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Differential effects of warming
and acidification on
chemosensory transmission and
detection may strengthen
non-consumptive effects of
blue crab predators (Callinectes
sapidus) on mud crab prey
(Panopeus herbstii)

Alex M. Draper* and Marc J. Weissburg

School of Biological Sciences, Georgia Institute of Technology, Atlanta, GA, United States
Predators control prey abundance and behavior, both of which strongly

influence community dynamics. However, the relative importance of these

predator effects may shift with climate change stressors, suggesting

understanding the potential effects on these different processes is critical to

predicting effects of climate change on community function. We investigated

the effects of global warming and ocean acidification on the transmission and

detection of chemical cues from blue crab predators (Callinectes sapidus) by

mud crab prey (Panopeus herbstii). We measured mud crab feeding rates in the

presence of blue crab predator cues, using either predator cues stressed in

acidified conditions or mud crabs stressed in warmed and acidified conditions.

Mud crabs consumed less food in the presence of predator cues, but acidifying

the cues or subjecting mud crabs receiving the cues to acidified environment

did not affect this antipredator response. Mud crabs in warmed conditions

consumed significantly less food regardless of predator cue, but this effect was

reversed in ambient conditions. Therefore, climate change may produce shifts

in community regulation as warming potentially compromises consumptive

effects of predators by reducing motor function, whereas non-consumptive

effects mediated by sensory transmission and detection remain unaffected by

acidification. Overall, warming may have stronger effects than acidification on

community dynamics in oyster reefs as global temperatures continue to rise.
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1 Introduction

Predator-prey interactions strongly influence ecological

communities. Predators affect community structure by

changing prey abundance (consumptive effects - CEs) or when

predator presence alters prey properties such as morphology,

development, and behavior (non-consumptive effects - NCEs)

(Werner and Peacor, 2003). NCEs can outweigh CEs in

situations where conditions allow for effective detection of

predators because many more individuals will respond

simultaneously, which can be the case in some aquatic systems

(Werner and Peacor, 2003; Preisser et al., 2005; Weissburg

et al., 2014).

The environmental context for predator and prey strongly

influences their interactions, which is especially important to

consider as anthropogenic climate change is drastically altering

coastal ecosystems worldwide (Hoegh-Guldberg and Bruno,

2010; IPCC, 2014). Increased carbon dioxide (CO2) emissions

are increasing global surface temperatures by recapturing heat

from the sun (i.e. global warming), while excess CO2 is

simultaneously being absorbed into the oceans and altering

seawater chemistry to make marine and coastal environments

more acidic (i.e. ocean acidification) (Doney et al., 2009; IPCC,

2014). By the end of the century, global mean surface

temperatures are likely to exceed an additional 2°C, and global

ocean pH is expected to decrease by 0.3-0.4 units under the

business-as-usual scenario (IPCC, 2014).

Warming and acidification are negatively impacting many

species interactions, including those between predator and prey

(Nagelkerken and Munday, 2016). Warming affects basal

metabolic processes and stresses organisms beyond their

thermal limits (Pörtner and Farrell, 2008; Pörtner et al., 2017).

Additionally, increased temperatures can increase predator

foraging activity to meet higher metabolic demands (as seen in

fish and crustaceans; Wu et al., 2017; Goldenberg et al., 2018),

while prey activity that provides for escape behaviors may

decrease (Kidawa et al., 2010). Acidification not only

contributes to stress on physiological processes for predator

and prey (especially calcification rates – Ries et al., 2009), but

also may alter sensory capabilities underlying predator-prey

interactions (reviewed by Draper and Weissburg, 2019).

Most studies that examine climate change effects on

predator-prey interactions focus on the behavioral endpoint

such as escape time or survival rate, which primarily affect

CEs (Draper and Weissburg, 2019). However, the relative

strengths of CEs and NCEs may shift with climate change

depending on the mechanism of predator control affected, the

magnitude of the effect, and in response to which stressor (e.g.

warming or acidification). Warming may primarily change CEs

by affecting movement of predator and prey that determines

encounter rate, while acidification potentially affects NCEs via

disruption of the sensory transduction pathway where cue

production, transmission, and perception of predation risk
Frontiers in Marine Science 02
determine behavioral outcomes (Draper and Weissburg, 2019).

Recent climate change studies have focused on individual

components of the sensory pathway between predator and

prey, but more realistic predictions should include multiple

steps of sensory information exchange. Current literature is

biased toward effects on tropical reef fish (Draper and

Weissburg, 2019), and the effects of climate change have been

particularly understudied in temperate coastal ecosystems such

as oyster reef communities.

Oyster reefs are ecologically and economically important

ecosystems along the Atlantic and Gulf coasts of the United

States (Beck et al., 2011) and are connected to other important

marine processes within estuarine environments (McCormick-

Ray, 2005). Oyster reefs are ecologically important by providing

ecosystem services such as habitat stabilization, creation of

refugia from predation, water filtration, and protection from

shoreline erosion (Grabowski et al., 2012). Economically, blue

crabs and oysters historically have provided important fisheries,

but overharvesting has caused most of oyster reef communities

to collapse (Jackson et al., 2001; Kirby, 2004). Currently, more

than 85% of oyster reefs worldwide have degraded due to local

and global stressors caused by anthropogenic activities (Beck

et al., 2011).

To provide insight into how warming and acidification will

influence different mechanisms of predator control in oyster

reefs, we used the model system of blue crab predators

(Callinectes sapidus) and mud crab prey (Panopeus herbstii).

Blue crabs are important predators in estuaries by feeding on

bivalves and crustaceans such as mud crabs (Micheli, 1997; Hill

and Weissburg, 2013). Mud crabs are small, cryptic xanthid

crabs that live within oyster beds (Meyer, 1994) and are

important consumers of oysters (Bisker and Castagna, 1987).

As a result, blue crab predation on mud crabs (CEs) and foraging

suppression in mud crabs when they sense blue crab predators

(NCEs) both increase oyster survival (Grabowski et al., 2008;

Hill and Weissburg, 2013; Pruett and Weissburg, 2021). Limited

studies have examined predator-prey interactions with these

species in response to climate change stressors. Dodd and

colleagues (2015) tested mud crab (Panopeus herbstii) foraging

behavior on eastern oysters (Crassostrea virginica) under

acidified conditions. Although both species experienced

reduced calcification rates, acidification reduced handling time

and prey consumption by mud crabs. Another study examined

foraging behavior of blue crabs (Callinectes sapidus) on soft-shell

clams (Mya arenaria) in acidified waters (Glaspie et al., 2017).

Acidification reduced both calcification rates and antipredator

behavior in clams, but it also reduced effective foraging ability by

blue crabs, resulting in no change in predator-related clam

mortality. However, these studies on blue crabs and mud crabs

fail to consider how both mechanisms of predator control (i.e.

CEs and NCEs) will change with warming and acidification.

In this study, we tested the effects of warming and

acidification on chemosensory transmission and detection by
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stressing (i.e. exposing to elevated temperature and/or reduced

pH) mud crabs and blue crab predator chemical cues and

measuring mud crab feeding rates in the presence of these

predator cues. As it has been suggested that mud crabs

suppress aerobic metabolism in temperatures above 30°C

(Dame and Vernberg, 1978), we hypothesized that warming in

this study would increase physical stress that consequently

reduces food consumption rates . Acidification can

differentially affect cue transmission (via changes to cue itself)

and detection (via changes to cue receptor or neural processing)

(Draper and Weissburg, 2019), so predictions for acidification

effects on NCEs were less clear. Since the bioactive molecules

present in blue crab predator cue (Poulin et al., 2018) contain

functional groups that are predicted to be robust to CO2-induced

acidification (see Roggatz et al., 2016), we hypothesized that

acidification in this study would not affect cue transmission and

mud crab feeding responses would be unaffected. However, it is

unknown whether mud crab perception of predators is

weakened by acidification that would consequently reduce

mud crab behavioral responses (i.e. foraging suppression) to

predator cues.
2 Methods

2.1 Animal collection and maintenance

Adult blue crabs (10-14 cm carapace width; CW) and mud

crabs (15-30 mm CW) were obtained from Wassaw Sound

(Savannah, GA, USA) and associated tributaries in 2019 and

2021, under a scientific collection permit (29-WJH-16-222)

issued by the Georgia Department of Natural Resources and

renewed annually. Adult blue crabs were caught using baited

crab traps, and mud crabs were collected by hand from oyster

reefs during low tide. Animals were transported to Georgia

Institute of Technology (GT) in Atlanta, GA and each species

was separately housed in 37 L aquarium tanks.

Tanks were filled with artificial seawater (ASW; Instant

Ocean™) and equipped with basic filtration, heaters, and

aerators to maintain conditions similar to the collection site

(25 psu salinity, 26-28°C water temperature, 7.8-8.0 pH). Partial

water changes (25-50%) were conducted weekly to prevent waste

buildup. Animals were individually isolated in labeled holding

chambers to prevent antagonistic interactions, fed raw shrimp

ad libitum twice per week, and acclimated to laboratory

conditions (including a 12:12 light:dark cycle) for at least one

week before experiments began. All crabs used in experiments

were sexed, weighed, measured (carapace width), and number

of injuries recorded. Only intermolt animals with claws intact

and less than three missing pereopods were selected

for experimentation.
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2.2 Experiment design – stressed mud
crabs

We tested for climate change effects on crab behavioral

responses using 16 independent 37 L tanks to create a 2 x 2

factorial design with warming (two temperature levels: 28.6°C and

35.0°C) and acidification (two pH levels: 7.8 and 7.2) as

treatments, with 4 replicate tanks for each treatment

combination. Target baseline (control) conditions were

determined using mean summer (May – August) temperature

and pH values from 2007 – 2016 from Sapelo Island NERR

monitoring station (Lower Duplin River shallow subtidal; 2-hour

continuous monitoring). For climate change projections, we used

the high intermediate emissions scenario (RCP 8.5), which

predicts an average 3.7°C increase of temperature and 0.3 units

decrease of pH by 2100 (IPCC, 2014). However, estuary

environments fluctuate strongly so that current organisms may

be exposed to daily extreme conditions that are similar to average

predicted conditions in IPCC business-as-usual climate change

models (Hofmann et al., 2011; IPCC, 2014). For example,

standard deviations from the Sapelo Island dataset for mean

temperature and pH are 2.7°C and 0.3 units respectively, and a

maximum water temperature of 39°C at ~3 m depth. (However,

we note that mean temperatures are often unreliable indicators of

body temperature and thermal stress in topographically complex

habitats where body position, orientation, and substrate variation

have considerable effects (Helmuth and Hofmann, 2001; Jost and

Helmuth, 2007). Additionally, coastal environments are projected

to experience even more extreme conditions than predicted for

the global average (i.e. open ocean) (Helmuth et al., 2002;

Wootton et al., 2008; Waldbusser and Salisbury, 2014). This

includes increased magnitude of extreme temperatures

(Helmuth et al., 2002), as well as extreme pH values

(Kwiatkowski and Or, 2018; Pacella et al., 2018) due to

variations in salinity (i.e. buffer capacity) and DIC inputs from

benthic organic matter (Cai and Wang, 1998; Ringwood and

Keppler, 2002). Therefore, we determined projected future

conditions for our system by combining IPCC predictions with

one standard deviation from the mean baseline temperature and

pH values provided by the NERR monitoring station (mean +

IPCC predictions + 1 standard deviation). Target stress treatments

were calculated as follows: 28.6 + 3.7 + 2.7 = 35.0°C for

temperature, and 7.8 - 0.3 - 0.3 = 7.2 units for pH.

2.2.1 Seawater carbonate chemistry
All treatments were maintained using a microprocessor-

based system (AquaMedic) where temperature and pH were

continuously monitored and adjusted by automatic heaters and

CO2 input (via solenoid valves and pH probes) in response to

conditions in each individual tank. Heaters and pH probe/valve

systems had 1°C and 0.1 unit differentials, respectively. All pH

probes (Cole-Parmer Oakton) for the CO2 system were
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calibrated weekly, and water parameters (pH, temperature,

salinity) were measured daily using a handheld Orion Star

A325 meter with temperature-compensated pH and

conductivity electrodes. Water samples were collected weekly

from each tank, filtered using 0.45 mm filtration, and stored in

polypropylene vials at 4°C for up to 6 months for later analysis of

alkalinity (Mos et al., 2021). Total alkalinity was determined

using a Hanna 901c precision automatic titrator and certified

seawater standards (Dickson standard, Scripps Institution of

Oceanography). The pCO2 and saturation states of calcite and

aragonite were calculated using the CO2SYS program (Pierrot et

al., 2006), using the first and second dissociation constants of

Mehrbach et al. (1973) as refit by Dickson and Millero (1987).

These methods provided highly consistent temperature and pH

offset conditions (Table 1).

Our treatments were designed to examine the effects of

projected pH values rather than CO2, which may be

overestimated here due to higher alkalinity in artificial seawater.

While higher alkalinity leads to higher calculated pCO2 values on

a pH-based system, these pCO2 values are still reasonable for

predicted future conditions of coastal environments. For example,

Chesapeake Bay can experience pCO2 values as high as 10,000

matm (Glandon et al., 2019). Therefore, these methods align with

those used in other acidification studies with crustaceans

(reviewed by Dissanayake, 2014).

2.2.2 Exposure period
The exposure period began by gradually increasing the

temperature and decreasing the pH (via increased CO2 input)

in each tank over four days until target treatment conditions

were achieved. Mud crabs were then exposed to stress treatments

for 5 weeks, which is sufficient time for these stressors to produce

physiological effects in this species that may influence behavior

(Draper, unpublished data). The experiment began with 15 mud

crabs per tank and total biomass per tank was balanced to

minimize variation in waste buildup. Survivorship and molting

events were monitored daily, and molts/dead individuals were

promptly removed from tanks. The size and mass of individuals
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who had molted were remeasured approximately 3 days after the

event, and all individuals were remeasured after the

exposure period.
2.3 Predator cue collection and
preparation

One week prior to any feeding assay, 7 adult blue crabs (10-

14 cm CW) were fed every other day ~10-15 g crushed mud crabs.

This diet was chosen to maximize prey behavioral response as

shown in other studies that indicate metabolites released by blue

crabs and injured prey affect mud crab risk responses (Hill and

Weissburg, 2014; Poulin et al., 2018). Forty-eight hours before

each feeding assay, blue crabs were placed in a shared pool of 53 L

of freshly prepared artificial seawater (ASW) that was aerated at

control conditions (temperature: ~29°C, pH: ~7.8), and crabs were

fed twice in this pool (i.e. every 24 hours). This minimized any

variation in cue based on individual differences of the predators

(hunger level, amount of cue produced, etc.). This method also

produced cues of both the predator (i.e. metabolic waste products)

and crushed conspecifics to maximize behavioral response. Mud

crab carcasses were then removed and water was collected from

this pool to be used as predator cue.

2.3.1 Cue preparation – stressed predator cue
Exposing the predator risk cue to acidified conditions

(termed here as “stressed predator cue”) tests whether the cue

retains its efficacy in future expected environments. Predator cue

and ASW treatments were prepared in 34 L tanks at ambient

temperature (28°C) and either ambient or low pH (i.e. acidified).

Ambient treatment water was maintained at pH of ~8.0 using air

bubblers. The pH of acidified treatment water was reduced by

slowly bubbling in CO2 for 1 hr until pH reached ~7.2. To test

stressed predator cue in acidified conditions, acidified treatment

water pH was maintained at 7.2 immediately prior to the feeding

assay. Stressed predator cue was also tested in ambient

conditions by turning off CO2 of treatment water and
TABLE 1 Mean (± SE) seawater carbonate chemistry parameters during the 5-week exposure period of the stressed crab experiment for each
treatment (n = 4 tanks).

Parameter Control Acidified Warmed Warmed + Acidified

Temperature (°C) 28.71 ± 0.15 28.58 ± 0.05 34.38 ± 0.20 34.15 ± 0.23

pH (NBS) 7.98 ± 0.02 7.30 ± 0.01 7.98 ± 0.02 7.27 ± 0.01

Salinity (psu) 28.21 ± 0.05 28.34 ± 0.09 28.56 ± 0.09 28.73 ± 0.08

TA (mmol kg-1 SW) 2129.31 ± 94.87 2115.15 ± 58.24 1887.15 ± 50.57 2196.99 ± 78.19

pCO2 (matm) 668.90 ± 22.66 3655.75 ± 104.68 618.76 ± 10.66 4421.15 ± 264.28

Ω Ca 3.52 ± 0.34 0.80 ± 0.03 3.57 ± 0.20 0.93 ± 0.04

Ω Ar 2.30 ± 0.22 0.53 ± 0.02 2.39 ± 0.13 0.62 ± 0.03
frontie
Parameters were first averaged across time within each tank, and then reported values were calculated across tanks within each treatment. Measured parameters of temperature, pH, salinity,
and total alkalinity (TA) were used to calculate partial pressure of carbon dioxide (pCO2) and saturation states of calcite (Ω Ca) and aragonite (Ω Ar). These treatment values also are
representative of those in the stressed cue experiments.
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oxygenating with air bubblers for ~30 minutes until pH reached

ambient levels (~7.9).
2.4 Feeding assays – stressed mud crabs

To determine the effects of future conditions on mud crab

prey behavior, feeding assays were conducted in August 2019 to

observe if stressed mud crabs still suppress foraging in the

presence of a predator (blue crab) cue (Figure 1). Behavior of

stressed animals was examined in small (30 x 20 x 20 cm) test

chambers housed in 34 L aquarium tanks with a water bath at

ambient conditions (temperature: ~29°C, pH: ~7.9), with one

chamber containing 2 L freshly made ASW and another

chamber containing 2 L predator cue. The level of the water

bath was lower than the test chambers, ensuring the two water

types remained independent of each other. Ambient conditions

were chosen to isolate any effects of climate change to the cue

receiver only and avoid confounding changes to the cue itself. In

each chamber, 4 oyster shells were clustered to a randomly

selected side to serve as a refuge. After allowing the chamber

water to equalize in temperature with the water bath, 3 mud

crabs were placed in each chamber and allowed to acclimate for

2 hours. Mud crabs were chosen to ensure no more than 2 of

each sex was placed in each group, and missing limbs and size

ranges were kept to a minimum.

After the acclimation period, ~3 g raw shrimp (2.9-3.2 g) cut

into 4-6 pieces was added to each chamber on the opposite side

of the oyster cluster. This created a choice between refuge use

and food consumption for the mud crabs. Chambers with

shrimp but no mud crabs were included to control for

ambient mass loss/gain, with two replicates for each cue
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treatment. Mud crabs were allowed to feed undisturbed in the

dark for 6 hours, at which time the remaining shrimp was

collected from each chamber and weighed to determine

difference in mass and calculate proportion consumed. Four

replicates of each treatment were performed simultaneously in

one run of the feeding assay.

To test if climate change effects can be reversed, previously

stressed mud crabs were returned to ambient water conditions

(temperature: ~29°C, pH: ~7.8) for 7 days before the feeding

assay was repeated, compared to mud crabs that were never

stressed. Due to several deaths across treatments during the 7-

day period, a subsample of individuals was used for the second

feeding assay. For each chamber, two mud crabs were chosen, of

opposite sexes when possible, with similar sizes and minimal

injuries. The deaths of some of the animals in during the 7 day

reversal period necessitated using 2 rather than 3 animals as

before. To maintain ratio of food mass to crab density, ~2 g raw

shrimp (1.9-2.2 g) cut into 2-4 pieces were added to each

chamber after the acclimation period, but the feeding assay

was otherwise conducted as previously described.

2.4.1 Feeding assays – stressed predator cue
Feeding assays with acidified predator cue were conducted in

September 2021 – January 2022 with methods as above

(Figure 1), but with two different test conditions. Mud crabs

that were pre-acclimated to acidified conditions 3 days prior

were tested in acidified water with acidified predator cue. This

ensured that any changes to the cue were maintained in acidified

conditions, despite the small risk of stressed mud crabs driving

any changes in behavioral response. In addition, as previously

described (Section 2.3.1), mud crabs from ambient conditions

were tested with historically acidified predator cue in ambient
FIGURE 1

A schematic of experimental design for the stressed mud crab (top portion) and stressed cue (bottom portion) experiments. Adult blue crabs
were fed mud crabs and the tank water was collected to be used as predator cue (“BC Cue”). In the stressed mud crab experiments, mud crabs
were exposed to increased temperature (35°C) and/or decreased pH (7.2). In the stressed cue experiments, predator cue and artificial seawater
(“ASW”) were exposed to decreased pH (7.2). Feeding assays for both experiments were conducted with small groups of mud crabs in test
chambers with BC cue or ASW, housed in a water bath at ambient conditions (temperature: 29°C, pH: 7.8). Mud crab image provided by J.
Pruett, all other images provided by the Integration & Application Network, University of Maryland Center for Environmental Science (https://ian.
umces.edu/symbols/).
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water to minimize stress on the animals that could influence

their behavioral response. Each test condition manages the

tradeoff in different ways, and together they can provide

insight into effects of stressing the animals vs. the cue.

Test chambers were filled with 1.5 L treatment water and 4

oyster shells and placed in a water bath held at ambient

conditions (temperature: ~28°C, pH: ~7.9). Two mud crabs

were placed in each chamber and allowed to acclimate for 2

hrs, then pre-weighed food (~2 g) was added to each chamber.

Feeding assays were conducted as previously described in section

2.4, with 8 replicates of each treatment performed in each run.

Each feeding assay type (stressed predator cue and historically

stressed predator cue) was repeated with at least two weeks in

between each run, for a total of 2 runs per feeding assay type.
2.5 Statistical analysis

All analyses were conducted in R version 4.1.1 (R Core

Team, 2021) using the car 3.0 (Fox and Weisberg, 2019), lme4

1.1-27 (Bates et al., 2015), and emmeans 1.7 packages (Lenth,

2022). Data from the stressed and historically stressed mud crab

feeding assays were each analyzed using three-way ANOVAs

with temperature, pH, and cue treatment as fully crossed fixed

effects. Model assumptions of normality and homogeneity of

variances were confirmed using Shapiro-Wilk test and Levene’s

test, respectively. Planned contrast t-tests between ASW and

predator cue were conducted within each stress treatment for the

stressed mud crab feeding assay.

Data from the stressed cue feeding assays were analyzed

using linear mixed models with date as a random effect and fully

crossed fixed effects of stress treatment and cue treatment.

Including tank as a random effect did not significantly

improve the fit of the models based on log-likelihood tests and

was therefore excluded from analysis. Shrimp mass loss/gain for

no-crab controls in all experiments was small (<3%) but
Frontiers in Marine Science 06
included in the analysis by correcting proportion consumed

for each replicate by subtracting the treatment controls’ average

proportion in lost mass. Replicates with crab mortality or crabs

displaying an unusually weakened state were excluded from the

analysis. Observations with studentized residuals greater than 3

and Cook’s distance greater than 4 times the mean were

considered outliers and therefore removed from analysis.

Model assumptions of normality and homogeneity of

variances were confirmed visually using diagnostic plots.

Planned contrast t-tests between ASW and predator cue were

conducted within each historical stress treatment for the feeding

assay tested in ambient conditions.
3 Results

3.1 Stressed mud crabs

The effects of stress on mud crab responses showed a

significant interaction between temperature and cue treatment

(F1,23 = 5.364, p = 0.0298; Table 2), so that the effects of cue

depended on temperature (Figure 2A). Blue crab predator cue

reduced consumption at ambient temperature, but this effect was

not present at high temperature, which depressed feeding rates

regardless of cue presence. Predator cue remained efficacious for

crabs exposed to ambient, but not warmed conditions (Table 3).

There was no effect of pH treatment on consumption, and model

results did not change with removal of the three-way interaction

of temperature, pH, and cue (Table 2).

Repeating the feeding experiment on mud crabs that had

been returned to ambient conditions for 1 week showed the

effects of stress can be reversed. Stress history of temperature and

pH exposure did not affect consumption rates, while cue

treatment significantly affected consumption (F1,23 = 109.7, p

< 0.0001; Table 4; Figure 2B); animals exposed to blue crab

predator cues reduced food consumption regardless of whether

they had been previously held in ambient, or acidified and/or

warmed conditions, and responded similarly to animals that had

not been previously stressed.
3.2 Stressed predator cue

Using low pH to “stress” the predator cue had no impact on

whether mud crabs responded to blue crab predator cues. Mud

crabs showed reduced feeding in the presence of predator cues

when “stressed” cues were presented in stressed conditions

(F1,39.134 = 51.3975, p < 0.0001), and there was no significant

interaction between cue treatment and cue treatment pH

(Table 5, Figure 3A). The effects were similar when the

stressed cues were presented in ambient conditions; cue

treatment and not pH had a significant effect, but there was a

significant cue*pH interaction when tested in ambient
TABLE 2 Analysis of variance of the effects of cue treatment and
temperature and pH stress treatments on mud crab consumption
rates (underline denotes significant p < 0.1, *denotes significant p <
0.05, **denotes significant p < 0.01).

Factor Sum
Squares

Df F-value p-value

Temperature 553.8 1 9.259 0.0058**

pH 49.68 1 0.8305 0.3716

Cue Treatment 212.5 1 3.553 0.0722

Temperature x pH 7.178 1 0.12 0.7322

Temperature x Cue Treatment 320.8 1 5.364 0.0298*

pH x Cue Treatment 26.19 1 0.4378 0.5148

Temperature x pH x Cue
Treatment

3.58 1 0.0599 0.8089

Residuals 1376 23 NA NA
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conditions (F1, 52.045 = 5.6068, p = 0.0216; Table 6, Figure 3B).

Despite the interaction, planned contrast t-tests showed that the

predator cue continued to suppress feeding relative to the

control regardless of whether it was prepared in stressed vs.

ambient conditions (Table 7).
4 Discussion

Global warming and ocean acidification can influence

predator effects on lower trophic levels through physical and

sensory stressors. Our results suggest that warming inflicts

physical stress on predator-prey interactions in oyster reefs,
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while acidification does not affect the sensory pathway in this

system. We found that warming significantly reduced feeding

behavior regardless of predator cue presence, but these effects are

reversed in ambient conditions (Figure 2). Acidification had no

effect on the mud crabs’ ability to detect and respond to predator

cue by reducing their feeding as shown by the consistent effect of

predator cue across the different experiments. These results are

similar to a study on blue mussels (Mytilus edulis × trossulus),

where warming increased the startle response time (i.e. time to

reopen their valves) after a tactile predator cue, but acidification

had no effects on mussel behavior (Clements et al., 2020).

Additionally, acidification did not affect predator cue

effectiveness in suppressing feeding when tested in either

acidified or ambient conditions (Figure 3), which also indicates

that the crabs were not affected by short-term exposure to

acidification that might influence these results. Thus, warming

may be the more critical driver than acidification for coastal
TABLE 3 Planned contrast t-tests between artificial seawater (ASW) and blue crab (BC) cue for the effects of temperature and pH stress
treatments on mud crab consumption rates (underline denotes significant p < 0.1, *denotes significant p < 0.05).

pH Temperature Contrast Estimate SE Df t-ratio p-value

Ambient Ambient ASW – BC Cue 10.56 5.47 23 1.931 0.0659

Low Ambient ASW – BC Cue 12.89 5.47 23 2.357 0.0273*

Ambient High ASW – BC Cue -3.73 5.47 23 -0.682 0.5017

Low High ASW – BC Cue 1.33 5.91 23 0.225 0.8243
fronti
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FIGURE 2

Mud crab consumption rates (mean ± SE) in response to blue crab predator cue treatments, (A) after 5 weeks of exposure to stress treatments
of warmed and/or acidified conditions, and (B) after 1 week of return to ambient conditions. Numbers at the bottom of each bar denote sample
size, and cue treatments denote blue crab (BC) predator cue vs. artificial seawater (ASW).
TABLE 5 Linear mixed model analysis of the effects of acidified
predator cue on mud crab consumption rate in acidified conditions,
with degrees of freedom calculated using Satterthwaite’s method
(*denotes significant p < 0.05).

Factor Df (num, den) F-value p-value

pH 1, 39.261 1.0098 0.3211

Cue Treatment 1, 39.134 51.3975 <0.0001*

pH x Cue Treatment 1, 39.022 0.6739 0.4167
TABLE 4 Analysis of variance of the effects of cue treatment and
historical stress treatments of temperature and pH on mud crab
consumption rates (*denotes significant p < 0.05).

Factor Sum Squares Df F-value p-value

Temperature 53.43 1 1.495 0.2338

pH 37.01 1 1.035 0.3195

Cue 3921 1 109.7 <0.0001*

Temperature x pH 12.85 1 0.3595 0.5547

Temperature x Cue 51.98 1 1.454 0.2401

pH x Cue 0.1456 1 0.0041 0.9497

Temperature x pH x Cue 79.61 1 2.227 0.1492

Residuals 822.1 23 NA NA
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organisms, with the potential to strengthen the relative

importance of non-consumptive effects in estuarine ecosystems.

It is widely known that elevated temperatures predicted for

global warming increase metabolic stress in many organisms

(Pörtner et al., 2017). As temperature approaches upper thermal

limits for an organism, the capacity to deliver enough oxygen to

meet tissue demands decreases, causing an overall decline in

metabolic performance (Pörtner et al., 2017). Mud crab

respiration rates are not affected by warming relevant to this

habitat (Draper, unpublished data), although it has been

suggested that mud crabs suppress aerobic metabolism in

temperatures above 30°C (Dame and Vernberg, 1978).

Metabolic suppression may lead to reductions in motor
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function and overall activity that lowers encounter rate with

food, which is suggested from this study (Figure 2A). However, if

the temperature stress is temporary, activity levels and foraging

rates of mud crabs can quickly recover (Figure 2B). Given their

intertidal environment that experiences large fluctuations in

temperature daily, this adaptation is useful on the short-term.

However, the ability to recover from these extremes may

decrease as the mean and extreme temperatures continue to

rise and organisms are pushed closer to their thermal limits.

The lack of an effect of acidification on the ability of mud

crabs to respond to predation risk (Figure 2) contrasts with some

studies on chemosensory behavior in crustaceans. For example,

acidification decreased antennular flicking rates in hermit crabs,

which consequently increased the time for crabs to detect and

find prey (de la Haye et al., 2012; Kim et al., 2016). However, our

results are similar to Richardson et al. (2021), which found that

shore crabs in ambient and acidified conditions took the same

amount of time to respond to predator cue. One possible

explanation is that mud crabs live in the intertidal zone where

diel tide cycles and freshwater input create large fluctuations in

pH of 0.4 – 0.6 units daily (Sapelo Island NERR Lower Duplin

monitoring station). Although the effects of acidification on crab

chemoreceptors are unknown (but see Bednarsěk et al., 2020 for

acidification effects on mechanoreceptors), mud crab olfactory

perception likely is pre-adapted to naturally extreme

environmental conditions. However, a caveat from our study

is the predator cue was well-mixed into the experimental arena

occupied by the mud crabs during the experiments. Natural

chemical signals often (but not always) are contained in complex

turbulent plumes in flowing water (Weissburg, 2000).

Preliminary results suggest that mud crabs in acidified

conditions have trouble tracking food plumes in flowing water

(Draper, unpublished data), so detection and processing of

predator cue may have been easier in our experimental set up

and sufficient even if lowered pH produced some olfactory

disruption. Future studies should test the tracking ability of
BA

FIGURE 3

Mud crab consumption rates (mean ± SE) in response to blue crab predator cue treatments. Numbers at the bottom of each bar denote sample
size. Cue treatments denote blue crab (BC) predator cue vs. artificial seawater (ASW), and cue treatment pH indicate the conditions in which cue
treatments were prepared. (A) Cue treatments were tested in same pH conditions that they were prepared. (B) All cue treatments were returned
to ambient pH conditions before the experiment.
TABLE 6 Linear mixed model analysis of the effects of acidified
predator cue on mud crab consumption rate in ambient conditions,
with degrees of freedom calculated using Satterthwaite’s method
(*denotes significant p < 0.05, **denotes significant p < 0.01).

Factor Df (num, den) F-value p-value

pH 1, 52.012 0.8153 0.3707

Cue Treatment 1, 52.098 32.6444 <0.0001**

pH x Cue Treatment 1, 52.045 5.6068 0.0216*
TABLE 7 Planned contrast t-tests between artificial seawater (ASW)
and blue crab (BC) cue for ambient or historically acidified predator
cue tested in ambient conditions (*denotes significant p < 0.05,
**denotes significant p < 0.01).

Cue
Treatment
pH

Contrast Estimate SE Df t-ratio p-value

Ambient ASW – BC
Cue

18.23 3.36 52.1 5.426 <0.0001**

Low ASW – BC
Cue

7.56 3.02 52.0 2.507 0.0153*
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stressed mud crabs to prey cues and avoidance of predator cues

to better address this issue.

Cue efficacy was also not affected by acidification in this study

(Figure 3). As acidification increases the concentration of protons

(i.e. hydrogen ions), changes to bioactive signaling molecules

induced by acidification is dependent on the presence of

chemical functional groups susceptible to protonation, such as

amine or carboxyl groups (Porteus et al., 2021). The sensitivity of a

functional group to protonation is expressed as the pKa value,

which is the pH value at which there is a 1:1 ratio of protonated

and deprotonated molecules of the target functional group in

solution. For example, Roggatz et al. (2016) identified three

peptide signaling molecules used in shore crab ventilation

behavior for their eggs that are protonated under ocean

acidification. These bioactive molecules contain amine groups

with pKa values close to 8, so reduced pH (~7.7) caused these

groups to become protonated. The altered cue structure reduced

crab receptor sensitivity to the cue, so acidification reduced the

frequency of ventilation behavior (Roggatz et al., 2016).

The bioactive molecules in blue crab metabolic waste that

suppress mud crab foraging have been identified as homarine

and trigonelline (Poulin et al., 2018). These small molecules

contain carboxyl groups with predicted pKa values much lower

than 7.2 (homarine: 2.63, trigonelline: 3.38; https://chemicalize.

com/), so these molecules were not susceptible to protonation

caused by acidification in our study. Another possible

consequence of acidification is that chemical cues could be

susceptible to decomposition (i.e. chemical reactions facilitated

under acidic conditions). We were unable to find evidence that

homarine and trigonelline are labile in mildly acidic conditions,

but our results indicated these cues remained effective and

therefore likely remained intact.

Homarine and trigonelline may not be the only compounds

responsible for foraging suppression in mud crab prey, as we

combined both blue crabmetabolites and crushed conspecific cues

for the predation risk cue. Although crushed conspecific cues

often are indicators of predator presence in aquatic systems

(reviewed by Ferrari et al., 2010), cues from crushed

conspecifics alone produce less intense antipredator responses

from mud crabs than blue crab predator metabolites (Hill and

Weissburg, 2014). It is unknown what the bioactive molecules are

in crushed mud crab cue, so while it is possible that acidification

altered the crushed conspecific cue, our study demonstrated that

any chemical changes that occurred were minimal and did not

reduce the behavioral response of mud crab prey. Small changes to

the cue might become important at lower concentrations (e.g. in

the field and in flow), but it is unknown what these specific cue

concentrations of predation risk (e.g. blue crab metabolites,

crushed conspecific) are like in the field. However, we predict

the concentrations used in this study were within range for mud

crabs in naturally occurring oyster reefs.

Warming effects on the chemical cue, as well as effects of

warming and acidification on chemical cue production (i.e.
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stressed blue crabs), were not tested due to logistical

constraints. Warming effects on the chemical cue was not

tested due to insufficient number of mud crabs collected

during the timeline of experiments, but this remains an

important question. Further work should explore how

warming might alter the chemical structure of predation risk

cues via other mechanisms such as natural or microbially-

mediated degradation. Limited studies suggest cues indicative

of predation risk have half-lives that commonly exceed 10 hours

(Van Buskirk et al., 2014), which is far longer than residence

times in our system where currents effectively dissipate cues

(Weissburg and Beauvais, 2015). Thus, in our system and similar

environments, degradation would have to increase considerably

in order to have effects.

Testing effects of acidification and warming on cue

production was similarly impossible given the large size of

experimental tanks required to house multiple cue-producing

adult blue crabs. Future studies should examine how warming

and acidification affect chemical cue production, for potential

changes in food consumption (i.e. feeding rates) combined with

metabolic changes may alter the quantity or chemical

composition of cues produced. Notably, however, the

chemicals produced by blue crabs and detected by mud crab

prey are primary metabolites (Poulin et al., 2018), suggesting

that large disruptions may be necessary to alter cue

characteristics. Testing all components of the sensory

transduction pathway should allow for more realistic

predictions regarding predator-prey interactions in a

changing environment.

We propose a conceptual model for how differential effects

of warming and acidification may change the relative strengths

of predator CEs and NCEs in future expected environments

(Figure 4). As a physical stressor, warming can decrease

foraging activity to promote NCEs (e.g. sensory behavior) of

predator control (Figure 4A), which is suggested for oyster

reefs based on the results from this study. If warming weakened

only NCEs of blue crab predators on mud crab prey (i.e. mud

crabs did not respond to blue crab predator cues), we would

expect to see similar food consumption at ambient conditions

when cue is absent. We did not see this effect, and instead

found reduced food consumption regardless of cue

(Figure 2A). This suggests that warming reduced overall mud

crab movement that may affect success rate of predator attacks,

therefore NCEs of predators on mud crab prey would become

more important. In the absence of other effects, this will

increase the indirect survival benefit to the basal resource.

While this study suggests that acidification does not act as a

sensory stressor in oyster reefs, acidification can theoretically

decrease predator and prey perception in other systems,

making CEs more important in the system of interest as

foraging becomes dependent on movement and encounter

rate (Figure 4B). This also increases basal prey survival

although perhaps at a smaller level given NCEs often have
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greater effects than CEs (Preisser et al., 2005). Warming and

acidification have the potential to interact and simultaneously

influence predator control, so the ecological outcome will

depend on initial relative importance of CEs and NCEs in

the system of interest (Figure 4C) and the magnitude of the

response. For example, changes to CEs and NCEs in oyster

reefs have been studied with other environmental stressors

such as turbulence and flow (Pruett and Weissburg, 2021). In

low sensory stress environments (i.e. turbulence) with low

physical stress (i.e. flow speed), blue crab predators control

mud crab consumption of oysters primarily through NCEs. As

sensory stress increases, blue crabs indirectly promote oyster

survival through CEs on mud crabs. In high physical stress

environments, mud crab foraging is constrained thereby

increasing oyster survival . Therefore, warming and

acidification may weaken the strengths of predator CEs and

NCEs that indirectly benefit basal resources, with the

mechanism depending on the stressor and pathway.

Regardless, the different consequences of changes in CEs and

NCEs argue that it is necessary to understand how warming

and acidification affect these different processes.

In summary, this study suggests that warming may increase

physical stress, while acidification does not affect sensory

transmission and detection. Weakened consumptive effects

may strengthen the relative importance of non-consumptive

effects in this system, especially behavioral cascades to basal

prey (Pruett and Weissburg, 2018; Pruett and Weissburg, 2021).

If warming becomes too extreme, both predator and prey may

be physically stressed in ways that could reduce distribution

and survival of populations and consequently affect other

members of the community. Thus, future studies should focus

on warming effects in combination with other significant

stressors (e.g. pollution, sea level rise) to better understand

how climate change will affect community dynamics in this

threatened ecosystem.
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FIGURE 4

A conceptual model of warming and acidification effects on CEs and NCEs of predator control. (A) If warming more strongly affects predator
and prey, then CEs will become less important and NCEs will dominate the system. (B) If acidification more strongly affects predator-prey
interactions, then NCEs will decrease and CEs will be more important. (C) If both stressors affect predator and prey, then the initial relative
strengths of CEs and NCEs in the system will determine the overall change in predator control. Mud crab image provided by J. Pruett, all other
images provided by the Integration & Application Network, University of Maryland Center for Environmental Science (https://ian.umces.edu/
symbols/).
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