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Abstract
1. The largest aggregation of spawning American horseshoe crabs in the world
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occurs in Delaware Bay and supports one of the largest concentrations of
shorebirds in the western hemisphere where the birds feed on horseshoe crab

Correspondence
Joseph A. M. Smith, PO Box 784, Cape May
NJ, USA.
Email: smithjam@gmail.com
Present address
Amanda Dey, Greenwich, NJ, USA.

eggs during migration. Unregulated harvest in the 1990s is associated with the
decline of shorebird populations using the bay, but corresponding baseline
information on the horseshoe crab egg food supply that supported peak shorebird
populations has been lacking.
2. Past and current measurements of horseshoe crab eggs in the bay indicate that
abundance in the 1980s was an order of magnitude greater (x̄ = 156,600/m2)
than present-day estimates (2015–2021 x̄ = 10,243/m2). An additional egg
prevalence index, which characterizes the timing and magnitude of horseshoe
crab egg output, revealed a similar pattern of higher prevalence in the 1980s
(0.89, 95% confidence interval 0.81–0.94) compared with the recent 2015–2021
interval (0.52, 95% confidence interval 0.43–0.60).
3. Declines of egg and shorebird abundance occurred shortly after horseshoe crab
harvest reached its peak. Red knot aerial survey counts have stabilized at 30% of
the baseline population while ruddy turnstone counts are 40% of baseline
estimates. Initially these species were evenly distributed between the New Jersey
and Delaware coasts but both species have trended toward predominately
occupying New Jersey beaches.
4. A lack of recovery of horseshoe crab egg and shorebird abundance suggests that
horseshoe crab harvest management has stabilized populations but progress
toward population recovery has been limited. Impacts from bycatch, the
pharmaceutical industry and other potential population impacts must be better
quantified and mitigated, if necessary, to promote the recovery of horseshoe crab
populations. Measurements of horseshoe egg prevalence and abundance are
essential metrics for tracking the progress toward management goals for
improving shorebird habitat quality.
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I N T RO DU CT I O N

population-level impacts and a weakening of the strength and magnitude
of the resource pulse generated by horseshoe crab eggs. Concern for the

One of the most renowned and well-documented convergences of

conservation of shorebird populations triggered the initiation of

migratory animals with a seasonally pulsed resource (Holt, 2008;

regulations which controlled the harvest of horseshoe crabs for bait

Bauer & Hoye, 2014) are Arctic-nesting shorebirds and spawning

(Berkson & Shuster, 1999). Considerable effort and innovation have been

American horseshoe crabs (Limulus polyphemus) in Delaware Bay

applied by management agencies to design a management model that

(Dunne et al., 1982). This phenomenon is reminiscent of spawning

makes harvest limit determinations based on both horseshoe crab and

salmon (Bailey & Moore, 2020) and herring on the Pacific coast of

red knot population indices (McGowan et al., 2011). However, more than

North America where a massive marine subsidy is delivered to

20 years hence, the recent horseshoe crab stock assessment concluded

terrestrial and littoral ecosystems. Herring produce a concentrated

that the Delaware Bay spawning population has not substantially

2

pulse of eggs (>1 million eggs/m ) in intertidal areas that are exploited

increased above 1998 levels during peak harvest rates shortly before the

by a wide variety of predators (Willson & Womble, 2006) from

first management regulations were implemented (Atlantic States Marine

harbour seals to sea ducks (Lewis, Esler & Boyd, 2007). Likewise,

Fisheries Commission, 2019). This raises the question of whether current

horseshoe crab eggs, larvae and early life stages are consumed by a

policies are adequate to support the recovery of horseshoe crab and

wide variety of terrestrial and aquatic predators in the nearshore

shorebird populations (Niles et al., 2009).

environment (DeSylva, Kalber & Shuster, 1962; Botton, 2009).

A key limitation in assessing the effectiveness of management has

Subsequent work has revealed that shorebirds historically (Cramer,

been uncertainty in setting a baseline regarding the size and demographic

2015) and currently exploit horseshoe crab eggs wherever horseshoe

characteristics of the horseshoe crab population prior to the wave of

crabs spawn on the eastern seaboard (Smith et al., 2019; Takahashi,

unregulated harvest. Horseshoe crab spawning surveys and population

Sanders & Jodice, 2021), but there is no larger aggregation of

indices from various agency-led fisheries sampling efforts were only

spawning horseshoe crabs and shorebirds than the Delaware Bay

initiated after the peak of overharvest (Atlantic States Marine Fisheries

coast of Delaware and New Jersey (Shuster & Botton, 1985).

Commission, 2019). In lieu of a baseline prior to unregulated harvest, the

The integrity of this wildlife spectacle (Myers, 1986) was threatened

1998 population index is used as a reference for assessing the trajectory

in the 1990s when a surge of unregulated harvest of spawning

of the present-day population (Atlantic States Marine Fisheries

horseshoe crabs proceeded unabated for nearly 10 years as a new

Commission, 2019), the point when regulation was first enacted to

market emerged for this species (Millard et al., 2015). Harvests during this

control the harvest and presumably when horseshoe crab populations

period peaked at 10 times the background harvest rate that had occurred

were most reduced by the previous decade of exploitation.

for the previous 4 decades (Kirkley, 2009). A baseline for shorebird

To establish additional pre-exploitation baseline conditions of the

abundance prior to the period of unregulated horseshoe crab harvest is

Delaware Bay ecosystem, this study analyses a previously unpublished

well-documented, with peak single-day counts of more than 200,000

dataset of horseshoe crab egg abundance collected in the 1980s when

shorebirds along 160 km of shoreline (Dunne et al., 1982; Clark, Niles &

shorebird populations were still at peak documented levels and prior to

Burger, 1993). Studies confirmed that horseshoe crab eggs are the

the wave of unregulated overharvesting that occurred afterwards. This

dominant dietary component of numerous shorebird species during

3-year dataset provides essential baseline information on the magnitude

spring stopover on Delaware Bay (Tsipoura & Burger, 1999). Counts that

of the egg supply available to shorebirds at that time. Results from this

continue to the present have documented a dramatic decline in the

work are contrasted with abundances reported by previously published

abundance of shorebirds, particularly red knot (Calidris canutus) (Baker

studies along with a 21-year record of horseshoe crab egg sampling in

et al., 2004; Niles et al., 2009). This decline was confirmed at major

New Jersey. Taken together, these datasets illustrate how horseshoe

wintering sites in Tierra del Fuego where red knot populations have fallen

crab egg abundance has varied over time and according to water

to 10–20% of their baseline abundances documented during surveys

temperature. In addition, this study investigates the correspondence

carried out in the 1980s (Morrison, Ross & Niles, 2004). The red knot

between horseshoe crab egg abundance and a long-term dataset of

was subsequently listed under the U.S. Endangered Species Act (U.S. Fish

shorebird population size and distribution in Delaware Bay.

and Wildlife Service, NJ Field Office, 2021).
During the period of unregulated horseshoe crab harvest in the
1990s, truckloads of spawning adults were serially removed from
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spawning beaches for use as bait in the commercial fishing of eel and
whelk (Kreamer & Michels, 2009). With horseshoe crabs taking more

2.1

|

Study sites

than a decade to reach reproductive maturity (Shuster & Sekiguchi, 2003),
such targeting of dense concentrations of reproductively mature

Horseshoe crab surface egg abundance was measured at 16 beach

individuals on a recurrent basis had a high likelihood of resulting in

segments (Figure 1) along 60 km of shoreline on the New Jersey side

3
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F I G U R E 1 Horseshoe crab egg
sampling sites along New Jersey
Delaware Bay beaches during different
periods. Original data from 1985–1987,
2000–2011 and 2015–2021 are
presented in this paper. 1999 (Pooler
et al., 2003) and 1990–1991 data (Botton,
Loveland & Jacobsen, 1994) are from
previously published studies.

of Delaware Bay: Villas (39 10 41.800 , 74 560 33.6200 ), Sunray Beach

Sediment cores were 5 cm deep with a 5.7 cm diameter (255.17cm3),

(39 20 48.100 , 74 550 48.3900 ), Green Creek (39 30 27.7100 , 74 550

similar to previous studies (Pooler et al., 2003). At each sampling

00



0

00



0

00

21.22 ), Cape Shore Lab (39 4 20.41 , 74 54 47.58 ), Highs

location, depth of sand to underlying peat was recorded as a measure

Beach (39 40 45.4400 , 74 540 32.4300 ), Pierces Point (39.088622,

of horseshoe crab spawning habitat quality (Smith et al., 2020). Depths

74.902357), Baycove (39 60 5.5400 , 74 530 45.400 ), Kimbles

were classified into binary classes (>40 or <40 cm deep) and the

(39.104981, 74.894787), Cooks (39.108768, 74.893400), South

percentage of samples in each class by site and over time. Although egg



0

00

Reeds (39.113397, 74.892138), North Reeds Beach (39 7 34.12 ,

clusters are typically deposited at depths of 20 cm or less, added sand

74 530 30.4200 ), Moores Beaches (39.188528, 74.949769),

depth below this helps buffer egg clusters from anoxic conditions

Thompsons Beaches (39.192391, 74.995136), Fortescue (39.224410,

associated with underlying peat (Botton, Loveland & Jacobsen, 1988).

75.167431), Dyers Cove (39.263407, 75.208092) and Gandys


0

00



0

00

Cored sand samples were stored in polyethylene bags. Samples

Beach (39 16 45.78 , 75 14 33.25 ). These ranged in character

were processed by placing the sample in a shallow tray and adding a

from ‘optimal’ to ‘suitable’ in terminology proposed by Botton,

small amount of fresh water to create a thin layer of water in the

Loveland & Jacobsen (1988) and as mapped by Lathrop et al. (2013).

bottom of the tray. A gentle shake of the tray causes eggs to settle
above the veneer of sand. Eggs then were tallied with a click counter
under a magnifying lamp.

2.2
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Surface egg abundance 2015–2021

Sampling for surface egg abundance occurred along 9-m cross-shore

2.3

|

Surface egg abundance 2000–2014

transects centred mid-slope on the beach profile. Transects were
systematically distributed along the beach, with five to 10 transects

Seasonal survey timing (mean start and end dates: 4 May to 11 June),

per beach (45–90 core samples) depending on beach size. To

sediment coring and counting methodology were similar to the

minimize repeated disturbance of the same sampling sites during

methods described above. The key difference during this interval is

subsequent sampling events, the sampling transect was placed at a

that sampling occurred within a discrete 100 m stretch of beach,

random offset within 25 m of the initial transect location. Monitoring

samples were collected across a 15-m width of beach profile (instead

occurred across 96 transects in 2015–21. To estimate horseshoe crab

of 9 m) and 100 core samples were aggregated for counting within

egg availability for shorebird feeding, shallow-depth horseshoe crab

each 3 m wide profile intervals to yield five samples per beach and

egg densities were sampled for 6 weeks starting in the first week of

sampling occasion. This totalled 3,198 samples over 15 years.

May (ranging from 4 May to 11 June). Each beach was sampled once
per week from 2015–2018 (six sampling events per site, n  5,000
samples per year) and every other week in 2019–2021 (three

2.4
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Surface egg abundance 1985–1987

sampling events per site, n  2,500 samples per year).
Sediment cores were taken at 1-m intervals along the transect

Shallow-depth horseshoe crab egg abundance was measured every

centred on the middle of the beach slope (nine cores per transect).

2–5 days between 20 April and 14 June 1985–1987 at South Reeds

4
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Beach by taking 5 cm deep, 5 cm diameter sediment cores (2.4 cm

This metric can help characterize the timing and magnitude of the

diameter in 1985). Sampling occurred on three occasions in 1985

resource pulse over the course of a season by extracting logistic

(n = 36 core samples per occasion), 12 in 1986 (n = 42 core samples

regression model parameters in a time vs prevalence relationship. In

per occasion) and eight in 1987 (n = 42 core samples per occasion).

addition, the prevalence metric can also help verify patterns observed

Three samples were taken within successive 1 m wide zones along a

in count data where different eras of sampling used slightly different

cross-shore transect established near the southern terminus of the

methodologies for sampling and enumeration of eggs.

beach from the spring tide line to the bottom of the beach profile.
Core samples were washed and screened to separate horseshoe crab
eggs from the sand. The separated eggs were then transferred to a

2.7
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Analyses of egg abundance and prevalence

graduated cylinder, with volume of eggs recorded to the nearest
0.1 ml.

For analyses of egg abundance, zero-inflated negative binomial mixed

To convert egg volume to estimated counts, volume was

models were implemented via the glmmTMB package in program R

multiplied by 0.634 to account for the volume of airspace between

(Brooks et al., 2017) to estimate surface egg abundance over the

eggs when packed in the graduated cylinder. This coefficient

course of each season using a year and Julian date interaction term

represents the maximum theoretical packing density of spheres in a

for both the negative binomial count model as well as the zero-

confined space (Song, Wang & Makse, 2008). This volume was then

inflated (presence–absence) model component. A square or cubic

divided by the average volume of a single horseshoe crab egg.

spline was included as part of the date term to allow for variable

Undeveloped eggs are 1.7 mm in diameter on average (Shuster &

slopes and peaks of egg abundance over the course of a season that

Sekiguchi, 2003) whereas the maximum size of eggs prior to the

can occur due to variation in water temperature and peaks of

development of a transparent chorion is 1.98 mm (Shuster &

spawning around the full and new moon. Site was included as a

Sekiguchi, 2003). Abundance conversions were calculated for both

random effect.
For comparisons between earlier phases of egg sampling (1985–

sizes, yielding an abundance/ml conversion of 157 eggs at 1.7 mm
diameter and 248 eggs at 1.98 mm diameter. This range is similar to

87 and 1990–91) with the most recent phase (2015–2021), we

that found in previous studies in Delaware Bay where measurements

constrained the most recent data to sampling sites that were common

of eggs per ml (at unknown stages of development) were reported:

between the two periods (one site for 1985–87 and six sites for

178 eggs/ml (Weber, 2002) and 144–209 eggs/ml (Shuster &

1990–91). We also include habitat quality (beach sand depth) as a

Botton, 1985).

random effect to account for changes to habitat quality from early to

Analysis of presence/absence of at least one egg in a sample (egg

recent periods. We assumed uniform high habitat quality for early

prevalence) was based on data from 42 individual cores samples per

periods (Loveland & Botton, 2015) and for the 2015–21 phase used

sample occasion from 1986 (n = 504) and 1987 (n = 336). For egg

site-level seasonal averages of proportion of sampling locations with

volume, we used summary data (egg volume by beach profile zones)

sand depths >40 cm.

so that sample size per sampling event was n = 12 for 1985, n = 14
for 1986 and n = 7 for 1987.

For analyses of egg prevalence (presence of at least one egg in a
sample), binomial mixed models via the glmmTMB package in program
R were used to estimate surface egg prevalence over the course of
each season using a year and date interaction term with site as a

2.5
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Previously published studies

random effect. The date of peak acceleration in prevalence, a proxy
metric for the onset of widespread horseshoe crab spawning, was

Using the Web Plot Digitizer, horseshoe crab egg density data were

extracted from the modelled relationship of prevalence over time for

extracted from figures (Rohatgi, 2015) that appear in Botton,

each year. A separate analysis that included satellite-derived water

Loveland & Jacobsen (1994). These data reflect egg density in the

temperature data was implemented to understand how prevalence

0–5 cm beach strata during 10 sampling occasions in 1990 and 1991

varies in relation to water temperature during progressive phases of

between 17 April and 11 June. One site, Higbees Beach, was

the spawning period. The ggeffects (Lüdecke, 2018) package was

excluded because it was never sampled in subsequent studies and had

used to generate and plot model predictions, emmeans (Lenth

very low horseshoe crab spawning activity. Data presented by Pooler

et al., 2018) package to estimate contrasts between levels of

et al. (2003) for egg abundances in the 0–5 cm strata across eight

categorical variables and the DHARMa package (Hartig, 2019) to

New Jersey Beaches (Figure 1) during two sampling occasions (25–26

generate diagnostic plots and evaluate model fit.

May and 14–15 June) are also summarized here.

2.8
2.6

|

|

Shorebird abundance

Horseshoe crab egg prevalence
The Delaware Bay Aerial Shorebird Survey has been carried out from

A complementary measure of horseshoe crab egg availability is

1986 to the present by the New Jersey Department of Environmental

prevalence (the proportion of samples with at least one egg present).

Protection's Nongame and Endangered Species Program (Clark, Niles

5
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& Burger, 1993). Methods are described in detail in Clark, Niles &

that was used as a random effect in a γ-distributed linear mixed

Burger (1993) but in short, the survey includes the Delaware and New

model. For the AVHRR satellite, data were not available within

Jersey shorelines of the bay where counts of shorebirds including red

Delaware Bay itself. In this case we extracted temperature from a

knot, ruddy turnstone (Arenaria interpres), sanderling (Calidris alba) and

5,400-km2 region at the mouth of the bay (Figure S1). For the MODIS

semi-palmated sandpiper (Calidris pusilla) occur at high tide from

satellite we extracted data from this area along with a 485-km2 region

fixed-wing aircraft flown and low altitude (25 m) and slow speed

just offshore of study beaches within Delaware Bay (Figure S1).

(110 km/hr). Counts occur on multiple occasions within a season to
capture the peak of the shorebird stopover period. Peak values and
patterns of distribution were examined based on at least two aerial

3
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survey flights for each year from the shorebird survey for red knot
and ruddy turnstone, the two species that have been counted

3.1

|

Surface egg abundance

consistently over the entire long-term study. Compared with
population estimates based on mark-resight methodology, aerial

Egg abundance in the top 5 cm of sand on the New Jersey side of

counts underestimate the snapshot mark-resight-derived population

Delaware Bay in the 1980s was more than 10 times that of present-

size

2016,

day estimates. Estimates from 2015 to 2021 average 10,243 eggs/m2

2017, 2018, 2019, 2020). To identify abrupt shifts in count totals

and ranged from 4,856 to 18,553/m2 (Figure 2, Table S1). Converting

over time, we use the mcp package (Lindeløv, 2020) in program R to

egg volume/sample measurements from the 1980s to a comparable

detect the presence of changepoints in the intercept of a linear model

eggs/m2 metric yields an estimate of 247,423 eggs/m2 (95%

by

approximately

17%

(Lyons,

2014,

2015,

of shorebird abundance over time.

confidence interval (CI) 159,034–384,936) when using a 1.7-mm egg

Counts are tallied within 81 zones that stretch from Cape May to

diameter conversion factor (representing the size of a freshly

the Cohansey River on the NJ shore and from Cape Henlopen to

deposited egg). Increasing egg size to the equivalent of an egg in late-

Woodland Beach on the DE shore. Data were aggregated into three

stage development (1.98 mm) produces an estimate of x̄ = 156,600

zones to examine trends in shorebird distribution around the bay over

eggs/m2 (101,116–242,528). The two estimates represent boundaries

time. These were the NJ shore (88 km), the DE shore excluding

on the true count given that eggs at varying stages of development

Mispillion Harbour (73 km) and Mispillion Harbour (2 km). Mispillion

occur in samples. Across the 3 years, egg abundance in 1985 was

Harbour was held separately because of the consistent high

significantly greater than 1986 (P = 0.0003) and 1987 (P < 0.001,

concentration of horseshoe crabs and shorebirds observed there

Figure 2, Table S2). Egg abundance in 1986 and 1987 did not differ

(Karpanty et al., 2006). We then calculated the proportion of the total

significantly (P = 0.13). Egg abundance estimates for 1985–87

red knot and ruddy turnstone count per season that occurred in each

derived from both 1.7- and 1.98-mm egg sizes were significantly

zone and used linear regression with a spline term to characterize any

greater than estimates for the current sampling period at South Reeds

non-linear trends in the time series. The mcp package (Lindeløv, 2020)

Beach (2015–2021, P < 0.0001, Table S3) where sampling in the

in program R was used to detect changepoints in the intercept of a

1980s occurred.

linear model of the proportion of shorebirds counted per zone
over time.

Data from 1990–1991 (Botton, Loveland & Jacobsen, 1994)
appear to show an intermediate level of horseshoe crab egg
abundance, with an overall estimate of 49,782 egg/m2 (95% CI
20,516–120,796) at mid-beach (corresponding with the 9-m zone

2.9

|

Satellite-derived water temperature

sampled in 2015–2021) based on five sampling bouts between late
April and mid-June over 2 years (Figure 2). In 1990, mid-beach egg

Spring water temperatures must reach a threshold that triggers

abundance peaked in early June at 22,693 eggs/m2 (95% CI 6,637–

widespread horseshoe crab spawning. The exact value of this

77,585, Table S4), although an earlier peak may have been missed due

threshold is unclear but it is believed to be ≈15 C (Thatcher, 2020).

to a lack of sampling in mid-May that year. A single sampling

Satellite-derived sea surface temperature (SST) products from the

campaign across six beaches the following year in mid-May measured

AVHRR and MODIS satellites were used to examine how egg

a mean horseshoe crab egg abundance at mid-beach of 74,480/m2

prevalence varies within and between seasons due to water

(95% CI 22,500–246,539, Table S4). Horseshoe crab egg abundance

temperature (which mediates the timing of spawning). For years prior

in 1990–91 overall was significantly greater (P = 0.002, Table S5)

to 2006, we used 0.1 degree spatial resolution, 8-day summary SST

than during the most recent 7 years of sampling (2015–2021) after

data from the AVHRR Pathfinder satellite (Saha et al., 2018). For the

controlling for site, habitat quality and sampling position on the beach

2015–2021 time frame we used 0.1 resolution, 8-day summary SST

profile.

data from the MODIS/AQUA satellite (Kilpatrick et al., 2015). Data

There is a gap in horseshoe crab egg sampling corresponding with

were downloaded for five 8-day intervals between 23 April and

the ramp-up and peak of horseshoe crab overharvest (Figure 2), but

1 June. Because individual data cells have varying data availability

when egg sampling resumed in 1999 (Pooler et al., 2003), surface egg

across intervals due to cloud cover, data were extracted from a range

abundance was considerably lower (25–26 May, NJ sites x̄ = 4,621/m2,

of cells representing the study area and each cell was assigned an ID

Figure 2; DE sites x̄ = 3,947/m2) than the prior data from 1985–87
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F I G U R E 2 Estimates of horseshoe crab egg abundance in the top 5 cm of sand at baseline (1985–1990) and after sustained uncontrolled
harvest of horseshoe crabs (1999–2021). Abundance data from South Reeds Beach are derived from egg volume conversions. The 1.7-mm size
corresponds with the average size of a freshly deposited egg while the 1.98-mm corresponds with the size of an egg near its maximum size during
late development. Egg abundance estimates for 1990 are from Botton, Loveland & Jacobsen (1994) and 1999 estimates are from Pooler et al.
(2003).

and 1990–1991. Estimated mean surface egg abundance on 25 May

occupancy of Delaware beaches showed a significant negative trend

between 2000 and 2014 (Table S6) ranged from 872 (in 2003) to

over the time series (Figure 3, Nagelkerke's R2 = 0.58, P < 0.0001)

2

16,370 (in 2012) with an average of 3,961 eggs per m (95% CI

with changepoint analysis indicating this trend beginning in 1998

2,636–5,952). Data across the last 22 years (2000–2021) show a

(1996–2000 95% CI, Figure 3). In the 12 years prior to this

modest increasing trend over time based on annual point estimates of

changepoint a mean of 36% of all red knots counted occurred along

egg abundance on 25 May (R2 = 0.24, P = 0.04), but this increase

the 73-km Delaware coast (excluding Mispillion Harbour). This has

does not approach the levels observed during the 1985–1991 time

declined to <5% over the most recent 5 years of surveys (2015–

period (Figure 2). A projection of this trend line indicates that

2019). At Mispillion harbour, there has been no significant trend

surface eggs would not approach 1980s baseline abundances

(R2 = 0.02, P = 0.41), within this 2-km stretch of shoreline which

2

(e.g. 100,000/m ) until 2065.

holds an average of 22% of red knots counted during 1984–2019
time series.
The trend along New Jersey's coastline has been the opposite of

3.2
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Shorebird abundance

Delaware, with an average of 83% of all red knots counted now
occurring in this zone over the recent 2015–2019 survey interval.

The drastic decrease in horseshoe crab egg abundance measured on

Before the trend away from Delaware began (1986–1997), a mean of

NJ Delaware Bay beaches corresponds with an equally drastic decline

45% of all red knot were counted on the NJ shoreline (88 km). This

in shorebird populations using the bay, particularly red knot and ruddy

value is nearly equivalent to that observed in Delaware during the

turnstone (Figure 3). A changepoint analysis to detect a change in the

same time when controlling for shoreline length.

intercept of the linear abundance trend over time (Lindeløv, 2020)

Ruddy turnstone occupancy of Delaware beaches showed a

identified a changepoint in 2002 (2000–2004 95% CI) for red knot

significant negative trend over the time series (Figure 3, Nagelkerke's

where the mean peak aerial count dropped from 43,221 (36,537–

R2 = 0.40, P < 0.001) with changepoint analysis indicating this trend

50,208 95% CI) to 15,707 (3,569–26,909 95% CI). A similar

began in 2006 (2003–2009 95% CI, Figure 3). In the 12 years prior to

changepoint occurred in 2003 for ruddy turnstone (2001–2005 95%

this changepoint, a mean of 42% of all ruddy turnstone counted

CI) when the mean peak count dropped from 70,109 birds (61,236–

occurred along the 73-km Delaware coast. This has declined to 23%

78,427 95% CI) to 28,625 (13,041–43,700 95% CI). The period during

over the most recent 5 years of surveys (2015–2019). At Mispillion

which changepoints were identified corresponds with a known

harbour, there has been no significant trend (R2 = 0.06, P = 0.16),

decline in survival and recruitment of red knots using the Delaware

with this 2-km stretch of shoreline holding an average of 10.5% of

Bay stopover site between 2000–2003 (Baker et al., 2004) as well as

ruddy turnstone counted over the full 1984–2019 time series.

the decline in surface egg abundance described above.

The trend along New Jersey's coastline has been the opposite of

As shorebirds declined, they changed patterns of distribution in

Delaware, with an average of 65% of ruddy turnstones counted now

Delaware Bay, with a shift away from DE and towards NJ. Red knot

occurring in this zone over the recent 2015–2019 survey interval.
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F I G U R E 3 Peak aerial counts of red knot
and ruddy turnstone during stopover in
Delaware Bay. Solid vertical lines (with
dashed and shaded 95% confidence interval)
indicate a changepoint in abundance in 2002
for red knot and 2003 for ruddy turnstone.
Estimated coastwide horseshoe crab harvest
from the NMFS Commercial Fisheries
Landing Database (Kirkley, 2009) is displayed
for reference as a shaded area plot. Art public
domain via Von Wright's Scandinavian Birds
(von Wright, von Wright & von
Wright, 1929).

Before the trend away from Delaware began (1986–2006), a mean of

prevalence can serve as an index of overall egg abundance as long as

48% of all ruddy turnstone were counted on the NJ shoreline (88 km).

prevalence levels are below 100% (when the metric can no longer

This value is nearly equivalent to that observed in Delaware during

increase correspondingly with abundance).

the same time when controlling for shoreline length.

3.4
3.3

|

|

Horseshoe crab spawning habitat quality

Egg prevalence
Habitat quality (the proportion of egg sampling locations with sand

Surface egg prevalence (proportion of samples with egg present) was

depths > 40 cm) across all sampling beaches was above 80% in all

compared across two periods: 1986–1987 and 2015–2021. The

recent sampling years (2015–2021, Figure 6). South Reeds Beach,

mean prevalence of horseshoe crab eggs in samples (Figure 4) was

which was the only sampling site during 1980s egg sampling has

significantly lower (P < 0.001, Table S7) in the more recent period

retained its high habitat quality, with nearly 100% of sample sites

(0.52, 95% CI 0.43–0.60) compared with the 1980s baseline (0.89,

having deep sand. During 2015–2021, both egg abundance (Figure 6)

95% CI 0.81–0.94). In both 1986 and 1987 100% prevalence of eggs

and prevalence (Figure 4) were higher at South Reeds Beach relative

in samples was reached during the sampling period while it was never

to the average value across all sampling sites.

reached in the more recent 2015–2021 interval. Peak acceleration in
surface egg prevalence (an index for the onset of widespread
spawning determined using the second derivative of fit line), ranged

3.5

|

Water temperature

from 3–20 May. Per sampling event mean values of egg prevalence
and abundance correlated strongly with each other in a negative

In 1986 and 1987, there was a clear difference in the timing of the

binomial mixed model that included site as a random effect (Figure 5,

season with peak acceleration of egg prevalence occurring on May

marginal R2 = 0.78, conditional R2 = 0.81, P < 0.0001), indicating that

3 in 1986 and May 15 in 1987 (Figure 4). A potential explanation for
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early June, this difference became more pronounced, increasing by
0.5 C/week so that temperatures in 1987 were 3 C cooler than 1986
in late May. For reference, we contrast these water temperatures
with those of 2003, which was a notoriously cold-water year (Niles
et al., 2009) that had the lowest surface egg abundance of the entire
time series examined here (Table S6). The 1987 and 2003
temperature estimates were within 0.5 C of each other from late
April to mid-May, with 1987 diverging after that with a steeper rise in
temperature. For 1990 and 1991, both years experienced water
temperatures above that of 1986 (Figure S8), when widespread
spawning occurred in early May (Figure 4). This indicates that
temperature thresholds necessary for horseshoe crab spawning were
probably reached in early May in 1990 and 1991 as well.
During the 2015–2021 time series, water temperature correlated
with egg prevalence (P < 0.0001, Table S9). This is particularly true
during mid to late May when the greatest variation in both water
temperature and egg prevalence occurred (Figure 7). For the 9–16
F I G U R E 4 Logistic regression analysis of egg presence/absence
in samples across 9 years and spanning two eras of sampling (1980s
prior to unregulated harvest and 2015–2021). Vertical dotted lines
indicate the peak acceleration in slope (second derivative) which we
consider to be an index for the onset of widespread spawning.
Steeper slopes that reach an asymptote of 100% prevalence of eggs
in samples indicates a strong pulse of eggs into the system, whereas
flatter slopes that only approach the asymptote later indicate a
weaker pulse.

May and 17–24 May periods in the 2015–2021 sampling era, water
temperature ranged by 5 C during both periods while egg prevalence
ranged by 25% during both periods. For 25 May–1 June, water
temperature varied by 3 C while egg prevalence only varied by 10%.
After 1 June, variation in prevalence decreased further indicating that
in these two later periods water temperature no longer strongly
influenced spawning activity.
A comparison between temperatures at the mouth of Delaware
Bay and those just offshore of beaches within the bay (Figure S8) at
the same time step revealed a strong correlation (R2 = 0.85,
P < 0.001), with the inshore water on average 0.95 ± 0.09 C warmer
than the offshore zone.

4

|

DI SCU SSION

This study demonstrates that horseshoe crab egg availability in
Delaware Bay is now an order of magnitude lower than it was under
baseline conditions in the 1980s prior to a wave of uncontrolled
harvest of horseshoe crabs the following decade. A time series of
horseshoe crab egg sampling data extending from the 1980s to the
present indicates that horseshoe crab egg abundance dropped to
these low levels just after this wave of overharvesting. As food
resources diminished, shorebird populations documented during aerial
surveys in Delaware Bay experienced an abrupt decline that began
F I G U R E 5 The correlation of egg prevalence (proportion of
samples with at least one egg) with egg abundance. Light grey data
points represent individual site-sampling event averages of
prevalence and abundance. White dots are summary values for 10%
increments with 95% confidence interval.

near the peak of horseshoe crab harvest in 1998. The rate of decline
flattened approximately 5 years after declines began (2002–2003),
with populations stabilizing at 30% of the baseline population count
for red knot and 40% for ruddy turnstone.
Multiple stressors affect both horseshoe crabs and shorebirds as
they move through complex life cycles spanning vast areas as they
progress through precisely timed life history events. More than half of

this is variation in May water temperature. Satellite-derived

North America's shorebird species are considered to be of high

temperature data indicate that during the first week of May water

conservation concern due to unabated threats and population

temperatures in 1987 were 1.5 C lower than 1986 during the same

declines (U.S. Shorebird Conservation Partnership, 2014; Hope

period (Figure S8). In the three subsequent weeks spanning May and

et al., 2019). Given this broad pattern, it is plausible that trajectories
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F I G U R E 6 A comparison of habitat quality
and horseshoe crab egg abundance across all sites
and South Reeds Beach. South Reeds Beach is
displayed to illustrate that habitat quality as
measured by sand depth on the beach has not
declined since sampling first occurred there in the
1980s.

F I G U R E 7 Egg prevalence (proportion of
samples with at least one egg present) modelled
as a function of temperature across five time
periods corresponding with 8-day average
temperature data from satellite imagery.
Truncated curves in each time period represent
the observed temperature range across the
(2015–2021) study interval.

of shorebird populations stopping over in the bay are governed by

overharvest dispersed themselves among other sites and the overall

factors beyond conditions encountered in the Delaware Bay. For

decline was confirmed at key wintering sites (Baker et al., 2004)

example, one hypothesis concerns Arctic climate change altering

where the population has remained at these reduced levels (Morrison,

patterns of reproductive output but to date, no clear pattern linking

Ross & Niles, 2004; Dey et al., 2019). However, limited anecdotal

shorebird declines to Arctic breeding conditions has emerged (Weiser

evidence based on band resights (bandedbirds.org) suggests that

et al., 2018; Bulla et al., 2019). Shorebird population declines instead

individual red knots arriving in Delaware Bay during conditions of low

have been linked to adult survival (Weiser et al., 2020), with

food availability may disperse to other sites. The added delay and

conditions that reduce survival typically encountered away from

added energy expenditure could still ultimately contribute to lower

breeding sites (Weiser et al., 2017) during migration, stopover and

survival and reproductive success. Indeed, it has been established that

wintering periods (Murray et al., 2018).

annual survival of red knots stopping over in Delaware Bay (Duijns

There is empirical support for stopover population size of

et al., 2017) and elsewhere (Morrison, Davidson & Wilson, 2007) is

shorebirds scaling with prey availability and quality (Witte, 2019).

influenced by the relative body condition of the birds during stopover,

Such a pattern can only be explained by two possibilities that are not

i.e. their feeding success, rate and quantity of mass gain.

mutually exclusive: the birds disperse to other sites, or lower prey

Coincident with shorebird population decline in Delaware Bay

availability and quality at stopover sites drive population trends

was the initiation of a steady trend of redistribution of shorebirds

(Studds et al., 2017). Although red knot use other spring stopover

along the Delaware Bay shoreline away from Delaware and towards

sites on the east coast of North America (Smith et al., 2008; Smith,

New Jersey, with the majority of the stopover population of red knots

Watts, et al., 2017), there is no evidence that the enormous

and ruddy turnstone occurring on New Jersey beaches during aerial

populations of shorebirds using Delaware Bay prior to horseshoe crab

shorebird surveys over the last 10+ years. At baseline conditions,
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these species were evenly distributed between the shorelines of the

horseshoe crab egg availability for shorebirds over time despite

two states. Given that patterns of horseshoe crab egg abundance

coordinated management of horseshoe crab harvest. That is, rather

determine

(Karpanty

than surface egg abundance increasing linearly with an increasing

et al., 2006), the most apparent overarching hypothesis for shorebird

shorebird

distribution

in

Delaware

Bay

horseshoe crab population, instead a threshold of spawning

redistribution is that foraging profitability has changed from an even

horseshoe crab abundance may need to be reached before egg

to a patchy distribution along the bay's shoreline.

supplies for shorebirds reach the abundances necessary for shorebird

There are several explanations that can be proposed for this

population recovery.

pattern. First is that the annual closure of New Jersey beaches along

A weaker pulse of spawning output may also lead to lower

the bay creates more attractive foraging conditions when compared

ecological resilience to unfavourable conditions. Examination of water

with Delaware beaches, which remain open to recreational use (Niles

temperature patterns indicates that years with colder water in early to

et al., 2008) which may pose a disturbance threat to shorebirds.

mid-May were associated with delayed spawning in both the 1980s

However, at baseline shorebird abundances, the beaches on both

and recent years. Delayed spawning and diminished food availability

sides of the bay were open to public use (Burger et al., 2004). A

during the stopover period can lead to impacts on survival and

second potential explanation is that with reduced horseshoe crab

reproductive outcomes in shorebirds (Duijns et al., 2017). In the

populations, abiotic factors such as beach aspect, wave exposure and

1980s, although cold water delayed the onset of widespread

nearshore morphology (Smith et al., 2002; Nordstrom et al., 2006;

spawning in 1987, an intense pulse of spawning occurred once water

Jackson et al., 2014) play a larger role in transferring buried horseshoe

levels reached the necessary threshold. This yielded egg abundances

crab egg clusters to the surface where they are accessible to

that matched those of the previous year, which did not experience a

shorebirds. Variation in these physical attributes around the bay along

spawning delay. These results suggest that the high abundance of

with overall spawning output in turn may yield more patchy

spawning output of horseshoe crabs buffered the impact of the

availability of eggs.

delayed season on shorebird populations.

The opposing explanation for evenly distributed shorebird

Stock assessments of Delaware Bay horseshoe crabs are

populations under baseline conditions is that at high horseshoe crab

consistent with the results presented here showing horseshoe crab

population levels, the primary mechanism for the generation of

egg and shorebird abundance stabilized at low levels after harvest

surface eggs was exhumation of clusters by successive spawning

management was implemented. The most recent assessment

waves of horseshoe crabs, with physical factors falling to a secondary

concluded that the Delaware Bay horseshoe crab population has not

role (Jackson et al., 2005). Horseshoe crab eggs available for shorebird

markedly changed from the level documented at the peak of

feeding (Smith, 2007) would reach peak levels when the capacity of

overharvest in 1998 when regulation and management of the

beaches to hold egg clusters reaches a maximum early in the season.

horseshoe crab population first commenced (Atlantic States Marine

Habitat saturation is a quantifiable point where spawning

Fisheries Commission, 2019). Taken together these three datasets

continues to occur, but cluster abundance has reached an asymptote

suggest that horseshoe crab harvest management succeeded in

and subsequent spawning only serves to replace prior waves of

arresting declines in horseshoe crab and shorebird populations, but

spawning effort. An initial strong pulse of spawning in mid-May

progress toward recovery has been limited.

during the full or new moon fills spawning beaches nearly to capacity

Our findings indicate that horseshoe crabs have a diminished

with clusters, with subsequent waves of spawning horseshoe crabs

ecological role in Delaware Bay where they provision a now-

exhuming previously deposited egg clusters and thus generating large

diminished seasonal energy pulse to not only shorebirds but a broad

quantities of surface eggs. Surface egg prevalence data (Figure 4)

suite of commercially and ecologically important fish species (DeSylva,

indicate that in the 1980s there was a strong pulse of spawning

Kalber & Shuster, 1962). This may be the case worldwide among the

activity that yielded a steep ascent between the time when

four species of horseshoe crabs that occur in the estuaries of North

widespread spawning began and the time when surface egg

America

prevalence reached an asymptote of 100% prevalence of eggs in all

rotundicauda, Tachypleus gigas, Tachypleus tridentatus) are critically

samples over the course of 3 weeks spanning the shorebird stopover

imperilled (John et al., 2018), while American horseshoe crab

period. In contrast, this asymptote was never reached during 7 recent

populations are experiencing varying trajectories (Smith, Brockmann,

sampling years (2015–2021).
With a weaker pulse of spawning output, habitats are not
reaching egg cluster carrying capacity. In sampling specifically

and

Asia.

Asian

horseshoe

crabs

(Carcinoscorpius

et al., 2017), with most either declining or stabilized at baselines
established after recent unregulated overharvest (Atlantic States
Marine Fisheries Commission, 2019).

designed to sample egg clusters rather than individual eggs, cluster

While harvest pressures have eased, mortality levels associated

abundance only reached a peak after the majority of shorebirds had

with commercial fishing bycatch and horseshoe crab blood extraction

departed the bay (Smith et al., 2020). This shortfall is not due to a

are poorly understood. The horseshoe crab blood extraction

diminishment of habitat quality over time given that the vast majority

industry, which manufactures Limulus amoebocyte lysate and

of samples were taken at locations with sand depths greater than

Tachypleus amoebocyte lysate for use in the global medical system

40 cm. A failure to reach spawning habitat carrying capacity may also

to test for bacterial contamination of all substances and medical

explain why we have observed only incremental increases in

devices that enter the human body (Tinker-Kulberg et al., 2020).
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