrated with other species traits to predict how freshwater taxa may respond to ecological threats.
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1   |   Introduction

Human impacts, such as alterations to hydrologic cycles by 
impoundments, land use, and climate change, increasingly 
threaten freshwater species and ecosystems (Strayer and 
Dudgeon  2010; Reid et  al.  2019). Freshwater mussels com-
prise some of the most imperilled taxa (Bivalvia: Unionida; 
hereafter “mussels”), with 45% of species classified as near-
threatened, threatened, or extinct (Lopes-Lima et  al.  2018; 
Böhm et al. 2021). Mussels are globally distributed and contrib-
ute valuable ecosystem services such as nutrient cycling and 
biofiltration (Graf and Cummings 2021; Atkinson et al. 2023). 
As such, many conservation initiatives have begun to focus 
on mussels (Freshwater Mollusk Conservation Society  2016; 
Blevins et  al.  2019; Bleasdale et  al.  2020). However, a lack 
of comprehensive life history data for many mussel species 
hinders conservation efforts (Haag  2012; Moore et  al.  2021; 
Hopper et  al.  2023). Fundamental information about the 
growth and longevity of imperilled taxa is critical because 
these types of data inform when and where conservation ef-
forts can be directed most effectively (Sæther et al. 1996). For 
example, in long-lived species, low growth and low recruit-
ment of juveniles may serve as early indicators of impending 
declines, even before those declines are realised in adults 
(Haag et al. 2019, 2024).

Broadly speaking, mussels are slow-growing and long-lived 
(Strayer et al. 2004). However, mussels still exhibit substantial 
variation in growth and longevity (4 to ~200 years) (Haag and 
Rypel 2011; Haag 2012; Moore et al. 2021; Hopper et al. 2023). 
Generally, an organism's growth rate—the rate at which it ap-
proaches its maximum size—and its longevity are inversely 
correlated because allocating energy to rapid growth is linked 
to negative long-term physiological consequences, which 
leads to shorter individual lifespans (Metcalfe 2003). Over the 
long term, trade-offs between individual growth and longevity 
manifest at the population and community levels. When re-
sources are limiting, slower-growing, longer-lived organisms 
may attain higher reproductive fitness and achieve higher 
abundances as a result. On the other hand, rapid growth is 
adaptive when extrinsic mortality is high (e.g., due to environ-
mental disturbance) because early maturity should increase 
fitness and thereby abundance (Metcalfe  2003). Thus, life 
history traits can be used to predict the habitat conditions to 
which a given species is best adapted.

Species or populations with different life history traits inher-
ently require different conservation and management strat-
egies. In mussels, interspecific patterns of variation in life 
history traits can be classified using a trilateral continuum with 
three categorical endpoints that represent distinct life history 
strategies: equilibrium, periodic, and opportunistic strategists 
(Figure 1) (Haag 2012). Longevity and age at maturity are key 
components of the life history strategy continuum, along with 
fecundity and larval and adult body sizes. In the present study, 
we focus on longevity and growth rate—as a proxy for age at 
maturity. Equilibrium strategists are characterised by long life 
spans (> 25 years) and low to moderate growth rates, which lead 
to higher ages at maturity (> 3 years). Consequently, equilib-
rium strategists should be best adapted to stable habitats with 
low hydrologic disturbance frequencies. Opportunistic species 

typically have short life spans (≤ 10 years), high growth rates, 
and early maturity (0–2 years), and are thought to be adapted to 
habitats that are subject to frequent disturbance and instability. 
Periodic strategists have intermediate life spans (8–30 years), 
growth rates, and ages at maturity (1–3 years), which should 
be adapted for habitats with large-scale, cyclical disturbance 
regimes. Within species, growth rates and longevity may vary 
due to environmental factors such as temperature, land use, 
available food resources, and stream flow (Rypel, Haag, and 
Findlay  2008; Haag and Rypel  2011; Hornbach et  al.  2021; 
DuBose et al. 2022).

Mussel growth and longevity can be quantified by studying an-
nual growth rings, known as annuli, which are deposited within 
the shell when growth ceases during the winter—similar to an-
nual growth rings in trees. Using a cross-section from a valve of 
a deceased mussel shell, the annuli can be counted to determine 
the age of the individual at death. This further allows its growth 
rate to be estimated mathematically at the individual, popula-
tion, or species level (Haag and Commens-Carson  2008). The 
data from annuli also enable the construction of biochronologies, 
which are long-term records of annual growth that can be cor-
related to environmental conditions over time (Rypel, Haag, and 
Findlay  2009). Previous biochronological analyses suggest that 
correlations between stream flow and annual growth in mus-
sels are common (Rypel, Haag, and Findlay  2008, 2009; Black 
et al. 2015; Brewer, Grossman, and Randklev 2024). Periods of 
extreme high and low flow may be especially important to in-
dividual mussel growth as they can induce stress on the animal 
(Rypel, Haag, and Findlay 2009). High flows are likely to cause 
stress to individuals if they dislodge mussels from the substrate 
(Gates, Vaughn, and Julian 2015; Lopez and Vaughn 2021), low 
flows on the other hand may induce thermal stress and hypoxia 
(Gagnon et al. 2004; Haney, Abdelrahman, and Stoeckel 2020). 
Such disturbances can decrease annual growth (Haag and 
Commens-Carson  2008). As such, mussel growth rates can be 
studied to make inferences about how mussels may respond to 
changing hydrologic conditions that occur in association with 
global climate change.

FIGURE 1    |    Illustration of the freshwater mussel trilateral Life 
History Strategy continuum model proposed by Haag (2012). The model 
is originally adapted from Winemiller and Rose (1992) who proposed a 
similar model for fishes.
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The southeastern US is a freshwater biodiversity hotspot with 
a rich freshwater mussel fauna, but this region is also expected 
to experience increases in hydrologic variability and local ex-
tinction rates in the coming decades (Spooner et al. 2011; Elkins 
et al. 2019; Graf and Cummings 2021; IPCC 2023). In this study, 
we first tested whether mussel growth varied among species and 
populations in four southeastern US rivers and whether growth 
rate was associated with longevity. We hypothesised (1) that 
growth rate and maximum body size differ between rivers due 
to underlying environmental differences, and (2) that growth 
rate and maximum age are negatively related due to the ecologi-
cal trade-offs between growth and longevity. We interpret these 
hypotheses in the context of the life history strategy framework 
(Haag 2012). We also tested whether annual growth in mussels 
is correlated with stream flow. We hypothesised that (3) annual 
growth is correlated with annual discharge summary statistics 

due to the disruptions in growth caused by stressful hydrologic 
conditions.

2   |   Methods

2.1   |   Study Sites and Species

In 2018–2020, we conducted quantitative surveys of mussel ag-
gregations at a series of sites across multiple rivers in both the 
Tennessee and the Mobile basins (Hopper et al. 2021; Bucholz 
et al. 2023). During the surveys, we collected 3–6 live individu-
als from five mussel species at five sites across four rivers (N = 59 
individuals) to test the hypotheses that mussel growth parame-
ters differ between species and sites and that growth parame-
ters vary with streamflow (Figure 2; Table 1). We used relatively 

FIGURE 2    |    Map of the study region. Map displays site locations (white circles), USGS stream gages that were used for stream flow calculations 
(black triangles), and the location of dams in each catchment (red rectangles), as well as a map of the study location in the continental USA.
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small sample sizes because we were often limited by the number 
of individuals of each species that were found during a given 
survey, and we sought to limit the number of individuals that 
were euthanised from healthy populations. These small sam-
ple sizes are still considered adequate for modelling population 
growth responses in mussels (Rypel, Haag, and Findlay 2008; 
Haag and Rypel 2011).

We chose the study species Amblema plicata, Cambarunio tae-
niatus, Cyclonaias tuberculata, Lampsilis ovata, and Pustulosa 
pustulosa (Freshwater Mollusk Conservation Society  2023; 
Neemuchwala et  al.  2023). These species are native to the 
southeastern US, and studies of other populations or closely 
related species suggest that growth and longevity of these spe-
cies should vary across much of the known range of growth 
and longevity for mussels (Haag and Rypel  2011). They also 
represent a cross-section of mussel phylogenetic diversity, 
with representatives belonging to three of the major phyloge-
netic tribes found in North America: Amblemini (A. plicata); 
Lampsilini (L. ovata, C. taeniatus); and Quadrulini (C. tuber-
culata, P. pustulosa) (Graf and Cummings  2021). The study 
species also represent a cross-section of all mussel life history 
strategies—A. plicata can be characterised as either equi-
librium or periodic strategist depending on the population, 
C. tuberculata and P. pustulosa are considered equilibrium 
strategists, and most lampsilines are thought to be periodic 
or opportunistic strategists—although neither L. ovata nor C. 
taeniatus has previously been classified using this framework 
(Haag  2012; Moore et  al.  2021). We measured the height of 
each mussel along the dorsoventral axis to the nearest mm. In 
the Tennessee Basin, we collected mussels from Bear Creek 
(drainage area = 2450 km2), the Paint Rock River (1191 km2), 
and the Duck River (8100 km2), which are tributaries of the 
Tennessee River. In the Mobile Basin, we collected mussels 
from the Cahaba River (4800 km2), which is a tributary of the 
Alabama River. For sexually dimorphic species (L. ovata and 
C. taeniatus), we collected both male and female mussels and 
pooled them for further analysis because we did not always 
have enough individuals of both sexes to adequately assess dif-
ferences among sexes (Haag and Rypel 2011).

2.2   |   Shell Sectioning and Imaging

We prepared radial shell sections using modified methods for 
the preparation of freshwater mussel thick sections described in 
Haag and Commens-Carson (2008). We selected one valve from 
each mussel shell to cut in half along a dorsoventral plane from 

the umbo to the ventral margin of each individual using a pe-
trographic trim saw (SF-8, Hillquist Inc., Arvada, CO, USA). We 
then mounted one of the resulting halves to a glass microscope 
slide using a standard mounting adhesive (Cystalbond 509, 
Electron Microscopy Services, Hartfield, PA, USA). We used a 
precision sectioning saw (IsoMet Plus, Bueler Ltd., Lake Bluff, 
IL, USA) to cut thick sections of ~2–3 mm from each mounted 
shell. After cutting was complete, we used a series of progres-
sively finer grit sanding solutions to polish the shell surfaces.

After polishing, we took high-resolution photographs using 
a Canon EOS 7D Mark II camera with an EF 100 mm f/2.8 L 
Macro IS USM lens (Canon USA Inc., Melville, NY, USA), and 
four Thinklite TT685 camera flashes (Godox, Next 77 Ltd., 
Krakow, Poland). We used a Stackshot 3X controller (Cognisys 
Inc., Traverse City, MI, USA) to adjust the height of the camera 
on the stand to take 25 photos with different depths of focus. 
Then we used the focus stacking software Zerene Stacker 
(Zerene Systems LLC, Richland, WA, USA) to stack the photos 
into one high-resolution image. For this image, we edited the 
contrast, exposure, highlights, shadows, whites, blacks, texture, 
and clarity as needed in Adobe Photoshop Lightroom Classic to 
make the annuli stand out.

2.3   |   Interpretation and Measurement 
of Growth Rings

We interpreted images of shell thick sections using the criteria 
described in Haag and Commens-Carson (2008). To distinguish 
between annual growth rings (true annuli), and rings formed 
in association with environmental disturbances to growth (dis-
turbance rings), each image was initially interpreted by two 
independent observers. Annuli tend to be more diffuse and are 
continuous throughout the interior of the shell, whereas dis-
turbance rings have a sharper appearance and are associated 
with discontinuities in the shells' prismatic layer (Haag and 
Commens-Carson 2008). Each observer used Adobe Photoshop 
to mark the locations of annuli in each shell. The two observ-
ers reviewed any discrepancies in the marked-up images until 
they reached an initial consensus. After reaching the initial 
consensus, a third observer reviewed each marked-up image 
and reached a consensus with the first two observers. Thus, 
each shell section was interpreted and agreed upon by at least 
three observers using consistent criteria.

To measure annual growth increments between years, we 
used the R package RfishBC (Ogle 2022). RfishBC is designed 

TABLE 1    |    Study basins and rivers, stream gages, and species identities sampled for each river.

Basin River Stream gage (ID) Years of flow record Years of flow record analysed

Mobile Cahaba River Centreville, AL (02424000) 1995–2024 2006–2019

Tennessee Bear Creek Bishop, AL (03592500) 2015–2024 2015–2018

Duck River—Site 1 Milltown, TN (03599240) 2004–2024 2006–2019

Duck River—Site 2 Columbia, TN (03599500) 1992–2024 1992–2019

Paint Rock Woodville, AL (03574500) 1995–2024 1995–2017

Note: Species came from one site in each river, except the Duck River, where species came from two sites. Also includes the years of flow record for each gage and the 
years analysed when testing for correlations between stream flow and annual growth.
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to collect measurements from calcified structures (originally 
fish otoliths) and back-calculate the estimated size of the 
structure at previous points in time. Briefly, we used RfishBC 
to import the marked-up versions of our high-resolution shell 
section photographs and marked the location of each annu-
lus sequentially on each shell. We used the Dahl-Lea model 
(Lea 1910) to back-calculate the estimated height of the mussel 
at each putative annulus (function backCalc). We estimated 
height-at-age instead of length-at-age because we used dorso-
ventral cross-sections and shell dimensions including height, 
length, and width that are highly correlated within mussel 
species (Aldridge 1999).

2.4   |   Quality Control and Standardisation 
of Growth Patterns

After we estimated height-at-age, we followed Rypel, Haag, 
and Findlay  (2008) to quality control check putative annuli by 
cross-dating a standardised time series of height-at-age data 
across each population. We calculated growth increments as the 

difference between the back-calculated height-at-age values for 
each consecutive year across the time series for each mussel. We 
then used the programme COFECHA to conduct cross-dating 
(Holmes 1983). COFECHA uses a flexible cubic spline to remove 
age-related variation in growth and generate a master chronol-
ogy of annual growth indices for each time series in a population 
(Cook and Peters  1981; Grissino-Mayer  2001). The programme 
then identifies potential dating errors by lagging each series for-
ward and backward in time and comparing the correlation coef-
ficients between each series and the master chronology at each 
point in time. We used a custom programme written by DuBose 
et al. (2022) to fit a range of initial spline flexibilities from 1–50 to 
maximise the initial inter-series correlation coefficients for each 
population (Black, Boehlert, and Yoklavich  2005; Rypel, Haag, 
and Findlay 2008) (Table 2). When COFECHA indicated that lag-
ging a series 1–3 years would improve the inter-series correlation, 
we checked for interpretative errors in the corresponding shell 
section for that series, corrected the photograph, and repeated 
the back-calculation steps. If no clear interpretative errors were 
found, we retained the unmodified photograph in the data set. 
Following the quality control procedure, we re-ran COFECHA to 

TABLE 2    |    Cross-dating statistics showing results of the quality control procedure.

River Species n

Initial 
spline 

flexibility

Initial 
inter-series 

correlation (r)
Final spline 
flexibility

Final inter-
series 

correlation (r) Time series

Bear Creek Amblema 
plicata

4 35 0.326 35 0.374 1988–2018

Cyclonaias 
tuberculata

3 10 0.352 10 0.662 1987–2018

Lampsilis 
ovata

7 17 0.393 17 0.640 2004–2018

Pustulosa 
pustulosa

5 27 0.400 25 0.472 1999–2018

Cahaba River Amblema 
plicata

3 18 0.388 18 0.573 2006–2019

Duck River Amblema 
plicata

3 11 0.332 10 0.745 1999–2019

Cambarunio 
taeniatus

5 14 0.374 13 0.563 2006–2019

Cyclonaias 
tuberculata

5 3 0.352 3 0.352 1998–2019

Pustulosa 
pustulosa

5 12 0.407 22 0.445 1988–2019

Paint Rock Amblema 
plicata

4 18 0.034 14 0.419 1998–2017

Cyclonaias 
tuberculata

5 6 0.336 5 0.394 1983–2017

Lampsilis 
ovata

5 19 0.482 23 0.617 2001–2017

Pustulosa 
pustulosa

5 1 0.259 1 0.423 1996–2017

Note: Time series ranges do not include the year of sampling because the year of sampling does not represent a complete year of growth. All final inter-series 
correlations are significant at α = 0.01 (Grissino-Mayer 2001).
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determine the final optimal spline flexibility and maximise the 
final inter-series correlation for each population (Table 2).

Once all populations were cross dated, we detrended the cor-
rected growth increment data to generate a standardised 
chronology using the R package dplR (Bunn 2008, 2010; Bunn 
et  al.  2023). We used a modified negative exponential model 
of biological growth to remove age-related variation in growth 
from each series while retaining potential climatic signals in 
growth (Fritts 1976; Rypel, Haag, and Findlay 2008):

where a, b, and k are parameters specific to each curve; a is the y-
intercept, b is the rate at which the exponential curve approaches 
its asymptote, and k is the asymptote. The value of yt represents 
expected growth at year t, and e is the base of natural logarithms. 
We constrained the function so that a ≥ 0, b ≤ 0, and k ≥ 0 to en-
sure the curve took a biologically sensible form.

We then derived the observed growth values for each year and 
divided them by the predicted yt values from the curve, thus de-
riving a standardised growth index where values > 1 represent 
greater than expected growth and values < 1 represent lower 
than expected growth. We were unable to detrend 3 of the 59 
specimen time series because they were too short in duration 
(2–6 years) to fit the modified exponential curve. We excluded 
these series from further biochronological analyses, but we re-
tained their height-at-age data.

2.5   |   Data Analysis

2.5.1   |   Mussel Growth and Longevity

We used the von Bertalanffy growth model (VBGM) to estimate 
mussel growth parameters (Haag and Rypel 2011):

where Lt is height-at-age t, L∞ is the predicted mean maximum 
shell height of the population, K is the growth rate constant for 
the population, t is age in years, and t0 is the hypothetical age at 
which height = 0.

We did not have a sufficient number of populations to calculate 
means and variances for all species' parameter estimates, so we 
tested for differences in K between both conspecific populations 
in different rivers and between populations of different species 
within the same river based on 95% confidence intervals. For 
example, if the 95% CI around the estimate of K for A. plicata in 
the one river did not overlap the 95% CI around K for A. plicata 
in a different river, we considered A. plicata to have different 
growth rates between the two rivers.

To test whether longevity was related to growth rate, we as-
sessed whether the maximum estimated age in each popu-
lation (Amax) was related to: the growth rate constants from 
their respective VBGM using ordinary least-squares regres-
sion. We log transformed Amax and K to meet linear model 

assumptions of homogeneity of variance and normal distribu-
tions of residuals.

Mussels are ectotherms and therefore their growth and longev-
ity may be impacted by temperature. Species that are native to 
the southeastern USA typically do not grow during time periods 
when the water temperatures are below ~20°C (personal com-
munication, P. Johnson, Alabama Aquatic Biodiversity Center). 
Therefore, we used temperature data collected by HOBO water 
level and conductivity loggers (U20L-02 and U24-001, Onset 
Computer Corporation, Bourne, MA, USA) that were deployed 
at varying intervals between 2018 and 2021 in each study river 
as part of related survey efforts (Hopper et  al.  2021; Bucholz 
et al. 2023). We determined the number of growing degree days, 
and the probable growing season based on mean daily tempera-
tures over the deployment period. For each river, we calculated 
growing degree days using the formula:

where Tmax = the maximum daily temperature, Tmin = the min-
imum daily temperature, and Tbase = 20°C. Then, we deter-
mined the growing season duration by calculating which day 
in the spring that water temperatures first increased above 
20°C and which day in the autumn that temperatures decreased 
below 20°C.

2.5.2   |   Relationships Between Growth Rate 
and Stream Flow

To test for potential relationships between growth rates and 
stream flow, we calculated hydrologic statistics using data from 
the United States Geological Survey's stream gage network 
(Table 1). For each gage, we calculated mean and median an-
nual discharge, and coefficient of variation in discharge. As 
such, we truncated the flow data sets so that only data from 
May–October were included and recalculated mean and median 
annual growing season discharge, and coefficient of variation. 
We also used flow duration curves for each gage to calculate the 
number of days in each year and the respective growing seasons 
that mean daily flow exceeded the 90th percentile of the curve 
(high discharge days), and the number of days that mean daily 
flow was below the 10th percentile (low discharge days).

We then used Spearman correlation tests to check whether a 
monotonic correlation existed between each flow statistic and 
the standardised growth index values across the period of record. 
The period of record corresponded to either that of the stream 
gage itself, or the length of the growth chronology for the mussel 
population being tested, whichever was shorter.

3   |   Results

3.1   |   Mussel Growth Rates Vary Among 
Populations and Species

We successfully fit a VBGM to each mussel population 
based on height-at-age data derived from shell thick sections 

yt = aebt + k,

Lt = L∞

(

1 − e−K(t−t0)
)

,

GDD =
Tmax + Tmin

2
− Tbase
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(Figure 3; Table S1). The 95% confidence intervals around the 
resulting VBGM parameter estimates indicated that K varied 
among conspecific mussel populations from different rivers, 
and among species within rivers (Figure  4; Table  S1). K was 
consistently high in L. ovata populations (range = 0.344–0.410) 
and C. taeniatus (0.279), consistently low in C. tuberculata pop-
ulations (0.113–0.133), and relatively variable among popula-
tions of A. plicata (0.140–0.262) and P. pustulosa (0.092–0.145) 
(Figure 4).

3.2   |   Maximum Age Decreases With Growth Rate

The highest observed Amax values we recorded were from C. 
tuberculata (22–35 years; Figure 3; Table S1). Amblema plicata 
(14–31 years) and P. pustulosa (20–32) had similar Amax ranges, 
although A. plicata was more variable (Figure  3; Table  S1). 
Cambarunio taeniatus (14 years) and L. ovata (15–17 years) 
had lower Amax values (Figure 3; Table S1). Amax had a negative 

log–log relationship with K across all populations (F1,11 = 11.9, 
p = 0.005, log Amax = 2.2–0.5 log K, R2 = 0.52; Figure 5).

3.3   |   Growing Degree Days and Growing Season 
Duration Vary Among Streams

The number of growing degrees was lowest in the Paint Rock 
(667°C days), highest in the Cahaba River (951°C days), and inter-
mediate in Bear Creek (844°C days) and the Duck River (810°C 
days). Similarly, the growing season was shortest in the Paint 
Rock (152 days; 17 May–16 October), longest in the Cahaba River 
(184 days; 28 April–29 October), and intermediate in Bear Creek 
(162 days; 3 May–12 October) and the Duck River (161 days; 4 May–
12 October). Within species, growing degree days and growing 
season duration did not co-occur in systems with higher growth 
rates (Figure 4). For example, growth rates for A. plicata—the only 
species we sampled in all four study rivers—were statistically in-
distinguishable between the Cahaba River and the Paint Rock.

FIGURE 3    |    Von Bertalanffy growth model curves for each study population. Points represent the length of an individual mussel at a given age, with lines 
representing the average length at the age curve of the population. Different colours correspond to different study rivers. The Von Bertalanffy growth mod-
el curves are separated by species: (a) Amblema plicata, (b) Cambarunio taeniatus, (c) Cyclonaias tuberculata, (d) Lampsilis ovata, (e) Pustulosa pustulosa.
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3.4   |   Stream Flow Was Rarely Correlated With 
Annual Growth

Mean growth chronologies for each population showed a sim-
ilar long-term pattern characterised by alternating periods 
of high and low growth (Figure 6). However, when we used 
standardised growth indices derived from the chronologies to 
quantify annual growth within populations, we did not find 
any consistent correlations between stream flow and annual 
growth. Of 7 significant correlations between annual growth 

and stream flow, 5 occurred in the Paint Rock (Table 3). Mean 
correlation coefficients tended to be low (Table  3). Among 
mean correlation coefficients, the largest negative values were 
associated with annual flow statistics (number of high and 
low days and the coefficient of variation), while the largest 
positive values were associated with growing season statistics 
(mean and median discharge, number of low discharge days) 
(Table 3).

4   |   Discussion

We provided key life history data by modelling the growth rates 
and longevity of 13 North American freshwater mussel popu-
lations, including two species with previously unquantified 
growth parameters. Below, we use this new life history infor-
mation to hypothesise which life history strategy best charac-
terises the study species, and what types of disturbance regimes 
they are best adapted to. Mussel growth was negatively related 
to longevity, but not to hydrologic summary statistics, suggest-
ing that eco-evolutionary trade-offs have a stronger influence on 
mussel growth than environmental factors in the populations 
we studied.

4.1   |   Growth Rates and Longevity

The estimates of growth rate and longevity that we presented 
here corresponded closely to the ranges of those reported for 
other populations and closely related taxa (Hopper et al. 2023). 
For example, species within the phylogenetic tribe Lampsilini 
are most often opportunistic or periodic strategists with rela-
tively high growth rates and correspondingly short life spans 
(Haag  2012). In this study, we described growth trajectories 
for two lampsilines (L. ovata and C. taeniatus) that have not 
had their life history classification described. Yet the values of 
K and Amax that we report for both species align closely with 
those reported for periodic strategists including congeneric spe-
cies such as Lampsilis ornata (K = 0.382, Amax = 18 years) and 

FIGURE 4    |    Coefficient plots showing the point estimates of the von 
Bertalanffy growth constant (K) for each study population. Error bars 
represent 95% confidence intervals of the estimates. Letters to the right 
of the error bars represent differences among groups, where groups 
that share a common letter have overlapping confidence intervals and 
groups that do not share a letter are different from one another. The 
plots are separated by the rivers with species denoted on the y-axis. The 
letters distinguish which river the growth constants were taken from: 
(a) Paint Rock, (b) Duck River, (c) Bear Creek, and (d) Cahaba River.

FIGURE 5    |    Maximum estimated age (Amax) decreases with von 
Bertalanffy growth model rate constant (K) across the study populations.
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Cambarunio nebulosus (K = 0.232–0.477, Amax = 12 years) (Haag 
and Rypel 2011). We hypothesise that L. ovata and C. taeniatus 
may also be best classified as periodic or opportunistic strate-
gists. These species are likely best adapted to small- to medium-
sized rivers that have unpredictable or extreme disturbance 
regimes (Haag 2012; Hornbach, Sietman, and William 2024).

Similarly, our estimates of K and Amax for C. tuberculata (tribe 
Quadrulini) fell within the range of previous studies which charac-
terise this species as slow-growing and long-lived (K = 0.094–0.164, 
Amax = 36–91 years) (Jirka 1986). Most quadriline mussels are equi-
librium strategists, so we hypothesise that C. tuberculata is likely 
also best classified as an equilibrium species based on their growth 
rates, fitting with the findings of previous studies (Haag  2012; 
Moore et al. 2021). Previously reported growth parameters for P. 
pustulosa (tribe Quadrulini, K = 0.051–0.143, Amax = 25–48) and 
A. plicata (tribe Amblemini, K = 0.074–0.207, Amax = 13–79) vary 
substantially among populations (Christian et  al.  2000; Haag 
and Rypel  2011; Sansom, Atkinson, and Vaughn  2016; DuBose 
et al. 2022). Our estimates of K and Amax for P. pustulosa and A. 
plicata also varied broadly among populations. Although variable, 
our estimates support existing classifications of P. pustulosa as an 
equilibrium strategist (Haag 2012; Moore et al. 2021). Amblema 
plicata is also considered to be an equilibrium strategist; however, 

Haag  (2012) identified a “short-lived” population of A. plicata 
that more closely resembled a periodic strategist. Similarly, our 
estimates of K and Amax for A. plicata span values that are char-
acteristic of both equilibrium and periodic strategists. Most likely, 
C. tuberculata and P. pustulosa are best adapted to stable habitats 
characteristic of mid-sized and large rivers, while A. plicata is 
probably a stream-size generalist given its seemingly plastic life 
history (Haag 2012; Hornbach, Sietman, and William 2024).

Our expectation that longevity (Amax) would be related to 
growth rate (K) across populations was also supported, and 
matches relationships identified for other mussel species (Haag 
and Rypel  2011). This pattern supports the fundamental eco-
evolutionary prediction that longevity decreases as growth rate 
increases (Metcalfe  2003). The ecological implications of this 
trade-off between growth and longevity are demonstrated by 
the life history strategy classifications that we hypothesised for 
our focal species. The lampsiline species L. ovata and C. taenia-
tus have traits that characterise periodic strategists. Thus, they 
should reach maturity and reproduce faster as well and may be 
more competitive in cyclically disturbed environments where the 
time to reach maturity is shorter than the disturbance interval. 
The quadriline species C. tuberculata and P. pustulosa have traits 
that characterise equilibrium strategists, and these species should 

FIGURE 6    |    Standardised master growth chronologies for each study population. Filled black boxes represent species that were not sampled at a 
site, due to their absence or low abundance. Points show population mean standardised growth indices. Grey ribbons show ±1 standard error around 
the mean for time points where n > 1.
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require a longer time to reach maturity. As such, C. tuberculata 
and P. pustulosa should be most competitive in stable environ-
ments that allow sufficient intervals for these species to reach 
maturity in between major disturbance events. Amblema plicata, 
on the other hand, seems to be more phenotypically plastic in its 
life history traits than other mussel species. This plasticity may be 
due to genetic differences or perhaps this species is simply more 
responsive to environmental perturbations that alter growth and 
longevity. For example, we anticipated that variation in tempera-
ture among streams might lead to variation in growth rates among 
populations. However, the study rivers with the fastest-growing 
populations were not necessarily those with the greatest number 
of growing degree days or the longest growing seasons. Regardless 
of the underlying mechanisms, the plastic life history of A. plicata 
may enable this species to be competitive across a range of dis-
turbance regimes. This suggestion is supported by the fact that A. 
plicata inhabits a broad range of ecoregions and habitats in North 
America (Haag 2012; Graf and Cummings 2021).

4.2   |   Stream Flow and Annual Growth

Contrary to our expectations, we found little evidence that annual 
growth was related to stream flow in our study. Other studies have 
suggested that mussel growth is strongly influenced by factors 
associated with discharge (Rypel, Haag, and Findlay 2008, 2009; 
Black et al. 2010, 2015; Haag and Rypel 2011). It is possible that 
we made more interpretive errors than these other studies, as the 
annuli in mussel shell sections are notoriously difficult to iden-
tify without validation through mark-recapture studies, although 
cross-dating is considered a viable alternative (Rypel, Haag, and 
Findlay  2008). Further, growth chronologies that are short in 
duration and the presence of impoundments or other human-
generated disturbances can obscure the relationship between an-
nual growth and streamflow (Rypel, Haag, and Findlay 2008, 2009; 
Sansom et al. 2013). Of the present study rivers, Bear Creek and 
the Duck River are impounded; further, Bear Creek had a rela-
tively short period of record for its stream gage (2015–2018) and 
the biochronology for the Cahaba River could only be dated back 
14 years (2006–2019). The ecological integrity of the Cahaba River 
is also threatened by the urbanisation of the surrounding catch-
ment, which includes the metropolitan centre of Birmingham, AL.

It is also possible that discharge is simply not a universal predic-
tor of mussel growth. Even studies that have validated annuli 
over multiple years have only reported correlations that were sta-
tistically significant in 57% of cases (n = 37, α = 0.05) (Haag and 
Rypel 2011). The strength and direction of correlations between 
mussel growth and stream flow also vary among populations of 
the same species living under different environmental contexts 
(Rypel, Haag, and Findlay 2009; Black et al. 2010). More complex 
hydrodynamic factors such as shear stress and Reynolds number 
are more closely related to the presence, abundance, and species 
composition of mussel communities at local scales than hydro-
logic variables like discharge (Lopez and Vaughn  2021). The 
same may be true of mussel growth, but that hypothesis remains 
untested.

Annual growth in our study system may be limited by factors 
other than flow. For example, annual temperature changes might 
mask flow-related changes in growth. Our temperature data were 

limited to the duration of a recent data logger deployment, so we 
could only generally characterise the recent temperature regimes 
of the study rivers. However, prior tests of this hypotheses sug-
gest that correlations between flow and annual growth are more 
consistent and often stronger than those between temperature 
and annual growth—although temperature is key at sub-annual 
scales (Rypel, Haag, and Findlay 2008; Black et al. 2010; Brewer, 
Grossman, and Randklev  2024). Alternatively, mussel growth 
might be food-limited in our study systems, but the existing 
understanding of mussel food web ecology remains too lim-
ited to empirically assess this hypothesis (Aldridge et al. 2022). 
Ultimately, the strength of relationships between mussel growth 
and environmental variables inherently depends on local condi-
tions, phylogenetic constraints, and the scale of observation.

5   |   Conclusions

Our findings highlight the need for species- and population-
specific conservation efforts for freshwater mussels. While some 
species seem to have relatively narrow ranges for growth and 
longevity, the growth of other species can vary widely among 
populations to the point that some species can seemingly ex-
hibit different life history strategies depending on location. A 
comprehensive understanding of growth and longevity param-
eters is therefore key to predicting how freshwater species may 
respond to changing climatic and flow regimes or other ecolog-
ical factors such as resource availability and habitat character-
istics. For mussels, information on life history traits should in 
turn be integrated with knowledge about other species traits in-
cluding thermal tolerance guilds, host preferences for mussels' 
parasitic larvae, and movement behaviour (Spooner et al. 2011; 
Gough, Gascho Landis, and Stoeckel 2012; Gates, Vaughn, and 
Julian 2015; Lopez et al. 2022). Given the important ecosystem 
services that mussels and related freshwater species provide 
(Atkinson et  al.  2023), along with their widespread distribu-
tions and high rates of imperilment (Böhm et al. 2021; Graf and 
Cummings 2021), a more thorough understanding of mussel life 
history traits—and how those traits mediate their relationships 
with other freshwater taxa and the environment—is imperative.
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