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Diamondback terrapins (Malaclemys terrapin) occur in coastal habitats along the Atlantic and Gulf coasts of the United
States and have experienced range-wide population declines due to habitat loss and entrapment in commercial and rec-
reational crab pots. While physical barriers have been proposed such as bycatch reduction devices, their effectiveness
is skewed towards the largest individuals. Diamondback terrapins are attracted to the same bait used to lure crabs, thus
causing them to become entrapped. An ex-situ experiment observing terrapin entry behavior to crab pots was performed.
Twelve locally caught Diamondback terrapins were exposed to both consumable and conspecific — members of the same
species — bait in a commercial crab pot. Interactions between terrapins and the crab pot were recorded, noting entries
and escapes, investigations and social behavior such as trailing behavior (one individual following another into the pot) and
investigation of conspecifics. Consumable baits had the greatest effect on terrapin entrapment relative to conspecifics or
non-baited crab pots. Both entry and escape rates increased throughout the experiment, representing possible evidence of
learned behavior. Expanded research on the relative attractiveness of baits should be conducted to determine if baits are
available that minimize the attractiveness of crab pots to terrapins. This study demonstrates the potential of conscious bait
choices and learned behavior as unexplored avenues for Diamondback terrapin conservation. The research should spur
investigation into bait choices in conservation efforts for other at-risk bycatch species and provide rationale for investigating
less conventional methods of conservation.

INTRODUCTION grazing periwinkle snails (Silliman and Bertness, 2002). The

Malaclemys terrapin (Diamondback terrapin; hereafter re- current range-wide declines in terrapin populations could
ferred to as terrapins) are a uniquely estuarine turtle on the contribute to collapses in coastal salt marsh ecosystems
Atlantic and Gulf coasts of the United States threatened by through the loss of biodiversity and marsh stability (Gibbons
activities associated with coastal development, such as com- €t al., 2001; Dorcas et al., 2007; CITES, 2013; IUCN, 2019).
mercial and recreational crabbing, habitat loss, and vehicle Bycatch and subsequent drowning in both commercial
mortality (Ernst and Lovich, 2009). Diamondback terrapins @nd recreational crab pots appears to be a major factor in
are an important component in estuarine food webs because ~ Population decline (Bishop, 1983; Roosenburg et al., 1997;
of their contribution to biomass production and partial main- Wood, 1997; Roosenburg and Green, 2000; Tucker et al.,

tenance of marsh grass populations through consumption of 2001; Grosse et al., 2009; 2011; Rook et al., 2010; Bury,
2011; Hart and Crowder, 2011; Harden and Williard, 2012).

Due to pronounced sexual dimorphism which results in sig-
nificantly larger females, the mortality rates of males and ju-
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son, NC 28035, USA 2007). Terrapin population stability is highly dependent on
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@ Crawford et al., 2014a). Reduced recruitment of males and
@ young females into the breeding population will likely have
detrimental effects on the stability of Diamondback terrapin
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Bycatch reduction devices (BRDs) are rectangular open-
ings that can be installed on to crab pot entrances to physi-
cally block terrapin entry due to the size of their carapace.
These devices are more effective with increasing carapace
size; therefore male and juvenile Diamondback terrapins
are more at risk of capture than females (Roosenburg and
Green, 2000; Wolak et al., 2010; Grosse et al., 2011; Hart
and Crowder, 2011; McKee et al., 2016). Several character-
istics of BRD usage have been researched, primarily, size
and orientation. Previous studies found that smaller, verti-
cally oriented BRDs are more effective in excluding terra-
pins (Wood, 1997; Roosenburg and Green, 2000; Butler and
Heinrich, 2007; Dorcas et al., 2007; McKee et al., 2016).
Despite BRDs appearing to have negligible effects on the
number and size of crabs caught per pot, commercial and
recreational crabbers have raised concerns over the pos-
sible negative effects that BRDs could have on Callinectes
sapidus (Blue Crab) capture rates (Wood, 1997; Roosen-
burg and Green, 2000; Butler and Heinrich, 2007; Rook et
al., 2010; Hart and Crowder, 2011). Crabbers located within
the range of Diamondback terrapins remain skeptical to-
wards the use of BRDs for fear of reducing the profitability
of the fishery.

Therefore, other methods for minimizing terrapin entry
and subsequent mortality in crab pots are vital to reducing
long-term Diamondback terrapin population decline. For
example, McKee et al. (2016) noted that different bait type
influenced crab pot attractiveness, evidenced by recorded
Diamondback terrapin entry rates. Bait type is an important
and under-studied aspect of terrapin entrapment and pres-
ents a possible avenue for combating terrapin entrapment.
Although commercial and recreational crabbers use a va-
riety of bait types, standardization may be possible if one
bait type proves less attractive to terrapins while maintaining
crab catch rates. Spatial and temporal restrictions on crab
trapping seasons, including distance-to-shore minimum dis-
tances and time of year, have also been recommended in
conjunction with BRDs (Hart and Crowder, 2011).

Two factors hypothesized to contribute to terrapin en-
try were examined: consumable baits (chicken, fish, and
shrimp) and conspecifics (members of the same species), as
Diamondback terrapins are a social species (Seigel, 1980).
Based on previous research, it was hypothesized that fish
would be the most attractive bait type to terrapins (McKee
et al., 2016). Researchers have noted abandoned crab pots
that have increased numbers of individuals within a single
pot, which suggests that social behavior resulting from the
presence of conspecifics may increase Diamondback ter-
rapin capture rates (Grosse et al., 2009). This hypothesis
was tested by recording the effects of sex and abundance
of conspecifics in crab pot attractiveness through Diamond-
back terrapin investigation and entry rates. It was additional-
ly hypothesized that the presence of mature females would
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attract males. Total entries per individual and the proportion
of investigations that yielded an entry were expected to vary
by attractiveness of the bait. An under-studied aspect of
Diamondback terrapin bycatch is the bait that inadvertently
attracts terrapins to crab pots. As such, this represents a
novel, effective approach for the conservation of Diamond-
back terrapins and other bycatch species.

MATERIALS AND METHODS

Twelve male Diamondback terrapins (mean plastron length
[ventral shell] = 104 mm, range = 94 - 111 mm) were collect-
ed from the tidal creeks surrounding Kiawah Island, South
Carolina, U.S.A. in May 2016 and released at their capture
location in July 2016. Seining was carried out by walking a
9 m net the length of a tidal creek. Morphological measure-
ments of Diamondback terrapin individuals were taken in ac-
cordance with procedures outlined by Dorcas et al. (2007).
The terrapins were transported in individual containers of
water taken from their capture location to the South Carolina
Aquarium, South Carolina, U.S.A. where they were housed
for the duration of the study. Specimens were fed every two
to three days with a variety of local fish sourced by the South
Carolina Aquarium. For easy video identification, each ter-
rapin individual was temporarily marked with a unique iden-
tification letter with an oil-based paint pen.

Terrapins were housed and tested in a circular, 1000
gal brackish water experimental tank (2.75 m diameter and
1 m deep) at the South Carolina Aquarium. Each ftrial in-
volved all twelve male terrapins to ensure that trials were
completed at naturally observed densities at Kiawah Island
(10 - 15 individuals per group as noted by McKee et al.,
2016). Trials were conducted twice per week so that the
test population had at least 48 hours between trials and ter-
rapins fasted for 48 hours before each trial. A commercial
box crab pot (60 cm x 60 cm x 45 cm) was modified by
extending a chimney above the water level to allow terra-
pins to breathe if they became entrapped. This allowed the
trial to be continuous as no terrapins had to be removed
due to a risk of drowning. The trial period began once the
pot had been lowered into the tank or when conspecific
bait was placed into the trap as bait. The trails lasted three
hours. The crab pot openings were unaltered and were large
enough to allow both entry and exit of all terrapins used in
this study. Trials were recorded with a GoPro Hero 4 (Go-
Pro, San Mateo, CA) camera mounted 10 cm above the
chimney. The population of 12 terrapins was evaluated once
for each of the nine bait types (control [no bait], chicken,
shrimp, fish [freshwater, family Osmeridae], one female ter-
rapin, two female terrapins, one male terrapin, two male ter-
rapins, and one male terrapin with one female terrapin) with
the order of trials randomly chosen and a control trial car-
ried out at both the beginning and end of the study period
(approximately two months) to quantify learned behavior.
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Figure 1. Terrapin entries and escapes (A) increased with time
(and trial number as a proxy measure of time) whereas inves-
tigations per entry and entries following a conspecific (B) did
not. Linear trend lines are presented in (A) with the solid line in-
dicating entries and dotted line indicating escapes. Trial number
indicates the order of the treatments which were as follows: (1)
control, (2) two female conspecifics, (3) one male conspecific, (4)
fish bait, (5) chicken bait, (6) one female conspecific, (7) two male
conspecifics, (8) shrimp bait, (9) one male and one female conspe-
cific, and (10) control.

The trial order was as follows: control, two conspecific fe-
males, one conspecific male, fish, chicken, one conspecific
female, two conspecific males, shrimp, one conspecific male
and female, and control, for a total of ten trials. Diamondback
terrapins used as conspecific bait were owned by the South
Carolina Aquarium and had no known previous interactions
with the wild caught individuals. Conspecific male Diamond-
back terrapins were never observed to escape from the
crab pot even though their size allowed it, and conspecific
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females were too large to fit back into the lower portion of
the pot. No specific precautions were, or had to be, taken to
limit escapes by the conspecific bait. The responses of ter-
rapins to different bait types was documented by observing
total entries and the proportion of investigations (individu-
als were observed to investigate the entrances to the pot
and attempting contact with captured individuals) resulting
in entries to the crab pot. Observational information of ter-
rapin behavior in and around crab pots was recorded. These
measures were timed between beginning of trial and entry,
total entries per individual, number of investigations, propor-
tion of investigations resulting in an entry, trailing behavior
(terrapins that entered within 60 seconds of another indi-
vidual), and number of escapes per individual. All research
described here was approved and permitted by the South
Carolina Department of Natural Resources (#SCI17-026)
and the Davidson College Animal Care and Use Committee
(#6-16-02).

Data Analysis

Replicated controls (one trial at the beginning and end of the
trial period) with no bait tested whether terrapins exhibited
learned behavior over the course of our two-month study.
All analyses were performed in R (R Core Team 2013). Be-
fore performing any analyses, Pearson’s correlations were
evaluated between trial number and our response variables.
If we identified significant correlations (a < 0.05), the residu-
als of that relationship were evaluated to correct for behav-
ior that changed through time. Linear mixed models were
initially used to fit data evaluating treatment effects using
individual terrapin identification numbers as a random effect
(package Ime4). Random effects and normality of these lin-
ear mixed models was evaluated and if normality was vio-
lated, the residuals were observed and a generalized mixed
model was performed assuming a negative binomial error
structure (package MASS). If random effects had distribu-
tions that overlapped with zero, the random effect was re-
moved from the model structure. Analyses of deviance were
performed to assess significance of bait type on our depen-
dent variables (see procedure below). For linear mixed mod-
els, this was accomplished with Satterwaite’s approximation
of F-ratios. For negative binomial models, a chi-square of
the residual deviance was used.

A two-step analysis was performed because of low pow-
er associated with limited sample sizes (n = 12). To reduce
the number of pairwise comparisons, the overall class of bait
(e.g. control, consumables, conspecifics) was tested to de-
termine whether it significantly influenced the total number
of entries or the proportion of entries per investigation. Pair-
wise Tukey post-hoc comparisons were then performed to
determine which treatments differed from the others (pack-
age multcomp). Differences within these nested categories
of bait type were evaluated. However, the low power of
these intraclass comparisons should classify these results
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Figure 2. Treatment affected residuals of the relationship be-
tween time and terrapin entry into crab pots (A) and the num-
ber of investigations per entry (B). Residuals are presented in
(A) because they were correlated with trial number, or time. For
conspecific treatments, numbers represent the number of individu-
als placed into the traps and “F” or “M” represent the sex of these
individuals. Error bars represent one standard error.

as preliminary rather than conclusive. Bonferroni corrections
were also made to minimize Type 1 error, or the probability
of finding a significant result where one does not exist.

RESULTS

Trial numbers (n = 10), as a proxy measure of time (ten trials
conducted over two months), were significantly affected by
entries per individual (R? = 0.14, P < 0.001), as well as es-
capes per individual (R? = 0.12, P < 0.001; Fig. 1A), but not
by the proportion of investigations that resulted in an entry
(R? = 0.008, P = 0.41) or the proportion of entries following
another terrapin entry (R? = 0.02, P=0.31; Fig. 1B). Terrapins
entered the crab pot 2.15 times more on average (mean) in
each successive trial, and escape rates increased by 1.88
times on average in each successive trial. Therefore, the
residuals of the relationship between individual entries and
time were used as the response variable for further analysis.
Terrapin size was uncorrelated with entry or escape (F, ,, =
0.053, P=0.822; F,, = 0.033, P = 0.0860).

Initially, a linear mixed model was used to assess the
effect of treatment class (for example control, food bait,
conspecifics) on individual entries using terrapin identifica-
tion number as a random effect. A Shapiro Wilk’s test was
significant (w = 0.88, P < 0.001) indicating non-normality of
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Table 1. Pairwise comparisons (with Bonferroni corrections)
between treatment types, food items, and characteristics of the
conspecific treatments including number of terrapins and their
sex. The estimate and standard error (SE) are provided for each pair-
wise comparison along with the test statistic (z) and p-value. Signif-
icance following Bonferroni corrections were evaluated at a < 0.05.

Estimate SE z p
Entries
Control - Food -0.78 0.27 -1.89 0.011
Control - Terrapin -0.08 0.29 -0.28 0.968
Food - Terrapin -0.86 0.20 -4.24 < 0.001
Food Type
Fish - Chicken -0.85 0.33 -2.57 0.048
Fish - Shrimp 0.05 0.39 0.14 0.999
Shrimp - Chicken -0.80 0.32 -2.47 0.063
Conspecifics
Number -0.93 0.38 -2.47 0.014
M-F -2.39 0.85 -2.82 0.011
M - Mixed 2.98 1.02 2.92 0.009
F - Mixed 0.59 0.48 1.23 0.412
Investigations per entry
Control - Food 0.17 0.23 0.72 0.750
Control - Terrapin 0.36 0.21 1.70 0.200
Food - Terrapin 0.52 0.16 3.23 0.003
Food Type
Fish - Chicken 0.01 0.32 0.03 0.999
Fish - Shrimp -0.14 0.34 -0.43 0.972
Shrimp - Chicken -0.14 0.33 -0.41 0.975
Conspecifics
Number -0.93 0.38 -2.47 0.014
M-F -2.39 0.85 -2.82 0.012
M - Mixed 2.98 1.02 2,92 0.008
F - Mixed 0.59 0.48 1.23 0.412

the residuals, and a negative binomial error structure was
implemented. Variance associated with terrapin number was
negligible (variance < 0.0001 + < 0.00001). Treatment class
significantly affected individual entry rates (deviance = 19.7,
P < 0.001; Fig. 2A), and residuals of this model were evenly
balanced around zero. As a class, consumable bait resulted
in significantly higher entries than those of control or con-
specific bait types (Table 1; Fig. 2A). Chicken resulted in
1.6 to 2.6 times more entries than shrimp or fish with simi-
lar numbers of entries. Neither conspecific sex nor number
had a significant effect on terrapin entry rates (Sex: deviance
= 3.09, P = 0.21; Number: deviance = 1.52, P = 0.22; Fig.
2A). Overall, terrapin entry rates were highest in response to
chicken bait and lowest in response to conspecifics.

In evaluating the proportion of investigations that yield-
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ed an entry, a linear mixed model revealed that terrapin
identity had little effect on the model (variance < 0.0001 +
< 0.00001) and the residuals of the relationship were non-
normal (w = 0.86, P < 0.001). Therefore, a negative binomial
error structure was used. The proportion of investigations
that resulted in an entry to the crab pot was significantly af-
fected by treatment class (control, consumable, conspecific;
deviance = 11.40, P = 0.003; Fig. 2B). Post hoc analyses
revealed that the difference driving this result was between
consumable bait and conspecifics (Table 1). No differences
among consumable baits were identified by pairwise evalu-
ation of food types. Within the conspecific treatments, the
number of individuals was not influenced by the response
variable (deviance = 0.22, P = 0.64), but mixed sex resulted
in significantly fewer entries per investigations (deviance =
10.9, P = 0.004; Fig. 2B).

Terrapins were observed investigating the trap where
entrapped terrapins were located rather than the actual
entrances. More time was spent by individuals investigat-
ing pots with entrapped conspecifics than bait or control tri-
als, but entry rates for this subset were the lowest (Fig. 2).
Conspecific bait had the highest level of investigations but
the lowest level of entries. In some cases, this number was
lower than that of the control trials. Within the conspecific
subset, a single female as bait had the highest level of entry.

DISCUSSION

Diamondback terrapin bycatch in commercial and recre-
ational crab pots is a contributing factor in regional popu-
lation declines, and the baits used to attract crabs repre-
sent possible approaches for reducing terrapin bycatch. It
was hypothesized that fish would be the most attractive bait
to terrapins and that the presence of conspecifics in a pot
would increase bycatch. Diamondback terrapin entrapment
events increased in frequency over the duration of the study
period (Fig. 1A), suggesting that repeated exposure to the
crab pots increased an individual’s likelihood of entering a
pot. Learned entry behavior resulting from positive pot inter-
actions, such as consuming bait, may have increased entry
rates over time. Evidence for this mechanism was present in
the second control trial, the last trial conducted temporally,
in which no bait was present, but terrapins entered the trap
at a similar frequency to the previous four trials which used
bait. This phenomenon was also qualitatively observed in
McKee et al. (2016). While no studies have quantitatively
examined behavioral plasticity in terrapin interactions with
crab pots, previous research has identified plasticity as a
driving force in promoting phenotypic changes in amphib-
ian and reptile behavior, including other turtle species, in re-
sponse to changing environments (Borenstein et al., 2008;
Urban et al., 2013). Increased escape rates over the study
period may be evidence that repeated experience with crab
pots without mortality could lead to learned escape behav-
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iors that could reduce mortality. At least in shallow waters,
the use of chimneys associated with crab pots is supported
by these results because chimneys provide opportunities for
the terrapins to access air while learning to escape. How-
ever, this presents a challenge in situ for conservation ef-
forts, as physically modifying crab pots would be difficult and
expensive.

Conspecific social interactions were observed in pre-
vious terrapin studies (Grosse et al., 2009; McKee et al.,
2016). While entries classified as trailing behavior did not
significantly increase over time, there was a slight positive
trend, suggesting that it may be a factor in increased entries
over time, but not the main factor (Fig. 1B). An interesting
component of social behavior observed in this study relates
to interactions between entrapped and free terrapins. While
comparisons among conspecific attraction are preliminary,
conspecific identity may play a supplementary role to bait
type in determining the attractiveness of a crab pot. Female
conspecifics had the highest level of entry, suggesting that
sexual attraction could be a factor in male terrapin investiga-
tions as social interactions have been observed in mating
rituals (Seigel, 1980). Further investigation into the role of
female and mixed sex conspecific bait is warranted due to
the role that social interactions play in Diamondback terra-
pin behavior. However, due to current declines of terrapins,
researchers must carefully design studies to limit the effects
of removing mature females from a population. The ability of
Diamondback terrapins to learn over time through interac-
tions with crab pots and conspecifics impacted the ability to
draw reliable inferences, and future studies should address
this.

Terrapin entry and investigation of crab pots was im-
pacted by consumable and conspecific bait types. Fish and
shrimp had similar levels of investigations and entries, but
chicken had the highest number of terrapin entries, in con-
trast to previous research suggesting that fish was the most
attractive bait for Diamondback terrapins (Fig. 2A and 2B;
McKee et al., 2016). Fish was also identified as the most
attractive bait for commercial Blue Crab trapping; therefore,
it may represent the best option for decreasing Diamond-
back terrapin attraction to crab pots while not decreasing
crab attraction (McKee et al., 2016). Indeed, many previous
studies on BRD efficacy have used fish as bait because it
is commonly used by commercial crabbers, but many spe-
cies of fish, smelt, mackerel, menhaden, herring, among
others, are used which may complicate conservation efforts
(Roosenburg et al., 1997; Anderson and McDonald, 2008;
Morris et al., 2011; McKee et al., 2016). In general, fish bait
is less expensive than chicken. Additionally, menhaden is
one of the most common species used in commercial crab-
bing, though recreational crabbers appear to use baits that
are readily available, including fish, chicken, and clams (An-
derson, 2014). Most crabbers purchase their bait from local
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wharfs or vendors, where market values regularly fluctu-
ate, making quantifying average bait prices difficult. Further
studies are needed to determine Diamondback terrapin at-
traction to these common crab bait species to determine if a
bait is available that is unattractive to terrapins, but attractive
to crabs. These results can then inform conservation efforts
to decrease Diamondback terrapin decline in populations af-
fected by crab pot bycatch.

Numerous studies have identified entrapment as a threat
to terrapin populations. The use of devices to physically
block entry, mainly BRDs, has presented promising conser-
vation avenues for larger individuals in a terrapin population
(Roosenburg and Green, 2000; Butler and Heinrich, 2007;
Rook et al., 2010; Bury, 2011; Hart and Crowder, 2011; McK-
ee et al., 2016). A combination of conservation measures
remains the most likely to be successful option for terrapin
management, but one controllable and overlooked factor is
bait type. Previous research identified spatial and temporal
restrictions on crab trapping seasons, including distance-
to-shore minimum distances and time of year restrictions,
paired with BRDs and fish or shrimp bait to be a possible
conservation option for limiting entrapment of Diamondback
Terrapins (Hart and Crowder, 2011). It is in the best interest
of both commercial and recreational crabbing communities
to support these conservation efforts as research by Morris
and colleagues (2011) demonstrated that the presence of
live terrapins decreases the number of Blue Crabs captured.
Additional studies should expand on this work to explore the
mechanisms of terrapin entrapment (that is, what attracts
terrapins to crab pots and what variables affect entrapment)
to better understand the nuanced effect that bait type may
have on entrapment. Furthermore, factors that encourage
escape by terrapins should also receive additional atten-
tion to prevent mortality associated with terrapin bycatch.
This research presents a synergistic approach to terrapin
conservation and will provide useful results for terrapins and
crabbers alike. It serves as a model system for limiting by-
catch in any fishing industry through small, individual-based
changes that can affect the larger industry.
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