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A B S T R A C T

Predator outbreaks have increased in the past two decades in many ecosystems and are predicted to become
more common with climate change. During these outbreaks, predator densities increase rapidly, and can cause
large reductions in prey populations or shifts in prey size structure. However, unexpected interactions may occur
at high predator densities, necessitating a mechanistic understanding of how increased predator density affects
predator-prey dynamics. In the northern Gulf of Mexico, outbreaks of southern oyster drill, Stramonita hae-
mastoma (Linnaeus, 1767), occur during high salinity events, and can greatly reduce eastern oyster, Crassostrea
virginica (Gmelin, 1791), populations. A large outbreak of drills occurred from 2013 to 2015 in Apalachicola Bay,
FL which corresponded with an oyster fishery collapse in that bay. To improve our mechanistic understanding of
predation during such a high-density outbreak, laboratory experiments based on field observations were used to
quantify the prey size selection by drills and the drill functional response, as a function of drill abundance. Drills
fed on medium-sized oysters (50–75mm) more often than small and larger-sized oysters, and often formed
aggregations during feeding events. However, despite this aggregative response, there was a negative re-
lationship between per capita feeding rates and drill abundance. Indeed, the Crowley-Martin functional response
model had the most parsimonious fit to the data, suggesting that predator-predator inhibition reduced attack
rates and increased handling times. Due to an increase in regional drought conditions and water usage in the
southeastern United States, drill outbreaks will likely increase in frequency and duration. A greater under-
standing of how predation rates change with predator densities during outbreaks will improve predictions of
oyster mortality, and strengthen the scientific framework for oyster fishery decisions.

1. Introduction

Predation can be a key factor structuring benthic marine commu-
nities (Paine, 1966; Estes and Palmisano, 1974; Menge, 1976; Steele
and Anderson, 2006; Hixon, 2015). Accurately predicting the effects of
predation begins with a quantitative understanding of how predators
affect the abundance of their prey. Specifically, it is useful to char-
acterize the predator functional response, which is the relationship
between the instantaneous per-predator feeding rate and prey density
(Murdoch, 1973; Hunsicker et al., 2011). The most commonly used
functional response model is the Holling Type II (Holling, 1959; Skalski
and Gilliam, 2001). It models the feeding rate as a function of both the

search (or attack) rate of a randomly foraging predator and the hand-
ling time per captured prey. Under this model, the per capita feeding
rate initially increases rapidly with prey density, then asymptotes as
predators become limited by handling time (Holling, 1959). While
useful as a first approximation, this model does not account for some
important ecological realities, such as predator-predator interactions
and size-selective predation, both of which may alter consumption rates
and ultimately prey population dynamics (Sih et al., 1998; Skalski and
Gilliam, 2001; Arditi and Ginzburg, 2012).

Predator-predator interactions are particularly important to con-
sider when predator densities are unusually high. Examples include the
crests of predator-prey cycles (Hassell and Varley, 1969) or during
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biological invasions when the populations of novel predators can grow
exponentially at the expense of native prey. Two notable invasions are
the lionfish (Pterois spp.) in the tropical western Atlantic (Morris Jr. and
Whitfield, 2009; Côté et al., 2013) and the European green crab (Car-
cinus maenas) in the northwestern Atlantic (Grosholz and Ruiz, 1995;
Klassen and Locke, 2007). Similarly, native predators can undergo
rapid population growth during atypical shifts in abiotic conditions
(e.g., Brodie et al., 2005) or following depletion of higher-trophic-level
predators (e.g., Silliman and Bertness, 2002). In many cases, high local
concentrations of predators can form consumer fronts, which may cause
rapid declines in the prey populations by locally overwhelming the
renewal capacity of the prey (reviewed by Silliman et al., 2013). In
these situations, it is reasonable to question whether the Type II func-
tional response is appropriate because it does not account for predator-
predator interactions, which can alter the per-capita feeding rate either
through inhibition, e.g., inter- or intraspecific competition (Soluk,
1993; Kratina et al., 2009; de Villemereuil and López-Sepulcre, 2011;
Stier and White, 2014), or facilitation, e.g., group hunting (Stallings
and Dingeldein, 2012; Thiebault et al., 2016). Consequently, improving
the ability to predict variation in the duration, magnitude, and con-
sequences of predator outbreaks fundamentally depends on under-
standing how the density of predators influence its functional response
(Sih et al., 1998; Skalski and Gilliam, 2001; Arditi and Ginzburg, 2012).

The effect that predators have on prey may also be influenced by
size-structured interactions between predators and prey (Werner and
Gilliam, 1984; Aljetlawi et al., 2004). Predation in marine communities
is often strongly size-selective: predators generally prefer larger prey
items, but very large prey are not easily consumed due to gape lim-
itation (Persson et al., 1996), escape behavior (Scharf et al., 1998), or
improved defenses (e.g., bivalve shell thickness; Boulding, 1984). As a
result, there is typically a hump-shaped relationship between prey size
and foraging profitability for predators of a particular size (Scharf et al.,
1998; Stephens and Krebs, 1986). As predators grow, they shift foraging
towards larger prey, such that their diet breadth is described by the
ratio of predator:prey sizes (Scharf et al., 2000). Accounting for pre-
dator size-selectivity is particularly important when the predator po-
pulation is increasing (or declining) rapidly. Those changes are usually
associated with shifts in the predator size distribution (Rudolf, 2012;
White et al., 2013; Eisenlord et al., 2016), which can translate into size-
dependent changes in the overall effect on the prey population (de Roos
et al., 1990; Andersen and Pedersen, 2010).

Along the coast of the northern Gulf of Mexico (GOM), the pre-
datory southern oyster drill, Stramonita haemastoma (Linnaeus, 1767,
hereafter ‘drill’), is an important predator of the eastern oyster,
Crassostrea virginica (Gmelin, 1791, hereafter ‘oyster’; Butler, 1954).
During prolonged periods of high salinity, outbreaks of drills have been
observed in the northern GOM (Menzel et al., 1966; FFWCC, 2013) with
up to 222 drills per m2 (May, 1971). These outbreaks begin when ty-
pically mesohaline locations increase in salinity to levels suitable for
drills, typically above a salinity of 15 (Garton and Stickle, 1980; Roller
and Stickle, 1989). The drills respond by moving up the estuary into
those areas to take advantage of previously inaccessible oyster reefs.
The initial outbreak is an aggregative response to improving environ-
mental conditions and an abundant food source, although a secondary
numerical response may also occur due to increased reproduction.
Predation on oysters by drills during high-salinity outbreaks has been
associated with the loss of oyster reefs (Livingston et al., 2000; Petes
et al., 2012; Kimbro et al., 2017). Oysters are a foundation species
because they filter water, sequester carbon, and create reefs that buffer
coastal erosion and provide habitat for other economically and ecolo-
gically important species (Bruno and Bertness, 2001; Grabowski et al.,
2005; Jackson et al., 2001; Piehler and Smyth, 2011). Therefore, any
increase in mortality may have profound ecological and economic ef-
fects.

There already exists some preliminary research of how predation
rates may differ at different stages of a drill outbreak. For instance, at

low densities drills feed individually, but at higher densities they often
exhibit aggregative feeding with two or more drills consuming a single
oyster (Butler, 1985; Brown and Alexander Jr., 1994; Fodrie et al.,
2008). While it is assumed that aggregations enhance the mortality of
oysters, the effect on the per capita predation rate has not been thor-
oughly described (but see: Brown and Richardson, 1987; Brown and
Alexander Jr., 1994). Similarly, there also exists a basic understanding
of how variation in the size distribution of drills may affect prey po-
pulations. Brown (1997) found that feeding rates and prey size pre-
ferences increased with drill size, but that large oysters (i.e., those over
150 g wet mass or 95–100mm in total length) benefitted from a size
refuge from drill predation. However, this previous study examined
drill sizes from 23 to 60mm, which does not include the largest drills
(up to 84mm) observed in more recent outbreaks in the northern GOM.
Finally, no study to date has quantitatively described the functional
response of drills and how per capita feeding rates change with drill
abundance. Thus, several knowledge gaps inhibit accurate modeling of
how oyster populations respond to changes in drill abundance and size
structure.

This study addressed these knowledge gaps about drill predation by
estimating the effect of increasing predator abundance on prey popu-
lations. Two separate laboratory experiments were used to test the
following questions: (1) Do drills exhibit size-selective feeding? (2)
Does drill abundance affect their aggregate and daily per capita pre-
dation rates on oysters? (3) Do higher abundances of drills facilitate or
inhibit the consumption of oysters? and (4) Which functional response
model best describes the instantaneous per capita feeding rate with
increasing drill abundance? The two controlled experiments each de-
scribed a specific predator effect: individual drill predation (Experiment
I) and the effect of drill abundance on predation rates (Experiment II).

2. Methods

2.1. Experimental setup

Two separate experiments used drills and oysters that were col-
lected from subtidal habitats in Apalachicola Bay, FL USA (both col-
lections occurred around 29° 40′ 32.56″ N, 84° 51′ 36.76″W and 29° 42′
7.2″ N, 84° 49′ 31.76″ W). Feeding trials were conducted at both the
Florida State University Coastal and Marine Laboratory in St. Teresa, FL
(FSUCML, Experiment I) and the University of South Florida, College of
Marine Science in St. Petersburg, FL (USFCMS, Experiment II). At
FSUCML two filtered flow-through seawater systems were used. Both
the first system (volume=216 l; dimensions= 240×60×15 cm) and
the second system (1105 l; 302×60×61 cm) were partitioned into
eight equal-sized areas (using vinyl-coated wire mesh of 12×12mm),
while still allowing for water flow. These isolated replicates had similar
base areas of 0.18m2 and 0.22m2 respectively. Filtered seawater from
the adjacent bay was used in these systems. At USFCMS three separate,
closed-seawater systems, each comprising ten experimental tanks
(47.3 l; 68× 40×27.5 cm), were constructed for a total of 30 tanks.
The base area of these tanks was similar to the first experiment,
0.27m2. Within each system, approximately 950 l of artificial seawater
was recirculated through the experimental tanks and a large sump
(633 l; 76×45.5×183 cm). During Experiment I at FSUCML, the
salinity (29) and temperature (29 °C) reflected ambient estuarine con-
ditions. In Experiment II at UFSCMS, salinity was maintained at 25 by
mixing deionized water with Instant Ocean sea salt (Instant Ocean
Spectrum Brands, Blacksburg, VA, USA), and checked daily with a YSI
85 (Xylem Inc., Yellow Springs, OH, USA). Water temperature was
maintained between 20 and 22 °C using Finnex TH-800 Plus, 800-watt
titanium heating rods (Finnex, Chicago IL, USA) with a Reef Octopus
Heater Controller (Honya Co. Ltd., Shenzhen, China). The temperature
and salinity were chosen based on conditions that occurred during an
outbreak in the northern GOM (Menzel et al., 1966; FFWCC, 2013).
During both experiments and the one week holding prior to Experiment
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II, oysters were fed Instant Algae Shellfish Diet 1800 (Reed Mariculture
Inc., San Jose, CA) daily, following the manufacturer's instructions of
3.6 ml per 100 g of oyster wet weight.

2.2. Experiment I: size-selective predation

In the seawater system at FSUCML, the feeding rate and size-se-
lective predation of individual drills (n=63) that ranged in size from
41 to 84mm were characterized. Oysters ranged in size from 25 to
99mm, longest umbo-lip distance (also sometimes referred to as shell
height), and were assigned to one of three size classes: small
(25–49mm), medium (50–74mm), or large (75–99mm). The break
between the medium and large size class was chosen based on the legal-
size limit for oyster harvest in Apalachicola Bay, which is 76.2 mm
(3 in.). Immediately after collection from the field, each drill was placed
in a tank with a total of fifteen oysters, five from each size class. Equal
numbers of prey size classes were used so that selection was not con-
founded with encounter rates. Oysters were checked every two days for
the first eight days of the experiment and then every four or five days,
for a total trial duration of 13–17 days. Oysters were classified as either
live or dead (i.e., valves remained open with some to no tissue present).
If a drill was actively consuming an oyster, then the size of the oyster
was noted, but it was left in the tank until drill feeding ended. All dead
oysters were replaced with a live one from the same size class to pre-
serve a constant density and size structure of prey. From these data, the
mean size and number of oysters that each drill consumed per oyster
size group and the average feeding rate (total number of oyster con-
sumed per day) were calculated.

Linear regression was used to test the relationship between drill size
and mean size of oysters consumed, as well as drill size and daily
feeding rate. A Chi-squared test was also used to investigate whether
drills consumed any of the three size classes of oysters more than would
be expected by equal chance.

2.3. Experiment II: aggregate predation and predator functional response

In the seawater system at USFCMS, six drill abundances (2, 3, 4, 6,
8, and 12 drills per tank) were orthogonally crossed with five oyster
abundances (3, 4, 6, 8, and 12 per tank), yielding two replicates for
each orthogonal cross. The wide range of abundances reflects a re-
sponse-surface approach to the regression analysis, improving the
chances of detecting interactions between experimental factors despite
low replication at any one combination of treatments. The treatment
abundances were equivalent to densities ranging from 7 to 44m−2

(drills) and 16–65m−2 (oysters), both within the natural range ob-
served for each species during and after outbreak conditions (See
Supplemental Fig. 1). In this second experiment, drills ranged in size
from 30 to 81mm and were separated into small (30–55mm) and large
(56–81mm) size classes. Oysters ranged in size from 25 to 99mm and
were separated into small (25–49mm), medium (50–74mm), and large
(75–99mm) size classes, as in Experiment I. Abundances of drills and
oysters were split equally among each size class. To quantify oyster
mortality in the absence of drills, each level of oyster abundance was
paired with a corresponding control treatment (n=2) that lacked an
oyster drill; no oysters died in these controls. After collection from the
field, drills were held for one week and allowed to feed ad libitum on
oysters before the start of the experiment to reduce any transportation
effect to USFCMS from Apalachicola Bay, FL. The experiment began
with a 5-day starvation period, based on the feeding rate of individual-
housed drills from Experiment I, to standardize predator hunger.
During feeding trials, tanks were checked twice daily for dead oysters,
and the number of drills on each oyster was counted. Any dead oysters
were replaced with a live oyster from the same size class to preserve a
constant prey density, as assumed in predator functional response
models that quantify the instantaneous feeding rate as opposed to the
integrated feeding rate. After the 15-day experimental period, both the

per capita feeding rate and the aggregate feeding rate (oysters con-
sumed per replicate) were calculated.

The results of Experiment II were analyzed in three ways. First, to
test whether more drills fed as an aggregation than expected by chance,
a Chi-squared goodness-of-fit test was performed. The null expectation
followed a Poisson distribution with a mean equal to the overall mean
number of drills per oyster observed in the experiment. This distribu-
tion is typically used for count data such as found in this experiment.
Next, the null expectation was compared to the observed counts of
aggregation sizes, from zero to the specific drill treatment abundance
on days 3, 8, and 13. The analysis was restricted to these days to reduce
any possible effect from the pre-experiment starvation period and to
prevent double-counting any feeding events that occurred on any one
day, based on the single-drill feeding rate results from Experiment I.

Second, a traditional hypothesis-testing analysis was used to quan-
tify feeding rates as a function of predator and prey abundance.
Specifically, regression analyses described the aggregate and daily per
capita feeding rate as a function of drill and oyster abundance. For both
the aggregative and per capita feeding rate we compared linear (full
and reduced) and a non-linear model using Akaike Information
Criterion corrected for small sample size (AICc) (Burnham and
Anderson, 2002). The model with the lowest AICc score was selected as
the most parsimonious model. These analyses were conducted using the
base, nlme, and AICcmodavg packages in R version 3.2.2 (R Core Team,
2013).

Third, an information-theoretic approach was used to identify the
most appropriate functional response model to describe the effects of
variation in predator density on prey consumption. Five possible
functional response curves were fit to the data (Table 1). The null model
was the Holling Type-II functional response (H2; Holling, 1959), which
assumes no interaction among predators. The four other models that
were used included some form of predator-dependence (Skalski and
Gilliam, 2001): (1) the Beddington-DeAngelis model (BD; Beddington,
1975; DeAngelis et al., 1975), in which the predator attack rate, but not
handling time, is affected by predator density; (2) the Crowley-Martin
model (CM; Crowley and Martin, 1989), in which both the predator
attack rate and handling time are affected by predator density; (3) the
Hassell-Varley model (HV; Hassell and Varley, 1969), which is similar
to the BD model but allows for a nonlinear effect of predator density on
attack rate; and (4) ratio-dependent predation (RD, reviewed in Arditi
and Ginzburg, 2012) where the attack rate depends on the ratio of
predators to prey.

The maximum likelihood fit of each model was estimated using the
fmincon function with interior-point algorithm in the Matlab 8.4
(R2014b) optimization tool box. Likelihoods were calculated assuming
a normal error distribution and constrained functional response para-
meters to be nonnegative when appropriate. Handling times were
constrained to be positive and non-zero. The model that produced the
most parsimonious fit was determined by AICc.

3. Results

3.1. Experiment I: size-selective predation

There was a slight positive relationship between the sizes of drills
and consumed oysters (F-stat1,60= 4.49 p-value= 0.03 Fig. 1a, Sup-
plemental table1). However, the feeding rate did not change as a
function of predator size, with drills consistently consuming approxi-
mately one oyster every five days, or 0.2 oysters day−1, regardless of
drill size (F-stat1,60= 1.23; p-value=0.27; Fig. 1b, Supplemental table
1). Drills were found to consume more oysters between 50 and 74mm
in length, and fewer oysters> 74mm than expected by chance
(χ2

df=2= 17.38, p=0.0002, Fig. 1c).
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3.2. Experiment II: aggregate predation

Multiple aggregations were observed during feeding events in all six
drill-abundance treatments (Fig. 2). The occurrence of a feeding event
that involved two or more drills across all daily observations and
treatments ranged from 32% to 54%. In one case a feeding event that
involved an aggregation of ten drills on a single oyster was observed.
Across all treatment abundances, drills were observed feeding as an
aggregation more often than would be expected by chance, as described
by a Poisson distribution: 2-drill (χ2

df=2=23.8, p < 0.001), 3-drill
(χ2

df=3= 58.2, p < 0.001), 4-drill (χ2
df=4= 167.2, p < 0.001), 6 drill

(χ2
df=6= 791.8, p < 0.001), 8-drill (χ2

df=8=560.15, p < 0.001), and
12-drill (χ2

df=12= 81,698, p < 0.001). During the experiments, higher
frequencies of drill-free oysters (no aggregation) and aggregations of 3
to 8 drills per feeding event were observed, compared to aggregations
with 1 or 2 drills (Supplemental Fig. 2).

The relationship between both the aggregate and per capital feeding
rates and drill abundances followed a non-linear relationship (Fig. 3a,b,
Supplemental table 1). The aggregate feeding rate increased with drill
abundnace, but this rate declined as drill abundance increased, espe-
cially at lower oyster abundance treatments (Fig. 3a), and the per capita
feeding rate declined following a negative exponential relationship
(Fig. 3b). The per capita feeding rates also showed larger differences
among oyster treatments at low drill abundances compared to high drill
abundances when the per capita feeding rate was the lowest (Fig. 3b).

Each aggregate feeding rate was compared to an additive model,
which predicted no interference among drills and a linear increase in

the feeding rate (dashed line Fig. 4) based on the feeding rate of a single
drill (open square Fig. 4). Points above the predicted relationship in-
dicate facilitation, and points below the line indicate inhibition. While
all aggregate drill feeding rates were higher than the single drill feeding
rate of ~0.20 oyster/day−1, at the higher drill abundances there were
larger departures from the predicted additive model (Fig. 4). Across all
oyster abundances, the mean group feeding rate for the 2-drills treat-
ment was 0.50 (95% CI: 0.38–0.62) oysters day−1. The 95% CI of this
estimate included the prediction from an additive feeding model of 0.40
oysters day−1. The observed mean feeding rate for the 8-drill treatment
was 0.77 (95% CI: 0.66–0.88) oysters day−1, and the 12-drill treatment
was 1.3 (95% CI: 1.04–1.52). While these rates were higher than the 2-
drill treatment, they were significantly lower (i.e. no overlap with the
95% CI's) than the expected aggregate feeding rates under an additive
model, 1.6 and 2.4 oysters day−1 respectively (Fig. 4).

3.3. Experiment II: predator functional response

The CM model was the most parsimonious description of the pre-
dator functional response, compared to the predator-independent H2
model and the alternative predator-dependent models, BD, HV, and RD
(AICc weight= 96.5%, Table 1, Fig. 5a–f). The maximum likelihood fit
of the model had parameter c > 0 (maximum likelihood value 0.22,
standard deviation 0.05), indicating a negative effect of predator den-
sity on the attack rate and handling time (Table 1). As is typical for
functional response models, there was a strong correlation (r=0.89)
between the attack rate (parameter a in Table 1) and handling time

Table 1
Five functional response models that described how predator density affected the number of prey consumed per predator. For each model, we report the difference between the Akaike
Information Criterion (corrected for small sample size, AICc) score and that of the most parsimonious model (ΔAICc) and the AICc weights (w). All models included a variable for the attack
rate (a, units: day−1 [no. predators 0.25m−2]−1), handling time (b, units: [no. prey 0.25m−2]−1) for a given predator density (P, units [no. 0.25m2]−1), and prey density (N, units [no.
0.25m2]−1). In the BD, CM, and HV models the parameters c (units: [no. predators 0.25m−2]−1), and m (dimensionless) described the magnitude of predator facilitation (c < 0, m < 1)
or interference (c > 0, m > 1). The parameter s was the residual error term.

Model Formula Parameter Estimate SD AICc w

Holling type II (H2)
=

+
f N P( , )H

aN
bN2 1

a 0.0171 0.0357 42.8 <0.001
b 0.5142 0.2434
s 0.3703 0.0338

Beddington-DeAngelis (BD)
=

+ +
f N P( , )BD

aN
bN cP1

a 6.424× 104 3.344×107 9.9 0.007
b 2.614× 105 1.361×108

c 1.862× 105 9.692×107

s 0.2762 0.0246
Crowley-Martin (CM)

=
+ + +

f N P( , )CM
aN

bN cP bcNP1
a 0.2068 0.0532 0 0.965
b 0.5142 0.1690
c 0.2162 0.0519
s 0.2544 0.0234

Hassell-Varley (HV)
=

+
f N P( , )HV

aN
bN Pm

a 0.3385 0.1445 9.9 0.007
b 1.3785 0.7236
m 0.9908 0.1867
s 0.2762 0.0260

Ratio-dependent (RD)
=

+
f N P( , )RD

a N P
b N P
( / )

1 ( / )
a 0.3453 0.7881 7.7 0.021
b 1.411 3.8323
s 0.2762 0.0310
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(parameter b in Table 1, Supplemental Fig. 3a). While maximum like-
lihood estimates for these two parameters were strongly correlated,
their values were also jointly constrained by the value of the predator-
dependent parameter (c in Table 1, Supplemental Fig. 3b,c).

4. Discussion

This study demonstrated that drills, a major predator of oysters in
the northern Gulf of Mexico, disproportionately consumed oysters just
below legal harvest size (50–74mm in length). Drills at higher densities
were likely to feed in aggregations on fewer oysters and at higher drill
numbers per oyster than expected by chance. Although this aggregative
feeding behavior accelerated the loss of oysters (relative to treatments
with fewer drills), the per capita feeding rates of drills were reduced,
likely due to intraspecific inhibition. This observation was supported by
the fact that variation in the functional response of drill densities was

best described by the Crowley-Martin (CM) model, which can describe
intraspecific interference in both predator attacks rates and prey
handling times. The feeding rates may have been elevated due to in-
creased encounter rates that occur in mesocosms, but all experimental
tanks had similarly sized base areas, allowing for reasonable compar-
isons between experiments and among treatments. Future field ex-
periments would improve the description of the intraspecific interac-
tion of drills when feeding on oysters at high drill densities. The effect
of future drill outbreaks on oyster populations will depend on the
density and size of drills in the outbreak, and the ability to predict and
mitigate such intense predation events will require accounting for both
prey size selectivity for sub-legal oysters and intraspecific predator in-
hibition.

Drills have been documented as an important predator of oysters in
the northern Gulf of Mexico (Butler, 1954) and previous studies have
provided some insight on this predator-prey dynamic. Our study builds
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on this understanding by describing some novel details about the drill's
functional relationship. Similar to other studies, a single drill consumed
approximately one oyster every five days (Brown and Alexander Jr.,

1994; Garton, 1986), albeit with some minor variation probably due to
differences in temperature and salinity (Garton and Stickle, 1980). The
more striking and biologically meaningful result that emerged from our
study was that drills selectively consumed more medium-sized oysters
(50–74mm) relative to both large and small ones. This result differs
from Brown (1997) who did not detect a difference in the number of
oysters consumed based on size. Brown's (1997) size bins were larger
than the ones in this study, e.g. 50–95mm vs. 50–74mm and>74mm,
(based on conversions from wet weight, see Supplemental table 2). The
finer resolution of size bins in the present study indicated a pattern not
previously documented and could have been the reason for the differ-
ence compared to Brown's (1997) study. Because drills were found to
feed more than expected on sub-legal-sized oysters, predation could
negatively affect the number of oysters entering the fishery. In-
corporating this information could promote a more strategic manage-
ment of oyster harvesting.

In the second experiment, drills were often observed in feeding
aggregations, which occurred between ~30–50% of the time when an
oyster was being eaten, similar to field observations on natural oyster
reefs in Louisiana (Brown and Alexander Jr., 1994). Lower per capita
feeding rates have also been reported (Brown and Richardson, 1987;
Brown and Alexander Jr., 1994), but these studies did not use a re-
gression-based design to describe the relationship over a range of drill
densities. By using multiple densities, the present study showed that
increasing drill density caused a larger departure from the predictions
of an additive model. This result suggested interference among drills
occurred as the density increased. Combined with the functional re-
sponse analysis, these results suggest that inhibition occurred among
drills at high densities and reduced drill predation on oysters. This
study is the first to quantitatively describe the inhibition of drill feeding
rates at high densities and incorporating this information will also
promote a more strategic management of oyster harvesting.

Drills, like other estuarine and marine whelks, have been the subject
of many predation studies (e.g., Brown and Alexander Jr., 1994;
Garton, 1986; Fairweather et al., 1984; Hughes and Dunkin, 1984;
Fairweather, 1988a, 1988b; Burrows and Hughes, 1989, 1991; Sr Vadas
et al., 1994; Hughes and Grabowski, 2006). This study was the first to
quantify the functional response of drills at different densities, and
found that the Crowley-Martin (CM) functional response model was
overwhelmingly the best fit. Out of the four predator-dependent models
compared, the CM model was the only one that included an effect of
predator density on both the attack rate and handling time (the others
only included effects on attack rate). The handling time sets the
asymptotic maximum predation rate, so whereas the other four models
eventually converge on the same asymptote, the CM model (and the
data) exhibits substantially higher maximum per-capita feeding rates at
lower drill densities (Fig. 5). As a good comparison, the H2 model
multiplied by predator density overestimates the consumption rate
(Fig. 5b) compared to the fit of CM (Fig. 5f). This suggests it is not just
the number of predators but predator-predator interactions that affects
the consumption rate. It is good practice to compare the fit of different
models that incorporate predator dependence (Skalski and Gilliam,
2001) to describe how predator interactions affect the per capita
mortality more accurately. For this predator-prey interaction, the use of
an additive functional response model would not have accounted for
predator interactions during drill outbreaks.

In addition to including predator dependence, adding size-depen-
dent parameters could improve the predictive accuracy of functional
response models (McCoy et al., 2011). There have been a few studies
that have incorporated prey size into the predator functional response,
detecting subtle changes in the functional response of the predators for
different prey sizes (McCoy and Bolker, 2008; McCoy et al., 2011) or for
different ratios of predator:prey biomass (Aljetlawi et al., 2004). Al-
though we detected a relative preference of drills for medium-sized
oysters, logistical considerations prevented estimation of a functional
response that included both size-dependence and predator-dependence
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(in short, it was difficult to distinguish which drill consumed which
oyster in multiple-predator treatments and the width of our prey size
bins was too large to precisely quantify prey-size-dependence). The
primary goal of our size-dependent experiment was to determine
whether drills disproportionately feed on oysters above or below the
legal-size limit, in order to understand possible interactions with the
oyster fishery. However, follow up experiments specifically focused on
describing the effect of prey size could allow for a more nuanced de-
scription of drill predation on oysters and the effect that occurs during
these predator outbreaks.

Although evidence of inhibition among drills was found, how it
manifests itself among aggregations of drills is still unknown. Drills
locate prey using chemical cues (Smith, 1983) and then attack oysters
using a combination of radula scraping and acid secretions to penetrate
the valves (Butler, 1985; Brown and Richardson, 1987). Finally, the
drill releases a toxin and proteolytic enzyme to paralyze the oyster
abductor muscle and consume the soft tissue (Brown and Alexander Jr.,
1994). Aggregations of drills could inhibit each other through a variety
of possible mechanisms during the search and handling times. Further
investigation during both these periods is needed to describe the me-
chanism that is occurring. For example, chemical cues of an attacked
oyster may trigger other drills to pursue the injured oyster; however,
energy could have been better expended on searching for viable oysters

without other drills present. Additionally, multiple oyster drills may
interfere with one another for the optimal feeding position. Alter-
natively, there may be a negative effect of multiple drills releasing
toxins and proteolytic enzyme on nearby drills leading to longer
handling times. From an evolutionary perspective, it appears counter-
intuitive that drills would preferentially aggregate to feed when per
capita consumption is reduced in aggregations. However, one should
consider that the present study examined consumption purely from the
perspective of prey mortality; it is possible that energetic or other types
of fitness benefits accrue to aggregating drills. In any case, drills exhibit
this aggregative behavior at high densities both in the field (Brown and
Alexander Jr., 1994) and in the lab (Brown and Richardson, 1987;
Brown and Alexander Jr., 1994), a similar phenomenon as other in-
vertebrate predators that form consumer fronts during outbreaks
(Silliman et al., 2013). Thus, further investigation is warranted to de-
scribe the nature of inter-drill interference and any possible fitness
benefits to aggregation.

Although the specific mechanism(s) of the inhibition remains un-
known, documenting the per capita feeding rates of drills is important
to understand the long-term persistence of oyster populations and the
reef communities that they support. Oyster drills are believed to be one
of the most influential predators on oysters in the northern Gulf of
Mexico (Butler, 1954). They have frequently been observed to feed in
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aggregations on natural reefs (Brown and Alexander Jr., 1994). The
ability to model their feeding rates, based on fluctuations in drill den-
sity, is important for predicting how strongly oyster populations will be
altered by predator outbreaks. Drill outbreaks are likely to occur more
often due to regional drought conditions in the southeast United States
(Silliman et al., 2005; FFWCC, 2013) and increased freshwater usage
due to urban development, agriculture, and industry (Marella and
Fanning, 2011; Lawrence, 2016). As a result, there has been a reduction
in freshwater input into estuaries and longer durations of higher salinity
events (Petes et al., 2012). The oyster fishery within the Apalachicola
Bay, FL estuary has recently collapsed from what is believed to be a
result of poor juvenile survivorship (Pine III et al., 2015). In tandem
with low oyster recruitment, there was a large increase in the drill
population and increased predation on mature (adult) oyster popula-
tions and elevated oyster mortality more than expected from drought
alone (Kimbro et al., 2017). Our functional response research will help
subsequent efforts to model the degree to which this predator outbreak
and anthropogenic stressors that elevated water salinity caused the
collapse, as opposed to just the recruitment failure or over-fishing.
Because the frequency and persistence of drought conditions are pro-
jected to increase in the southeast United States throughout the next
century (Hanson and Weltzin, 2000), increased densities of drills may
occur more frequently, and for longer durations, throughout northern
GOM estuaries, potentially increasing mortality of oysters. Gaining a
better understanding of how drills successfully feed at these higher
densities will provide more accurate information for management plans
that will support the preservation and growth of eastern oyster reefs.

4.1. Conclusions

This study highlights the importance of incorporating ecological
reality into laboratory experiments, specifically using multiple pre-
dators to accurately describe predators-prey dynamics (Sih et al., 1998).
We have shown that manipulating biotic variables such as predator
density can improve functional response models. Including these types
of effects may be particularly important for systems experiencing rapid
increases in predator density –such as invasive species – because these
species might experience some degree of self-regulation. Additionally,
future experiments with the goal of describing predator-prey dynamics
should also incorporate abiotic variables to improve descriptions of the
mechanisms that produce natural patterns. Incorporating findings from
such laboratory studies can then be used to parameterize mechanistic
models (Boettiger and Hastings, 2013), which can predict how eco-
systems may change under different environmental conditions and
anthropogenic actions.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jembe.2018.01.005.
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