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ABSTRACT Trilobite larvae of the horseshoe crab Limulus or unusually heavy wave action. Within 2 additional 
polyphemus L. develop from eggs deposited within intertidal 
sediments. Most of these larvae emerge from sediments dur- 
ing the summer. We have found that a smaller component of 
the larval population on a Delaware Bay (New Jersey, USA) 
beach can delay emergence, and remain alive within the 
sediments until the following spring. Overwintering trilobites 
were distributed in a 3 m wide band in the mid-tide region, at 
sediment depths > 15cm. 103 to 104 live trilobites have 
been found throughout winter and into early spring, This 
phenomenon may be ecologically significant, since emer- 
gence of overwintering larvae in early spring occurs at a time 
when predation by birds is minimal. Sediment disturbance by 
winter storms may be the major factor limiting the survivor- 
ship of overwintering cohorts. 

Adult horseshoe crabs Limulus polyphemus L. 
deposit eggs within intertidal beaches from Maine, 
USA, to Yucatan, during spring and early summer 
(Shuster 1982). A large concentration of spawning L. 
polyphemus occurs in lower Delaware Bay (New 
Jersey, USA) (Shuster & Botton 1985, Botton et al. 
1988), first appearing in late April. Peak numbers of 
horseshoe crabs are generally associated with spring 
high tides during May and June,  although a small 
spawning population persists through July and August 
(Botton 1984a, Shuster & Botton 1985). Eggs develop 
through the larval stage ('trilobite') within the sand. 
The developmental rate of embryos is temperature 
dependent (French 1979, Jegla & Costlow 1982, Seki- 
guchi 1988), but under typical field conditions in Dela- 
ware Bay, trilobites are common within beach sedi- 
ments 3 to 4 wk after fertilization. Rudloe (1979) found 
that tnlobite emergence was correlated with full moon 
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weeks, trilobites molt into the benthic first posthatch 
juvenile stage (Sekiguchi et  al. 1988). Based on these 
findings, one might predict that no trilobite larvae 
should remain within beach sediments by late summer. 

In this paper, we present field evidence that tnlobite 
larvae of Limulus polyphemus overwinter on sandy 
beaches of Delaware Bay. This previously unknown 
life-history phenomenon is discussed with respect to 
the ecology of these beaches and the population biol- 
ogy of this species. 

Material and methods. The study area was located 
near the Rutgers University Shellfish Research 
Laboratory in Cape May County, New Jersey (cf. Fig. 1 
in Botton et al. 19881, an optimal area for horseshoe 
crab spawning along the western shore of Delaware 
Bay (Shuster & Botton 1985). The beach is ca 12 m wide 
with a 6" slope. The beach was sampled at low tide on 
33 dates between January 1989 and January 1992 at ca 
3 to 4 wk intervals, with the exception of the period 
from 6 July 1990 to 14 January 1991. Replicate trans- 
ects were established 1 m apart on the beach from the 
spring high water mark to mean low water. Only the 
mid-beach region is discussed in this paper, because no 
overwintering trilobites were found above or below this 
zone. Three stations on the transect, within the mid- 
beach region, were established at 1.5 m intervals. The 
exact position of each station was fixed relative to a 
reference marker located in a vegetated area above the 
high tide line. Transects were established north or 
south of this reference marker in order to avoid sam- 
pling the same region consecutively. Plots within a 
station along the transect were 35 cm on a side (area 
0.1225 m'). We sequentially excavated 5 cm slices of 
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sediment within the plot frame, from the surface to a 
maximum depth of 25 or 30 cm. Sand from the entire 
slice was mixed thoroughly, and a 1 1 sediment sample 
was placed into a plastic bag. Samples were refriger- 
ated (5°C) for laboratory analysis, which commenced 
within a few days. In all, 682 samples were taken. 

Three separate aliquots of sand (usually 80 ml, but 
occasionally less in samples containing large numbers 
of eggs) were washed through a 1 mm mesh. Horse- 
shoe crab eggs, embryos and trilobite larvae, and other 
macrofauna were counted. To compute trilobite density 
(expressed as tnlobites m-2), the average of the aliquots 
for a particular depth was summed over all depths from 
surface (0 to 5 cm) to bottom (down to 25 to 30 cm). 
Densities for replicate transects were averaged for pur- 
poses of plotting. 

Throughout this study, samples of live trilobite larvae 
were separated from the sand and maintained in plastic 
Petri dishes with filtered sea water in order to deter- 
mine their competency to molt to the first post-hatched 
juvenile stage. 

Results. Overwintering trilobite larvae of Limulus 
polyphemus were found during 3 of the past 4 winters 
in Delaware Bay (Fig. 1). In January 1989, live trilobite 
larvae of the 1988 year class were discovered in beach 
sediments at depths of 15 to 25 cm. These larvae 
persisted throughout March, but were absent from the 
sediments by mid-April 1989. The 1989 year class of 
horseshoe crab trilobite larvae were first detected in 
mid-June, ca 1 mo after adult horseshoe crabs were 
observed to begin their spawning activity on the study 
beach. By October 1989, there were still over 7000 
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Fig. 1. Lirnulus polyphemus. No. of live trilobite larvae over 
time (log live larvae m-*) at the mid-tide region of a Delaware 
Bay (New Jersey, USA) beach. Stns 6 (g), 7.5 (L) ,  and 9 (7) 
were located at 6, 7.5, and 9 m down a transect line beginning 
at the spring high water line; replicate transects were aver- 
aged. The line depicts the average within the entire mid-tide 
region. Julian day 0 refers to 1 January 1989. Note that no 
samples were collected between 6 July 1990 and 14 January 

1991 

trilobites m-2 in the mid-beach region. However, by 
22 November, the day after a powerful onshore storm 
struck the beach, only a few live trilobites remained. 
Beyond this, however, no live trilobites were detected 
until the 1990 year class appeared in June 1990. This 
cohort persisted throughout the fall and into the winter, 
with average mid-beach densities of 18 000 live 
trilobites m-2 on 14 January 1991, and gradually 
declined during the winter and early spring 1991. The 
1991 year class of trilobites, which first appeared in 
mid-June 1991, has persisted through January 1992. 

During the summer months, live trilobite larvae are 
occasionally seen in surface sediments (0 to 5 cm) but 
the highest densities are usually encountered in the 10 
to 15 cm and 15 to 20 cm strata. In contrast, all of the 
overwintering larvae were found at sediment depths 
> 15 cm. Live trilobites were extracted from this 
stratum at temperatures ranging from 1°C (March 
1989) to 30°C (June 1989). 

Carapaces of dead trilobite larvae persist in identifi- 
able condition for several months at cold temperatures. 
We monitored the presence of dead trilobites in order 
to determine the fate of the overwintering cohorts. The 
density of dead trilobites parallels that of live trilobites 
(Fig. 2). 

Competency to molt to the first posthatch juvenile 
stage was exhibited when trilobite larvae, obtained 
throughout the year, were cultured in filtered room 
temperature bay water. Overwintering larvae com- 
menced swimming readily under these conditions. 
Molting to the flrst posthatch juvenile stage generally 
took place 10 to 14 d after the tnlobites were sorted 
from the sediments. No morphological or size differ- 
ences were apparent when comparing overwintering 
larvae to normal summer cohorts. Late overwintering 
larvae had less of the greenish-brown yolk tissue in the 
hepatopancreas than summer larvae. Preliminary 
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Fig. 2. Lirnulus polyphemus. As in Fig. 1, except no. of dead 
trilobite larvae over time 
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uptake experiments using labeled bacteria (Chelerm- 
wat & Jacobsen unpubl.) showed that trilobites do not 
appear capable of obtaining nutrition from bacteria in 
their environment. 

Discussion. This study showed that trilobite larvae of 
Limulus polyphemus are capable of overwintering, and 
can emerge after spending up to 8 mo in beach sedi- 
ments. We found a cohort of overwintering trilobites 
during 3 of the 4 years of study (Fig. 1) .  We infer that 
the larvae were emerging from the sediments during 
March and Aprll of 1989 and 1991, rather than dying 
within the beach sediments. If the overwintering larvae 
had died in situ, there would have been a relative 
increase in the number of dead larvae in the sediments, 
and this was not the case (Fig. 2). Furthermore, over- 
wintering larvae appeared to behave normally, swim- 
ming vigorously when placed in bay water, and they 
were competent to molt in the laboratory to the first 
posthatch juvenile stage. 

There was no overwintering in 1989 to 1990, which 
may have been related to an  intense storm on 21 
November 1989. Sediment samples taken in the mid- 
beach region indicated extensive disturbance, even to 
a depth of 15 to 20 cm. Whereas reworking of the top 
15 cm of sediment on these beaches is not unusual, due 
to wave action and burrowing by adult horseshoe crabs 
during the breeding season, events which disturb sedi- 
ments below 15 cm are rare (K. Nordstrom pers. 
comm.). Possibly, physical disruption of the upper 
15 cm of sediment may routinely remove any over- 
wintering larvae from the sand; in the years in which 
overwintering populations of trilobite larvae did per- 
sist, they only did so at sediment depths > 15 cm. 

In retrospect, delayed emergence by larval Limulus 
polyphemus might well have been predicted, based on 
earlier laboratory observations showing that embryos 
and larvae have a great tolerance of environmental 
extremes. Lockwood (1870) observed that embryos 
in jars, exposed to periodic temperatures of O°C, 
remained capable of hatching for nearly 1 yr. Jegla 
(1982) reported that trilobite larvae can remain in good 
condition for at least 8 mo when stored at 13 to 15OC. 
Temperature (20 to 35OC) and salinity (10 to 40%0) 
variations affected developmental rates but not embryo 
viability, and as expected, intermolt periods decreased 
with increasing temperature (Jegla & Costlow 1982). 
Sugita (1988) discussed the physiological aspects of the 
broad environmental tolerances shown by horseshoe 
crab embryos. Thus, laboratory studies on L. poly- 
phemus embryos and trilobite larvae confirm that the 
overwintering phenomenon which we have found is 
well within the physiological capabilities of the crab. 

Delayed larval emergence may be a widespread 
phenomenon in horseshoe crabs. Following our initial 
presentation of this phenomenon (Loveland et  al. 

1989), D. Gibson (pers. comm.) found overwintering 
trilobites on Cape Cod (Massachusetts) beach. We 
have also found substantial populations of overwinter- 
ing trilobites in preliminary surveys of several beaches 
in Raritan Bay (New Jersey). Simeone (1977) found 
trilobites in preserved samples taken in November, 
from a beach in Sandy Hook Bay (New Jersey). In the 
Japanese horseshoe crab Tachypleus tridentatus, over- 
wintering by the embryonic stage preceding the trilo- 
bite has been discussed by Sekiguchi (1988). If this 
developmental stage (fourth embryonic molt or Stage 
21 of Sekiguchi 1988) is reached in mid-summer, 
trilobites will hatch out in another 7 to 10 d ,  but '...when 
the final molt occurs in September or even later, most of 
the embryos do not hatch out until the following spring' 
(Sekiguchi 1988, p. 163). Although we have found a 
few viable Limulus polyphemus embryos during the 
fall months of our study, none apparently survived as 
embryos to the following spring in the field. 

Most of the horseshoe crab eggs on Delaware Bay 
beaches develop into trilobites which emerge later in 
the same summer. Delayed emergence might be trig- 
gered by falling temperature (Jegla 1982). We have 
recorded sand temperatures ranging from 16.5 to 25 "C 
during our September and October samples; we sur- 
mise that trilobites that do not emerge by then probably 
comprise the overwintering cohort. Trilobites which 
emerge in the late spring and summer are undoubtedly 
at  great risk from predation by gulls and  migratory 
shorebirds (Botton 198413, Myers 1986, Burger & Goch- 
feld 1991). In contrast, these shorebirds and gulls are 
essentially absent during the early spring; hence, the 
possibility of avian predation on the emerging overwin- 
tering trilobites is low. Overwintering does involve a 
major risk in that a cohort can be decimated at any time 
by storms. Overwintering larvae, though numerically 
fewer, could provide insurance in the event that previ- 
ous summer cohorts had poor survivorship. At present. 
the relative value of summer vs overwintering cohorts 
to adult recruitment is unknown. 

Some aquatic animals which incorporate delayed 
development as an obligatory phase of their life cycle 
have a specially modified egg or cyst stage (e.g. 
Wourms 1972, Bushnell & Rao 1974, Clegg 1974, Gil- 
bert 1974, Simpson & Fell 1974, Coull & Grant 1981, 
Grice & Marcus 1981, Onbe 1985, Marcus 1990). In 
contrast, we regard overwintering by larval Limulus 
polyphemus as a prolonged hiatus between the trilo- 
bite and first posthatch juvenile stages. Because trilo- 
bite larvae develop within beach sedirnents, delayed 
development is not related to enhanced potential for 
dispersal, as is the case for planktonic larvae of some 
benthic invertebrates (Scheltema 1986, Pechenik 
1990). The evolution of physiologically tolerant 
embryos and larvae, which are capable of s u ~ v i n g  
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variable temperature and salinity regimes of intertidal 
beaches for months at a time, may be a factor which has 
contributed to the success of the horseshoe crabs over 
geologlc time. 
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