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REPORT SUMMARY

The state partnership project entitled “ Status, Trends, and Genetic Population Structure of
Horseshoe Crabs (Limulus polyphemus) in Delaware Bay” proposed to meet the following
objectives (condensed and reordered from the proposal):

1) Assesstemporal variation of spawning horseshoe crabs during May and June. Use data
from 1999 surveys to test the hypothesis that horseshoe crab spawning activity does
occur predominantly during full and new-moon high tides and to provide assistance to the
state partnersin developing a statistically rigorous long-term monitoring program to
assess status and trend in horseshoe crab spawning activity in the Delaware Bay.

2) Examinethe form and strength of the relationship between indices of spawning horseshoe
crabs, dispersed eggs, and egg clusters; and determine if spawning activity can be
monitored effectively by tracking 1 or 2 rather than all 3 of these indices.

3) Develop species-specific microsatellite DNA loci in L. polyphemus, and utilize
microsatellite DNA markers to identify and quantify genetic diversity present in arange-
wide survey among geographic populations, with emphasis placed on the Delaware Bay
region.

Thisreport isthe final project report for the first 2 objectives. The genetics work, identified in
objective 3 isongoing and areport will beissued at alater date. The organization of the report
corresponds to project objectives.

Chapter 1, entitled “ Spatial and Temporal Distribution of Horseshoe Crab (Limulus
polyphemus) Spawning in Delaware Bay: Implications for Monitoring”, addresses the 1%
objective. Inearly 1999 aworkshop was held at the request of the Atlantic States Marine
Fisheries Commission to design a statistically valid survey of horseshoe crab spawning in
Delaware Bay. The survey that resulted was a redesign of a volunteer-based spawning survey
that began in 1990, and its network of volunteers was relied on to implement the 3-stage sampling
designin 1999. During May and June of 1999, 163 participants surveyed during the highest of
the daily high tides on 16 beaches (8 on each side of Delaware Bay). During the first half of the
spawning season, spawning was associated with lunar phases; however, it was moderated by
wave height. Disproportionately more spawning occurred within 3 d of the first new and full
moons (t = 4.27, 79 df, p < 0.001), and spawning activity was correlated inversely to the % of
beaches with waves3 0.3m (r = -0.558, p = 0.011). Spawning was heaviest on the Delaware
shore around the full moon in May in spite of low wavesin New Jersey during the new and full
moonsin May. Number of beaches sampled was the most important factor in determining the
precision of the spawning index and power to detect a decline. Explicit consideration of
statistical power has been absent from the current debate on horseshoe crab status and harvest.
Those who argue against harvest restrictions because of alack of statistically significant declines
take on a burden to show that the surveysthey cite have high statistical power. We show the
Delaware Bay spawning survey will achieve high statistical power with sufficient sampling
intensity and duration. We recommend that future Delaware Bay spawning surveys 1) sample on
3 d during the 7-d period centered on the new and full moonsin May and June and 2) increase the
number of beaches to ensure high statistical power to detect trends in baywide spawning activity.
For example, a 25% decline in spawning activity over 10 yr would be detectable (power 3 0.80, a
=0.20) if 13 beaches were sampled per state on 3 d around each new and full moon.

Chapter 2 isentitled * Comparison Between Indices of Horseshoe Crab (Limulus
polyphemus) Spawning and Eggs on Delaware Bay Beaches’ and addresses, in part, the 2™
objective. In this chapter we raise and attempt to answer the following question — can monitoring
eggs and predicting spawning females provide sufficient data for both assessing horseshoe crab



stock and quantifying shorebird food base? If so, then horseshoe crab monitoring needs could be
met at much less cost. However, the answer depends on the strength of the relationship between
indices of spawning females and their eggs. We compared indices of spawning female horseshoe
crabs and their deposited eggs using observations from 16 beaches in Delaware Bay. We
explored that relationship and examined how it is affected by geography, time within a spawning
season, and beach characteristics. Finally, we discussed implications of our findings to horseshoe
crab monitoring programs. We found that the relationship between indices of spawning
horseshoe crabs and their eggs depended on geography and time of sampling. Only on New
Jersey beaches early in the spawning season did we find a strong relationship between indices of
spawning and eggs buried 0 — 20 cm deep. Eggs that had been brought to the beach surface, and
were thus available to shorebirds, were not related to the amount of spawning that had occurred
on the beach. We suggest different explanations for the failure to observe strong relationships on
Delaware beaches, during late-season sampling, and for eggs 0 — 5 cm deep. We believe astrong
relationship was not observed on Delaware beaches because the sampling protocol failed to
account for variation in the distribution of eggs across the foreshore. Also, mid-season sampling
(i.e., June sampling) introduced a temporal mismatch between numbers of spawning females and
live, unhatched eggs. Finally, we hypothesize that density of eggs 0 — 5 cm deep was determined
by a complex relationship involving an interaction between physical factors (i.e., beach
morphology and wave energy) and density of spawning females. We concluded that spawning
biomass cannot be reliably predicted from an index of egg density (and vice versa). Thus, if egg
density isto be monitored, then a separate bay-wide survey of horseshoe eggs must be designed
and implemented. We also suggest that some aspects of the current egg sampling protocol need to
be reconsidered. In particular, arobust protocol to identify the center of the egg distribution in
the beach profiles needs to be developed that will apply across arange of beach types. The
current practice of sampling over a3 m strip is unlikely to be robust to errors in locating the strip
relative to egg distribution. Further, research is needed to determine whether certain beach
characteristics make it more likely that eggs become available to shorebirds. Such information
might also be helpful inidentifying potential shorebird habitat.

Chapter 3, entitled “ Assessment of Horseshoe Crab (Limulus polyphemus) Egg Sampling
Methods and Sample Size Determination”, isabrief report, which combines with Chapter 2 to
address the 2™ objective. In this chapter we examine horseshoe crab egg data (presented in
Chapter 2) to assess adequacy of egg sampling procedures. We structure the assessment by 3
specific questions. Each addresses sampling at a different spatial scale: 1) How many sediment
cores should be sampled to monitor density within a 100 m segment of beach? 2) Does egg
density within a 100 m section of beach adequately represent egg density across alarger stretch of
beach? 3) How many beach segments should be sampled to monitor bay-wide egg density? We
found that a sample size of 40 sediment coresis sufficient for estimating density of eggs 0 — 20
cm deep within a 100 m beach segment, but alarger sample size (3 60 sediment cores) would be
needed to estimate density of eggs 0 —5 cm deep. However, our results suggest that 2100 m
segment of beach is unlikely to be representative of alarger stretch of beach. If accurate
information about egg density isrequired for the larger stretches of beach, then it would be
necessary to include the entire stretch of beach in the sample design, perhaps through a 2-stage
sampling design. With regard to sampling to estimate bay-wide egg density, a stratified random
sample of 8 beach segments per state would result in CV £ 0.3 for estimates of egg densities 0 —
20 cm deep. If thislevel of effort is maintained, it should be sufficient to detect biologically
significant declines in egg density. However, we conclude that greater effort would be required
to monitor change in egg densities 0 — 5 cm deep. Based on shallow egg densitiesin May, a
stratified random sample of 10 segments per state would result in CV £ 0.3. Based on the lower
densities found in June, a stratified random sample of 17 segments per state would be needed to
result in comparable CVs. Beforeincreasing effort at this scale, managers must assess the




importance of monitoring baywide egg density. Throughout these analyses, data from the shallow
cores consistently yielded lower densities and higher variahility than the data from the deep cores.
A primary recommendation is that current levels of sampling effort are sufficient for eggs 0 — 20
cm deep, but sampling effort needs to be increased to estimate density of eggs 0 — 5 cm deep.

At the time of this report, the redesigned spawning survey has been implemented 2
consecutive years, 1999 — 2000. To this project report, we appended a memo, which was
submitted to the ASMFC Horseshoe Crab Technical Committee, on the index of spawning
activity for 1999 — 2000. Results from the 2000 survey were similar to those from 1999.
Spawning activity was dightly higher in New Jersey on the first lunar period in May, but during
the other lunar periodsin May and June, spawning activity was higher in Delaware. In both
years, the spawning index for al lunar periods combined was higher in Delaware than in New
Jersey. There was no discernable change in baywide spawning index between 1999 and 2000.
Thelack of change, or apparent stability, in the spawning index between 1999 and 2000 does not
support any broad conclusions about horseshoe crab population trends. Such conclusions will
require alonger time series of data. We stress that two years of results do not provide an
informative time series for trends in spawner numbers of iteroparous species such as horseshoe
crabs. Also, a pattern of stability does not address the concern that current levels of spawning
may not be sufficient to support shorebird trophic demands. As such, we also stress the
importance of continuing this survey as currently designed, which demands that annual funding
be pursued and secured.

This State Partnership project proposed to deliver the following products:

1) A report to the ASMFC Technical Committee and a presentation at annual meeting of the
American Fisheries Society on a statistically valid survey design for monitoring horseshoe
crab spawning activity in Delaware Bay that takes into account both spatial and temporal
variation. The design will be evaluated for estimator variance, cost, and power to detect
change over time.

2) A report to the ASMFC Technical Committee and a published, co-authored manuscript on an
assessment of the strength and form of the relationship between counts of spawning
horseshoe crabs and of dispersed eggs and egg clusters.

3) A report to the ASMFC Technical Committee on within-season temporal variation of
spawning.

4) At least two publicationsin peer-reviewed journals on genetics work are anticipated; one
describing marker development and one describing the genetic popul ation structure of
horseshoe crabsin Delaware Bay.

5) Associated metadata to comply with FGDC and NBII standards. A web site will be designed
and maintained to describe the USGS-BRD State Partnership horseshoe crab project. We
will consult with partners and ASMFC Technical Committee for specific content of the web
site. Possible content includes information on how horseshoe crabs are being monitored and
who to contact to volunteer help with monitoring efforts. Web documents will be uploaded
to the web server maintained by the AEL (http://a€l .er.usgs.gov).

This project report delivers products for numbers 1, 2, and 3. Chapters 1 of this report has been
submitted for possible publication in a peer-reviewed journal, and Chapters 2 and 3 are
undergoing further editing prior to submission. The web site mentioned in product number 5 has
been available at http://ael.er.usgs.gov/groups/stats/Limulus. Metadatais being devel oped.
Products listed under number 4 will be part of aforthcoming report on the genetic aspects of the
project.
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Introduction

Increasesin harvest of Atlantic horseshoe crabs (Limulus polyphemus) for bait and loss
of their spawning habitat have raised questions about their current status (Botton and Ropes 1987,
Berkson and Shuster 1999, Widener and Barlow 1999). Much concern has focused on shorebird,
horseshoe crab interactionsin Delaware Bay. Horseshoe crab spawning on Delaware Bay
beaches coincides with shorebird migration through the region. Shorebirds, such as redknot
(Calidris canutus), ruddy turnstone (Arenariainterpres), sanderling (Calidris alba), and
semipalmated sandpiper (Calidris pusilla), stopover in the Delaware Bay and feed heavily on
horseshoe crab eggs, as well asinfaunal benthic invertebrates, to fuel nesting and reproduction in
the Arctic (Castro and Myers 1993; Botton et al. 1994; Burger et al. 1997; Tsipoura and Burger
1999). In addition to being harvested for bait, horseshoe crabs are caught and bled to produce
Limulus amoebocyte lysate, which is used to detect pathogenic endotoxins in medical products
(Berkson and Shuster 1999). Bled horseshoe crabs are returned to their point of capture, and
Rudloe (1983) reported that survival of bled horseshoe crabs was 90% of the survival of unbled
horseshoe crabs.

In spite of the emergence of multiple threats on the long-term stability of horseshoe crabs
and the potential that their decline will have aripple effect through the ecosystem, few resources
had been directed at collecting data for stock assessment. In response, the Atlantic States Marine
Fisheries Commission devel oped a Fisheries Management Plan (FMP) with a mandate that
certain states “formulate standardized and statistically robust methodologies ... for spawning
surveys’ (Atlantic States Marine Fisheries Commission 1998a). As part of the mandate, a
workshop was held January 1999 to discuss the design of alogistically feasible and scientifically
valid spawning survey. Horseshoe crab researchers, natural resource managers, and biological
statisticians attended the workshop. Primary goals of the workshop were to devel op an index of
spawning activity and design a statistically valid survey to track that index over time.

Since 1990, there has been a volunteer-based survey with the expressed goal of indicating
status and trends of Delaware Bay horseshoe crabs (Finn et al. 1991). However, the volunteer-
based survey has been criticized because frequent methodological changes have put into question
itsreliability and accuracy (Atlantic States Marine Fisheries Commission 1998c). Workshop
participants recognized that, given available funds, the existing volunteer workforce would
continue to be needed to implement a baywide spawning survey. At the same time, the volunteer-
based survey would be strengthened by a statistical redesign. However, outstanding issues
regarding survey design remained, such as when and how often to survey beaches especially in
relation to new and full moons, which are the times that horseshoe crabs spawning is believed to
be heaviest (Rudloe 1980; Shuster and Botton 1985; Maio 1998). Other survey design issues,
such as sample size calculations that rely on large-scale spatial and temporal variation, needed to
be more fully addressed than was possible with available data.

In this paper we have 3 broad objectives. First, we describe a survey design and present
results from the 1999 spawning survey in Delaware Bay. In the presentation of results, we
describe the patterns of spawning spatially and temporally within the Delaware Bay. Second, we
use the results from the 1999 survey to evaluate the survey design and make recommendations for
future horseshoe crab spawning surveysin Delaware Bay. Finally, we discuss statistical power of
the spawning survey in the context of risks that management decisions present to other species
and fisheries that depend on the horseshoe crab.



Methods

We implemented a 3-stage survey design in which beaches were selected at the first
stage. Dates within a beach were selected at the second stage. At the third stage quadrats within
abeach and date were selected. The target population wasidentified as that portion of the
horseshoe crab population that spawnsin Delaware Bay in agiveny. The survey objective was
to estimate an index of spawning activity useful for measuring trends in spawning activity over
time. We derived formulae for estimating the index based on this survey design and presented
them in the Appendix.

Thefirst stage of sampling involved selection of spawning habitat within the bay and thus
required defining a baywide sampling frame, which was alist of all spawning habitat that could
be sampled in Delaware Bay. However, because of physical constraints not all spawning habitat
in Delaware Bay was accessible to a volunteer-based survey. Asan aternative sampling frame,
we included only beaches that could be accessed by public road. The restricted sampling frame,
which cannot be used to estimate abundance or population size, is appropriate for trend detection
under the assumption that trends in spawning activity on accessible beaches are parallel to trends
for the target population. We stratified the beach-level sampling frame by state (Delaware and
New Jersey) because in past surveys spawning activity was typically higher on 1 side of
Delaware Bay inagiveny (B. L. Swan, unpublished data) and managers were interested in state-
specific assessments. I1n the 1999 survey, 16 beaches (8 on each side of Delaware Bay) were
selected by stratified random sampling (Table 1). We limited sampling to a beach section £1 km
in length because 1 km could be surveyed within 2 h; most spawning activity islikely to be
completed within 2 h of the time of high tide (Maio 1998).

Table 1-1. Beacheswhere spawning hor seshoe crabs were sampled during 1999 in

Delawar e Bay.
Length of beach
State Beach section (km) Sampling schedule

DE Woodland 04 3 d at full/new moon plus 1 neap d
Kitts Hummock 1.0 every 2@ or 3“d
North Bowers 10 3 dat full/new moon plus 1 neap d
Big Stone 1.0 every 2% or 3°d
Slaughter 10 3 dat full/new moon plus 1 neap d
Fowlers 1.0 every 2% or 3°d
Prime Hook 10 3 d at full/new moon plus 1 neap d
Broadkill 10 3 d at full/new moon plus 1 neap d

NJ SeaBreeze 0.2 3 d at full/new moon plus 1 neap d
Gandys 04 3 d at full/new moon plus 1 neap d
Fortescue 1.0 every 2% or 3°d
Reeds 1.0 every 2% or 3°d
Kimbles 0.8 3 dat full/new moon plus 1 neap d
Highs 0.5 every 2% or 3°d
South Cape Shore Lab 0.8 3 d at full/new moon plus 1 neap d
North Cape May 1.0 3 d at full/new moon plus 1 neap d

The second stage of sampling involved the time dimension and thus required defining a
temporal sampling frame. Peak spawning activity occurs during May and June in Delaware Bay
(B. L. Swan, unpublished data). So, the temporal sampling frame could comprise all datesin
May and June or it could be restricted to a subset of those dates (similar to the beach-level
sampling frame). The issue of which dates to include in the temporal sampling frame was



unresolved at the time of thisinvestigation. Thus, sampling in the 1999 survey was temporally
intensive to examine the temporal distribution of spawning and evaluate alternative temporal
sampling frames. In the 1999 survey, 16 beaches were scheduled to be sampled 3 d around the
new or full moon (2 d prior, day of, and 2 d after) and 1 d at the neap tide. To augment the
temporal sampling even further, 6 of the 16 beaches (3 beaches on each side of the Delaware
Bay) were sampled every 2™ or 3% d (Table 1 and Fig. 1). We made a heuristic judgment to
sample 1 of the 2 daily high tides so that volunteers’ limited time could be distributed over more
beaches and dates. In past surveys, more spawning activity tended to occur during the higher of
the daily high tides (B. L. Swan, unpublished datain Delaware Bay; Rudloe 1980 in Gulf of
Mexico; Maio 1998 in mid-Atlantic coastal bays). Thus, we sampled on the higher of the daily
high tides, which was invariably the evening or nighttime high tide.
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Figure 1-1. Spatial distribution of spawning activity in Delaware Bay during the new and
full moons of May and June, 1999 at 16 beaches selected for the 1999 hor seshoe crab
spawning survey.

The third (and ultimate) stage of sampling involved subsampling a beach to count
horseshoe crabs. A 1 m? quadrat was chosen as the sampling unit to increase survey efficiency
based on evidence that horseshoe crabstend to cluster spatially along a beach. Horseshoe crabs
were clustered on 82% of the sampling occasions during the 1996 and 1997 surveys (B. L. Swan,
unpublished data); this based on the equality of variance to mean in a Poisson series (Elliott
1977:40). Inthe case of spatial clustering, Elliott (1977:128) recommends, and cites other studies
that support, the use of arelatively small sized quadrat.

We placed quadrats along a beach by systematic sampling with 2 random starts
(Thompson 1992). Systematic sampling is an attractive alternative to simple random sampling



because it is convenient to apply under field conditions. Also, systematic sampling performs well
for spatially clustered populations (Christman 2000). Multiple random starts allow estimation of
variance and decrease the chance that the interval between quadrats coincides with a spatial
pattern in the distribution of spawning horseshoe crabs. Hedayat and Singh (1991) recommend a
systematic sample with 2 random starts because more random starts would compromise the
advantage of easy application. We expected to sample 100 quadrats per beach; thus, the interval
between quadrats depended on the length of the beach.

Counting horseshoe crabs began when the tide began to recede from the high tide mark.
Quadrats were placed systematically along the line formed by the spawning horseshoe crabs that
were highest on the beach. Horseshoe crabs that were at least halfway in the quadrat were
counted, and sex was recorded. Weather conditions, such aswave height, were also recorded.
Protocol and data sheets were distributed to volunteers at training workshops and made available
on internet (http://a€l.er.usgs.gov/groups/stats/Limulus/protocol .html).

We believe that most of the spawning females can be encountered £1 m of the high tide
line. Brockman (1990) observed 94% of nesting females £1 m of the maximum high tide line.
Maio (1998) found highest density at shallow depths (£33 cm). However, we attempted to count
horseshoe crabs that were £2 m (rather than £1 m) from the high tide line by locating 2 adjacent
guadrats extending into the bay at each systematically located point along the beach. However, in
our trials of this approach we encountered 2 problems. First, the quadrat furthest in the bay was
frequently in water too deep to be observed effectively. Second, the additional quadrats were
time consuming so that surveying a beach exceeded the alotted time (2 h). Thus, we
discontinued this practice.

The index of spawning activity was the average number of spawning females per quadrat
(or per 1 m?) at the high tide line on the highest of the daily high tides at a given beach. We
formulated the index of spawning activity in terms of spawning females because the female
segment of the population best represents the fluctuations in reproductive potential and egg
availability to shorebirds. A female-based spawning survey was also recommended by a panel
assembled by ASMFC to review the horseshoe crab stock assessment (ASMFC 1998b). We
averaged across nights to estimate the index for a beach-specific index at a given period and
averaged across beaches to estimate the index for the bay. Averages were weighted appropriately
to account for survey design attributes, such as stratification and unequal beach length
(Appendix).

There were 163 participants in the 1999 Delaware Bay horseshoe crab spawning survey.
The participants, who were mostly volunteers, surveyed beaches for atotal of 190 hours, not
counting the travel time or the time waiting for the tide to be at the right height. Typically, acrew
of 3to 4 took 53 minutes to sample a beach.

We used data from the 6 beaches that were most frequently sampled to compare the mean
and variance of spawning activity that resulted from severa alternative temporal sampling
frames. For each alternative, we computed mean and among-beach variance for dates that were
sampled within the frame. Our objective was to find the temporal sampling frame that minimized
variance in relation to the mean. The alternative temporal sampling frames were defined as

1) al dinMay and June,

2) 7d centered on new or full moon plus 1 d at neap tide,
3) 7d centered on new or full moon,

4) 7 d beginning on new or full moon,

5) 5d beginning on new or full moon, and



6) 1don new or full moon.

Sample size and power to detect trends are important for effective implementation of the
survey. We used the 1999 survey results to assess variation in the index of spawning activity and
to calculate sample size and statistical power. The three sources of variation in the estimate of the
index are

1. between beach,

2. between dates within each beach, and

3. between systematic sample (i.e., quadrats) within each beach and date (Appendix).
We simulated how changing the sample size for beaches, dates, or quadrats affects coefficient of
variation (CV). Based on our comparisons of the alternative temporal sampling frames, we used
only 1 temporal sampling frame in our simulations; the 7-d periods centered on the full and new
moonsin May or June. For simplicity, the beach-level sampling frame was set to 25 accessible
beaches per state; this was dightly larger than the sampling frame in current use (21 accessible
beachesin New Jersey and 19 in Delaware). We calculated CV for estimates of baywide and
state-specific spawning. Coefficient of variation isimportant because it measures reliability of
the index and isrelated inversely to the probability of detecting a change in the index. We used
program TRENDS (Gerrodette 1993) to cal culate power to detect trends in the index and assess
the effectiveness of the survey to detect declinesin spawning activity. Type| error rate (a) was
set to 0.10 and 0.20. We calculated power for exponential declinesin spawning activity of 25,
33, and 50% over 5and 10 yr. Power was based on a 2-sided t-test, which is a conservative
choice because power would be higher if based on a 1-sided t-test. An examination of the 1996
and 1997 survey results (B. L. Swan, unpublished data) indicated that beach-level CV was

proportional to :I/ \/spawni ng activity , so we assumed that relationship in the power

calculations. We calculated cost of a spawning survey in terms of person-nights or the number of
participants required if each person surveys only 1 night assuming a crew of 3.

Results

Spatial and Temporal Distribution of Horseshoe Crab Spawning

During the first half of the spawning season, spawning was associated with the lunar
phases (Fig. 2). Disproportionately more spawning occurred around the first new and full moons
(t=4.27, 79 df, p < 0.001); 50% of spawning activity occurred within 3 days of the first new and
full moons, but only 23% would be expected if spawning was uniformly distributed through May
and June. However, spawning was also affected by wave height (Fig. 3). When spawning began
on the New Jersey shore (early to mid-May), a high percentage of beaches on the Delaware shore
were experiencing wave heightsin excess of 0.3 m (Fig. 3). Then aswave action subsided on the
Delaware shore, spawning increased until it peaked again in early June shortly after the May full
moon (Fig. 3).

Tide height alone was a poor predictor of spawning activity. During the first 2 lunar
cycles (prior to 7 June) when most of the spawning occurred, tide height accounted only for 12%
of the variation of females and 6% of males. Continuing to look at results from the first 2 lunar
cycles, correlation of spawning activity with tide height was higher for females (r = 0.325, p =
0.106) than for males (r = 0.196, p = 0.338). In contrast, spawning activity correlated more
strongly with high waves (% of beaches with waves > 0.3 m), and the correlation was similar for
females (r = -0.531, p = 0.005) and males (r = -0.576, p = 0.002). Effective modeling of
spawning activity required a combination of temporal and geographic strata, weather, and tide
height (Table 2).
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Table1-2. Summary statisticsfor modelsrelating spawning to state, time, tide height, and
wave height. Ther®were0.63 for femalesand 0.67 for males. Spawning activity was
transformed to thelog scalefor theregression. Time was categorized into dates before and
after 7 June, which was halfway between the full moon in May and the new moon in June.
Wave height was the per cent of beacheswith waves? 0.3 m.

Females Males
Parameter Parameter
Variable estimate SE p estimate SE p
Intercept 4.619 1.195 0.0004 -2.913 1.262 0.0261
State 1.183 0.329 0.0009 1.031 0.348 0.0050
Time 2.105 0.328 0.0001 2.183 0.346  0.0001
Tide height 0.432 0.239 0.0787 0.377 0.253 0.1438
Wave height -2.128 0.505 0.0001 -3.279 0.533 0.0001

At the new moon in May, spawning was concentrated in the vicinity of Reeds, Kimbles,
Highs, and South Cape Shore Lab beaches (Fig. 1). From the end of May to early June spawning
in Delaware was widespread. The exception was Kitts Hummock where spawning was relatively
intense from early May and into early June, perhaps because it was locally sheltered from
prevailing winds by a breakwater.

Sex ratio was affected by the magnitude of spawning activity, and that effect differed
between the states (F = 9.24, 1 and 190 df, p = 0.003). At beaches with spawning activity >0.35
females m, median sex ratio was 3.5 males to femal es (90% of those ratios ranged from 1.9 to
5.9) regardless of state (F = 0.21, 1 and 85 df, p = 0.648). However, at |lower spawning activity
(£0.35 females m™), sex ratios were higher and more variable in New Jersey, where the median
was 2.8 and 90% ranged from 1.0 t0 9.4. In contrast, sex ratios were lower and lessvariablein
Delaware at low spawning activity, where the median was 1.5 and 90% ranged from 0.8 to 3.3.

Not all beaches were sampled as scheduled. Two of the 8 Delaware beaches (Slaughter
and North Bowers) were not sampled on any of the 3 d around the new moon in June. Also, 1
New Jersey beach (Sea Breeze) was not sampled in June because of problemswith access. This
missing information is unlikely to weaken our conclusions because spawning appeared to taper
off considerably throughout the Delaware Bay during June. However, missing sampling dates as
scheduled is aconcern, especially in avolunteer survey, and we pick up on thisissuein the
discussion section.

Evaluation and Recommendation of Survey Design for Monitoring an
Index of Spawning Activity

Among-beach variance to mean ratio was lowest and magnitude of the spawning activity
was intermediate when the temporal (second-stage) sampling frame was restricted to the 7 d
centered on new or full moons (Fig. 4; Case 3). The magnitude of spawning activity was greatest
for atemporal sampling frame of 5 or 7 d beginning on and after the new or full moon (Cases 4
and 5). The magnitude was least when dates around neap tide were included (Cases 1 and 2).
Sampling only on the new or full moon (Case 6) decreased the magnitude of the spawning index
compared to Cases 3, 4, and 5.

The variance of the spawning activity index, var (), can be partitioned into 3

components for sampling beaches, dates within beaches, and quadrats within dates and beaches
(Appendix). Using data from the 6 most frequently sampled beaches and the Case 3 temporal
sampling frame, the beach-level variance component was 116 times the date-level variance
component and over 10,000 times the quadrat-level variance component. Removing stratification



of dates by lunar period caused the date-level variance component to increase by afactor of 3.7.
These results highlight the value of temporal stratification and suggest that precision of the index
will be determined largely by number of beaches.
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Figure 1-4. Ratio of among-beach variance to mean spawning activity for 6 alternative
temporal sampling frames. Numbersindicate alternatives: 1) all d in May and June, 2) 7d
centered on new or full moon plus1d at neap tide, 3) 7 d centered on new or full moon, 4) 7
d beginning on new or full moon, 5) 5 d beginning on new or full moon, and 6) d of new or
full moon.

The effect of the number of beaches, nights, and quadrats on CV was the same whether
spawning activity was estimated by state or baywide. Thus, we present only comparisons from
the baywide index. Number of beaches was most important in determining CV (F = 32034.54, 1
and 1256 df, p < 0.0001; Fig. 5); 96% of the reduction in CV (as measured by sum of sguares)
was due to number of beaches. Number of nights was statistically significant in determining CV
(F=102.79, 1 and 1256 df, p < 0.0001). However, <1% of the reduction in CV was due to
number of nights. Number of quadrats, in contrast, did not significantly affect CV of the baywide
index (F =0.04, 1 and 1256 df, p = 0.85).

Precision of the state-specific index was lower than for a baywide index. For sample
sizes of 5to 15 beaches per state, on average CV for a state-specific index was 41% higher than
for the baywide index. The degree of clustering and the CV for spawning males and females
indicated that the distribution of males was more variable than of females (Fig. 6). Thus, a
femal e-based index of spawning activity tended to be more precise.

Probability of detecting a decline in spawning activity (statistical power) is determined by
4 factors. sample size, sampling variance, decline in spawning activity (magnitude and form), and
Typel error rate. Because we found that sampling variance was chiefly determined by number of
beaches, we focused on the effect of the number of beaches on statistical power and set the
number of sampling occasionsto 3 nights per lunar period and the number of quadrats to 100 per
beach (Table 3).
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Power to detect declines increased with number of sampled beaches, duration of
monitoring, Type | error rate (a), and magnitude of the decline (Table 3). For 5 yr of monitoring,
power did not exceed 0.80 unless the decline was at least 50% when a = 0.10. Increasing a to
0.20 resulted in adequate power for smaller declines. For example, power exceeded 0.80 (a =
0.20) for adecline3 33% if 15 beaches or more were sampled per state annually for 5yr. A 25%
decline over 5 yr was not detectable (power < 0.80) for £ 15 beaches sampled per state.

However, a 25% decline over 10 yr was detectable (power 3 0.80) if 15 beaches were sampled
per state and a = 0.10, or if 13 beaches were sampled per state and a = 0.20.
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Figure 1-6. Coefficient of variation for an index of spawning activity based on
females and malesfor beaches surveyed during May and June, 1999, in Delaware
Bay. Solid line showsthe 1-to-1 isopleth where CV for males and females based
indices would be equal.
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Table 1-3. Sample size (beaches per state) for a survey of spawning horseshoe crabs and the
resulting cost, CV, and power to detect exponential declinein spawning activity. In all cases, 3
nights were sampled in each of the 4 lunar periodsin May and June, 100 quadr ats wer e sampled
per beach per night. Calculationswere based on 25 accessible beaches per state, 7 day lunar
periods, and 1 km long beaches. Unit of measurement for cost was per son-nightsor the number of
participantsrequired if each participant surveysonly 1 night. Power was based on a 2-tailed t-test
and the assumption that CV was a nonlinear function of spawning activity. Power 3 0.80 are
underlined.

Years No. of 5 yr of monitoring
of beaches Cost CV for a=0.1