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ABSTRACT OF THE THESIS

Assessment of ocean acidification and warming on the feeding behavior of the yellow rock crab
Cancer anthonyi

by

Elizabeth Childers

Master of Science in Marine Biology
University of California San Diego, 2023
Professor Jennifer Taylor, Chair

Many crustaceans are prodigious scavengers and predators whose feeding behavior may
be sensitive to environmental change, such as ocean acidification (OA) and ocean warming
(OW). In this study, I tested the hypothesis that the feeding behavior of the rock crab, Cancer
anthonyi, is affected by OA and OW conditions. Adult crabs were exposed to the following
treatments (N=12 per treatment) for 8 weeks: ambient pH/ambient temperature (8.1 pH, 12°C),
reduced pH/ambient temperature (7.7 pH/12°C), ambient pH/increased temperature (8.1
pH/16°C), or reduced pH/increased temperature (7.7 pH/16°C). Crabs were given two similarly

sized mollusk prey items (mussel, Mytilus californianus and snail, Littorina spp.) twice per week
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and their feeding activity was video recorded for 5 minutes. A total of 14 feeding trials
were performed in which multiple aspects of feeding behavior were recorded and compared
across treatments: decision making time, prey handling time, prey preference, appetite (total
number of prey consumed), prey consumption strategy, and shell damage to prey. Our results
revealed sex-specific responses, whereby females had a lower appetite in the reduced
pH/increased temperature treatment while males had a lower appetite in the reduced pH/ambient
temperature treatment. All other feeding behaviors were unaffected by treatment. Two months of
constant exposure to near-term OA and OW conditions are sufficient to alter some aspects of
feeding behavior in adult C. anthonyi, despite natural exposure to environmental variations in
upwelling regions of Southern California. The distinct responses observed in male and female
crabs suggest that sex-based physiological differences should be considered in crustacean ocean

acidification research.



INTRODUCTION

Crab feeding behavior renders them essential consumers and decomposers in their
terrestrial and aquatic habitats. As opportunistic feeders, crabs prey on fish and invertebrates, but
also clean the substrate of dead plant and animal matter. Consequently, crabs greatly affect
ecosystem function and community structure. In some mangrove communities, for example,
grapsid crabs process large quantities (as much as 28%) of leaf debris (Lee, 1998), contributing
to ecological functions such as bioturbation, primary production turnover, and reduction of
organic matter (Lee, 1998). These vital trophic roles and ecosystem services provided by crabs
may be transformed if species distributions and/or feeding behaviors are impacted by climate
change.

The climate change stressors of ocean acidification (OA) and ocean warming (OW) are
major concerns for marine organisms because surface water pH is projected to decrease by 0.3-
0.4 pH units and temperature is projected to increase up to 3°C by 2100 (IPCC, 2014). Such
large changes in ocean temperature and carbonate chemistry have been shown to alter the
physiological function, behavior, and productivity of diverse marine organisms (Doney et. al,
2012). Notably, OA and OW conditions can increase the energetic costs of physiological
processes, thereby affecting energy allocation and metabolic activity across species (Doney et.
al, 2012). These higher metabolic needs can lead to increased food consumption, as observed in
the rocky intertidal crab Acanthocyclus hassleri, which was found to have a 94% increase in
oxygen consumption and a 71% increase in mussel consumption when exposed to 20°C
compared to 15°C (Manriquez et. al, 2021). Both warm seawater temperature and elevated

pCO2/reduced pH can affect crab citrate synthase levels, a proxy for ATP production capacity



and status of nutrition, decreasing it by 29% at increased pCO2 levels (1400 patm compared to
500 patm) and by 25% at a temperature of 20°C compared to 15°C (Manriquez et. al, 2021).
These findings indicate that changes in temperature and pH conditions can affect a crab’s
metabolic capacity to generate ATP (Manriquez et. al, 2021), and thus their nutritional state.

Environmentally induced increases in metabolic needs can drive observable changes in
animal behavior, particularly in relation to foraging and feeding. Dodd et. al. (2015) studied the
appetite and feeding behavior of mud crabs Panopeus herbstii under a series of pCO- levels and
found significant treatment effects; the percentage of oysters consumed was highest in the
control treatment (67.5% at 499 patm), intermediate in moderate pCO2 (41% at 785 patm), and
lowest in the extremely high pCO2 treatment (1% at 9273 patm). Additionally, crabs in the
moderate pCO: treatment spent less time handling prey and gave up on failed predation attempts
84.6% faster (Dobb et. al, 2015). Thus, high pCO: levels affect the predator persistence of these
crabs, which may be a response to increased metabolic stress (Dodd et. al, 2015). Likewise,
elevated temperature also influences foraging strategies and appetite. For example, foraging
behavior in the Asian paddle crab Charybdis japonica, is sensitive to temperature, whereby at a
high temperature of 25°C, searching time, handling time, and time it took to consume prey after
successfully breaking its shell, were significantly lower than at 18°C (Wu et. al, 2017). Similarly,
the shore crab Carcinus maenas consumed more mussels and had a higher energy intake per day
at 17°C compared to 10°C (Elner, 1979), while those acclimatized to 24°C ate 2.4 times more
squid than crabs acclimatized to 10°C (Wallace,1973). Overall, these studies indicate that high
levels of pCO:2 can reduce foraging and feeding activity, while high temperatures tend to

stimulate these behaviors.



For crabs to successfully procure living prey and dead matter to meet higher metabolic
needs under OA and OW conditions, it is essential that their chelae function properly. Chelae
require fine motor control to sift through sediment and grasp organic matter, strong pinch forces
to crush hard-shell prey, and fast movements to capture evasive prey (Vermeij, 1977). These
actions depend on claw morphology and muscle physiology, as well as nervous system control.
Crustacean neuromuscular function is known to be affected by environmental temperature
(Blundon, 1989), but the effects of environmental pH are less studied (Stein & Harzsch, 2021).
Despite this, many observed changes in locomotor activity and behavior under elevated pCO2
could be attributable to effects on the nervous system (de la Haye et. al, 2011, Leduc et. al, 2013,
Wittmann & Portner, 2013, Zittier et. al, 2013). Thus, there are multiple ways in which
environmental conditions can influence crab chela function and feeding behavior.

Most often feeding performance in crabs is related to claw pinch force (Seed & Hughes,
1995), which is demonstrably affected by OA conditions in some species. The average pinching
strength of the intertidal crab, Acanthocyclus hassleri, for example, ranges from 16 to 24 N in
ambient pCO2 conditions but was significantly reduced in high pCO2 (1400 patm) (Manriquez et.
al, 2020). Additionally, blue crabs, Callinectes sapidus, exposed to low pH conditions (7.0 pH)
had a decrease in claw pinch force of 26% (from 14.6 to 10.8 N) compared to crabs in ambient
conditions (8.0 pH) (Longmire et. al, 2022). Likewise, the green shore crab, Carcinus maenas,
also exhibited reduced claw strength under elevated pCO2 (Landes & Zimmer, 2012). In general,
warmer temperatures did not affect claw strength in these studies, but it did have some
interactive effects with pH (Landes & Zimmer, 2012, Manriquez et. al, 2021), and warmer
laboratory temperature was correlated with greater claw stresses (force per area) in the stone

crab, Menippe mercenaria (Blundon, 1989). If OA and OW conditions alter crab claw force



production, species may require either more time to consume hard-shell prey or different
strategies to break them. If unsuccessful, crabs may have to shift to weaker prey.

Studies so far have provided evidence that crustacean metabolism and feeding behavior
are susceptible to changes in seawater temperature and pH/pCO: levels, but research on
crustaceans is still limited and responses are highly species-specific. Thus, to understand the
potential impacts on local communities, OA and OW research should be carried out on target
species. Along the Southern California coastline, three species of rock crabs are abundant in
shallow waters (from low intertidal to greater than 100 m) where they support valuable
commercial fisheries and are key predators and scavengers in shallow water habitats. Rock crab
commercial fishing has been rapidly expanding in California (Shanebeck et. al, 2020), with
commercial fishing taking between 450 and 900 metric tons of crab annually (CDFW, 2019).
Additionally, rock crabs play a prominent role in the food web, contributing as scavengers,
predator and prey. As predators, red rock crabs, Cancer productus, help to control mussel
populations (Hull & Bourdeau, 2017) and invasive ascidian species (Epelbaum et. al, 2009) that

have been introduced to southern California harbors (Lambert & Lambert, 1998).

Objective

Considering the ecological and economic importance of rock crabs in Southern California
and the growing concern of climate change impacts on local marine communities, we carried out
an experiment to determine if OA and OW conditions affect the feeding behavior of the yellow
rock crab Cancer anthonyi. Specifically, we tested the hypotheses that reduced pH would

negatively affect feeding behavior, that warmer temperature would enhance crab feeding



behavior, and that the combined effects of reduced pH and warm temperature would mitigate one

another.

MATERIALS AND METHODS
Animal acquisition and care
Adult yellow rock crab, Cancer anthonyi, were collected by hand from the Scripps Pier
flume, La Jolla, CA from January to February 2023. Crabs were immediately brought to the
experimental aquarium at Scripps Institution of Oceanography (S10) where they were placed in
individual plastic tanks (6.6 L) that each received flow-through seawater pumped from the SIO
pier at ambient conditions (8.0 pH, 12°C). Crabs were fed mussels, Mytilus californianus, once a

week prior to the start of the experiment.

Experimental setup

Crabs were exposed to a series of pH and temperature treatments using an experimental
ocean acidification aquarium system. The system consisted of four large header tanks (150 L)
that received filtered seawater pumped from the S10 pier, with each header tank feeding flow-
through seawater to 12 smaller tanks (6.6 L) that housed individual crabs. Header tanks were
adjusted for the following treatments: ambient pH/ambient temperature (8.0 pH/12°C), reduced
pH/ambient temperature (7.7 pH/12°C), ambient pH/increased temperature (8.0 pH/16°C), and
reduced pH/increased temperature (8.0 pH/16°C). Target pH and temperature values were
selected based on current, seasonal ambient conditions and projections for the year 2100, which
forecasts pH decreases of 0.3 - 0.4 and temperature increases of 3°C (IPCC, 2014).

Reduced pH conditions were achieved by bubbling 100% CO2 directly into the respective

header tanks. Increased temperature was achieved by placing three aquarium heaters (300-W) in



the respective header tanks. Both pH and temperature were controlled and monitored by an Apex
Lite aquarium controller (data logged every 20 minutes) equipped with Apex Neptune pH and
temperature probes (0.01 pH accuracy, 0.1°C temperature accuracy, Neptune Systems, Morgan
Hill, CA, USA). Aquarium pumps were placed in each header tank to promote mixing.

Prior to the experiment, 48 crabs were semi-randomly assigned to each treatment (N=12)
so that body size and sex were evenly distributed (Table 1). There was no statistical difference in
either carapace width (Kruskal-Wallis, df =7, f = 0.215, p = 0.98) or body mass (ANOVA, df =
8, h =3.403, p = 0.91) between sexes and treatments. Some crabs initially were brooding eggs
and were also divided equally across treatments. Experimental water parameters were gradually
altered over three days in an effort to minimize stress. Once the parameters reached target levels,
the experiment was run for eight weeks. Crabs were monitored daily for molting and mortality
and fed twice per week (see feeding section below). Tanks were cleaned of food debris the day

after each feeding.

Table 1. Body size and sex distributions of C. anthonyi across treatments.

8.1 7.7 8.1 7.7
pH/12° pH/12° pH/16° pH/16°
C C C C
mean + mean + mean + mean *
N s.d. N s.d. N s.d. N s.d.
carapace
width(mm)
fem 66.12 + 63.95 + 67.61 + 65.63 +
ale 7 9.85 5 12.20 7 7.70 6 10.42
mal 58.73 £ 66.69 + 60.72 + 64.05 +
e 5 5.02 6 8.37 4 9.82 5 7.97
mass
@
fem 63.23 + 62.77 + 64.83 + 62.56 +
ale 7 26.51 5 31.50 7 22.96 6 30.02
mal 42.68 + 68.45 + 51.95+ 55.62 +
e 5 9.68 6 22.72 4 25.32 5 23.49




Water chemistry

A portable probe (HQ40d, probe PHC201, accuracy 0.01 pH, 0.1 temperature, Hach,
Loveland, CO, USA) was used to collect daily readings of pH and temperature from each header
and crab tank. In addition, water samples were collected once from each header tank following
standard operating procedures (Dickson et. al., 2007) and submitted to the Dickson laboratory at
SIO for analysis of pH, density-based salinity, and total alkalinity (AT). These measurements are
used to calculate the offset of the probe measurements with CO2SY'S, but they were not

available at the time of thesis submission.

Feeding behavior

Throughout the experiment, crabs were presented with specimens from two similar-sized
mollusk species twice per week: California mussels, Mytilus californianus, and periwinkles,
Littorina spp. Live mussels (25.64 + 2.49 mm length) were collected from the Scripps Pier
flume, La Jolla, CA while live periwinkles (23.21 + 8.53 mm length) were purchased from a
local market, San Diego, CA. Immediately after collection or purchase, prey items were placed
in a -20°C freezer for approximately 24 hours before being thawed and fed to the experimental
crabs. Both species were procured bi-weekly for the duration of the experiment.

For each feeding trial, individual crabs were kept in their experimental tank and moved to
a table within the aquarium room to observe feeding behavior. Crabs were given one mussel and
one snail simultaneously. Both prey items were positioned next to each other, equidistant and
opposite to the crab. Once prey items were added to the tank, an iPhone 11 Pro was positioned in
front of the tank to video record the feeding behavior. Video recording and assessment were

limited to 5 minutes, as preliminary observations revealed that C. anthonyi typically feeds within



this time. Following the feeding trial, crabs were immediately returned to the experimental
system. Feeding trials were conducted for each crab, twice per week for the duration of the
experiment, but two feeding trials were missed, resulting in a total of 14 feeding trials per crab.

Feeding behavior was assessed for each feeding (n=14 feeding trials per crab) using the
following metrics: 1. Decision time, 2. Handling time, 3. Prey preference, 4. Feeding strategy, 5.
Appetite, and 6. Prey shell damage.

1. Decision time was defined as the time it took (in seconds) for a crab to decide on
the preferred prey item. Crabs typically grabbed both prey items with their legs
and assessed each before deciding which prey to consume. Decision time was
therefore calculated from the video recordings as the time from the moment the
crab makes contact with the prey to when it puts one down and begins actively
trying to break and consume the selected prey. Mean decision time was calculated
as an average for each crab over the 14 feeding trials.

2. Handling time was defined as the time it took (in seconds) for a crab to start
consumption of the selected prey. This was calculated from the video recordings
starting at the time when a crab selected a prey item and ending when it
successfully ingested the first piece of soft tissue. Mean handling time was
calculated as an average for each crab and prey item over the total number of
feeding trials in which the crab consumed that prey.

3. Prey preference was defined as the first prey item consumed by a crab, which was
documented from the video recordings. Prey preference for each crab was
determined at the end of the experiment by calculating the total number of times

that either the mussel or snail was chosen first divided by all 14 feeding trials.



4. Feeding strategy was defined as the technique that crabs used to access the soft
tissue of the prey item. Crabs demonstrated multiple strategies for both the
mussel and snail prey, so feeding strategy was divided into categories. For the
snails, crabs were observed to use the following three strategies (Fig. 1): break
(crabs use their chelae to break the shell), claw grab (crabs insert a chela into the
aperture to pull the soft tissue out), and mouth grab (crabs bring the shell to their

mouth and use their mouthparts to pull out the soft tissue).

Figure 1. Representative categories for feeding strategy for the snail, Littorina spp. (a) break (b)
claw grab, and (c) mouth grab.

For mussels, crabs used the following three strategies (Fig. 2): split (crabs use
their chelae to split the mussel valves apart), crush (crabs use their chelae to crush
the intact shell), and bite (crab brings mussel to mouth and uses its mouthparts to
break the shell). Feeding strategies were documented from the video recordings.

At the end of the experiment, the frequencies of each strategy used on both snails



and mussels were calculated for each crab out of the total number of feeding

trials.

Figure 2. Representative categories for feeding strategy on the mussel, Mytilus californianus. (a)
split, (b) crush, and (c) bite.

. Appetite was defined as the number of prey items consumed within a 24-hour
period. Crabs were given scores as follows: 2 if both prey were consumed, 1 if a
single prey was consumed, 1.5 if one prey was consumed and the other partially
consumed, and O if neither prey was consumed. The number of prey consumed
was visually assessed at the end of the feeding period. A total appetite score was
calculated for each crab by adding up the scores from all 14 feeding trials.

Prey shell damage was defined as the extent of shell breakage that occurred for
each prey item. The remnants of each prey were assessed at the end of the 24-hour
feeding period and damage was divided into multiple categories for each prey

item. For snails, shell damage had three categories (Fig. 3): whole (no visible

10



damage), chipped (damage to the aperture), and crushed (shell broken into

multiple pieces).

Figure 3. Representative categories of shell damage in the snail, Littorina spp. (2) whole, (b) chipped, and (c)
crushed.

For the mussels, shell damage had two categories (Fig. 4): split (mussel valves are
split apart with little or no damage) and crushed (shell is broken into multiple
pieces). At the end of the experiment, the frequencies of each category of shell
damage observed from both snails and mussels were calculated for each crab out

of the total number of feeding trials.

Figure 4. Representative categories of shell damage in the mussel, Mytilus californianus. (a) split and (b) crushed.

11



Prey shell strength

Mussel and snail prey were chosen partly based on the assumption that they would differ
in shell breaking strength, and thus might require different levels of effort to handle. We
measured the shell breaking strength of 10 mussels, Mytilus californianus, (24.49 £ 1.767 mm
shell length) and 10 snails, Littorina spp., (24.41 + 2.059 mm shell length) using a universal
testing machine (E1000, Instron, Norwood, MA, USA). Mussels were tested with a 250 N load
cell and snails with a 2 kN load cell. Individual prey items were positioned horizontally between
two steel compression plates and then compressed at a rate of 40 N per minute until shell fracture
occurred. Mussels were compressed at the umbo, the widest and strongest part of the shell, while
snails were compressed laterally at the widest whorl. The mean breaking force of mussels was

88.62 + 33.35 N, which was significantly less than the 460.91 + 60.21 N breaking force of snails.

Statistical analysis

All data, including handling time, decision time, prey preference, appetite, shell damage
and feeding strategy, were tested for normality using Shapiro-Wilk tests and for homogeneity of
variance using Bartlett’s tests. ANCOV A with Tukey tests were used to compare handling time,
decision time, prey preference, and appetite across treatments, with sex as a covariate. Feeding
strategy and shell damage were compared across treatments for each prey type using a linear
mixed model (LMM) with sex and carapace width as fixed effects and individual crabs as a
random effect to account for repeated measures of individual crabs. AIC analysis of models with
and without each of the fixed effects produced a best fit model with sex as the only fixed effect,

so carapace width was excluded from the model. Tukey tests with adjusted p-values were used

12



for post-hoc comparisons. All statistical analyses were performed using R version 3.2.0 (R Core

Team, 2015). All data in text are presented as mean + s.d.

RESULTS

Survival and molting

While treatments were being adjusted to target pH and temperature conditions, one crab
from each of the experimental treatments died, leaving a total of 45 crabs: 12 crabs in the
ambient pH/ambient temperature treatment and 11 in each of the experimental treatments. All
remaining crabs survived the experiment. Molting occurred in two crabs in the control (8.1
pH/12°C) treatment, three crabs in the 8.1 pH/16°C treatment, seven crabs in the 7.7 pH/16°C

treatment, and no molting occurred in the 7.7 pH/12°C treatment.

Decision time
Treatment had no effect on the time it takes for crabs to decide on either mussel
(ANCOVA, F =0.383, p=0.766) or snail ANCOVA, F = 2.838, p = 0.062) prey items (Fig. 5,

Table 2).
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Figure 5. Mean decision time for mussels and snails across treatments. None of the pH or temperature treatments
affected the time for crabs to choose a prey item. Box boundaries are the first and third quartiles, whiskers are 1.5
times the interquartile range, the center line is the median, and outliers are dots.

Handling time
After crabs select a prey item, the time spent handling it was no different among
treatments for either mussels (ANCOVA, F = 1.967, p = 0.136) or snails (ANCOVA, F =2.177,

p = 0.119) (Fig. 6, Table 2).
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Figure 6. Mean handling time of mussels and snails across treatments. None of the pH or temperature treatments
affected the time crabs spent handling prey items. Box boundaries are the first and third quartiles, whiskers are 1.5
times the interquartile range, the center line is the median, and outliers are dots.

Prey preference
Treatment had no effect on crab prey preference (ANCOVA, F =0.178, p = 0.911) (Fig.

7, Table 2).
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Figure 7. Prey preference of crabs across treatments. None of the pH or temperature treatments affected the
preferred prey of crabs, which was consistently mussels.

Appetite

Crab appetite differed among treatments (ANCOVA, F =5.009, p = 0.005) and between
sexes (p = 0.005), with males having a consistently lower appetite than females (Fig. 8, Table 2).
Female crabs in the reduced pH/increased temperature treatment (7.7 pH/16°C) had a
significantly lower appetite compared to females in all other treatments (ANCOVA, F =5.790, p
= 0.005; Tukey, adj p < 0.05) (Fig. 8, Table 2). Male crab appetite was significantly lower in the
reduced pH/ambient temperature treatment (7.7 pH/12°C) than the ambient pH/ambient
temperature (8.1 pH/12°C) treatment (ANCOVA, F = 3.188, p = 0.051; Tukey, adj p > 0.05)

(Fig. 8, Table 2).
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Figure 8. Appetite score of male and female crabs across treatments. Male crabs overall have a lower appetite score
compared to females, with male crabs in the low pH/ambient temperature (7.7 pH/12°C) treatment having a
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pH/16°C) treatment have a significantly lower appetite score compared to females in all other treatments. Box
boundaries are the first and third quartiles, whiskers are 1.5 times the interquartile range, the center line is the
median, and outliers are dots.

Feeding strategy

Crabs employed three strategies to feed on snails: using the chelae to break the shell,
using the chelae to pull the soft tissue out of the shell, and using the mouthparts to suction the
soft tissue out of the shell. While the frequencies with which crabs used these strategies differed
(LMM, df=135,t=11.788, p < 0.0001), treatment had no effect on the frequency of any particular

strategy (Tukey, all adj. p > 0.05) (Fig. 9, Table 2).
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Figure 9. Feeding strategy used on snails across treatments. The frequency of strategies used to access snail tissue
differed, but pH and temperature did not affect the frequency of any particular strategy. Error bars = standard
deviation. Error bars = standard deviation.

Crabs employed three strategies to feed on mussels: using the chelae to split the valves,
using the chelae to crush the shell, and using the mandibles to bite the shell. While the
frequencies with which crabs used these strategies differed (LMM, df=135, t=5.585, p < 0.0001),
treatment had no effect on the frequency of any particular strategy (Tukey, all adj. p > 0.05) (Fig.

10, Table 2).
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Figure 10. Feeding strategy used on mussels across treatments. The frequency of strategies used to access mussel
tissue differed, but neither pH nor temperature affected the frequency of any particular strategy. Error bars =
standard deviation. Error bars = standard deviation.

Shell damage

After consumption, snail shells were either left whole, had chipping along the aperture, or
were crushed into several pieces. While the frequencies of shell damage differed (LMM, df=135,
t=6.440, p < 0.0001), treatment had no effect on the frequency of any particular type of damage

(Tukey, all adj. p > 0.05) (Fig. 11, Table 2).
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Figure 11. Snail shell damage frequency across treatments. While the frequency of the various categories of
damage on snail shells differed, neither pH nor temperature affected the frequency of any particulartype of damage.
Error bars = standard deviation. Error bars = standard deviation.

After consumption, mussel shells were either left split but intact or were crushed into
multiple pieces. The frequencies of mussel shell damage differed (LMM, df=135, t=9.363, p <
0.0001), but treatment had no effect on the frequency of any particular type of damage (Tukey,

all adj. p > 0.05) (Fig. 12, Table 2).
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Figure 12. Mussel shell damage frequency across treatments. While the frequency of the various categories of
damage on mussel shells differed, neither pH nor temperature affected the frequency of any particular type of

damage. Error bars = standard deviation.

Table 2. Feeding behavior across treatments

8.1 1.7 8.1 1.7
pH/12 pH/12 pH/16 pH/16
°C C °C °C
mean * mean * mean * mean *
Variable N s.d. N s.d. N s.d. N s.d.
Handling
time(sec)
mu 98.08 135.18 105.27 119.91
ssel 12 27.17 11 + 38.08 11 +50.91 11 + 33.57
sna 70.75 = 153.83 108.63 98.38 +
il 12 36.90 11 + 96.90 11 + 49.66 11 42.32
Decision
time (sec)
mu 4517 £ 43.73 £ 36.27 + 51.55 +
ssel 12 34.15 11 30.88 11 22.91 11 39.99
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Continued Table 2. Feeding behavior across treatments

8.1 7.7 8.1 7.7
pH/12° pH/12° pH/16° pH/16°
C C C C
15.63 + 106.00 £ 37.50 + 52.36 £
snail 12 33.25 11 105.42 11 33.62 11 54.31
Prey
preference
(%)
mus 0.89 + 0.86 + 0.87 = 0.86 +
sel 12 0.093 11 0.23 11 0.10 11 0.15
0.10 £ 0.14 + 0.13 + 0.14 +
shail 12 0.093 11 0.24 11 0.10 11 0.15
Appetite
(total prey)
fem 27.00 £ 26.50 + 26.86 + 24.08 £
ale 7 0.87 5 1.41 7 1.46 6 1.83
26.00 £ 19.58 24.75 £ 24.30 £
male 5 1.77 6 5.48 4 2.02 5 3.42
Shell
damage
(freq)
snail
who 0.42 + 0.73 + 0.32 + 0.59 +
le 12 0.28 11 0.26 11 0.25 11 0.23
chip 0.39 + 0.23 + 041+ 0.28 +
ped 12 0.18 11 0.19 11 0.22 11 0.16
crus 0.19 + 0.05 0.26 £ 0.13+
hed 12 0.20 11 0.07 11 0.22 11 0.23
mus
sel
0.57 £ 0.75 0.53 + 0.66 +
split 12 0.26 11 0.23 11 0.18 11 0.21
crus 0.44 + 0.25 + 0.46 + 0.34 +
hed 12 0.27 11 0.23 11 0.18 11 0.21
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Continued Table 2.

Feeding behavior across treatments

8.1 7.7 8.1 7.7
pH/12 pH/12 pH/16 pH/16
°C °C °C °C
Feeding
strategy
(freq)
snail
041+ 0.35+ 0.42 + 0.50 £
break 12 0.18 11 0.21 11 0.19 11 0.12
claw 0.29 + 0.11+ 0.17 £ 0.088
grab 12 0.28 11 0.12 11 0.13 11 +0.11
mouth 0.30 0.36 £ 031+ 0.41 +
grab 12 0.19 11 0.22 11 0.19 11 0.09
musse
|
0.59+ 0.46 0.56 £ 0.43 £
split 12 0.17 11 +0.20 11 0.14 11 0.16
0.32 + 0.27 £ 0.30 £ 0.34 +
crush 12 0.13 11 0.17 11 0.11 11 0.13
0.09 £ 0.27 £ 0.14 + 0.24 +
bite 12 0.12 11 0.13 11 0.08 11 0.11
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DISCUSSION
The feeding behavior of rock crabs is a critical aspect of ecological dynamics in Southern
California that may be affected by ocean acidification and warming as a result of physiological
stress. Our hypotheses that OA and OW conditions would alter crab feeding behavior were only
partially supported. We found that the appetite of C. anthonyi was responsive to pH, with the
interaction of temperature affecting male and female crabs differently. All other metrics of
feeding behavior were unaffected by either pH or temperature, indicating robustness to our

experimental changes in environmental conditions.

Reduced pH decreases appetite

In this study, C. anthonyi consumed fewer total prey items (i.e. had a lower appetite
score) when exposed to reduced pH (7.7) compared to ambient (8.1) pH conditions, which is
consistent with observations made on mud crabs that consumed fewer oysters (Dodd et. al, 2015)
and brown crabs, Cancer pagurus, that consumed fewer mussels (Wang et. al, 2018) with
increasing pCO2. Additionally, C. pagurus fed on smaller sized mussels in high pCO2 conditions
(10-30 mm shell length in 7.7 pH and 10-20 mm shell length in 7.4 pH) compared to ambient
conditions (30-50 mm shell length in 8.1 pH) (Wang et. al, 2018). If metabolic rates are higher
under reduced pH conditions, as consistently presumed for crustaceans and other invertebrates to
maintain homeostasis (Doney et. al, 2012), then C. anthonyi, and other species, are not meeting
these heightened needs with greater food intake. Suppressed appetite in these species may
instead be correlated with reduced metabolic rates under elevated pCO: levels (Wang et. al,

2018), as has been observed in Metacarcinus magister, which exhibited a significant decrease in
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oxygen consumption (Hans et al, 2014). This could explain why C. anthonyi consumed

significantly less prey in the low pH treatments of this study.

Appetite and temperature/pH interactions differ between sexes

Male C. anthonyi had a significantly lower appetite than females, which contrasts with
studies showing that for other crab species, like the Asian shore crab, Hemigrapsus sanguineus
(Brousseau et. al, 2001) and the Japanese brush-clawed shore crab, Hemigrapsus takankoi
(Theurich et. al, 2022). This genus of shore crabs, unlike rock crabs, are sexually dimorphic,
with male crabs having larger claws than females, which may enhance prey capture, but also
incur greater metabolic cost (Nour et. al, 2020). Crabs in the Cancer genus, on the other hand,
show no sexual dimorphism in either claws or body size, but female crabs would require more
energy, and thus more food consumption, to meet extra reproductive needs. Female blue crabs,
Callinectes sapidus, invest more calories per gram into their somatic and reproductive tissues
than male crabs (Turner, et. al, 2003), indicating that female crabs allocate more energy for
individual maintenance in order to reproduce successfully. A greater appetite in female C.
anthonyi is therefore not surprising, especially considering that several crabs were ovigerous at
some point during the course of the experiment and the cost of carrying eggs increases metabolic
rate in intertidal crabs (Taylor & Leelapivanart, 2001).

Despite having different baseline appetites, male and female crabs both demonstrated
decreased appetites under one of the reduced pH treatments. Male crab appetite was
approximately 19% lower in the reduced pH/ambient temperature (7.7 pH/12°C) treatment than
in ambient conditions (8.1 pH/12°C), whereas female crabs had a lower appetite (by 9-11%) in

the reduced pH/increased temperature treatment (7.7 pH/16°C) compared to all other treatments.
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The results for male crabs support our hypotheses that reduced pH would suppress appetite and
that this response would be mitigated when reduced pH was combined with warm temperature.
These contrasting effects of pH and temperature on appetite are consistent with observations in
other crabs. For instance, higher temperatures (20°C) significantly increased feeding (by 71%) in
the crab Acanthocyclus hassleri, but when combined with elevated pCO: levels, these increases
were abated (Manriquez et. al, 2020). Generally, higher temperature stimulates metabolism
(Wallace, 1973), leading to greater consumption rates (Sanford, 1999), which could mitigate
depressed metabolism and appetite often observed under reduced pH conditions.

Unlike male crabs, it was only the interaction of reduced pH and warmer temperature that
affected female crab appetite, resulting in decreased prey consumption. Sex-specific responses
to OA and OW conditions are rarely identified, but it is not unheard of that males and females
react to their environment in different ways. Temperature is one factor has been shown to
independently affect male and female crabs differently in other species due to sex-specific
thermal tolerances (Edmands, 2021). For example, female shore crabs, Pachygrapsus
marmoratus, have a greater thermal maxima and greater production of heat shock proteins than
males (Edmands, 2021). If such sex-specific thermal physiology is widespread, it could help to
explain why the feeding rates of female Asian shore crabs, Hemigrapsus takanoi, were
unaffected by higher temperatures while males exhibited decreased feeding rates (Theurich et. al,
2022). It is possible that female C. anthonyi have broader pH and thermal tolerance than males,
but when these stressors are combined, they act synergistically to decrease the aerobic scope and
ability of female crabs to use energy for consuming prey. As seen in the shrimp Metapenaeus
joyneri, reduced pH and increased temperature can act synergistically to reduce metabolic scope

and swimming ability, among other physiological effects (Dissanayake & Ishimatsu, 2011).
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The physiological differences driving these disparate responses between the sexes could
also be related to imbalanced reproductive costs. Multiple female C. anthonyi were gravid and
lost their eggs during our experiment. When gravid, female crabs have been shown to consume
less food than males and non-gravid females (Choy, 1986), and this is potentially exacerbated by
combined environmental stressors. The gravid state of female C. anthonyi was not continuously
monitored throughout our experiment, but it did occur across all treatments and is therefore an
unlikely explanation for the combined stressor effects. The reduced feeding rates of female C.
anthonyi under combined stressors, but neither reduced pH nor increased temperature alone,
requires deeper investigation into their metabolic rates, as well as other physiological aspects, to

understand their distinct response.

Feeding behavior unaffected by OA and OW conditions

Foraging and feeding behaviors have been shown to be dependent on pCO2 levels and
temperature for multiple crab species. Under high pCO: levels, the dungeness crab,
Metacarcinus magister, took significantly less time to handle and consume prey, and overall
showed a reduced feeding performance with longer foraging periods (Wang et. al, 2018).
Additionally, Charybdis japonica, the Japanese stone crab, showed a significantly increased
foraging and feeding time when exposed to very low pH (7.3), while high temperatures (25°C)
decreased their foraging and feeding time (Wu et. al, 2017). Unlike these species, most of the
feeding behavior metrics measured for C. anthonyi were unaffected by the pH and temperature
treatments used in our study. Notably, our treatment levels are not as severe as those used in
other studies that uncovered changes in feeding behavior (Wu et. al, 2017; Wang et. al, 2018),

but they revealed that a low pH of 7.7 and a temperature range of 12-16°C induce sufficient
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stress in C. anthonyi to alter appetite, but not manifest in observable changes in other aspects of
feeding behavior. C. anthonyi appears to have the regulatory capacity to accommodate near-term
OA and OW conditions by adjusting only certain aspects their feeding behavior, though their pH
and temperature thresholds are unknown. For blue crabs, C. sapidus, the pH threshold is very
low: predation rates were only affected at a pH of 6.75 (Hidalgo et. al, 2022), which can be
reached in marsh creeks of the Chesapeake Bay (Breitburg & Burrell, 2014). For C. anthonyi that
live mostly between 18-55 m depth (Carroll & Winn, 1989), they only rarely experience pH
levels as low as 7.69 during upwelling off of La Jolla, CA (Kekuewa et. al, 2022). Our
experiment was conducted during the upwelling season and we exposed crabs to pH conditions
slightly below the averages observed down to 40 m depth during this period (Kekuewa et. al,
2022), with ambient ocean temperature averaging 12°C. Our unseasonably warm temperature
treatment (16°C) affected crab feeding behavior, even though C. anthonyi are likely to have
higher temperature thresholds as they encounter temperatures above 20°C during the summer
season (Smith lab data - SOAR). Assessing upper temperature thresholds for C. anthonyi would

be beneficial for understanding their responses to increasingly warmer ocean temperatures.

Feeding behaviors of C. anthonyi

Though the goal of this study was to assess the potential effects of OA and OW
conditions on the feeding behavior of C. anthonyi, some of our observations enhance our
understanding of their local ecology, which would be useful for understanding downstream
impacts and managing this important fishery into the future. For instance, C. anthonyi showed a
preference for mussel over snails and used different predation strategies for consuming different

types of mollusks. The preference for mussels is consistent with the Atlantic rock crab, Cancer
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irroratus, that also strongly preferred mussels over barnacles (Sungail et. al, 2013), quahog
(Miron et. al, 2005) and sea urchins (Drummond-Davis et. al, 1982). If mussels are a primary
food source for C. anthonyi, then their known susceptibility to OA conditions (O’Donnell et. al,
2013; Gazeau et. al, 2010; Fitzer et. al, 2014) could favor crab predation, but ultimately be
problematic for crabs if their populations decline under future ocean conditions.

There is little known about the feeding behaviors and strategies of C. anthonyi, or rock
crabs in general, but it has been observed that C. irroratus are more active and use a variety of
handling strategies compared to other species of crabs (Moody & Steneck, 1992). Additionally,
when offered larger mussels, C. irroratus would shift to a higher prevalence of strategies
described in the study as “forces applied to the edge of the shell”, such as prying and edge
chipping (Moody & Steneck, 1992). We also observed that C. anthonyi mostly used their claws
to chip the shells of snails to access the soft tissue but split the valves apart in mussels rather than
breaking them. Consuming mussels in this way requires them to overcome the strength of the
adductor muscles holding the valves together but does not require crabs to break the hard shell as
it does for snails. This is despite our measurements showing that mussels have a much lower
compressive breaking strength than snails (89 N vs 461 N). Changes in shell integrity of mollusk
prey under OA conditions (Parker et. al, 2013; Coleman et. al, 2014) is more likely to have an

impact on crab feeding behavior than direct effects on crab physiology.
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CONCLUSION

The purported metabolic costs of survival in chemically altered environments can cause
a reduction in energy availability for other behaviors, such as feeding (Briffa et. al, 2012). In our
study, reduced pH conditions decreased the appetite of C. anthonyi. OA and warm temperatures
did not affect most metrics of feeding behavior in C. anthonyi, but they did affect appetite in
different ways for male and female crabs. Reduced pH at ambient temperature decreased appetite
in male crabs, but female crab appetite decreased in combined reduced pH/increased temperature
conditions. Such sex-specific responses highlight the need to consider potential sex differences
in other environmental research on crustaceans. Furthermore, the results from our study show
that C. anthonyi is not immune to OA and warming conditions in terms of feeding behavior,
despite the fact that they already experience warmer temperatures due to El Nifio events and low
pH levels due to upwelling. Overall, this study adds new insights to our growing understanding

of how OA and OW conditions affect aspects of ecological importance in crustaceans.
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