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Jeffrey JD, Hannan KD, Hasler CT, Suski CD. Hot and both-
ered: effects of elevated PCO2 and temperature on juvenile freshwater
mussels. Am J Physiol Regul Integr Comp Physiol 315: R115–R127,
2018. First published March 16, 2018; doi:10.1152/ajpregu.00238.
2017.—Multiple environmental stressors may interact in complex
ways to exceed or diminish the impacts of individual stressors. In the
present study, the interactive effects of two ecologically relevant
stressors [increased temperature and partial pressure of carbon dioxide
(PCO2)] were assessed for freshwater mussels, a group of organisms
that are among the most sensitive and rapidly declining worldwide.
The individual and combined effects of elevated temperature (22°C–
34°C) and PCO2 (~230, 58,000 �atm) on juvenile Lampsilis sili-
quoidea were quantified over a 5- or 14-day period, during which
physiological and whole animal responses were measured. Exposure
to elevated temperature induced a series of physiological responses,
including an increase in oxygen consumption rates following 5 days
of exposure at 31°C and an increase in carbonic anhydrase (ca) and
heat shock protein 70 mRNA levels following 14 days of exposure at
28°C and 34°C, respectively. Treatment with elevated PCO2 activated
acid-base regulatory responses including increases in CA and Na�-
K�-ATPase activity and a novel mechanism for acid-base regulation
during PCO2 exposure in freshwater mussels was proposed. Thermal
and CO2 stressors also interacted such that responses to the thermal
stressor were diminished in mussels exposed to elevated PCO2, result-
ing in the greatest level of mortality. Additionally, larger mussels
were more likely to survive treatment with elevated PCO2 and/or
temperature. Together, exposure to elevated PCO2 may compromise
the ability of juvenile freshwater mussels to respond to additional
stressors, such as increased temperatures, highlighting the importance
of considering not only the individual but also the interactive effects
of multiple environmental stressors.

acidification; carbonic anhydrase; HSP70; multiple stressors; Na�-
K�-ATPase

INTRODUCTION

With ongoing global change, increased attention has been
paid to understanding the cumulative impacts of novel and
extreme environmental challenges (i.e., stressors) on biota.
Evaluating environmental impacts on ecosystems and organ-
isms is particularly challenging because of the potential for
multiple stressors to interact in complex and unexpected ways,
and the need to understand the interactive and cumulative
effects of multiple stressors has been cited as one of the most
pressing questions in ecology and conservation (e.g., 75, 92).

Multiple stressor effects are often considered to be additive;
however, of particular interest are situations in which multiple
stressors interact to create “ecological surprises” in the form of
nonadditive effects (13). These nonadditive effects include
synergism, in which stressor effects are amplified or exacer-
bated when acting together, and antagonism, in which effects
resulting from multiple stressors are less than expected based
on the individual stressor effects (24). Complex interactions
between stressors are likely highly prevalent in natural envi-
ronments (13, 50); however, mechanisms underlying responses
to multiple stressors remain largely unexplored (32).

Although marine systems have gained increasing attention
by researchers for the interactive effects of multiple stressors
(13, 37), evidence for the net effects of multiple stressors on
freshwater systems remains limited (50). Freshwater systems
are particularly vulnerable to global change because of the
integrative effects of local catchments and regional atmo-
spheric processes (20, 65, 91). Two ecologically relevant
stressors that have been well studied in marine systems, but
may also occur together in freshwater systems, are increases in
water temperature and carbon dioxide [measured as the partial
pressure of CO2 (PCO2)] (19, 71). Although less well under-
stood compared with marine systems, current and future fresh-
water PCO2 may increase as a result of natural or anthropogenic
factors (38). A global assessment of 47 rivers revealed a mean
PCO2 of 3,230 �atm for freshwater systems that ranged from
647 to 38,000 �atm (9). Freshwater PCO2 can fluctuate daily
and seasonally and can exceed atmospheric levels (i.e., super-
saturation of CO2) because of factors including terrestrial
productivity, precipitation, and local geology (14, 25). River
environments may therefore experience a wide range of PCO2

over the course of a year, from less than 100 to more than
15,000 �atm, with higher levels occurring in warmer, drier
periods (9). Additionally, anthropogenic increases in PCO2 may
result from deforestation (93), agricultural and urban activities
(5), climate change (70), and invasive species management
(64). Although the magnitude of the change is not known,
freshwater PCO2 is likely to increase with higher levels of
atmospheric CO2, greater terrestrial primary productivity, in-
creased precipitation, and longer periods of dry conditions (38,
69, 70). Levels of freshwater CO2 may also be intentionally
elevated up to 100 times greater than ambient conditions in
localized areas for the purpose of invasive species management
(i.e., nonphysical barrier for the movement of invasive fish)
(16, 18, 83); however, the form of such barriers has not yet
been fully defined. Freshwater temperature can also vary be-
cause of natural and anthropogenic factors (44) and can reach
highs of 30°C–40°C in some temperate regions, which are
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often at or near the thermal limits of resident species (23).
Overall, freshwater temperatures are expected to rise over the
next 100 years as global air temperatures continue to warm (62,
65a, 84), which could push organisms beyond their thermal
limits. As increases in PCO2 and temperature are likely to occur
together, it becomes important to understand the potentially
complex interactive effects of these stressors on organisms,
particularly those already at risk from other environmental
disturbances.

North American freshwater mussels are among the most
sensitive and rapidly declining faunal groups worldwide (58,
85). Freshwater mussels are sessile, often long-lived, benthic
invertebrates that have a complex life cycle involving a para-
sitic larval stage and can act as sentinel species providing
important information about the health of an ecosystem (e.g.,
30, 68). By providing a number of important functions in
aquatic systems, such as linking the water column and benthic
food webs, increasing habitat complexity, and generating hab-
itats for other aquatic organisms, freshwater mussels are inte-
gral contributors to freshwater environments (86, 87). Declines
in mussel populations have been attributed to anthropogenic
factors, including habitat alterations, pollutants, sedimentation,
and invasive species (80), and warming or increases in PCO2

because of climate change may additionally put these organ-
isms at risk (38, 40, 78). Because of the imperiled status of
several freshwater mussel species, quantifying the responses of
mussels to complex stressor environments becomes important,
particularly for young life stages, when mussels may be even
more sensitive to environmental challenges (11).

The tolerance and the physiological responses of freshwater
mussels to elevated temperature and PCO2 have been indepen-
dently assessed; however, the interactive effects of these two
stressors have not been defined. Thermal stressors can reduce
survival (27, 67), elicit sublethal responses, including altered
energy balance (28), increases in metabolic rate [e.g., oxygen
consumption (MO2)], and heart rate that decreases beyond a
critical temperature (28, 66). Other sublethal responses, in-
clude decreased byssus production in juvenile mussels (a
structure important for attachment and dispersal capabilities)
(2), changes in burrowing (2) and valve gaping behaviors (26,
28), as well as elevations in heat shock proteins (HSPs) (68),
which play an important role in mediating cellular damage.
With respect to CO2, exposure to elevated PCO2 results in the
acidification of internal fluids, necessitating modulation of
acid-base regulatory responses (31). As the hemolymph of
unionid mussels has a limited buffering capacity and a low
osmotic concentration, mussels appear to utilize acid-base and
ion-regulatory responses (34–36) as well as a bicarbonate-
carbonate buffer system (61) to respond to acidosis. Changes in
hemolymph ion concentrations have been observed in adult
freshwater mussels exposed to elevated PCO2 (34–36), presum-
ably as a consequence of H� excretion via Na�/H� exchangers
(NHE) or vacuolar-type H�-ATPase (v-type HA) (e.g., in-
crease in hemolymph Na�), and HCO3

� retention by regulating
HCO3

�/Cl� anion exchangers (e.g., reduction in hemolymph
Cl� and increase in HCO3

�). Growth, integrity of the shell, and
survival have also been compromised by exposure to elevated
PCO2 in juvenile freshwater mussels (88), which may result, at
least in part, from a shift in the direction of the bicarbonate
buffering system from deposition of CaCO3 for biomineraliza-

tion (47, 90) to utilizing shell CaCO3 stores to provide HCO3
�

for buffering acidosis (42) [e.g., hemolymph Ca2� levels
increase as a result (34–36)]. Additionally, alterations in bur-
rowing and gaping behaviors were observed in both juvenile
(88) and adult (39) freshwater mussels in response to elevated
PCO2 exposure. Although the consequences of exposure to
elevated temperature and PCO2 have been assessed to some
extent, the mechanisms underlying these responses are not well
understood. Additionally, as wild freshwater mussel popula-
tions are likely to experience alterations in temperature and
PCO2 simultaneously, determining the interactive effects of
these stressors will be important for predicting future responses
to global changes of individuals and populations.

Based on this background, the goal of the present study was
to quantify the interactive effects of elevated PCO2 and tem-
perature on juvenile freshwater mussels using an integrative
approach. In this study, juvenile Lampsilis siliquoidea were
exposed to either control (~230 �atm) or high (~58,000 �atm)
PCO2 for up to 14 days, in combination with one of five
experimental temperatures ranging from 22°C to 34°C. These
exposure conditions represent ecologically relevant and ex-
treme conditions that freshwater mussels may experience in
many parts of the United States. Within the native range of L.
siliquoidea (15, 63), summer water temperatures in shallow
waters of the Upper Mississippi River can exceed 30°C (27),
streams in the southern United States can reach 35°C–40°C
(78), and mean water temperatures are expected to increase in
the future with global warming (62, 65a, 84). Freshwater PCO2

levels may also increase in freshwater systems because of the
variety of factors described above and may reach levels above
50,000 �atm in the upper Midwest at locations near proposed
fish deterrent barriers where PCO2 levels may potentially be
elevated up to 100 times above ambient conditions (e.g., 16,
18). In the present study, survival was assessed over the 14-day
exposure period, after which cellular-level responses were
quantified, including regulators of acid-base status [carbonic
anhydrase (CA), Na�-K�-ATPase (NKA), and v-type HA
activity and/or mRNA level] and indicators of cellular stress
(hsp70 mRNA, antioxidant capacity, and oxidative damage). In
addition, whole animal MO2 was evaluated following a 5-day
exposure at either 22°C or 31°C and either control or high
PCO2. It was hypothesized that mussels exposed to elevated
PCO2 would be more sensitive to the additional thermal stres-
sor, resulting in decreased survival because of the increased
demand of regulating acid-base status, evidenced by elevated
enzyme activity and mRNA levels.

MATERIALS AND METHODS

Experimental Animals

Juvenile L. siliquoidea (n � 331) of approximate age 16 mo were
obtained from the Genoa National Fish Hatchery, Genoa, WI, and
held at the Aquatic Research Facility at the University of Illinois,
Urbana–Champaign, IL. Mussels were held for at least 1 wk before
experimentation in a recirculating tank system with sediment (2 cm of
sand; Old Castle all-purpose sand, Atlanta, GA) that was supplied
with water from a 0.04-ha natural earthen-bottom pond with vegeta-
tion. The holding system was equipped with a Teco 500 aquarium
heater/chiller (TECO-US, Aquarium Specialty, Columbia, SC) to
maintain a water temperature of 22°C and a low-pressure air blower
(Sweetwater, SL24H Pentair, Apopka, FL) for aeration. Fifty percent
water changes were performed twice weekly, and water quality was
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assessed daily. During this period, dissolved oxygen (8.17 � 0.10
mg/l, means � SE) and temperature (21.5°C � 0.3°C) were measured
with a YSI 550A portable meter (Yellow Springs Instruments, Irvine,
CA), pH (8.33 � 0.04) was measured using a WTW pH 3310
handheld meter (WTW) that was calibrated regularly, and alkalinity
(217 � 5 mg/l CaCO3) was measured using a digital titration kit
(Hach, Loveland, CO) (Table 1). Water PCO2 (427 � 179 �atm) was
monitored using a modified infrared probe (Vaisala GMP220 and
GMT221, St. Louis, MO) (53), and the concentration of CO2

(9.0 � 0.6 mg/l) was determined using a CO2 titration kit (Hach).
Ammonia levels were also measured during the preexposure and
exposure periods using an Ammonia Nitrogen Kit (No. 3351–02,
LaMotte, Chestertown, MD) and did not exceed the lowest detectable
limit of 0.2 parts/million NH3-N. Mussels were fed daily with a
commercial shellfish diet with multiple particle sizes consisting
mainly of Nannochloropsis sp. 1–2 �m, as well as a mixed diet of
Isochrysis, Pavlova, Thalassiosira, and Tertraselmis spp. 5–12 �m
(Instant Algae, Reed Mariculture, Campbell, CA). Mussel tanks were
carefully monitored for the clearance of algae from the water to ensure
that food availability was not restricted.

Experiment 1

Elevated carbon dioxide and temperature exposure. Juvenile mus-
sels that displayed foot movement (55) (n � 303; length, 11.4 � 0.1
mm, mean � SE; length range, 7–16.2 mm) were moved to one of ten
recirculating systems (Fig. 1A) 24 h before the onset of the experi-
ment. Within each recirculating system mussels (n � 30–32) were
divided evenly among three 283-ml containers (i.e., 10–11 mussels
per container) with sediment (2 cm of sand; Old Castle all-purpose
sand) that were supplied with pond water. Water was allowed to
overflow into a 3.5-liter trough that drained into a reservoir tank below
the setup. Water was then recirculated from the reservoir tank back
into the individual mussel holding containers with a pump. Water was
also passed through an aquarium heater/chiller (TECO-US, Aquarium
Specialty) to maintain water temperature, and the reservoir was
aerated with a low-pressure air blower (Sweetwater, SL24H Pentair).
Mussel husbandry was carried out as for the preexposure setup, with
mussels being fed daily and 25%–50% water changes occurring every
other day.

Mussels were exposed to one of five temperatures (22°C, 25°C,
28°C, 31°C, or 34°C) and to either control PCO2 (232 � 31 �atm) or
a high PCO2 treatment of ~58,000 �atm (58,661 � 576 �atm) for up
to 14 days (Fig. 1B). The highest temperature of 34°C was chosen as
it is the upper thermal tolerance for juvenile L. siliquoidea acclimated
to 22°C (67). Temperature was increased by a rate of 0.5°C/h until the
target temperatures were achieved, which was slower than the sug-
gested maximum rate recommended in the Standard Guide for Con-
ducting Laboratory Toxicity Tests with Freshwater Mussels (3).

Freshwater PCO2 may rise because of a variety of natural and anthro-
pogenic factors (see INTRODUCTION). Similar to targets used in the
temperature portion of this study, a CO2 level of 58,000 �atm was
chosen as it is near the upper tolerance for juvenile mussels (88),
making this pressure valuable for identifying mechanisms of tolerance
relevant at lower partial pressures (45). In addition, studies of eutro-
phic environments have shown that freshwater PCO2 can exceed
40,000 �atm (4), and levels are projected to exceed 50,000 �atm in
areas adjacent to nonphysical fish barriers that use elevated CO2 to
deter the movement of fishes (16, 18). Target PCO2 was maintained
with the common method of using a pH controller (PINPOINT,
American Marine, Ridgefield, CT) that added compressed CO2 gas
(commercial grade, 99.9% purity) into the system’s reservoir through
an air stone if the pH rose above a target level (74). Each recirculating
system contained an additional 2-liter container that allowed for water
chemistry to be monitored daily (Table 1), as described for the
preexposure period.

Mussels were held for a maximum of 14 days at treatment condi-
tions, and their survival was monitored over this period. Dead mus-
sels, indicated by a persistent opening of the shell and no foot
retraction, were counted and removed daily. After 14 days of exposure
to treatment conditions, surviving mussels were measured for length,
and their soft tissues were removed with forceps. Because of their
small size, whole body soft tissues (i.e., no differentiation of internal
tissues) from individual mussels were used for analysis of physiolog-
ical variables (29, 55). Within a treatment group, individual mussels
were randomly selected for analysis of mRNA levels, enzyme activ-
ity, or oxidative stress analysis. Soft tissues of individual mussels
were stored in either RNAlater (Ambion, Fisher Scientific, Hanover
Park, IL) or flash frozen in liquid nitrogen. Samples stored in RNAl-
ater were stored overnight at 4°C before being stored at �20°C, and
flash-frozen samples were stored at �80°C until analysis.

Quantitative real-time RT-PCR. Total RNA was extracted from the
soft tissue of individual mussels that were stored in RNAlater (n �
7–8) using TRIzol reagent (Ambion, Fisher Scientific) according to
the manufacturer’s protocol. Tissues were disrupted and homogenized
with a BeadBug Microtube homogenizer (Denville Scientific, Holli-
ston, MA). Extracted RNA was quantified using a Qubit 3.0 Fluo-
rometer (Fisher Scientific), its quality was assessed using a NanoDrop
One spectrophotometer (Fisher Scientific), and 1 �g of RNA was
treated with deoxyribonuclease I (Amplification Grade, DNase; Invit-
rogen, Fisher Scientific). To synthesize cDNA, MultiScribe Reverse
Transcriptase, RNase inhibitor, and random primers were used ac-
cording to the manufacturer’s protocol (High-Capacity cDNA Re-
verse Transcription kit, Applied Biosystems, Fisher Scientific).

The relative abundance of hsp70, ca, and nka mRNA was deter-
mined by quantitative real-time RT-PCR. Primers for the target genes,
as well as the reference genes ef1-�, gapdh, and 18s, were previously

Table 1. Water chemistry variables for control and high PCO2 treatments at either 22°C, 25°C, 28°C, 31°C, or 34°C
assessed daily over the 14-day exposure period

Treatment Water Chemistry Variable

CO2 Temperature, °C Temperature, °C dO2, mg/l pH PCO2, �atm [CO2], mg/l Alkalinity, mg/l CaCO3

Control 22 21.5 � 0.1 8.24 � 0.04 8.314 � 0.168 127 � 52 1.5 � 0.2 255 � 8
25 24.2 � 0.2 8.03 � 0.03 8.567 � 0.015 358 � 82 1.6 � 0.2 246 � 4
28 28.0 � 0.2 7.65 � 0.07 8.552 � 0.022 269 � 88 0.5 � 0.1 209 � 9
31 30.0 � 0.2 7.07 � 0.04 8.438 � 0.106 221 � 54 0.9 � 0.1 255 � 6
34 33.2 � 0.3 6.95 � 0.06 8.559 � 0.027 181 � 56 0.4 � 0.1 227 � 9

High 22 22.3 � 0.2 7.63 � 0.05 6.860 � 0.156 60241 � 1187 72.4 � 2.6 278 � 4
25 24.7 � 0.1 7.24 � 0.04 6.684 � 0.010 60837 � 1377 70.4 � 2.4 277 � 6
28 27.7 � 0.2 7.07 � 0.03 6.700 � 0.016 59423 � 1168 64.2 � 3.0 272 � 6
31 30.3 � 0.2 6.64 � 0.02 6.655 � 0.025 56187 � 1222 58.0 � 2.5 233 � 11
34 33.5 � 0.2 6.27 � 0.03 6.669 � 0.025 56071 � 589 52.5 � 2.3 262 � 4

Data are presented as means � SE. dO2, dissolved oxygen.
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used in Jeffrey et al. (51). To optimize reaction compositions, standard
curves were generated for each primer set using cDNA pooled from
individuals across treatment groups (efficiencies were �0.90).
PowerUp SYBR Green Master Mix (Applied Biosystems, Fisher
Scientific) and an ABI 7900HT Fast Real-Time PCR System (Life
Technologies, Grand Island, NY) were used to carry out quantitative
real-time RT-PCR according to manufacturer’s instructions for 10-�l
reactions. Primer concentrations were 0.5 �M, and cDNA was diluted
20-fold for hsp70, nka, ef1-�, and gapdh, 10-fold for ca, and 10,000-
fold for 18s. Cycling conditions were as follows: 95°C for 15 s and
60°C for 60 s over 40 cycles. The NORMA-gene approach of
Heckmann et al. (41) was used to normalize threshold cycle (Ct)
values that were then expressed relative to the control PCO2 mean for
mussels held at 22°C using the ��Ct method, where � indicates
change (57).

Enzymatic analyses. Flash frozen whole body soft tissues of indi-
vidual mussels (n � 5–8) were homogenized in eight volumes
(wt/vol) of SEID buffer (250 mM sucrose, 10 mM Na2EDTA, 50 mM
imidazole, 0.1% Na deoxycholic acid; pH 7.3) using a Kimble, Kontes
motorized pestle (Fisher Scientific). Samples were centrifuged at
5,000 g at 4°C for 3 min, and the supernatants were kept on ice
throughout the analysis (29). The activity of NKA and v-type HA was
measured according to McCormick (60) and Lin and Randall (56),
respectively. These methods were used to calculate the difference in
the amount of adenosine diphosphate (ADP) produced in samples
assayed at control conditions and when in the presence of an inhibitor.
Ouabain (0.5 mM; Sigma-Aldrich, St. Louis, MO) and N-ethylma-
leimide (NEM; 1 mM; Sigma-Aldrich) with sodium azide (NaN3; 5
mM; Sigma-Aldrich) were used to inhibit NKA and v-type HA,

respectively. Additionally, bafilomycin A1 (10 �M; Research Prod-
ucts International, Fisher Scientific) was used to inhibit v-type HA and
produced similar results to NEM. Samples (10 �l) were run in
duplicate in a 96-well microplate across five working solutions. Each
reaction contained 2 mM phosphoenolpyruvate (Gold Biotechnology,
St. Louis, MO), 0.5 mM ATP (Sigma-Aldrich), 0.16 mM nicotin-
amide adenine dinucleotide (NADH; Sigma-Aldrich), 2.86 U/ml lac-
tate dehydrogenase (Sigma-Aldrich), 3.75 U/ml pyruvate kinase (Si-
gma-Aldrich), 50 mM imidazole (Sigma-Aldrich), 47.25 mM NaCl,
2.625 mM MgCl2 	 6H2O, and 10.5 mM KCl. Solution A contained
no inhibitors, solution B was supplemented with ouabain, solution C
contained ouabain and NaN3, solution D was identical to solution C
but also contained NEM, and solution E contained ouabain and
bafilomycin. Plates were read at 340 nM at 20-s intervals for 20 min
using a microplate spectrophotometer (Molecular Devices, Spectra-
Max Plus 384, Sunnyvale, CA). The average slope (mOD/10 �l/min)
of each sample with and without inhibitors was determined. Standard
curves for NADH (0–5 mM) and ADP (0–4 mM) were determined to
verify the quality of the reagents. Protein concentrations were mea-
sured for each sample using a Bradford assay (Sigma Aldrich), and
enzyme activity was expressed as �mol ADP/mg protein/h.

CA activity was measured in the same homogenate as described
above according to Henry (43). Homogenate (50 �l) was added to 5
ml of reaction buffer (225 mM mannitol; 75 mM sucrose; 10 mM Tris
base; pH brought to 7.4 with orthophosphoric acid) held within a
chamber that was kept at 4°C throughout the analysis. Using a pH
electrode (GK2401C Combined pH Electrode, Hach; VWR, Rednor,
PA) connected to a pH/ISE isoPod (eDAQ, Colorado Springs, CO),
the change in pH over a 0.25 pH unit range was measured following

CO2

Control
~230 µatm

pCO2

22˚CTemp. 25˚C 28˚C 31˚C 34˚C

Experiment 1

Experiment 2

C22 H22 C25 H25 C28 H28 C31 H31 C34 H34Treat.

Physiological endpoint

High
~58,000 µatm

Survival Acid-base regulation

CA, NKA, HA activity
ca, nka mRNA

Cellular stress

hsp70 mRNA
TAC, HNE

Control
~230 µatm

pCO2

Temp.

Treat.

High
~58,000 µatm

22˚C 31˚C

C22 H22 C31 H31

Physiological endpoint Metabolic rate

14 days

5 days

pH pinpoint 
controller

air blower

heater/chiller

pump

A B

Fig. 1. A: schematic of the mussel holding system. B: experimental design for the exposure of juvenile Lampsilis siliquoidea to elevated temperature and PCO2.
Mussels were held in recirculating systems that consisted of 283-ml containers with sediment that held the mussels and a 2-liter container for water chemistry
monitoring. Water was allowed to overflow into a 3.5-liter container that drained into a reservoir. Water was then recirculated through a heater/chiller to the
individual containers with a pump. The reservoir was aerated with a low-pressure air blower, and PCO2 levels were elevated and maintained using a pH pinpoint
controller. For experiment 1, mussels were exposed to either control (~230 �atm) or high (~58,000 �atm) PCO2 as well as either 22°C, 25°C, 28°C, 31°C, or
34°C for 14 days. Survival was assessed daily over the 14-day period. Regulators of acid-base status were assessed following the 14-day exposure, including
carbonic anhydrase (CA) activity and mRNA, Na�-K�-ATPase (NKA) activity and mRNA, and vacuolar-type H�-ATPase (v-type HA) activity. Indicators of
cellular stress were also assessed, including heat shock protein 70 (hsp70) mRNA, and total antioxidant capacity (TAC) and oxidative damage [hydroxynonenal
(HNE)]. For experiment 2, oxygen consumption (MO2) was assessed following 5 days of exposure to either control or high PCO2 and either 22°C or 31°C.
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the addition of 200 �l of ice-cold CO2-saturated H2O using a 500-ml
Hamilton syringe (VWR) in the presence (catalyzed; Vcat) and ab-
sence (uncatalyzed; Vu) of the sample homogenate. In addition, the
buffer capacity (
; pH units/�mol H�) of the reaction buffer was
determined as the change in pH following the addition of 50 �l of 0.1
M HCl to 5 ml of reaction buffer. The activity of CA (�mol
H�/min/mg protein) was calculated as

CA activity �

�Vcat

�
�

Vu

� � � 60 sec

Volumelysate � �protein�
Oxidative stress. Flash-frozen whole body soft tissues of individual

mussels (n � 4–6) were homogenized in eight volumes (wt/vol) of
1X PBS buffer (from 10	 PBS Buffer, Fisher Scientific) supple-
mented with protease inhibitors [50 �g/l aprotinin and 40 �M of
phenylmethylsulfonyl fluoride; Thermofisher, Fisher Scientific] (59)
using a Kimble, Kontes motorized pestle (Fisher Scientific). Samples
were centrifuged at 15,000 g for 10 min at 4°C, and the supernatant
was removed and held on ice.

Oxidative stress was quantified by assessing an oxidative marker of
lipid peroxidation, 4-hydroxynonenal (HNE), as well as total antiox-
idant capacity (TAC). Commercially available kits, HNE OxiSelect
HNE-His adduct ELISA Kit and OxiSelect Total Antioxidant Capac-
ity Assay Kit (Cell Biolabs, Fisher Scientific), were used following
the manufacturer’s protocol. TAC was expressed in Cu-reducing
equivalents against a uric acid standard, where 1 mM of uric acid is
equivalent to 2189 �M Cu2�. Samples were run in duplicate and
normalized to their protein concentrations that were determined using
a Bradford assay (Sigma Aldrich).

Experiment 2

Metabolic rate. In a second experiment using a different group of
mussels, MO2 was obtained from four of the above treatments (22°C:
control CO2, 22°C: high CO2, 31°C: control CO2, and 31°C: high
CO2), following 5 days of exposure (Fig. 1B). Mussels were held in
the same recirculating systems, within an additional 283-ml container
(n � 10 for each treatment group) and treated as in Experiment 1.
Mussels were not fed the day before MO2 measurements. Oxygen
consumption data were collected for seven mussels from each
treatment group using computerized intermittent-flow respirome-
try (79). The system consisted of four glass chambers (~20 mm
length, ~12 mm width) each connected to one peristaltic pump for
flushing ambient water into the chamber. Each glass chamber was also
equipped with a 5-mm stir bar to facilitate recirculation during the
measurement period. The total volume of the setup including the glass
chamber and all associated tubing was ~1.6 ml. Oxygen consumption
in each individual chamber was quantified with twelve 30-min cycles
consisting of 20-min measurement, 9-min flush, and 1-min wait
period before commencing the next cycle. For each mussel, MO2 (in
mg O2·kg�1·h�1) was calculated as MO2 � �·Vresp·
·Mb

�1, where
Vresp was the volume of each chamber minus the volume of the
mussel, 
 was the oxygen solubility (adjusted daily for the barometric
pressure and temperature), and Mb was the weight of the whole animal
(shell � tissues; g). During each trial the coefficient of determination
(r2) for all slope measurements was �0.95 and MO2 was defined as
the average of the 8 lowest of the 12 measurements for each animal
(76).

Calibration of the fiber optic oxygen probes with oxygen-free and
fully saturated water occurred regularly throughout the experiment,
background O2 data was collected and accounted for during each trial
(79), and all tubing and chambers were rinsed with dilute bleach
between trials to minimize bacterial growth and reduce background
MO2. Data were recorded with AutoResp software [version 1.4,
Loligo, Tjele, Denmark (79)].

Statistical Analysis

A Cox proportional hazard regression model was used to assess
survival in juvenile L. siliquoidea over the 14-day period of exposure
to elevated temperature and PCO2 using the “survival” package (82) in
R. This model is an appropriate method for assessing time to event
data, as it allows for the inclusion of censored data (12, e.g., 54).
Temperature and PCO2 were included in the model as fixed effects, and
mussel length was included as a covariate. The interaction between
PCO2 and temperature was not significant and was thus removed and
analyses were rerun (21). Additionally, a logistic regression was used
to assess differences in mortality at the end of the 14-day exposure
period, with PCO2, temperature, and the interaction of PCO2 and
temperature as fixed effects and mussel length as a covariate. If either
mean or interaction effects were significant, Tukey-Kramer honestly
significant difference post hoc analyses were performed using the
“multcomView” and “lsmeans” packages in R. To verify that mussel
size was not different across experimental treatments, a two-way
analysis of variance (ANOVA) was used with mussel length as the
response variable and PCO2, temperature, and their interaction
(PCO2 	 temperature) as fixed effects.

The effects of elevated PCO2 and temperature exposure on the
mRNA abundance of target genes, enzyme activity, and oxidative
stress markers were first assessed using a two-way analysis of cova-
riance (ANCOVA) with temperature, CO2 level, and their interaction
(PCO2 	 temperature) entered into the model as fixed effects, and
mussel length as a covariate. If mussel length was not significant in
the model, it was removed and a two-way ANOVA was run with the
fixed effects indicated above. For the statistical analysis of MO2,
length was not included in the model (i.e., analyzed using a two-way
ANOVA) because these data already include an aspect of mussel size
(e.g., Mb, mussel weight) in their calculation. If the interaction term
was significant, a Tukey-Kramer honestly significant difference post
hoc test was used, using the “multcomp” package (46) in R. Similarly,
if the interaction term was not significant, a Tukey post hoc test was
used to assess significant main effects. Additionally, if length as a
covariate was significant in the above two-way ANCOVA models, a
linear regression was performed to determine how length affected the
variable of interest.

Assumptions of normality and homogeneity of variance were
assessed for all models. A visual analysis of fitted residuals using a
normal probability plot (1) and a Shapiro-Wilk normality test were
used to assess normality. The homogeneity of variances was assessed
using a Levene’s test as well as a visual inspection of fitted residuals.
If either the assumption of normality or the homogeneity of variance
was violated (i.e., if either the tests or visual inspections described
above failed), data were transformed with a rank or square root
transformation and run with the same parametric model provided that
the assumptions were met (10, 48, 72). Statistical analyses were
performed using R v3.3.2 (81) and the level of significance (�) was
0.05. Data are presented as means � SE.

RESULTS

After 14 days of exposure, whole body ca mRNA levels and
CA activity were both significantly affected by high PCO2

exposure, but only ca mRNA levels were affected by elevated
temperature (Table 2). In neither case was the interaction of
PCO2 and temperature significant for ca mRNA or CA activity
(Table 2). Overall and independent of holding temperature,
exposure to high PCO2 resulted in a significant reduction in ca
mRNA levels and an elevation in CA activity compared with
mussels held at control PCO2. The differences in ca mRNA and
CA activity between CO2-treated and control mussels appeared
most pronounced at higher temperatures (i.e., �28°C) (Fig. 2);
however, this was not significant (Table 2). Whole body ca
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mRNA levels were also significantly elevated in mussels held
at 28°C compared with 25°C, regardless of PCO2 treatment
(Fig. 2A). Although not significant (Table 2), the increase in ca
mRNA with temperature appeared to occur only in mussels
exposed to control PCO2 and not high PCO2 (Fig. 2A).

Elevated temperature and PCO2 significantly interacted to
affect nka mRNA levels in mussels following 14 days of
exposure (Table 2). Only mussels held at high PCO2 showed a
reduction in nka mRNA with an increase in temperature, where
mRNA levels were significantly reduced in mussels held at
28°C and 34°C compared with 22°C, and these levels fell
below those of mussels held at control PCO2 at the highest
holding temperature (34°C) (Fig. 3A). Although no interactive
effect of elevated temperature and PCO2 on NKA activity was
found (Table 2), exposure to high PCO2 resulted in an overall
significant increase in NKA activity compared with mussels
held at control PCO2 (Fig. 3B). Additionally, mussel length was
negatively correlated with NKA activity (F1,62 � 6.197, P �
0.015, R2 � 0.076) and nka mRNA (F1,75 � 3.545, P � 0.064,
R2 � 0.032) levels (Table 2). Whole body v-type HA activity
was not affected by exposure to either elevated temperature or

high PCO2 (Table 2), but was positively correlated with mussel
length (F1,58 � 5.829, P � 0.019, R2 � 0.076; Table 2).

Exposure to elevated PCO2 and temperature significantly
interacted to affect hsp70 mRNA levels, but indicators of
oxidative stress were relatively unaffected by either elevated
temperature or PCO2 following 14 days of exposure (Table 2).
Whole body hsp70 mRNA levels increased by about twofold at
34°C compared with all other holding temperatures in mussels
held at control PCO2, and this heat-induced increase in hsp70
mRNA was not observed in mussels also exposed to high PCO2

(Fig. 4A). Measurements of oxidative stress (i.e., TAC and
HNE) were largely unaffected by exposure to either high PCO2

or elevated temperature (Table 2), with the exception that HNE
adducts were elevated in mussels exposed to 34°C compared
with 28°C, independent of PCO2 exposure (Fig. 4, B and C).
Additionally, mussel length was positively correlated with
HNE (F1,55 � 10.35, P � 0.002, R2 � 0.143; Table 2).

After a 5-day exposure, both elevated PCO2 and temperature
(31°C) significantly, but independently, affected mussel MO2
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Fig. 2. A: carbonic anhydrase (ca) relative mRNA level. B: CA activity of
juvenile Lampsilis siliquoidea exposed to elevated PCO2 and temperature.
Mussels were exposed to either control (~230 �atm) or high (~58,000 �atm)
PCO2, and either 22°C, 25°C, 28°C, 31°C, or 34°C for 14 days. Values are
presented as means � SE (n � 5–8). Levels of mRNA were measured by
quantitative real-time RT-PCR (qPCR), and data were expressed relative to the
control PCO2 group held at 22°C. The interaction of PCO2 and temperature was
not significant; however, both temperature and/or PCO2 had significant inde-
pendent effects (two-way ANOVA; see Table 2 for details). A significant
effect of temperature is represented by groups that do not share a letter (i.e.,
letter above a line to indicate a mean effect of temperature). A significant effect
of PCO2 is represented by the inset box to indicate the mean effect of CO2

treatment.

Table 2. Results of two-way ANOVA or ANCOVA for effects
of elevated PCO2 and temperature exposure on juvenile
Lampsilis siliquoidea

Variable Main Effects Df SS F Value P Value

Length PCO2 1 0.2 0.066 0.797
Temp. 4 8.0 0.705 0.589
PCO2 	 Temp. 4 7.8 0.687 0.601

ca mRNA PCO2 1 5964 16.445 <0.001
Temp. 4 4415 3.043 0.023
PCO2 	 Temp. 4 2262 1.559 0.196

CA activity PCO2 1 267.0 11.591 0.001
Temp. 4 97.2 1.055 0.388
PCO2 	 Temp. 4 70.7 0.768 0.551

nka mRNA Length 1 1717 4.661 0.035
PCO2 1 921 2.501 0.119
Temp. 4 6241 4.235 0.004
PCO2 	 Temp. 4 4847 3.290 0.016

NKA activity Length 1 0.027 6.587 0.013
PCO2 1 0.034 8.403 0.005
Temp. 4 0.011 0.685 0.606
PCO2 	 Temp. 4 0.007 0.440 0.779

HA activity Length 1 1643 6.293 0.016
PCO2 1 73 0.279 0.600
Temp. 4 1679 1.607 0.187
PCO2 	 Temp. 4 1804 1.727 0.159

hsp70 mRNA PCO2 1 0.026 0.475 0.493
Temp. 4 1.333 6.012 <0.001
PCO2 	 Temp. 4 0.601 2.709 0.038

TAC PCO2 1 99 0.069 0.794
Temp. 4 2499 0.435 0.783
PCO2 	 Temp. 4 8352 1.452 0.232

HNE Length 1 19.33 11.262 0.002
PCO2 1 0.03 0.016 0.900
Temp. 4 18.50 2.695 0.042
PCO2 	 Temp. 4 5.22 0.760 0.557

MO2 PCO2 1 151.9 6.458 0.018
Temp. 1 944.5 40.153 <0.001
PCO2 	 Temp. 1 0.1 0.005 0.942

ANCOVA, analysis of covariance; Df, degrees of freedom; SS, sum of
squares; ca, carbonic anhydrase; HA, H�-ATPase; HNE, 4-hydroxynonenal;
hsp70, heat shock protein 70; MO2, oxygen consumption; nka, Na�-K�-
ATPase; TAC, total antioxidant capacity; DF, degrees of freedom; Temp.,
temperature. Significant P values are represented as bolded text.
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(Table 2). Although the interaction between PCO2 and temper-
ature was not significant (Table 2), the increase in MO2 that
was observed in mussels held at 31°C appeared to be attenu-
ated in mussels also exposed to high PCO2 (Fig. 5).

Over the 14-day exposure period, mortality was highest in
mussels exposed to both high PCO2 and 34°C, where nearly
50% of mussels did not survive (Fig. 6, A and B). With respect
to the Cox proportional hazards model, there was no significant
interactive effect of elevated temperature and PCO2 on survival;
however, each factor had an individual and significant effect on
survival (Table 3). Mussel length did not differ significantly
across treatments (Table 2), but larger mussels within each
treatment were more likely to survive longer (Table 3). More
specifically, for each increase in unit length (mm), the likeli-
hood of death decreased by a factor of 0.36 or 64% (Table 3,
Fig. 6C). Exposure to elevated PCO2 increased the hazard by a
factor of 2.45, indicating that mussels were more likely to die
earlier when exposed to high PCO2, independent of temperature
(Table 3). Additionally, exposure to elevated temperatures
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Fig. 3. A: Na�-K�-ATPase (nka) relative mRNA level. B: NKA activity of
juvenile Lampsilis siliquoidea exposed to elevated PCO2 and temperature.
Mussels were exposed to either control (~230 �atm) or high (~58,000 �atm)
PCO2, and either 22°C, 25°C, 28°C, 31°C, or 34°C for 14 days. Values are
presented as means � SE (n � 5–8). Levels of mRNA were measured by
quantitative real-time RT-PCR (qPCR), and data were expressed relative to the
control PCO2 group held at 22°C. For A, within the high PCO2 treatment group,
groups that do not share a letter are significantly different from one another;
*significant difference between PCO2 treatment groups within a temperature
treatment group [two-way analysis of covariance (ANCOVA); see Table 2 for
details]. For B, there was only a significant independent effect of PCO2 on NKA
activity, which is represented by the inset box to indicate the mean effect of
CO2 treatment (two-way ANCOVA; see Table 2 for details).
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Fig. 4. Heat shock protein 70 (hsp70) relative mRNA level (A) total antioxidant
capacity (TAC) (B), and hydroxynonenal (HNE) (C) of juvenile Lampsilis
siliquoidea exposed to elevated PCO2 and temperature. Mussels were exposed
to either control (~230 �atm) or high (~58,000 �atm) PCO2, and either 22°C,
25°C, 28°C, 31°C, or 34°C for 14 days. Values are presented as means � SE.
Levels of mRNA (n � 6–8) were measured by quantitative real-time RT-PCR
(qPCR), and data were expressed relative to the control PCO2 group held at
22°C. TAC and HNE (n � 4–6) were assessed as indicators of oxidative
stress. For hps70, within the control PCO2 treatment group, groups that do not
share a letter are significantly different from one another; *significant differ-
ence between PCO2 treatment groups within a temperature treatment group
(two-way ANOVA; see Table 2 for details). For HNE, there was only a
significant independent effect of temperature, which is represented by groups
that do not share a letter (i.e., letter above a line to indicate a mean effect of
temperature) [two-way analysis of covariance (ANCOVA); see Table 2 for
details]. No significant effect of elevated temperature or PCO2 was detected for
TAC (two-way ANOVA; see Table 2 for details).
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increased the probability of mussel death occurring earlier, and
this was highest in the group exposed to 34°C (Table 3).
Further analysis of the total mortality of mussels following the
14-day exposure period also found no significant interactive
effect of PCO2 and temperature; however, temperature and PCO2

had significant individual mean effects (logistic regression;
P � 0.001 for length and temperature, P � 0.015 for PCO2,
P � 0.690 for PCO2 	 temperature). At the end of the 14-day
exposure period, mortality was highest in mussels exposed to
temperatures at or above 28°C and in mussels exposed to high
PCO2 (Fig. 6C).

DISCUSSION

High PCO2 Exposure Effects

Regardless of temperature exposure, mechanisms of acid-
base regulation became evident for juvenile L. siliquoidea
exposed to high PCO2 over a 14-day period, and a proposed
model for responding to this challenge is presented in Fig. 7.
Exposure to a high PCO2 environment results in acidification of
internal fluids, leading to an increase in acid-base regulatory
processes. The hydrolysis of CO2 to H� and HCO3

� is made
possible by CA, allowing for H� to be excreted via either
v-type HA or NHE along the apical membrane of ionocytes
(31). Correspondingly, CA activity was elevated in juvenile L.
siliquoidea during exposure to high PCO2 and is likely related
to the need to excrete accumulated H�. Additionally, NKA
activity was elevated in CO2-exposed mussels, suggesting that
mussels maintained the gradient necessary for Na� uptake
allowing for H� excretion, likely via NHE because v-type HA

activity was unaffected. This mechanism of H� excretion via
NHE facilitated by NKA was further supported by an observed
increase in hemolymph Na� levels in adult L. siliquoidea
during a 28-day exposure to ~55,000 �atm PCO2 (36). Addi-
tionally, though not assessed in the present study, a decrease in
the activity of the HCO3

�/Cl� anion exchanger has been pro-
posed to play a role in the retention of HCO3

� during periods of
acidosis (7, 34–36), and thus was included in the model.
Overall, the results from the present study, including increases
in CA and NKA activity, as well as the lack of a change in
v-type HA activity, provide further insight into the potential
mechanisms underlying the acid-base regulatory responses of
freshwater mussels to high PCO2 exposure.

Mussels exposed to elevated PCO2 also exhibited a lower
survival rate over the 14-day exposure period. Regardless of
exposure temperature, mussel survival decreased by a factor of
2.45 for individuals exposed to high PCO2 (~58,000 �atm).
Although mussels likely attempted to regulate acid-base status
during PCO2 exposure using the mechanisms described above
(Fig. 7), freshwater mussel hemolymph has a limited buffering
capacity, no respiratory pigments, and low osmotic concentra-
tion (61). Thus, freshwater mussels rely, at least in part, on the
bicarbonate-carbonate buffering system to respond to acidosis,
where HCO3

� (as well as Ca2�) is released from CaCO3 stores
of the shell (42). Because the reverse reaction is also necessary
for shell mineralization (i.e., CaCO3 deposition) (47, 90),
acid-base regulation during PCO2 exposure can come at a cost
of shell growth and maintenance (51, 52). Waller et al. (88)
also found decreased survival of juvenile L. siliquoidea ex-
posed to elevations in PCO2 over a 28-day period, which
occurred in concert with decreased shell growth and increased
shell damage. Because of the important protective properties of
the shell, although juvenile L. siliquoidea may modulate acid-
base regulatory processes during exposure to elevated PCO2,
negative impacts on shell growth and maintenance may in-
crease mortality, particularly for smaller mussels.

Elevated Temperature Exposure Effects

As ectotherms, performance is expected to be mediated by
environmental temperature in mussels (78), and exposure to
elevated temperatures up to 34°C resulted in an increase in the
physiological responses of juvenile L. siliquoidea. Mussels
exposed to a 14-day increase in temperature exhibited an
elevation in ca mRNA by approximately twofold. Although the
modulatory function of mollusc CA members remains poorly
understood, the ca isoform investigated in this study was
highly expressed in the mantle tissue of adult L. siliquoidea
(51), and in the freshwater mussel Hyriopsis cumingii (73)
compared with other tissues, suggesting an important role for
this isoform in biomineralization. An increase in ca mRNA
with elevated temperature may represent a greater driving force
toward biomineralization and growth at higher environmental
temperatures, and previous studies have found increased
growth with increased environmental temperature (e.g., 8, 17).
Additionally, whole body mRNA levels of hsp70 were ele-
vated by more than twofold in mussels exposed to 34°C
compared with all other experimental temperatures, suggesting
an increase in the cellular stress response (22, 77). After a
5-day exposure to 31°C, mussels exhibited an increase in MO2

representing an increased energy demand, potentially neces-
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Fig. 5. Oxygen consumption (MO2) of juvenile Lampsilis siliquoidea exposed
to elevated PCO2 and temperature. Mussels were exposed to either control
(~230 �atm) or high (~58,000 �atm) PCO2 and either 22°C or 31°C for 5 days.
Values are presented as means � SE (n � 7). The interaction of PCO2 and
temperature was not significant; however, both temperature and PCO2 had
significant independent effects (two-way ANOVA; see Table 2 for details). A
significant effect of temperature is represented by groups that do not share
a letter (i.e., letter above a line to indicate a mean effect of temperature). A
significant effect of PCO2 is represented by the inset box to indicate the mean
effect of CO2 treatment.
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sary to support an increase in physiological and behavioral
modifications induced by thermal stress. Oxygen consumptions
rates were not assessed in L. siliquoidea following the longer
14-day exposure period in the present study; however, lamp-
siline mussels (e.g., Lampsilis cardium) are considered ther-
mally sensitive species that are unable to sustain high meta-
bolic rates, resulting in a decrease in clearance rates and MO2

and a shift to anaerobic respiration (78). This potential de-
crease in metabolic rate following a longer term exposure to
elevated temperatures could result in decreased energy alloca-
tion to growth in juvenile mussels, ultimately leading to mussel
death (28). In fact, survival decreased over the 14-day period
with exposure to elevated temperatures, and this was most
severe for mussels exposed to the highest temperature of 34°C,
the upper thermal tolerance for juvenile L. siliquoidea (67).
Overall, the physiological responses exhibited by juvenile L.
siliquoidea are consistent with responses to exposure to a
thermal stressor; however, long-term maintenance of these
responses may not be possible, resulting in increased mortality.

Interactive Effects of Elevated Temperature and PCO2

Exposure

Overall, results from the present study suggest a depression
of thermally induced stress responses in juvenile L. siliquoidea
held at high PCO2. For instance, mussels only exposed to an
elevation in temperature exhibited an increase in hsp70 and ca
mRNA as well as an increase in MO2, and these responses
were either diminished or completely suppressed when mussels

were held at high PCO2. The suppression of a heat-induced
increase in hsp70 mRNA in juvenile L. siliquoidea exposed to
high PCO2 may suggest that exposure to elevated PCO2 resulted
in a decrease in investment in the cellular stress response,
potentially making mussels more susceptible to the negative
consequences of additional stressors (e.g., temperature). Addi-
tionally, during periods of exposure to high PCO2, investment in
shell formation may decrease in favor of acid-base regulation,
resulting in a suppression of the increase in mRNA with
increasing temperature of a ca isoform likely to be involved in
biomineralization. Furthermore, attenuation of the thermally
induced increase in MO2 in mussels also exposed to high PCO2

suggests that juvenile L. siliquoidea may have a decreased
capacity to respond to the additional thermal stressor. Finally,
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Fig. 6. A: cumulative mortality over the ex-
posure period. B: total mortality at 14 days
of exposure. C: effect of length on the prob-
ability of mortality of juvenile Lampsilis si-
liquoidea exposed to elevated PCO2 and
temperature. Mussels (n � 30–32) were ex-
posed to either control (~230 �atm) or high
(~58,000 �atm) PCO2, and either 22°C, 25°C,
28°C, 31°C, or 34°C for 14 days. For B, the
interaction of PCO2 and temperature was not
significant; however, both temperature and/or
PCO2 had significant independent effects (lo-
gistic regression; P � 0.001 for length and
temperature, P � 0.015 for PCO2, P � 0.690
for PCO2 	 temperature). A significant effect
of temperature is represented by groups that
do not share a letter (i.e., letter above a line to
indicate a mean effect of temperature). A
significant effect of PCO2 is represented by the
inset box to indicate the mean effect of CO2

treatment. For C, the black regression line
was fit using ggplot2 (89) in R (method �
loess; local polynomial regression fitting), and
the shaded area around the regression line indi-
cates a 95% confidence band. Each slightly
transparent point represents an individual mus-
sel; thus, darker points indicate multiple indi-
viduals.

Table 3. Cox proportional hazards regression model for the
risk of mortality with increased temperature, PCO2, and
length in juvenile Lampsilis siliquoidea

Factor Hazard Ratio 95% CI z Value P Value

Length 0.364 0.292–0.453 �9.043 <0.001
High PCO2

a 2.450 1.431–4.195 3.265 0.001
25°Cb 4.430 1.495–13.126 2.686 0.007
28°Cb 4.008 1.408–11.411 2.601 0.009
31°Cb 7.589 2.702–21.311 3.847 <0.001
34°Cb 13.465 4.940–36.701 5.082 <0.001

CI, confidence interval. aExpressed relative to control PCO2. bExpressed
relative to 22°C. Significant P values are represented as bolded text.
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nka mRNA levels were reduced with exposure to elevated
temperature, but only in mussels exposed to high PCO2. To-
gether, the results of the present study suggest that exposure to
high PCO2 may compromise the capacity of juvenile L. sili-
quoidea to sufficiently respond to an additional stressor such as
an increase in temperature, which may have resulted in the
lowest survival being observed in mussels held at both elevated
PCO2 and temperature.

Differential Regulation of mRNA and Activity of CA
and NKA

Generally, there was no consistent relationship between the
mRNA and activity levels of CA and NKA. The differences in
observed mRNA abundance and activity level of CA and NKA
following 14 days of exposure to elevated temperature and
PCO2 may have resulted from posttranscriptional or posttrans-
lational modifications. Alternatively, for CA, increases in ad-
ditional isoforms of ca that were not measured in this study
may have contributed to the overall observed increase in CA
activity with elevated PCO2 exposure (i.e., cytoplasmic ca
isoforms that play a greater role in acid-base regulation), since
total CA activity was assessed. For NKA, the abundance of nka
mRNA may have been modulated by PCO2 earlier in the

exposure period, resulting in the observed elevation in NKA
activity after 2 wk of exposure, which would not have been
captured by the experimental design of the present study.
Overall, an assessment of ca and nka mRNA abundance over
the exposure period, as well as the investigation of additional
ca isoforms, may help to elucidate the changes in activity that
were observed in the present study in response to elevated PCO2

exposure.

Mussel Size Matters

An important finding of the present study was the impact of
mussel length on survival during exposure to elevated temper-
ature and PCO2. Mussel length played a role in determining
mussel survival over the 14-day exposure period, and no
mortality occurred for mussels with a length greater than 12.1
mm. Previous studies suggest that mussel length positively
correlates with overwintering success and survival in harsh
conditions (6, 17, 33). Additionally, in some cases, physiolog-
ical variables were related to mussel length and may point to a
physiological basis for the potential differences in survival of
juvenile mussels exposed to thermal and CO2 stressors. Mus-
sels in early life stages are likely to be more sensitive to
changing environmental conditions compared with adult mus-
sels (11), and the results of the present study suggest that, even
within a life stage, larger individuals may do better in chal-
lenging conditions. Therefore, faster-growing mussels that in-
vest more in early life growth may be more resilient to
exposures to elevation in PCO2 and temperature, and this could
ultimately lead to population level impacts should conditions
persist. The present study highlights the importance of consid-
ering multiple life stages when assessing environmental stres-
sor effects, as well as size differences within these stages, to
better understand the sensitivity of organisms to environmental
stressors.

Perspectives and Significance

Mussels are important components of freshwater ecosys-
tems, providing nutrient-rich areas, water filtration, and food
sources for other animals. With the extensive declines to North
American mussel populations because of habitat alterations,
freshwater mussels are an imperiled taxon. The current study
showed that increases in temperature and PCO2, two ecologi-
cally relevant stressors, resulted in physiological responses in
mussels that may have eventually led to their increased mor-
tality. In particular, thermal stress responses were attenuated in
mussels also exposed to elevated PCO2, potentially contributing
to the highest mortality in mussels held near their thermal limit,
indicating the likelihood of synergistic responses to these
stressors. Additionally, mussel length was positively associated
with survival over the 14-day exposure period, suggesting that
younger or slower-growing mussels may be more sensitive to
environmental increases in both temperature and PCO2. Wild
populations of mussels are likely to encounter multiple stres-
sors concurrently, and the present study highlighted the impor-
tance of considering how multiple stressors might interact in
complex ways. In particular, juvenile mussels exposed to
elevations in PCO2 because of natural or anthropogenic factors
may be less equipped to respond to additional thermal stres-
sors, emphasizing the importance of considering the interactive
effects of elevated PCO2 with other environmental stressors.
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Na�/H� exchanger (NHE), and Cl�/HCO3

� anion exchanger (AE). Along the
basolateral membrane is Na�-K�-ATPase (NKA), paired with a K� channel
(KC). Carbonic anhydrase (CA) catalyzes the hydrolysis of CO2 to H� and
HCO3
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from the present study. Thick light gray arrows represent hypothesized mech-
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examined in the present study but that are thought to play an important role in
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details).

R124 EFFECTS OF ELEVATED CO2 AND TEMPERATURE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00238.2017 • www.ajpregu.org
Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (128.174.179.092) on September 16, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.



ACKNOWLEDGMENTS

We thank N. Eckert at Genoa National Fish Hatchery for providing mussels.
We also thank A. Wright for providing valuable help with mussel husbandry
and M. Killinger for laboratory assistance. Special thanks goes to J. M. Wilson,
K. M. Gilmour, and M. Giacomin for invaluable assistance regarding enzyme
assays.

Present address of K. D. Hannan: ARC Centre of Excellence for Coral Reef
Studies, James Cook University, Townsville, QLD 4811, Australia.

GRANTS

The project described in this publication was supported by Agreement
Number G14AC00119 from the United States Geological Survey through
funds provided by the United States Environmental Protection Agency’s Great
Lakes Restoration Initiative. Its contents are solely the responsibility of the
authors and do not necessarily represent the official views of the United States
Geological Survey. Funding was also provided by the United States Depart-
ment of Agriculture National Institute of Food and Agriculture Hatch Project
ILLU-875-947.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

J.D.J., K.D.H., C.T.H., and C.D.S. conceived and designed research; J.D.J.
and K.D.H. performed experiments; J.D.J. analyzed data; J.D.J., K.D.H.,
C.T.H., and C.D.S. interpreted results of experiments; J.D.J. prepared figures;
J.D.J. drafted manuscript; J.D.J., K.D.H., C.T.H., and C.D.S. edited and
revised manuscript; J.D.J., K.D.H., C.T.H., and C.D.S. approved final version
of manuscript.

REFERENCES

1. Anscombe FJ, Tukey JW. The examination and analysis of residuals.
Technometrics 5: 141–160, 1963. doi:10.1080/00401706.1963.10490071.

2. Archambault JM, Cope WG, Kwak TJ. Survival and behaviour of
juvenile unionid mussels exposed to thermal stress and dewatering in the
presence of a sediment temperature gradient. Freshw Biol 59: 601–613,
2014. doi:10.1111/fwb.12290.

3. ASTM. Standard Guide for Conducting Lab Toxicity Tests with Fresh-
water Mussels E2455–06. West Conshohocken, PA: ASTM International,
2013.

4. Balmer M, Downing J. Carbon dioxide concentrations in eutrophic lakes:
Undersaturation implies atmospheric uptake. Inland Waters 1: 125–132,
2011. doi:10.5268/IW-1.2.366.

5. Barnes RT, Raymond PA. The contribution of agricultural and urban
activities to inorganic carbon fluxes within temperate watersheds. Chem
Geol 266: 318–327, 2009. doi:10.1016/j.chemgeo.2009.06.018.

6. Buddensiek V. The culture of juvenile freshwater pearl mussels Marga-
ritifera margaritifera L. in cages: A contribution to the conservation
programmes and the knowledge of habitat requirements. Biol Conserv 74:
33–40, 1995. doi:10.1016/0006-3207(95)00012-S.

7. Byrne R, Dietz T. Ion transport and acid-base balance in freshwater
bivalves. J Exp Biol 200: 457–465, 1997.

8. Carey CS, Jones JW, Hallerman EM, Butler RS. Determining optimum
temperature for growth and survival of laboratory-propagated juvenile
freshwater mussels. N Am J Aquaculture 75: 532–542, 2013. doi:10.1080/
15222055.2013.826763.

9. Cole JJ, Caraco NF, Cole JJ, Caraco NF. Carbon in catchments:
Connecting terrestrial carbon losses with aquatic metabolism. Mar Freshw
Res 52: 101–110, 2001. doi:10.1071/MF00084.

10. Conover WJ, Iman RL. Rank transformations as a bridge between
parametric and nonparametric statistics. Am Stat 35: 124–129, 1981.
doi:10.2307/2683975.

11. Cope WG, Bringolf RB, Buchwalter DB, Newton TJ, Ingersoll CG,
Wang N, Augspurger T, Dwyer FJ, Barnhart MC, Neves RJ, Hammer
E. Differential exposure, duration, and sensitivity of unionoidean bivalve
life stages to environmental contaminants. J N Am Benthol Soc 27:
451–462, 2008. doi:10.1899/07-094.1.

12. Cox DR, Oakes D. Analysis of Survival Data. London, UK: Chapman and
Hall, 1984.

13. Crain CM, Kroeker K, Halpern BS. Interactive and cumulative effects
of multiple human stressors in marine systems. Ecol Lett 11: 1304–1315,
2008. doi:10.1111/j.1461-0248.2008.01253.x.

14. Crawford JT, Stanley EH, Dornblaser MM, Striegl RG. CO2 time
series patterns in contrasting headwater streams of North America. Aquat
Sci 79: 473–486, 2017. doi:10.1007/s00027-016-0511-2.

15. Cummings KS, Mayer CA. Field Guide to Freshwater Mussels of the
Midwest. Illinois Natural History Survey. Manual 5, edited by Ballenot J,
Weingartner AF. Champaign, IL: Illinois Department of Energy and
Natural Resources, 1992.

16. Cupp A, Erickson RA, Fredricks KT, Swyers NM, Hatton TW,
Amberg JJ. Responses of invasive silver and bighead carp to a carbon
dioxide barrier in outdoor ponds. Can J Fish Aquat Sci 74: 297–305, 2017.
doi:10.1139/cjfas-2015-0472.

17. Denic M, Taeubert J-E, Lange M, Thielen F, Scheder C, Gumpinger
C, Geist J. Influence of stock origin and environmental conditions on the
survival and growth of juvenile freshwater pearl mussels (Margaritifera
margaritifera) in a cross-exposure experiment. Limnologica 50: 67–74,
2015. doi:10.1016/j.limno.2014.07.005.

18. Donaldson MR, Amberg J, Adhikari S, Cupp A, Jensen N, Romine J,
Wright A, Gaikowski M, Suski CD. Carbon dioxide as a tool to deter the
movement of invasive bigheaded carps. Trans Am Fish Soc 145: 657–670,
2016. doi:10.1080/00028487.2016.1143397.

19. Doney SC, Fabry VJ, Feely RA, Kleypas JA. Ocean acidification: the
other CO2 problem. Annu Rev Mar Sci 1: 169–192, 2009. doi:10.1146/
annurev.marine.010908.163834.

20. Dudgeon D, Arthington AH, Gessner MO, Kawabata Z, Knowler DJ,
Lévêque C, Naiman RJ, Prieur-Richard AH, Soto D, Stiassny ML,
Sullivan CA. Freshwater biodiversity: importance, threats, status and
conservation challenges. Biol Rev Camb Philos Soc 81: 163–182, 2006.
doi:10.1017/S1464793105006950.

21. Engqvist L. The mistreatment of covariate interaction terms in linear
model analyses of behavioural and evolutionary ecology studies. Anim
Behav 70: 967–971, 2005. doi:10.1016/j.anbehav.2005.01.016.

22. Feder ME, Hofmann GE. Heat-shock proteins, molecular chaperones,
and the stress response: evolutionary and ecological physiology. Annu Rev
Physiol 61: 243–282, 1999. doi:10.1146/annurev.physiol.61.1.243.

23. Ficke AD, Myrick CA, Hansen LJ. Potential impacts of global climate
change on freshwater fisheries. Rev Fish Biol Fish 17: 581–613, 2007.
doi:10.1007/s11160-007-9059-5.

24. Folt CL, Chen CY, Moore MV, Burnaford J. Synergism and antago-
nism among multiple stressors. Limnol Oceanogr 44: 864–877, 1999.
doi:10.4319/lo.1999.44.3_part_2.0864.

25. Fontes M, Marotta H, MacIntyre S, Petrucio M. Inter- and intra-annual
variations of pCO2 and pO2 in a freshwater subtropical coastal lake. Inland
Waters 5: 107–116, 2015. doi:10.5268/IW-5.2.726.

26. Galbraith HS, Blakeslee CJ, Lellis WA. Recent thermal history influ-
ences thermal tolerance in freshwater mussel species (Bivalvia:Union-
oida). Freshw Sci 31: 83–92, 2012. doi:10.1899/11-025.1.

27. Ganser AM, Newton TJ, Haro RJ. The effects of elevated water
temperature on native juvenile mussels: Implications for climate change.
Freshw Sci 32: 1168–1177, 2013. doi:10.1899/12-132.1.

28. Ganser AM, Newton TJ, Haro RJ. Effects of elevated water temperature
on physiological responses in adult freshwater mussels. Freshw Biol 60:
1705–1716, 2015. doi:10.1111/fwb.12603.

29. Giacomin M, Gillis PL, Bianchini A, Wood CM. Interactive effects of
copper and dissolved organic matter on sodium uptake, copper bioaccu-
mulation, and oxidative stress in juvenile freshwater mussels (Lampsilis
siliquoidea). Aquat Toxicol 144–145: 105–115, 2013. doi:10.1016/j.
aquatox.2013.09.028.

30. Gillis PL, Gagné F, McInnis R, Hooey TM, Choy ES, André C, Hoque
ME, Metcalfe CD. The impact of municipal wastewater effluent on
field-deployed freshwater mussels in the Grand River (Ontario, Canada).
Environ Toxicol Chem 33: 134–143, 2014. doi:10.1002/etc.2401.

31. Griffith MB. Toxicological perspective on the osmoregulation and iono-
regulation physiology of major ions by freshwater animals: Teleost fish,
crustacea, aquatic insects, and Mollusca. Environ Toxicol Chem 36:
576–600, 2017. doi:10.1002/etc.3676.

32. Hale R, Piggott JJ, Swearer SE. Describing and understanding behav-
ioral responses to multiple stressors and multiple stimuli. Ecol Evol 7:
38–47, 2016. doi:10.1002/ece3.2609.

33. Hanlon SD, Neves RJ. Seasonal growth and mortality of juveniles of
Lampsilis fasciola (Bivalvia: Unionidae) released to a fish hatchery race-
way. Am Malacol Bull 21: 45–49, 2006.

34. Hannan KD, Jeffrey JD, Hasler CT, Suski CD. Physiological effects of
short- and long-term exposure to elevated carbon dioxide on a freshwater

R125EFFECTS OF ELEVATED CO2 AND TEMPERATURE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00238.2017 • www.ajpregu.org
Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (128.174.179.092) on September 16, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.

https://doi.org/10.1080/00401706.1963.10490071
https://doi.org/10.1111/fwb.12290
https://doi.org/10.5268/IW-1.2.366
https://doi.org/10.1016/j.chemgeo.2009.06.018
https://doi.org/10.1016/0006-3207%2895%2900012-S
https://doi.org/10.1080/15222055.2013.826763
https://doi.org/10.1080/15222055.2013.826763
https://doi.org/10.1071/MF00084
https://doi.org/10.2307/2683975
https://doi.org/10.1899/07-094.1
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1007/s00027-016-0511-2
https://doi.org/10.1139/cjfas-2015-0472
https://doi.org/10.1016/j.limno.2014.07.005
https://doi.org/10.1080/00028487.2016.1143397
https://doi.org/10.1146/annurev.marine.010908.163834
https://doi.org/10.1146/annurev.marine.010908.163834
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1016/j.anbehav.2005.01.016
https://doi.org/10.1146/annurev.physiol.61.1.243
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.4319/lo.1999.44.3_part_2.0864
https://doi.org/10.5268/IW-5.2.726
https://doi.org/10.1899/11-025.1
https://doi.org/10.1899/12-132.1
https://doi.org/10.1111/fwb.12603
https://doi.org/10.1016/j.aquatox.2013.09.028
https://doi.org/10.1016/j.aquatox.2013.09.028
https://doi.org/10.1002/etc.2401
https://doi.org/10.1002/etc.3676
https://doi.org/10.1002/ece3.2609


mussel, Fusconaia flava. Can J Fish Aquat Sci 73: 1538–1546, 2016.
doi:10.1139/cjfas-2016-0083.

35. Hannan KD, Jeffrey JD, Hasler CT, Suski CD. Physiological responses of
three species of unionid mussels to intermittent exposure to elevated carbon
dioxide. Conserv Physiol 4: cow066, 2016. doi:10.1093/conphys/cow066.

36. Hannan KD, Jeffrey JD, Hasler CT, Suski CD. The response of two
species of unionid mussels to extended exposure to elevated carbon
dioxide. Comp Biochem Physiol A Mol Integr Physiol 201: 173–181,
2016. doi:10.1016/j.cbpa.2016.07.009.

37. Harvey BP, Gwynn-Jones D, Moore PJ. Meta-analysis reveals complex
marine biological responses to the interactive effects of ocean acidification
and warming. Ecol Evol 3: 1016–1030, 2013. doi:10.1002/ece3.516.

38. Hasler CT, Butman D, Jeffrey JD, Suski CD. Freshwater biota and
rising pCO2? Ecol Lett 19: 98–108, 2016. doi:10.1111/ele.12549.

39. Hasler CT, Hannan KD, Jeffrey JD, Suski CD. Valve movement of
three species of North American freshwater mussels exposed to elevated
carbon dioxide. Environ Sci Pollut Res Int 24: 15567–15575, 2017.
doi:10.1007/s11356-017-9160-9.

40. Hastie LC, Cosgrove PJ, Ellis N, Gaywood MJ. The threat of climate
change to freshwater pearl mussel populations. Ambio 32: 40–46, 2003.
doi:10.1579/0044-7447-32.1.40.

41. Heckmann LH, Sørensen PB, Krogh PH, Sørensen JG. NORMA-Gene: a
simple and robust method for qPCR normalization based on target gene data.
BMC Bioinformatics 12: 250, 2011. doi:10.1186/1471-2105-12-250.

42. Heming TA, Vinogradov GA, Klerman AK, Komov VT. Acid-base
regulation in the freshwater pearl mussel Margaritifera margaritifera:
Effects of emersion and low pH. J Exp Biol 137: 501–511, 1988.

43. Henry RP. Techniques for measuring carbonic anhydrase activity in vitro:
the electrometric delta pH and pH stat assay. In: The Carbonic Anhy-
drases: Cellular Physiology and Molecular Genetics, edited by Dodgson
SJ, Tashian RE, Gros G, Carter ND. New York: Springer, 1991. doi:10.
1007/978-1-4899-0750-9_8.

44. Hester ET, Doyle MW. Human impacts to river temperature and their
effects on biological processes: A quantitative synthesis. J Am Water
Resour Assoc 47: 571–587, 2011. doi:10.1111/j.1752-1688.2011.00525.x.

45. Heuer RM, Grosell M. Physiological impacts of elevated carbon dioxide
and ocean acidification on fish. Am J Physiol Regul Integr Comp Physiol
307: R1061–R1084, 2014. doi:10.1152/ajpregu.00064.2014.

46. Hothorn T, Bretz F, Westfall P. Simultaneous inference in general para-
metric models. Biom J 50: 346–363, 2008. doi:10.1002/bimj.200810425.

47. Hüning AK, Melzner F, Thomsen J, Gutowska MA, Krämer L,
Frickenhaus S, Rosenstiel P, Pörtner H-O, Philipp EER, Lucassen M.
Impacts of seawater acidification on mantle gene expression patterns of the
Baltic Sea blue mussel: Implications for shell formation and energy
metabolism. Mar Biol 160: 1845–1861, 2013. doi:10.1007/s00227-012-
1930-9.

48. Iman RL, Hora SC, Conover WJ. Comparison of asymptotically distri-
bution-free procedures for the analysis of complete blocks. J Am Stat
Assoc 79: 674–685, 1984. doi:10.1080/01621459.1984.10478096.

50. Jackson MC, Loewen CJ, Vinebrooke RD, Chimimba CT. Net effects
of multiple stressors in freshwater ecosystems: a meta-analysis. Glob
Change Biol 22: 180–189, 2016. doi:10.1111/gcb.13028.

51. Jeffrey JD, Hannan KD, Hasler CT, Suski CD. Chronic exposure of a
freshwater mussel to elevated pCO2: effects on the control of biominer-
alization and ion-regulatory responses. Environ Toxicol Chem 37: 538–
550, 2018. doi:10.1002/etc/3991.

52. Jeffrey JD, Hannan KD, Hasler CT, Suski CD. Responses to elevated
CO2 exposure in a freshwater mussel, Fusconaia flava. J Comp Physiol B
187: 87–101, 2017. doi:10.1007/s00360-016-1023-z.

53. Johnson MS, Billett MF, Dinsmore KJ, Wallin M, Dyson KE, Jassal
RS. Direct and continuous measurement of dissolved carbon dioxide in
freshwater aquatic systems-method and applications. Ecohydrology 3:
68–78, 2010. doi:10.1002/eco.95.

54. Johnson PD, McMahon RF. Effects of temperature and chronic hypoxia
on survivorship of the zebra mussel (Dreissena polymorpha) and Asian
clam (Corbicula fluminea). Can J Fish Aquat Sci 55: 1564–1572, 1998.
doi:10.1139/f98-030.

55. Jorge MB, Loro VL, Bianchini A, Wood CM, Gillis PL. Mortality,
bioaccumulation and physiological responses in juvenile freshwater mus-
sels (Lampsilis siliquoidea) chronically exposed to copper. Aquat Toxicol
126: 137–147, 2013. doi:10.1016/j.aquatox.2012.10.014.

56. Lin H, Randall DJ. H�-ATPase activity in crude homogenates of fish gill
tissue: Inhibitor sensitivity and environmental and hormonal regulation. J
Exp Biol 180: 163–174, 1993.

57. Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-��C(T)) method. Methods
25: 402–408, 2001. doi:10.1006/meth.2001.1262.

58. Lydeard C, Cowie RH, Ponder WF, Bogan AE, Bouchet P, Clark SA,
Cummings KS, Frest TJ, Gargominy O, Herbert DG, Hershler HR,
Perez KE, Roth B, Seddon M, Strong EE, Thompson FG. The global
decline of nonmarine mollusks. Bioscience 54: 321–330, 2004. doi:10.
1641/0006-3568(2004)054[0321:TGDONM]2.0.CO;2.

59. Matoo OB, Ivanina AV, Ullstad C, Beniash E, Sokolova IM. Interactive
effects of elevated temperature and CO(2) levels on metabolism and
oxidative stress in two common marine bivalves (Crassostrea virginica
and Mercenaria mercenaria). Comp Biochem Physiol A Mol Integr
Physiol 164: 545–553, 2013. doi:10.1016/j.cbpa.2012.12.025.

60. McCormick SD. Methods for nonlethal gill biopsy and measurement of
Na�, K�-ATPase activity. Can J Fish Aquat Sci 50: 656–658, 1993.
doi:10.1139/f93-075.

61. McMahon RF, Bogan AE. Mollusca: Bivalvia. In: Ecology and Classi-
fication of North American Freshwater Invertebrates, edited by Thorp JH,
and Covich AP. Cambridge, MA: Academic, 2001, p. 331–429. doi:10.
1016/B978-012690647-9/50012-0.

62. Melillo JM, Richmond TC, Yohe GW (Editors). Climate Change
Impacts in the United States: The Third National Climate Assessment. US
Global Change Research Program. Washington, D.C.: US Government
Printing Office, p. 841, 2014. doi:10.7930/J0Z31WJ2.

63. NatureServe. NatureServe Explorer: An Online Encyclopedia of Life
(Online). Version 7.1, Arlington, VA: NatureServe http://explorer.nature-
serve.org/ [26 May 2017].

64. Noatch MR, Suski CD. Non-physical barriers to deter fish movements.
Environ Rev 20: 71–82, 2012. doi:10.1139/a2012-001.

65. Ormerod SJ, Dobson M, Hildrew AG, Townsend CR. Multiple stres-
sors in freshwater ecosystems. Freshw Biol 55: 1–4, 2010. doi:10.1111/j.
1365-2427.2009.02395.x.

65a.Pachauri RK, Allen MR, Barros VR, Broome J, Cramer W, Christ R,
Church JA, Clarke L, Dahe Q, Dasgupta P, Dubash NK, Edenhofer O,
Elgizouli I, Field CB, Forster P, Friedlingstein P, Fuglestvedt J,
Gomez-Echeverri L, Hallegatte S, Hegerlb G, Howden M, Jiang K,
Jimenez Cisneroz B, Kattsov V, Lee H, Mach KJ, Marotzke J,
Mastrandrea MD, Meyer L, Minx J, Mulugetta Y, O’Brien K, Op-
penheimer M, Pereira JJ, Pichs-Madruga R, Plattner GK, Pörtner
HO, Power SB, Preston B, Ravindranath NH, Reisinger A, Riahi K,
Rusticucci M, Scholes R, Seyboth K, Sokona Y, Stavins R, Stocker TF,
Tschakert P, van Vuuren D, van Ypserle JP. Climate Change 2014:
Synthesis Report. Contribution of Working Groups I, II, and III to The
Fifth Assessment Report of The Intergovernmental Panel on Climate
Change Geneva, Switzerland, edited by Pachauri R, Meyer L. Geneva,
Switzerland: IPCC, p. 151, 2014.

66. Pandolfo TJ, Cope WG, Arellano C. Heart rate as a sublethal
indicator of thermal stress in juvenile freshwater mussels. Comp
Biochem Physiol A Mol Integr Physiol 154: 347–352, 2009. doi:10.
1016/j.cbpa.2009.07.001.

67. Pandolfo TJ, Cope WG, Arellano C, Bringolf RB, Barnhart MC,
Hammer E. Upper thermal tolerances of early life stages of freshwater
mussels. J N Am Benthol Soc 29: 959 –969, 2010. doi:10.1899/09-
128.1.

68. Payton SL, Johnson PD, Jenny MJ. Comparative physiological, bio-
chemical and molecular thermal stress response profiles for two unionid
freshwater mussel species. J Exp Biol 219: 3562–3574, 2016. doi:10.1242/
jeb.140129.

69. Perga M-E, Maberly SC, Jenny J-P, Alric B, Pignol C, Naffrechoux E.
A century of human-driven changes in the carbon dioxide concentrat-
ion of lakes. Global Biogeochem Cycles 30: 93–104, 2016. doi:10.1002/
2015GB005286.

70. Phillips J, McKinley G, Bennington V, Bootsma H, Pilcher D, Sterner
R, Urban N. The potential for CO2-induced acidification in freshwater: a
great lakes case study. Oceanography (Wash DC) 25: 136–145, 2015.
doi:10.5670/oceanog.2015.37.

71. Pörtner H. Ecosystem effects of ocean acidification in times of ocean
warming: a physiologist’s view. Mar Ecol Prog Ser 373: 203–217, 2008.
doi:10.3354/meps07768.

72. Potvin C, Roff DA. Distribution-free and robust statistical methods:
viable alternatives to parametric statistics. Ecology 74: 1617–1628, 1993.
[Erratum in Ecology 76: 2000, 1995.] doi:10.2307/1940734.

73. Ren G, Wang Y, Qin J, Tang J, Zheng X, Li Y. Characterization of
a novel carbonic anhydrase from freshwater pearl mussel Hyriopsis

R126 EFFECTS OF ELEVATED CO2 AND TEMPERATURE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00238.2017 • www.ajpregu.org
Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (128.174.179.092) on September 16, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.

https://doi.org/10.1139/cjfas-2016-0083
https://doi.org/10.1093/conphys/cow066
https://doi.org/10.1016/j.cbpa.2016.07.009
https://doi.org/10.1002/ece3.516
https://doi.org/10.1111/ele.12549
https://doi.org/10.1007/s11356-017-9160-9
https://doi.org/10.1579/0044-7447-32.1.40
https://doi.org/10.1186/1471-2105-12-250
https://doi.org/10.1007/978-1-4899-0750-9_8
https://doi.org/10.1007/978-1-4899-0750-9_8
https://doi.org/10.1111/j.1752-1688.2011.00525.x
https://doi.org/10.1152/ajpregu.00064.2014
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1007/s00227-012-1930-9
https://doi.org/10.1007/s00227-012-1930-9
https://doi.org/10.1080/01621459.1984.10478096
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1002/etc/3991
https://doi.org/10.1007/s00360-016-1023-z
https://doi.org/10.1002/eco.95
https://doi.org/10.1139/f98-030
https://doi.org/10.1016/j.aquatox.2012.10.014
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1641/0006-3568%282004%29054[0321:TGDONM]2.0.CO;2
https://doi.org/10.1641/0006-3568%282004%29054[0321:TGDONM]2.0.CO;2
https://doi.org/10.1016/j.cbpa.2012.12.025
https://doi.org/10.1139/f93-075
https://doi.org/10.1016/B978-012690647-9/50012-0
https://doi.org/10.1016/B978-012690647-9/50012-0
https://doi.org/10.7930/J0Z31WJ2
http://explorer.natureserve.org/
http://explorer.natureserve.org/
https://doi.org/10.1139/a2012-001
https://doi.org/10.1111/j.1365-2427.2009.02395.x
https://doi.org/10.1111/j.1365-2427.2009.02395.x
https://doi.org/10.1016/j.cbpa.2009.07.001
https://doi.org/10.1016/j.cbpa.2009.07.001
https://doi.org/10.1899/09-128.1
https://doi.org/10.1899/09-128.1
https://doi.org/10.1242/jeb.140129
https://doi.org/10.1242/jeb.140129
https://doi.org/10.1002/2015GB005286
https://doi.org/10.1002/2015GB005286
https://doi.org/10.5670/oceanog.2015.37
https://doi.org/10.3354/meps07768
https://doi.org/10.2307/1940734


cumingii and the expression profile of its transcript in response to
environmental conditions. Gene 546: 56 –62, 2014. doi:10.1016/j.gene.
2014.05.039.

74. Riebesell U, Fabry VJ, Hansson L, Gattuso J-P. Guide to Best Practices
for Ocean Acidification Research And Data Reporting. Luxembourg:
Publications Office of the European Union, 2010, p. 260.

75. Sala OE, Chapin FS III, Armesto JJ, Berlow E, Bloomfield J, Dirzo R,
Huber-Sanwald E, Huenneke LF, Jackson RB, Kinzig A, Leemans R,
Lodge DM, Mooney HA, Oesterheld M, Poff NL, Sykes MT, Walker BH,
Walker M, Wall DH. Global biodiversity scenarios for the year 2100.
Science 287: 1770–1774, 2000. doi:10.1126/science.287.5459.1770.

76. Schurmann H, Steffensen JF. Effects of temperature, hypoxia and
activity on the metabolism of juvenile Atlantic cod. J Fish Biol 50:
1166–1180, 1997. doi:10.1111/j.1095-8649.1997.tb01645.x.

77. Sørensen JG, Kristensen TN, Loeschcke V. The evolutionary and
ecological role of heat shock proteins. Ecol Lett 6: 1025–1037, 2003.
doi:10.1046/j.1461-0248.2003.00528.x.

78. Spooner DE, Vaughn CC. A trait-based approach to species’ roles in
stream ecosystems: climate change, community structure, and mater-
ial cycling. Oecologia 158: 307–317, 2008. doi:10.1007/s00442-008-
1132-9.

79. Steffensen JF. Some errors in respirometry of aquatic breathers: How to
avoid and correct for them. Fish Physiol Biochem 6: 49–59, 1989.
doi:10.1007/BF02995809.

80. Strayer DL, Downing JA, Haag WR, King TL, Layzer JB, Newton TJ,
Nichols SJ. Changing perspectives on pearly mussel, North American’s
most imperiled animals. Bioscience 54: 429–439, 2004. doi:10.1641/
0006-3568(2004)054[0429:CPOPMN]2.0.CO;2.

81. Team RC. R: A Language and Environment for Statistical Computing.
Vienna, Austria: Foundation for Statistical Computing, 2017.

82. Therneau TM, Grambsch PM. Modeling Survival Data: Extending
the Cox Model. New York: Springer, 2000. doi:10.1007/978-1-4757-
3294-8.

83. United State Army Corp of Engineers. The GLMRIS Report: Great
Lakes and Mississippi River Interbasin Study. Washington, D.C.: United
State Army Corp of Engineers, 2014.

84. van Vliet MTH, Franssen WHP, Yearsley JR, Ludwig F, Haddeland
I, Lettenmaier DP, Kabat P. Global river discharge and water temper-
ature under climate change. Glob Environ Change 23: 450–464, 2013.
doi:10.1016/j.gloenvcha.2012.11.002.

85. Vaughn CC. Biodiversity losses and ecosystem function in freshwaters:
emerging conclusions and research directions. Bioscience 60: 25–35,
2010. doi:10.1525/bio.2010.60.1.7.

86. Vaughn CC, Hakenkamp CC. The functional role of burrowing bivalves
in freshwater ecosystems. Freshw Biol 46: 1431–1446, 2001. doi:10.1046/
j.1365-2427.2001.00771.x.

87. Vaughn CC, Nichols SJ, Spooner DE. Community and foodweb ecology
of freshwater mussels. J N Am Benthol Soc 27: 409–423, 2008. doi:10.
1899/07-058.1.

88. Waller DL, Bartsch MR, Fredricks KT, Bartsch LA, Schleis SM, Lee
SH. Effects of carbon dioxide on juveniles of the freshwater mussel
(Lampsilis siliquoidea [Unionidae]). Environ Toxicol Chem 36: 671–681,
2017. doi:10.1002/etc.3567.

89. Wickham H. ggplot2: Elegant Graphics for Data Analysis. Switzerland:
Springer, 2016, p. 226. doi:10.1007/978-3-319-24277-4.

90. Wilbur KM, Saleuddin ASM. Shell formation. In: The Mollusca, edited
by Saleuddin ASM, Wilbur KM. New York: Academic, 1983, p. 235–287.
doi:10.1016/B978-0-12-751404-8.50014-1.

91. Williamson CE, Saros JE, Schindler DW. Climate change. Sentinels of
change. Science 323: 887–888, 2009. doi:10.1126/science.1169443.

92. Zeidberg LD, Robison BH. Invasive range expansion by the Humboldt
squid, Dosidicus gigas, in the eastern North Pacific. Proc Natl Acad Sci
USA 104: 12948–12950, 2007. doi:10.1073/pnas.0702043104.

93. Zhang S, Lu XX, Sun H, Han J, Higgitt DL. Major ion chemistry and
dissolved inorganic carbon cycling in a human-disturbed mountainous river
(the Luodingjiang River) of the Zhujiang (Pearl River), China. Sci Total
Environ 407: 2796–2807, 2009. doi:10.1016/j.scitotenv.2008.12.036.

R127EFFECTS OF ELEVATED CO2 AND TEMPERATURE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00238.2017 • www.ajpregu.org
Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (128.174.179.092) on September 16, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.

https://doi.org/10.1016/j.gene.2014.05.039
https://doi.org/10.1016/j.gene.2014.05.039
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1111/j.1095-8649.1997.tb01645.x
https://doi.org/10.1046/j.1461-0248.2003.00528.x
https://doi.org/10.1007/s00442-008-1132-9
https://doi.org/10.1007/s00442-008-1132-9
https://doi.org/10.1007/BF02995809
https://doi.org/10.1641/0006-3568%282004%29054[0429:CPOPMN]2.0.CO;2
https://doi.org/10.1641/0006-3568%282004%29054[0429:CPOPMN]2.0.CO;2
https://doi.org/10.1007/978-1-4757-3294-8
https://doi.org/10.1007/978-1-4757-3294-8
https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1525/bio.2010.60.1.7
https://doi.org/10.1046/j.1365-2427.2001.00771.x
https://doi.org/10.1046/j.1365-2427.2001.00771.x
https://doi.org/10.1899/07-058.1
https://doi.org/10.1899/07-058.1
https://doi.org/10.1002/etc.3567
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.1016/B978-0-12-751404-8.50014-1
https://doi.org/10.1126/science.1169443
https://doi.org/10.1073/pnas.0702043104
https://doi.org/10.1016/j.scitotenv.2008.12.036

