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In the U.S., 525,000 horseshoe crabs (Limulus polyphemus) per year have been captured during 2013–2017, brought to biomedical facilities, and bled to produce Limulus amebocyte lysate (LAL), then mostly released to the area of capture. The Atlantic States Marine Fisheries Commission estimates short-term bleeding-induced mortality to be 15% (4% to 30%), resulting in mortality of approximately 78,750 horseshoe crabs annually in recent years comprising a minor portion (<13%) of the up to one million annual coastwide landings dominated by harvest for bait. However, the long-term effect of bleeding for LAL on annual survival and spawning behavior is unknown; thus, results from short-term studies alone might underestimate bleeding effects at the population level. To address this knowledge gap, we analyzed data from the U.S. Fish and Wildlife horseshoe crab tagging database to estimate the differences in survival and recapture rates of bled and not bled horseshoe crabs tagged in the same years and geographic area. Contrary to expectation, survival was not lower for bled crabs compared to unbled crabs. Differences varied, but survival estimates tended to be higher for bled crabs than for unbled crabs. However, biomedical culling and selection for younger or healthier animals could have resulted in biomedically tagged individuals representing a healthier subset of the overall population with subsequent higher survival. Furthermore, the tagging analysis revealed a post-bleeding reduction in capture probability, which could indicate decreased spawning activity, evident in males more than females. Continued tagging of bled and unbled crabs in the same geographic area while recording age class and sex will contribute to the further resolution of LAL production’s effect on horseshoe crab populations.

Keywords: Limulus polyphemus, Limulus amebocyte lysate, LAL, Delaware Bay, tagging analysis, survival, spawning activity, horseshoe crab


INTRODUCTION

Horseshoe crabs are the sole remaining representatives of the order of Xiphosura, with the four extant species of horseshoe crabs closely resembling their fossilized relatives from hundreds of million years ago, indicative of extraordinary evolutionary success (Rudkin and Young, 2009; BłaŻejowski, 2015). However, modern stressors associated with expanding harvest and habitat loss threaten horseshoe crabs’ current status (Berkson and Shuster, 1999; Anderson and Shuster, 2003; Smith et al., 2016; John et al., 2018). Commercial harvest of horseshoe crabs is for bait in the U.S., human consumption in Asia, and biomedical use in the U.S. and Asia (Atlantic States Marine Fisheries Commission [ASMFC], 2019; Laurie et al., 2019). The International Union for Conservation of Nature (IUCN) Red List ranks are Vulnerable for the American horseshoe crab (Limulus polyphemus), Endangered for the Asian species Tachypleus tridentatus, and Data Deficient for the two remaining Asian species (T. gigas and Carcinoscorpius rotundicauda) (Smith et al., 2016; Laurie et al., 2019).

Biomedical companies produce an assay from the hemolymph (blood) of adult L. polyphemus in the U.S. and T. tridentatus in Asia (Levin et al., 2003). The generic source of the hemolymph names the assay – LAL for Limulus amebocyte lysate and TAL for Tachypleus amebocyte lysate (Krisfalusi-Gannon et al., 2018). The lysate test detects minute quantities of bacterial endotoxin in injectable medicine or implantable devices (Levin et al., 2003). In the U.S., over 525,000 horseshoe crabs per year on average between 2013–2017 have been captured and brought to biomedical facilities and bled to produce LAL (Schmidtke et al., 2018). Although most bled horseshoe crabs are released, mortality and potential behavioral effects from hemolymph harvest are sources of uncertainty in stock assessments (Atlantic States Marine Fisheries Commission [ASMFC], 2019). The importance of LAL to human health and the need to understand LAL-harvest effects on horseshoe crabs are heightened by the potential demand to test coronavirus vaccines for bacterial contamination (Smithsonian Magazine, 8 June 2020, https://www.smithsonianmag.com/smart-news/race-coronavirus-vaccine-runs-horseshoe-crab-blood-180975048/; National Geographic, 2 July 2020, https://www.nationalgeographic.com/animals/2020/07/covid-vaccine-needs-horseshoe-crab-blood/#close).

To minimize bleeding-induced mortality due to hemolymph harvest, the Atlantic States Marine Fisheries Commission (ASMFC), which governs interstate fisheries along the Atlantic coast of the U.S., recommended best management practices (BMPs) for the biomedical bleeding process to mitigate for post-bleeding effects (Atlantic States Marine Fisheries Commission [ASMFC], 2011). The BMPs considered all steps of the process, including capturing and collecting, transport, holding, bleeding, and returning to the sea. The 41 recommended practices comprise trawl-tow times during capture, environmental conditions during transport and holding, bleeding procedures, return to the sea, monitoring, and reporting. The practices are not mandated by ASMFC, but states where the LAL process occurs can stipulate that BMPs are conditions for collection permit issuance. For example, in Maryland a chain of custody is required from harvest until release with records for number of animals, mortalities, and temperatures during transport and holding; animals must be returned to sea within 48 h (Steve Doctor, Maryland Department of Natural Resources).

Multiple studies have assessed the short-term effects of biomedical bleeding (cf Rudloe, 1983; Hurton and Berkson, 2006; Leschen and Correia, 2010; John et al., 2011; Owings et al., 2019), but long-term effects remain understudied. The short-term studies, which examine effects over weeks or months, found that post-bleeding mortality depended on the percent volume of hemolymph removed and animal handling before, during, and after the bleeding procedure. A meta-analysis of 47 bleeding-mortality studies estimated an acute post-bleeding mortality rate of 15% with a 95% confidence interval of 4% to 30% (Atlantic States Marine Fisheries Commission [ASMFC], 2019). The objective of most such studies focused on survival, but some observed post-bleeding effects on behavior as well (Kurz and James-Pirri, 2002; Anderson et al., 2013; Owings et al., 2019). Anderson et al. (2013) found that bleeding caused reduced activity and physiological changes potentially altering immune function. Owings et al. (2019) tracked 28 telemetry-tagged horseshoe crabs, 14 unbled (control), and 14 bled, and found that bled animals had less frequent spawning bouts than control animals and remained in deeper waters than control animals, but significant impacts lasted less than two weeks post bleeding.

In contrast to the numerous studies of short-term bleeding effects, studies of bleeding effects on long-term survival are lacking. A paucity of data for tracking post-bleeding fate beyond weeks or months has been an overriding reason for the lack of attention to long-term survival effects. The inability to maintain adult horseshoe crabs in captivity for long periods contributes to the absence of long-term studies of post-bleeding survival (Carmichael and Brush, 2012). The exception was a tagging data analysis conducted by Butler (2012), who found evidence of a positive effect of biomedical bleeding on annual survival, but the tag releases were not geographically constrained to control for regional differences in survival.

To address this fundamental knowledge gap and expand on the work of Butler (2012), we used capture-recapture models to analyze data from the U.S. Fish and Wildlife (USFWS) horseshoe crab tagging database to compare annual survival rates of adult horseshoe crabs based on bleeding status within the same geographic area and years. Since 1999, the USFWS has established standardized tagging protocols, facilitated tag reporting, and managed a coastwide tagging database. We focused on analyzing the USFWS database on the Delaware Bay population within the estuary and adjacent coastal waters, where there has been consistent tagging of crabs that had been bled or not bled. Our working hypothesis was that – all else equal – bled horseshoe crabs would have lower annual survival and spawning rates than not-bled (unbled) crabs due to the stress of capture and bleeding. Because most tag recaptures occur during spawning when the animal is accessible to observation, we hypothesized that lower spawning rates of bled crabs would appear as lower tag-recapture rates or capture probability estimates.



MATERIALS AND METHODS

The USFWS provides tags to qualified tagging program coordinators and manages a centralized tagging database of tag releases and recaptures. The tagging program must demonstrate consistent tagging and recapture effort over multiple years, adhere to a standardized protocol, and promptly submit tagging records. Two biomedical companies, Lonza Walkersville, Inc., (hereafter Lonaz) and Wako Chemical (hereafter Wako), have tagged crabs after bleeding them for LAL; this represents the only consistent tagging effort of bled crabs in the USFWS database. Both companies captured crabs in coastal Delaware to Virginia, which extends from the mouth of Delaware Bay south to Virginia Beach (Figure 1).
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FIGURE 1. Tag release locations in coastal Delaware to Virginia and Delaware Bay for adult horseshoe crabs that were bled for LAL or not bled.


The two biomedical companies have followed standard protocol but tagged at different levels of effort (personal communication: Sasha Charleron, Salisbury Site Manager, Lonza Walkersville, Inc., and Christina Lecker, Plant Manager, Wako Chemical). The majority (96%) of tagged and bled crabs came from Lonza Walkersville, Inc., (Walkersville, MD, United States) with the remaining fraction tagged by Wako Chemicals. Lonza tagged approximately 3,000 per year starting in 1999 and tagged every day that bleeding operation occurs from June to November. Wako started tagging in 2008, tagged approximately 75 per year before 2012, and have tagged approximately 300 per year since 2012. No intentional sorting of animals occurred before selection for tagging, although only mature animals, as evidenced by amplexus scars in females or claspers in males, were tagged. Tag placement followed the USFWS tagging protocol. Tagged animals were treated the same as other bled animals during holding and transport.

We could not determine with certainty the bleeding status of crabs tagged by an entity other than a biomedical company. However, evidence suggests that a tagged crab is unlikely to have been bled unless it was tagged by a biomedical company. The number of crabs bled coastwide in Massachusetts, the Delaware Bay states, and South Carolina is approximately 2% of the adult population abundance only in the Delaware Bay area (0.5 million divided by 30 million in 2017; Atlantic States Marine Fisheries Commission [ASMFC], 2019), suggesting that the crabs not tagged by a biomedical company, by chance alone, were not bled. The more relevant number of crabs bled within the Delaware Bay region is much lower than the coastwide number but is considered confidential business information and not publicly available (Schmidtke et al., 2018).

A consistent minimum tagging effort was an important consideration in the selection of data for the analyses. Although >1,000 bled horseshoe crabs have been tagged in most years since 1999 within coastal Delaware to Virginia, tagging of unbled crabs within the coastal area had remained below 1,000 until 2008 (Table 1). In contrast, the number tagged within the Delaware Bay exceeded 5,000 several years before 2008 (Figure 1, Table 1). ASMFC defines the Delaware Bay population to include adults that spawn at least once in the Delaware Bay estuary (Atlantic States Marine Fisheries Commission [ASMFC], 2019). Because there is considerable movement between the Atlantic Ocean off the mouth of Delaware Bay, the coastal embayments in Delaware, Maryland, and Virginia, and Delaware Bay estuary (Swan, 2005; King et al., 2015; McGowan, 2018), these areas are considered to be part of the Delaware Bay population (Atlantic States Marine Fisheries Commission [ASMFC], 2019).


TABLE 1. Tag releases within coastal Delaware to Virginia and Delaware Bay from 1999 to 2017.

[image: Table 1]We proceeded with two analyses – one geographically expansive, which included tags released in Delaware Bay or coastal Delaware to Virginia from 1999 to 2017, and one geographically restrictive, which included tags released only in coastal Delaware to Virginia from 2008 to 2017. The geographically extensive analysis allowed for the most years in the comparison. The geographically restrictive analysis, which includes the regional coastline except for Delaware Bay proper, had the tightest focus on the area where animals were harvested for LAL production. Expanding the analysis to include Delaware Bay and coastal Delaware to Virginia areas from 1999 to 2017 provided a sample of 174,936 animals tagged with sex and bleeding status: 33,883 unbled females, 32,310 bled females, 72,216 unbled males, 36,098 bled males, and 429 with unknown sex. The disposition of recaptures included alive (75%), dead (16%), and unknown (9%) status. Among the bled animals, 1,283 (4%) females and 2,217 (6%) males were recaptured at least once; among the unbled animals, 2,525 (7%) females and 7,217 (10%) males were recaptured at least once. Restricting the analysis to coastal Delaware to Virginia from 2008 to 2017 provided a sample of 63,903 animals tagged with sex and bleeding status: 7,194 unbled females, 18,454, bled females, 17,311 unbled males, 20,846 bled males, and 98 with unknown sex. Among the bled animals, 752 (4%) females and 1,186 (6%) males were recaptured at least once; among the unbled animals, 287 (4%) females and 1,144 (7%) males were recaptured at least once. We used both mark-recapture modeling and relative risk estimation to infer bleeding effects on survival and recapture.

A description of the sampling and modeling process for capture-recapture studies can help illustrate how the parameters, i.e., probabilities of survival and capture, are related to the observed tag releases and recaptures. Sampling begins when an animal is caught, tagged, released, and available for recapture in future encounters. The tagged animal confronts alternative fates (Figure 2, Table 2). The animal could survive to the next year, die, or emigrate permanently from the study area. If the animal survives, then it could be captured or not captured. Survival is the biological parameter of interest. Capture probability is a function of sampling design and effort, catchability of the species, and environmental conditions at the time of sampling. For example, most horseshoe crab tags are recaptured on the spawning beaches; thus, decreased spawning activity reduces capture probability. To estimate survival, the probability of capture must also be estimated because otherwise these parameters are confounded. That is why raw frequencies of recapture cannot be used to infer survival. Despite accounting for capture probability (p), there is an additional complication; mortality remains confounded with permanent emigration from the study area. Thus, we qualify the parameter for survival by referring to it as ‘apparent survival’ (φ). Because permanent emigration from the Delaware Bay population is infrequent (Swan, 2005), apparent survival closely approximates actual survival for the geographically expansive analysis.
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FIGURE 2. Diagram illustrating the capture-recapture sampling process over two years. The parameters represent the apparent survival (φ) and capture probabilities (p). The capture histories represent capture by ‘1’ and not capture by ‘0.’



TABLE 2. Example capture histories and their expected probabilities as a function of apparent survival (ϕi) and capture probability (pi) for a 3-year tagging study.

[image: Table 2]The statistical theory and methods underlying inference from capture-recapture studies are well-developed (Pollock et al., 1990; Nichols, 1992; White and Burnham, 1999). The capture-recapture data form a capture history, where ‘1’ indicates the animal was captured and ‘0’ indicates the animal was not caught. Expectations for the possible capture histories are functions of the underlying probabilities for apparent survival and capture probabilities (Table 2). Capture probability and survival are not mechanistically correlated. Thus, low capture probability can be coincident with high survival or high capture probability with low survival because different processes determine capture as opposed to survival. The statistical approach to estimation is analogous to fitting a regression model by comparing model expectations to observed data to solve for the model that best fits the data. In the capture-recapture case, the observed frequencies of the capture histories are compared to the expected capture probabilities (Table 2), and the model fitting optimization estimates survival and capture using maximum likelihood methods (Pollock et al., 1990).

We fit Cormack-Jolly-Seber (CJS) models using program MARK (Pollock et al., 1990; White and Burnham, 1999) to capture histories from horseshoe crabs tagged and released in the Delaware Bay population. Models were fit using Jeff Laake’s RMark v2.2.6 (R version 3.4.0, R Core Team, 2017) to manage input for and output from program MARK (White and Burnham, 1999). The CJS models estimated apparent survival and capture probability, including sex, bleeding status, and time as possible covariates using a logit link (Pollock, 2002). Different relationships between the covariates and the parameters (survival and capture probabilities) defined alternative models. For example, in one model, bleeding status affected survival, and in an alternative model, survival was unaffected by bleeding status. The covariates’ significance was inferred by ranking the candidate models based on the Akaike Information Criteria (AIC) and using the minimum AIC to identify the best model (Burnham and Anderson, 1998). The AIC implemented in program MARK, denoted by AICc, is adjusted for small samples.

The models allowed for year-specific survival and capture probabilities. We found that year-specific survival was not estimable for many years based on zero or uninformative standard errors. Thus, we binned the years into periods defined by 2, 3, or 4 consecutive years and added those models to the candidate set, thereby estimating average annual survival within the binned periods. We used model selection (AICc) to determine which binning period best fit the data. The inference from all models relate to annual survival.

While the focus was on annual survival, we were also interested in capture probability because of the potential for an indirect impact on spawning behavior. Either beachcombers or spawning surveyors reported most (69%) recaptures in the USFWS database. But only spawning adults are found on the beach, and a decline in spawning activity would reduce capture probability. Mature males can migrate to the beach exhibiting spawning behavior as individuals or in amplexus with a mature female (Brockmann et al., 2015). Thus, a change in capture probability is a reasonable proxy for a change in spawning behavior. The capture probability for unbled crabs can be considered the baseline and the ratio of capture probabilities for unbled to bled crabs can be used to indicate a potential change in spawning activity. We calculated relative risk to infer differences in capture probability between bled and unbled individuals (Agresti, 1990; Van Sickle et al., 2006). Relative risk (RR) was calculated as RR = pu/pb, where capture probability for unbled crabs (pu) was divided by capture probability for bled crabs (pb) controlling for same year and sex. The variance of relative risk was var(RR) = var(pu) + var(pb)−2var(pu)var(pb)corr(pu,pb), and approximate 95% confidence interval (CI) was [image: image] A CI for RR entirely above 1 implies capture probability was significantly lower for bled than unbled; a CI entirely below 1 implies capture probability was significantly higher for bled than unbled; and a CI that includes 1 implies capture probability was not different for bled and unbled animals.

Our analytical approach using tag and relative risk analyses controlled for sex, time, and geographic area while comparing survival and capture probability between bled and unbled crabs. Age would have been a logical covariate because adult survival declines with age; for example, the probability of stranding increases by age class (Smith et al., 2010), and stranding is the primary source of natural mortality among adults (Botton and Loveland, 1989). However, information on age was not available consistently enough to be included as a covariate. Age cannot be determined directly for horseshoe crabs, but age can be classified based on shell condition (Shuster, 2009). Thus, we compared age-class distribution across bleeding status for the subset of years when tagging programs recorded age class.



RESULTS

For the geographic-expansive analysis covering the Delaware Bay population from 1999 to 2017, the best models included covariate effects on survival due to sex, bleeding, and time (Table 3). The top model with the most empirical support (i.e., with the minimum AICc) included interactive effects on apparent survival from sex, bleeding status, and time binned into 3-year periods. The ΔAICc for the 2nd best model was 40.20, indicating the top model fits the best among the models considered.


TABLE 3. Statistics for the top 6 candidate models fit to the capture histories for horseshoe crabs tagged in the Delaware Bay population (Delaware Bay and coastal Delaware to Virginia, cf Figure 1) from 1999 to 2017.

[image: Table 3]Survival differed by bleeding status (bled vs. unbled) in some years, but not consistently (Table 4, Figure 3). The point estimates for survival among males tended to be higher for bled crabs than for unbled crabs, but the pattern was mixed among females. The average survival was 0.69 and 0.71 for unbled males and females, respectively, and 0.72 and 0.68 for bled males and females.


TABLE 4. Estimates of apparent survival, standard error (SE), and 95% confidence limits (LCL, UCL) for the top model for tagged horseshoe crabs released in Delaware Bay population (Delaware Bay and coastal Delaware to Virginia regions, cf Table 3 and Figure 1) from 1999 to 2017.
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FIGURE 3. Apparent survival of horseshoe crabs tagged and released in the Delaware Bay population, including Delaware Bay and coastal Delaware to Virginia areas (cf Figure 1) from 1999 to 2017. Estimates with 95% confidence intervals from the candidate model with minimum AICc, which binned time into 3-year periods, are plotted for adult males and females.


For the analysis restricted to the coastal area from 2008 to 2017, the best models included covariates effects on survival due to bleeding and time, but not sex (Table 5). The top model with the most empirical support (i.e., with the minimum AICc) included bleeding status and time binned into 2-year periods. The ΔAICc for the 2nd best model was 6.86 indicating the top model fit best of the models considered. Estimates of annual survival were higher for bled than unbled crabs, although confidence intervals overlapped in most years (Table 6; Figure 4). Survival declined steeply in the last period (2014 to 2016) for both bled and unbled crabs (Figure 4). The average survival was 0.63 and 0.75 for unbled and bled animals excluding the last period, which could be an anomaly, and 0.51 and 0.68 for unbled and bled animals including the last period.


TABLE 5. Statistics for the top 6 candidate models fit to the capture histories for horseshoe crabs tagged in coastal Delaware to Virginia (cf Figure 1) from 2008 to 2017.
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TABLE 6. Estimates of apparent survival, standard error (SE), and 95% confidence limits (LCL, UCL) for the top model for tagged horseshoe crabs released in coastal Delaware to Virginia from 2008 to 2017.
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FIGURE 4. Apparent survival of horseshoe crabs tagged and released in the coastal Delaware to Virginia areas (cf Figure 1) from 2008 to 2017. Estimates with 95% confidence intervals from the candidate model with minimum AICc, which binned time into 2-year periods, are plotted.


Although age is a potentially significant covariate of survival, the tagging database did not consistently include age class. Lonza recorded age class for 12,496 bled crabs released from 1999 to 2002 and in 2004. Age class was recorded sporadically for 41,562 unbled crabs: 36,138 released in Delaware Bay between 2003 and 2005, 4,811 released in coastal Delaware to Virginia between 2013 and 2017, and 613 released over years and areas. Nevertheless, a composite view of age distributions of tagged crabs indicates selection for young adults among bled crabs (Figure 5).
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FIGURE 5. Age distribution for tagged horseshoe crabs. Age was recorded sporadically. Bled crabs were aged only from 1999 to 2002 and in 2004. Most unbled crabs were aged in Delaware Bay from 2003 to 2005 and in coastal areas from 2013 to 2017.


Capture probability tended to be higher for unbled than bled crabs, but the difference depended on sex (Tables 7, 8). For females in the Delaware Bay population, the relative risk was significantly above 1 in about half (56%) of the years (Table 7). For males in the Delaware Bay population, relative risk exceeded 1 in all years. For females in coastal Delaware to Virginia, relative risk trended from being below 1 in 2009–2011 and not different from 1 in 2012 to remaining above 1 in 2013–2016 (Table 8). For males in coastal Delaware to Virginia, the relative risk was significantly >1 except for one year (2010) early in the time series. Capture probability was high for unbled crabs in 2016 and 2017, particularly in coastal Delaware to Virginia (Table 8), corresponding to the years with low survival (Figure 4).


TABLE 7. Capture probability (p) for the top model for tagged horseshoe crabs released in the Delaware Bay population (Delaware Bay and coastal Delaware to Virginia regions) from 1999 to 2017.

[image: Table 7]
TABLE 8. Capture probability (p) for the top model for tagged horseshoe crabs released in coastal Delaware to Virginia from 2008 to 2017.

[image: Table 8]


DISCUSSION

Short-term mortality and behavioral effects due to bleeding for LAL production have been well-established (Rudloe, 1983; Kurz and James-Pirri, 2002; Hurton and Berkson, 2006; Leschen and Correia, 2010; Anderson et al., 2013; Owings et al., 2019). With limited exception (Butler, 2012), long-term bleeding effects have not been studied. Until recently, tagging programs lacked enough recaptures of bled and unbled animals required to overcome the low and variable recapture rates (<10%) for tagged horseshoe crabs. The USFWS horseshoe crab tagging database, started in 1999, provides an opportunity to examine bleeding effects over years rather than weeks or months.

In our analysis of the USFWS tagging data, the working hypotheses were that – all else equal – bled crabs survive at a lower annual rate and exhibit lower capture probabilities than unbled crabs. Our results showed mixed support for these hypotheses. There was no evidence that bleeding reduced survival based on multiple years of tagging contrary to our expectations. The geographically expansive analysis revealed a mixed pattern for female survival and a slightly higher survival for bled male crabs (Figure 3). The analysis restricted to coastal areas revealed consistently higher survival for bled than unbled crabs (Figure 4). However, capture probability was lower for bled crabs especially for males based on a higher relative risk of capture for unbled crabs.

Our comparison of survival rates between unbled and bled crabs assumed that all other relevant factors were equal. We accounted for geography at the regional scale and controlled for time and sex. However, differences in geography at a subregional scale and demographic characteristics of bled versus unbled crabs could have confounded differences in survival. Releases for bled crabs were concentrated around Ocean City, Maryland, near the LAL bleeding facilities, while unbled crabs came from the broad region encompassing the Delaware Bay population (Figure 1). Horseshoe crabs were collected for LAL production from multiple locations mostly by trawl and released near the facility after bleeding. But tagged animals were given a year to mix with the population before recaptures were noted. Horseshoe crabs in the Delaware Bay population are mobile and highly migratory (Swan, 2005: McGowan, 2018), and behavioral effects due to bleeding occur over weeks (Owings et al., 2019), so we expect that the bled crabs mixed readily with the general population during the first year at large after release.

Demographic differences in age distribution could confound survival comparisons between bled and unbled crabs. Biomedical companies cull injured crabs and crabs with a well-worn carapace and release them without bleeding or tagging, causing the demographics of bled crabs to differ from unbled (Atlantic States Marine Fisheries Commission [ASMFC], 2011). Available data revealed that biomedical companies select for younger animals for bleeding (Figure 5). Using carapace wear indicative of age class (Shuster, 2009), Brockmann et al. (2015) reviewed the evidence that young males have been found to be more vigorous than older males as shown by higher activity, quicker amplexus with mature females, longer duration of amplexus, and higher sperm concentration. Stranding mortality during spawning, which is a primary source of natural mortality (Botton and Loveland, 1989), increases with age (Penn and Brockmann, 1995; Smith et al., 2010). Overall, we expect young animals to survive at a higher rate than older animals. Continued tagging of bled and unbled in the same geographic area with consistent recording of age class and sex will help further resolve how age interacts with post-bleeding mortality. Shuster (2009) outlined a protocol for determining age class, which could be used for standardized monitoring.

The numerous tag recaptures on beaches supports a change in capture probability being indicative of a change in spawning activity, and our tagging analysis affirmed a post-bleeding effect on capture probability and thus potentially on spawning activity. The effect was more apparent in males than in females. Capture probability for unbled male crabs was roughly twice that for bled male crabs (median relative risk was 2.03 and 1.60 for Delaware Bay and coastal Delaware to Virginia, respectively). The difference in capture probability between unbled and bled female crabs was smaller compared to males (median relative risk was 1.11 and 1.20 for Delaware Bay and coastal Delaware to Virginia, respectively). It was important to control for sex in the comparison between bled and unbled because males spend more time on spawning beaches, and thus have higher capture probability, than females (Smith et al., 2010). Also note that although bled crabs are released from trawls while unbled crabs are released from both trawls and beaches, the first recorded recapture is the year after release, which allows time for the tagged animals to mix and distribute with the population. Future studies may consider incorporating a temporal component to this assessment under the hypothesis that the effects of bleeding on spawning behavior may dissipate over time.

Although our research focused on the contrast between bled and unbled crabs, the analysis revealed a reduction in survival during recent years, which has potential management implications. The drop in survival appears for both bled and unbled crabs so the exploration of causes is outside the scope of this paper. However, potential causes include temporal changes in mortality or emigration. Alternatively, the drop could be an artifact of estimates for the last years of the study being based on less data. In part to resolve the nature and source of the apparent drop in survival in recent years, we are conducting an analysis using multistate models (Bopp et al., 2019) using data up to 2019 in relation to harvest regulations.

The recent ASMFC stock assessment concluded that the short-term bleeding effect resulting in mortality of approximately 78,750 annually comprising a minor portion (<13%) of the up to one million annual coastwide landings dominated by harvest for bait and <1% of adult abundance in Delaware Bay (Atlantic States Marine Fisheries Commission [ASMFC], 2019). The male to female operational sex ratio (i.e., the ratio on the spawning beach) in 2017 was 5.2 in the Delaware Bay population and has increased in recent years (Atlantic States Marine Fisheries Commission [ASMFC], 2019) despite a male dominated bait harvest that greatly exceeds biomedical harvest. The ASMFC concluded that biomedical harvest has not significantly affected the Delaware Bay population’s fishing mortality or dynamics.

Two effects of bleeding have management implications: (1) the effects on individual behavior and mortality and (2) the effect on population status. Effects on individual behavior and mortality are well-established but mitigated through best practices, to some extent. However, results from the tagging-data analysis and the recent stock assessment do not indicate an effect of LAL production on the Delaware Bay population’s status. A population impact would require a significant effect on enough individuals relative to the population abundance. The ASMFC stock assessment found that Limulus’s biomedical harvest had not limited population growth or abundance in the Delaware Bay (Atlantic States Marine Fisheries Commission [ASMFC], 2019). Adult horseshoe crab abundance in the Delaware Bay area in 2017 was 30,852,000 comprising 8,665,000 females and 22,187,000 males (Hata and Hallerman, 2018). By comparison, bait landings from the Delaware Bay population were 339,976 (10,136 females and 329,840 males), which is only 1.1% (0.1% females and 1.5% males) of population abundance (Atlantic States Marine Fisheries Commission [ASMFC], 2019). The coastwide mortality from biomedical harvest from Massachusetts, the mid-Atlantic states, and South Carolina in 2017 was 78,750 (<13% of coastwide bait landings), and biomedical mortality from Delaware Bay would be fewer (Atlantic States Marine Fisheries Commission [ASMFC], 2019). Thus, ASMFC’s findings are not surprising given that the total harvest was less than 1.4% of abundance and biomedical mortality is a minor fraction of total harvest.

Our analysis detected a reduced relative risk for bled crabs to be recaptured, which could indicate reduced spawning activity and, in turn, reduced population productivity. An effect at the population level would require sufficient numbers relative to abundance to reduce their fecundity or spawning activity. Changes in population productivity for horseshoe crabs in the Delaware Bay area have not been detected but productivity is very difficult to measure in this species (Atlantic States Marine Fisheries Commission [ASMFC], 2019). Furthermore, current evidence reveals that the effects at the individual level are short-lived (Owings et al., 2019) or, in the long term, modest (based on this tagging analysis), and the number affected is small relative to the population size (Atlantic States Marine Fisheries Commission [ASMFC], 2019). Thus far, the evidence does not support that LAL-production has impacted the Delaware Bay population status. However, continued monitoring is warranted as the demand for LAL might increase.
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Sex  Year Unbled Bled rho Riskratio (RR) ~ LCLRR  UCLRR
P SE LcL ucL P SE LcL ucL
F 2009 0.04 0.006 0.082 0.083 0.08 0.007 0.045 0.065 0.001179 0.53 0.51 0.54
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F 2011 0.02 0.005 0.010 0.032 0.03 0.003 0.020 0.030 0.000004 0.59 058 0.61
F 2012 0.02 0.005 0.013 0.032 0.02 0.002 0.014 0.024 —0.000005 0.99 0.98 1.00
F 2013 003 0005 0023 0041 001 0002 0010 0016 0.000000 259 2.58 2.60
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M 2016 0.18 0.022 0.136 0.223 0.03 0.006 0.022 0.048 —0.000002 5.34 5.29 538
M 2017 1.00 0000  1.000 1000 006 0017 0029  0.106 0.000001 17.11 17.07 17.14

Standard error (SE) and 95% confidence interval limits (LCL, UCL) for annual estimates of p are shown for unbled and bled adults by sex (females, F; and males, M). The
correlation coefficients (o) between the unbled and bled capture probabiities are shown. Risk ratio (RR) is the ratio of capture probabilities for unbled to bled animals;

95% confidence interval limits for RR are denoted ‘| Cl. RR' and ‘UCL RR.'
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Unbled Bled

First year of period Apparent survival SE LoL ucL Apparent survival SE LeL ucL
2008 061 0023 0.566 0655 0.64 0.019 0.606 0.680
2011 068 0046 0585 0764 0.83 0.038 0747 0.896
2013 061 0046 0519 0699 077 0.058 0635 0.861
2015 0.13 0.007 0.115 0.143 0.47 0.084 0.309 0.628

The covariates indicated that survival was related to bleeding status and year. In the top model years were binned into 2-year periods with the fist period
covered three years.





OPS/images/fmars-07-607668-t007.jpg
200
2
202
200
204
2015
2018
2017

T RO, TN O OO 0. O O RPN OB O I o e B 1A 5 S = A TP Lo

Unbled Bled.
b sl v p sl e
00 owr oo oow oo oxa ood oo
000 oo oo 002 000 o2 002 00N
00 oxe 00w 006 001 oo 008 o000
00 ocor o0n 007 00 oo 006 oo
017 ome o1 01 0@ oxa 000 0o
00 0wz o0n 00 00 0z 0008 oo
0 ows 003 oo o ome oo o
00 oz 000 007 0 o2 002 om0
02 oo 007 o2 003 008 o4 0w
005 oo 0 008 005 0005 005 00
002 ows o0n 002 0® 0a  0®8 000
o2 oxa oo0n 0oz 0 o 00 0o
02 ooor oM 0o 0@ oo 00M 04
002 ows oo oo 00 0oz 000 006
02 o4 o007 o2 00 0w 009 007
02 oo 005 oo 00 oo 007 oo
003 oo o0 007 0@ 0w 00N 0mM
00+ ooz o0 oo 005 o 00w ore
002 o 00w o6 001 0o 004 00
02 ows 000 o 00 oo 007 oois
02 oxe 00w oo 00 o2 006 00
002 0wz o005 ooz 00 02 000 00w
016 oo 01 070 00 0o 08 00K
005 0wz o0n 000 O oxa 005 0w
005 oxa oot oo 0@ o2 007 0w
0m oxe oms o6 0@ oxe 007 0o
006 oG 00 00es 001 00 002 00N
006 oo¢ 0% 0071 00+ 0om 0% 00%
005 oxe 000 002 00 oM 000 004
008 o5 0OM 00@ 004 oo 00N 00K
006 oo 009 oo 00 0os 005 06
006 os 005 00m 0% o  0é  0a
00+ oxs 09 oo 0 0xa 009 00
00+ oxa oow 0065 0@ oom  00M o
007 o7 005 oo 0@ 0o 0022 oo
014 009 019 o 006 009 009 os

o

o0
~o0m2
ooz
o0
oo
o000t
oot
o0
oot
o002
00001
o0
~om0r
o0
00000
o0
—ooms
o004
~o0m2
oos.
oot
00000
00000
~am0r
oot
o0
0000
o0
o0
o0
0000
o000
o000
o0
~oa0r
-o0m2

Risk ratio (RR)

195
o
om
15
st
121
114
o0
00
02
045
om
108
.
90
207
15
on
2%
0
21
e
57
23
22
8
18
15
3
200
200
198
18
200
21
256

LoLRR

Y
o2
s
150
e
20
=
o
om
081
oas
om
1o
o2
15
208
15

20
16
21
4o
a6
2m
22
150
5
15
1
20
20
158
I
208
210
249

UCL AR

I
073
om
151
nse
2
4

ost
05t
06
086
Y
19
191
207
15
o
a0
160
220
s
a2
23
22
5
15
13
200
200
o
"
210
2
2%

Sarvtrd o (SE)and S5% confcr nfeals (LCL, UCL o e s of p o shown o bt ackats. by e s, ad s, M. T
comiaion cosioats o) bawoen 1 uniod ae i aphr robabits o shoun. ikt () 10 3t of captur robabRTes o ke 105 anmal

e D





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Long-Term Effect of Bleeding for Limulus Amebocyte Lysate on Annual Survival and Recapture of Tagged Horseshoe Crabs



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Marine Science

The Long-Term
Effectof Bleeding for Limulus
Amebocyte Lysate on Annual

Survival and Recapture
of Tagged Horseshoe Crabs









OPS/images/logo.jpg
’ frontiers
in Marine Science





OPS/images/fmars-07-607668-i000.jpg
RR % 2/var (RR) .





OPS/images/fmars-07-607668-g001.jpg
‘©Bled Coast DE-VA
‘®Unbled,Coast DE-VA
*Unbled.Delaware Bay






OPS/images/cross.jpg
3,

i





OPS/images/fmars-07-607668-g002.jpg
Yeara Year2

$1 i
HSC caught, / HSC alive
tagged, and 1-p,

k HSC dead or

emigrated

released

Capture history

HSC
caught i
HSC
not caught 10
10





OPS/images/fmars-07-607668-g003.jpg
)
N}
33

= O
o o
® 6

Apparent survival
=
3

0.50-

0.25-

0.00-

2001

2003

2005

2007
Year

2009

2011

2013

2015

slewa

Slep

Bled

= Yes





OPS/images/fmars-07-607668-g004.jpg
0.75-

Apparent survival
o
[
o

0.25-

2008 2009 2010 2011 2012 2013 2014 2015
Year

Bled

== No
=* Yes





OPS/images/fmars-07-607668-g005.jpg
S04- Bled
5
g M
g
& . Yes
0.2-
0.0-

Young Middle old
Age class





OPS/images/fmars-07-607668-t004.jpg
Sex  Middle year of period

F 2000
2003
2006
2009
2012
2015
M 2000
2003
2006
2009
2012
2015

Apparent survival

099
068
068
071
065
053
1.00
069
070
065
073
037

Unbled

SE

7.30E-06
0032
0049
0045
0042
0114
0.000
0013
0017
0016
0020
0034

LoL

0.004
0611
0574
0615
0565
0.3163
0.000
0.660
0661
0617
0.690
0.306

ucL

1.000
0.738
0.765
0.791
0729
0.736
1.000
0710
0.729
0679
0.769
0437

Apparent survival

085
0.68
057
079
0.80
0.36
0.89
074
070
073
0.83
045

Bled

SE

0054
0043
0022
0036
0.066
0.109
0.030
0031
0022
0.024
0043
0.093

LeL

0713
0591
0531
0714
0643
0.184
0813
0675
0.660
0680
0729
0285

The interaction among covariates indicated that survival was related to bleeding status, sex, and year. In the top model, time was binned into 3-year periods.
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Phi (¢) denotes apparent survival, and p denotes capture probability. The covariates
are listed parenthetically with the parameter that they modify. An asterisk indicates
that the covariates’ effects are interactive, and a plus means the effects are additive.
Covariates are sex (male, female), bled (yes, no), time (year-specific), timebin2 (2
-year periods), and timebin3 (3-year periods). AlCc is the small-sample adjusted
version of Akaike Information Criteria. AAICc is the model AICc minus the minimum
AlCc from the candidate model set. The AIC weight is e~05+*AAICC for the candidate
model in question divided by the sum of that quantity for all candidate models.
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In the capture history, each 1 or O represents a year when the crab was captured
or not, respectively.
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Year Coastal Delaware to Virginia Delaware Bay
Unbled Bled Unbled
1999 975 2500 0
2000 1 2500 0
2001 350 2500 4434
2002 175 2499 5139
2003 307 0 19432
2004 579 3122 10308
2005 192 5496 9170
2008 101 5000 143
2007 301 5596 525
2008 7728 5571 51
2009 543 4978 546
2010 378 5085 1976
2011 1810 5034 3625
2012 8570 4303 2277
2013 2098 4715 1314
2014 1401 2837 4222
2015 1662 1913 4282
2016 1476 2723 5840
2017 1896 3032 5605

Tags placed on horseshoe crabs after bleeding for LAL production occurred only
in coastal Delaware to Virginia. For geographic reference, see Figure 1.





