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Abstract—When the blood of American
horseshoe crabs (Limulus polyphemus)
is extracted to create Limulus amebo-
cyte lysate, the crabs are often subjected
to warm temperatures and time out
of water, in addition to blood loss. The
goal of this study was to determine the
effects of these 3 stressors on the loco-
motor activity and hemocyanin (HCY)
levels of American horseshoe crabs. We
found that a full bleeding treatment
involving all 3 stressors had the biggest
impact on mortality and HCY levels,
followed by bleeding along with at least
1 other stressor. All of the treatments
resulted in similar small changes in
their overall activity and in the types
of biological rhythms expressed. There
was greater overall activity in animals
that had higher HCY levels (P<0.0001).
We also found that HCY levels were
lowest in the spring and early summer
and highest in the late summer and fall.
In each month, males had higher HCY
levels than females. These results indi-
cate that low HCY concentrations can
negatively affect the health of horseshoe
crabs. If biomedical facilities take sex
differences and seasonal fluctuations in
HCY levels into account, they might be
able to reduce some of the deleterious
effects of the bleeding process.
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Limulus amebocyte lysate, a substance
that can be extracted from the blood of
the American horseshoe crab (Limulus
polyphemus), is widely used to test
the sterility of pharmaceuticals and
medical implants. In order to provide
sufficient Limulus amebocyte lysate,
approximately 600,000 American horse-
shoe crabs are bled each year (ASMFC,
2019). It is not clear if this level of har-
vest can be sustained because of the
lethal and sublethal effects of the bleed-
ing procedure. Findings from several
studies indicate that blood extraction
results in varying levels of mortality
(reviewed in Krisfalusi-Gannon et al.,
2018). Although the entire biomedical
bleeding process involves several stress-
ors, the blood removal itself results in
increased rates of mortality compared
with those of control animals (Rudloe,
1983; Kurz and James-Pirri, 2002), and
the amount of blood removed has an
impact on how many die from the pro-
cedure. When animals had 10-30% of
their blood volume removed, only 8% of
the animals died, but when 40% of their
volume was removed, the mortality rate
was 29% (Hurton and Berkson, 2006).

Mortality rates associated with the
full bleeding treatment, which includes
some additional stressors described
later, have ranged from 5% to 30%
(Thompson, 1998; Walls and Berkson,
2000, 2003; Hurton and Berkson, 2006;
Leschen and Correia, 2010; Anderson
et al., 2013), with differential mortality
rates between the sexes (15% for males
and up to 29% for females; Leschen and
Correia, 2010; James-Pirri et al., 2012).

When American horseshoe crabs are
harvested and transported back and
forth to the bleeding facilities, they
are subjected to a variety of stressors,
including exposure to air and warm
temperatures. For example, they spend
a significant amount of time out of
water when they are left on the decks of
boats, and on docks, or are in the trucks
that transport them to and from bleed-
ing facilities (ASMFC'). In addition,

LASMFC (Atlantic States Marine Fish-
eries Commission). 2012. 2012 review of
the fishery management plan in 2011 for
horseshoe crab (Limulus polyphemus),
15 p. Prepared by the ASMFC Horseshoe
Crab Plan Review Team. ASMFC, Arling-
ton, VA. [Available from website.]
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because they are often in direct sunlight on vessels and
docks or are transported in trucks with poor temperature
control (ASMFC!), they are exposed to temperatures that
are much warmer than the water from which they are cap-
tured. Finally, because up to 30% of their blood is removed,
many of the important functions of hemolymph will be
compromised (Novitsky, 1984; James-Pirri et al., 2012).
The 6 major biomedical companies in the United States
have slightly different collection, handling, and bleeding
procedures; nonetheless, American horseshoe crabs must
endure varying amounts of 3 stressors: air exposure, ele-
vated temperatures, and blood loss.

Although mortality often occurs as a result of the bio-
medical bleeding process, it is not clear what parts of the
process have the greatest impacts on the probability that
animals will die during, or after, the procedure. Hurton
and Berkson (2006) found that mortalities of American
horseshoe crabs significantly increased when they exposed
them to a combination of stressors, and studies of tech-
niques in the capture of other marine species also have
revealed that mortality is affected by the synergistic com-
bination of multiple stressors (Schisler et al., 2000; Schulz
and Dabrowski, 2001; Hatch and Blaustein, 2003). There-
fore, Hurton and Berkson (2006) highlighted the need for
studying the cumulative effect of the multiple stressors
that American horseshoe crabs experience during the
bleeding process. One of the major goals of this study
was to identify which of these stressors contributes to the
behavioral and physiological deficits (described later) that
have been observed in some American horseshoe crabs
subjected to the entire process.

American horseshoe crabs that survive the biomedical
bleeding process may take some time to fully recover. For
example, Novitsky (1984) found that it takes 3-7 d for
a bled American horseshoe crab to regain its total blood
volume and up to 4 months for amebocytes to return to
baseline levels. James-Pirri et al. (2012) reported that
bled American horseshoe crabs released back into their
natural environment had a random direction of movement
compared with the movement patterns of control animals,
and Anderson et al. (2013) found that the bleeding pro-
cess led to decreases in activity levels, expression of cir-
catidal rhythms, linear and angular movement velocities,
and hemocyanin (HCY) levels. Finally, we recently found
that, although bled animals released back into their nat-
ural habitat had seasonal movement patterns and overall
activity levels that were similar to control animals, bled
females spawned less during the 2-week period after they
were released (Owings et al., 2019). This result motivated
us to examine the effect of bleeding in a more controlled
environment, one in which we could more continuously
monitor behavior and HCY levels of animals.

Because of the variety of important functions of
HCY, reductions in HCY levels due to bleeding could
lead to decreases in fitness of the American horseshoe
crab. Hemocyanin is important for transporting oxygen
(Redmond, 1955; Mangum, 1980), eliciting the primary
immune response (Coates et al., 2011), contributing to
wound repair and cuticle hardening (Adachi et al., 2005a),

molting (Adachi et al., 2005a, 2005b; Kuballa and Elizur,
2008; Kuballa et al., 2011; Glazer et al., 2013), and osmo-
regulation (Paul and Pirow, 1998). Furthermore, environ-
mental conditions, such as increased temperatures and air
exposure, can affect HCY concentrations (Mangum, 1980;
Burnett, 1988; Coates et al., 2012). In fact, the combina-
tion of warm temperatures, which elevate the metabolic
rate of animals and reduce the amount of oxygen in the
water, air exposure, which makes it harder for gills to
obtain oxygen, and blood loss, which makes oxygen trans-
portation more difficult, can compromise the ability of the
American horseshoe crab to provide sufficient oxygen to
cells in need. Therefore, the combination of stressors asso-
ciated with the bleeding process could have much more
severe consequences than blood loss alone.

In this study, our main objective was to determine
which of the 3 stressors or combination of these stress-
ors (Table 1) had the largest impact on the behavior and
physiology of the American horseshoe crab. Animals were
collected from the Great Bay Estuary in Durham, New
Hampshire, baseline levels of HCY and locomotor activity
were obtained, and subsets of the animals were exposed
to each stressor combination (e.g., bled and exposed to air,
unbled and exposed to air, and bled and elevated tempera-
tures). Then we monitored their behavior and HCY levels
for 2 weeks posttreatment in the laboratory.

Materials and methods
Animal collection and experimental setup

In 2016, 48 male American horseshoe crabs were collected
by scuba divers at Fox Point in the Great Bay Estuary
during June—October. In 2017, 63 female American horse-
shoe crabs were collected by scuba divers at Fox Point
in June and July. All captured crabs were brought back
to the University of New Hampshire Jackson Estuarine
Laboratory (JEL), where an initial blood sample was col-
lected and animals were fitted with HOBO? accelerome-
ters (HOBO Pendant G Data Loggers, Onset Computer
Corp., Bourne, MA). The HOBO accelerometers were used
to record triaxial orthogonal measurements of the accel-
eration (in meters per second) of individual American
horseshoe crabs, and they were programmed to record a
reading every minute. The accelerometers were attached
to the dorsal carapace of each individual by first creating
a harness, with 2 cable ties attached to the center of the
prosoma with duct tape and cyanoacrylate, and then plac-
ing the accelerometer faceup in the harness and fasten-
ing cable ties over it. This arrangement made it relatively
easy to weekly remove the accelerometers, download the
data, and then replace them again with minimal distur-
bance of the animals.

2 Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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Table 1

The combinations of stressors and the time periods for treatments to which groups
of American horseshoe crabs (Limulus polyphemus), collected in the Great Bay
Estuary in New Hampshire, were exposed during laboratory experiments in 2016
and 2017. Treatments included 1 or more of the following 3 stressors: exposure to
air, exposure to heat, or bleeding. These 3 stressors were chosen to simulate what
American horseshoe crabs experience during the biomedical bleeding process, as
well as during capture and transport. Several of the treatments were repeated in
2016 and 2017. In 2017, for some of the groups exposed to air, animals were covered
with moist burlap. The average water temperature for each month is also provided.

Time period

Air, heat, and bled
Air, heat, and bled (burlap)

2016 2017
Treatment group June August  October June July
Temperature 18.4°C 22.3°C 14.0°C 17.7°C 20.7°C
Control x x x
Bled X x x
Air X
Air (burlap) X x
Air and bled x
Air and bled (burlap) x x
Air and heat X
Air and heat (burlap)

Animals were then placed into individual circular mesh
enclosures (1-m diameter) within larger flow-through
850-L tanks (183 x 92 x 50 cm) filled with estuarine water
and located outside of JEL. There were 2 enclosures per
tank, and they were exposed to natural light and a dark
cycle (enclosures were not covered). HOBO temperature
data loggers (Onset Computer Corp.) were placed in the
tanks to monitor the water temperature for the duration
of each of the experiments. Behavioral data were collected
for 1 week prior to exposure of animals to a given treat-
ment, and then blood samples were taken and data were
downloaded from the accelerometers.

Once the accelerometers were reattached, individuals
underwent their designated treatment (described later)
and then were returned to their tanks. Animals were
kept in these tanks for 2 weeks after undergoing treat-
ment, and their activity was monitored continuously, as
described previously. Additional hemolymph samples were
taken from each animal 7 and 14 d after their treatments.

Treatment groups

Animals were assigned to different treatment groups on
the basis of which of the following 3 stressors, or combina-
tion of these stressors, to which they were exposed: bleed-
ing, air exposure, and heat (Table 1). All experiments were
carried out during June—October of 2016 and June—July
of 2017. In 2016, 3 trials were completed, with 2 treat-
ment groups of 8 animals each, per trial. In 2017, 2 trials

were carried out, 1 trial in June and 1 trial in July, and
each trial involved all of the treatment groups. There were
5 animals per treatment group in June and 4 animals per
group in July.

Biomedical bleeding procedure

After all animals were monitored for baseline activity for
1 week, another 1-mL hemolymph sample was taken, and
they were exposed to their randomly designated stressors
(Table 2). The full bleeding treatment took 52 h, a time
that was chosen to mimic the procedure used in several
previously published studies (Hurton and Berkson, 2006;
Leschen and Correia, 2010; Anderson et al., 2013; Owings
et al., 2019) and to be similar to what animals may expe-
rience when bled by companies in the biomedical indus-
try. First, American horseshoe crabs were placed in 189-L
plastic barrels, and HOBO temperature data loggers were
placed in each of the barrels. Then, the barrels were placed
outside of JEL for 4 h, or next to a space heater in the JEL
greenhouse, depending upon the temperature and ambient
sunlight during the selected day; mean temperature during
this time, for all trials, was 31.5°C (standard deviation [SD]
1.9). This step was designed to replicate the duration of
time spent on the deck of a boat or on a dock in the summer
prior to transport to a biomedical bleeding facility.

After the first 4 h, the barrels were placed in the back
of a car and driven around for an additional 4 h to simu-
late time spent in a truck traveling to a bleeding facility



228

Fishery Bulletin 118(3)

Table 2

Summary of the schedule of treatment activities for each
experiment conducted in 2016 and 2017 on American
horseshoe crabs (Limulus polyphemus) collected in the
Great Bay Estuary in New Hampshire. Animals were
assigned to different treatment groups and exposed to
stressors to determine their effects on locomotor activity
and hemocyanin levels.

Day  Treatment activity

1 1-mL hemolymph sample taken.
Placed in individual tanks for 1 week for collection
of baseline behavioral data.
8 1-mL hemolymph sample taken.
First day of treatment.
9 Second day of treatment.
Hemolymph extracted if bled.
10 Third and last day of treatment.
Returned to tanks.
17 1-mL hemolymph sample taken.
Data downloaded from accelerometers.
24 1-mL hemolymph sample taken.
Experiment ended.

(23.3°C [SD 2.4]). Then, the barrels were placed indoors
for 16 h at JEL to simulate time spent overnight at a
bleeding facility (20.0°C [SD 2.1]). Finally, 30% of their
hemolymph was extracted (Hurton et al., 2005), and they
were returned to their barrels where they remained for
another 24 h to replicate a second night at a bleeding facil-
ity (19.4°C [SD 1.9]). The barrels were then placed back
into a car for 4 h (22.3°C [SD 2.2]) to simulate transpor-
tation back to the dock, where they would be loaded on
vessels and returned to their capture location. Lastly, all
animals were returned to their respective flow-through
estuarine-water tanks, and their activity and HCY levels
were monitored for another 2 weeks.

Control animals remained in their tanks throughout the
duration of the experiment, except when blood samples
were collected or data were downloaded from accelerome-
ters. Animals that were in the control group also remained
in the outdoor tanks, except for when 30% of their hemo-
lymph was extracted on day 10 and for the brief periods
of time when blood samples were collected approximately
every 7-10 d. The animals that were exposed to one or
more of the stressors were treated as outlined as follows,
and each stressor was provided in the same manner as
described previously for the full treatment:

e Bled: animals were subjected to hemolymph
extraction on the second day of treatment.

e Air: on the first day of treatment, animals were
placed inside the barrels inside JEL for the first 4 h.
They were not left outside in direct sunlight or next
to a space heater.

e Heat: animals were exposed to direct sunlight or
next to a space heater for the first 4 h.

e Burlap: animals were treated like those in the group
exposed to air but were covered with moist burlap
when they were in the barrels.

e Two stressors: animals were treated just like those
exposed to the full treatment, except at least one
of the stressors was omitted. For example, animals
exposed to air and bled were treated the same as
those subjected to the full treatment, but they were
not exposed to heat while they were in the barrels.

e All 3 stressors (full treatment): described previously.

Hemolymph extraction

Hemolymph was extracted following the procedures of
Armstrong and Conrad (2008) and Anderson et al. (2013).
First, the membrane between the prosoma and opistho-
soma was exposed and cleaned with 70% ethanol. Then an
18-gauge needle was inserted through the membrane and
into the underlying heart, and hemolymph was withdrawn
and placed in pre-chilled 50-mL conical tubes. An esti-
mated 30% of the total hemolymph volume was extracted,
if possible. The tubes containing the extracted blood were
then placed on ice until further examination. Total hemo-
lymph volume for each individual was calculated by using
the following equation from Hurton et al. (2005):

H= 25.780'1928(10)'

where H = hemolymph volume (in milliliters); and
10 = interocular width (in centimeters).

Concentrations of HCY (in milligrams per milliliters) were
measured by using a modified procedure from Coates et
al. (2012) and Anderson et al. (2013). Briefly, hemolymph
samples were centrifuged for 10 min at 3000 g and 4°C.
Then, an aliquot of hemolymph was diluted (1:100) in
0.1 M Tris-HCI buffer (pH 7.5) in a quartz cuvette with
a path length of 1 cm. The absorbance was measured
at 280 nm on an Ultrospec 3100 pro UV/Visible spec-
trophotometer (Biochrom Ltd., Cambridge, UK). Values
were standardized by using a predetermined absorption
coefficient of 1.39 mg/mL HCY solution (Coates et al.,
2012). This value was verified by using a Pierce Modified
Lowry Protein Assay Kit (ThermoFisher Scientific Inc.,
Waltham, MA).

Data analyses

Because of variations in the baseline data for all the ani-
mals exposed to treatments, data were converted and are
shown as percentages of baseline for HCY levels and over-
all activity. This conversion or normalization approach also
allowed us to pool treatment groups together (Table 3),
except for the air, heat, and bled groups between 2016 and
2017 because there were significant differences in base-
line HCY and activity levels between these groups in the
these years as well as a large difference in water tempera-
tures (2016: 14.0°C [SD 1.9]; 2017: 19.2°C [SD 1.7]).
Multivariate analyses of variance (MANOVA) were used
to test for effects of time and treatment groups on HCY
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in the Great Bay Estuary in New Hampshire.

Table 3

Treatment groups for which data were pooled in analyses of the effects of stressors on American horseshoe
crabs (Limulus polyphemus) in laboratory experiments conducted in 2016 and 2017. Treatments included
1 or more of the following 3 stressors: exposure to air, exposure to heat, or bleeding. For every treatment
that was repeated more than one time, data for baseline levels of hemocyanin and activity, and for water
temperatures, were pooled, except for data from applications of the full bleeding treatment (all 3 stressors)
in 2016, because of differences in baseline data and water temperatures between 2016 and 2017. Data
from the only 2 experiments involving the full treatment in 2017 were grouped because of similarities in
baseline hemocyanin and activity levels, as well as in water temperatures. In 2017, for some of the groups
exposed to air or heat, animals were covered with moist burlap. The time periods of treatments and the
average water temperature for each month are also provided. Animals used in experiments were collected

Time period

2016 2017
Treatment group June August  October June July Pooled
Temperature 18.4°C 22.3°C 14.0°C 17.7°C 20.7°C
Control x x x Yes
Bled X X X Yes
Air x No
Air (burlap) x X Yes
Air and bled X No
Air and bled (burlap) x x Yes
Air and heat x No
Heat (burlap) x x Yes
Air, heat, and bled X X X 2016: No; 2017: Yes
Air, heat, and bled (burlap) x Yes

levels and on overall activity. Two-way analyses of vari-
ance were also used to test for effects of different months
and years, as well as of different months and sexes, on
HCY levels. Tukey’s honestly significant difference (HSD)
post hoc test was used to examine significant differences
between means of treatment groups for HCY and overall
activity levels across different months, years, and sexes,
with a threshold significance level (o) of 0.05. Unpaired
Student’s ¢-tests were used to compare baseline HCY lev-
els in animals that died with those in animals that sur-
vived. Correlation and linear regression analyses were
used to determine relationships between HCY concentra-
tions and overall activity levels.

An acceleration threshold of 0.1 m/s? (Watson et al.,
2016) was used to classify an animal as being either active
or inactive. Then these data were examined in 5-min bins,
and if an animal exceeded the 0.1 m/s® threshold during
any of the minutes in that 5-min bin, it was considered to
have been active for that 5-min period. These values were
used to create actograms by using Actogramd and were
analyzed to determine the types of rhythms expressed
by animals (Schmid et al., 2011). Specifically, the Lomb—
Scargle method was used to determine when animals had
significant circatidal (~12.4 h) or daily (~24 h) rhythms,
with peaks exceeding an o of 0.001 (tidal range: 10-14 h;
daily range: 22-26 h). Animals were considered arrhyth-
mic if no significant peaks were observed in either range).

Results
Mortality

Combined mortality rates varied across the different exper-
imental groups, and with the exception of the control group,
there was at least one mortality resulting from each of the
3 different individual stressors (air exposure, heat, and
bleeding) (Table 4). The overall mortality rate from all of the
treatment groups, not including control animals, was 17%.
All mortalities (number of samples [n]=15) occurred 1-2 d
posttreatment, except for the death of one animal in the
group exposed to all stressors that died 12 d posttreatment.

In 2016, when we used all males, there were only 2 mor-
talities throughout all of the treatment groups (Table 4).
One mortality was in the bled group (n=7), and the sec-
ond was in the group bled and exposed to air (n=7). In
2017, we used all females, and there were 13 mortalities.
In June 2017, there were 4 mortalities, all in American
horseshoe crabs that received the full bleeding treatment.
In July 2017, there were 9 mortalities, including 6 of the
8 animals in the full bleeding treatment groups (with and
without burlap). It should be noted that the water tem-
peratures were warmer in July than in June (average:
17.7°C [SD 2.1] in June and 20.7°C [SD 1.2] in July), and
this difference in temperatures might have been one rea-
son why there were more mortalities in July.
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Number of mortalities and mortality rates of American horseshoe crabs (Limulus polyphemus) in each of the differ-
ent treatment groups of experiments that exposed animals to air, heat, or bleeding. Several of the treatments were
repeated in 2016 and 2017. In 2017, for some of the groups exposed to air, animals were covered with moist burlap.
The time periods of treatments and the average water temperature are provided for each month. Mortalities are
given as the number of animals that died per the number of animals in a treatment, and mortality rates are given
as percentages. Animals used in experiments were collected in the Great Bay Estuary in New Hampshire.

Table 4

Time period

2016 2017
Combined

Treatment group June August October June July mortality rate

Temperature 18.4°C 22.3°C 14.0°C 17.7°C 20.7°C

Control 0/8 0/4 0/4 0%

Bled 1/7; 14% 0/5 0/4 6%

Air 0/8 0%

Air (burlap) 0/5 2/4; 50% 22%

Air and bled 1/7; 14% 14%

Air and bled (burlap) 0/4 1/4; 25% 13%

Air and heat 0/7 0%

Air and heat (burlap) 0/4 0/4 0%

Air, heat, and bled 0/8 2/4; 50% 4/4;100% 2016: 0%; 2017: 75%

Air, heat, and bled (burlap) 2/5; 40% 2/4; 50% 44%
Hemocyanin levels

* k% *%*
Effects of different treatments The average 155 * *% %k | kx|
baseline HCY level for all animals was 7 ]
40 mg/mL (SD 20), with a maximum value ] * ] Baseline
of 96 mg/ml and a minimum value of © 100+ I ] I
2 mg/mL. Because of this variability in the 2 mVieak)
initial HCY levels, data are expressed as -g 80+ m Week 2
percent changes from the baseline levels. <]
Every treatment group had a decrease g 601
over time in HCY levels from the base- 8
line concentration, including the control § e
group (MANOVA: Fg 5,,=6.09, P<0.0001) =
and all groups combined (MANOVA: 2
Fl9.940=44.5, P<0.0001), but changes 5
: : T T T

We.re more pronounc.ed .1n certf';un g‘ml.lps Control Air (burlap) Air, heat, Air, heat,
(Fig. 1). There was a significant interaction bled bled (burlap)
between treatment and time on HCY lev-
els (MANOVA: F4040=2.112, P=0.006). Figure 1

Post hoc analyses revealed that the HCY
concentrations in the control group and
the groups exposed to air (with burlap),
and heat (with burlap) treatments (data
not shown) were significantly higher than
those of the group that received the full
bleeding treatment (air, heat, and bled)
over time (Tukey’s HSD test: P<0.05).

Seasonal differences Male American
horseshoe crabs were collected from

Mean percent change in hemocyanin concentrations of American horseshoe
crabs (Limulus polyphemus) from baseline levels before treatments to levels
1 and 2 weeks after exposure to stressors in laboratory experiments con-
ducted in 2016 and 2017. The treatment groups included a control group
(number of animals [rn]=16), a group of animals exposed to air only and
covered with moist burlap (n=7), and groups of animals exposed to air, heat,
and bleeding without (2=8) and with (n=5) a burlap cover. Significant dif-
ferences between baseline levels and levels 1 and 2 weeks after treatment
are denoted with asterisks: P<0.05 (*), P<0.01 (**), and P<0.001 (***). Error
bars indicate standard errors of the mean. Animals used in experiments
were collected in the Great Bay Estuary in New Hampshire.




Owings et al.: Effects of bleeding on behavior and hemocyanin levels of the Limulus polyphemus 231

F(1,222)=23.27, P<0.0001) (Fig. 3), With
males having significantly higher HCY

levels in all months than females, except

in July and October.

Relationship between hemocyanin levels
and mortality Because of the higher
number of mortalities in 2017 (13) than
in 2016 (2), only data from 2017 were
used for this analysis. The average HCY
concentration for the animals in the
groups that did not have mortalities
was 23 mg/mL (SD 14). In contrast, the
baseline HCY level in animals that died
(n=14) was 13 mg/mL (SD 9), which is
significantly lower than that in animals

*
907 m2016
807 m2017 |
s 707 |
£ o |
[ =
S~
| 50_
SE
o>
(]
>
8 30-
£
£ 20-
10 -
0_
May June July
Figure 2

that survived (n=21; 30 mg/mL [SD 14];
unpaired Student’s ¢-test: P=0.008). In
general, animals that had low baseline

Sept. " Oct.

Monthly mean hemocyanin concentrations of male American horseshoe crabs
(Limulus polyphemus) collected during 2016 and 2017 in the Great Bay Estu-
ary in New Hampshire. The numbers of animals for which hemocyanin con-
centrations were measured in 2016 and 2017 are respectively 0 and 12 in May,
16 and 10 in June, 3 and 31 in July, 16 and 38 in August, 16 and 15 in Septem-
ber, and 16 and 8 in October. Significant differences between months (P<0.001)
are denoted with an asterisk (*). Error bars indicate the standard errors of
the mean.

levels at the start of treatment, which
included a combination of stressors,
were at a greater risk of dying from the
procedure.

Combined effects of stressors and hemocy-
anin levels on mortality Using all of the
data previously presented here, we were
able to determine a HCY threshold of
mortality risk for animals that are col-

June through October in both 2016 and 2017. Males
obtained in the fall had significantly higher HCY levels
than those collected in the spring in both years (MANOVA:
F 5 940=30.31, P<0.0001), and overall HCY levels were sig-

lected for the bleeding process (Fig. 4). For the animals
that were collected between 2016 and 2017, the maximum
baseline HCY level was 120 mg/mL, and the average start-
ing baseline level was 24 mg/mL. Animals that died as a

nificantly higher in 2017 than in 2016
(MANOVA:  F(4940=76.36, P<0.0001)
(Fig. 2). Results of post hoc analyses
indicate that animals collected in May
and June had similar HCY levels, ani-
mals collected in July had HCY concen-
trations that were significantly higher
than the levels of animals captured in
May and June, and animals collected in
August—October had similar HCY con-
centrations, the highest average HCY
levels of around 70 mg/mL (Tukey’s HSD
test: P<0.05). Animals collected in
August had the highest peak in HCY lev-
els among animals captured in any
month, and animals collected in May had
the lowest levels.

In 2017, hemolymph samples were
collected from both males and females,
and the HCY concentrations followed the
same seasonal variations discussed previ-
ously, with both males and females having
the lowest levels in the spring. In addition,
we found some differences in monthly
HCY levels (MANOVA: F(5959=26.63,
P<0.0001) between the sexes (MANOVA:
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E‘ 60 * * :|:
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E 401
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20
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Comparison of monthly mean hemocyanin concentrations in male and female
American horseshoe crabs (Limulus polyphemus) collected from the Great Bay
Estuary in New Hampshire in 2017. The numbers of males and females for
which hemocyanin concentrations were measured are respectively 11 and 12
in May, 74 and 10 in June, 6 and 31 in July, 13 and 38 in August, 12 and 15 in
September, and 4 and 8 in October. Months with a significant difference in levels
between sexes (P<0.05) are denoted with an asterisk (*). Error bars indicate the
standard errors of the mean.
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Hemocyanin (HCY) levels of American horseshoe crabs (Limulus polyphemus),
collected from the Great Bay Estuary in New Hampshire, in relation to their
mortality risk during the 14 d after exposure to stressors in laboratory experi-
ments conducted in 2016 and 2017. The solid black line indicates the mortality
risk threshold of 32 mg/mL. Animals with initial HCY levels above this value
rarely died during the bleeding process. The dashed black line represents the
most critical threshold of 13 mg/mL, a baseline concentration at which ani-
mals were most likely to die as a result of the bleeding process. Shades of
gray indicate the health status of animals based on HCY levels before the
bleeding process, with darker shades indicating low health: animals were not
as affected by bleeding if they had HCY concentrations of 32—65 mg/mL and

increased significantly in week 1 and
then went back down in week 2.

Biological rhythms Across treatment
groups, and over time, American horse-
shoe crabs expressed a variety of daily
and tidal rhythms, and some animals
were arrhythmic. Initially, 37% of the
animals exhibited tidal rhythms, 38%
had daily rhythms, and 25% expressed
no statistically significant rhythms.
Although the majority of control ani-
mals (14 of 16 crabs) maintained their
baseline rhythms throughout the dura-
tion of the study (Fig. 6), a number of
the animals in the other treatment
groups shifted from one type of rhythm
to another at some point after the con-
trol week. It did not appear as if burlap
made much difference; therefore, for this
analysis, we grouped similar treatments
that did or did not involve the use of bur-
lap. We found that only 2-3 animals in
each treatment group, including those
that were exposed to the full treatment
(2 of 12 crabs), switched their rhythms in

especially if their levels were 65—-120 mg/mL.

the week following the treatment, except
the air and heat treatment group. In this

result of being exposed to one of the treatments tended to
have lower levels (average: 13 mg/mL; range: 2-32 mg/mL)
than those that survived (average: 46 mg/mL [SD 19]).
Therefore, there appears to be a healthy threshold level of
HCY (13 mg/mL), and if animals that have HCY levels
below this threshold are bled, they have a much greater
probability of not surviving the procedure (Fig. 4). In addi-
tion, HCY levels tend to decrease in American horseshoe
crabs held in captivity; hence, they might fall below this
healthy threshold value of HCY over time (Fig. 4). For
example, in control animals, we saw an average 10%
decrease in HCY levels over a 1-week period (7 d) and a
27% decrease over a 2-week period (14 d) from baseline
levels (day 0) (Fig. 2). Therefore, animals that start with
low levels of HCY, and that are held in captivity before
they are bled, are least likely to survive.

Effects of bleeding and associated stressors on crab behavior

Overall activity levels Overall, there were no consistent
changes in the overall activity levels of American horse-
shoe crabs exposed to any of the treatments (Fig. 5). In
comparison with their activity during the 1-week con-
trol period, only the groups exposed to air, or air and
heat, expressed a significant change in activity either
1 or 2 weeks after their respective treatments (Table 1).
The activity levels of animals in the group exposed to air
were significantly lower in week 2 than in the control
week, and the activity of the group exposed to air and heat

group, almost half (7 of 15) of the Amer-
ican horseshoe crabs switched rhythms
immediately after their treatments, and then they tended
to continue expressing that pattern for the rest of the
study.

Relationship between activity and hemocyanin levels Taken
together, the data reported here indicate that a reduc-
tion in HCY levels reduces the overall activity of Amer-
ican horseshoe crabs and increases the likelihood that
animals could die if exposed to other stressors, such
as bleeding. Therefore, we examined the relationship
between overall activity levels and HCY levels in 87 ani-
mals in both 2016 and 2017, and we found that animals
that were the most active also tended to have higher
HCY levels (n=87; F(; g=17.01, P<0.0001, coefficient of
multiple determination [R?]=0.16) (Fig. 7).

Discussion

The main objective of this study was to determine which
of the stressors, or combination of stressors, associated
with the biomedical bleeding process has the greatest
impact on the physiology and behavior of the American
horseshoe crab. Overall, we found that 1) the full bleeding
treatment (exposed to air and heat and bled) had the larg-
est effect on mortality and HCY concentrations, 2) animals
with a baseline HCY level <13 mg/mL were most likely to
die or be impaired by the bleeding process, and 3) lower
HCY levels were correlated with lower activity levels. In
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Figure 5
The effect of various treatments on activity of American horseshoe crabs (Limulus
polyphemus). Activity data obtained 1 and 2 weeks after treatments, both in 2016 and
2017, are expressed as the percentage of their baseline activity levels before treatments
(100%). The treatment groups included a control group (number of animals [r]=16), a
group that was only bled (rn=14), groups exposed only to air without (n=8) and with
(n=8) a moist burlap cover, a group exposed to air and bled (n=6), a group exposed to
air and heat (n=7), a group exposed only to heat with a burlap cover (n=8), and a group
that received the full treatment of exposure to air, heat, and bleeding (n=5). Error bars
indicate the standard errors of the mean. Animals used in experiments were collected in
the Great Bay Estuary in New Hampshire.

addition, results indicate that there was a seasonal trend
in baseline HCY levels, and females had lower starting
HCY levels than males during all months sampled.

Mortality

Throughout all of the trials in this study, mortality rates dif-
fered between treatment groups, with an overall mortality
rate of 17% (excluding control animals). Although this over-
all mortality rate is similar to the estimated range of mortal-
ity rates of 5—30% reported in previous studies (Thompson,
1998; Walls and Berkson, 2000, 2003; Hurton and Berkson,
2006; Leschen and Correia, 2010; Anderson et al., 2013), the
upper end of our mortality range (75% in 2017) is high in
comparison to that of many previous studies. The sample
size, however, was quite low for the full treatment group
in 2017. As a result, we are hesitant to draw any firm con-
clusions about this finding. We should also point out that
the number of mortalities was highest in July, and that was
also the case in a recent study that was conducted in a sim-
ilar manner at JEL (Thomas®). Therefore, the combination

3 Thomas, T. 2019. Unpubl. data. Plymouth State Univ., 17 High
St., Plymouth, NH 03264.

of seasonally low HCY levels and high water temperatures
might make animals more susceptible to the bleeding pro-
cess at certain times of the year.

We did not see any mortalities in the control group or
in the groups exposed to air, air and heat, or air and heat
(with burlap), but the group exposed to air (with burlap)
had 2 mortalities. This finding indicates that these stress-
ors on their own are not lethal and that blood loss is the
greatest risk factor. This result supports previous findings
of a 10-20% increase in mortality rates in animals that
were subjected to only hemolymph extraction compared
with the mortality rate of control animals (Rudloe, 1983,
Kurz and James-Pirri, 2002).

We had more mortalities in 2017 (27%) than in 2016
(4%). This difference could be explained by the fact that
we used only males in 2016 and both males and females
in 2017. This conclusion is supported by previously
reported sex differences in mortality rates (Leschen and
Correia, 2010; James-Pirri et al., 2012): 15% of males and
up to 29% of females. We have ruled out temperature dif-
ferences between the years because average water tem-
peratures reached 22.3°C in 2016 and peaked around
20.7°C in 2017. Finally, the only difference in treatment
groups between the 2 years was the addition of burlap to
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Figure 6

Actograms showing activity over time for American horseshoe crabs (Limulus polyphemus) collected in the Great Bay
Estuary in New Hampshire and exposed to stressors in laboratory experiments conducted in 2016. Data are presented
for one animal from the control group (left) and one animal from the group that received the full treatment of exposure
to air, heat, and bleeding (right). The x-axis is double-plotted, with a span of 48 h, to make rhythms more evident. The
white and black horizontal bars at the top of each actogram represent the light and dark periods of the day. Values on
the y-axis represent ~4 weeks of treatment for each animal in October 2016. Large gray asterisks indicate the time of the
treatment (top star) and the time 2 weeks posttreatment when data were downloaded from the accelerometer attached
to each animal (bottom star). The animal on the right had a tidal rhythm (dominant period: 12.6 h) during its treatment.

keep the animals moist in some groups in 2017, and this
change was intended to mitigate any lethal or sublethal
effects.

When mortalities did occur, the vast majority (14 of 15
mortalities) took place within 1-2 d of
the treatment of animals. One possible

in captivity and is consistent with results of a previ-
ous study in the same location (Anderson et al., 2013).
According to Coates et al. (2012), the immune compe-
tence of American horseshoe crabs is negatively affected

way to reduce mortalities might be to

try to return American horseshoe crabs 0.80 1

to their natural environment as soon as ~ ;;004(: 001
possible, an approach that is consistent E . '
with the U.S. Food and Drug Administra- g 060 - . * .
tion mandate that American horseshoe =
crabs be returned within 24-72 h after =
time of collection (ASMFC*). =
$ 0.40 -
Hemocyanin levels g
C
Changes overtime We observed several % 0.20 A
different trends in HCY concentrations, g
both over time and within treatment £
groups. First, we saw a decrease in A0
HCY levels over time, especially within g 1660 - - - E1G

the first week, in all groups, includ-
ing the control group. This decrease is
likely due to the animals being kept

Average activity (min/week)

Figure 7

4 ASMFC (Atlantic States Marine Fisheries
Commission). 1998. Interstate fishery man-
agement plan for horseshoe crab. ASMFC
Fish. Manage. Rep. 32, 40 p. ASMFC, Arling-
ton, VA. [Available from website.]

Relationship between hemocyanin and average activity levels of American
horseshoe crabs (Limulus polyphemus) collected in the Great Bay Estuary in
New Hampshire and used in laboratory experiments in 2016 and 2017 (num-
ber of animals=87, coefficient of correlation [r]=0.41, P<0.0001). The diagonal
line indicates the trend for the data.
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by the stress associated with holding animals in captiv-
ity. The specific effects of low blood protein and HCY lev-
els on American horseshoe crab physiology and behavior
has not been well studied to date, except for the obser-
vation made over 100 years ago that lower protein levels
are associated with starvation and mortality (Alsberg,
1914). More recently, high mortality rates of American
horseshoe crabs have been documented in animals kept
in captivity. This high mortality appears to be caused
by hepatic insufficiency, protein-losing enteropathy,
nutritional imbalance or deficiency, and protein-losing
nephropathy (Novitsky, 2009; Carmichael and Brush,
2012). These findings support a proposal that would
require biomedical facilities to use high-quality water
and frequent feeding to maintain the health of Ameri-
can horseshoe crabs that are being held before and after
bleeding (Armstrong and Conrad, 2008).

Effects of different treatments We also saw changes in HCY
levels due to different treatments, indicating that captiv-
ity was not the only factor contributing to decreases in
HCY levels over time. In particular, HCY levels were sig-
nificantly lower in the animals exposed to the full bleed-
ing treatment (air, heat, and bled) than in those exposed
to other treatments. The stressor that caused the greatest
decrease in HCY levels was heat, a finding that is con-
sistent with previous reports that HCY concentrations
decreased as temperatures increased (from 8°C to 23°C)
(Chen et al., 1995; Hennig and Andreatta, 1998). Coates
et al. (2012). To make matters worse, the oxygen affinity
of HCY, like other respiratory pigments, decreases as tem-
perature increases (Redfield, 1934; Burnett et al., 1988).
Therefore, not only do American horseshoe crabs that
experience the biomedical bleeding procedure have less
HCY but also the HCY they do have cannot hold as much
oxygen. Furthermore, because warmer seawater holds
less oxygen than cooler water and animals have a higher
metabolism and lower HCY levels at higher tempera-
tures, the combination of stressors could cause long-term
hypoxia. Therefore, we suggest that hypoxia could be one
major cause of both the mortalities and reduced activity
that we, and others, have documented.

Changes in HCY levels might also lead to mortalities or
alterations in behavior because of the role that HCY plays
in the function of the immune system. Hemocyanin is
converted into a phenoloxidase-like enzyme by hemocyte
components (Adachi et al., 2003), and the enzymatic oxi-
dation is important in the cuticle formation and immune
reaction in arthropods (Ashida and Brey, 1997; S6derhall
and Cerenius, 1998). Therefore, the effects of different fac-
tors on hemocyte levels can also have an indirect impact
on HCY function, specifically in regards to temperature.
For example, in the Atlantic sand fiddler (Uca pugila-
tor), temperature affected clotting times, levels of plasma
protein, and total hemocyte numbers (Clare and Lumb,
1994). Seasonal changes in hemocyte antibacterial activ-
ity as temperatures change has been observed for another
crab species, the green crab (Carcinus maenas) (Chisholm
and Smith, 1994). All of these effects of temperature on

hemocyte levels indicate that HCY levels could also be
affected by high temperatures, especially in the American
horseshoe crab.

Air exposure can have negative effects both on its own
and in combination with heat and blood loss. As blood flows
through the book gills of an American horseshoe crab, gas
exchange occurs and HCY becomes saturated with oxygen.
During air exposure, the book gills can become desiccated,
ventilation ceases, and the heart rate drops considerably.
Therefore, little gas exchange takes place and hemolymph
circulation throughout the body decreases significantly
(Watson and Wyse, 1978; Watson, 1980). As stated previ-
ously, heat increases crab metabolism, resulting in a need
for more oxygen, and when HCY levels are low, HCY can-
not carry as much oxygen. Therefore, the combination of
warm temperatures, air exposure, and blood loss could
lead to severe hypoxia. Also, amebocytes, the granular cell
that plays a crucial role in defending American horseshoe
crabs against pathogens, are created through cell differ-
entiation that is sourced from the gill flaps (Gibson and
Hilly, 1992). Presumably, then, any harm to the gills could
cause amebocyte growth to be hampered and could reduce
immune function. However, although exposure to air can
have negative impacts on the physiology of American
horseshoe crabs, it does not appear to be as detrimental
as exposure to heat, perhaps, because the placement of
gills on the ventral surface of animals generally produces
a microclimate that increases humidity and decreases
desiccation. Still, when both stressors are combined, they
likely have a synergistic effect.

Hemocyanin composes 90% of total hemolymph protein
in the American horseshoe crab (Ding et al., 2005), and
an estimated 30% of the hemolymph volume is extracted
from American horseshoe crabs during the bleeding pro-
cess. Although they can rapidly regain most of their blood
volume, it takes much longer for them to replace the lost
HCY. Therefore, HCY concentrations decrease, and this
decline in levels can lead to some of the health issues
described previously. In this study, we measured HCY lev-
els for only 2 weeks posttreatment, but findings from pre-
vious studies indicate that it takes many weeks for HCY
levels to recover following bleeding. For example, Anderson
et al. (2013) reported that HCY levels were still low after
6 weeks, and James-Pirri et al. (2012) found significantly
reduced levels of total hemolymph protein in bled animals
compared with levels in control animals 17 d after bleed-
ing, with bled animals having 20% less hemolymph pro-
tein than control animals.

In summary, the combination of blood loss, exposure
to air (which reduces and slows the heart rate; Watson
and Wyse, 1978; Watson, 1980), and exposure to heat
(which increases metabolism) appears to have the most
dramatic impacts on both mortalities and behavior of the
American horseshoe crab. Although these same stressors
can also have a negative effect on the immune system, in
our study the most dramatic effects occurred during the
first week after animals were bled; hence, the impacts
from various treatments likely occurred too early to
have been caused by immunodeficiency or infection. Our
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view is that the impairments caused by the bleeding
process are likely a result of the fact that all the stress-
ors involved influence the ability of American horseshoe
crabs to obtain sufficient oxygen and to circulate it to all
their tissues.

Seasonal and sex differences Another interesting finding
from this study was that there were significant effects of
season and sex on HCY levels. Concentrations of HCY were
the lowest in May and June and the highest in August
and September. The spawning season in the Great Bay
Estuary in 2016 was 9 May-10 June, and in 2017 it was
16 May—16 June; these seasons correspond to the period
during which HCY levels were the lowest. Furthermore,
during all months sampled (May—October), females had
lower HCY levels than males, especially in May and June.
Females have greater variability in their estimated hemo-
lymph volume, likely because females carry eggs that
displace space in body cavities that could be filled with
hemolymph (Hurton et al., 2005). Although the impact
of eggs might explain the lower HCY levels in females
in May and June, it does not necessarily account for the
consistently lower HCY levels in females, compared with
those in males, later in the year or for the low levels of
HCY in males during the spawning season.

Egg production is an energetically expensive process
(Bryant and Hartnoll, 1995; Nicol et al., 1995; Guillou and
Lumingas, 1999; Chaparro and Flores, 2002; Jgrgensen
et al.,2006), as is making several trips to spawning beaches
within the same season, often with males attached to their
carapace. These energetic costs, combined with low HCY
levels, might explain, in part, why females are likely to
be more heavily affected and physiologically stressed from
the bleeding process. This idea is certainly consistent
with findings from one of our recent studies indicating
that females were less likely than males to have normal
activity levels when bled and released into their natural
habitat, especially during the spawning season (Owings
et al.,, 2019).

In the past, females have been harvested more than
males for bleeding because of their size and larger hemo-
lymph volume. For example, in Pleasant Bay, Massachu-
setts, 66% of the American horseshoe crabs collected up
until 2001 were female (Rutecki et al., 2004). Captured
females also tend to be larger than the average females
of the populations in Pleasant Bay because harvesters
select for larger females (Rutecki et al., 2004). In this
area, over 50% of the harvest and bleeding occurs during,
or shortly after, the spawning season. Because larger
females are being selected and these animals are also
more fecund (Leschen et al., 2006), this selection practice
risks reducing the number of eggs being produced and
fertilized over time and may alter population dynamics.
Given that females have lower HCY levels throughout
the year, have added metabolic costs during spawning,
have their lowest HCY levels in the spring during the
spawning season, and have higher mortality rates than
males when they are bled, it is reasonable to suggest that
more attention should be focused on regulating when

females can be harvested and making the bleeding pro-
cess less detrimental to them.

Relationship between hemocyanin levels and mortality

In this study, we found that animals with lower baseline
HCY levels suffered greater sublethal and lethal effects
when exposed to multiple stressors from the bleeding
process. The baseline HCY levels in animals that died in
different treatment groups were significantly lower than
in animals that survived in those same treatment groups.
The treatment groups that had mortalities included the
groups of animals that were exposed to air and heat and
were bled (with and without burlap), animals that were
exposed to air and were bled (with burlap), and animals
exposed to air (with burlap). Therefore, air and bleeding
were the most significant stressors because animals in
poor initial health that were exposed to these factors were
more likely to die.

In order to use this information to reduce mortalities,
biomedical facilities might take a hemolymph sample
before bleeding animals and proceed to bleed only ani-
mals with HCY levels that fall above a certain estimated
healthy threshold (we suggest a level later in this para-
graph). Facilities already are required to prescreen for
injured American horseshoe crabs before bleeding them.
If biomedical companies could take this precaution one
step further and take an initial blood sample, or develop a
faster and easier way to determine the health status of an
American horseshoe crab, they could significantly reduce
mortality rates. For example, on the basis of data from
our study, American horseshoe crabs with a HCY level of
32 mg/mL or below should not be bled.

The absolute critical level from this study was 13 mg/mL:
any individual that had this baseline HCY level, and was
exposed to at least 2 of the different stressors, died. How
close animals are to this threshold changes across sexes
(with females having lower baseline HCY levels), over a
season (with higher HCY levels in late summer and fall),
and during the length of time an animal is held in captiv-
ity (HCY levels decrease as the amount of time in captivity
increases, declines that are probably related to nutrition).
The latter point is important to keep in mind because
the longer an animal is kept in captivity, or in the hold-
ing ponds at the facilities, the more their HCY levels will
decrease and eventually they may fall below the critical
threshold. In short, mortalities could be reduced if there
was a simple way to check HCY levels right before bleed-
ing an American horseshoe crab.

Effects of bleeding and associated stressors on crab behavior

The stressors associated with the biomedical bleeding
process had only a small impact on the overall activity of
some of the American horseshoe crabs in this study. How-
ever, this effect was greatest and most obvious in animals
that started the process with low HCY levels (Fig. 7).
In contrast, in some treatment groups, we observed an
increase in activity during the first week posttreatment.
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This post-handling hyperactivity is not uncommon
in American horseshoe crabs and some crustaceans.
Anderson et al. (2013) suggested that this increase in ini-
tial activity could have been due to 1) an effort to escape
after handling (Rudloe and Hernnkind, 1976); 2) a need to
search for food in order to replenish lost energy reserves,
as has been reported for the edible crab (Cancer pagu-
rus) (Patterson et al., 2009); or 3) disorientation from the
bleeding process (Kurz and James-Pirri, 2002). However,
if these explanations were valid, we should have observed
increased locomotion by the animals in many of the other
treatment groups as well.

Some animals in all the treatment groups changed the
types of biological rhythms they expressed during the
course of the experiment, with the most clear-cut changes
observed in the group of animals exposed to air and heat
(with and without burlap). However, it should be noted
that the group of animals that were subjected to air, heat,
and bleeding in 2017 had a large number of mortalities;
therefore, it was difficult to discern the impacts of the full
bleeding process on the types of rhythms exhibited by the
animals in this group. These findings are similar to those
reported by Anderson et al. (2013), but in contrast to our
results, they observed a decrease in the expression of tidal
rhythms.

Handling might also cause animals to change their
behavior and the types of rhythms they express. For every
treatment group, we picked animals out of the water
either to treat them according to the different stressors
they were assigned or to take a blood sample (during the
treatment period and 1 week posttreatment). Therefore,
when we observed changes in the expression of rhythms
2 weeks posttreatment, it may not have been a delayed
effect from the bleeding process but a response to being
handled. For example, even 2 of the 16 control animals
switched from a tidal rhythm to a daily rhythm after
they were handled, and in cases where treated animals
changed rhythms after about 2 weeks, the shifts almost
always occurred right after they were handled. This switch
in behavior after handling is not uncommon, and it took
place in a number of cases in a previous study of feeding
and handling (senior author, unpubl. data).

Nevertheless, despite the occasional animal that changed
activity immediately following handling late in a trial, it
should be noted that no control animals changed rhythms
after they were handled and sampled following the 1-week
control period. In contrast, there were many other ani-
mals that were clearly impacted by the treatments: these
animals changed the rhythms they expressed after their
treatments and kept the new activity rhythm throughout
the remainder of the experiment, even after the handling
associated with the blood sampling done over the 2-week
period after treatment. Therefore, as indicated by results
from a number of previous studies, the biomedical bleed-
ing process has both lethal and sublethal effects. More-
over, given the data obtained during this study, exposure
to warm temperatures and losing a significant amount of
blood appear to have the greatest impacts on the behavior
and physiology of the American horseshoe crab.
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