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SUMMARY

The ability of prey to detect and respond appropriately to predator risk is
important to overall prey fitness. Many aquatic organisms assess risk through the use of
chemical cues that can change with predator diet. Two variable characteristics of diet
are: 1. prey type and 2. prey mass. To assess the effect of these two characteristics on
the assessment of risk by the mud crab Panopeus herbstii, I exposed mud crabs to the
urine of the blue crab Callinectes sapidus fed one of 5 diet treatments: 10g of oyster
shell free wet mass, 5g of oyster shell free wet mass, 10g crushed mud crabs, 5g crushed
mud crabs, and a mix of 5g of oyster shell free wet mass and 5g crushed mud crab.
Effects on P. herbstii foraging were tested in a previously developed bioassay by
measuring shrimp consumption over a 4 hour period. I hypothesized that P. herbstii
would have a larger magnitude response to urine from C. sapidus fed a diet of crushed
mud crabs than to urine from C. sapidus fed a diet of oysters. I further hypothesized that
P. herbstii would have a larger magnitude response to urine from C. sapidus fed a high
mass diet relative to a lower mass diet. Contrary to expectations there was no observed
effect of urine on P. herbstii foraging in any of the treatments. Results suggest that
bioassay protocol may be unreliable suggesting further replication to determine the
difference between this study and previous results. Future studies examining how P.
herbstii varies with urine concentration will aid in understanding the ecological scale of
this predator cue system. Determining the role of other potential cue sources will
improve the predictive abilities of these studies.
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CHAPTER 1
EFFECT OF PREDATOR DIET ON FORAGING BEHAVIOR OF
PANOPEUS HERBSTII IN RESPONSE TO PREDATOR URINE
CUES

1.1 Introduction
The ability of prey to assess predation risk and respond appropriately has a
significant impact on survival and fitness. Prey utilize a range of defenses against
predators. These defenses, however, are generally costly; whether it is due to lost
opportunities (e.g. mating), lost resources (e.g. foraging) or metabolic expenditure
(Lively 1986). It follows, therefore, that in an unpredictable biological landscape, prey
would evolve to detect predators and respond with an appropriate defense only when a
predator is present (Harvell 1990). Such inducible defenses are a common prey strategy
and encompasses a broad spectrum of defensive forms including morphological,
chemical, and behavioral (Harvell 1990, Padilla and Savedo 2013). For example,
Daphnia respond to chemical cues from predators with changes in their morphology that
reduce susceptibility to predators (Dodson 1989, Spitze 1992). Other organisms induce
the production of unique metabolites that are toxic or otherwise harmful to predators to
deter predation. The brown algae Ascophyllum nodosum induces production of
phlorotannins—a known herbivore deterrent—in response to physical damage from the
grazer Littorina obtusata (Pavia and Toth 2000). Changes in behavior of prey in the
response to predator presence is increasingly recognized as an important and impactful
form of prey defense (Peckarsky et al. 2008). Predation risk can cause a number of
1

changes in prey behavior including reduced foraging, decreased activity, missed mating
events and changes in habitat use (Lima and Dill 1990, Lima 1998). Changes in behavior
affect not only the prey species, but can also have farther reaching impacts in the
community. For instance, suppression in foraging of the intertidal snail Littorina littorea
in response to cues from the green crab Carcinus maenus results in changes in the
abundance and diversity of the algal community (Trussell et al. 2002). Inducible
defenses thus have important consequences both for the individual prey species and the
community as a whole.
To employ inducible defenses, prey must detect predators and assess predation
risk. Many prey species detect predators through chemical cues (Ferrari et al. 2010).
This is particularly true in marine environments where chemical cues may be more
efficient than other forms of detection because they allow prey to detect predators from a
distance and may be more reliable in turbid environments where vision is limited. This
extended range is of particular interest because it allows prey to react before they come in
contact with a predator. Chemical cues will also expand the interaction over time as cues
can persist in the environment for hours (Ferner et al. 2005). This allows prey to detect
and react to predation events that have occurred in the past. However, just as prey
species are selected to avoid detection by predators, predators are selected to avoid
detection by prey. Predators are unlikely to evolve to release cues that make them easily
detectable by prey. However, metabolites are necessarily released by predators as part of
the process of being alive (breathing, excreting etc.) and these metabolites are
subsequently dispersed to the environment by diffusion and bulk flow. Metabolites or
combinations of metabolites that uniquely identify the releaser can be used by prey to
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assess risk. In this case, prey are essentially “spying” on predators by evolving to
recognize these necessary but unique releases. These metabolites may be particularly
reliable cues for prey because the necessity of their release may reduce the level of
control predators have over these cues. Alternatively, prey can also evolve to respond to
cues released by conspecifics. When an organism is damaged, chemical substances are
leaked to the environment. Many organisms have evolved to detect these chemicals as
sign of risk (Ferrari et al. 2010). In some cases, it is proposed that prey species have
evolved to release specific alarm substances to signal risk to others (Mathis and Smith
1993, Chivers and Smith 1998, Kats and Dill 1998, Bryer et al. 2001). However, this
should be rare as the alarm signal must provide a benefit to the sender in order to evolve
(Smith 1992). Evolution of alarm signals, therefore, has typically been proposed to occur
in closely related communities through kin selection (Chivers and Smith 1998).
Alternatively, it has been hypothesized that alarm signals may provide benefit to senders
by calling in the predators of their predator (Mathis et al. 1995). Overall, there are a
multiple sources of metabolites available to prey species that may signal potential risk.
Metabolites are released by all organisms at all trophic levels. Competitors, prey,
and non-threatening heterospecifics in the environment will all be releasing metabolites
to the environment along with predators. The question becomes how do prey recognize a
particular metabolite or metabolites as a sign of predation risk? Some prey appear to
have evolved to recognize predator cues from birth, predator recognition is innate
(Vilhunen and Hirvonen 2003, Hawkins et al. 2007, Dixson et al. 2012, Mogali et al.
2012). In a two channel flume assay naïve larval reef fishes significantly avoided
predator cues (Dixson et al. 2012). This effect was also evident in the field where the
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application of these predator diet cues to coral reefs resulted in decreased juvenile
recruitment. Other organisms appear to learn to recognize predators by associating cues
from crushed prey or digested alarm cues with a novel predator (Brown and Godin 1999,
Mirza and Chivers 2003a, Ferrari et al. 2010). In this case, predator experience with the
prey species provides an accurate assessment of predation risk.
One factor that can aid prey in assessing which cues are associated with risk is
predator diet. Changes in predator diet have been shown to invoke changes in prey
assessment of risk. Predators that consume conspecifics are likely riskier than those that
consume unrelated heterospecifics. In fact, a number of prey species increase their antipredator responses in response to cues from the consumption of conspecifics or closely
related heterospecifics (Brodin et al. 2006, Ferland-Raymond and Murray 2008, Ferrari et
al. 2010, Manassa and McCormick 2012). These stronger magnitude responses suggests
that changes in diet can change the chemical signature of a predator in such a way that
prey recognize them as riskier when consuming conspecifics. In some cases, this dietary
assessment is directly related to alarm chemicals produced in conspecifics. The predators
become “labeled” by digested alarm chemicals that pass through the digestive system
(Mathis and Smith 1993, Brown et al. 1995, Ferrari et al. 2010). These increased
assessments of risk can be reflected in prey defenses in two ways: (1) increased
magnitude of responses, and/or (2) induction of new or additional responses (Schoeppner
and Relyea 2009). In the case of increased magnitude, prey species will induce a more
extreme phenotypic response in response to riskier cues. Damselfly larvae showed
decreased activity and predator avoidance when exposed to cues from a dragonfly
predator fed both zooplankton and damselfly larvae (Brodin et al. 2006). However, the
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response to dragonflies fed damselfly larvae was significantly stronger, exhibiting the
lowest activity and the strongest avoidance of the predator area (Brodin et al. 2006). In
the case of new or additional responses, the information in the cues about perceived risk
changes allow prey to change or adjust to a more appropriate defensive strategy. This
adjustment in strategy may result because the kairomones from predators consuming
conspecifics imply greater risk and therefore justify more costly defensive strategy or it
may be that these kairomones signify a different type of risk, which requires the use of a
different defensive strategy. For example, a general kairomone from a predator might
indicate that predator abundance is high suggesting long term risk and induce long term
strategies such as adjustment of life history traits, while kairomones that include
chemicals from conspecifics might suggest a more immediate risk and induce a short
term strategy such as decreased foraging.
Conversely some prey do not respond to changes in predator diet. The hard-clam,
Mercenaria mercenaria, reduces pumping in response to chemical cues from the blue
crab Callinectes sapidus regardless of diet type (Smee and Weissburg 2006). Nucella
decreased movement in response to green crabs Carcinus maenus that consumed both
mussels and conspecifics and the intensity of their behavior reflected an equivalent risk
assessment (Large and Smee 2010). In this case, past diet may not provide specific
information about predation risk. Both Callinectes sapidus and Carcinus maenus are
generalist predators. Information about past diet likely does not provide accurate data
about predation risk when predators feed opportunistically on a wide variety of prey
(Smee and Weissburg 2006). However, many species that lack diet specific responses
retain the ability to respond to injured conspecifics which may allow for a more accurate
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assessment of risk (Smee and Weissburg 2006, Large and Smee 2010). These cues from
damaged conspecifics are known as alarm cues. Alone, alarm cues are generally weaker
than those from feeding predators (Alexander and Covich 1991, Ferrari et al. 2010).
However, the addition of these alarm cues to predator cues can enhance the response of
prey (Schoeppner and Relyea 2005, 2009). This illustrates one feature of how multiple
cues can potentially interact. When prey obtain cues from multiple sources that can
influence the same trait they can interact in one of three ways: (1) additive in which the
net phenotype is simply the sum of the phenotype effects when prey are exposed to the
cues separately; (2) interference in which the phenotype is less than the separate
phenotype effects; or (3) synergistic in which the phenotype is greater than the sum of the
separate effects. Both additive and synergistic effects have been shown in prey defenses
when prey receive cues from multiple sources (Schoeppner and Relyea 2005, 2009).
This can make it difficult to predict prey phenotypes in the community, as prey
phenotype cannot be determined by simply summing individual reactions to cues and
signals. The introduction of new cues either from other individuals of the same species
or other predator species could fundamentally alter the anti-predator responses of prey
(DeWitt and Langerhans 2003). Additionally, the response of prey to one predator can
alter its vulnerability to other predators (Carey and Wahl 2011).
Another way prey might perceive risk is through concentration of metabolites
(Marcus and Brown 2003, Kusch et al. 2004). Fathead minnows respond to cues from
pike only once a threshold concentration of cue was reached (Kusch et al. 2004). Larger
concentrations of metabolites may indicate predator proximity as cues will be at higher
concentration nearest their source and closer predators represent higher risk.

6

Alternatively, larger concentrations of metabolites may indicate higher risk because
larger predators will produce higher volumes of metabolites.

The concentration of

metabolites could also be influenced by the mass of prey eaten. McCoy et al. (2012)
found that amount of prey consumed impacted the strength of the anti-predator responses.
Red-eyed tree frog tadpoles that were exposed to cues from a dragonfly predator fed
varying masses of tadpoles decreased growth as a function of the biomass of prey
consumed (McCoy et al. 2012). In this case, stronger non-consumptive effects result
because increased prey mass appears to leads to higher output of the metabolites
associated with predator risk and therefore an increase in the perceived predation risk by
prey. Prey mass may also be important because increased output of metabolites could
result in a larger perceptive distance for potential prey. Chemical cues are degraded over
distance by turbulent mixing (Keller and Weissburg 2004). Increasing chemical
concentrations may allow chemicals to be detected over longer distances because it will
take longer for cues to degrade below detectable levels allowing the cue to travel farther.
Increased prey perceptive distance will increase the number of prey influenced by
chemical cues from a single predator. The relative importance of these non-consumptive
effects compared to consumptive effects is important to understanding how predator
impacts will reverberate through communities (Preisser et al. 2005). If increased prey
mass causes increased prey perceptive distance it suggests the relative magnitude of nonconsumptive effects may be a function of the magnitude of consumptive effects.
Understanding where cues associated with these diet specific responses are
released allows for better assessment of prey behavior and assessment of risk. One
potential source of cues is urine. Urine is a necessary metabolic release that is a frequent
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cue for prey, and induces a range of anti-predator behaviors in both aquatic and
terrestrial systems (Nolte et al. 1994, Brown et al. 1995, Apfelbach et al. 2005, Shrader et
al. 2008).

The widespread use of urine as a predator cue suggests that it is a particularly

reliable indicator of predation risk. Urine as an end product of digestion has a potential
to provide information about past diet and allow prey to make accurate decisions about
predation risk. However, whether diet cues result from predator cues in urine alone, or
from a combination of predator cues in urine and external conspecific cues released while
feeding is unclear in most cases.
Mud crabs, Panopeus herbstii, are important members of the oyster reef
communities and respond to chemical cues from predators with decreased foraging and
increased refuge use (Grabowski 2004, Grabowski and Kimbro 2005, Grabowski et al.
2008, Hill and Weissburg 2013a, b). These foraging effects are of particular interest
because mud crabs consume significant amounts of juvenile oysters and have the
potential to impact overall community health (O'Connor et al. 2008). Foraging by mud
crabs is more strongly suppressed in response to blue crabs that have consumed
conspecifics than to either blue crabs fed oysters or cues from crushed conspecifics alone
(Hill 2011). However, since mud crabs were exposed to both cues from feeding blue
crabs and those from crushed conspecifics in the treatment where blue crabs were fed
crushed mud crabs, it is unclear if this stronger effect results from dietary cues alone or is
the result of a combination of feeding cues and crushed conspecific cues. P. herbstii
responds similarly to large predators and multiple small predators of the same biomass
(Hill and Weissburg 2013a, b). This suggests that P. herbstii will assess risk based on
concentration of cues in the absence of other cues (Hill and Weissburg 2013b). If mud
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crabs are already sensitive to changes in cue concentration from predator cues to assess
predator body size, they further might be able to detect changes in cue concentration
concurrent with changes in prey mass in the predator diet. Here we explore two
questions related to the chemically mediated non-consumptive effect in the mud crab, P.
herbstii: (1) does prey mass in a predator diet effect the magnitude of the nonconsumptive effect; and (2) does prey type in a predator diet effect the magnitude of the
non-consumptive effect? To answer these questions I explored the mud crab response to
blue crab urine alone, to separate the potential effects of predator diet cues, from external
conspecific alarm cues that might result at the site of predation event. I hypothesized that
P. herbstii would have a larger magnitude response to urine from C. sapidus fed a diet of
crushed mud crabs than to urine from C. sapidus fed a diet of crushed oysters. I further
hypothesized that P. herbstii would have a larger magnitude response to urine from C.
sapidus fed a high mass diet relative to a lower mass diet.
1.2 Methods and Materials
1.2.1 Animal Collection and Maintenance
Blue crabs (Callinectes sapidus) were collected using commercial crab traps or purchased
from local fishermen from Wassaw Sound. Mud crabs (Panopeus herbstii) were
collected by hand from oyster reefs in the Savannah River Estuary. After collection, all
crabs were housed in outdoor flow-through seawater tanks at the Skidaway Institute of
Oceanography. All crabs were maintained on a diet of crushed bivalves ad libitum, fed
every other day until the experimental time period. Blue crabs were starved for 24 hours
before beginning of feeding for diet treatments to empty the stomach of any past diet
(McGaw and Reiber 2000). Mud crabs were starved for 48 hours prior to the bioassay to
ensure a hunger level that would result in significant consumption (Hill and Weissburg
2013a, b).
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1.2.2 Experimental Design
I employed a factorial design to answer our two questions: (1) does prey type affect the
magnitude of non-consumptive effects in response to predator diet cues; and (2) does
prey mass affect the magnitude of non-consumptive effects in response to predator diet
cues? Adult C. sapidus were fed one of 5 dietary treatments: (1) 10g of oyster shell free
wet mass, (2) 5g of oyster shell free wet mass, (3) 10g of crushed mud crab, (4) 5g of
crushed mud crabs and (5) a mix of 5g of oyster shell free wet mass and 5g of crushed
mud crabs. The inclusion of the mixed diet treatment allows assessment of whether these
mechanisms (prey type and prey mass) can affect NCEs independently and if so whether
these affects are additive or synergistic. Diet masses were determined based on initial
feeding trials to ensure complete consumption over the feeding period (unpublished
observation). In addition to these treatments, a small group of adult blue crabs was fed an
ad libitum diet of shrimp for comparison with the initial urine exposure bioassay
conducted at Georgia Tech (Poulin, unpublished).
1.2.3 Experimental Feeding
Blue crab feeding was conducted in runs with each run consisting of 5-7 adult blue crabs
randomly assigned to each of the diet treatments. Blue crab predators were placed in
isolation boxes within larger flow-through tanks. Crabs were initially starved for 24hours
to empty the digestive and excretory systems of any previous material. Each crab was
fed the appropriate diet type and mass for 3 days. For all mud crab diets, live mud crabs
were crushed with a blunt instrument directly on the carapace to ensure rapid death. The
walking legs were removed, as ratio of wet mass:carapace is low in the legs and we
wanted the measured mass to be as close to the wet mass (consumable) as possible. For
all oyster diets the ratio of shell free wet mass:total mass (shell + internal wet mass) was
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first determined by constructing a linear regression based on measurements of the total
mass (g) and corresponding wet mass (g), n=235. The relationship between total mass
and shell free wet mass was determined to follow the following equation:
Shell Free Wet Mass (g) = 0.211 (Total Mass (g)) – 0.085 (R2=0.95, F=4562.9, p<0.001)
Based on this equation C. sapidus predators were fed either 47.8g (H) or 24.1g (L) of
crushed oysters.
1.2.4 Urine Collection
Urine was collected 8 hours post-feeding on the third day of feeding. C. sapidus were
placed in an ice bath for 5-10 minutes to slow their metabolism and aid in handling. A
small needle (23-25 gauge) connected to a vacuum was inserted into the nephropore at
the opening to the atennal gland for urine collection. All tubing was Teflon coated to
avoid absorption and loss of any chemical signals. Urine was removed via low pressure
vacuum and collected in a glass vial. Samples were filtered through a 0.2 micron filter
and stored at -20⁰C until the time of the experiment. All urine samples in a run were
collected on the same day(s) to ensure the relative magnitudes between treatments was
unaffected by any potential degradation of the signal while in storage. Urine was
collected from each diet treatment unless precluded by animal deaths. Urine was
collected using identical methods from blue crabs fed an ad libitum shrimp diet.
1.2.5 Bioassay
Due to restrictions of space and urine supply, replicates were conducted in blocks over
the course of May-August 2013. Mud crab (P. herbstii) consumption in response to C.
sapidus urine from the 5 different diet treatments was tested in a four hour bioassay. Mud
crab consumption in response to C. sapidus urine from an ad libitum shrimp diet was also
tested in four hour bioassay. Bioassay conditions were modeled on a previous study that
11

showed a significant response in P.herbstii foraging when exposed to urine from C.
sapidus (Poulin unpublished data). Bioassays were performed in glass tanks
(0.25x0.25cm) to minimize absorption of chemical signals from the urine. The sides of
each tank were covered in black paper to eliminate the influence of visual cues from the
outside environment. Each bioassay tank was filled with 2L of seawater collected from
the flow-through systems at the Skidaway Institute of Oceanography (16-34‰). Each
tank was provided with a central shell refuge as refuge seeking is a common antipredator
behavior in mud crabs (Hill and Weissburg 2013b). Four mud crabs (carapace width 2535mm) were placed in each bioassay tank, and allowed to acclimate for 15 minutes.
After acclimations, 5mL of C. sapidus urine (or seawater control) was added to each
tank. Each tank was lightly agitated to ensure mixing of the urine throughout the
bioassay area. Each tank enclosure was provided with approximately 4g of pre-soaked
shrimp cut into four approximately 1g pieces. Mud crabs were allowed to forage freely
for 4 hours. At the end of 4 hours, the shrimp was recollected, blotted on a paper towel
to remove excess moisture and re-weighed. For each block an additional bioassay tank
with shrimp only (no P. herbstii) was set-up to measure change in shrimp mass over the
course of the experiment. The amount of shrimp consumed was calculated in grams and
as a percentage of the original amount provided. Mass was adjusted by the no P. herbstii
control tank for each block to account for mass gain or loss unrelated to consumption
over the course of experiment. The mass (g) and percentage of shrimp eaten from the 5
diet treatments were analyzed using a Generalized Linear Model in Systat 10.2. The
mass (g) and percentage of shrimp eaten from the shrimp ad libitum diet were analyzed
using a t-test in Systat 10.2.
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1.3 Results
All mud crab consumption in treatments exposed to urine was similar to
consumption in seawater controls (mean 47.2 ± 26.7%). Mud crab consumption in
bioassays did change over time (GLM, BLOCK, F(16, 41)=5.543, p<.001) but overall
consumption in bioassays was equivalent regardless of treatment (GLM, F(5, 41)=1.601,
p=0.182). Results based on percent consumption were similar (GLM, F(5, 41)=1.453,
p=0.226).
Mud crabs consumed similar amounts of shrimp in bioassays regardless of prey
mass. Mud crabs exposed to urine from blue crabs fed 10g of mud crabs (HMC)
consumed a mean of 52.8 ± 24.7%, while those exposed to urine from blue crabs fed 5g
of mud crabs consumed 49.4 ± 13.3 (Figure 1). This pattern was repeated in oyster diet
treatments, where mud crabs exposed to urine from blue crabs fed 10g of oysters
consumed a mean of 53.6 ± 20.2%, while those exposed to urine from blue crabs fed 5g
of oysters consumed a mean of 56.9 ± 7.1% (Figure 1).
Comparing consumption across diets but within equivalent prey mass treatments,
mud crabs consumed similar amounts of shrimp regardless of predator diet (Figure 1).
Further, mud crabs exposed to urine from blue crabs fed a mixed diet of 5g mud crabs
and 5g of oysters consumed a mean of 54.0 ± 16.1%, comparable to both the 10g of
oysters (mean 53.6 ± 20.2%) and 10g of crushed mud crab (mean 52.8 ± 24.7%)
treatments. There was no significant difference in mud crab consumption between mud
crabs exposed to urine from blue crab fed an ad libitum shrimp diet (35.8±17.9%) and
mud crabs exposed to a seawater control (64.7±30.6%) (t=1.415, d.f.=3.2, p=0.246).
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Figure 1. Shrimp Consumed by Mud Crabs in a Four Hour Bioassay by Diet Treatment.
Left: Amount Eaten in grams; Right: Amount Eaten as a Percent of Total Provided.
Mud crabs were exposed to 5mL of urine from blue crabs fed one of five different diets
(MC10=10G crushed mud crab; MC05=5G crushed mud crab, OY10=10G of oyster wet
mass, OY05=5G of oyster wet mass, MIX=5G crushed mud crab and 5G of oyster shell
free wet mass) or 5mL of seawater control in 2L bioassay tanks. Mud crabs in each tank
were given ~4g of shrimp. At the end of 4 hours the shrimp was re-weighed and a
percentage of the original mass consumed was calculated. There was no significant
difference between treatments (Left: GLM, F=1.601, P=0.182; Right: GLM, F=1.453,
P=0.223)
1.4 Discussion
I detected no alteration in consumption by Panopeus herbstii due to urine from
Callinectes sapidus predator regardless of predator diet. This was surprising as previous
research indicated that P. herbstii respond to the presence of chemical cues from a blue
crab predator with suppressed foraging and decreased activity (Hill and Weissburg
2013a, b). Urine was selected as the likely source of those cues because urine is the
source of a number of bioactive molecules in crustaceans (Atema 1995, Shabani et al.
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2009, Hardege et al. 2011, Anderson and Behringer 2013) and urine in general is a
frequent source of predator signals (Nolte et al. 1994, Ferrari et al. 2010). Initial
bioassays with blue crab urine showed a significant decrease in consumption associated
with identical concentrations (5mL urine in 2L of seawater) as employed here (Poulin
unpublished data). Contrary to these initial findings, all 5 diet treatments failed to show
suppression relative to the control.
There are several potential explanations for the discrepancy between the findings
here and the initial bioassay assessing the effect of blue crab urine on mud crab foraging.
Initial bioassays used shrimp as a diet for blue crabs while we used oysters or mud crabs.
One might expect that the 10g of crushed mud crabs used here should have a stronger
magnitude affect than that initiated by a shrimp diet. Non-consumptive effects are
frequently strongest when prey are exposed to predators fed conspecifics (Mirza and
Chivers 2003b, Wirsing et al. 2005, Hoefler et al. 2012, Manassa and McCormick 2012).
However, when prey recognize conspecifics through substances that are not alarm
signals, the substances they use to identify conspecifics may be more general.
Mammalian prey were shown to have a stronger reaction to urine from coyotes fed meat
than those fed a diet of fruit (Nolte et al. 1994). In this case, recognition of increased
predator risk appears to be largely mediated by presence of sulphurous compounds that
are common in the urine after consumption of meat. This effect is also seen in marine
systems, where larval fish recognized a non-piscivore “predator” as risky through the
consumption of an artificial diet containing fish products (Dixson et al. 2012). The
ability to label a non-piscivore as risky by introducing fish products to its diet suggests
prey are responding to a general cue that is present in fish prey. In both the marine and
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terrestrial examples, riskiness is associated with a general cue that is associated with
consumption of a range of prey types rather than consumption of a specific species. If P.
herbstii are cueing on a more generalized cue it is possible that this cue is present in
larger concentrations in digested shrimp diet than those produced by digested mud crabs
or oysters. If this is the case, it may require more urine to produce an equivalent
concentration of cue. Prey should not evolve to respond to cues that are stronger in
heterospecifics than conspecifics if they do not accurately reflect risk magnitude. Blue
crabs, however, are generalist predators increasing the likelihood that a general cue could
be an appropriate measure of risk.
The shrimp diet could also have produced a stronger response because of diet
mass. As previously suggested the biomass of prey consumed can potentially affect the
magnitude of a consumptive response by producing higher concentrations of cues
signaling risk (McCoy et al. 2012). Blue crabs in the initial bioassay were fed a shrimp
diet ad libitum. While high diet masses were chosen to be close to ad libitum, they were
purposely kept slightly below ad libitum in order to ensure predator would consistently
consume the entire biomass of interest. It is possible that C. sapidus only produce high
enough concentrations of predator cues in their urine to have a significant impact on P.
herbstii consumption when feeding ad libitum. While this might seem unlikely to
evolve--as a predator is likely less risky when it is full and therefore would not provide a
strong selective pressure--it is important to consider the time period of the bioassay. The
bioassay is conducted for a four hour period, and it is possible that lower magnitude
predator reactions instigated by lower prey masses might become apparent if
consumption was assayed for a longer time period. Initial whole body experiments in the
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field and in mesocosms demonstrating the suppression of P.herbstii were conducted over
a period of 24 to 48 hours (Hill and Weissburg 2013a, b). Longer assay times may be
necessary to discern weaker but still ecologically significant effects.
The results may also have been influenced by the use of natural seawater systems.
Blue crab predators were housed in flow-through seawater tanks that were subject to
natural fluctuations in salinity and temperature. C. sapidus are osmoconformers at high
salinity (>27)‰, but osmoregulators at low salinity and urine production will fluctuate
with changing salinity (Robinson 1982). Dietary cues should be a function of food
consumption and therefore remain constant regardless of salinity. Urine production
increases 2X in 50% seawater relative to that produced in 100% seawater (Robinson
1982). If urine production is fluctuating with salinity but dietary cues production is
constant, diet cue concentration may have been variable. The variable cue concentration
may have decreased cues levels below those detectable by P. herbstii. The likelihood
that this affected our results is small. Fluctuations in urine production due to
osmoregulation were likely small given that the bulk of osmoregulation occurs across the
gills (Robinson 1982, Kinsey et al. 2003). However, it should not be dismissed entirely
because it is unclear how close the concentration used in this study is to the minimum
detectable concentration by P. herbstii for predator diet cues. Initial bioassays were only
conducted at two cue levels (2.5mL of urine in 2L; 5mL in 2L) and those at the lower cue
level were insignificant (Poulin unpublished data). If the current cue concentration is
close to the minimum detectable concentration under bioassay conditions, very small
variations in cue concentration could potentially lower the concentration enough to
eliminate any significant behavioral reaction. Future studies should aim to construct a
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concentration reaction curve so to better understand how the anti-predator behavior of P.
herbstii varies with concentration of cue.
Natural seawater may also have affected the stability of the cue. Bioassays were
conducted in 2L aliquot of natural seawater taken from flow through seawater system at
the time of the experiment. This seawater passes through a sand filter designed to
remove large particles of suspended materials but otherwise contains natural communities
of microbes. Microbes contained in seawater may have broken down the cue limiting the
ability of P. herbstii to detect and react to cues in the urine. Preliminary data suggests
that the use of artificial vs. natural seawater may affect consumption by P. herbstii when
exposed to C. sapidus urine (N=3, p=0.056, unpublished data). This effect however is
unlikely to extend to field. Alarm cues in the field have been shown to persist for up to
18 hours (Ferner et al. 2005). The bioassays are performed in 2L of standing water with
a single chemical release. In the field, flow will likely have a stronger influence on the
detection and reaction to the cue than microbial interactions. Additionally, C. sapidus
will be present in the field producing urine over time and likely have multiple releases.
While it might not be possible to separate out the effects of the various potential
mechanisms of signal degradation, future studies can examine the active area of the cue
to determine the overall importance of potential cue degradation to the interaction.
Considering all five treatments failed to exhibit suppression relative to control, the
results suggest it is possible that predator cues from C. sapidus are not located in the
urine. While a number of bioactive molecules are found in crustacean urine (Atema
1995, Shabani et al. 2009, Hardege et al. 2011, Anderson and Behringer 2013) they are
typically functional at much lower concentrations of urine than used in this study (Kamio
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et al. 2008). Although, this may simply be because these studies are primarily examining
pheromones in which the sender and receiver have evolved to participate in
communication. Predator kairomones such as we studied here likely require higher
concentrations for detection as only the prey has evolved to participate in the interaction.
However, blue crab urine is produced at a rate of .09 to .18mL per 100g per hour
(Robinson 1982), suggesting it would take 12-24 hours for the average adult blue crab to
accumulate enough urine to match the output necessary to produce the effective
concentrations in the initial bioassay.
The field and laboratory evidence with whole body C. sapidus, however, strongly
supports that there are in fact chemical cues indicating predator risk to P. herbstii (Hill
and Weissburg 2013a, b). This raises the question: where is this signal coming from if
not from urine? Metabolites are constantly being released from living organisms as they
eliminate wastes and release necessary signals; indicating that there are multiple
alternative cue sources for prey attempting to detect predation risk. Similar to urine,
feces is commonly known to act as a source of predator cues (Brown et al. 1995,
Slusarczyk and Rygielska 2004, Griffiths and Richardson 2006, Ferrari et al. 2007,
Shrader et al. 2008, Manassa and McCormick 2012). Like urine, feces have the potential
to provide additional information about predator risk given that it is an after product of
digestion and can therefore provide information about past-diet. Predator cues in feces
may provide more consistent signal of predator risk because they will dissolve over time,
creating a slow continual release of cues to the environment. Another potential source of
anti-predator cues are substances excreted across the gills. During the breathing process,
C. sapidus can release ions across the gills in order to excrete them from the body.

19

Anuran tadpoles and larval dragonflies appear to assess predation risk through the
detection of a negative ion (Ferland-Raymond et al. 2010), opening the possibility that
ions excreted across the gills could contribute to predator detection. This, however, is
unlikely as crabs are primarily excreting mono-ions and substances must be actively
transported across the surface of the gills (Weihrauch et al. 1999). If the gills are acting
in predator cueing one candidate for the predator cue might be ammonia. Gills are one of
the primary sites for excretion of ammonia in crabs (Weihrauch et al. 2004). Ammonia
has previously been implicated in alarm cueing suggesting it could potentially be
involved in predator cues as well (Hazlett 1990, Kiesecker et al. 1999).
Another possibility is that P. herbstii are not responding to a single cue substance
but to a mixture of chemicals that it associates with predation risk. As previously stated,
all organisms are producing metabolites as a part of the process of being alive. This
might suggest that many of the potential cues available to prey are likely not exclusively
produced by predators. In this case, it might not be a particular chemical that encodes
predation risk but a particular combination of cues or ratio of concentrations that are
particular to predator species that indicates risk. In this scenario, prey might need both
cues from the urine and the feces to recognize a predator as risky. Hill and Weissburg
(2013a,b) exposed prey to water flowing through a tank or cage containing a live
predator. In this case, prey would be exposed to both urine and dissolved fecal cues. The
burrowing bivalve Macoma balthica exhibits anti-predator responses to both fecal and
urine cues both independently and in combination (Griffiths and Richardson 2006). In
this case, both cues are not necessary to induce anti-predator behavior but that does not
preclude the necessity in other systems. Combination cues may also be context
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dependent. Since they rely on the sum of information from different cues, prey must
evaluate the sum signal and respond with an appropriate behavior. External crushed
conspecific cues are known to enhance predator cues in some systems (Schoeppner and
Relyea 2005, 2009) and the combination of these cues could be necessary to the
induction of anti-predator behavior in some systems. This, however, is unlikely in this
system as P. herbstii have been shown to react to have significant reactions to C. sapidus
fed un-related heterospecifics from the community (Hill and Weissburg 2013a, b).
Further study into the potential response of P. herbstii to faecal cues both independently
and in combination with urine cues might provide better insight into P. herbstii antipredator behavior.
P. herbstii foraging behavior can have important impacts on oyster reef health.
Mud crabs consume juvenile oysters and can therefore, have a significant impact on
recruitment to reefs. Oyster reefs are ecologically important communities that have
declined 94% worldwide (Jackson 2008). The reduced foraging seen in P. herbstii in
response to chemical cues from C. sapidus (Hill and Weissburg 2013a, b), might suggest
that the abundance of top predators could have a significant impact on oyster reef
recruitment. As C. sapidus is a commercially important species that is subject to
population declines due to overfishing, understanding the importance of this predatorprey interaction may be particularly important to assessing future impacts on reef health.
The results of this study suggest that more needs to be understood about predator cue
sources and effective cue concentrations to evaluate the ecological importance of this
chemically mediated interaction.
1.4.1 Future Directions
Replication of the urine exposure bioassay under Georgia Tech laboratory and Savannah
laboratory conditions is important to future studies evaluating the importance of urine
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based predator cues in the C. sapidus (predator) – P. herbstii (prey). Replication under
these two conditions should serve to clarify whether there is a systematic difference
between the results of this study and that of the initial bioassay performed at Georgia
Tech or if the bioassay itself is unreliable. Replication can likely be combined with an
assessment of the difference between shrimp diet and the natural diets used here. This
factor should be addressed as initial replication under conditions used in this study did
show a non-significant drop in P. herbstii consumption when exposed to urine from C.
sapidus fed shrimp (N=3, P=0.233) which could become significant with further
replication. Future studies should examine how P.herbstii anti-predator behavior varies
with urine concentration to better understand the ecological scale of this predator cue
system. Examination of other potential cue sources independently and in combination
with urine cues, will further the predictive ability of our studies.
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