
Vol.:(0123456789)1 3

Marine Biology (2018) 165:113 
https://doi.org/10.1007/s00227-018-3371-6

ORIGINAL PAPER

Elevated temperatures suppress inducible defenses and alter shell 
shape of intertidal mussel

Ileana M. Freytes‑Ortiz1  · Christopher D. Stallings1 

Received: 28 November 2017 / Accepted: 11 June 2018 / Published online: 21 June 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
As ocean temperatures continue to rise due to climate change, many questions remain on how coastal species will cope with 
a changing environment. The effects of increased temperatures on bivalves has been well examined through single-species 
studies, showing reductions in tissue mass, shell growth, oxygen uptake, feeding rates, and survival. However, the conse-
quences of these effects on predator–prey interactions remain poorly understood. We examined how increased temperatures 
(30, 32, 34 °C) and the presence of water-borne predation cues from blue crabs (Callinectes sapidus) affected the morphol-
ogy and growth rate of southern ribbed mussels (Geukensia granosissima), as well as their handling times when attacked 
by predatory crabs. Although southern ribbed mussels were able to survive under chronic heat stress, exposure to higher 
temperatures resulted in more elongated shell shapes. Growth rates in mussel wet weight were higher for mussels reared in 
the presence of a predator than in the predator-free control, but only in the low-temperature treatment. Likewise, handling 
times were greater for crabs eating mussels grown in the presence of a predator, but the effect was lost at the mid- and high-
temperature treatments. These findings suggest that predation-induced defenses were suppressed when prey were under 
chronic thermal stress, which could make mussels more vulnerable to predation. The presence of predation cues in natural 
environments should be taken in consideration when estimating or predicting the effects of climate change on organisms.

Introduction

Increases in ocean temperatures as a consequence of climate 
change (Meehl et al. 2007) raise questions on how coastal 
species will cope with a changing environment. Estuarine 
and coastal marine environments can have highly vari-
able ambient conditions, such as temperature and salinity. 
Because organisms living in these habitats have a wide toler-
ance to ambient abiotic conditions, many are already living 
at the edges of their environmental thresholds and can be 
sensitive to extreme changes (Connell 1972; Davenport and 
Davenport 2005; Somero 2002). Some intertidal organisms 
are already living near or at their physiological tolerance 
limit (Somero 2010). Sessile organisms, such as bivalves, 

are especially vulnerable to extreme environmental changes 
(Nicholson 2002), due to their inability to move from unfa-
vorable conditions.

Coastal bivalves play important ecological roles, as they 
prevent erosion by providing structure and can increase con-
centration of nutrients in sediments (Bertness 1984). The 
southern ribbed mussel Geukensia granosissima is com-
mon in intertidal habitats across Florida, USA and is often 
associated with oyster-reef intertidal habitats. Ribbed mus-
sels have a wide thermal tolerance and can occupy tropi-
cal intertidal habitats where both acute and chronic average 
temperatures can exceed 30 °C (Jost and Helmuth 2007; 
Read and Cumming 1967). Exposure to these and higher 
levels of chronic heat stress, however, can have detrimen-
tal effects. The effects of climate change on single species 
of coastal bivalves has been an area of special interest in 
recent years, with evidence that increased temperatures can 
drive reductions in shell growth and size-specific tissue mass 
(Fitzgerald-Dehoog et al. 2012; Miller et al. 2014; Zhao 
et al. 2017), reduced oxygen consumption (Ganser et al. 
2015), metabolic energy deficiency (Tateda et al. 2015), 
increased cellular protein denaturation (Buckley et al. 2001), 
and decreased survival (Pincebourde et al. 2008; White et al. 
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2015). However, the consequences of these single-species 
effects on predator–prey interactions remain poorly under-
stood and predictions regarding how predator–prey species 
interactions will be affected by climate change are primarily 
theoretical (Kordas et al. 2011).

Ribbed mussels in oyster-reef intertidal habitats serve as a 
food source for many predators including the blue crab Cal-
linectes sapidus, common in oyster-reef habitats (Peterson 
et al. 2003) and an important predator on intertidal mussels 
(Macreadie et al. 2011; Sherwood and Petraitis 1998). Crab 
predators can also induce anti-predator defenses on bivalves 
through water-borne chemical cues (Caro and Castilla 2004; 
Freeman 2007), making this a model predator–prey system 
to study the interactive effects of increased temperature 
and predator presence on mussel defenses and their conse-
quences for predation susceptibility.

Predator–prey relationships are complex and can be 
affected by biological and physical processes (Blundon and 
Kennedy 1982; Connell 1961; Gestoso et al. 2015; Hughes 
and Seed 1981). Biological processes, such as inducible 
defenses in the form of increased shell size and thickness in 
bivalves, can be especially important for protection against 
predators (Caro and Castilla 2004; Freeman 2007; Harper 
and Skelton 1993). Abiotic stressors, such as increased tem-
peratures, can negatively affect growth and alter the mor-
phology of bivalves (Fitzgerald-Dehoog et al. 2012; Rodland 
et al. 2009; Talmage and Gobler 2011; Tateda et al. 2015). 
Thus, bivalves may become more susceptible to predation as 
increased temperatures decrease the protection afforded by 
their shells. However, few studies have tested the effects of 
elevated temperatures on inducible defenses in bivalves and 
how these in turn affect predator–prey interactions. There 
is, therefore, a need to examine how bivalve prey respond 
to elevated temperatures while in the presence of predation 
cues to better understand the effects of these environmental 
changes through a broader ecological perspective.

This study was designed to investigate the morphological 
responses of southern ribbed mussels to two simultaneous 
stressors: elevated temperatures and the presence of water-
borne predation cues from blue crabs. More specifically, 
we tested whether (1) mussel growth and morphology were 
affected by elevated temperatures and the presence of water-
borne predation cues, and if (2) any effects of these treat-
ments on growth and mussel morphology led to differences 
in handling times by predatory crabs.

Materials and methods

Laboratory setup

Southern ribbed mussels were held in one of six cross-fac-
tored temperature × predator treatments: 30, 32, or 34 °C 

[seawater temperatures of present day and those expected 
for the years 2050 and 2100, respectively (Meehl et al. 2007; 
Sokolov et al. 2009)], and the presence  (P+) or absence  (P−) 
of water-borne chemical cues from a predatory blue crab for 
a 4-week period. This medium-term exposure period has 
been an appropriate time frame to observe the effects of 
temperature on mussel morphology (Gestoso et al. 2016; 
Kroeker et al. 2014), with some studies observing effects in 
as little as 2 weeks (Keppel et al. 2015). Temperature lev-
els were maintained using an Apex AquaController system 
(Neptune Systems), equipped with 300-W Finnex titanium 
heaters. The experimental system was exceptionally effi-
cient, maintaining tank temperatures within 0.2–0.6 °C of 
target temperatures (Table 1).

The experimental setup consisted of a flow-through, two-
tank glass aquaria system (Fig. 1). Water originated from 
a temperature-controlled sump, flowed through a primary 
(predator) tank, and gravity fed to a secondary (mussel) 
tank. Water from all secondary (mussel) tanks overflowed 
into a temperature-controlled water bath to maintain con-
stant and homogeneous temperatures across all tanks. Each 
primary (predator) tank held a single blue crab, and each 
secondary (mussel) tank held fifteen southern ribbed mus-
sels. Predator-free control groups were held in the same 
two-tank experimental setup, but without a predator. The 
design of the experimental system allowed for movement of 
water-borne cues from the predators to the mussels, while 
preventing direct interactions. Each of the six tempera-
ture × predator presence treatments had 3 tank replicates, 
for a total of 18 experimental tanks. Each experimental tank 
held fifteen mussels, of which eight were monitored for shell 
growth (total mussels: 18 experimental tanks × 15 mussels 
per tank = 270 mussels; mussels monitored for growth: 18 
experimental tanks × 8 mussels per tank = 144 mussels).

Flow was maintained at a constant rate of 3.28 mL/
min, resulting in complete water turnover every 48 h. To 
avoid external chemical cues, artificial sea water (mix of 
DI water and Instant Ocean sea salt) was used, mixed to a 
target salinity of 32 ppt. Experimental tanks were exposed 
to a controlled 12:12 photoperiod and aerated with ambi-
ent air. Southern ribbed mussels were fed 5.7 × 107 cells/
day per mussel (163 mg of organic matter per day per mus-
sel) of refrigerated phytoplankton (Shellfish Diet 1800), 

Table 1  Mean (± 1 SD) temperature values for each treatment during 
the 4-week laboratory experimental period

Temperature 
treatment

Number of 
observations (n)

Target tem-
perature (°C)

Observed tem-
perature (°C) ± 1 
SD

Low 3702 30 29.7 ± 0.2
Mid 3556 32 32.1 ± 0.2
High 3403 34 33.9 ± 0.6
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representing a minimum of 14% of the tissue dry weight of 
the mussels in the study. This amount of organic matter was 
greater than the recommended 3% by the food manufacturer 
(Reed Mariculture Inc. 2015; Helm et al. 2004), the amount 
of organic matter available in the mussels’ natural environ-
ment (Environmental Protection Commission of Hillsbor-
ough County 2018), and food concentrations used in similar 
studies (Kroeker et al. 2014). Homogenate conspecific sig-
nals have been shown to induce anti-predator traits in prey 
sometimes even more than the presence of a predator itself 
(Robson et al. 2010; Yamada et al. 1998); therefore, crabs 
were fed southern ribbed mussel conspecifics once a day to 
mimic natural conditions and increase the probability of elic-
iting induced defenses on mussel morphology. By feeding 
crabs with mussel conspecifics we aimed to mimic natural 
environmental conditions where crabs commonly consume 
mussels in the immediate proximity of other mussels. Using 
this experimental design, we compared growth in mussels 
exposed to a combination of crab and mussel conspecific 
water-borne cues vs. growth in mussels exposed to neither.

Specimen collection and response parameters

Sout he r n  r ibbed  musse l s  (mean  ±  SD she l l 
length = 19.47 ± 5.75 mm, n = 270), were collected from 
intertidal habitats in Tampa Bay, Florida, USA (27.84°N, 
82.61°W) in October 2014. Mussels were transported in aer-
ated containers to the laboratory and allowed to acclimate at 
a baseline temperature of mean ± SD = 25.25 ± 0.03 °C for 
10 days. After the acclimation period, temperatures were 
increased by 1 °C every 12 h from the baseline tempera-
ture until target temperatures were reached. Live blue crabs 
(mean ± SD carapace width = 150 ± 11 mm, n = 9) were 
obtained from local fishermen in Tampa Bay and were trans-
ported to the lab less than 24 h after capture.

Morphometric traits of the southern ribbed mussels 
(i.e., shell length, shell width, and wet weight) were meas-
ured at the beginning and end of the 4-week experimental 
period. Mussels were removed from their holding tanks, blot 
dried, and measured for shell length and shell width using 
digital calipers to the nearest 0.01 mm. Mussels were then 

Fig. 1  Schematic of experimental temperature-controlled system. 
Water was pumped from (1) a temperature-controlled 190 L sump 
to (2) the 9.5 L crab/control tanks. Water then gravity fed to (3) the 
9.5 L mussel tanks and overflowed onto (4) a temperature-controlled 

water bath that maintained temperatures constant and homogeneous 
across all experimental tanks. There were a total of 15 mussels per 
experimental tank, of which 8 (shaded dark) were monitored for shell 
growth
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immediately placed on a digital scale to measure wet weight 
to the nearest 0.001 g. Mortality was low, with a total of 
4 mussels that died from different experimental treatments 
during the experimental period (overall survival = 98.5%). 
Mussels that did not survive the 4-week period were not 
included in the analysis. We considered a mussel dead when 
it did not close its valves after being mechanically stimu-
lated. Growth was represented as the change in shell length, 
shell width, and wet weight from start to end of the 4-week 
period, normalized by the initial values and expressed as a 
percentage.

Handling time experiment

To determine how any effects of increased temperature 
and predation cues on southern ribbed mussel morphol-
ogy affected predation susceptibility, we followed the 
4-week growth experiment with a predation experiment, 
measuring handling times of mussels by blue crabs across 
experimental treatments. Blue crabs (mean ± SD carapace 
width = 146 ± 16 mm, n = 33) were acclimated to target tem-
peratures for a period of 4 days prior to the feeding experi-
ment. Crabs were fed southern ribbed mussel conspecifics 
ad libitum for 2 days and starved for 1 day prior to the feed-
ing trial to normalize hunger among test crabs. Each crab 
was placed in a test tank and allowed to feed uninterrupted 
for 1 h on mussels reared in the experimental treatments. We 
lost 28 mussels to an escaped predator during the handling 
time experiments; therefore, a total of 242 mussels were 
presented to crabs for the handling time experiments (66, 
88, and 88 for low-, mid-, and high-temperature treatments, 
respectively; note that most of the lost mussels were from the 
low-temperature treatment, hence the difference in sample 
size). To prevent altered feeding behaviors due to human 
presence, trials were videotaped, and handling times were 
measured via video analysis. Handling time was measured 
from the crab’s first crushing behavior to when it abandoned 
the empty shell. Not all crabs consumed all mussels made 
available to them during the handling time experiments; 
therefore, only handling times for mussels that were con-
sumed were included in the analysis.

Statistical analyses

All statistical analyses were performed using the Fathom 
Toolbox for Matlab (Jones 2014). Data did not meet the 
assumption of normality; therefore, non-parametric permu-
tation-based tests were used for all statistical analyses. All 
permutation-based tests were performed using 5000 permu-
tations of the data and a significance level of α = 0.05. Outli-
ers at two standard deviations were excluded from the analy-
ses. Initially, 144 mussels were monitored for morphometric 
growth. After accounting for the 4 mussel deaths and one 

outlier removed, a total sample size of 139 mussels remained 
for all growth data analyses. We used three-way analyses of 
variance (npANOVA) with tank as a nested factor to test 
whether individuals in different tanks exhibited different 
responses independently of the temperature and predator 
treatments in which they were reared. Since there was no 
significant effect of rearing tank on growth of any morpho-
metric, nor interactive effects of tank with either temperature 
or predator presence (all P values > 0.25), individuals within 
a tank were considered replicates for all further analyses.

The effects of temperature and presence of water-borne 
predation cues on percent growth were tested using two-
way npANOVAs followed by pair-wise tests. The effects of 
temperature and presence of predation cues on crab handling 
times were tested through analyses of covariance (npAN-
COVAs) using crab size as a covariate, since handling times 
were dependent on crab size [r2 = 0.035, F (2,202) = 7.241, 
P = 0.006].

Results

Growth in shell length of southern ribbed mussels did not 
differ across temperature treatments (Table 2a, Fig. 2a). 
Percent growth in shell width varied across temperatures 
(Table 2a), with no differences between the low- and mid-
temperature treatments, but significantly lower growth at 
the high-temperature treatment (Table 2b, Fig. 2b). These 
differences were largely driven by differences in the disper-
sion of the data [dispersion across temperature treatments 
npANOVA F (2,136) = 19.225, P < 0.001; low × high disper-
sion pair-wise test t90 = 5.244, P < 0.001; mid × high dis-
persion pair-wise test t89 = 5.987, P < 0.001]. The signifi-
cant differences in data dispersion reflected the variability 
in the morphological response to temperature stress, with 
decreased magnitude and variance of percent growth in shell 
width as temperature increased (Fig. 2b). Percent growth in 
mussel wet weight was higher in the low-temperature treat-
ment compared to the mid- and high-temperature treatments 
(Table 2a, b, Fig. 2c). Dispersions for percent growth in 
mussel wet weight were homogeneous across temperature 
treatments (all npANOVA P values > 0.05).

Water-borne predation cues did not affect percent growth 
in shell length or shell width, and had a marginally nonsig-
nificant effect on mussel wet weight (Table 2a). Pair-wise 
comparisons revealed that at the low-temperature treatment, 
mussel wet weight was significantly higher in the presence 
than in the absence of predation cues (Fig. 3a) (pair-wise 
test t45 = 2.465, P = 0.017). This effect was not observed at 
the mid- (Fig. 3b) and high-temperature treatments (Fig. 3c) 
(pair-wise test P values > 0.05).
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Temperature did not influence mussel handling times by 
crab predators [npANCOVA F (1,202) = 1.096, P = 0.363]. 
However, after removing the effect of crab size, residuals 
for mussel handling time in the low temperature treatment 
reflected the pattern observed in mussel wet weight growth 
(Fig. 4a). Crabs spent more time handling and consum-
ing mussels reared in the presence of predation cues than 
those in the predator-free control group [npANCOVA F 
(1,57) = 4.108, P = 0.048], but only at the low-temper-
ature treatment. This effect was not observed between 
predator treatments at the mid- [Fig. 4b, npANCOVA F 
(1,79) = 0.170, P = 0.675] and high-temperature treatments 
[Fig. 4c, npANCOVA F (1,62) = 0.589, P = 0.456].

Discussion

Responses to climate change across taxa are diverse and 
vary by species (Kroeker et al. 2013). Through this study 
we demonstrated how elevated temperatures affected 
southern ribbed mussel morphology and its capacity to 
develop inducible defenses in the presence of predation 
cues. When exposed to increased temperatures, southern 
ribbed mussels: (1) exhibited altered shell shapes, (2) 
lacked apparent inducible defenses, and (3) experienced 
similar handling times by predatory crabs regardless of 
their predator treatment, demonstrating the consequences 
of loss of inducible defenses.

Table 2  (a) Non-parametric two-way ANOVA results for the effects 
of temperature and predator treatments on southern ribbed mussel 
percent growth in shell length, shell width and mussel wet weight 
(n = 139); (b) non-parametric pair-wise test results for the effects of 

temperature treatment on southern ribbed mussel percent growth in 
shell width and mussel wet weight; bold depicts significance at the 
α = 0.05 level

(a) Morphometric Parameter df F P value

Length Temperature 2 1.141 0.331
Predator 1 0.0004 0.983
Temperature × predator 2 0.487 0.625

Width Temperature 2 11.82 < 0.001
Predator 1 0.005 0.948
Temperature × predator 2 0.533 0.581

Wet weight Temperature 2 13.48 < 0.001
Predator 1 3.442 0.066
Temperature × predator 2 1.444 0.244

(b) Morphometric Temperature level N T statistic P value

Width Low × mid 93 1.595 0.111
Low × high 93 3.629 < 0.001
Mid × high 92 4.990 < 0.001

Wet weight Low × mid 93 3.874 < 0.001
Low × high 93 4.936 < 0.001
Mid × high 92 0.601 0.555

Fig. 2  Boxplots of percent 
growth in a shell length, b shell 
width, and c mussel wet weight 
by temperature treatment. 
Dashed lines represent the mean 
and dots represent outliers at 
the 95th percentile. Lower case 
letters represent pairs with 
significant differences in mean 
percent growth and asterisks 
depict level of significance 
(***< 0.001)

a b c
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Reductions in mussel growth

Growth in shell width and mussel wet weight decreased as 
temperature increased. Differences in dispersion of growth 
data suggested heterogeneity among individual mussels in 
their response to stressors. Southern ribbed mussels survived 
at temperatures above 30 °C, but with significant reductions 
in growth, supporting recent findings (Fitzgerald-Dehoog 
et al. 2012; Miller et al. 2014; Zhao et al. 2017). This effect 

could be due to physiological limitations. Many marine spe-
cies have limited growth rates above 31 °C (Goodwin et al. 
2001; Schöne and Giere 2005; Schöne et al. 2002) due to 
limitations in oxygen uptake and metabolic activity (Rod-
land et al. 2009; Schöne and Giere 2005). Moreover, many 
bivalves, including ribbed mussels, respire more as tem-
perature increases (Noisette et al. 2015; Wilbur and Hilbish 
1989). Thus, the negative effects of increased temperature on 
mussel growth observed in this study may be due to physi-
ological energy demands.

Heat stress can increase the energy demands on the pro-
duction of proteins that prevent and repair heat-induced cel-
lular damage. In intertidal mussels, thermal stress is linked 
to denaturation and structural damage of proteins, evidenced 
by the up-regulation of oxidative-stress (Fields et al. 2012), 
cytoskeletal (Fields et al. 2012; Tomanek and Zuzow 2010), 
and heat-shock chaperone proteins (Fields et al. 2012; Hof-
mann and Somero 1995; Roberts et al. 1997; Tomanek and 
Zuzow 2010). The energy costs associated with produc-
ing and maintaining the activities of these proteins likely 
reduces the energy available for biological demands, such 
as reproduction and growth (Han et al. 2013; Hofmann and 
Somero 1995). The demands on energy allocation due to 
thermal stress may cause diversion of energy to growth in 
specific morphological traits that may be especially benefi-
cial to the organism’s survival. We hypothesize, then, that 
these energetic physiological demands due to thermal stress 
affected mussels’ abilities to respond to water-borne preda-
tion cues.

Alterations in shell shape

Southern ribbed mussels grew in length, but had limited 
growth in width, with increasing temperatures, creating a 
more elongated shell shape. Blue crabs exhibit preference 
for ribbed mussel with shells shorter than 25 mm to maxi-
mize energy ingestion while minimizing energy expendi-
ture and handling time (Elner and Hughes 1978; Hughes 
and Seed 1981). Therefore, it is possible that mussels in our 
study expended energy in growth in shell length rather than 
shell width to move out of their predators’ preferred feed-
ing size range. However, mollusks have been observed to 
adopt rounder, flatter shells, the opposite of the alterations 
in shell shape due to increased temperatures observed in 
this study, to better protect themselves from shell-crushing 
predators (Bronmark et al. 2011). These differences in shell 
morphology can alter predation rates and feeding preference 
by predators, affecting predator–prey interactions and result-
ing in diet shifts (Lopez et al. 2010). Therefore, the observed 
elongation of shell shapes could be detrimental for mussel 
survival and could have further consequences for intertidal 
predator–prey relationships.

a b c

Fig. 3  Boxplots a–c show comparisons of percent mussel wet weight 
growth between predator absent  (P−) and predator present  (P+) treat-
ments at low-, mid- and high-temperature treatment levels, respec-
tively. Dashed lines represent the mean and dots represent outliers at 
the 95th percentile. Lower case letters represent pairs with significant 
differences in mean percent growth and asterisks depict level of sig-
nificance (*< 0.05). Shading represents temperature treatment level: 
white (low), light grey (mid), and dark grey (high)

a b c

Fig. 4  Boxplots a–c show comparisons of npANCOVA residuals for 
handling time (after correcting for the effect of crab size) between 
predator absent  (P−) and predator present  (P+) treatments at low-, 
mid- and high-temperature treatment levels, respectively. Dashed 
lines represent the mean and dots represent outliers at the 95th per-
centile. Lower case letters represent pairs with significant differ-
ences in mean handling time and asterisks depict level of significance 
(*< 0.05). Shading represents temperature treatment level: white 
(low), light grey (mid), and dark grey (high)
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Suppression of inducible defenses

Southern ribbed mussels reared in the presence of predation 
cues grew significantly more in terms of wet weight than 
those reared in the absence of predation cues, but only in the 
low-temperature treatment. Loss of this predator effect at the 
experimental mid- and high-temperature treatments demon-
strated the capacity of increased temperatures to affect the 
production of inducible defenses in mussels. This effect was 
further evidenced by the differences in predator handling 
times only observed at the low-temperature treatment.

The significant increase in wet weight observed did not 
match increases in shell length or shell width, and therefore, 
must be due to growth in a different morphometric. We were 
unable to calculate shell thickness with the available data; 
however, a probable explanation for increased mussel wet 
weight is an increase in shell thickness, a common inducible 
anti-predatory response used by mollusks for defense against 
predation, often at the expense of growth in shell length and 
width (Caro and Castilla 2004; Freeman 2007; Freeman and 
Byers 2006; Smith and Jennings 2000). Predator-induced 
shell thickening is essential for southern ribbed mussels, as it 
defends against crab predation by increasing handling times 
(Freeman 2007) and makes them less energetically feasible 
prey. In laboratory studies, blue crabs have been observed 
to abandon mussel prey with high handling times to mini-
mize energy usage (Hughes and Seed 1995), and exhibit 
preference for feeding on thin-shelled mussels (Caro and 
Castilla 2004). Southern ribbed mussels in our study may 
have adopted this shell thickening approach to respond to 
the presence of predation cues at the low-temperature treat-
ment. At elevated temperatures, however, the demands on 
energy allocation (Ganser et al. 2015; Hofmann and Somero 
1995) may have attributed to the apparent disruption of the 
predator effect.

The effects of temperature on behavioral inducible 
defenses have been recorded for scallops in the form of 
altered escape performance (Schalkhausser et al. 2014) 
and snails as alterations in righting behavior (Schram et al. 
2014). However, to our knowledge, this is the first docu-
mentation of increased temperatures interfering with mor-
phological inducible defenses, and thus predator handling 
times, in southern ribbed mussels.

Study limitations

The results of this study provide evidence on the effects 
of increased temperatures and predation cues on southern 
ribbed mussel growth. However, it is possible that the length 
of the experiment was insufficient to reflect the full scope of 
the synergistic effects of elevated temperatures and predation 
cues. 4 weeks may have been insufficient for mussels to grow 
out of blue crabs’ preferred prey size (< 25 mm) (Hughes 

and Seed 1981). Although a longer experimental period may 
have been beneficial, it is interesting that we were able to 
observe differences in shell shape and disruption of induc-
ible defenses so clearly, which attests to the strength of the 
temperature effect on southern ribbed mussel morphology. 
Our efforts are a step forward from classic studies that have 
examined the effects of increased temperatures on single 
species, by including and measuring the effect of another 
crucial stressor in natural systems: the presence of preda-
tion cues.

Conclusions

We have demonstrated that chronic heat stress can have 
detrimental morphological effects on intertidal mussels. 
We documented the ability of southern ribbed mussels to 
survive chronic thermal stress up to 34 °C, although with 
significant reductions of both growth in shell width and wet 
weight compared to lower temperatures. Mussels reared in 
elevated temperatures also manifested more elongated shell 
shapes, which could affect their ability to protect themselves 
against predation. Mussels under constant heat stress may be 
energetically limited by cellular-repairing processes (Fields 
et al. 2012; Hofmann and Somero 1995; Roberts et al. 1997; 
Tomanek and Zuzow 2010), leading to limitations in growth 
and the loss of predator-induced defenses. Here we provided 
evidence for the disruption of the predator effect on induc-
ible defenses by thermal stress in temperatures over 30 °C 
for southern ribbed mussels, followed by decreases in preda-
tor handling times. The observed shell elongation and lack 
of anti-predatory responses in elevated temperatures could 
make southern ribbed mussels more vulnerable to predation 
by blue crabs and other predators. The effects of temperature 
alone on single species can induce shifts in species abun-
dances, distributions, and interspecies interactions, leading 
to important consequences for coastal ecosystem dynamics 
(Miller et al. 2014; Schiel et al. 2004). Therefore, the pres-
ence of predation cues in natural environments should be 
considered when addressing the effects of elevated tempera-
tures on marine organisms and when making inferences on 
the effects of climate change on coastal ecosystems.
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