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ABSTRACT

RECRUITMENT OF BLUE CRAB, CALUNECTES SAPIDUS, POSTLARVAE
TO THE BACK-BARRIER LAGOONS OF VIRGINIA’S EASTERN SHORE
Robert D. Brumbaugh
Old Dominion University, 1996
Director Dr. John R_ McConaugha
Most research on the early life history of the blue crab, Callinectes sapidus, has been
conducted in large partially stratified estuaries such as the Chesapeake Bay. In contrast, little
is known about the recruitment dynamics or habitat requirements of blue crab postlarvae
(megalopae) in shallow welkmixed lagoonal systems that make up a considerable part of the
species' range. In Virginia's coastal lagoons, planktonic blue crab megalopae are most
abundant at night on flooding tides, and are not abundant during the daytime or on ebbing
tides. This appears to enhance retention within the lagoons, despite the short residence time
of water in the system.
Seagrasses are largely absent from the lagoons and megalopae use benthic macroalgae
as a settlement habitat Laboratory experiments demonstrate that macroalgae is an effective
refuge from predation for newly settled megalopae. Megalopae appear to recognize
waterborne cues in the lagoon that enhance recruitment by initiating premolt and reducing the
time spent in the megalopal stage within the lagoons. Intennolt megalopae exposed to lagoon
water quickly advance to premolt and molt to the juvenile stage in approximately 2 days. In
contrast, intermolt megalopae held in offshore waters appear to delay metamorphosis until
estuarine cues are recognized.
The results of this study illustrate some of the adaptations that aid blue crab
megalopae in the recruitment to coastal habitats. These adaptations include the ability to
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recognize and distinguish between inshore and offshore waters, the ability to modify
swimming behavior in inshore waters to effect landward transport, and the ability to utilize
alternative settlement substrates in the absence of seagrasses.
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CHAPTER 1

INTRODUCTION

The recruitment of marine fish and invertebrate larvae to coastal and estuarine habitats
is considered to be a potential regulator of marine population dynamics (Roughgarden et aL,
198S; Possingham and Roughgarden, 1990). Factors that can affect larval recruitment include
events that occur while larvae are still in the plankton, such as dispersal away from nursery
habitats, starvation, and predation (Schekema, 1986; Gaines and Roughgarden, 1987). While
"supply-side" ecology has primarily been applied to sessile benthic invertebrate populations,
it can also be applied to more motile species such as decapod crustaceans and demersal fishes
(McConaugha, 1988).
Other potential regulators o f marine populations include the selection of appropriate
settlement habitat and early post-settlement mortality (Keough and Downes, 1982; Connell,
1985; Gaines and Roughgarden, 1985a and 1985b).

Statement of the Problem

Most of the research on the early life history and recruitment of the blue crab,
Callinectes sapidus Rathbim, has been conducted in the large, partially-stratified Delaware

The journal model for this document is the Bulletin of Marine Science.
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and Chesapeake estuaries. However, very little is known about the recruitment dynamics of
megalopae to shallow, well-mixed coastal lagoons found along much of the coastline
throughout the range of the blue crab.
In this study, I investigated the factors which may affect the recruitment of blue crab
postlarvae, or megalopae, to the coastal lagoons along Virginia's southern Eastern Shore.
Specifically, I addressed the following factors: (1) the timing and magnitude of postlarval
recruitment through tidal inlets during spring and neap tidal cycles, (2) the
physiologjcal/behavioral aspects of recruitment to this environment, (3) the availability and
utilization of settlement habitat, and (4) the relative refuge value of the available settlement
habitats to newly settled megalopae.
Other ongoing studies ofblue crab postlarval recruitment are focusing on the physical
processes (upwelling vs. downwelling related transport) that affect onshore transport ofblue
crab megalopae to the coastal environment of the South Atlantic Bight (Wenner et aL, 1993;
Blanton et aL, 1994). This investigation complements these and previous studies of
recruitment to the Chesapeake and Delaware estuaries (Johnson, 1985; Maris, 1986;
McConaugha, 1988; Epifanio et aL, 1989; Goodrich et aL, 1989; Johnson and Hester, 1989)
by addressing the factors that affect megalopae once they have invaded the lagoonal
environment.
In addition, the population ofblue crabs in the lagoons has suffered a severe decline
due to an outbreak ofHematodiniumperezi (Perkins, pers. comm; Shields, 1994), a parasitic
dinoflagellate that infests the hemolymph of crabs. Preliminary trawling efforts in 1992
yielded almost no adult crabs in the lagoons. Historical landings data (Figure 1) and
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Landings of Hard Crabs from Virginia's
Eastern Shore: 1973 -1991
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Figure 1. Landings ofhard crabs from the seaside lagoons of Virginia's Eastern Shore. Data
are from a voluntary-based dealer reporting system. (Source: Virginia Marine Resources
Commission).
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discussions with local watermen, indicate that the lagoonal crab population suffered a sharp
decline in abundance around 1990 (Donald Miles, pers. comm.). The factors that contributed
to this recent epizootic are not known. Ibis research demonstrates the potential for recovery
of a stressed population through recruitment of postlarvae from outside populations.

Blue Crab Reproduction and Larval Development

Female blue crabs in the Chesapeake Bay migrate to the mouth of the estuary to
release their larvae (Van Engel 1958; Sandifer, 1973, 1975; Provenzano et aL, 1983). The
larvae are positively phototactic, and negatively geotactic, which results in their position in
the upper water column (Sulkin et aL, 1980; Sulkin, 1984). The larvae are advected out of
the estuary in the surface waters and spend approximately 35 to 60 days in the waters of the
continental shelfwhere they pass through seven or eight larval (zoeal) stages before molting
to the post-larval (megalops) stage (Costlow and Bookhout, 1959; McConaugha, 1992). The
zoeae are believed to be retained in the vicinity of the Chesapeake Bay by northward-flowing
surface currents generated by seasonal wind patterns (Johnson 1985; McConaugha, 1988).
A similar mechanism for the retention of zoeae near Delaware Bay has also been described
(Epifanio et aL, 1984; Epifanio, 1988). The megalops stage can last from roughly 6 to 60
days, depending on temperature and salinity conditions (Cosdow, 1967). The megalops stage
is the recruiting stage that must eventually return to the estuarine environment for settlement
and metamorphosis to the first benthic crab stage.
The central location of the Eastern Shore lagoons within the middle Atlantic Bight,
and the observed distribution of larvae adjacent to Chesapeake Bay (Vamell, 1989) suggests
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that a large reservoir of megalopae are available for recruitment from offshore. Orth and van
Montfifans (1990) have suggested that transport into the lagoonal system would be limited
by the narrow tidal inlets through which coastal water and lagoon water is exchanged (as
compared to Chesapeake Bay). However, other studies have suggested that combinations
of behavior and physical forcing are capable o f enhancing recruitment into similar systems
(Brookins and Epifanio, 1985; Forward and Rittscho£ 1994; Tankersley and Forward, 1994).

Reinvasion of Estuarine Habitats

Several hypotheses have been advanced to explain the reinvasion of estuarine habitats
by the megalops stage. Most involve shoreward transport of megalopae by periodic
Northeast (downwelling) wind events (Johnson et aL, 1984; Goodrich et aL, 1989; Johnson
and Hester, 1989; Little and Epifanio, 1991).
A behavioral and/or physiological baas for enhancing reinvasion has also been
proposed. Sulkin et aL (1980) suggested that ontogenetic shifts in behavior can effect
shoreward transport of postlarvae. Later stages become positively geotactic and less
positively phototactic resulting in a lower position in the water column where residual
currents flow in a shoreward direction. Maris (1986) observed that megalopae were primarily
found in the upper 3 meters of the water column offshore, while megalopae inside
Chesapeake Bay were concentrated in the lower portion of the water column, which supports
the hypothesis that behavioral changes occur as megalopae enter estuarine systems. Olmi
(1994) also documented highest abundances of megalopae on nocturnal flood tides in the
York River, inside Chesapeake Bay, further supporting a physiological/behavioral mechanism
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for enhancing upstream transport in estuarine habitats. Brookins and Epifanio (1985) found
megalopae in the water column primarily on flood tides in Indian River Inlet, and suggested
that megalopae settle to the bottom on ebbing tides resulting in a net upstream transport.
The exact cue for this hypothesized behavioral transport mechanism is unknown. In
a laboratory study, Tankersley and Forward (1994) found that blue crab megalopae did not
exhibit an endogenous circatidal swimming pattern, and concluded that they must respond to
some environmental cue for the tidal rhythm to be initiated. In addition, blue crab megalopae
were found to display a circadian rhythm with maximum swimming activity during the
daytime (Tankersley and Forward, 1994).
DeVries et aL (1994) suggested that temperature or salinity could be cues for
brachyuran postlarvae as these parameters can vary tidally near the mouths o f estuaries, and
Tankersley and Forward (1994) showed in a laboratory study that blue crab megalopae
migrated upward in response to increasing salinity. However, hydrologic variables are
unlikely cues for megalopae entering coastal lagoons that are well-mixed and vertically and
horizontally homogenous with respect to temperature and salinity.

In the lagoonal

environment, some other cue, such as exudates from macroalgae or marsh grasses, ammonia,
hydrogen sulfide, or humic acids may be recognized by blue crab megalopae and result in
behavioral responses that effect transport on flood tides. Alternatively, megalopae may
respond to a suite of cues, including both hydrologic variables and dissolved substances.
Forward and Rittscoff (1994) found that photoresponses of megalopae differed
between megalopae held in offshore and lagoon water, with swimming activity inhibited under
high levels of illumination in lagoon water. This behavioral shift may be the ontogenetic shift

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7
proposed by SuUrin et aL (1980) that effects transport into coastal environments.
The transport of megalopae into the lagoonal system was examined in a pair of
extended inlet surveys conducted in 1994. Transport of megalopae through Sand Shoal Inlet
was monitored on neap tides (continuously for 43 hours) and spring tides (72 hours).
Comparisons are made between Callinectes sapidus and the fiddler crab, Uca spp. The
reproductive strategy of the fiddler crab is similar to that o f the blue crab, with export of
larvae (zoeae) and subsequent reinvasion by the postlarval stage.

Settlement and Metamorphosis

Rodriguez et aL (1993) reviewed the literature on settlement of marine invertebrates
(see also Crisp, 1974). They defined settlement as
"...a process of change from a pelagic to a benthic way of life, including two
phases: (1) one of searching behavior for an appropriate site, (2) another of
permanent contact with or attachment to the substratum which triggers
metamorphosis."
This two-phase process begins when the larvae becomes "competent" to settle, which is
brought about either through endogenous timing or by the recognition of an exogenous cue(s)
(Crisp, 1974). It is not clear what constitutes "competency" in the blue crab megalopae.
The first part of the above definition of settlement indicates that settlement is not
simply a passive process, but that some larvae make active choices in the selection of
settlement habitat. In a laboratory flume study, Butman et aL (1988) confirmed this idea by
showing that under realistic flow conditions the larvae of the benthic polychaete Capitella sp.
settled preferentially in mud rather than sand. Because blue crab megalopae continue to feed
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in the plankton, they may be able to postpone settlement and slow advancement through the
molt cycle until a favorable settlement habitat is encountered. Metcalf and Lipcius (1992)
examined the molt stage of planktonic megalopae in relation to the Chesapeake Bay and
found megalopae inside the bay to be more advanced than megalopae offshore. In addition,
Lipcius et aL (1990) found that megalopae taken from artificial substrate settlement collectors
and within seagrass beds were more advanced than those collected in the plankton. However,
these studies assumed that settlement occurred after megalopae had reached an advanced
stage in the molt cycle and did not consider the effect that settlement may have on the molt
cycle. "Settled" megalopae may have been more advanced due to the time lag between
sampling the plankton and the following morning when settled megalopae were collected.
Many studies have focused on finding a chemical or physical cue that triggers a
physiological or behavioral induction of settlement and metamorphosis. Physical cues include
texture and surface geometry of hard surfaces, as well as structural architecture o f the
recruiting habitat (Crisp, 1974; Hermkind and Butler, 1986). Chemical cues range from
bacterial surface films to exudates from specific kinds of algae (Crisp, 1974; Kirchman et aL,
1982; Williams, 1964; Rowley, 1989; Butler and Hermkind, 1991; Harvey et aL, 1993).
However, few studies have identified specific chemical cues that induce settlement. Morse
and Morse (1984) found that larvae ofthe gastropod Haliotis sp. respond to molecules found
at the surface of coralline red algae, the preferred settlement substrate of Haliotis. Ammonia
has been identified as a potential settlement cue for oyster larvae as they encounter oyster
beds (Kitt and Coon, 1992).
Blue crab megalopae are believed to prefer the seagrass Zostera marina as a
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settlement substrate (Orth and van Montfrans, 1987). However, the lagoonal system along
the lower Eastern Shore is devoid of any seagrasses. This suggests that megalopae must
choose an alternative substrate relatively quickly, or risk advection back out of the system on
ebbing tides because the residence time o f water in the lagoons is low, approximately 60
hours (see Chapter 2: Physical Setting). Alternative substrates include flooded Spartina
alternaflora marsh, numerous kinds of benthic macroalgae, and oyster shell/rubble bars.
Although Johnson and Welsh (1985) suggested that exudates from the macroalga Ulva
lactuca may be toxic to the zoeal stages of Callinectes sapidus, my preliminary data indicated
that benthic macroalgae (specifically, Ulva lactuca) may be an attractive substrate for
settlement of megalopae.
A series of laboratory studies was conducted with the two dominant macroalgae in
the lagoon, Ulva lactuca (Chlorophyta) and Gracilariafoliifera (Rhodophyta), to examine
the effects of substrate on the time to metamorphosis (TTM) of field-collected megalopae.
The effects of macroalgae were compared across different water types (offshore, inlet,
lagoon) and molt stage.
In addition, field sampling was conducted to determine the preferred region of
settlement of megalopae within the intertidal zone. Two separate methods were used to
contrast settlement in the low intertidal mudflats, where various species of macroalgae are
found, and the intertidal saltmarsh. Benthic suction sampling was used in 1994 to examine
the levels of recruitment to the intertidal mudflats (macroalgal habitat) and edge of the
Spartina alternaflora marsh, hi 1995, hogshair panels were deployed along a transect across
the mudflat-marsh interface. This provided a comparison of the distribution and magnitude
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o f postlarval settlement of the fiddler crab, Uca spp., and bhie crab, Callinectes sapidus.

Post-Settlement Factors

Numerous observational studies have examined the distribution of early juvenile
instars of blue crabs in estuarine habitats (reviewed by Orth and van Montfrans, 1990). In
New Jersey and Virginia, early juvenile stages appear to prefer seagrass beds over flooded
marsh and tidal creek bottom habitats (Orth and van Montfrans, 1987; Wilson et aL, 1990a;
Sogard and Able, 1991). However, in a Texas lagoon, Thomas et aL (1990) found highest
abundances (up to 50/m2) of early juvenile blue crabs in the salt marsh, rather than adjacent
seagrass beds.
Orth and van Montfrans (1990) attributed the apparent difference in habitat utilization
between Atlantic and Gulf marshes to factors that occur along a latitudinal gradient,
specifically the greater period of tidal inundation of marsh along the Texas coast due to
diurnal tides. Rozas (1995) also suggests that the marshes of the northern Gulf coast may
have higher densities ofnatant macrofauna due to the longer periods of inundation. The lack
of submerged aquatic vegetation (SAV; vegetation other than macroalgae) in the Eastern
Shore lagoons suggests that the marsh surface should play a greater role as a settlement
habitat, despite fairly long periods of exposure on semi-diurnal tides. In the absence of
seagrass beds, benthic macroalgae can be used as a settlement substrate. Macroalgae are
abundant in the lagoons and may also serve to reduce predation on postlarval recruits.
Wilson et aL (1987, 1990b) demonstrated the importance of vegetated habitat for
reducing predation on juvenile blue crabs. However, few studies have examined the refuge
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value ofvarious vegetated habitats for newly settled megalopae. Differences in behavior and
size may result in differing predation pressure within a given habitat for the two life history
stages. In addition, newly settled megalopae may face different suites o f predators than
juvenile stages, which may also lead to differences in refuge value.
In a laboratory study, Oltni and Lipcius (1991) found high rates of predation on blue
crab megalopae by grass shrimp, Palaemonetes pugio, in aquaria containing either sand or
sand with artificial seagrass. Palaemonetes pugio occurs in high abundance in coastal and
estuarine marshes and may reduce the value ofvegetated habitat for newly settled megalopae.
Other dominant intertidal predators in the coastal environment include the ldllifishes,
Fundulus spp.
A series of predation experiments was conducted using field collected megalopae to
examine the refuge value of the two dominant types of macroalgae in the lagoon: Ulva
lactuca (Chlorophyta) and Gracilariafoliifera (Rhodophyta). Two common predators, the
grass shrimp, Palaemonetes pugio, and striped killifish, Fundulus majalis, were used to
compare feeding strategies and efficiencies under different prey densities.
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CHAPTER 2

PHYSICAL SETTING

This study focuses on the factors affecting recruitment of the postlarval stage of the
blue crab, Callinectes sapidus, to the back-barrier lagoons ofVirginia's lower Eastern Shore.
Much of the research on the early life history of the blue crab has been conducted in
Chesapeake Bay, the largest estuary in the United States. However, these studies have not
adequately addressed the factors that may affect the recruitment of blue crab postlarvae in
lagoonal habitats.

Comparison of Lagoonal Habitat to Chesapeake Bay

The lagoonal system differs both in circulation and geomoiphology from larger
estuaries such as Chesapeake Bay. However, much of the range of the blue crab, including
much of the coastline of eastern North America from New York to Florida and throughout
the Gulf of Mexico, consists of lagoonal systems similar to those along Virginia's Eastern
Shore (Williams, 1984).
The lagoonal system ofVirginia's Eastern Shore is bounded by eighteen low-lying
offshore barrier islands to the east, and the Delmarva peninsula to the west (Figure 2). The
lagoonal system, by definition, has little freshwater input and has a restricted exchange of
water with the coastal ocean (Leatherman, 1979; Oertel, 1985). Along the southern portion
ofVirginia's Eastern Shore, the lagoons are comprised of vast areas of shallow subtidal flats,
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Figure 2. Map of the southern portion ofVirginia’s Eastern Shore, showing the offshore
barrier islands, numerous platform marshes in the lagoons, and the Delmarva peninsula
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with deeply incised channels extending landward from permanent tidal inlets between the
barrier islands. It is through the complex inlet-channel system that water and postlarvae are
transported into the lagoonal system from coastal waters.
Virginia's Eastern Shore lagoonal system dates back approximately 5,000 years
(Newman and Munsart, 1968), the result of deposition during the period o f sealevel rise over
the past 6,000 years. Under the influence of rising sealevel, the barrier islands are migrating
landward at a rate of 1 - 3 m/yr through a combination o f shoreface erosion and storm
washover (Swift 1975; Niedoroda et aL, 1985; Swift et aL, 1985).
The ratio of marsh area to open water area in the southern portion ofVirginia's
Eastern Shore is approximately 1.85 (Fmkelstein and Ferland, 1987), while the ratio of marsh
area to open water area in the northern portion ofVirginia's Eastern Shore is approximately
4.0 (Biggs, 1970). Both of these ratios are two orders of magnitude higher than the ratio for
Chesapeake Bay, which is approximately 0.04 (Nixon, 1980). Thus, in a relative sense, there
is more intertidal marsh available in the lagoonal system than in Chesapeake Bay.
The plant community of platform marshes within the lagoons is characterized by
Spartina alternaflora, Salicomia spp., and Distichlis spicata. Spartina patens is restricted
to the fringing marshes along the eastern edge of the peninsula and the leeward ride of the
barrier islands. The use of sakmarsh habitat by natant macrofauna has been well documented
(Wienstein, 1979; Boesch and Turner, 1984; Zimmerman and Minello, 1984; Rozas and
Odum, 1987; Mclvor and Odum, 1988; Hettler, 1989; Fitz and Weigert, 1991;Kneib, 1991;
Bahz et aL, 1993; Knieb and Wagner, 1994). The marsh surface can be used by both resident
estuarine/lagoonal species as well as by transients from coastal spawning areas (Rozas, 1995).
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Water in the lagoons is exchanged with the coastal ocean through narrow tidal inlets.
This exchange is governed by semidiurnal tides, which dominate the circulation of water in
the lagoonal system. Because of strong tidal mixing in the inlets and channels, there is no
horizontal or vertical gradient in salinity or temperature (Leatherman, 1979). Vertical
stratification is further limited by the lack of significant freshwater input from the peninsula.
Hie lagoons are mesotidal, with a tidal range of between 1 and 2 meters, depending on lunar
phase and local and non-local wind forcing (Wong and DiLorenzo 1988; Wong 1986, 1991).
Seagrasses, believed to be a critical habitat for settlement of blue crab megalopae in
Chesapeake Bay (Orth and van Montfrans, 1990) are largely absent from the lagoons. The
high turbidity from tidal scouring and resuspension of sediments along channel edges and
subtidal mudflats may inhibit the survival of seagrass in the lagoons (Onuf 1994). In place
of seagrass, various species ofmacroalgae occupy the shallow subtidal and intertidal portions
o f the lagoons. The dominant species o f macroalgae on the mudflats are sea lettuce, Ulva
lactuca, and graceful redweed, Gracilaria foliifera (Humm, 1979). Rockweed, Fucus
vesiculasus, occurs along the fringing marshes of the barrier islands, often attaching to mussel
beds.

Oceanographic Conditions of the Adjacent Continental Shelf

The circulation of water in the Middle Atlantic Bight (MAB) is generally alongshore
and southward with velocities between 5 and 15 cm/sec (Norcross and Stanley, 1967;
Beardsley et aL, 1976; Bishop 1980). The average salinity of the shelfwaters in the MAB is
approximately 32.5 (Ingham et aL 1982), resulting from the discharge of relatively fresh water
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from several major estuaries (Hudson River, Delaware, Chesapeake) in the region (Norcross
and Harrison, 1967).
Regional winds during the summer months are predominantly from the southsouthwest, resulting in a reversal of alongshore surface currents on the inner continental shelf
(Norcross and Stanley, 1967; Boicourt, 1981). This corridor of northward flowing water can
extend out some SOkm, to a depth of approximately 5 m, and has velocities between 0.5 and
5 cm/sec (Johnson et aL, 1984). The strength and duration of the current reversals depends
on multiple factors, including wind stress, duration of local and regional winds, and the
volume ofwater exiting Chesapeake Bay (Bumpus, 1973). Chesapeake Bay-spawned larvae
of the blue crab are believed to be retained by these inshore current reversals, preventing
export of larvae to the south.
Offshore drift of surface water, inferred from surface drifters and density distributions,
appears to occur south of Chesapeake Bay (Howe, 1962; Norcross and Stanley, 1967;
Bumpus, 1973), while the residual drift of bottom water is onshore during most of the year
(Norcross and Stanley, 1967; Meade, 1969). Thus the overall circulation in the region
appears to result from a wind-modified thennohaline circulation (Bumpus, 1973).
Bumpus (1973) suggested that the residual onshore drift in the MAB may have
contributed to the formation of the barrier islands found in this region, presumably through
a steady supply of sediments or by preventing offshore transport of fluvial sediments.
Boicourt (1982) also noted the onshore transport of water below mid-depth in the vicinity of
Chesapeake Bay mouth, possibly effecting postlarval recruitment to the estuary.
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Residence Time of W ater in the Lagoons
The tidal prism method (Dyer, 1973) was used to estimate the residence time of water
within the lagoons along Virginia's lower Eastern Shore. Because this study specifically
focused on recruitment into the Sand Shoal Inlet and Channel system, only the residence time
ofthe southern lagoon is considered (Le., from Hog Island Bay southward). Because there
is little or no fresh water input to this system, the tidal prism method is the most appropriate
method for estimating residence times. Other methods use horizontal gradients in salinity
(fresh water fraction method; Dyer, 1973) or river discharge (modified tidal prism method;
Ketchum and Keen, 1953) to determine residence time.

A. Tidal Prism Approach
The tidal prism (P) is the fraction of water in a basin between high water and low
water, and is usually expressed as a volume exchanged per tidal cycle (approximately every
twelve hours in a semidiurnal system). The volume of water below the mean low water mark
is the residual volume (V). The total volume of water in a basin is equivalent to the volume
in the tidal prism and the residual volume below low tide (P+V). The residence time of water,
in tidal cycles, can be estimated by comparing the total volume in the basin to the volume
exchanged during each tidal cycle, as in Dyer (1973):

Residence Time Tr = (V+P)/P

(1)
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There are several underlying assumptions for the tidal prism method. First, the water
entering the lagoon during flood tide (the tidal prism) mixes completely with the residual
water in the basin prior to ebb tide. Second, the tidal excursion, or distance traveled by a
particle ofwater during flood tide, is approximately equal to the horizontal dimensions of the
basin. Third, the water exiting the inlet on ebb tide is completely replaced by new water on
the next flood tide.
Dyer (1973) stated that violation of these assumptions leads to a lower estimate of
residence time with the tidal prism method, compared to other methods. The first two
assumptions are probably valid for this lagoonal system. There is little stratification of the
water column, indicating that tidal mixing is vigorous in the channels leading to the interior
ofthe lagoons. In addition, the tidal excursion is approximately 10 km, which is equivalent
to the distance from the inlets to the fringe marsh along the Peninsula, or landward margin
of the lagoons.
There are no data to address the third assumption of no re-entrainment of water on
subsequent ebb tides for this region.

Because the predominant longshore drift is

southward(Finkelstein and Ferland, 1987), it is likely that some of the water that exits from
the northern inlets (Le., North Inlet, Great Machipongo Inlet) on ebbing tides re-enters the
lagoons on following flood tides through inlets to the south (i.e., Sand Shoal Inlet, and
smaller inlets such as New Inlet and Ship Shoal Inlet). However, because there is little or no
gradient in salinity within this system, and no major sources of freshwater discharge, this
remains the most applicable method for estimating residence time.
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B. Methodology
For the calculation of residence time, the lagoon south of Quinby Inlet is considered
to be a single basin comprised of several smaller interconnected embayments (Hog Island Bay,
Outlet Bay, Ramshom Bay, Cobb Bay, Mockhom Bay and South Bay). This basin is then
considered to have three primary sources of water which contribute to the tidal prism: North
Inlet (which drains north-south into Quinby Inlet), Great Machipongo Inlet, and Sand Shoal
Met. Smaller Mets to the south o f Sand Shoal Met (e.g., New Met and Ship Shoal Met)
are shallow (<2 m deep), and probably contribute little to the overall tidal prism within the
lagoon. Thus, the tidal prism in the basin is approximated by the volume of water that enters
and leaves through the three major Mets.
The volume transported through the major Mets was estimated using data from 25hour current meter studies conducted on separate occasions at each of the three major Mets
(North M et, Great Machipongo M et, Sand Shoal Met) along the southern portion of
Virginia's Eastern Shore. Sampling was conducted from a 7-meter boat anchored at the
center ofthe Met. A single station at the center was chosen because the cross-sectional area
of each Met is less than 106m3(Table 1), and because of the uniform bathymetry of the Mets
(Kjerve et aL, 1979, 1981).
Current speed and direction were measured hourly at two-meter depth intervals
throughout the water column using an ENDECO™ current meter. Current speed and
direction were later decomposed M o the along-channel components for each Met.
The oriented current velocities (v;) were vertically averaged and multiplied by the
cross-sectional area (Ac)of the Met to estimate the instantaneous flux of water passing
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through each Met. The instantaneous flux (FJ of water (m/sec) is given by the following
equation:

Fr(Ev/n)*A,

(2)

where: n = number of velocity measurements in the vertical direction

The net volume transport (Tn) of water per tidal cycle (m3) was estimated for each
Met by Megrating over the tidal cycle (Table 2):

Net Transport Tn= S((F;+F/2)*3600)

(3)

where: F; and Fj are instantaneous flux estimates for hours I and j.

C. Calculation of Residence Time
The tidal prism (P) was approximated by the sum of the mean volume of water
transported through each Met (220.2X106m3; Table 3). The residual volume of water (V)
in the lagoon was estimated using planimetry (LASICO™ Model L-20M planimeter; NOAA
Charts 12210 and 12221) of lagoonal area and average depths o f the subtidal flats and
channels (872.8X106m3; Table 4).
Using the above values in equation (1), 1 estimate the residence time of the southern
lagoonal system to be approximately 5 tidal cycles, or approximately 60 hours. This is most
likely a conservative estimate, since it does not account for water transported through smaller
Mets to the south. Additionally, it does not account for the effects of local and regional wind
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Table 1. Physical characteristics of the major inlets along Virginia's lower Eastern Shore.

Sand Shoal
Inlet

Machipongo
Inlet

North
Inlet

Depth (m)

20

20

10

Area (m2)

9,849

11,645

5,286

Along-Channel Axis
Direction
(degrees)

326-146
in-out

285-105
in-out

220-040
in-out

Table 2. Net transport ofwater (X 106m}) through the inlets over two tidal cycles in 1993.

Tidal Phase

Sand Shoal
(July 12-13)

Machipongo
(July 15-16)

North
(August 12-13)

Ebb 1

-60.8

-95.9

-53.4

Flood 1

88.5

134.7

43.1

Ebb 2

-63.3

-59.8

-47.5

Flood 2

119.1

75.7

38.5

Net Transport

83.2

54.7

-19.3

Note: negative values indicate transport OUT of the inlet.
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Table 3. Mean tidal exchange (X 106m3) tiirough the inlets during flood and ebb tides (±
1 std. dev.).

Sand Shoal Inlet

83.0(27.1)

Machipongo Inlet

91.6 (32.4)

Quinby Inlet

45.6 (6.4)

TOTAL

220.2

Table 4. Area and volume of lagoonal system south of Quinby Inlet, Virginia.

Area
(X 106m2)

Depth
(m)

Volume
(X 106m3)

Channel

45.5

8.5

386.75

Subtidal Flats

243.0

2.0

486.00

TOTAL

872.75
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forcing which can result in significant onshore transport of water.
The short residence time of water in the lagoons has profound implications for larvae
and postlarvae being transported into the system from offshore. Postlarvae recruiting to the
system must have an effective means of enhancing retention in the lagoons to minimize the
risk of advection back out to the coastal ocean. If extended periods in the plankton result in
increased predation, new recruits should maximize opportunities to settle upon reinvasion of
coastal habitats.
Some larvae and postlarvae have a competency period that is entered prior to
settlement (Crisp, 1974; Burke, 1993) when settlement and metamorphosis is essentially an
active process of substrate selection or rejection. This may be thought of as priming the
larvae or postlarvae to take advantage of the earliest settlement opportunities that are
presented, reducing the time spent in the plankton. Thus, recruitment to the coastal lagoons
may be enhanced ifblue crab megalopae enter such a competency period prior to reinvading
coastal lagoons. McConaugha (1985) speculated that megalopae could delay metamorphosis
offshore, and Wolcott and De Vries (1994) found that offshore megalopae had not entered
premolt, which suggests that megalopae are not wasted by settlement offshore. Indeed,
Forward et aL (1994) found that waterborne coastal cues shorten the time to metamorphosis
ofblue crab megalopae, and that the progression to metamorphosis can be slowed by placing
megalopae back into offshore waters where coastal cues are presumably more dilute.
Although various factors could potentially affect the distribution of waterborne cues
in coastal waters, megalopae recognizing such cues prior to reinvading coastal lagoons could
enhance retention through the initiation of tidally oriented vertical migrations or other
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behaviors that place them lower in the water column on ebbing tides. Such behavioral
modifications would serve to enhance retention in the lagoonal system where residence time
is short, as well as in estuaries where residual transport is up-estuary in the lower water
column.
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CHAPTER 3

TRANSPORT OF MEGALOPAE THROUGH INLETS

The blue crab population in Virginia’s Eastern Shore lagoons has suffered a dramatic
decline since 1991, following an outbreak ofthe parasitic dinoflagellate Hematodinium perezi
(Shields, 1994). Without a resident spawning population, the lagoonal system is entirely
dependent upon the influx of postlarval recruits from adjacent populations, most notably the
Chesapeake Bay immediately to the south. Postlarvae recruiting to the lagoons would most
likely result from spawning activity by crabs in these adjacent systems, with subsequent
development ofthe zoeal stages offshore (Sandifer, 1975; McConaugha et aL, 1983).
A potential limiting factor for the recovery of the blue crab population ofVirginia’s
Eastern Shore lagoons is the recruitment of postlarvae, having passed through zoeal stages
offshore, into the system. Orth and van Montfrans (1990) suggested that transport of
postlarvae into the lagoonal systems may be limited by the narrow tidal passes, in contrast to
the wider mouth ofthe Chesapeake Bay. Others have hypothesized that transport is enhanced
by ontogenetic changes in behavior or responses to changes in hydrologic variables such as
temperature, salinity, pressure or current speed (Cronin and Forward, 1979; Sulkin et aL,
1980; Epifanio et aL, 1989; Forward, 1989, 1990; DeVries et aL, 1994), suggesting that
narrow inlets may not be a barrier to recruitment. Whether these variables affect the
recruitment ofbhie crab postlarvae to the lagoonal system along Virginia’s Eastern Shore is
not known.
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Preliminary data obtained during a 25-hour current meter survey in North Met
(Quinby Met, VA) in 1993 suggest that transport of blue crab megalopae through the inlets
along Virginia’s Eastern Shore can be significant. Furthermore, the data suggest that
transport through the inlets is highest during nighttime flood tides (Figure 3). The behavioral
basis for transport during specific periods of the tidal phase is termed “selective tidal stream
transport” (Boehlert and Mundy, 1988; Rowe and Epifanio, 1994a and 1994b). The
preliminary data from North Met support the hypothesis that blue crab postlarvae utilize tidal
stream transport to effect recruitment into the lagoonal system, although the exact cues for
this transport are not known.
Tankersley and Forward (1994) found that field collected blue crab megalopae
exhibited an endogenous circadian rhythm in swimming activity that coincided with the
daytime when held in the laboratory. Although this seems counter to the tidal stream
selection hypothesis, DeVries et aL (1994) found that the abundance of blue crab megalopae
could be predicted by the rate of salinity (Le., tidal change) change in a North Carolina
estuary. Thus, the endogenous rhythm may be modified by responses to environmental
variables that vary in a predictable fashion (De Vries et aL, 1994; Tankersley and Forward,
1994).
In the lagoons ofVirginia’s Eastern Shore, salinity varies little over the tidal cycle, and
the lagoons can become “reverse estuaries”, with higher salinities inride than in the adjacent
coastal ocean during the summer (pers. obs.). Lochmann et aL (1995) observed flood tidetransport of blue crab megalopae in a well-mixed tidal pass in the Gulf of Mexico where
hypersaline conditions also occur. Since little change or even slight increases in salinity could
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Density of Blue Crab Megalopae
at North Inlet, August 12-13,1993
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Figure 3. Density of blue crab megalopae (#/m3) in oblique plankton tows at North Inlet
(Quinby Inlet, Virginia) on August 12-13, 1993.
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occur during ebb tides, salinity cues may not be the universal underlying factor that effects
transport into estuarine systems. Megalopae exhibiting tidal stream transport into lagoonal
systems with limited tidal signals in salinity may be responding to some other variables), such
as temperature or a dissolved organic cue derived from decomposition in coastal marshes.
To test the hypothesis that blue crab megalopae use tidal stream transport to effect
recruitment to the lagoonal system along Virginia’s Eastern Shore, the abundance of
megalopae was monitored during two extended surveys at Sand Shoal Inlet, Virginia.

Methods and Materials
The abundance of megalopae in the water column at Sand Shoal Inlet was monitored
on two separate extended surveys during 1994 (August 3-5: 42 hours; August 15-18: 72
hours). Sand Shoal Inlet is one of three major inlets along the southern Dehnarva Peninsula,
and it is approximately 20 m deep. Samples were obtained from 1-meter and 10-meter depths
using a centrifugal pump (5 cm diameter) from a 19-meter research vessel anchored in the
center of Sand Shoal Inlet. Samples were pumped from both depths every two hours and
filtered through a plankton net (333//m mesh) suspended from the side of the vessel. Water
was pimped from each depth for 10 minutes, for a total sample volume of 4m3 (pump rate
4 L/min). The pump and hose were flushed for one minute between samples to prevent cross
contamination of megalopae from different depths. Additionally, an oblique plankton tow
was obtained with a 0.5m plankton net (333/zm mesh) that was lowered to the bottom and
slowly retrieved to provide an integrated sample of megalopae throughout the water column.
The net was fitted with a General Oceanics™ flowmeter with a high-speed propeller to
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provide an estimate of the volume filtered. Samples obtained with the pump and net were
preserved in a 5% buffered formalin solution for later processing. Ultimately, samples were
washed and transferred to 70% ethanol for sorting. All megalopae were identified to species,
or lowest possible taxon, using published taxonomic descriptions and an unpublished key to
megalopae of the lower Chesapeake Bay (van Montfians, VIMS). The abundance of blue
crab and fiddler crab (Uca spp.) megalopae at different depths during different parts ofthe
tidal cycle was compared (by day and night) using nonparametric Wilcoxon Rank-Sum
procedure in SAS (SAS Institute, Cary, NC).
Hydrologic variables, including current speed and direction, salinity, and temperature,
were recorded hourly. Current speed and direction were determined at 2 meter intervals
throughout the water column using an ENDECO™ current meter deployed from a boom on
the port side of the research vessel. Salinity and temperature were determined with a
Seabird™ Model 25 CTD (Conductivity-Temperature-Depth) which was deployed from a
boom on the starboard side of the vesseL
Sampling was interrupted once during the first survey (August 3-5) by a severe
thunderstorm and was cut short by an approaching atmospheric low pressure system for a
total time-on-site of 42 hours. Although the plankton net was lost 40 hours into the second
survey (August 15-18), pump samples were obtained throughout the entire 72-hour sampling
period.

Results
Blue crab megalopae were most abundant during nighttime flood tides in the oblique
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net tows during both survey periods (Figures 4 and 5). Overall, there was no difference
between numbers of megalopae collected duiing daytime flood and ebb tides (p=0.0859, alpha
adjusted for 12 comparisons; Le., .05/12 = .004). However, the difference between
megalopai abundances on nighttime flood and ebb tides was only marginally non-significant
(p=0.0059).
Pump samples also showed that blue crab megalopae are most abundant on nighttime
flood tides (Figures 6 and 7). At 1-meter, differences in megalopai abundance during
nighttime flood and ebb tides were marginally non-significant (p=0.0158) and not significantly
different between daytime flood and ebb tides (p=0.99). At 10-meters, blue crab megalopae
were significantly more abundant during nighttime flood tides (p=0.0001) while abundances
during daytime flood and ebb tides were not significantly different (p=0.0583).
In contrast to blue crab megalopae, there was little evidence of selective tidal-stream
transport of fiddler crab megalopae, Uca spp., during either sampling period. Although
fiddler crab megalopae in oblique plankton tows showed some indication of flood-tide
transport (Figures 8 and 9), there were no significant differences between flood and ebb tide
abundances during both daytime (p=0.6242) and nighttime sampling (p=0.2484). In addition,
there were no differences between flood and ebb tide abundances in the 1-meter and 10-meter
pump samples during both daytime (1-meter: p=0.742; 10-meters: p=0.5701) and nighttime
sampling (1-meter: p=0.2002; 10-meters: p=0.0901) (Figures 10 and 11).
Within each sampling period (Aug. 3-5, and Aug. 15-18), abundances of each species
of megalopae at 1-meter and 10-meters were generally well correlated. The results of
Spearman’s non-parametric correlation analysis are shown in Table 5. Megalopae were
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Density of Blue Crab Megalopae
Oblique Tows, August 3-5,1994
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Figure 4. Density of blue crab megalopae (#/m3) in oblique plankton tows at Sand Shoal
Inlet on August 3-5, 1994.
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Density of Blue Crab Megalopae
Oblique Tows, August 15 -18,1994
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Figure 5. Density of blue crab megalopae (#/m3) in oblique plankton tows at Sand Shoal
M et on August 15-18, 1994.
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Density of Blue Crab Megalopae
Pump Samples, August 3-5,1994
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Figure 6. Density of blue crab megalopae (#/m3) in pump samples from 1-meter and IO
meter depths at Sand Shoal Met on August 3-5, 1994.
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Density of Blue Crab Megalopae
Pump Samples, August 15 -18,1994
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Figure 7. Density of blue crab megalopae (#/m3) in pump samples from 1-meter and IO
meter depths at Sand Shoal Inlet on August 15-18, 1994.
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Density of Fiddler Crab Megalopae
Oblique Tows, August 3-5,1994
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figure 8. Density of fiddler crab megalopae (#/m3) in oblique plankton tows at Sand Shoal
Inlet on August 3-5, 1994.
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Density of Fiddler Crab Megalopae
Oblique Tows, August 15 -18,1994
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Figure 9. Density of fiddler crab megalopae (#/m3) in oblique plankton tows at Sand Shoal
Inlet on August 15-18, 1994.
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Density of Fiddler Crab Megalopae
Pump Samples, August 3-5,1994
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Figure 10. Density of fiddler crab megalopae (#/m3) in pump samples from 1-meter and IO
meter depths at Sand Shoal Inlet on August 3-5, 1994.
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Density of Fiddler Crab Megalopae
Pump Samples, August 15-18,1994
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Figure 11. Density of fiddler crab megalopae (#/m3) in pump samples from 1-meter and IO
meter depths at Sand Shoal Inlet on August 15-18, 1994.
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Table 5. Spearman’s correlation coefficients for megalopae at different depths during two
surveys at Sand Shoal Met: August 3-5, 1994, and August 15-18, 1994. Significant
correlations are denoted by an asterisk (*) (« adjusted for the number of comparisons;
0.05/12 = 0.0041).
August 3-5.1994

Variables

Spearman’s r

p-value

Callinectes sapidus
1-meter vs. 10-meters
oblique vs. 1-meter
oblique vs. 10-meters

0.654
0.625
0.6489

0.0018*
0.0042*
0.0026*

Uca spp.
1-meter vs. 10-meters
oblique vs. 1-meter
oblique vs. 10-meters

0.6698
0.3159
0.3351

0.0012*
0.1875
0.1607

August 15-18.1994
Variables

Spearman’s r

p-value

Callinectes sapidus
1-meter vs. 10-meters
oblique vs. 1-meter
oblique vs. 10-meters

0.5177
0.4581
0.7700

0.0014*
0.0368

Uca spp.
1-meter vs. 10-meters
oblique vs. 1-meter
oblique vs. 10-meters

0.3534
0.0163
0.3368

0.0372
0.9441
0.1355

0. 0001*
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generally more abundant at 10 meters than at 1 meter. In addition, the abundance of blue crab
megalopae in oblique tows was generally well correlated with abundance in pump samples.
However, there was no correlation between the abundances of fiddler crab megalopae in
pump and net samples.

Discussion
Blue crab megalopae appear to exhibit selective tidal stream transport to the lagoonal
system along Virginia’s Eastern Shore. Transport is greatest during nighttime flood tides,
which agrees with previous investigations of recruitment in other systems (Brookins and
Epifanio, 1985; DeVries et aL, 1994; Olmi, 1994; Lochmann et aL, 1995). Similarly,
megalopae o f the fiddler crab, Uca spp., also exibit a pattern of tidal stream transport,
although the statistical evidence is not as strong. The large number of comparisons probably
reduced the statistical power of the tests, reducing the likelihood of finding a significant
difference between flood and ebb tide abundances.
Fiddler crab megalopae appeared to be most abundant during flood tides, and there
was no statistically significant difference difference between daytime and nighttime samples.
These results are similar to those of De Vries et aL (1994) who observed a tidally varying
abundances of fiddler crab megalopae in a North Carolina estuary. Tankersley and Forward
(1994) found that Uca spp. exhibit an endogenous circatidal rhythm in swimming when held
in the laboratory, which would result in a landward transport of megalopae on flooding tides.
De Vries et aL (1994) hypothesized that behaviors resulting in flood tide transport
may have evolved in estuaries where environmental variables change in a tidally-predictable
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fashion. In the current paradigm o f selective tidal-stream transport, megalopae settle out of
the water column on ebbing tides, occupying the boundary layer or actually holding onto the
bottom In the bottom waters ofVirginia’s lagoonal system, which receives almost no fresh
water input, temperature and salinity vary in a tidally predictable fashion (Figures 12 and 13).
Temperature generally decreases on flooding tides and increases on ebbing tides as a result
ofwarming in the shallow lagoonal basin. Salinity increases on flood tides and decreases on
ebb tides, generally varying less than one tenth of one PSU.
De Vries et aL (1994) correlated the abundance of megalopae in a North Carolina
Inlet with rates of salinity change. In their study, the maximum rates of change in salinity
during flood tides ranged from 26.4 to 132.4 ppt sec1(X 10'5). In contrast, the maximum
rates of salinity change in bottom waters during this study at Sand Shoal Inlet were an order
ofmagnitude smaller, ranging from 3.6 to 7.5 ppt sec'1(X 10'5). Clearly, both of these rates
are much smaller than would be observed in a large partially stratified estuary such as the
Chesapeake Bay, which receives large amounts of fresh water.
Alternatively, megalopae entering Virginia’s coastal lagoons could be responding to
rates of temperature change. Although De Vries et aL (1994) did not find a significant
correlation between rates oftemperature change and the abundance of megalopae in the water
column in a North Carolina estuary, the tidally varying temperature signal is much more
pronounced than the salinity signal in Virginia’s lagoons (Figures 12 and 13). The maximum
rates oftemperature change in the bottom waters of the lagoonal system (-17.0 to -23.0 °C
sec'1(X 10'3)) are similar to those observed in the North Carolina estuary (-35.2 to -57.4°C
sec'1(X 10'3)). Since the lagoons lack a strong salinity signal, megalopae may repond to
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Bottom Temperature and Salinity
Sand Shoal Inlet: August 3-5,1994
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Figure 12. Bottom temperature and salinity at Sand Shoal Inlet, Virginia, August 3-5, 1994.
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Bottom Temperature and Salinity
Sand Shoal Inlet: August 15-18,1994
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to other hydrologic variables such as temperature.
Since the megalopae recruiting to the lagoonal system along Virginia’s Eastern Shore
most likely originate from crabs spawning in the Chesapeake Bay, a tidally rhythmic response
to such small rates of change in salinity may be an adaptation for recognizing subtle changes
in salinity prior to actually reinvading the Chesapeake Bay. This would enable megalopae
to alter their behavior, moving lower in the water column prior to becoming entrained in the
coastal convergence zone formed by the outflow plume of the Chesapeake Bay, thus
facilitating up-estuaiy transport. Alternatively, an ability to respond to temperature changes
would provide greater flexibility for recruiting to coastal embayments that may differ in their
hydrologic signals.
Other cues may also alter megalopal behavior as they approach the coast. More
general cues, such as compounds derived from organic rich sediments and marshes, could
serve to prepare megalopae to invade all types of coastal embayments and would not
necessarily have evolved in estuaries. Forward et al (1994) and Wolcott and De Vries (1994)
have hypothesized that megalopae recognize waterborne coastal cues as they approach the
coast In a laboratory study, Forward and Rittschof (1994) demonstrated that phototaxis of
megalopae was inhibited in estuarine water, presumably in response to some dissolved
waterborne cue. Such a cue could also serve to entrain behaviors that result in selective tidalstream transport as megalopae approach the coast. Recognition of waterborne cues would
facilitate recruitment to both lagoons and estuaries and could act on megalopae prior to
reinvasion of coastal embayments. However, for a waterborne cue derived from the coastal
environment to be effective, its residence time in the water column should be short enough
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to maintain an onshore-ofishore gradient. A compound with a long residence time would be
distributed more uniformly across the shelf through advection or diffusion. In contrast, a
compound with a short residence time would exhibit a concentration gradient related to its
production and removal rates, as well as the difiusive and advective processes in the
nearshore region.
Ammonia is an example of a compound that generally has a flux from the sediments
to the overlying water column in coastal marshes. Additionally, ammonia is reactive in the
water column (ie., biologically reactive), 'which would limit its dispersal away from coastal
regions. Kitt and Coon (1992) demonstrated that ammonia could induce settlement of oyster
larvae in a Georgia lagoon. Gradients of ammonia associated with oyster reef habitat are very
sharp, requiring larvae to be in close contact with the substrate to be effective. However,
since ammonia is the dominant form of DIN in Virginia’s coastal lagoons (Monti, 1991), a
similar mechanism might exist for megalopae entering coastal lagoons. Additionally,
megalopae would presumably be responsive to large gradients in ammonia., since ammonia
can be toxic at high concentrations.
hi summary, recruitment ofblue crab megalopae does not appear to be limited by the
physiography of the lagoonal basin. Megalopae exhibit tidal-stream transport that, despite
the short residence time of water in the system (approximately 60 hours; see Chapter 2),
effects transport into and retention within the lagoons. Megalopae may respond to a complex
suite of cues including inshore to offshore gradients in physical and chemical properties. The
exact cues that megalopae respond to in the nearshore/lagoonal environment are not known,
but are likely to be general enough to facilitate transport into all coastal systems.
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CHAPTER 4

SEASONAL RECRUITMENT PATTERNS

The recruitment of megalopae to the Chesapeake Bay has been a topic of extensive
study, and has resulted in a number of models and paradigms involving wind (Johnson et aL,
1984; Johnson, 1985; Goodrich et aL, 1989; Johnson and Hester, 1989; Johnson and Hess,
1990; Little and Epifanio, 1991) or changes in behavior (Sulkin et aL, 1980). Although no
previous studies have addressed recruitment to Virginia's seaside lagoons, it is likely that
wind, in addition to behavioral factors (discussed in Chapter 3) affects recruitment to the
lagoons as welL
Major physiographic differences exist between the lagoons and estuaries, such as
residence time and circulation patterns. However, the effects o f regional wind patterns on the
transport of megalopae into both systems are likely to be similar. While this study was not
specifically designed to address the seasonal patterns of recruitment to the lagoons, data from
3 seasons of collections in the lagoon provides an initial understanding of the effects of winds
on megalopal recruitment.

Methods and Materials

Passive settlement collectors constructed of "hogshair" filter material were deployed
in the lagoon at various intervals from 1993 to 1995. Each collector consisted of a 47 X 39
X 1 cm panel of "hogshair” air conditioning filter material wrapped around a PVC cylinder
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15.24 cm in diameter. A commercial fishing float was mounted inside each cylinder and a
balance weight (approx. 2.7 kg) was suspended from the bottom to keep the cylinder
vertically oriented in the water column With the balance weight attached, the collectors are
approximately neutrally buoyant. Collectors were processed as described in van Montfrans
(1990).
Collectors were deployed in triplicate from a PVC raft, which was anchored
perpendicular to the tidal currents in the lagoon. In 1993, four identical rafts were deployed
at four locations in the lagoon to assess the spatial variability of settlement. The four sites
were located along a transect extending westward from Wreck Island (near Sand Shoal Inlet)
across the lagoon, and were sampled approximately once each week from July through
September.
In 1994 and 1995, a single raft with three collectors was deployed at a site in Sand
Shoal Channel approximately 6 km from Sand Shoal Inlet (near red day marker #232).
Settlement was monitored more frequently throughout the course of the recruitment season
at this single site after finding no evidence of spatial heterogeneity in 1993. Sampling was
done for approximately 6 days every other week in each year. Although the temporal
coverage during each of these years was limited, the data illustrate the daily variability in
settlement that exists, which is similar to that observed in the Chesapeake Bay (van Montfrans
et al, 1990).
Meteorological data were obtained from an automated station located on the
southern-most island of the Chesapeake Bay Bridge-Tunnel (CBBT). Average daily wind
peed and direction were used to interpret the patterns of recruitment to the lagoons and to
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infer possible relationships between meteorological forcing and megalopal ingress.

Results
There was no apparent difference in settlement at different locations in the lagoon in
1993 (Kruskal Wallis test, p=0.2965) and there appeared to be a seasonal signal in the
average settlement of megalopae (Figure 14) with peaks in July and September. However,
the low frequency of sampling makes it difficult to be conclusive, given the highly variable
nature of daily settlement patterns observed in other locations such as Chesapeake Bay (van
Montfrans et aL, 1990) and Charleston Harbor (Boylan and Wenner, 1993).
hi 1994, low levels of settlement were observed during the first week of sampling in
July (Julian Day [JD] 187 - 191), followed by moderately high settlement in mid-July (JD 200
- 203). Low numbers of megalopae were observed again in late August and early September
(JD 242 - 245). The final week of sampling in mid-September (JD 256 - 259) yielded the
highest levels of settlement observed in the 1994 sampling season (Figure 15). Inlet surveys
conducted in early and mid-August precluded the deployment of settlement collectors during
most of August, again making it difficult to document a seasonal pattern of recruitment.
Settlement collectors were deployed for 6 weeks in 1995, providing more temporal
coverage than in 1993 and 1994 (Figure 16). Unlike previous years, no settlement was
observed in the two weeks that sampling occurred in July (JD 192 - 196, and JD 206 - 210).
The highest numbers of megalopae on collectors were observed in the first week of August
(JD 220 - 224), followed by variable but generally declining numbers through the remainder
of the season.
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Blue Crab Megalopae on Hogshair
Cylinders: July - September, 1993
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Figure 14. Average number of blue crab megalopae on settlement collectors in Sand Shoal
Channel in 1993.
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Blue Crab Megalopae on Hogshair
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Blue Crab Megalopae on Hogshair
Cylinders: July - September 1995
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Figure 16. Average number of blue crab megalopae on settlement collectors in Sand Shoal
Channel in 1995.
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Figure 17. Vector plots of mean daily winds at the Chesapeake Bay Bridge-Tunnel, June
September, 1994.
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Figure 18. Vector plots of mean daily winds at the Chesapeake Bay Bridge-Tunnel, June •
September, 1995.
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Wind patterns in June and July differed somewhat between 1994 and 1995 (Figures
17 and 18). In June 1994, winds were predominantly from the southwest, while winds were
more variable in June 1995. Several periods of strong north or northeast winds occurred in
June 1995. In both years, winds were predominantly from the southwest in July, with lighter
and more consistent winds in July 1995. Northeast wind events occurred with increasing
frequency in August and September ofboth years. Comparisons of cross-shelf wind velocity
and corresponding levels of settlement for both years are shown in figures 19 and 20. Cross
shelf wind velocities were calculated by decomposing mean daily wind patterns into their
onshore-offshore components (Le., along the heading from 270 degrees to 90 degrees),

Discussion
The greatest numbers of megalopae on settlement collectors in 1995 coincided with
strong northeast winds in early August (JD 220 - 224). The following week, Hurricane Felix
approached the Virginia coast, generating strong winds predominantly from the north.
Although sampling was not conducted during that time, it is likely that high rates of
settlement continued.
The amount of water transported landward by the northeast wind event in early
August was equivalent to that generated by Hurricane Felix approximately 10 days later
(Valle-Levinson, Center for Coastal Physical Oceanography, pers. com.). Goodrich et al.
(1989 and 1990) found that the majority of the peaks in megalopal abundance in Chesapeake
Bay occur during positive volume anomalies when water is transported shoreward by east or
northeast winds, hi addition, Goodrich et aL (1990) noted that the occurrence of such events
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mean daily winds, while positive values are onshore velocities.
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Comparison of settlement data and
cross-shelf wind velocity, 1995
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Figure 20. Comparison of cross-shelfwind velocity and settlement of blue crab megalopae
in 1995. Negative values for cross-shelfwind velocity represent the offshore component of
mean daily winds, while positive values are onshore velocities.
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is rather regular, with an average of 10 events occurring over the period that megalopae are
generally available offshore. Clearly wind driven transport is important, causing episodic
peaks in recruitment to coastal systems, including the lagoons ofVirginia’s Eastern Shore.
Extremely high numbers of megalopae were reported at the Virginia Institute of
Marine Science (VIMS) Wachapreague Laboratory following the first wind event of August,
1995. Megalopae were abundant enough to clog the in-line filtration bags at that facility's
clam hatchery (Mark Luckenbach, pers. com.). High numbers of megalopae (reportedly
handfuls per day) were observed in the hatchery's sediment settling bags for several weeks
following the first northeast wind event in early August and during the passage of Hurricane
Felix.
Hie delayed appearance of megalopae on settlement collectors in 1995 may be related
to wind patterns in June and July. In contrast to 1994, the variable but frequently north or
northeasterly winds in June 1995 may have limited the dispersal of early zoeal stages away
from Chesapeake Bay by limiting the flow of surface water out of the Bay (Goodrich et al,
1990).
Alternatively, positive volume anomalies in Chesapeake Bay caused by strong onshore
winds (Goodrich et al, 1990), combined with a residual onshore drift of bottom water
(Norcross and Stanley, 1967; Meade, 1969), may have caused advection of larval stages
southward away from the Middle-Atlantic Bight (MAB). Johnson and Hester (1989)
evaluated a model of wind-driven coastal transport that supports this alternative. In their
model, landings of blue crabs in Chesapeake Bay could be related to an amount of northward
wind-driven transport during June - September two years earlier. The large influx of
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megalopae to the lagoons observed in early August following the onset of strong northeast
winds supports this second explanation.
The rapid onshore transport of megalopae may also be elucidated from their
physiological state, or molt stage (Metcalf and Lipcius, 1992) (Table 6). One hundred
percent of megalopae collected in the lagoon on August 9 (during the first northeast wind
event) were in intermoh. Later in the month, only 40 to 70 percent of megalopae were in
intermoh, with the remainder in the early stages of premoh (Figure 21). These data suggest
that the intermoh megalopae observed in early August had been transported rapidly into the
lagoon from shelf waters by onshore winds. Conversely, later in the month, when the
observed molt stages ranged from intermoh to early premolt, recruitment most likely resulted
from a combination of behaviorally and physically induced transport. Wolcott and De Vries
(1994) observed that offshore megalopae are in intermoh, while Metcalf and Lipcius (1992)
found very few intermoh megalopae in the Chesapeake Bay in their study, which supports this
hypothesis.
The settlement patterns observed in 1994 and 1995 confirm that interannual variability
in regional wind patterns is likely to be a major factor in controlling recruitment to coastal
lagoons. It is not known whether density dependent factors such as cannibalism and habitat
limitation nullify the benefits of large episodic recruitment events such as observed in August,
1995. Ongoing surveys in the Chesapeake Bay suggest that initial survival of a dominant
cohort may be quite high. Unusually large numbers of juvenile blue crabs (approximately 20 •
30 mm carapace width) have been observed in samples from the winter dredge survey
conducted by NOAA/VIMS in the lower Chesapeake Bay (pers. obs.), with similar results
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Table 6. Description of epidermal changes used to classify megalopal molt stages
(modified from Hatfield, 1983; Metcalf and Lipcius, 1992).
Molting Activitv

Molt Stage

Observations Used

Postmoh

A -B

No epidermal retraction

Intermoh

C

No epidermal retraction

Premolt

DO

Epidermis begins to
retract from cuticle;
retraction < 5% within
rostral and ventral
spines

DO’

Moderate retraction of
epidermis within spines
(>50%)

D1

Epidermis fully retracted
within spines; some evidence
of new setae in dactyl segment
of 5th leg; epidermal retraction
apparent in maxQliped

D l’

New setae completely
formed in dactyl segment
of 5th leg; invagination
of new setae in maxOliped

E

Molting occurs

Ecdysis
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Molt Stage vs. Date
in 1995
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Figure 21. Molt stage of megalopae collected in the Eastern Shore lagoon in August, 1995
(n=10 for each date).
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from the middle reaches of Chesapeake Bay (Lonnie Moore, NOAA dredge survey operator,
pers. com). This suggests that initial survival of the early August “cohort” in Chesapeake
Bay has been high, although survival in the lagoons may differ significantly from the Bay due
to differences in recruitment habitat availability, temperature and salinity.
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CHAPTERS

HABITAT UTILIZATION

Numerous studies, using a variety of field techniques, have documented patterns of
marsh and seagrass utilization by natant macrofauna. These studies have described single
species patterns of abundance (Orth and van Montfrans, 1990; Thomas et aL, 1990; Wilson
et al., 1990a; Fitz and Wiegert, 1991; Wenner and Beatty, 1993) and muM-species
assemblages within such habitats (Weinstein, 1979; Weinstein and Brooks, 19S3; Zimmerman
et aL, 1983; Zimmerman and Minello, 1984; Sogard and Able, 1991; Rountree and Able,
1992, 1993; Peterson and Turner, 1994). However, these studies have largely focused on
macrofaunal utilization of vascular plants such as seagrasses (e.g., Zostera marina) and marsh
grasses (e.g., Spartina altemqflora).
In contrast, few studies of macrofaunal abundance in estuaries have considered the
potential utilization of macroalgal habitats. Marx and Hermkind (1986) found that juvenile
spiny lobsters (Panulirus argus) were most abundant in patches of the red alga Laurencia
spp. Wilson et aL (1990a) showed that juvenile blue crabs, Callinectes sapidus, utilized the
macroalga Ulva lactuca in a coastal embayment in New Jersey. No studies have quantified
macroalgal habitat as a settlement habitat for brachyuran megalopae.
In this study, I used several techniques to examine the distribution and patterns of
habitat utilization of newly settled megalopae in the lagoonal system along Virginia's Eastern
Shore. First, I quantified the abundance of megalopae and juvenile blue crabs in the flooded
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saltmarsh and compared this to abundances in macroalgal habitat found on adjacent intertidal
mudflats.

Similar intertidal and subtidal habitats have previously been considered

"unvegetated", and little has been done to evaluate their value as a settlement habitat.
Second, I examined the relative abundances of blue crab and fiddler crab, Uca spp.,
megalopae along a transect across the intertidal mudflat-marsh ecotone.

Finally, I

investigated the the potential preferences o f bhie crab and fiddler crab megalopae for
settlement into different types of available macroalgal substrates. Combined, these techniques
reveal new patterns of habitat utilization by blue crabs at the settlement stage.

Methods and Materials

I. Suction Sampling in Saltmarsh and Macroalgal Habitat

Newly-settled megalopae and juvenile crabs were sampled using a venturi-style
suction sampler similar to that described in Orth and van Montfrans (1987). Briefly, benthic
fauna and macroalgae were vacuumed from within an enclosed area using a gasoline-powered
centrifugal pump. The samples were deposited in a fine-meshed bag (SOOfjm mesh) and
frozen for later enumeration. After six minutes of sampling with the suction sampler, the
area inside the enclosure was swept three times with a dip-net and any remaining organisms
were added to the sample bag. Although no attempt was made to determine the efficiency
of this technique in this study, other studies using similar sampling gear have reported
efficiencies ranging from 43 to 88% (Orth and van Montfrans, 1987; Mense and Wenner,
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1989; Wilson et aL, 1990a). Thus, the numbers reported here are most likely conservative
estimates of abundance.
Six drop-net samples were taken along transects in the submerged saltmarsh and in
the adjacent intertidal mudflat at, or as close to high tide as possible. Sample locations along
each transect were chosen haphazardly, with the flooded saltmarsh transect always sampled
first. Each sample was taken from within a 1.5m diameter net (total area inside 1.75 m2;
800/mi mesh). Drop nets were fitted with a solid plastic circular rod around the bottom to
maintain the proper size and shape. A skirt fitted with a chain was also attached to the
bottom o f each net to minimize escapement under the net. After the marsh transect was
completed, the adjacent mudflat transect was sampled in a similar fashion. The mudflat/algal
habitat transect was parallel to and approximately 20m away from the marsh edge. All
transects were approximately 50m long.
Sampling was conducted four times throughout the recruitment season in 1994.
Because megalopae are most abundant in the lagoonal system during nighttime flood tides,
sampling was conducted during early morning high tides, just after sunrise. Presumably, this
is a period when megalopae are settled and not actively swimming in the water column.
Samples were sorted by gently floating all macroalgae and detritus in shallow plastic
pans. AHmegalopae and juvenile crabs were removed and counted. The carapace width of
juvenile crabs was measured to the nearest millimeter in approximately 35% of the samples
(randomly distributed across dates). All trays were examined at least twice by sieving the
sample through nylon mesh (333/zm) filters and rinsing with fresh water. Macroalgae from
the intertidal mudflats was gently blotted dry and weighed on a triple-beam balance. Algal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

65
damp weights were converted to dry weights using the following conversion factors:

Conversion Factor

n

Standard Deviation

Ulva lactuca

0.23

8

0.07

Gracilariafoliifera

0.15

7

0.02

Diy-weight conversions were determined by drying samples of each species at 60 °C for 48
hours (constant weight was reached after 24 hours) and reweighing after the samples cooled.
Tlie density of megalopae and juveniles were evaluated using a two-factor ANOVA
(habitat-type and dateXSAS Institute, Cary, NC). Tukey's HSD procedure was used to
differentiate differences within factors. Because the data were extremely heterogeneous, data
were rank-transformed prior to analysis (Conover and Iman, 1981).

n. Relative Abundance of Megalopae Across the Mudflat-Marsh Ecotone
The relative abundance of blue crab and fiddler crab megalopae was determined at
different distances along a transect across the intertidal mudflat-marsh ecotone. This region
marks the transition between the relatively flat, muddy, intertidal zone characterized by
macroalgae and the comparatively high-relief edge of the Spartina altemaflora saltmarsh.
Six panels of "hogshair" air-conditioning filter material (30 cm X 42 cm; 0.13 m2) were
deployed at each of 6 sites along a 25-meter transect across this ecotone. Vertical relief along
the transect was slightly greater than one meter. Sites were 5 meters apart, with the transect
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Survey of Marsh Panel Transect
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figure 22. Survey of marsh panel transect. Relative elevations were determined at 2 meter
intervals along a transect (heading 0 degrees magnetic) across the intertidal mudflat and
saltmarsh. Changes in elevation were recorded to the nearest centimeter using the Shor-J
method described by Oertel et aL (1979).
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extending from 10m "offshore", or below the marsh edge, to 15m "inshore", or up-marsh
from the marsh edge (Figure 22). This experiment was conducted seven times from July to
September, 1995.
At each ate, three of the panels were deployed vertically, suspended from 0.5" PVC
pipes driven into the marsh surface. The other three panels were deployed horizontally, and
were staked directly to the marsh surface immediately in front of the vertical panels. The
panels were oriented parallel to the edge of the marsh; so that distance from the marsh edge
was constant for each panel at each site along the transect. When deploying the panels, care
was taken not to disturb or trample the marsh grasses in the area, which could alter the flow
of water and potentially afreet the transport of megalopae into the marsh.
Because megalopae invade the lagoons primarily on nighttime flood tides, panels were
deployed at night near low tide and retrieved at high tide the following morning. Because
the tidal range in the lagoons is often greater than 1 meter, panel collection always began in
the high intertidal marsh. The other panels were collected as the tide ebbed and they became
accessible. Upon retrieval, panels were placed in plastic bags, sealed, and transported to the
field station for immediate processing. At the field station, the panels were rinsed into three
buckets with fresh water. The water was decanted through sieves (333(jm mesh) and all
macrofauna retained on the sieves were rinsed into 500ml jars. Megalopae were examined
under a dissecting microscope and were identified to species or lowest possible taxon using
published taxonomic descriptions and an unpublished key to megalopae of the Chesapeake
Bay (van Montfrans, VIMS).
Comparisons between abundances of megalopae on vertical and horizontal panels
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were made for blue crab and fiddler crab megalopae in a factorial ANOVA, with date and
panel orientation as the mam effects. Because no megalopae were found during the earliest
attempt, only data from the last six dates were used in the analysis. The relative abundance
of megalopae at each distance was also evaluated using factorial ANOVAs. Data were non
normal and were highly heteroscedastic; traditional transformations failed to normalize the
data or equalize variances. Therefore, data were rank-transformed prior to analysis (Conover
and Iman, 1981).

ID. Relative Settlement Rates on Natural Substrates

The relative settlement rates of blue crab and fiddler crab megalopae on the two
dominant types of macroalgae (Ulva lactuca and Gracilariafoliifera) were examined in a
series of manipulative experiments in 1994 and 1995. Settlement onto submerged marsh
grass, Spartina altemqflora, was also monitored for comparison in 1995. All three of these
plants are potentially available substrates that occur in the intertidal (and shallow subtidal for
macroalgae) regions of the lagoons.
Samples ofthese plants were placed into small mesh bags (approx. 1 cm stretch mesh)
and suspended approximately 30 cm below a floating PVC array anchored in Sand Shoal
Channel near navigation marker R232 (Figure 23). Although no attempt was made to
standardize the weight of algae deployed in each bag in the field, an attempt was made to
keep each bag approximately the same size (approximately 10 cm diameter to standardize by
volume). The mean dry weight of both algal species was similar in each year, with the marsh
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Figure 23. Diagram of sampling area illustrating the arrangement of marsh panels and
floating settlement arrays. Note: diagram is not drawn to scale.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

70
grass Spartina nearly twice as heavy per bag as the algae bags (1994: Gracilaria 12.48g dw
± 5.14, Ulva 12.67g dw ± 4.12) (1995: Gracilaria 10.16g dw ± 3.94, Ulva lO .llg dw ±
4.76, Spartina 21.14g dw ± 5.92).
The array consisted of five bags of each species of algae (or marsh grass) suspended
randomly in a 3 X 5 array, for a total of 15 samples per day (a 2 X 5 array was used in 1994;
Spartina was not evaluated in 1994). A total o f579 samples were processed over both years;
176 samples were taken in 1994 and 403 samples were taken in 1995. Prior to deployment,
the algae samples for each bag were vigorously washed in the lagoon to ensure that any
previously settled megalopae would be removed prior to deployment. Periodic checks on this
method showed it to be effective for ensuring that previously settled megalopae were not
inadvertently deployed with each day’s algal bags.
The array was anchored from all four comers so that the bi-directional tidal current
flow was perpendicular to the long axis of the array. The bags were left suspended for
approximately 25 hours (daytime low-tide to daytime low-tide), so tidal currents passed
through the array twice in each direction during the deployment period. Upon retrieval,
settlement bags were placed into plastic bags, sealed, and transported to the field station for
immediate processing.
Samples were processed by removing the algae from the mesh bags and rinsing the
sample in a plastic pan of fresh water. The osmotic shock from the fresh water and the
mechanical stimulation of rinsing the algae was highly effective for removing fauna from the
algal samples. Several blind efficiency tests were conducted with algae containing a known
number of megalopae, resulting in 100% recovery with this procedure. Water from the trays
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was decanted through sieves (333/zm mesh), and fauna collected on the sieves were examined
under dissecting microscopes. All megalopae were identified to species or lowest possible
taxon. Algae (and Spartina) was blotted dry and weighed to the nearest 0. lg on a triple
beam balance.
Data from the two years of trials were analyzed using randomized-block-design
ANOVAs by year, with date as the block effect Settlement on the natural substrate bags was
compared with hogshair cylinders deployed in an array (1X3) nearby. Again, data were rank
transformed prior to analysis, but were ranked within blocks. Ranking within blocks prior to
analysis is equivalent to Friedman’s non-parametric test for blocked data (Conover, 1980;
SAS Institute, Cary, NC).

Results

L Suction Sampling in Saltmarsh and Macroalgal Habitat

In general, densities o f megalopae in dropnet samples were low, with mean densities
ranging from 0.7 to 2.4/m2in algal beds, and from 0.1 to 3.4/m2in marsh samples (Figure 24).
Juveniles were generally more abundant than megalopae, with densities of 0.7 to 13.2/m2in
algal beds and from 0.3 to 5.8/m2in marsh samples (Figure 25). Juvenile blue crabs increased
in abundance over the season, which probably reflects the accumulation of recruits to the
lagoon. The size frequencies of juvenile blue crabs changed throughout the season (Figure
26). The influence ofthe higher numbers of megalopae in August is evident in the shift in the
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Figure 24. Density (#/m2) of blue crab megalopae in suction samples in 1994.
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Figure 25. Density (#/m2) of juvenile blue crabs in suction samples in 1994.
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Size-Frequencies of Juvenile Crabs
in 1994 Suction Samples
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Figure 26. Size frequency of juvenile blue crabs in suction samples in 1994.
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size frequency of juveniles toward the smallest size class on 2 September.
The abundance of megalopae differed significantly by date (p=.0002), but not between
the mudflat and marsh samples (p=. 1145; Table 7). The abundance of juveniles also differed
significantly by date (p=.0001), but differed by location as well (p=.045; Table 8), with higher
densities of juveniles in algae than in the marsh samples.
The macroalga Ulva lactuca was the predominant form of benthic macroalgae in the
drop-net samples (Figure 27). Although the abundance of megalopae was not significantly
correlated with the biomass of Ulva lactuca within each weekly sampling period, there was
a general trend for increasing density of megalopae with increasing algal biomass.
Additionally, there was a low but significant correlation when data were pooled over the
entire season (Spearman’s correlation coefficient; r=0.48, p=0.0192). The correlation
between juvenile blue crabs and Ulva was not as significant (r=0.39, p=0.0653). However,
most ofthe variation in megalopal abundance across sampling dates is probably attributable
to variation in seasonal patterns of recruitment to the lagoons (see Chapter 4), rather than to
variation in algal biomass.

n. Relative Abundance of Megalopae Across the Mudflat-Marsh Ecotone
Blue crab and fiddler crab megalopae were the predominant megalopae recovered
from the marsh-transect panels. Megalopae were only present on six of the seven dates that
panels were deployed, and their abundance was highly variable. The highest numbers of Uca
spp. occurred on 11 July (Figure 28), while the peak numbers of blue crab megalopae
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Table 7. Two-factor ANOVA of megalopal density in suction samples with date and location as main effects. Data were
rank transformed prior to analysis.
F-Value

p>F

932.17829

8.42

0.0002

289.05734

289.05734

2.61

0.1145

3

611.73255

203.91085

1.84

0.1562

38

4208.70833

110.75548

Source

df

Type III SS

MS

Date

3

2796.53486

Location

1

Date X Location
Error

On
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Table 8. Two-factor ANOVA ofjuvenile blue crab density in suction samples with date and location as main effects. Data
were rank transformed prior to analysis.

Source

df

Type III SS

Date

3

3627.25203

Location

1

Date X Location
Error

MS

F-Value

p>F

1209.08401

12.72

0.0001

408.57639

408.57639

4.30

0.0450

3

509.28486

169.76162

1.79

0.1663

38

3612.29167

95.06031
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Figure 27. Macroalgal biomass in suction samples (dry weight equivalents) on the intertidal
mudflat in 1994.
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Mean Numbers of Uca spp. Megalopae
on Vertical and Horizontal Panels
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Figure 28. Mean numbers of fiddler crab megalopae on vertical and horizontal hogshair
panels along transects across the mudflat-marsh ecotone in 1995. Transects were undertaken
on six separate dates throughout the recruitment season from July to September.
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Figure 29. Mean numbers ofbhie crab megalopae on vertical and horizontal hogshair panels
along transects across the mudflat-marsh ecotone in 1995. Transects were undertaken on six
separate dates throughout the recruitment season from July to September.
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occurred one month later, on 11 August (Figure 29). Peaks in abundance for each species
occurred when the other species was absent or present at extremely low levels. Moderate
levels of settlement for both species were observed on the last three dates that the panels were
deployed.
Settlement of blue crab megalopae on the panels varied significantly by date
(p=0.0001), but did not differ between vertically and horizontally oriented panels (p=0.7133;
Table 9). There was significant interaction in the Uca data (p=0.047; Table 10), which
prevented statistical analysis of the main effects of date and panel orientation. However,
figure 28 suggests that Uca spp. may have settled preferentially on the vertical panels.
There was significant interaction in the analysis of settlement on panels deployed at
different distances along the transect on different dates (ANOVA, p=0.0001 for both species).
The overall mean distribution of megalopae suggests that Uca spp. did not preferentially settle
at specific locations along the transect, while blue crabs appear to preferentially settle on
panels deployed outside the marsh (Figure 30). However, on a date by date basis, settlement
of Uca was highly variable at the different sites along the transect, while settlement of blue
crab megalopae was consistently highest at sites outside the marsh (Figure 3 la-3 If). The low
levels of settlement observed at the +15m site are most likely due to limited inundation by
flood tides; that site was not always fully inundated and was not inundated at all on three
sampling dates.
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Table 9. Two-factor ANOVA of blue crab settlement on hogshair panels along the intertidal transect, with date and panel
orientation (vertical vs. horizontal) as main effects.
F-Value

p>F

13093.6428

7.68

0.0001

230.8487

230.8487

0.14

0.7133

5

4140.3351

828.0670

0.49

0.7866

186

317012.7944

1704.3699

Source

df

Type III SS

Date

5

65468.2139

Orientation

1

Date X Orientation
Error

MS
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Table 10. Two-factor ANOVA of fiddler crab settlement on hogshair panels along the intertidal transect, with date and
panel orientation (vertical vs. horizontal) as main effects.
Source

df

Type m SS

MS

Date

5

250337.868

Orientation

1

Date X Orientation
Error

F-Value

p>F

50067.574

28.39

0.0001

7861.401

7861.401

4.46

0.0361

5

20176.996

4035.399

2.29

0.0477

186

328007.631

1763.482
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Figure 30. Mean numbers of blue crab and fiddler crab megalopae on hogshair panels
deployed at different distances along the intertidal transect over the course of the recruitment
season in 1995.
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Figure 31. Mean numbers of bhie crab and fiddler crab megalopae on hogshair panels
deployed at different distances along the intertidal transect on different dates in 1995: (a) July
11; (b) July 14; (c) August 11; (d) August 24; (e) September 9; (f) September 21. Note the
changes in the scale of the y-axis on different dates.
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HI. Relative Settlement Rates on Natural Substrates
Mean daily settlement rates were generally about twice as high in 1994 compared to
1995. This is due largely to a lack of settlement of blue crab megalopae in 1995 in the early
part ofthe summer. Essentially all of the settlement of blue crab megalopae in 1995 occurred
after 8 August, with the passage of an atmospheric frontal system that displaced the high
pressure system that had dominated the regional weather earlier in the season.
Blue crab megalopae were nearly 10 times more abundant over both seasons than
fiddler crab megalopae (2,019 Callinectes sapidus; 354 Uca spp.), in contrast to the panel
transect where fiddler crab megalopae outnumbered blue crab megalopae nearly ten to one
( 295 Callinectes sapidus; 2,694 Uca spp.). Other taxa of brachyuran megalopae accounted
for less than 1 percent of the total megalopae identified, and included Hexapanopeous
augustifrons, Neopanopeous sayi, Libinia dubia, Libinia emarginata, and Cancer spp.
Settlement on different substrates did not differ significantly in 1994 (Figure 32;
Tables 11 and 12), but did vary significantly for both blue crabs and fiddler crabs in 1995
(Figure 33; Tables 13 and 14). In both years and for megalopae of both species of crab,
settlement rates were higher on bags containing Gracilariafoliifera than on bags with Ulva
lactuca, although this was only significant for blue crabs in 1995, and not significant for
fiddler crabs in either year. In 1995, settlement rates of fiddler crab megalopae did not differ
between algal species or Spartina, but was significantly higher on hogshair collectors. For
blue crab megalopae in 1995, settlement rates on Gracilaria bags and hogshair collectors
were comparable, and were significantly higher than settlement rates on Ulva bags.
Settlement was similar on Ulva and Spartina bags (Tukey’s HSD test; p<0.05).
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Figure 32. Mean daily settlement rates of blue crab and fiddler crab megalopae on different
types of artificial and natural substrates in 1994.
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Table 11. Randomized block design ANOVA (blocked by date) of blue crab megalopae on different types of settlement
substrates in 1994. Substrates evaluated include hogshair cylinders and mesh bags containing Gracilariafoliifera and Ulva
lactuca. Data were rank-transformed prior to analysis.

Source

df

SS

MS

F-Value

p>F

2

39.9403971

19.9701985

1.42

0.2564

Date

17

62.235147

3.660891

0.39

0.9852

Substrate X Date

34

479.126697

14.091962

168

1559.520833

9.282862

Substrate

Error

voO
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Table 12. Randomized block design ANOVA (blocked by date) of fiddler crab megalopae on different types of settlement
substrates in 1994. Substrates evaluated include hogshair cylinders and mesh bags containing Gracilariafoliifera and Ulva
lacttica. Data were rank-transformed prior to analysis.
df

SS

2

23.8209831

Date

17

Substrate X Date

Source
Substrate

Error

MS

F-Value

p>F

11.9104916

1.58

0.2201

83.675212

4.922071

1.35

0.1672

34

255.760839

7.522378

168

611.954167

3.642584
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figure 33. Mean daily settlement rates of bhie crab and fiddler crab megalopae on different
types of artificial and natural substrates in 1995.
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Table 13. Randomized block design ANOVA (blocked by date) of blue crab megalopae on different types of settlement
substrates in 1995. Substrates evaluated include hogshair cylinders and mesh bags containing Gracilariafoliifera, Ulva
lactuca, and Spartina alternaflora. Data were rank-transformed prior to analysis.
Source

df

SS

MS

F-Value

p>F

3

515.54459

171.84819

8.07

0.0001

Date

31

980.00530

31.61307

3.05

0.0001

Substrate X Date

82

1746.28916

21.29621

379

6887.33871

10.37110

Substrate

Error
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Table 14. Randomized block design ANOVA (blocked by date) of fiddler crab megalopae on different types of settlement
substrates in 1995. Substrates evaluated include hogshair cylinders and mesh bags containing Gracilariafoliifera, Ulva
lactuca, and Spartina alternaflora. Data were rank-transformed prior to analysis.
Source

df

Substrate

3

224.91463

Date

31

Substrate X Date

82

Error

379

SS

F-Value

p>F

74.97154

5.51

0.0017

769.79797

24.83219

3.55

0.0001

1116.06272

13.61052

2650.075

MS

6.99228

95
Settlement of blue crab megalopae on all three natural substrates was significantly
correlated with settlement on hogshair cylinders in 1995 (Spearman’s correlation coefficient:
Gracilaria vs. Hogshair, r=0.8796, p=0.0001; Ulva vs. Hogshair, r=0.8722, p=0.0001;
Spartina vs. Hogshair, r=0.81784, p=0.0001).

Discussion
This is the first study to quantify the distribution and abundance of newly settled blue
crab megalopae in macroalgal habitat and across the intertidal mudflat-marsh ecotone. While
there was no statistical difference between numbers of megalopae in the marsh and in algal
habitat, the mean density of megalopae was higher in the algal habitat on three o f the four
dates that sampling occurred. Johnson and Welsh (1985) suggested that macroalgae
(specifically, Ulva lactuca) may produce toxins or be associated with pockets of low
dissolved oxygen at night (Johnson and Welsh, 1985), thus limiting their suitability as a
habitat for megalopal settlement. My study did not support those hypotheses.
Macroalgae occur lower in the intertidal zone than the Spartina marsh and thus will
be inundated for longer periods each day than the marsh surface. Indeed, tidal exposure of
macroalgal habitat is highly variable in fixe lagoonal system, ranging from no exposure during
low tide, to an hour or more on each tidal cycle, depending on local environmental factors
such as wind forcing and lunar phase (pers. obs.). The low relief of the intertidal mudflats
where most macroalgal production occurs also means that exposure times are minimized
compared to the high marsh surface which is inundated by water only a fraction of each day.
Whether megalopae are retained in tide pools on the marsh surface is not known. However,
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the greater accessibility of macroalgal habitat and shorter exposure times may make it more
valuable as a settlement habitat for blue crabs than the marsh surface. The higher density of
juvenile blue crabs in the algal habitat compared to the saltmarsh is further evidence of the
importance ofbenthic macroalgae. Densities ofjuveniles in the marsh were lower than those
reported for marshes along the Gulf coast (22/m2; Thomas et aL, 1990), but were generally
higher than those reported for both vegetated and unvegetated habitats in a New Jersey
coastal lagoon (0 - 2.1/m2; Wilson et aL, 1990a). The increasing abundance of juveniles from
July to September agrees with seasonal patterns observed in the Chesapeake Bay (Orth and
van Montfrans, 1987) and New Jersey (Wilson et aL, 1990a), where highest abundances have
been observed in late summer and early fall The highest abundance o f juveniles occurred
in the macroalgae habitat in September (13.1/m2 ± 8.6 SD), and is similar to the mean
abundance of juveniles in seagrass beds in the Chesapeake Bay (7.1 - 27.1/m2; Orth and van
Montfrans, 1987).
The distribution of megalopae along the intertidal transect also supports the
hypothesis that benthic macroalgae represents an important settlement habitat for blue crabs.
The mean abundances o f blue crabs on the settlement panels was always highest outside the
saltmarsh, where macroalgae occurs. The occurrence of fiddler crab megalopae at all sites
along the transect, including the higher marsh sites, indicates that actively swimming blue crab
megalopae should be able to invade the marsh. Indeed, the low numbers o f megalopae found
in the marsh suction samples suggest that at least some settlement occurs in the marsh.
However, the consistently higher numbers of megalopae on the mudfrat panels suggest that
preferential settlement is occurring. The resulting distribution of blue crab megalopae along
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the transect may indicate a preferential settlement at deeper sites, rather than an affinity for
benthic macroalgae, since the slope of the marsh surface increases rapidly compared to the
mudflat (Figure 22).
The pattern of fiddler crab settlement along the transect is more complex. On 24
August and 21 September (Figures 31 d and 31 f), the abundance of fiddler crab megalopae
is highest on panels deployed over the marsh surface. This pattern of habitat utilization is in
agreement with O’Connor (1993), who found highest numbers of newly metamorphosed
fiddler crabs in the marsh along transects across a mudflat-marsh ecotone. Their abundance,
in her study, was also correlated with the distribution of adult conspecifics. However, this
pattern was not observed in my study on 9 September (Figure 31 e). Likewise, on 11 July
and 14 July, fiddler crab megalopal abundance increase from the marsh out over the mudflat
(Figures 31a and 31 b). These dates represent periods of very high and very low overall
abundance of fiddler crab megalopae. When the abundance of fiddler crab megalopae is very
high, the distribution along the transect may simply represent a swamping of available habitat
by new recruits. Likewise, true spatial patterns of settlement may not be possible to discern
on dates with very low recruitment.
The results of O’Connor’s (1993) study would suggest that variations in observed
settlement along the transects in this study may be caused by differences in species
composition and preferential settlement of Uca megalopae on different dates. Because fiddler
crab megalopae cannot be readily identified to species (O’Connor, 1993), this possibility
cannot be ruled out in this study. However, an alternative explanation may be that there is
competition, avoidance, predation or other ecological determinants that lead to the apparent
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partitioning of habitat by fiddler crab and blue crab megalopae. Indeed, fiddler crab
megalopae can readily be preyed upon by blue crab megalopae in the laboratoiy
(McConaugha, unpubL data). Although the peaks in recruitment of fiddler crab and blue crab
megalopae occur on different dates, it appears that the apparent utilization of intertidal habitat
by fiddler crab megalopae differs on dates with moderate to high settlement of blue crab
megalopae. On 21 September, when blue crab settlement is moderately high on the mudflat
panels (Figure 31 f), the highest abundances of fiddler crab megalopae occurred inside the
marsh. This pattern also was observed on 24 August (Figure 31 d), when blue crab
megalopae were present in lower numbers on the mudflat panels. This pattern was not as
evident on 9 September, when blue crab and fiddler crabs co-occurred, although there is a
slight increase in the abundance of fiddler crab megalopae from the marsh edge to the site 5m
inside the marsh (Figure 31 e).
The temporal patterns o f mean megalopal abundance on transect panels and on
hogshair cylinders deployed nearby were highly correlated for both blue crabs and fiddler
crabs (Spearman’s correlation coefficient: blue crab r=1.0, p=0.0001; fiddler crab r=0.97,
p=0.0012), indicating that processes that bring megalopae to the settlement site in Sand Shoal
Channel and into the adjacent marsh are similar. This lends further support to the hypothesis
that behavioral or other ecological factors such as predation or avoidance may account for
the ultimate distribution of megalopae along the transect, assuming that the underlying
processes that lead to recruitment to the area are similar for both species.
Blue crabs are thought to prefer seagrass beds as a settlement habitat in the
Chesapeake Bay (Orth and van Montfrans, 1987). However, other species of decapod
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crustaceans, such as spiny lobsters, have been shown to preferentially recruit to macroalgal
habitats (Marx and Hermkind, 1985; Hermldnd and Butler, 1986). In an area devoid of
seagrasses, it would be beneficial for megalopae to be able to select alternative substrates for
settlement Settlement ofbhie crab megalopae was consistently higher on bags containing the
red macroalga Gracilariafoliifera, compared to bags containing either Spartina altemaflora
or the green macroalga Ulva lactuca (Figures 31 and 32). Pueruli of the spiny lobster
Panulirus argus settle preferentially into clumps of the red alga Laurencia spp. in Florida Bay
(Marx and Hermkind, 1985), apparently in response to an architectural cue rather than a
chemical attraction (Butler and Hermkind, 1991). Likewise, blue crab megalopae may be
responding to the complex architecture of Gracilaria which offers a more complex habitat
structure than Ulva. Although the manipulative nature of the experimental protocol alters the
presentation of the different macroalgal species to megalopae in the water column, the interior
portion of bags containing Gracilaria is probably more accessible to megalopae than in bags
containing Ulva, which supports the hypothesis of an architectural cue. The intermediate
level o f settlement observed on bags containing Spartina altemaflora also supports this
hypothesis, as those bags also offer a complex architecture compared to bags containing Ulva.
The possibility of a chemical attraction cannot be discounted with these data. However, the
ability of megalopae to settle on bags containing Spartina and the reduced levels of settlement
observed in the marsh argues against a chemical attraction.
The abundance of macroalgal habitat in the lagoons is highly variable, both annually
and within the recruitment season. Ulva lactuca was the dominant macroalga collected in
suction samples taken along a transect approximately 20m from the marsh edge, accounting
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for 96.5% of all macroalgal biomass. Estimates of total algal biomass from suction samples
range from 3.4g/m? to 40.6g/m2dry weight. In the summer o f 1994, biomass of Ulva lactuca
was high in early July and decreased in late July and August, and peaked in early September
(Figure 26). Gracilaria was present at low levels throughout the season.
In contrast, Gracilariafoliifera was the dominant form of macroalgae throughout the
recruitment season in 1995. In 1995, T-square transects (Hines and lines, 1979) were used
to determine the abundance and distribution of different species of macroalgae on the
intertidal mudflats. Ulva accounted for 0 to 39% of algal biomass throughout the season, and
ranged from 0 to 3.6g/m2 dry weight. The abundance of Ulva was generally higher along the
marsh edge and decreased with distance away from the marsh. Whether this decrease is due
to light limitation (Monti, 1991), or other factors is not clear. Tidal currents are strong over
the mudflat and may prevent Ulva from attaching to the substratum in the lower intertidal
zone. Alternatively, the distribution of Ulva may be related to the abundance of the various
tube-building infauna, which is a common point of attachment for Ulva in the lagoon (pers.
obs.).
Gracilaria ranged from 1 to 6.2g/m2 dry weight, and varied little throughout the
season in 1995. Samples of individual algal clumps taken during a mid-flood tide at the end
of the 1995 season revealed an average of 0.93 ± 1.43 megalopae (n=15) and 1.13 ± 1.64
juveniles per dump (n=15) across the intertidal mudflat. With an average density of 2.6 ± 1.1
algal clumps/m2 from T-square sampling (Diggle’s estimator; Krebs, 1989), this equates to
2.4 megalopae and 2.9 juveniles/m2, which is generally in agreement with the density of
megalopae in suction samples in 1994.
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£//voappears to be much more variable than Gracilaria, which was present in low but
fairly constant amounts in both years. Therefore, specificity for the more complex Gracilaria
habitat could be an advantage for megalopae recruiting to the lagoonal system along
Virginia’s Eastern Shore. The apparent affinity for Gracilaria is consistent with the
hypothesis that blue crab megalopae prefer to settle in complex vegetated habitats. That
megalopae will settle on a variety of algal substrates, as well as artificial substrates, suggests
that substrate selection is based on tactile cues, rather than very specific cues associated with
a single species or specific substrate. Inter- and intra-seasonal variability in algal biomass and
species composition would reduce the value of having specific settlement cues from
macroalgae in the lagoons.
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CHAPTER 6

REFUGE VALUE OF MACROALGAE

Predation on newly settled megalopae may be an important factor in determining the
overall value of lagoons as recruitment habitat Early post-settlement mortality can affect the
distribution of organisms in a population, changing the distribution that would result from the
process of settlement alone (Connell, 1985). The absence of vascular vegetation in the
subtidal regions of the lagoons has been considered an indication of low overall habitat value
for recruitment (Orth and van Montfrans, 1990). However, the complex macroalgal
community that typically exists on the shallow subtidal and intertidal reaches of lagoons has
received little attention in studies of recruitment dynamics.
Few studies have examined the relative levels of refuge provided blue crabs by
vegetated habitats. In general, those studies that have estimated predation rates on blue crabs
in vegetated habitats have done so with juveniles that are significantly past the settlement
stage (Heck and Wilson, 1987; Wilson et aL, 1990b). In addition, few studies have examined
predation rates in macroalgal habitats (Hermkind and Butler, 1986; Wilson et aL, 1990b).
Only a single study (Olmi and Lipcius, 1991) has examined predation rates on blue crab
megalopae, and that study only attempted to quantify predation rates in seagrasses.
In this study, I compared the relative refuge value of macroalgae to newly settled
megalopae in the two dominant macroalgal species found in Virginia's Eastern Shore lagoons:
Ulva lactuca (Chlorophyta) and Gracilariafoliifera (Rhodophyta). Megalopae readily settle
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into both types ofmacroalgae (see Chapter 5), which can vary in abundance both seasonally
and interannually in the lagoons. Two types of predators, the grass shrimp Palaemonetes
pugio and the marsh kilKfish Fundulus majalis, were used in a series of laboratory studies to
assess the refuge value of macroalgae. I also investigated whether predation rates varied with
size class of shrimp, and whether predation rates were density-dependent.

Methods and Materials
The relative refuge value of macroalgae was quantified in a series of laboratory
experiments. All experiments were carried out in a temperature controlled room (24.5 ±
1.0°C), under on a hooded laboratory table with overhead lighting set on a 14:10 lightrdark
cycle similar to ambient field conditions. Experiments were conducted in plastic 3.5 liter
aquaria. The aquaria were arranged in a grid and covered with a large sheet of nylon mesh
to prevent escapement of predators. Each aquaria had approximately 1.5 cm of fine sand
(2.5-2.0 phi) covering the bottom. The sand was obtained from the lagoon-side of Cobb
Island and was sieved (333 pm mesh) to remove large infauna.
Three treatments were included in each experiment: Ulva lactuca (lOg damp-weight
per aquaria), Gracilaria foliifera (15g damp-weight per aquaria), and No Algae. The
differing damp-weights of macroalgae were used to standardize the treatments on a dryweight basis (both are approximately equivalent to 2.3g dry-weight). This provided algal
coverage over the majority of the bottom of each aquaria for both species of macroalgae.
Macroalgae was collected from a site in Sand Shoal Channel shortly before the experiments
were initiated, and rinsed in fresh water to remove epifauna prior to placement in the
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experimental aquaria. Five replicates per treatment group were used when possible and were
randomly assigned to the aquaria. Predators would occasionally jump out o f the aquaria,
despite being covered by a large piece of nylon mesh. Aquaria from which predators escaped
were excluded from the analysis.
An additional 'No Predator1treatment group was included in all experiments except
the small-shrimp predator experiment. This served as a control for cannibalism, but also
served as a means to ensure that megalopae were recoverable from the aquaria. At the
conclusion of each experiment, surviving megalopae were recaptured by pipet. A small ruler
was used to gently scrape the surface of the sand, thereby flushing megalopae from the
bottom. Algae was swirled in the aquaria several times to dislodge any megalopae. Each
aquaria was inspected three times to ensure all surviving megalopae were accounted for.
The refuge value of macroalgae for megalopae was quantified using two different
predator species: grass shrimp Palaemonetespugio, and the striped killifish Fundulus majalis.
To examine the potential for density-dependence of predation rates, two different densities
of megalopae were used: 10 megalopae per aquaria (200 megalopae/m2), and 4 megalopae
per aquaria (80 megalopae/m2). Both values are necessarily high estimates of megalopal
densities in the field, but are similar to those used by Olmi and Lipcius (1991) in their
evaluation of artificial seagrass.
Separate experiments were conducted with each species, with a single predator per
aquarium. In the high megalopal density experiments, the predation rates of three sizes of
grass shrimp were quantified: small (22.1 mm ± 2.14; n=20), medium (30.2 mm ± 0.57;
n=17), and large (32.7 mm ± 1.03; n=13). The largest size class consisted of ovigerous
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females. In the low megalopal density experiment, the mean size of grass shrimp was 31.1
mm ± 1.03 (n=13). The mean size of killifish was nearly identical in the high and low
megalopal density experiments (high density: 54.3 mm ± 4.5, n=14; low density: 54.1 mm ±
2.47, n=15).
A model-I two-factor ANOVA was conducted with the data from the high megalopae
density/grass shrimp experiments to test for significant effects o f size-class and algal habitat
value. All data were arcsine transformed prior to analysis. Tukeys HSD differentiating
procedure was used to examine differences within individual factors when appropriate. A
model-I ANOVA was used to test for differences in mortality in different algal treatments
in the low-density/grass shrimp experiment. All statistical analyses were carried out using
SAS (SAS Institute, Cary, NC).
Due to the uniformly high levels of mortality in the killifish experiments, no statistical
evaluation was attempted on the killifish predation data.

Results
The experimental protocol was effective, with greater than 99 percent recovery of
megalopae in the absence of predators. In the No Algae treatments, megalopae were
observed to burrow slightly in the sand and were easily flushed from the sediments by pipet
or the edge of a small ruler or glass slide. Megalopae were observed clinging to the algae in
the aquaria, and initially resisted efforts to disturb them with a pipet or teasing needle.
However, megalopae did leave the algal habitat when the algae was gently swirled in the
aquaria. After leaving the algae, megalopae either settled on the sand substrate or swam near
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the surface along the outer edges of the aquaria.
In the high-density experiments, rates of shrimp predation on bhxe crab megalopae
varied significantly with the size of shrimp (p=.0001) and habitat type (p=.0224XANOVA;
Table IS). Mortality of megalopae increased significantly with increasing size of grass shrimp
(Figure 34). There was almost no mortality in the presence of the smallest size class of
shrimp. Rates of predation were consistently lower in the presence of macroalgae, but
mortality was only significantly lower in Gracilariafoliifera treatments compared with the
No Algae treatments (Tukey's multiple comparison procedure, p<0.05). Mortality in the Ulva
lactuca treatments was not significantly lower than the No Algae treatments.
hi the low-density/grass shrimp experiment, the mean mortality of megalopae in both
macroalgal treatment groups was lower than in the No Algae treatment group. However,
there was no significant statistical difference in mortality between different treatment groups
(p=0.2462; Table 16).
Killifish predation was uniformly high in all treatments and under both high and low
megalopal densities (Figure 35). Rates of ingestion are most certainty high as undigested
membrane-bound megalopae were observed in the high-density experiment. Thus, predation
probably occurred rapidly in the aquaria, suggesting that a 24-hour trial is not the appropriate
time scale for a laboratory investigation using killifish.
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Table 15. Two-factor ANOVA for grass shrimp size and algal treatments under high megalopae density (n=10
megalopae per aquaria). Grass shrimp sizes were small, medium and large (see text for specific definitions). Algal
treatments were Gracilariafoliifera, Ulva lactuca, and No Algae.

Source

df

Type HI SS

F-Value

p>F

Predator Size

2

1.82082984

0.91041492

17.68

0.0001

Algal Treatment

2

0.43557142

0.21778571

4.23

0.0224

Size*Algal
Treatments

4

0.41282862

0.10320716

2.00

0.1147

Error

36

1.85400798

0.05150022

MS
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Figure 34. Mean levels of mortality of megalopae in the presence of grass shrimp,
Palaemonetespugio. See text for definition of shrimp size classes and megalopae densities.
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Table 16. ANOVA table for low-density megalopae experiments (n=4 megalopae per aquaria) with grass shrimp
predators. The mean size of grass shrimp is 31.07 mm (±1.04 SD). Algal Treatments are Gracilariafoliifera, Ulva
lactuca, and No Algae.

Source

df

Type I SS

Algal Treatment

2

0.35553589

0.17776795

Error

10

1.09891540

0.10989154

MS

F-Value
1.62

p>F
0.2462

o
\o

110

Mean mortality rates in the presence
of kiilifish, Fundulus majalis
A

AA ______________________________

High Density

Low Density

I iH i U lva^ ^ ^ H 8 ^ G r a cila r ia J ^ ^ N io A lg a e ^ J
Note: error bars are 1 SE of mean

Figure 35. Mean levels of mortality of megalopae in the presence of killifisli Fundulus
majalis. See text for definitions of high and low density, and for killifish size.
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Discussion
The grass shrimp experiments show that macroalgae can provide a significant refuge
for newly settled megalopae. This has special significance in light of the continual decline of
seagrasses in areas like the Chesapeake Bay (Orth and Moore, 1983) and Gulf of Mexico
lagoons (Onuf 1994). In addition, the lagoons of Virginia's Eastern Shore and the Delaware
Bay are devoid of seagrasses and are comprised of habitats that have previously been
considered "unvegetated". Mortality of megalopae was consistently lower in the presence of
both macroalgal species compared to the No Algae treatments. Although Gracilariafoliifera
appeared to be significantly more effective than Ulva lactuca in the high density experiments,
there is considerable variability in the medium and large shrimp treatment groups (CV =
25.5% to 148.5%; Table 17). In addition, the range of mortalities in macroalgae was small
in the medium and large shrimp treatments (16% to 33%), compared to the No Algae
treatment groups (35% to 75%).
In the low-density experiment, which used shrimp o f intermediate size, mortality of
megalopae in the No Algae treatment was 60%. This is between the levels of mortality in the
presence of medium and large shrimp in the high-density experiments (Figure 34). This
suggests that mortality is not density dependent in the No Algae treatments. Alternatively,
this could also mean the megalopal density in the low-density experiments was still too high
to reveal a density dependent relationship. The experimental densities of megalopae (200/m2
and 80/m2) were clearly higher than would be found commonly in the field. However, they
were chosen as a practical means of experimentally evaluating the refuge value of macroalgae
under laboratory conditions.
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Table 17. Percent mortality of blue crab megalopae in the presence of grass shrimp, Palaemonetes pugio.
Size-Class/
Prey Density

Predator Size (mm)
(Std. Dev)

Algal
Treatment

n

Small Shrimp/
High Density

22.05
(2.14)

Ulva
Gracilaria
No Algae

7
7
6

1.4 (3.8)
0.0 (0)
1.7 (4.1)

256.0
0.0
256.0

Medium Shrimp/
High Density

30.21
(0.58)

Ulva
Gracilaria
No Algae

5
5
4

26.0(15.2)
16.0(18.2)
35.0(25.2)

57.7
112.5
71.4

Large Shrimp/
High Density

32.73
(1.10)

Ulva
Gracilaria
No Algae

4
3
4

27.5 (37.7)
33.3 (49.3)
75.0(19.1)

137.1
148.5
25.5

Intermediate/
Low Density

31.07
(1.04)

Ulva
Gracilaria
No Algae

3
5
5

33.3 (28.9)
20.0(11.1)
55.0 (41.0)

87.6
56.0
74.5

% Mortality (SD)

CV (%)

N)
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In either case, there was no evidence of density-dependent mortality in the highdensity experiments. When data from the low-density experiment is inchided in the two factor
(predator size and algal treatment) analysis, given the absence of density-dependence,
mortality is significantly lower in both Gracilariafoliifera and Ulva lactuca compared to No
Algae treatments (Table 18; Tukey's multiple comparison test, p<0.05).
The grass shrimp experiments illustrate the importance of choosing the appropriate
predator size when conducting predation experiments. Size was a significant factor in the
high-density experiments, with essentially no mortality of megalopae in the small-shrimp
treatments. The effect of size is most pronounced in the No Algae treatments, and mortality
was significantly correlated with the size of predators (Pearson correlation coefficient;
r=0.716, p<0.001). The size-dependence of mortality was also evident in the macroalgal
treatments, but the trend was not as pronounced as in the No Algae treatments (Gracilaria:
r=0.448, p<0.05; Ulva: r=0.508, p<0.05).
Casual observations of small shrimp in the presence of megalopae revealed that those
shrimp attempted to prey upon megalopae, but were incapable of capturing and retaining
them. Those small shrimp that were able to capture a megalops could not successfully
manipulate it for feeding without the prey escaping.
The rate of metamorphosis from the megalops stage to the first juvenile stage ranged
from 14% to 50%. The rate of metamorphosis did not appear to have an effect on mortality,
although that hypothesis was not specifically tested. Olmi and Lipcius (1991) suggested that
megalopae undergoing metamorphosis have a higher risk of predation, but found no evidence
to support that hypothesis in their study. They found no difference in predation rates between
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Table 18. Two-factor ANOVA for grass shrimp size and algal treatments, combining high and low megalopae density
experiments. Shrimp sizes were small, medium, intermediate (low density), and large. Algal treatments were Gracilaria
foliifera, Ulva lactuca, and No Algae.
F-Value

p>F

0.72360234

11.27

0.0001

0.72628418

0.36314209

5.66

0.0064

6

0.47477014

0.07912836

1.23

0.3073

46

2.95292338

0.06419399

Source

df

Type in SS

Predator Size

3

2.17080703

Algal Treatment

2

Size*Algal
Treatment
Error

MS
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treatments with 5% and 95% megalopal metamorphosis. Thus, the range of metamorphic
rates in this study is small in comparison, and probably not a significant factor compared to
the effects of predator size.
Killifish were capable of consuming nearly all megalopae in both high and low density
experiments. Thus these experiments fail to demonstrate the refuge value o f macroalgae in
the presence of killifish- However, the high levels of mortality in the killifish experiments
most likely result from an improper experimental duration. The variance was small in the
high megalopae density treatments where mortality was less than 100% (CV=16.9%),
suggesting that satiation had occurred, hi addition, the presence of membrane-bound,
undigested megalopae in the high density experiment indicates that predation occurred
rapidly.
In contrast, the absence of undigested megalopae in the low-density experiment
reflects the higher gut retention time o f killifish when prey are less abundant. Only the
Gracilaria treatment had less than 100% mortality in the low density experiment, which also
suggests that the duration of the experiment was too long to reveal any potential refuge value.
In predation experiments, mortality should be less than 100% in the No Algae treatments in
order to be able to effectively contrast the algal treatments. Thus, experiments of shorter
duration would be necessary to elucidate the potential refuge value of macroalgae in the
presence of very efficient predators such as killifish
Only one other study (Ohm and Lipcius, 1991) has quantified predation rates on blue
crab megalopae, and that study did not attempt to quantify the refuge value of macroalgae.
Ohm and Lipcius (1991) compared rates ofpredation on megalopae by two species of shrimp
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in artificial seagrass habitats. They found that artificial seagrass had little refuge value in the
presence of grass shrimp, Palaemonetes pugio, and sand shrimp, Crangon septemspinosa.
Large individuals of both species were used as predators in their experiments, and mortality
was consistently high (>99%) in the sand shrimp treatments. This again suggests that the
thne-scale o f their experiments was too long, since only control treatments with less than
100% mortality will allow any comparisons to be made with manipulative treatments. In Qimi
and Lpcius's (1991) study, experimental trials lasted 40 hours, nearly twice as long as those
in this study.
Previously, the coastal embayments found along Virginia's Eastern Shore have been
considered unvegetated because they lack seagrasses. The results of this study illustrate the
importance o f macroalgal habitat as a refuge for newly settled megalopae. Both species of
macroalgae significantly reduced the effectiveness of grass shrimp predation compared to the
No Algae treatments. In addition, there appears to be little difference in the refuge value of
different algal species. Thus, general habitat requirements at settlement helps to minimize the
inpact of any seasonal or interannual variations in the algal community.
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CHAPTER 7

TIME TO METAMORPHOSIS

Part of the recruitment process for benthic or demersal organisms is the selection of
favorable habitat for settlement and metamorphosis to the juvenile stage. The potential cues
that allow settling larvae or postlarvae to identify a favorable habitat have been investigated
for several taxa, including gastropods (Morse and Morse, 1984), pofychaetes (Williams, 1964;
Kirchman et aL, 1982; Butman et al, 1988), and bivalves (Chevolot et aL, 1991; Kitt and
Coon, 1992; Harvey et aL, 1993). However, few studies have examined how cues associated
with settlement habitat affect the time required for metamorphosis in crustaceans (Christy,
1989; Butler and Hermkind, 1991; O’Connor, 1991).

Larvae (zoeae) ofthe blue crab are exported from estuaries and coastal embayments
to adjacent shelfwaters (Sandifer, 1975; McConaugha et aL, 1983). After molting through
seven or eight zoeal stages, the larvae molt into a postlarval (megalops) stage (Costlow and
Bookhout, 1959) that reinvades coastal habitats. The exact mechanism for this reinvasion is
not known, but may be the result of a combination of changes in postlarval behavior and
physical transport by wind-driven and tidal currents (Sulkin et aL, 1980; Johnson et aL, 1984;
Brookins and Epifanio, 1985; Goodrich et aL, 1989; Forward and Rittschof 1994; Olmi,
1994).

In Chesapeake Bay, newly recruited blue crab megalopae appear to settle

preferentially into seagrass (Zostera marina) beds (Orth and van Montfrans, 1987). In the
back-barrier lagoons along Virginia's outer coast, seagrasses are largely absent, and
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megalopae must settle on alternative substrates such as benthic macroalgae.
It has been hypothesized that blue crab megalopae can delay metamorphosis prior to
reinvasion o f estuarine environments (McConaugha, 1988; Wolcott and De Vries, 1994).
Delaying metamorphosis prior to reinvasion of an estuary would prevent settlement offshore,
thus decreasing early mortality (Pechenik, 1990). There is growing evidence that blue crab
megalopae recognize and respond to cues associated with the nearshore environment. These
cues alter behavioral patterns and accelerate metamorphosis to the first crab stage (Forward
and Rittschof 1994; Forward et aL, 1994).
In this study, I quantified the effects o f two species of benthic macroalgae, Ulva
lactuca and Gracilariafoliifera on the time to metamorphosis (TTM) of blue crab megalopae
collected ofishore, at a coastal inlet, and inside a coastal lagoon along Virginia's outer coast.
These macroalgal species are the dominant form of aquatic vegetation in Virginia's coastal
lagoons, and megalopae readily settle into clumps of both species (see Chapter 5). Testing
megalopae from different locations allowed us to examine the in situ effects of these
macroalgae on offshore megalopae prior to reinvasion, and on megalopae within a coastal
embayment where settlement and metamorphosis to the first benthic crab stage occurs.

Methods and Materials
Four experiments were conducted in 1994 using blue crab megalopae and water
collected at three locations during July and August (Figure 36). The first experiment was
conducted with megalopae collected (0.75 m bongo net, 333 micrometer mesh) from an
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Figure 36. Collection sites for megalopae used in time to metamorphosis experiments in
1994. (Brumbaugh and McConaugha, 1995)
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ofishore site approximately 7.5 km east of Cape Charles, Virginia (37° 7.47*1, 075 ° 50.0W).
This site is north and east of the outflow from Chesapeake Bay. Test water for this
experiment was obtained at a second station 37 km east of the megalopa collection site (37°
7.471,075° 25.7W) and was glass fiber filtered (GFF) prior to use (nominal poresize 1 pm).
The salinity of the ofishore test water was 32 ppt (Seabird CTD). Waters on the inner
continental shelfof the mid-Atlantic Bight (MAB) are generally low salinity, averaging 32.5
ppt (Ingham et al, 1982), resulting from discharge from several major estuaries in this region
(Norcross and Harrison, 1967).
Three additional experiments were conducted at inshore stations. One experiment
was conducted with megalopae and water collected at Sand Shoal Inlet, Virginia (hereafter
referred to as ’inlet'), approximately 18 km north of Chesapeake Bay mouth. Two additional
experiments tested megalopae collected at a lagoonal rite 10 km inshore from the inlet site.
Water from the inlet and one of the lagoon experiments was glass fiber filtered prior to use.
The unfiltered lagoon experiment was conducted separately using megalopae and unfiltered
water from the lagoon site. Since the unfiltered water treatment is not crossed with the other
rites, these data were not included in the statistical analysis. The salinity at all inshore rites
was 32 ppt (AO refractometer). The lagoonal system receives almost no freshwater input and
is directly influenced by coastal water entering and exiting through tidal inlets.
The general experimental procedure was the same for all four experiments. After
collection, megalopae were quickly pipetted from the rest ofthe plankton sample. Megalopae
were held in compartmentalized tackle boxes containing approximately 50 ml of test water
per compartment (1 megalopa per compartment). Megalopae were randomly assigned to one
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of three treatment groups: Ulva lactuca (U), Gracilariafoliifera (G), or No Algae (NA).
For the U and G treatments, a small sample of macroalgae was placed in the appropriate
compartments. Each sample of Ulva was approximately 2.5 cm X 2.5 cm, and covered
approximately half the bottom of the individual compartment. A section of Gracilaria
approximately 4 cm in length was added to the appropriate compartments. Gracilaria is a
branching red alga, and each experimental segment consisted of several smaller branches
which filled approximately one-third to one-half of the compartment. Megalopae in the NA
treatment were held in compartments containing test water without macroalgae or any
substrate other than the container itself
Megalopae were molt staged at the start of the experiment using a method modified
from Hatfield (1983) and Metcalfand Lipcius (1992) (Table 16). Nearly all megalopae in the
offshore collection were in intermolt (molt stage C; see Stevenson, 1985, and references
therein), while all megalopae collected inshore (inlet and lagoon) were in premolt (molt stage
DO - D l) (Figure 37). To reduce the variability within the various treatment groups, only
megalopae in the same molt stage were used in the analysis (ie.- only those in molt stage C
ofishore; molt stage DO for all others). Experiments were carried out in the dark to minimize
light effects and water was changed approximately every 36 hours. This was done primarily
because there were no facilities aboard the research vessel for adequately maintaining even
lighting conditions throughout the ofishore experiment. Megalopae were not fed during the
experiment. Observations were made approximately every 8 hours to check for megalopae
that had molted. Exposure to light was kept to a minimum during observations.
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Figure 37. Molt stage of megalopae from each experiment in 1994. Numbers at the top of
the graph indicated sample sizes at each location. GFF: glass-fiber filtered water; Unfilt:
unfiltered water from the lagoon site. (Brumbaugh and McConaugha, 1995)
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The ofishore experiment was started during a research cruise on the NOAA Ship
Ferrel (12 July to 15 July, 1994). Since not all megalopae had molted by the end of the
cruise, the experiment was completed shoreside.

The compartmentalized trays were

transported from the ship to the lab at Old Dominion University (ODU), Norfolk, Virginia,
in an insulated cooler (transport time approx. 15 minutes).

There was no change in

temperature during transport or after arrival at ODU (22.5±1.0°C throughout experiment).
Experiments with megalopae collected at the inlet and inner lagoon were conducted at the
ODU Barrier Island Research Station, in Oyster, Virginia (August 29 - September 19,1994).
Temperatures varied only slightly during these experiments as well (Inlet 24.4±0.8°C; Lagoon
(filtered water) 23.3±1.5°C; Lagoon (unfthered water) 24.7±2.0°C).
Individual experiments were conducted with 13 to 29 megalopae per treatment group
and mortality was negligible in all experiments. The mean time to metamorphosis was
calculated for each treatment group, and data were analyzed as a (3 X 3) two-factor ANOVA
using the GLM procedure in SAS (SAS Institute, Cary, NC). Data were rank-transformed
prior to statistical analysis (Conover and Iman, 1981) to eliminate problems with non
normality. Rank transformation stabilizes the distribution of non-normal data and allows the
data to be analyzed using ANOVA techniques (Conover and Tman; 1981; Potvin and Roff
1993).

In 1995, two additional experiments were conducted simultaneously at the ODU
Barrier Island Research Station using water and megalopae collected from the lagoon she.
Both experiments were started on 8 August 1995, two days after the passage of a major
atmospheric frontal system This frontal system generated strong northeast winds for a period
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o f 3 - 4 days, resulting in extremely high tides in the lagoon. In addition, megalopal
abundances on hogshair cylinders during this period were the highest observed in the 1995
season (Figure 16). All megalopae collected for these experiments were in intermolt, which
is a major departure from the lagoon experiments conducted in 1994, when all megalopae
collected were in premolt.
The experimental protocols for the two 1995 experiments were similar to those
conducted in 1994, except that one experiment was carried out under a 14:10 light:dark
regime in a covered laboratory hood. Additionally, the water in both experiments was
unfiltered (strained through 202 fjm mesh to remove macrozooplankton). For the experiment
carried out under complete darkness, 6 megalopae per treatment group were used. Eighteen
megalopae were used for each treatment group in the experiment conducted with the
light:dark cycle.

Results
In 1994, the time to metamorphosis (TTM) was longest in the offshore treatments,
with TTM ofishore ranging from 3.82 to 5.24 d (Table 19). There was a marked decrease in
TTM from offshore to inshore, with inlet and lagoon megalopae molting on average 42 to
47% faster than ofishore megalopae (filtered water experiments; Table 19). This difference
illustrates the effect of the change in physiological state between offshore megalopae, which
were in intermolt, and insihore megalopae which were in premolt. The mean time to
metamorphosis was lowest in the unfiltered lagoon water (unweighted mean of three
treatments = 1.95 d; SD = 0.22; n = 51; Table 19).
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Table 19. Mean time (days) to metamorphosis (±1 SD). Three locations were examined:
ofishore, inlet and lagoon, with three algal treatments: Ulva lactuca (U), Gracilaria spp. (G),
and No Algae (NA). Two separate experiments were conducted at the lagoon site, one with
filtered water (F)and one with unfiltered water (UF). The unfiltered water data are included
for comparison, hut were not included in the statistical analysis. The unweighted mean TTM
is also included for each location. (Brumbaugh and McConaugha, 1995)
Algal Treatment
II

Q

NA

Mean

Ofishore

3.82 (1.24)
n=26

5.03 (2.02)
n=29

5.24(1.54)
n=26

4.72 (0.72)

Inlet

2.84 (0.59)
n=12

2.56 (0.38)
n=10

2.78 (0.69)
n= ll

2.72(0.15)

Lagoon (F)

2.50 (0.31)
n=18

2.41 (0.29)
n=17

2.61 (0.23)
n=16

2.51 (0.10)

Lagoon (UF)

2.21 (0.45)
n=12

1.81 (0.22)
n = ll

1.84 (0.67)
n=14

1.95 (0.22)

Location

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

126
In the ofishore experiment, Ulva lactuca appeared to induce metamorphosis more
quickly (3.82 d; SD = 1.24; n = 26) than Gracilariafoliifera (5.03 d; SD = 2.02; n = 29) or
the No Algae treatment (5.24 d; SD = 1.54; n = 29). However, differences in TTM among
treatments were minor at the inshore rites (Figure 38). There was significant interaction
between the main effects of location and algal type (p=.0221; Table 20), which prevented
statistical analysis of these individual effects.
Time to metamorphosis in the 1995 lagoon experiments was also short, despite the
intermolt status of the megalopae (Figure 39). There was no apparent difference between
treatment groups. TTM ranged from 1.67 to 2.02 days in the experiment conducted in the
dark, and ranged from 1.76 to 1.9 days under the (14:10) hght:dark regime. The overall mean
TTM in the light:dark experiment was 1.84 days (± 0.44, n=54), while the mean TTM under
total darkness was 1.85 days (± 0.35, n=18). Thus, photoperiod does not appear to affect
TTM. The overall mean TTM in both 1995 experiments is virtually identical to the mean
TTM in the 1994 unfiltered lagoon treatments (1.95 days; ± 0.22, n=37).

Discussion

The apparent difference between the Ulva treatment and the Gracilaria and No Algae
treatments ofishore (Figure 38) suggests that while megalopae are ofishore (Le., in intermolt),
they are more responsive to cues received from coastal environments. Therefore, the
megalopae may have been responding to the presence of Ulva lactuca in the ofishore
experiment, although the exact signal associated with Ulva is not known. Gracilaria did not
appear to affect TTM, which suggests that not all algae are equally effective as cues. This
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Table 20. Two-factor ANOVA for algal type and location. Only experiments using GFF test water are included in the analysis.
(Brumbaugh and McConaugha, 1995)

Source

df Type III SS

MS

F-Value

p>F

124939.661

181.42

0.0001

Location

2 249879.323

Algal Type

2

2746.784

1373.392

1.99

0.1396

Location X
Algal Type

4

8117.813

2029.453

2.95

0.0221

156

107432.751

688.671

Error

K
-o)
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Time to Metamorphosis of Blue Crab
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Figure 38. Mean TIM of megalopae in the presence of macroalgae in 1994. Numbers over
the columns are sample sizes for each treatment group. (Brumbaugh and McConaugha, 1995)
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Time to Metamorphosis of Blue Crab
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Figure 39. Mean TTM of megalopae in the presence of macroalgae in 1995. Numbers over
the columns are sample sizes for each treatment group.
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may also indicate that blue crab megalopae do not respond to tactile cues. However, as
Wolcott and De Vries (1994) pointed out, the collection process itself and the confines of
experimental containers may serve as underlying tactile cues.
The 22% difference in mean TTM (0.554 d) between filtered and unfiltered lagoon
water may represent the natural variance in physiological state of the megalopae as they
invade the lagoon, although the inshore experiments were standardized somewhat by
comparing only those megalopae in the same molt stage (mob stage DO, initiation of premolt).
The temperature difference between experimental conditions was small (24.6±2.0°C in
unfiltered lagoon water vs. 23.3±1.5°C in filtered lagoon water). Whether this difference
between mean temperatures accounts for the lower TTM in the unfihered treatments is not
known. An alternative explanation is that megalopae in the unfihered lagoon water responded
to a particulate cue that was removed by filtration in the filtered lagoon water experiment.
Ofthe ofishore treatments, only the No Algae treatment (5.24 d; SD 1.567; n = 29)
is significantly different [Student's one-tailed t-test, a adjusted for 3 comparisons (Le., .05/3
= .016); p<.01] from the TTM reported by Forward et aL (1994) for megalopae exposed to
ofishore water (4.37 d; SD = 0.94; n = 9). The megalopae in their experiments had been
collected within a coastal estuary and held in lagoon/estuarine water (salinity 35 ppt) prior to
immersion in the ofishore test water. In contrast, megalopae for the ofishore experiment in
this study were collected outride the influence of Chesapeake Bay and, presumably, have not
received any prior estuarme cues, which may explain this difference.
Forward et aL (1994) also showed that metamorphosis of blue crab megalopae was
accelerated in the presence of eelgrass (Zostera marina) in estuarine water (2.88 d; SD =
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0.22; n = 6; salinity 35 ppt). This value is similar to all of the filtered inshore treatment

groups in our study, including the No Algae treatments, and significantly greater than all of
the unfiltered treatment groups (Student's one-tailed t-test, a adjusted for 6 comparisons;
p< 001). This may be a further indication that megalopae in this study responded to some
particulate fraction in the water column, as the test water in their experiments had also been
filtered (5 pm) prior to use (Forward et al, 1994).
Because salinity is high (>30 ppt)in the coastal lagoons along Virginia's outer coast,
this study did not examine the synergistic effect that salinity and algal substrate may have on
TTM. The effect of macroalgae on TTM may be more pronounced when tested in concert
with other estuarine variables, such as decreased salinity.
Many larvae are thought to enter a "competency" phase prior to initiating settlement
and metamorphosis (Burke, 1983, and references therein). However, competency is not well
defined for highly motile taxa such as decapods, which do not permanently attach themselves
to the substrate upon metamorphosis. The thigmotactic nature, or tendency to cling to
objects, of blue crab postlarvae was clearly evident in the megalopae collected offshore, as
they were observed to readily settle on pieces of macroalgae offered in the experimental
compartments. The longer time required for metamorphosis and the intermolt status of the
offshore megalopae suggests that settlement ability alone is probably not an appropriate
measure of competency for blue crab megalopae. Instead, the initiation of premolt, which
presumably occurs during or shortly before reinvasion of coastal or estuarine environments,
is probably the best analog for competency in blue crab postlarvae. After that point, other
cues, such as those associated with specific settlement substrates, may have less of an effect
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on TTM and be more difficult to discern experimentally
In 1994, all megalopae collected in the inlet and coastal lagoon were in premolt and
showed a marked decrease in TTM and reduced response to algal substrates compared to
ofishore megalopae (Figure 38). This supports the hypothesis that megalopae receive
estuarine cue/s to accelerate metamorphosis as they near the coast (Forward et al 1994). The
short TTM of megalopae in the 1995 experiments (Figure 39) suggests that the transition to
premoh upon receiving a cue is quick While those megalopae may have been exposed to a
cue/cues earlier, their synchronous progression through the molt cycle indicates that the
recognition of the cue is also synchronous.
Tactile stimulation due to the presence of algae did not appear to affect TTM, as the
megalopae in the ofishore Gracilaria treatment was not different than the No Algae
treatment. Specific metamorphic cues associated with Ulva lactuca may be masked by the
presence of other estuarine cues (<l//m) within the lagoons after megalopae have entered
premolt. Therefore, the importance of macroalgae to megalopae that have entered the lagoon
may be in reducing predation (Wilson et aL, 1990; Sogard and Able, 1991) or for food
production rather than as a cue for metamorphosis. The presence of other cues in unfiltered
lagoon water (particulates

may enhance molting activity in the lagoons.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

The population ofblue crabs in the back-barrier lagoons ofVirginia’s Eastern Shore
suffered a serious decline beginning in 1991. Hie decline presumably resulted from an
outbreak of the endoparasitic dinoflagellate Hematodinium perezi (Shields, 1994). At its
current level, the resident population ofblue crabs probably contributes little to the pool of
available recruits found offshore during the summer months. It is not clear what factors
contribute to these epizootics, but they appear to be constrained to high salinity coastal
environments (Shields, 1994). However, there appears to be sufficient numbers of megalopae
returning to the lagoonal system to replenish the population once the most recent epizootic
abates.
The recruitment ofblue crab megalopae to coastal habitats has been the subject of
intensive study. Models and paradigms of recruitment have incorporated wind-driven surface
transport (Johnson, 1985; Johnson and Hester, 1989), behavior (Sulkin et aL, 1980; Little and
Epifanio, 1991; Ohm, 1994), and a combination ofboth (Epifanio, 1988; McConaugha, 1988;
Forward and Rittschof 1994). Although different species of brachyurans appear to utilize
different strategies for recruitment to (or retention within) the parent habitat, it is likely that
all are flexible enough to take advantage of the highly variable conditions that typify the
coastal environment.
In the laboratory, blue crab megalopae appear to have an endogenous circadian
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rhythm for swimming (Tankersley and Forward, 1994). Such an endogenous rhythm probably
contributes to megalopae maintaining a position in the upper water column while offshore,
enabling them to take advantage of Ekman transport in continental shelfwaters. From other
studies (Wolcott and De Vries, 1994), and the studies contained herein, it is apparent that
megalopae are also capable of quickly adapting to environmental conditions found in the
nearshore environment. Changes in behavior such as vertical migration could be extremely
effective mechanisms for effecting transport into coastal habitats. Although Sulkin et aL
(1980) linked these behavioral shifts to ontogeny, they would be even more effective when
associated with environmental cues from nearshore environments (Forward et aL, 1994).
Clearly, physical forcing is important for transporting megalopae into lagoons and
estuaries. Episodic wind reversals during the summer with strong onshore winds can result
in large numbers of megalopae on settlement collectors. However, without the ability to
quickly modify behavior upon transport into coastal lagoons and estuaries, megalopae may
be subject to export from coastal embayments. Rapid flushing of estuaries and coastal
embayments can be associated with periods of relaxation following coastal set-up (ValleLevinson, pers. com.). Thus, a rapid response to coastal cues (e.g., inhibition o f vertical
migration, initiation of tidal-stream transport, etc.) would serve to enhance retention in
coastal systems once reinvasion has occurred. The rapid transition of megalopae from the
intermolt stage to the premolt stage upon entering the lagoon exemplifies this ability to
quickly respond to coastal cues. This enables megalopae to benefit from periods of rapid
wind-driven transport into coastal systems while reducing the risk of advection back into
coastal or offshore waters.
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Coastal Recruitment Paradigm

Figures 40 - 45 illustrate a paradigm for recruitment to coastal systems that
incorporates both physical forcing and behavioraDy mediated transport in response to coastal
cues. In this paradigm, megalopae are subject to wind-driven transport while offshore,
following the period of zoeal development. While offshore, megalopae are found at the
surface, vertically migrating within the uppermost 3-5 meters (Maris, 1986). Megalopae are
entrained in the predominantly northward wind-driven surface currents (Johnson, 1985) and
held offshore until wind-driven onshore transport occurs (Figure 40). Depending on the
strength and duration of the onshore transport (Le., wind-reversal), megalopae will be
transported close to the coast in surface waters (Figure 41).
Once megalopae are close enough to the coast to receive and respond to waterborne
cues associated with the nearshore environment, their behavior changes (Figure 42). Forward
and Rittschof (1994) have shown that one possible change in behavior is an inhibition of
phototaxis, which would place megalopae deeper in the water column where residual currents
are generally landward along the mid-Atlantic Bight. After coastal cues are recognized,
nearshore behaviors provide for tidal-stream transport on nighttime flood tides, which effects
up-estuaiy movement (Olmi, 1994) (Figure 43).
In this paradigm, those megalopae that have acquired coastal cues but have not yet
reinvaded coastal embayments will generally occur deeper in the water column in nearshore
waters. The prevalence of megalopae at intermediate depths in the vicinity of the Chesapeake
Bay mouth (Maris, 1986) supports this paradigm. By placing megalopae deeper in the water
column, nearshore behaviors could also remove megalopae from the influences of strong
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fronts (Le., convergence zones) associated with the outflow plume of estuaries such as the
Chesapeake Bay. This could ultimately provide a mechanism for estuarine reinvasion through
initiation of tidal-stream transport in the nearshore environment.
Megalopae that have not acquired coastal cues, or those that are transported back
oflshore where coastal cues are more dilute, remain at the surface where they continue to be
subject to wind-driven transport, hi a laboratory experiment, Forward and Rittschof (1994)
demonstrated that the effect of coastal cues could be reversed if megalopae are placed back
in offshore water after exposure to coastal water.
If the wind-reversal is sufficiently strong to establish a marked coastal set-up, as was
the case in early August 199S, megalopae may be transported all the way to the coast and
reinvasion of coastal embayments can occur (Figure 44). Upon reinvasion of coastal
embayments, particularly lagoons where the residence time is short, megalopae must quickly
acquire and respond to coastal cues or be exported when the onshore wind relaxes (Figure
45).
The ability of megalopae to quickly respond to coastal cues and their flexibility to
respond to subsequent offshore or onshore transport makes this paradigm applicable to both
estuarine and lagoonal environments. Future studies should concentrate on identifying
specific cues associated with the coastal environment. Additionally, studies should consider
basin physiography and flushing rates when examining the effectiveness of these cues. The
ratio ofmarsh:open water area is much greater in the Eastern Shore lagoons (1.85 to 4) than
in the Chesapeake Bay (0.04) (Biggs, 1970; Nixon, 1980; Finkelstein and Ferland, 1987).
This suggests that coastally derived cues, possibly originating from organic-rich sediments
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Figure 40. Offshore (predominantly southwesterly) winds transport megalopae offshore and
northward in a counter current on the inner continental shelf Larvae (zoeae) from
protracted spawning in Chesapeake Bay and other coastal habitats develop and accumulate
as megalopae in the counter current.
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Figure 41. Onshore winds (primarily northeasterly) push surface waters toward the coast,
transporting megalopae closer to estuarine and coastal embayments. Offshore, megalopae
reside primarily in the upper few meters of the water column where they are subject to winddriven transport (Johnson, 1985; Maris, 1986).
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Figure 42. As megalopae are transported closer to the coast, they are exposed to waterborne
chemical cues that trigger physiological and behavioral changes. Li response to these cues,
positive phototaxis is inhibited (Forward and Ritschof^ 1994) and megalopae are found
deeper in the water column
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Figure 43. Megalopae that have recognized and responded to waterborne cues may exhibit
behaviors, such as selective tidal-stream transport, that effect transport into coastal lagoons
and estuaries. Those megalopae that have not recognized coastal cues, or are transported
back oflshore with the relaxation of coastal set-up, still occur in the upper few meters of the
water column.
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Figure 44. Strong onshore wind events, such as northeasterly storms, may rapidly transport
megalopae into coastal embayments. These megalopae may be indistinguishable from
offshore megalopae (Le., all may be in intermolt, with no visible signs of advancing to
metamorphosis).
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Figure 45. Megalopae transported rapidly from offshore waters into coastal embayments can
quickly acquire coastal cues that alter behavior and physiology. Megalopae in intermolt can
undergo metamorphosis within two days if exposed to lagoon water. Megalopae that are not
transported into coastal embayments but are close enough to respond to waterborne cues
occur at intermediate depths in the nearshore region. Those megalopae that have not been
exposed to, or are transported away from the effects of chemical cues, remain subject to
wind-driven transport offshore.
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(e.g., ammonia from marsh surfaces), may be comparatively enriched in coastal lagoons and
thus more effective than in the mainstem of the Chesapeake Bay. Individual tributaries of the
Chesapeake Bay may more closely approximate the high marsh:open water ratio of the
lagoons than the open waters ofthe Bay’s mainstem, thus enhancing the effectiveness of these
cues once megalopae invade tributaries. Support for this hypothesis may include the
pronounced tidal-stream transport ofblue crab megalopae observed by Ohm (1994) and the
concentration of megalopae at depth in the York River (Maris, 1986). However, these
responses may also be attributed to decreased salinity, which has been shown to affect the
time to metamorphosis of megalopae in the laboratory (McConaugha, 1988). Further studies
are needed to determine the relative potency of these potentially confounding factors.

Habitat Value of Macroalgae

Submerged aquatic vegetation (SAV) is an important habitat for natant macrofauna
in numerous coastal systems. Complex vegetated habitats reduce predation on early life
history stages and serves as a settlement habitat for many species. Seagrass (primarily
Zostera marina) is a prevalent form of SAV in Chesapeake Bay and other coastal systems,
and it is believed to be a critical habitat for early life history stages ofblue crabs (Sogard and
Able, 1987; Orth and van Montfrans, 1987, 1990). However, little work has been done to
assess the value ofbenthic macroalgae for early life history stages ofblue crabs. Sogard and
Able (1987) and Wilson et aL (1990a and 1990b) examined the refuge value of sea lettuce,
Ulva lactuca, forjuvenile stages of crabs and fishes, but neither o f their studies examined the
value of macroalgae as a settlement habitat for blue crab postlarvae.
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In the lagoons of Virginia’s Eastern Shore, seagrasses are largely absent. Seagrass
beds were once abundant in the lagoons, supporting the largest commercial scallop fishery on
the east coast(Zeiman, pers. com.). The extensive seagrass beds were destroyed by a
combination of disease (Orth and Moore, 1983) and a major hurricane in 1933 (Zeiman, pers.
com.), hi the absence of seagrasses, megalopae settle on macroalgae which occurs in the
shallow subtidal and intertidal reaches ofthe lagoons. Macroalgae provides a complex habitat
for settlement and metamorphosis. Densities of megalopae and juveniles in macroalgae are
comparable to densities observed in seagrass habitats in other systems. As in other systems,
the attractiveness of specific macroalgae appears to be related to architecture, although tactile
or chemical cues may also be important.
In addition, macroalgae appears to provide some level of refuge from predators for
newly settled megalopae. Mortality rates of megalopae, when exposed to the grass shrimp
Palaemonetes pugio, can be reduced by nearly 50% in the presence of two species of
macroalgae commonly found in the Eastern Shore lagoons. Similar studies of refuge benefits
should be conducted with other predators, but differences in feeding strategies and efficiencies
must be considered when designing experiments.
Future studies should continue to examine the value of macroalgae to newly settled
megalopae and should proceed at the community level Macroalgae may provide not only
refuge but also a source of prey, which may be algal specific.
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APPENDIX A

Oriented current meter data from Sand Shoal Inlet (1993 and 1994),
Great Machipongo Met (1993), and Quinby Met (1993)
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Sand Shoal Inlet
July 12-13,1993
Note: neg = OUT of the lagoon
Cross-sectional Area of Inlet = 9,849 mA2
Axis of Orientation: 326° = + u, 146° = - u
Date
July 12

July 13

Time
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700

Velocity Cm/s)
-0.6375
-0.5637
-0.4752
-0.244
0.0568
0.4923
0.6625
0.5905
0.4865
0.2183
0.0366
-0.5339
-0.5719
-0.4978
-0.419
NA
NA
0.5704
0.9674
0.5395
0.6431
0.6206
0.1497
-0.387

Flux (m3/s)
-6279
-5552
-4680
-2403
559
4849
6525
5816
4791
2150
360
-5259
-5632
-4903
-4127
NA
NA
5618
9528
5314
6334
6112
1474
-3812

NA = no samples taken
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Great Machipongo Inlet
July 15-16,1993
Note: neg = OUT o f the lagoon
Cross-secdonal Area of Inlet = 11,645 mA2
Axis of Orientation: 285° = + u, 105° = - u
Date
July 15

July 16

Time
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400

Velocity (tn/s>
0.5354
0.5635
0.7259
0.5539
0.485
0.0595
-0.2934
-0.7053
-0.6776
-0.35
-0.2443
-0.1
0.2021
0.4129
0.3869
0.5143
0.2729
0.1344
-0.3267
-0.1085
-0.59
-0.323
-0.2284
0.1642
0.225
0.5597

Flux fm3/sl
6235
6562
8453
6450
5647
693
-3416
-8213
-7891
-4076
-2845
-1162
2354
4808
4506
5989
3177
1565
-3804
-1264
-6872
-3761
-2660
1912
2620
6518
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Quinby Inlet (in North Channel)
August 12-13,1993
Note: neg = OUT o f lagoon
Cross-sectional Area of Inlet = 5,286 mA2
Axis of Orientation: 220° = + u, 040° = - u
Date
August 12

August 13

lim e
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000

Velocity Cm/sl
-0.1468
0.0163
0.3756
0.5203
0.4959
0.4667
0.3815
0.0299
-0.3445
-0.54
-0.6104
-0.6041
-0.456
-0.2809
0.029
0.2381
0.3846
0.3786
0.2945
0.1222
-0.3834
-0.4786
-0.5021
-0.5822
-0.3953
-0.3

Flux (m3/sl
-776
86
1985
2751
2621
2467
2016
158
-1821
-2855
-3227
-3193
-2410
-1485
153
1259
2033
2001
1556
646
-2026
-2530
-2654
-3077
-2089
-1586
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Sand Shoal Inlet
August 3-5, 1994
Note: neg = OUT of lagoon
Cross-sectional area = 9,849 m^2
Axis o f Orientation: 326° = + u, 146° = - u
Date
August 3

August 4

August 5

Time
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200

Velocity (m/s)
0.7903
0.7579
0.5357
0.2806
-0.0776
-0.3424
-0.659
-0.5113
-0.3871
-0.2162
0.1034
0.3771
0.6444
0.7154
0.6211
0.3772
0.0203
-0.4499
-0.5555
-0.5036
-0.342
-0.1466
-0.0081
0.4294
0.7195
0.824
0.7734
NA
NA
-0.2574
-0.4631
-0.678
-0.447
-0.2854
-0.141
0.0374

Flux (m3/s)
7783
7464
5276
2764
-764
-3372
-6490
-5036
-3812
-2129
1019
3714
6346
7046
6117
3715
200
-4431
-5471
-4959
-3368
-1444
-79
4429
7086
8116
7617
NA
NA
-2536
-4561
-6678
-4403
-2811
-1389
368
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Sand Shoal Inlet (continued)
August 3-5,1994
Date
August 5

Time
0300
0400
0500
0600
0700
0800
0900
1000
1100

Velocity (m/s)
0.3743
0.7618
0.7142
0.6783
0.38
-0.017
-0.4514
-0.6901
-0.5421

Flux (m3/s>
3686
7503
7035
6681
3743
-168
-4446
-6797
-5339

NA = no samples taken
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Sand Shoal M et
August 15-18, 1994
Note: neg = OUT of lagoon
Cross-sectional area = 9,849 mA2
Axis o f Orientation: 326° = + u, 146° = - u
Pats
August 15

August 16

August 17

Time
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600

Velocity (m/s)
-0.7076
NA
NA
NA
0.1009
0.2196
0.2594
0.4759
0.4271
0.2665
-0.0673
-0.3619
-0.5203
-0.479
-0.3765
-0.1599
0.0655
0.1478
0.3464
0.4384
0.4961
0.3079
0.201
-0.154
-0.4626
-0.547
-0.6059
-0.4687
-0.1709
0.0825
0.1227
0.2325
0.2852
0.2431
0.1452
-0.0367

Flux (m3/sl
-6969
NA
NA
NA
994
2163
2555
4687
4207
2625
-663
-3564
-5124
-4718
-3708
-1575
645
1456
3411
4318
4887
3032
1980
-1517
-4556
-5387
-5968
-4616
-1683
813
1209
2290
2809
2395
1430
-361
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Sand Shoal Inlet (continued)
August 15-18,1994
Date
August 17

August 18

Time
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700

Velocity (m/st
-0.3813
-0.4489
-0.4094
-0.3849
-0.2292
0.0308
0.0189
0.2095
0.3031
0.1822
0.165
0.1121
-0.1397
-0.4569
-0.5543
-0.4516
-0.3039
-0.2121
-0.0249
0.0475
0.1194
-0.0207
0.1205
0.0637
-0.0243
-0.2625
-0.4543
-0.4157
-0.3424
-0.2007
0.035
0.0821
0.3103
0.5038
0.5218

Flux (m3/s)
-3756
-4422
-4033
-3790
-2257
304
186
2063
2986
1794
1625
1104
-1376
-4500
-5459
-4448
-2994
-2089
-245
468
1176
-204
1186
628
-239
-2586
-4474
-4095
-3372
-1977
344
809
3056
4962
5139

NA = no samples taken
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APPENDIX B

Megalopae in plankton samples from Sand Shoal Inlet, 1994.
Key:

Cs = Callinectes sapidus
Uca = Uca spp.
Pag = Pagurus spp.
Pc = Pinnixa chaetopterana
Ha = Hexapanopeus angustifrons
Le = Libinia emarginata
Can = Cancer spp.
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Oblique Plankton Tows, August 3 - 5,1994
Sand Shoal Inlet, Virginia
n Da Time
215 1600
215 1800
215 2000
215 2200
216 0000
216 0200
216 0400
216 0600
216 0800
216 1000
216 1200
216 1400
216 1600
216 1800
216 2000
216 2200
217 0000
217 0200
217 0400
217 0600
217 0800
217 1000

Number Per Cubic Meter
Uca
PC
Cs
Pag
HA
0.16
0
0.05
0
0.21
0
0.13
0.13
0
0
0
0.08
0.08
0
0.16
0
0.1
0.1
0
0
0
0.19
0
0.19
0
0.88
0.88
0
0.97
0.18
0.05
1.04
1
0.4
0.15
0
0
0.11
1.1
0
2.83
3.49
0.87
0.22
0.11
0.51
0
0.22
0
0
0
0.75
0
0
0
0.08
0.15
0
0
1.74
0.28
2.62
0.32
0.04
0
NO SAMPLES TAKEN: STORM EVENT
NO SAMPLES TAKEN: STORM EVENT
0
0
0
0
0.04
0
0
0
0
0.12
3.43
3.96
0.26
0
0
1.16
1.46
0.06
0.31
0
1.61
1.67
0.4
0
0
0
1.23
0.25
0
0
0.06
0
0
0
0

LE

CAN

0
0
0
0
0
0.18

0
0
0
0
0
0

0

0

0
0
0
0
0
0

0
0
0
0
0
0

Vol. Filtered (m3)
18.45
7.84
11.83
10.49
5.37
11.36

20.11
9.18
9.18
13.75
5.36
13.22
25.21

0
0
24.71
0
0
8.38
0
0
3.79
0
0
16.39
0
0
17.35
0
0
4.05
0________ 0_____________ 17.66
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Oblique Plankton Tows, August 15-18,1994
Sand Shoal Inlet, Virginia
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APPENDIX C

T-square sampling along Sand Shoal Channel, 1995
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T-Square Data
Date
071095
071095
071095
071095
071095
071395
071395
071395
071395
072495
072595
072595
072595
072695
092295
092195
092295

i

Location of Transect
Hine's h
50m E R232,40m from marsh
1.1952
200m E R232,5m from marsh
1.3462
200m E R232,10m from marsh
1.3408
200m E R232,50m from marsh
1.244
1.2843
250m E R232,15m from marsh
W Elkin's Cr, 50m from marsh
1.1926
1.2333
W Elkin's Cr, 40m from marsh
W Elkin's Cr, 30m from marsh
1.3116
1.2835
W Elkin's Cr, 20m from marsh
1.4461
W of Creeks, 5m from marsh
Btwn R232 Cr, 40m from mars
1.3201
Btwn R232 Cr, 20m from mars
1.7389
Btwn R232 Cr, 5m from marsh
1.3708
E Elkin's Cr, 30m from marsh
1.107
1.1913
50m E R232,10m from marsh
50m E R232,20m from marsh
1.2757
1.39
50m E R232,40m from marsh

Diggle's
(#AnA2)
0.5315
1.4365
1.2439
1.2771
1.7493
0.6053
0.7725
0.561
0.8215
1.3875
1.6045
4.3153
4.8442
12.773
3.48
2.92
1.43

Est.
SE
0.1882
0.0696
0.0804
0.0783
0.0715
0.1652
0.1295
0.1782
1.522
0.0721
0.0623
0.0331
0.0206
0.0078
0.0287
0.0342
0.07

Mean Wt.
Spacing
(g)
28.4
Random
Random
28.2
20.5
Random
Random
6.1
24.5
Random
30
Random
10.1
Random
12.5
Random
Random
14.2
Random
33.1
Random
7.7
Clumped na
12.2
Random
20.1
Uniform
20.5
Random
11.5
Random
11.8
Random

Biomass
33.94368
37.96284
27.4864
7.5884
31.46535
35.778
12.45633
16.395
18.2257
47.86591
10.16477
na
16.72376
22.2507
24.42165
14.67055
16.402
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