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ABSTRACT: Where larvae settle often is critical for determining the distribution and abundance
patterns of later stages of sessile and sedentary marine invertebrates. However, selection of adult
habitat by larvae at settlement might be less crucial for invertebrates that have motile benthic stages
and have the option of further habitat selection after settlement. If movement after settlement is
important in determining spatial patterns of later stages of motile invertebrates, then the distribution
and abundance patterns of settling larvae will differ from those of older conspecifics. I tested this
hypothesis by documenting the distribution and abundance patterns of settling larvae, juveniles, and
adults of the fiddler crabs Uca pugilatorand U. pugnax along an intertidal gradient in a North Carolina,
USA, salt marsh. Benthic distribution and abundance patterns of conspecific settlers (megalopae and
newly-metamorphosed crabs), juveniles, and adult crabs were very similar, but the 2 species generally
were spatially separated in the marsh even at the earliest life stage. U. pugilator occupied the edge of
the marsh next to a tidal creek, whereas U. pugnax was most abundant at higher marsh elevations.
Because larvae settled in areas with older conspecifics, and the distribution and abundance patterns
established at settlement were maintained throughout benthic life, post-settlement movement along a
vertical gradient is not important in establishing where adults of these motile benthic species live.

INTRODUCTION

The distribution and abundance patterns of sessile
or sedentary marine invertebrates are established by
active habitat selection or passive deposition of larvae
at the time of settlement, or through juvenile or adult
mortality after settlement (Keough & Downes 1982).
Most research on the importance of settlement and
recruitment patterns in determining spatial patterns
of adult marine invertebrates has focused on species
with sessile or sedentary, rather than motile, adults
(reviewed in Crisp 1984, Hadfield 1986). For animals
that move little, if at all, after settlement and metamor-
phosis, where larvae settle largely determines where
adults live. In contrast, motile animals have the option
of movement and habitat selection after settlement.
Therefore, one might expect that the location of larval
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settlement and metamorphosis would be less impor-
tant in determining spatial patterns of adult stages,
especially if juvenile survival and/or growth is greater
outside of the adult habitat. For example, juveniles
might seek different habitats from adults because the
habitats provide better refuges from predation, includ-
ing cannibalism, access to juvenile foods, or escape
from competition with adults (Branch 1984, Werner &
Gilliam 1984, Reaka 1987). On the other hand, move-
ment to the adult habitat after settlement could be
disadvantageous if that habitat is rare or patchy, if
there is an increased risk of mortality during move-
ment between habitats, or if additional energetic costs
are incurred.

In this study I examined how closely the distribution
and abundance patterns of settling animals (larvae and
newly-metamorphosed juveniles) corresponded to
those of older juveniles and adults in the motile,
salt-marsh-dwelling fiddler crabs Uca pugilator and
U. pugnax. The objective was to determine whether
adult distributions were affected by post-settlement
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movement of juveniles. Both species are abundant
inhabitants of high-salinity marshes along the mid-
Atlantic United States coast (Crane 1975, Montague
1980). Adults are usually spatially separated according
to sediment grain size, which tends to vary along an
intertidal gradient: U. pugilator lives in sandy sub-
strates whereas U. pugnax inhabits muddier sediments
(Teal 1958, Crane 1975). Their life cycle includes
development and dispersal of larvae away from adult
habitats to primary estuaries and nearshore coastal
habitats (Christy & Stancyk 1982, Lambert & Epifanio
1982, Epifanio et al. 1988), followed by reinvasion of
shallow estuarine habitats (Christy 1982, Epifanio et
al. 1988). Little is known about the transition to benthic
existence, including where larvae settle and factors
influencing recruitment success.

Adult fiddler crabs can move rapidly over relatively
long distances (up to tens of meters during one low tide
period; Montague 1980) without a large expenditure of
energy {Full & Herreid 1984). Individuals of Uca pugi-
lator often aggregate into droves that move from high
intertidal to low intertidal regions to feed at low tide
(Crane 1975). Juvenile crabs also are capable of sig-
nificant movement. Larvae might be expected to settle
in areas maximally suited to their growth and survival,
with subsequent movement of juveniles to adult
habitats.

Juvenile fiddler crabs are morphologically similar
to adults, but certain differences in anatomy and
behavior might favor their use of different habitats,
Juveniles are considerably smaller than adults, and the
relative influence of biological and physical processes
on growth and survival of crabs could be related to
their size. For example, the feeding biology of adults
and juveniles might differ and this could influence the
site of larval settlement. Larvae might settle in mud-
dier areas of a marsh because the organic content of
sediments (presumably representing potential food for
juveniles of both of these deposit-feeding crabs) is
higher in muddy than sandy sediments (Levinton
1982). Until reaching the f{ifth to sixth crab instar
several weeks after metamorphosis, juvenile Uca pugi-
lator do not develop the specialized mouthpart struc-
tures, commonly found in adults (Crane 1975), that
scrape organic material from sand particles (O'Connor
1990a). Thus, they might feed more efficiently on
muddy substrata during the early instars. Adult fiddler
crabs cannibalize larvae and newly-metamorphosed
crabs in the laboratory (O'Connor 1990b), so by
settling outside of adult habitats larvae might avoid
predation by adults. Because larval and young juvenile
U. pugilator and U. pugnax are morphologically and
behaviorally similar and seem likely to experience
similar selection pressures, both species might be
expected to settle in similar habitats, followed by

movement at a later stage to areas occupied by older
conspecifics. Juvenile crabs do not dig burrows until
the third to fifth crab instar {Herrnkind 1968), and
would be especially vulnerable to predation by fish or
shrimp that occupy marsh habitats during high tide
{Kneib & Stiven 1978, Hettler 1989). Therefore, larvae
of both species might settle in areas higher in the
intertidal zone where exposure of juvenile crabs to
aquatic predators presumably would be less than in
the lower intertidal zone, where immersion occurs for a
larger proportion of the day.

Because these differences between juvenile and
adult stages potentially favor larval settlement outside
of adult fiddler crab habitats, I hypothesized that the
site of larval settlement is unrelated to spatial patterns
of conspecifc adults. Consequently, distribution and
abundance patterns of settling animals should be
different from those of older conspecifics, and move-
ment to adult habitats would occur after settlement.
Alternatively, if settling in the adult habitat were
critical for future survival, then the distribution and
abundance patterns established at settlement would
be similar to those of adults.

[ documented the benthic distribution and abundance
of newly-settled, juvenile, and adult crabs of the 2
species along an intertidal gradient in a salt marsh.
‘Settlers’ were defined as megalopae (the terminal
larval stage) and newly-metamorphosed crabs (the first
crab instar) present on the marsh surface. 'Juveniles’
included all crabs (except the first instar) up to 5 mm
carapace width, and ‘adults’ comprised crabs 10 mm or
more in carapace width, the size at which fiddler crabs
are sexually mature (Colby & Fonseca 1984). Juvenile
crabs were examined to assess whether post-settlement
movement, if present, occurred relatively soon after
settlement (distributions of juveniles different from
settlers) or nearer to the adult stage (distributions of
juveniles similar to settlers but different from adults).

METHODS

Study site. Benthic sampling was conducted near
the head of a tidal creek in a marsh in the mouth of
the Newport River near Beaufort, North Carolina
{34°43.5" N, 76°40.5" W) (Fig. 1) in 1986, 1987 and
1988. This marsh is subject to a mean tidal amplitude
of 0.91 m and an annual salinity range of 27 to 37 ppt
(Stiven & Kuenzler 1979); during this study, tidal creek
water ranged in salinity from 30 to 36.5 ppt and
temperature from 24.5 to 32.5°C. The marsh surface
receives tidal inundation during all phases of the lunar
cycle (pers. obs.). In June 1987, the average percentage
of silt- and clay-sized particles increased from 40.6 to
86.0 %, and the average organic content of the sedi-
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Fig. 1. Locations of benthic (B) and planktonic (P) sampling
near Beaufort, North Carolina, USA. Shaded areas are coastal
land masses

ments increased from 6.1 to 23.2 %, from the mudflat
to higher elevations (O'Connor unpubl. data).

Benthic sampling. Three 8 m wide contiguous
transects were established along an intertidal gradient
perpendicular to the shoreline from the mudflat of the
tidal creek to within 10 m of the landward edge of the
marsh (Fig. 2). Tall wooden stakes marked 4 intertidal
habitat zones: mudflat, marsh edge, mid marsh and
high marsh. The total change in intertidal elevation
along a transect was about 0.5 m.

To estimate adult crab densities, one 1 m? perma-
nent quadrat was established adjacent to the eastern-
most transect markers of each transect by placing
short wooden stakes into the marsh surface. At low
tide of each monthly sampling period [ visually
scanned each quadrat for adult crabs. The 2 species
were distinguished by differences in color (Crane
1975, Montague 1980). Counts of adult crabs were
recorded verbally into a tape recorder. Transects
were sampled monthly from May to August 1987
and from May to July and again in September 1988.

Larval and juvenile fiddler crabs also were collected
monthly from mudflat, marsh edge, mid marsh and

high marsh locations on each transect. Collections were
made by placing a square wooden frame {0.16 m? total
area) onto the marsh surface at low tide; clipping all
marsh grass stalks near the surface of the marsh; scrap-
ing the surface 1 cm of mud, or to the below-ground
root mass if surface mud was <1 cm deep; and sieving
each sample through a 0.5 mm mesh screen with tidal
creek water. Samples then were sorted in the labora-
tory by spreading subsamples in a shallow white pan
and removing all crabs. During each monthly sampling
period [ moved the location of sampling westward so
that previously sampled surfaces would not be resam-
pled within 1 season. Each transect was sampled dur-
ing August and September 1986 (except the mudflat,
which was not emersed during that sampling period),
and May through September 1987 The mid and high
marsh areas of each transect were sampled again in
September 1988 to provide a 3 yr dataset of total juve-
nile crab abundance (both species combined} near the
end of the settlement season. All benthic sampling for
adults and juveniles was done on 2 d around the time of
a spring tide.

Because young juvenile crabs could not be identified
to species, they were reared in the laboratory until
they reached 4 to 5 mm in carapace width. At that size
Uca pugilator could be distinguished from U. pugnax
by the presence of spoon-tipped setae on the mero-
podite of the second maxilliped (O'Connor 1990a).
Mortality of field-caught crabs (settlers and juveniles)
during rearing was <15 %, and was most likely similar
for both species, based on data from rearing larvae
released from ovigers of both species through several
juvenile instars (O'Connor 1990a).
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For each species, the proportion of juvenile and
adult crabs that occurred on the marsh edge zone
within each of the 3 replicate transects was calcu-
lated, ignoring the mudflat data because crabs were
there only temporarily (see ‘Results’). This particular
calculation was chosen because of the skewed spatial
pattern of Uca pugilator (see 'Results’), which pre-
cluded statistical comparisons at each habitat zone.
Proportions were arcsin transformed before statistical
analysis. Differences between species were tested
with a 3-way ANOVA using species, transect, and
date as the 3 main varables. Differences between
2 age classes (Juveniles and adults) within species
in 1987 were tested with a 4-way ANOVA with
age class, species, transect and date as the main
variables.

Plankton sampling. Spatial patterns of larval settle-
ment are determined most accurately by sampling
the benthos when larvae are actually settling from
the water column (Luckenbach 1984, Woodin 1986).
To determine whether the intertidal patterns of
settlers found during the monthly benthic sampling
were representative of patterns occurring during
larval settlement, I documented larval availability by
sampling the plankton daily for 71 d in the summer
of 1988. Larvae were sampled using stationary filter
collectors known to retain crab megalopae (van
Montfrans et al. 1990) because of the tendency of
larvae to cling to objects in the water column
(Shanks 1985). Collectors consisted of 43 x 32 cm
pieces of air-conditioner filter weighted with galva-
nized pipe, and suspended from a rope connected
to a pulley system on a piling ca 9 m from a
National Marine Fisheries Service dock in a tidal
channel (Fig. 1). Two collectors were suspended in a
pair, one hanging from the surface to 43 cm depth,
the other from 43 cm to 86 cm below the surface.
The collectors remained in water that ranged from ca
1.5 to 2.5 m in depth over a tidal cycle. Collectors
were placed in the water between 08:00 and 09:00 h
and retrieved 24 h later. Animals present on each
collector were removed by rinsing the collector with
freshwater spray, then concentrating each sample on
a 0.5 mm mesh sieve. The number of fiddler crab
megalopae in each sample was determined immedi-
ately after collection by adding 95 % ethanol to the
sample and sorting it using a dissecting microscope.
Fiddler crab megalopae were identified only to
genus because the megalopae of the 3 species pre-
sent in North Carolina salt marshes (Uca pugilator,
U. pugnax, and U. minax) cannot be differentiated
morphologically (Hyman 1920, Sandifer 1972). After
a peak in abundance of planktonic larvae was ob-
served, I again sampled the marsh surface for settled
crabs using the methods described previously.

RESULTS
Benthic sampling

Adults of the 2 species of fiddler crab were distrib-
uted differently in the marsh. Adult Uca pugilator
generally were present only on the marsh edge (Fig. 3).
U. pugnax adults were present throughout the marsh,
but tended to be more abundant at higher elevations
(Fig. 3). Within each transect, a significantly greater
proportion of U. pugilator than U. pugnax occurred
on the marsh edge; the proportion of U. pugilator
vs U. pugnax (mean * 1 SD) was 0.75+ 0.38 vs 0.16 £
0.17 in 1987 (ANOVA p = 0.004), and 0.93 + 0.10 vs
0.15 + 0.17 in 1988 (p = 0.029). The only adult crabs
ever seen on the mudflat were U. pugilator that were
feeding there. These patterns of distribution and abun-
dance of adults of the 2 species were consistent both
within and between years (Fig. 3).
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Fig. 3. Uca pugilator, U. pugnax. Mean densities (ind. m~?) of

adult fiddler crabs in 4 intertidal areas of a salt marsh during

different months and years. Solid bars = U. pugilator. stippled

bars = U. pugnax. Error bars = +1 SEM, n = 3. F: mudflat;
E: marsh edge; M: mid marsh; H: high marsh
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Fig. 4. Uca pugilator, U. pugnax. Mean densities (ind. m™2) of

juvenile (crabs up to 5 mm carapace width) U. pugilator (solid

bars) and U. pugnax (stippled bars) in 4 areas along an inter-

tidal gradient of a salt marsh during different months and

years. Error bars = +1 SEM, n = 3. F: mudflat; E: marsh edge;
M: mid marsh; H: high marsh

Conspecific juvenile and adult crabs had similar
distributions, although juveniles were more abundant.
Juvenile Uca pugilator occurred mostly on the marsh
edge, whereas juvenile U. pugnax were present mostly
in mid and high marsh areas (Fig. 4). A significantly
greater average proportion of juvenile U. pugilator (0.70
+ 0.48) than U. pugnax (0.01 £ 0.04) occurred on the
marsh edge in 1987 (ANOVA p = 0.033), but not in 1986
(0.50£0.50vs 0.03£0.03, p =0.49), possibly because of
the low abundances of juvenile U. pugilatorin the 1986
samples {Fig. 4). For both species, there was no signifi-
cant difference in the proportion of juvenile and adult
crabs present on the marsh edge in 1987 (ANOVA Age
class p =0.32, Age class x species p = 0.34).

The total abundances of juvenile crabs (both species
combined) in the mid and high marsh areas did not
differ among the 3 years (ANOVA p = 0.18), and more
juveniles occurred in the high than the mid marsh zone

(p = 0.011). In September 1988 the mean density
(z 1 SEM) of juvenile crabs (both species combined)
in the mid marsh area was 100.0 (+ 34.8) crabs m~™2
and in the high marsh it was 172.9 (+ 65.0) crabs m™2
These abundance patterns are comparable to results
observed in 1986 and 1987 (Fig. 4}, even though
abundances were somewhat greater in 1988.

Although too few settlers were found to be included in
the statistical analysis, the distribution and abundance
patterns of those settlers collected during 7 mo of
sampling the marsh benthos in 1986 and 1987 and
reared in the laboratory corresponded to those of con-
specific juvenile and adult crabs. More Uca pugnax
were found in the mid and high marsh samples, whereas
more U. pugilator occurred on the marsh edge (Fig. 5).
No settlers were found on the unvegetated mudflat, only
1 m from the vegetated marsh surface.

Plankton sampling

Abundance of Uca spp. meglaopae in the plankton
was low in early June 1988, peaked in mid June, then
remained at relatively low levels through mid August,
when the collection period ended (Fig. 6). The number
of fiddler crab megalopae collected at the 2 depths
over 24 h periods appeared similar. 1 sampled the
marsh surface near the beginning of the peak (13 June)
and again near the end of the peak (17 June), and
found more settlers on the marsh surface after the peak
than before it (Fig. 7) (2-way ANOVA on the difference
in number of settlers in each area of each transect,
before and after the peak, p = 0.001). Further, 29 % of
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Fig. 6. Uca spp. Planktonic abundance of megalopae present

on 2 collectors suspended at different depths in a tidal chan-

nel (see Fig. 1) and sampled daily in June, July and part of
August 1988; note settlement peak on 15 June

the settlers on 17 June were still in the megalopal
stage, whereas almost all of the settlers found in all
previous samples had molted to the first crab instar.
Thus, an increase in larval abundance in the water col-
umn was followed by an increase in settlement, even
though the number of settlers on the marsh was not
large. No settlers were found on the mudflat (Fig. 7).
To determine whether substantial settlement occurred
when few Uca spp. megalopae were collected from the
plankton, I periodically scanned the marsh surface for
recently-settled crabs. No pulse of larval settlement
similar to that seen after the megalopal peak occurred,
although larvae continued to settle in relatively low
numbers throughout the summer.
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Fig. 7 Uca pugilator, U. pugnax. Mean densities of settling

fiddler crabs (no. of megalopae + stage I crabs m~?%) along an

intertidal gradient before {13 June) and after (17 June) a peak

of Uca spp. megalopae in the plankton. Error bars = +1 SEM,
n=3

Mortality of settlers during laboratory rearing was
greater for crabs collected after the planktonic mega-
lopal peak (71 %) than for settlers collected previously
{20 %). Therefore, intertidal location of settlement for
each species could not be determined accurately from
this single settlement event. However, species dis-
tributions of surviving settlers were similar to those of
settlers found previously: all 7 survivors from the mid
and high marsh areas were Uca pugnax, and 3 of 4 of
the survivors from the marsh edge were U. pugilator.
Comparison of the distributions of all settlers of each
species found throughout this study shows that 62 %
(8713) of all U. pugilator settlers collected were present
on the marsh edge, whereas only 10 % (4/41) of
U. pugnax settlers occurred there (mortality for all
settlers combined = 43 %).

DISCUSSION

For both Uca pugnax and U. pugilator, the distribution
and abundance patterns of settling, juvenile and adult
fiddler crabs were very similar. Megalopae settled in
intertidal areas occupied by older conspecifics, and the
vertical distribution and abundance patterns present at
settlement were maintained throughout the rest of
benthic life. Although fiddler crabs are motile and can
leave habitats after settlement, their movement appears
to be restricted to the general intertidal location of
settlement and metamorphosis.

Megalopae of the 2 species settled in different areas
of the marsh. Hence larvae may have specific habitat
preferences during settlement that are important in
determining the distribution and abundance patterns
of all subsequent benthic stages. The vertical swim-
ming behavior of the megalopae may facilitate their
transport from nearshore larval nursery areas to estu-
arine adult habitats. The occurrence of megalopae in
surface waters during flooding tides and in bottom
waters during ebbing tides (Christy 1982, Meredith
1982, Epifanio et al. 1988, Little & Epifanio 1991)
results in a net landward movement of the larvae. I
larvae contact the substratum they could detect
physical and chemical stimuli present, and choose to
swim upward again or remain in place until metamor-
phosis occurs. Fiddler crab megalopae can advance
molting to the first crab instar in the presence of sedi-
ments with chemical stimuli from older conspecifics,
and delay molting in their absence (Christy 1989,
O'Connor 1991).

In a study of a population of Uca pugnax in Massa-
chusetts, USA, Krebs & Valiela (1978) found that
juvenile crabs (<5 mm carapace width) exhibited
distribution and abundance patterns similar to those
of adults, although abundance of both size classes
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was greatest near a tidal creek and decreased at higher
intertidal elevations. In the present study, U. pugnax
occurred throughout the marsh with increasing abun-
dance landward, whereas all 3 size classes of U. pugila-
tor occurred mostly on the marsh edge (Figs. 3, 4 & 5).
Although U. pugnax in the 2 studies had dissimilar
intertidal distributions, perhaps explainable by differ-
ences in marsh topography or sediment characteristics,
in both studies the abundance of juvenile crabs was cor-
related with that of conspecific adults.

Some Uca pugilator settled in the mid marsh area,
whereas few juvenile and no adult U. pugilator occurred
there (Figs. 3, 4 & 5). Because the proportion of U. pugila-
torin the mid marsh decreased with age/size of the crabs,
it is possible that post-settlement movement or mortality
contributed to the spatial pattern seen for adults. Post-
settlement mortality is suspected because Teal (1958)
found that, compared to U. pugnax, U. pugilator survived
poorly when caged in a muddy low marsh area.

The densities of settlers were always much lower than
those of juveniles at all intertidal areas in the marsh. At
least 2 explanations could account for this trend. First,
the term ‘settlers’ represented megalopae and the first
crab instar only, whereas the category 'juveniles’ com-
prised all crabs from the second to about the seventh
instar, based on observations of lab-reared individuals
(O'Connor 1990a). Consequently, crabs that settled in
the marsh would have spent much more time in the
juvenile than the settler category (21 mo vs <2 wk).
Second, megalopae that settle on the marsh may have a
relatively high probability of surviving. Predation of Uca
spp. megalopae by fishes in tidal creeks can be quite
high (Johnson et al. 1990), and may represent a more
significant source of mortality than predation of newly-
settled crabs in the vegetated marsh.

For the relatively few species of motile marine
invertebrates that have been studied, the relationship
between the distributions of settlers and adults varies.
Larvae of the sea hare Aplysia juliana (Sarver 1979)
and the snail Littorina neritoides (Fretter & Manly
1977) settle in locations separate from the adult
habitat, then move to it after a period of feeding and
growth. Porcelain and fiddler crab megalopae appear
to settle gregariously in adult habitats (Jensen 1989,
this study). Young juvenile stages of the crabs Car-
cinus maenas (Klein Breteler 1976) and Callinectes
sapidus (Orth & van Montfrans 1987) and the lobsters
Panulirus argus (Marx & Herrnkind 1985, Herrnkind &
Butler 1986) and Homarus americanus (Hudon 1987,
Wahle & Steneck 1991, 1992} occur in specific, spa-
tially restricted microhabitats within the adult habitat
where food is abundant and predation is reduced; they
expand their habitat range at later stages. Constraints
imposed by both the capacity for post-settlement
movement and the availability of food and shelter

within the adult habitat are probably important in
determining whether larvae settle in the adult habitat
and the habitat range of juveniles.

In summary, this study indicates that the distribution
of newly-settled and adult fiddler crabs are correlated
because megalopae settle preferentially in intertidal
habitats occupied by conspecific adults. The extent of
horizontal movement of juveniles within the adult
habitat, and the influence of other processes on juve-
nile recruitment remain poorly known.
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