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EXECUTIVE SUMMARY

The purpose of this report is to summarize the ecological attributes of the blue crab as manifested
on, or relevant to the Texas coast, and specifically to San Antonio Bay. A literature survey of
the biology and life stages of the blue crab is presented, with particular emphasis upon the Texas
environment. Catch data from the Texas Parks and Wildlife Coastal Fisheries monitoring

program is analyzed for San Antonio Bay.

The blue crab (Callinectes sapidus Rathbun) is a ubiquitous crustacean in San Antonio Bay, and
on the Texas coast. It is ecologically important as both prey and predator, and is an important
fishery resource for humans. The crab migrates between sea and estuary as part of its life cycle,
the estuary serving as a nursery for the young. Knowledge of this organism is dominated by
research on the mid-Atlantic coast, yet it has been known for many years that the blue crab life
cycle on the Texas coast differs in some respects from that on the Atlantic. In general, the life

cycle of the blue crab can be summarized as follows:

(1) Larvae (zoeae) are hatched in nearshore waters of the inner continental shelf. As
plankton, they are carried about on the inner shelf by prevailing currents.

(2) Over a 1-2 month period, the larvae develop through seven zoeal stages, then
metamorphose into postlarvae (megalops). Depending upon nearshore and shelf
currents, zoeae and megalops can be dispersed many tens of kilometers along the
coast, and from the coast out several tens of kilometers.

(3) Some of the postlarvae are transported by cross-shelf currents back into the
nearshore zone, where a portion of these may be subject to transport into the
mouths of estuaries.

(4) Postlarvae enter the estuary as irregularly timed pulses of high density. Once
within an estuary, they are carried into nursery habitats, where they settle and
metamorphose into the first juvenile crab stage. Despite their planktonic
character, this is, at least in part, a directed migration, effected by a combination
of deliberate vertical movement between seabed and water column, and horizontal

transport by currents.



(5) During their early stages, some juveniles migrate further up the estuary,
presumably by selectively entering the water column during favorable currents,
where they populate additional nursery habitat.

(6) Crabs develop through approximately twenty juvenile stages, over one to three
years depending upon conditions, during which they occupy deeper and less
structured habitat, and migrate throughout the reaches of the estuary.

(7) Upon maturity, mating occurs, generally in the shallower reaches of the estuary.
Females usually mate once, acquiring a lifetime supply of semen.

(8) The inseminated females begin a seaward migration, while males continue forage-
meandering. This leads to a spatial partitioning between the two sexes in the
estuary, the females increasing in abundance in the lower reaches of the estuary
closer to the mouth, while in the upper reaches males become predominant.

(9) Ovigerous females migrate to the sea, where they spawn and ultimately hatch
their broods, either in the estuary mouth or in the nearshore waters.

These stages of the life cycle apply generally throughout the range of the blue crab. However,

the details of each vary with location.

The chief hydroclimatological variable that controls the blue crab life cycle is water temperature.
Temperature influences mating, spawning, egg development, zoeal development, intermolt
duration and growth rate, and a number of underlying metabolic functions. Apart from
controlling the timing of major steps in the crab life cycle, one important influence of
temperature is its enforcing of winter dormancy in the estuaries of the temperate latitudes
(notably the mid-Atlantic).

There are three major differences apparent between the blue crab life-cycle on the mid-Atlantic
coast and on the Texas coast, in San Antonio Bay in particular:

(1) The winter dormancy in the mid-Atlantic, when crabs burrow into the
sediments and overwinter. During this period, growth ceases. There is no

winter hiatus in Texas except during exceptionally cold winters.



(2) The shorter duration of the various life stage activities in the mid-Atlantic
compared to Texas. For the mid-Atlantic, there is a cleaner separation
between these stage-related activities (e.g., mating, spawning, immigration
from the sea, juvenile grow-out), and a more step-like progression through the
life-cycle stages, while on the Texas coast, all of the activities are underway
nearly simultaneously.

(3) The shorter development to maturity on the Texas coast, completed in about a

year, compared to over two years on the mid-Atlantic.

Part of the differences between these two geographical areas is due to the cooler temperatures on
the mid-Atlantic, generally limiting the periods of biological activity. Part of it derives from the
much larger size of the principal mid-Atlantic estuaries. On the Texas coast, crabs may migrate

between the shallow inland marshes to the passes to the Gulf in a matter of days to a few weeks.

On the mid-Atlantic, months are required for the same migration, which may be interrupted by

the occurrence of winter.

The least understood phase of the blue crab life cycle is the period of larval development, which
takes place on the inner continental shelf. Patches of blue-crab larvae created by hatching events
are carried along the coast by seasonal currents. Along both mid-Atlantic and Texas coasts, the
prevailing longshore current sets to the southwest. This current carries the larval patches down
the coast while cross-shelf transport mixes the patches across the shelf. During late summer, on
both coasts, the longshore currents reverse, setting to the northeast. This would transport the
larvae back up the coast. Onshore winds concentrate postlarvae in the nearshore zone. The net
effect is to disperse the larvae and postlarvae along the coast and then render the postlarvae

available to potentially be carried into the estuaries.

The postlarval (megalop) influx to the estuary occurs as large, sporadic pulses of high density
superposed on a relatively constant, low density. Artificial-substrate megalop collectors
deployed on both the Atlantic and Gulf of Mexico coasts indicate that the megalop influx to the
Gulf of Mexico estuaries is one-to-two orders of magnitude greater than the Atlantic. Yet, the
densities of early juveniles in primary habitats on both coasts are about the same. This has led



some researchers to hypothesize that megalopal settlement on the Gulf coast is probably
predation-limited, perhaps even self-regulated through cannibalism.

Data on blue-crab abundance collected by Texas Parks and Wildlife (TPWD) was analyzed for
San Antonio Bay. This analysis concentrated on collections by otter trawl, since this sampling
gear addresses the open waters of the bay, and covered the period 1982-2009. Since 1982, the
beginning of the period of analysis for the TPWD blue-crab data, Cedar Bayou has been either
closed or only marginally open, and therefore unlikely to have significantly affected the
abundance of crabs in the bay. Earlier, during the 1960’s and 1970’s, substantial influxes of
megalops were measured in Cedar Bayou, when it was at its largest recorded dimensions. Post-
larval entry during the period of our data analysis would have been principally through Pass

Cavallo (and the Matagorda Entrance Channel) to the north and Aransas Pass to the south.

In San Antonio Bay, a consistent annual pulse in abundance and associated size was determined.
Four divisions of the year were inferred:

December — March: a marked increase in abundance with stable median size
around 50 mm. Crabs hatched in the July-August period would be
attaining this size during this period. This would also correspond to
the approximate size range in which crabs move out of the marshes
and shallows into the bays and bayous.

March — May: crab density more or less stable while mean size
increases from about 60 to 90 mm. This could result from grow-out of
the existing population so that the sizes shift upward with no change in
abundance.

May — September: a monotonic decline in density by nearly a factor of ten,
while the median size is relatively constant around 90 mm. One
scenario that would entail this result is a loss of crabs of sizes evenly
distributed about 90 mm, e.g., to harvesting and predation.

September — December: abundance variable but stable, while mean and median
shift downward to smaller sizes. A loss of larger sizes, influx of
smaller sizes, or both would achieve this result.

Vi



While there are year-to-year variation in the magnitudes of abundance and the calendar period of
these stages of the annual cycle, in general these are consistent with the picture of blue crab

migration and grow-out that has emerged from the literature survey.

San Antonio Bay was subdivided into six subregions and blue crab data evaluated in each of
these. All six regions exhibit the four periods of annual variation identified above. The data do
not show a clear sequential progression of blue-crab density variation from one segment to the
next, as might have been anticipated from a slow migration into or out of the estuary. Instead,
the variation in density in all six segments is generally coherent, suggesting that the crabs enter
or leave the estuary population sufficiently quickly that on a monthly time resolution they are

synchronous.

Evaluation of abundance versus salinity for individual trawl-event data, and for data averaged
monthly and over the entire region of the bay, disclosed no significant variation with temperature
or salinity. The above annual pulse of abundance is out of phase with the annual rise and fall of
temperature, so the lack of correlation between these variables is not surprising. With respect to
salinity, blue crabs are osmoregulators that survive — even thrive — in a wide range of salinity.
The only stage of the blue-crab life cycle that requires a narrow range of salinity and temperature
is the larval, which needs the warm saline conditions of the ocean. It is seeking these salinity
conditions that impels the post-insemination migration of the female to the sea. Otherwise, the
blue crab is a remarkably effective osmoregulator, which accounts for its abundance from Sabine
Lake to the Laguna Madre. This may also account for the general lack of a simple relationship
between salinity and blue-crab density in the TPWD monitoring data for San Antonio Bay.
Acclimation is important in the tolerance of the blue crab to a range of salinity. On the lower
Texas coast, and in San Antonio Bay in particular, the main threat that salinity presents is its
sudden reduction to zero during a major flood hydrograph. The ubiquity of blue crabs in the
shallow, marshy regions of San Antonio Bay and other Texas estuaries, which are also typically
low-salinity zones, may be for reasons other than lower salinity, as suggested by recent studies

on decapod habitat use in estuaries.

vii



Freshwater inflow provides several mechanisms that could plausibly increase the abundance of
blue crabs, besides moderating salinity, and therefore it is warranted to seek a direct relation
between abundance and inflow. For San Antonio Bay, the correlation proved negligible, though
there are some time-lagged responses that suggest an avoidance or mortality response to inflow
events, followed by a later increase in abundance perhaps due to beneficial effects of inflow.
These analyses are very preliminary and employ only linear statistics. A more sophisticated
time-series analysis will be necessary to expose a relation between blue crabs and inflow (as well

as salinity).

Since the mid-1980’s, a declining trend has been manifested in both the numbers and size, a
fortiori in total biomass, of blue crabs in the Texas bays. Over the period 1982-2005, there was a
70% reduction in blue crab biomass in the TPWD data. On a bay-to-bay basis, the trend is
noisier, as might be expected. For San Antonio Bay, and indeed the Coastal Bend bays, the
declining trend is clearly evident. Similar declining trends have been observed elsewhere on the
Gulf of Mexico coast and on the Atlantic coast as well. The causes are not understood, and it
would be premature to conclude that some large-scale factor is at work everywhere (though that
cannot be precluded either). Among the hypothetical causal factors are overfishing, poor water

quality, predation, disease and parasitism, habitat loss, and, generally, people.

viii
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1. INTRODUCTION

The purpose of this report is to summarize the ecological attributes of the blue crab (Callinectes
sapidus Rathbun) as manifested on, or relevant to the Texas coast, and specifically to San

Antonio Bay. This summary has three principal objectives:

(1) Present a succinct description of the biology and life cycle of the blue crab,
particularly with respect to its migration and utilization of the estuarine

environment, and specific, insofar as possible, to the Texas coast;

(2) Illustrate and exemplify the distribution of blue crab in space and time in the

San Antonio Bay system;

(3) Provide a physical-chemical-biological framework to inform assessment of
the response of the organism to freshwater inflow, i.e., quantify the acceptable
ranges of environmental parameters controlled or influenced by inflows to the

estuary, required by the organism.

This is a companion study to other investigations conducted within the Coastal Impact
Assistance Program that together address the environmental controls on abundance of blue crab
in the San Antonio Bay system, viz. inflows to the estuary (Ward, 2010a) and status of Cedar
Bayou (Ward, 2010b), and is the first phase of a projected two-phase study.

The project formulation grew out of the continued concern in Texas with defining the freshwater
inflow requirements of its estuaries, to whose purpose a half century of intensive data collection,
analysis and modeling has been devoted on the part of several state agencies, river authorities,
academic institutions, and engineering firms. The past decade has seen an intensification of
concern among water planners, engineers, scientists and the general public in Texas with
“environmental flows” — the flow regime required for maintenance of an aquatic ecosystem —

that has culminated in implementation of Senate Bill 3, whose basic objective is the specification



of standards of flow to serve as a means of regulating water demands of human activities that
potentially impact the magnitude of flows in the watercourses of the state. Underlying all of this
technical activity is the philosophy that there exists a cause-and-effect relation between
freshwater inflow and the quality of an aquatic ecosystem, which is capable of unambiguous
quantification if the necessary field measurements and sufficiently sophisticated analytical
methods can be brought to bear. Despite the acknowledged importance of freshwater inflow to
an estuary, and notwithstanding the substantial effort thus far invested in the problem, a
satisfactory solution remains elusive. Some of the reasons for this are considered by Montagna

et al. (2011).

Clearly, a project with the modest resources of this one cannot aspire to achieve what a half-
century of effort has not. The objectives of this project, therefore, are narrowly focused on
several fundamental features of the ecology of a single, craftily selected system, whose
elucidation may prove helpful to the larger problem (and, perhaps, to the Senate Bill 3 process
presently underway). This system, San Antonio Bay, offers some attributes that better delineate

the problem of establishing estuary responses to freshwater inflow:

(1) Almost the entirety of the freshwater input to the system enters at the head of
the estuary, in contrast to multiple entry points characteristic of most of the
Texas bays.

(2) San Antonio Bay has relatively small intensity of development around its
periphery, and does not have a deep-draft ship channel transecting its cross
section.

(3) The volume of San Antonio Bay is relatively small compared to the flood
freshets that enter the bay in the Guadalupe and San Antonio rivers.

(4) San Antonio Bay is located on a climatological gradient between the humid
northern coast, and the arid southern coast. On a time scale of multiple years,
the bay is exposed alternately to wet and dry hydroclimatology governed by
the large-scale movement of atmospheric circulation patterns.

(5) Lacking a direct inlet to the sea, exchange between San Antonio Bay and the

Gulf of Mexico takes place through inlets relatively distant from the bay. This



means that the effects of high inflows and low inflows tend to be sustained for

much longer periods than is the case for bays with freer exchange.

The combination of these properties suggests that San Antonio Bay should be metastable,
shifting from drought conditions to high-inflow conditions, and that each should be sustained
long enough to engender a clear response in the ecosystem. It is our premise that the
hydrography and organism abundance within San Antonio Bay, both of which are underlying
features of its ecosystem, are complex responses to multiple forcing variables, of which one is
river inflow, and much of the problem lies in separating the response to inflow from the variance
induced by these multiple controlling factors. Corollary to this premise is that explicit
consideration of the major controlling factors is required to manage the unexplained variance,
accompanied by better mathematical formulations of the relation between inflow and estuarine

response.

While features of the structure and function of the blue crab are addressed, this is not intended to
be a comprehensive survey, but rather focuses on those aspects that directly affect its ecology
and interpretation of its distribution in the bay. Thus, for example, attention is given to
osmoregulation and locomotion but not to digestive processes, endocrinology, or neurology. The
blue crab fishery is not addressed in this review, and population modeling, in particular, is given

a wide berth.

While this report comprises a review and summary of the literature, it must be noted that the blue
crab has enjoyed several such surveys in the past, which together represent a comprehensive
literature review. These past surveys have been a convenient source for basic information and
literature citations on the species, supplemental literature then providing updates and specificity
to the Texas coast. In particular, we note the literature surveys of Millikin and Williams (1984),
Van den Avyle and Fowler (1984), Hill et al. (1989), Patillo et al. (1997) and, especially, the
monumental pandect edited by Kennedy and Cronin (2007b). This notwithstanding, in order to
properly relate literature information to the Texas environment, it was necessary that this review

be critical, identifying those aspects of the literature results that constrain their applicability,



either geographically, temporally, or technically, for which reference to original papers was

necessary.

Generally, the target readership is the interested nonspecialist, so a particular effort has been
made to define crucial terminology and to relegate detail to the appendices. However,
occasionally a more technical statement necessarily creeps in, which should be construed as

addressed to the minority of readers that might find it of value.

A word of explanation is needed about the units. The coastal zone is the intersection of interests
of the mariner, the scientist and the engineer, so workers in this area are generally accustomed to
converting from one system of units to another. Conversion is always a problem, however,
because the precision of the original number cannot be rendered exactly in a different set of
units. [ have preferred to leave numerical information in the units in which it was reported.
When it is necessary to convert to other units, for comparison purposes for example, the Systéme
International, or some metric derivative, has been favored. When a unit is far removed from
coastal oceanography, such as the torr or osmole, a converted value in more familiar units has
been supplied. Salinity is represented as a mass ratio, in parts per thousand (with the
conventional symbol %o), consistent with use of the data in salt-budget concepts such as transport
(and in note of the fact that most of the measurements in the data base used in this work were not
measured using the practical-salinity-scale protocol). If a reader prefers the modern practical

salinity unit (psu), the conversion is easy.



2. ANATOMY AND PHYSIOLOGY

2.1 Morphology

The blue crab is the most important of nine species of Callinectes occurring in waters of the
United States (Williams, 1984, 2007), a decapod crustacean in the family of swimming crabs
Portunidae. The external morphology of C. sapidus is sketched in Figures 1 and 2. The crab
exoskeleton is a tough, heavily calcified cuticle, made up of chitin except for its outer layer (the
epicuticle), which is a strong but flexible lipo-protein (Warner, 1977). The most prominent
anatomical feature of the blue crab is its large carapace with an elongated lateral spine and eight
anterolateral teeth on each side (Fig. 1). Specimen size is quantified by its carapace dimensions,
either length measured from the center of the anterior carapace (above the rostrum) to the center
of the posterior margin, or width measured either between the bases of the lateral spines (“notch-
to-notch™) or between the tips of these spines (“spike-to-spike”). The dominant practice is to use
the last of these, the carapace width between the tips of the lateral spines, as shown in Fig. 1.
(Other dimensions have been used as well for studies of form and growth, e.g. Newcombe et al.,
1949a, Teissier, 1960. Moreover, the spike-to-spike measurement has been criticized because of
its variability and its failure to correlate well with body mass, e.g., Gelpi et al., 2009, who found

length to be the best overall measure.)

Body mass (or weight) M is considered to be a monotonic curvilinear function of carapace width

W, following the canonical allometric equation:

M = AWb (1)

The exponent b has an immediate physical meaning, that it is the ratio of the specific growth rate
of mass (i.e., the rate of growth per unit mass) to the specific growth rate of carapace width (see
Appendix A). It is therefore dimensionless. More importantly, its magnitude indicates the

changing proportion of mass to carapace width. For b = 1, the two are proportional and said to
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Figure 1 - Anatomy of blue crab, male, dorsal view

be isometric; for b # 1, as the case of C. sapidus, mass and width are said to be allometric. The
coefficient A has been the source of much angst in the literature, in part because many authors
believe that it renders equation (1) dimensionally heterogeneous, and in part because of the
difficulty of interpretation of (1) where W = 1. Gayon (2000) gives a summary of the history of
development of the allometric equation (1), and White and Gould (1965) present a discussion of
the mathematical issues. The philosophy adopted in this review and the necessary arithmetic are

summarized in Appendix A.

Table 1 collects various least-squares fits (see Appendix A) of blue-crab data to equation (1), and

the corresponding graphical relations are shown in Figure 3. The bold black line is the relation
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resulting from the count-weighted averages of the parameters A and k (see Appendix A).
Generally, (1) the blue crab mass is seen to be hyperallometric to carapace dimensions, (2) there
is remarkable consistency in the fitted equations over a wide range of geographical areas, (3)
males generally have a higher weight for a given carapace dimension (about 10-30%), and (4)
the use of the count-weighted-mean relation (without sex discrimination) would enable
prediction of crab weight based on carapace dimensions to an accuracy of about £20%, and
about +12% and +15%, resp., if the separate regressions for male and female are used. The
Pullen-Trent relation, pooled over both sexes, which has been used by Texas Parks & Wildlife
Department (TPWD) for many years, underestimates crab weight by about 20% for males and
overestimates crab weight by 5-10% for females. (The traditional application that TPWD



Table 1

Literature data on ratio of blue-crab body mass to carapace width fitted by logarithm of
equation (1), for mass in grams and carapace width in millimetres

Geographical region

Chesapeake Bay
Males
Females
Galveston Bay, Texas
Males
Females
Ashley River, South Carolina
Males
Females
Bemelek Lagoon, Turkey
Males*
Females*
Camilk Lagoon, Turkey
Males
Females
Babitonga Bay, Brazil
Males
Females

Pooled equations
Males
Females
Both

Chesapeake Bay, York estuary
Juveniles only*

2.669
2.575

2.775
2.640

2.551
2.108

2.613
2.199

2.861
2.872

2.954
2.568

2.576
2.326
2.522

3.014

A
(g/mmb)

0.00026
0.00034

0.000181
0.000287

0.000624
0.004185

0.000447
0.002475

0.001470
0.001360

0.000089
0.004740

0.000549
0.001442
0.000677

0.000065

number
of data

99
138

390
335

9221
1242

317
710

356
355

80
117

10463
2897
13360

75

R2 source

Newcombe et al. (1949a)
n/a
n/a
Pullen and Trent (1970)
n/a
n/a
Olmi and Bishop (1983)
0.84
0.92
Atar and Seger (2003)
0.92
0.91
Gokge et al. (2006)
0.97
0.98
Peireira et al. (2009)
0.92
0.93

(see text and Appendix A)

Cadman and Weinstein
0.98 (1985)

* Authors reported no significant statistical difference between males and females

makes of this relation, for monitoring of year-to-year variation in potential harvest weight, is

unaffected by a proportionate error.)

The typical crustacean body segmentation of head, thorax, and abdomen is modified in decapods,

in that the head and the first three segments (stomites) of the thorax are fused to form the
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Figure 3 - Literature relations of blue crab mass versus carapace width

cephalothorax, the remaining five thoracic stomites comprising the pereon. The ventral surface
(Fig. 2) is made up of cuticle plates (sternites) of the various segments. In the crab, the abdomen
(pleon) is considerably reduced, and does not extend behind the body, like, say, a shrimp or
lobster, but is folded under and tucked into a depression in the thorax (Fig. 2). In young crabs,
the abdomen is tightly held here by a press-button arrangement, a protuberance on thoracic
sternite 5 that fits into a socket on abdominal segment 6 (Guinot and Brouchard, 1998). In
mature males, the abdomen is loose to facilitate copulation (or it may be an age thing). Sex of
subadults and adults can be readily distinguished by the shape of the pleon (or “apron”), see

Figure 4, but early juveniles are more difficult to sex.

As a decapod, the blue crab has five pairs of legs (pereiopods), each associated with a thoracic

segment, leg N corresponding to thoracic stomite N+3 in Fig. 2. The segments (podomeres) of



(a) Male (b) Female, immature (c) Female, mature

Figure 4 - Differentiation of sex from abdomen or “apron” shape

each leg vary in structure depending upon the function of the leg. The outer two segments of the
front pair (chelipeds) comprise a claw, or chela, used for manipulation and attack. In these, the
penultimate segment, the propodus, is extended below the dactyl, which is moveable and acts as
a “finger”. The morphologies of the chelae differ. The narrower one with smaller, more pointed
teeth is the “cutter”, used for shredding and tearing, the other being the “crusher”. The cutter
chela has less mechanical advantage but greater speed, and vice versa for the crusher chela
(Warner, 1977, Govind and Blundon, 1985). Like humans, crabs tend to be right-handed, with
the larger, stronger crusher chela on the right. The three middle pereiopods (2, 3, 4 in Fig. 1) are
walking legs. The last pair (5) is swimming legs, whose propodus and dactyl are enlarged and

flattened to function as paddles or fins.

Coloration is highly variable (Hay, 1905, Churchill, 1919, Williams, 1984, 2007, Jivoff et al.,
2007). Generally, the carapace is gray-green to dark green, the thorax and abdomen are light
gray to gray-blue, the legs are white to blue, and the chelae are blue or white on their inner
surface and gray-green, light brown or orange on their outer, though in some males the outer
surface of the dactyls may be white. Females may have orange or red ends of the chelae, or this
coloration may be limited to the dactyls. White to light-grey (albino) specimens occur
occasionally, and individuals have been reported that are entirely blue. Juveniles are reported to
change color diurnally, being darker during the day (Fingerman, 1955), see Section 4.1.1. The

coloration of Figs. 1 and 2 is schematic only.
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2.2 Function

2.2.1 Respiration

The crab breathes through its sides. Water is inhaled through openings around the bases of the
legs. (The largest and most important of these are the Milne-Edwards openings, located above
the bases of the chelipeds.) It passes through the gills then through the pump where are located
the gill bailers (scaphognathites), and is expelled through ports adjacent to the mouth structure.
This flow direction is reversed about once a minute for about five seconds (Arudpragasam and
Naylor, 1964b, Batterton and Cameron, 1978), whose function is the subject of speculation in the
literature, perhaps to flush detritus from the gills (e.g. Warner, 1977) or to aid circulation around
the posterior gills (Arudpragasam and Naylor, 1964a). There is little information on the volume
of flow circulated. For adult shore crabs (Carcinus maenas) of mass about 50 g, the ventilating
flow volume has been measured to be on the order of 1 cm3/sec (Arudpragasam and Naylor,
1964b). Assuming this rate scales with body mass, the circulating flow for an adult blue crab
would be about a third of a cubic metre per day. Batterton and Cameron (1978) report the
ventilating flow for resting blue crabs to be 111 78 cm3/min for a 200 g crab, ranging 22-400
cm3/min, which is about half the rate scaled up from the measurements of Arudpragasam and
Naylor (1964b). An active or stressed crab would exhibit higher flows. The flow can be
controlled by the crab by altering the bailing rates of the scaphognathites (which the crab can
control independently), changing the size of the Milne-Edwards openings, or raising and

lowering the carapace to alter all of the inhalant and exhalant openings (Warner, 2007).

The branchial chambers house the gills and are located below the gill covers (branchiostegites)
of the carapace (Fig. 1). In each chamber there are eight gill structures (most marine crabs have
nine, see Warner, 1977). The gills achieve the transfer of oxygen from, and the rejection of
carbon dioxide and ammonia into, the water as it passes through the gill lamellae. In addition to
gas exchange, the posterior gills transfer salt ions, mainly sodium and chloride, and therefore
play an important rdle in osmoregulation. The oxygen transfer rate from blue crab data compiled
by Towle and Burnett (2007) for a resting adult intermolt crab at seawater salinity and

temperature 20-25°C averages about 0.11 mg O, per gram of body mass (wet weight) per hour.
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(Units of dissolved oxygen are summarized in Appendix D.) The measurements of McGaw and
Reiber (2000) ranged 50-60 pmol/kg/min. This rate increases with swimming and molting, in
both cases more than doubling the resting rate (Towle and Burnett, 2007). The resting rate is
also doubled by digestion of food, with peak oxygen demand occurring about 4 hours after
ingestion (McGaw and Reiber, 2000). The rate increases with water temperature, roughly
doubling per 10°C increase. Oxygen consumption also exhibits an increase with decreasing
salinity below seawater, associated with increased synthesis of amino acids as part of the
osmoregulatory function. Data compiled by Florkin and Schoffoniels (1969) for Callinectes
show a 50% = 10% increase in whole-body oxygen consumption in 50% seawater (about 17%o)
due to this mechanism. Towle and Burnett (2007) indicate a more modest increase. In the

experiments of Leffler (1975), the oxygen consumption was fairly level at 0.21 —0.29 mL O,/g

hr over a range of salinity from 50 to 1400 mOsm/L (1.5 to 48%o), with a slight decrease as
salinity declined below 1000 mOsm/L (34%o), evidencing an ability to acclimate. Leftler (1975)
also found a doubling of oxygen consumption if the crabs were suddenly moved from 1200 to

400 (41 to 14%o), or from 450 to 150 mOs/L (15 to 5%o).

The blue crab is an aquatic animal, but is capable of surviving out of water. Air is circulated like
water, but the process is much less efficient due to the lower density of the fluid and the
tendency of the gills to collapse and/or fail due to lamellae adhering together (Warner, 1977,
deFur et al., 1988). While the crab can function in these conditions, it cannot survive
indefinitely. The ventilating flow and the rate of oxygen consumption have been found to
decline to about one-third to one-half of the immersed value after being in air for as much as nine
hours (Batterton and Cameron, 1978, O’Mahoney and Full, 1984). De Fur et al. (1988) found
only a 15% mortality after 72 hours in air. This was at 15°C, however, and they note that under
refrigeration blue crabs survive in air for several days in the retail trade. The ability of the crab
to adjust to hypoxic conditions is related to its ability to survive exposure to air (deFur et al.,

1988).
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2.2.2 Osmoregulation

One of the more important physiological attributes of the blue crab is its osmoregulatory
capability. Basically, the blue crab is a marine organism (e.g., Smyth, 1980, Mantel and Farmer,
1983), and for salinities from 27%o to 35%e, it is essentially an osmoconformer, that is, its blood
salts equilibrate to those of the surrounding water (Tagatz, 1971, Guerin and Stickle, 1997). For
salinities below 27%o, the crab maintains blood salt concentrations within a rather narrow range,
declining by only 16% as salinities drop to zero (Mangum and Towle, 1977, Mantel and Farmer,
1983). It therefore becomes hypertonic with respect to ambient salinity. When it encounters
salinities lower than its blood concentration, diffusion through the permeable surfaces of the crab
(the shell, the gut and the gills, in varying proportions) produces an efflux of salts, while osmosis
similarly effects an influx of water. Without compensation for these fluxes, the cardiovascular
functions would be compromised by the depletion of salts, and the crab would swell due to the
accumulation of water, either of which would ultimately be fatal. (Unless it is molting, which is

a different matter, see Section 3.1.)

The blue crab has several physiological responses to counter these fluxes, i.e., it osmoregulates.
One such response is to decrease the permeability of its surfaces in contact with the external
water (e.g., Whitney, 1974, Robinson, 1982). Another is to effect an adjustment at the
intracellular level, especially in muscle tissue, involving reductions in the intracellular amino-
acid pool to maintain constant osmotic pressure despite the changes in ion concentrations
(Florkin and Schoffoniels, 1969, Gerard and Giles, 1972). The major osmoregulatory response,
however, is the elimination of water and the intake of salts. Excess water is generally removed
in the urine. In fresh water, blue crabs excrete about 20% of their body weight per day as urine
(Cameron and Batterton, 1978). Crabs have a peculiar disability in that their urine has the same
salt concentration as the blood, so urination entails a loss of salts as well (Warner, 1977, Mantel
and Farmer, 1983, Towle and Burnett, 2007), about 30% of the whole-body chloride efflux, and
40% of the sodium efflux (Cameron, 1978, Cameron and Batterton, 1978). It falls mainly to the
gills to accomplish the intake of salts to replace the loss of salts through diffusion and urination,

a capability that is well-developed in the blue crab.
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The gill epithelium has been found to contain two types of cells: thin for gas transport, and thick
for ion transport. The thick cells are found in a discrete patch in each lamella of the four pairs of
posterior gills. The patch area expands when the crab finds itself in lower salinity waters, the
expansion increasing to its new value in about seven to eight days (Towle and Burnett, 2007),
somewhat shorter than the 1-3 weeks required for doubling of thick epithelial areas determined
by Copeland and Fitzjarrell (1968). This increase in thick-cell area also contributes to reduced
permeability of the gills in low salinities (e.g., Robinson, 1982). The transport of ions into the
blood by the epithelial cells is counter to the ionic gradient, so energy must be invested. This
energy is provided by ATP derived from numerous mitochondria in the thick epithelial cells,

particularly in the lower membrane layer.

Transport of ions is a two-step process: from the ambient water to the gills, and from the gills
into the blood. Sodium is transported from the gill into the blood in association with the
hydrolysis of a protein enzyme (Na*+K*-ATPase), referred to as the “sodium pump”. Activity of
this enzyme increases as a blue crab equilibrates to low-salinity water (Towle, 1993, Towle and
Weihrauch, 2001). The mechanism of transport of sodium from the external water across the
upper gill membrane remains unknown, although there are several candidates (e.g., Péqueux,
1995). Processes for the transport of chloride ions are even more obscure, though it appears that

the bicarbonate ion (HCO;") is involved either in exchange for chloride ions or as a catalyst for

an ATPase. Towle and Burnett (2007) provide a detailed presentation of the current

understanding of all of these processes and extensive citations to the literature.

Some differences in osmoregulatory capability between male and female have been found in
experimental studies, but the results are conflicting (perhaps due to temperature variations, see
Lynch et al., 1973). Tan and Van Engel (1966) found the male blood salinity to be higher (1.08
osmoles/L) than the female (0.95-1.01 osmoles/L) over a range of 10-20%o0 and essentially equal
at 30%o (1.14 vs. 1.18). Ballard and Abbott (1969) addressed the same salinity range, but found
the opposite result, lower blood salts in males in lower salinities, with no differences at salinities
of 30%o0. Lynch et al. (1973) found the same result for salinities below 15%o, and no differences
at higher salinities. The present consensus seems to be that differences between male and female

osmoregulation are not significant (Tagatz, 1971, Lynch et al., 1973, Guerin and Stickle, 1997).

14



While the blue crab is an excellent osmoregulator for salinities less than seawater, that is, it can
function in low salinities indefinitely, there is less information on its osmoregulatory ability at
salinities above seawater. In some studies, it has been found to hypo-osmoregulate at higher
salinities (e.g., Tagatz, 1971). Later experiments of Guerin and Stickle (1997), in which juvenile
and adult crabs were monitored in constant salinity aquaria up to 60%o, determined that the crab

was an osmoconformer from 35 through 60%o.

2.2.3 Other physiological functions

Circulation of blood in the crab is open, that is, blood exits the heart into the body cavity
(haemocoel) where it is in direct contact with tissues (Warner, 1977). There are arteries that
transport blood to specific organs, such as eyes, hepatopancreas, and the legs, which then returns
to the sinuses of the haemocoel. This blood is drawn through the gills from the body cavity,

through which gas and ion exchange occurs, and then back into the heart.

The digestive system begins with the mouth complex, which is comprised of several organs that
achieve mechanical reduction of the intake material by tearing, shredding and grinding, before
moving the material into the esophagus, from which it is passed through two successive
chambers. The first of these (the cardium) digests the food by both chemical (digestive enzymes
secreted by glands) and physical processes (Kennedy and Cronin, 2007a), and is in effect a
gizzard. Physical digestion is accomplished by the gastric mill comprised of an array of ossicles,
the “stomach teeth” noted by Aristotle (On the parts of animals, Bk IV Ch 5, see, e.g., Ogle,
1882), summarized in detail by Kennedy and Cronin (2007a). The second chamber (the pylorus)
is a complex of filters, which passes only colloid-sized particles to the midgut. The remainder of
the alimentary canal passes through the center of the thorax thence through the pleon to the anus,
which emerges just above the telson and therefore is directed forward (which may account for
the temperament of the crab). Food passes through the entire digestive system and out of the

crab in about 18 hours (McGaw and Reiber, 2000).
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The legs of the crab operate by the principle of the lever, in which the applied force is exerted by
a complex of striated muscles usually in opposing pairs, e.g. opener and closer (Warner, 1977,
Kennedy and Cronin, 2007a, Govind, 2007). The pair of segments that connects to the body, the
coxa and basis, acts as a kind of universal joint, each segment rotating in a plane at right angle to
the other thereby combining to be capable of an unrestricted scope of movement. The other leg
segments, however, rotate in a common plane. For legs 2, 3, and 4, the plane of movement is in
the vertical perpendicular to the longitudinal axis of the body (Kennedy and Cronin, 2007a), so
the crab walks on the tips of the dactyls. The plane of motion of the chelipeds is rotated counter-
clockwise (viewed from the right) and that of the swimming legs is rotated clockwise (Kennedy

and Cronin, 2007a).

2.3 Locomotion and mobility

The newly hatched Zoea I larvae (see Section 3.3) are feeble swimmers, jerking their abdomen
(Churchill, 1919) and agitating their thoracic appendages (maxillipeds and setae). As they grow,
the abdomen develops, including protolegs (abdominal appendages), which remain shielded in
the carapace until stage VII. However, despite these improved organs for swimming, the Zoeae
VII still employ only their maxillipeds. Zoeae swim backwards, in the direction of the dorsal
spine (Warner, 1977). Their estimated sustained swimming speed is less than 1 cm/s (Forward,
1990, Epifanio, 2007), which is more than an order of magnitude smaller than the coastal and
inlet currents typical of the mid-Atlantic coast, and, for that matter, the Texas coast. The zoeae
therefore are truly planktonic, distributed by coastal and nearshore currents virtually as passive
particles. (In fact, a standard field technique for determining the trajectory of plankton is to
release floats of neutral or slightly positive buoyancy marking the location of a plankton patch,

whose subsequent movement is then tracked.)

The postlarval megalop stage (see Section 3.3) exhibits much-enhanced swimming appendages
and might be expected therefore to be capable of directed movement. Unlike the zoea, the
megalop swims forward (Warner, 1977). Luckenbach and Orth (1992) carried out a series of

careful observations of blue crab megalops swimming in a continuous-flow flume, and
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determined the sustained swimming speed to be about 5 + 3 cm/s (with no significant tendency
to orient in the flow either upstream or downstream), i.e. a speed of about 3 m/min or 0.2 km/hr,
which is substantially less than typical coastal currents. Further, megalops are capable of short
bursts at even faster speeds, on the order of 20 cm/s (Epifanio, 2007). This data would indicate
that megalops remain essentially planktonic, in that their large-scale movement is controlled by
currents, but they have some ability for maneuvering, either in the vertical or the horizontal,
especially in lower current speeds typical of shallow, peripheral regions of an estuary near the

turn of the tidal current.

The subadult and adult blue crabs (Section 3.3) are capable of relatively fast motions, quick
bursts of speed and sudden changes in direction (e.g., Hay, 1905). The favored swimming
attitude is sideways, for which the streamlined carapace shape and elongated lateral spines are
suggested to have been adapted. This was confirmed for the carapace shape by the wind-tunnel
experiments of Blake (1985) using a 153-mm carapace, which show a much-reduced turbulent
wake for sideways orientation in the flow and much lower drag forces than other orientations.
However, Blake determined that the spines have no effect on hydrodynamics of the carapace, so
their function must be entirely defensive. Weissburg et al. (2003) performed drag measurements
in a flume with flowing water whose results also showed a minimum of drag for the sideways
orientation. Minimization of drag may also be an explanation for the granulation on the
carapace, to induce turbulence and delay flow separation, analogous to the function of dimples

on a golf ball (see Vogel, 1981).

The crab, with a specific gravity of about 1.15, is negatively buoyant (i.e., it sinks) so it must
generate lift as it swims. Blake (1985) calculated the minimum swimming speed required to
balance its submerged weight to be around 15 cm/s. With a modest angle of attack, the lift-to-
drag ratio was found to be maximal for the sideways orientation and range 2 — 4, not as good as a
bird but much better than a run-of-the-mill benthic crab. Adjustment of the angle of attack
appears to be an important capability that the crab uses for sudden reductions in swimming
speed. Weissburg et al. (2003) observed rather abrupt changes in attack angle in response to

encountering odoriferous plumes.

17



Spirito (1972) conducted detailed analyses of the swimming motions of blue crabs (60 - 200
mm) based upon high-speed motion pictures of the crabs in a laboratory flume. The swimming
legs (pereiopods 5 in Figs. 1 and 2) describe a forward-up and-rearward-down motion in a plane
about 45° off the horizontal, ending with a rotation of the dactyl: a “sculling motion” according
to Spirito (1972). (Hay, 1905, and later Truitt, 1939, used the same term.) The leading set of
walking legs 2-4 participate with the same motions employed in walking. The leading cheliped
is held close to the carapace while the trailing legs 2-4 and the trailing cheliped are extended
behind and held rigid (Spirito, 1972), a posture which may reduce hydrodynamic drag by
disrupting trailing vortices. In the wind-tunnel measurements of Blake (1985), legs were
removed and the sides of the carapace smoothed with plasticene, so these measurements
addressed form drag only, and offer no insight into the fluid dynamics of leg positioning. In the
flume experiments of Weissburg et al. (2003), the legs were left attached to the body, but their
orientation was either fully retracted or fully extended, i.e., no difference between the leading

and trailing legs.

In the films, the swimming speed was measured to average about 0.5 m/s and range from 0.2 to
0.8 m/s, much less than speeds above 1 m/s achievable by the crab in the wild, probably because
of the constraints of the laboratory flume (Spirito, 1972). With any of Legs 2-3 autotomized,
there is no effect on speed, though the phasing of the remaining legs is altered. With one of the
swimming legs autotomized, the remaining leg compensates by a faster beat, and there is a minor

decrease in swimming speed.

Juveniles and adult crabs engage in movement from a few tens of metres to several kilometers in
their normal activities (Hines et al., 2005, Hines, 2007) such as foraging or avoidance. Hines et
al. (1995) used ultrasonic tags to track the movements of juvenile and adult crabs in the Rhode
River, a sub-estuary of Chesapeake Bay. Their movement was described as “meandering”.
Based upon distance between successive positions averaged over several days, juveniles were
found to average about 12 m/hr, and adults about 24 m/hr, with maximal sustained speeds about
twice this. These are considerably smaller than the speeds the crab is capable of, from the flume
experiments of Spirito (1972), and are insufficient to generate lift. Clearly, the calculated

average speed is substantially reduced by including periods of little or no motion. Seasonally,
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crabs undertake larger scale movement, which is more appropriately addressed as migration, see

Chapter 5.

While the blue crab is a swimming organism, a significant portion of its life is spent in
sediments, which are both refuge and feeding habitat for the crab. When inactive, the blue crab
frequently buries itself just below the surface of the bed sediments, especially for long periods of
overwintering in the estuaries of temperate latitudes. It pursues infauna prey, and for this reason
is a major factor in bioturbation of estuary sediments. Hines et al. (1990) determined that blue
crabs foraging for clams were responsible for sediment reworking to depths of some 10 cm. This
is substantial enough that blue crabs might have a significant role in sediment aeration or benthal

nutrient fluxes (e.g., Graf and Rosenberg, 1997, Bertics and Wiebke, 2009).
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3. LIFE CYCLE AND LIFE STAGES

Almost by definition, a life cycle cannot be delineated in a linear manner: it is, after all, cyclical.
Each section of this chapter requires information in both earlier and later sections, so the starting

point is somewhat arbitrary.

3.1  Molting and growth

The basic fact of life of a crustacean in general, and a swimming crab in particular, is that growth
is not continuous, but takes place in a series of quantum increases associated with the rupture and
shedding of its exoskeleton. This is true of both the larval and juvenile forms of the blue crab,
but it is the latter of principal concern here, because these are crabs in both size and morphology,
therefore much more accessible for biological study as well as being ecologically and
economically significant. (Larvae and their progression of growth stages are addressed in the
following section.) Much of the fundamental work on molting in crustaceans was carried out by
Drach (e.g., 1939), extended and summarized by Passano (1960), who notes that the principal
subject for delineation of stages of the crustacean molting cycle was brachyuran crabs. The molt
stage is generally determined by dissection of the integument to determine the structure of the
cuticle and hypodermis. Mangum (1985) and Freeman et al. (1987) supplemented these staging
techniques with practical criteria, which mainly reflect crabbing practices, for differentiating
these stages without injury to the animal. Smith and Chang (2007) review all of these, with
appropriate photographs, as well as much additional literature, and summarize the present view

of the molting cycle.
The progression of stages between one molt and the next is diagrammed in Figure 5, in which the

horizontal bar represents the total time period between molts, and the length of each individual

stage (A, B, C,, etc.) is the proportional duration of that stage. The total time period of Fig. 5 is
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Pink sign
Buster

Softshell
Papershell
Hardshell

Green sign

Red sign peeler

White sign

Figure 5 - Intermolt stages showing durations proportional to the total intermolt period (horizontal bar),
with common descriptors (below), after Passano (1960), Mangum (1985) and Smith and Chang (2007)

unscaled, so that the progression is applicable to any intermolt period* in the life of the blue
crab. In general, the intermolt period and the body weight increase as the crab ages (at least up
to a carapace width of around 60 mm, after which the intermolt duration may not depend upon
body size, e.g., Freeman et al., 1987). Passano (1960) depicts the life of the crab as a spiral, each
loop of which is a molt cycle, and the sequence of Fig. 5 is successively “stretched” from loop to
loop, to suggest the growth of the crab. The premolt stages may be diagnosed by color changes
or “signs” in the dactyls—paddles—of the fifth legs. These color changes progress from green

to white to pink, induced by epidermal retraction, see Oesterling (1995) and Smith and Chang
(2007).

Molting (ecdysis) is a dangerous event for the crab. Besides the physiological trauma, it is
weakened and immobile. During the premolt period it moves into an isolated sheltered location,
typically shallow and vegetated (Wolcott and Hines, 1990). Feeding ceases, and significant
changes occur in blood chemistry (detailed by Smith and Chang, 2007). In stage D,, intake of

water by drinking and osmosis begins and the rate increases sharply by the end of the stage

* “Intermolt” is disemous. It can refer to the entire progression from one molt to the next, as in “intermolt stage” or
“intermolt period”, or can refer specifically to stage C, as in Fig. 5 above.
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(Neufeld and Cameron, 1994). The increased internal hydrostatic pressure breaks open the old
exoskeleton and facilitates its shedding (exuviation). Water intake, by both drinking and
osmosis, continues into the early postmolt stage, expanding the body size and stretching out the
new cuticle. This is the increment in body size and weight associated with the molt event. At
this point, the body mass is more than 85% water and the endoskeleton cannot support the crab’s
weight. Once this expansion is complete, calcification of the new exoskeleton begins, but the
crab is still weakened and immobile, and now has the additional danger of a soft carapace. This
is stage A, the true “soft shell” stage that is sought by crabbers—and just about any other
predator. In stage B, the cuticle is no longer soft to the touch, but is now brittle, the “paper shell”
stage. As the exoskeleton hardens late in stage B, mobility is regained and feeding resumes.
Hardening of the exoskeleton continues throughout stage C, though the “hard shell” condition is

considered to be attained about halfway through this stage.

The crab is said to be “green” from the late postmolt stage through the early pre-molt. The body
size increase achieved in the early postmolt stage (Stage A), around 25% in linear dimension
(e.g., carapace width, CW, see Section 3.3), remains constant for the remainder of the cycle until

the next molt. Stage C, is sometimes described as the “normal” intermolt condition, in that

skeletal formation and tissue growth are now complete, and this stage makes up a great
proportion of the molt cycle (Fig. 5). However, the crab is already preparing for its next molt, in
that synthesized organics in excess of the body requirements are being stored (Passano, 1960).

Stage C, is of variable duration (Freeman et al., 1987), indicated by the broken lines of Fig. 5.

The act of exuviation is typically completed in less than 30 minutes (Smith and Chang, 2007).
The body expansion during and after exuviation requires a period of 1 - 6 hours, with most of the
growth concentrated in the first hour of the interval (e.g., Gray and Newcombe, 1938b). Gray
and Newcombe (1938b) and Newcombe et al. (1949) present the results of an experiment in
which wild-caught crabs were maintained in natural conditions in floating chambers, and their
carapace widths measured before and after molting. This work was done in a tributary of
Chesapeake Bay. The increment on molting averaged 37% of the pre-molt CW for females and

24% for males. Later, Tagatz (1968b) essentially repeated this experiment in the St. Johns
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estuary in Florida (except that Tagatz tracked the crabs’ growth beyond one molting), finding
average molting increments to be 28% for females and 25% for males in salt water (and about
10% lower values in freshwater). Brylawski and Miller (2006) monitored crabs from
Chesapeake Bay in a controlled laboratory setting in two separate experiments of 154 and 182
days. The average growth increment was found to be about 20% of the pre-molt carapace width

with no significant difference between male and female.

The intermolt duration depends upon water temperature, which in the work of Tagatz (1968b)
translated into seasons, and upon the size of the crab. The molt intervals of winter were three to
four times those of molts in the rest of the year. In summer, the molt interval of the smallest
width interval, 20-29 mm, averaged 11 days for summer versus 46 days for winter. The molt
interval for the largest crabs was 42 days for summer (> 120 mm) versus 124 days for winter (92
mm). No significant dependency on sex or salinity was found. In the laboratory experiments of
Brylawski and Miller (2006), intermolt period decreased significantly with water temperature,

but only a weak (nonsignificant) increase with crab width was exhibited.

Guerin and Stickle (1997) investigated molting in wild-caught juvenile blue crabs (12-28 mm)
from Louisiana waters of 25%o salinity. The crabs were installed in constant-temperature aquaria
of salinities 2.5, 10 and 30%., the salinity being brought from ambient to the target value in
discrete daily steps of 2 - 3%o over a week, and maintained for 67 days during which the crabs
molted 2 to 3 times. No significant effect of salinity on either molt increment or intermolt period
was observed. Haefner and Schuster (1954) maintained female crabs undergoing their terminal
molt in the salinities at which they were taken, ranging 8-35%o, and measured the molt
increments. No significant effect of salinity was found. In laboratory studies of wild-caught
juveniles (30-40 mm) from Galveston Bay, Holland et al. (1971) found no effect of salinity in the

range 6-21%o on intermolt period.
A major control on the duration of the intermolt period is therefore water temperature. Intermolt

period is a declining curvilinear function of water temperature, i.e., the number of molts per unit

time increases with water temperature. Smith and Chang (2007) argue that this effect of
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temperature can be more simply quantified if intermolt period is measured by the time integral of

temperature, vViz. cumulative temperature departure above a threshold:

t
() = [ max{0, T(t) - Ty, } dt )

t0
where T(t) is the instantaneous water temperature time function, t measured in days, t,, is the
starting time, T

min 18 the threshold temperature below which growth does not occur, and IT is

measured in degree-days. If T(t) is replaced with the time series of daily means f, then (2)

becomes approximately

[ = > max{0. T, =Ty, } G

where i denotes the time duration in days after t,, and t = N days. We note that if T(t) never falls
below T,,, then (2) and (3) are equivalent, i.e., (3) is exact, not an approximation. Smith and

Chang demonstrate that the graphs of intermolt period as a function of carapace width for
different water temperatures collapse to a single linear function when intermolt period is
transformed from days to units of degree-days. The degree-days parameter, a.k.a. physiological
time, has had some utility in modeling the growth of insects (see Curry and Feldman, 1987), but
has had little application to crabs until recently. Brylawski and Miller (2006) employed this in
their molt-process growth model, and Darnell et al. (2009) used it as their basic time parameter

in studying multiple spawnings in the laboratory.

If water temperature falls below about 10°C, molting is suspended (Hines, 2007), so this is an
approximate value for T ;,. (Churchill, 1919, estimated 15°C. Leffler, 1972, found molting to
“essentially cease” at 13°C. Brylawski and Miller, 2006, estimated about 11°C—though their
graphic suggests a value closer to 12°C.) The nonmolting season (the “winter anecdysis”) on the
mid-Atlantic coast may be attributed to this temperature-controlled suspension. During this

period, the crabs over-winter in the sediments of the bay. A more general form of (2) or (3)
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includes a maximum temperature above which growth ceases (see Smith and Chang, 2007). For

the blue crab, this appears to be greater than 37°C.

The duration of the intermolt period is decreased (i.e., the number of molts per unit time is
increased) if a leg must be regenerated (Skinner, 1985) or if the crab has been wounded (Yudin
et al., 1980). The intermolt duration is increased by nutritional deficits, among other factors.

For example, progression to the D, stage requires addition of dry tissue sufficient to reduce the

whole-body water content, apparently to less than 60%. Suspension of molting for these and

other reasons has been determined to occur in the C, stage (Smith and Chang, 2007 and citations

therein), which accounts in part for its variability.

There is good evidence (Smith and Chang, 2007) that molting ends for the female once sexual

maturity is attained, though there are rare instances in which a female has a second pubertal molt
and additional mates. The males apparently continue to molt after maturity, but with decreasing
frequency and size increments. One consequence of the molting process is that determination of

the age of a crab in the wild is rendered impossible, other than a rough estimate based on its size.

Very little observational data appear to exist that would reveal the details of molting and growth
of the blue crab specific to the Texas coast. Certainly, the higher water temperatures and mild
winters in Texas will limit the direct application of results from the mid-Atlantic. Smith and
Chang (2007) propose a mathematical model of molting that may offer insight. The two
fundamental attributes of blue crab growth are the intermolt period and the size increment at
molting. Smith and Chang (2007) assembled data, primarily from the mid-Atlantic and south
Atlantic, from which relations were extracted for increment as a function of premolt size, and
intermolt period as a function of cumulative warming in degree-days. Development-rate curves
were extrapolated to a low-temperature intersection, below which molting is assumed to be
suspended. This intersection proved to be about 10°C, which is consistent with several

laboratory and field studies noted above.

Smith and Chang (2007) combined these and several other empirical relations into a

mathematical model of blue crab growth numerically formulated as a conditional stepwise
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Figure 6 - Simulated growth of blue crabs in Chesapeake and San Antonio Bay, starting at first month
of peak settlement, with cycled 2004-08 averaged daily water temperature.
Based on model of Smith and Chang (2007).

process, for which a key input is the time series of daily water temperature. The Smith-Chang

model was implemented in an EXCEL® workbook and driven with the 2004-08 average daily
water temperatures from hydrosondes deployed in Chesapeake Bay (Goodwin Islands, Virginia,
NERR) and San Antonio Bay (GBRA-1). The results are shown in Figure 6. The variation of
intermolt period in both bays is inversely related to water temperature, which leads to a faster
growth rate for the San Antonio Bay crab. The most striking difference between the two,
however, is the effect of the winter dormancy period in Chesapeake Bay in extending the grow-
out period compared to San Antonio Bay. Given the parameters of the model, the San Antonio
Bay crab grows to adulthood in about a year, compared to over two years for the Chesapeake

Bay crab. (There are additional molts for the latter that occur in Year 4, not plotted in Fig. 6.)
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3.2  Mating, spawning and reproduction

Mating is triggered by the ripeness of the female, which is signaled by her terminal (or pubertal)
molt. The pre-pubertal female is identified by the broadened abdomen, Fig. 4(b), which becomes
dark blue or purple prior to the terminal molt. After the terminal molt, the abdomen is dome-
shaped and dark, Fig. 4(c). Maturity of the male is more difficult to establish. Three
physiological criteria are necessary for complete reproductive functioning of the male, in the
order in which they develop: (1) prominence of the anterior vasa deferentia, indicating presence
of spermatophores, (2) abdomen free (or easily retracted) from the sternum, (3) penes and
pleopods functionally coupled (the penis and the intromittent spine of the second pleopod are
inserted in the base of the first pleopod, on each side), see Van Engel (1990) and Jivoff et al.
(2007). These are capable of inspection in the field, but not conveniently, and thereafter the crab
may not be of further use. The minimum size for male maturity is estimated to range 82-89 mm

(Gray and Newcombe, 1938a, Van Engel, 1990, Jivoftf et al., 2007).

With the advantage of pheromone detection, the mature male crab is even better at identifying an
impending pubertal molt than human crabbers. The detection works in the opposite direction as
well, as evidenced by the practice of “jimmie potting” in softshell crabbing, in which a trap will
be “baited” by a large, aromatic male to attract female “peelers” approaching their puberty molt
(e.g., Otwell and Cato, 1982, Oesterling, 1995). There is an elaborate pre-pubertal courtship
leading to the pairing of crabs, detailed for the prurient reader in Jivoff et al. (2007 and citations
therein), including photographs. The male guards the pre-pubertal female while she matures,
carrying her underneath him for several days. Literally within minutes of completing her
pubertal molt, the female is turned over on her back and copulation begins, which proceeds for
several hours to a couple of days (Churchill, 1919). Afterward, she is turned right-side up, and

the male resumes guarding for several more days during which her cuticle hardens.
Reproductive organs are paired in both sexes and arranged with bilateral symmetry about the

thoracic centerline. (Yes, there have been bisexual individuals reported with a full complement

of male organs on one side and female on the other, see Jivoff et al., 2007.) In copulation, the
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male lowers his abdomen away from the sternum for coupling. Each penis (there are two, which
may account for the temperament of the crab) is placed in a pleopod (gonopod) exposed by the
retracted abdomen, which is then inserted into the matching oviduct in the 6th sternite of the
female. The sperm is transferred via each oviduct into the corresponding spermatheca of the
female, a sac-like organ that stores the sperm, this transfer assisted by the second gonopod of the
male. From this single mating, the female acquires a potential lifetime supply of sperm, which is
then used multiple times to fertilize eggs. Recent studies indicate that over 10% of females mate
a second time (with a different male) during this intermolt (Jivoff et al., 2007). Males mate
multiple times. However, new research (Wolcott et al., 2005) indicates that as the number of his

conquests increases, the male is more likely to simply eat the female.

Because mating is governed by molting, the effect of temperature on molting has an indirect
effect on the mating season. On the Florida coast, a minimum temperature of 22°C is required
(Steele, 1982). In the St. Johns estuary of Florida, Tagatz (1968a) observes that mating occurs
year-round, but is concentrated in two main periods March — July and October — December. The
summer hiatus suggests that high water temperatures (or perhaps thunderstorms) may limit this
activity. Archambault et al. (1990) noted a similar summer hiatus in mating in Charleston
Harbor (South Carolina), based upon a reduced abundance of pubertal females. Effects of
salinity, if extant, are more subtle. Whether the preferential occurrence of mating in the upper

reaches of mid-Atlantic estuaries is due to lower salinity remains controversial in the literature.

Spawning is controlled by water temperature, requiring at least about 15°C (e.g., Archambault et
al., 1990). In spawning, eggs are forced through the spermathecae to be fertilized. This must
wait for about two months after insemination in order for the viscous seminal fluid to dissipate,
and an additional 1.5-2 months for the spermatophores to vanish and the spermathecae to thin
(Wolcott et al. 2005). In the mid-Atlantic, the principal mating season is summer, so this
additional time extends into the fall period of rapidly declining water temperature. (The earlier
literature underestimated the time between insemination and brood production.) Consequently,
most females overwinter before spawning. Retention of sperm this long can affect its viability,

which introduces variability in the breeding success of the crab (Wolcott et al., 2005, Jivoff et
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al., 2007). On the Florida Atlantic coast, those crabs that mate in fall or winter delay spawning

until the following spring (Tagatz, 1968a).

After fertilization, the eggs are extruded onto the pleopods (swimmerets) of the female’s
abdomen. The first brood consists of some 1-6 million eggs (Truitt, 1939, Jivoff et al., 2007),
which are carried in a mass, or “sponge”, held between the abdomen and thorax, the female
being described as “ovigerous”. The eggs are carried for about 15 days around 28°C until they
are ready for hatching, the time increasing as water temperature decreases. Results of Tilburg et
al. (2008) indicate a somewhat shorter brooding period, 17 days at 20°C decreasing to 10 days at
25°C. As the eggs develop, the egg mass changes color from its initial yellow or orange, to
become successively darker, brown then black when ready to hatch (e.g., Tilburg et al., 2008).
The larvae are released into the water, facilitated by action of the crab with its walking legs,
described variously as raking its legs through the sponge, and picking apart the sponge while
beating the abdomen (e.g., Hench et al., 2004). The success of hatching seems to require

salinities exceeding 18%o (Davis, 1965).

In the spawning season of the mid-Atlantic (May to September), a female may produce one to
several broods. In lower latitudes, spawning ceases only during the winter, depending on
weather conditions, or may continue throughout the year, and a female may produce as many as
eight broods per year (Jivoff et al., 2007). On the Florida Atlantic coast, spawning occurs March
through September, and may occur in February and October if water temperatures are suitable.
Tagatz (1968a) reports that a female may spawn a second time either within the same spawning
period or extending into the next. This is based upon examination of the carapace for evidence
that the female has been in the ocean (dull appearance and fouling, especially barnacles), and the
abdomen for stressed appendages and eggshell fragments. However, this evidence for a second

spawning would neither preclude nor differentiate additional spawnings.

Dickinson et al. (2006) captured 124 mature females and maintained them in minnow traps in
shallows near Beaufort Inlet during the summer spawning season. They determined that the
longer the crabs were held, the more broods they produced. Two-thirds had multiple broods in

the 18-week observation period, with 6% having six or more sponges. Dickinson et al.
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extrapolated these rates to the May — October spawning season and inferred that on average eight
broods would be produced. Finding that larger crabs produce larger broods but less frequently,
Dickinson et al. determined that the total larval production output is equivalent across crab sizes.
Darnell et al. (2009) used a similar procedure, but were careful that the captured crabs were
mating or had just mated, and maintained the crabs throughout their life in order to better assess
their total reproductive capacity. They found that crabs produce 3 to 7 broods over their lifetime
(encompassing 1-2 spawning seasons), increasing with carapace width and survival. Clutch
volume, quality and larval fitness were all determined to decrease with additional broods after

the first.

3.3 Life stages and growth

Various terminologies are employed to describe the life stages of the blue crab. The zoea and
megalops are well-defined forms, the former characterized by prominent dorsal and lateral spines
and a free abdomen, the latter by an enlarged carapace and chelipeds. Usage in the literature of
more general terms, such as “larva”, “postlarva” and “juvenile”, has been imprecise or
inconsistent, and has varied geographically and over time. Examples are collected in Appendix
C. In this report, larva means zoea (and prezoea), postlarva and megalop are equivalent, and
juvenile means an immature crab. Other qualified descriptors, such as “small juvenile”,
generally follow the convention of the author(s) cited when literature is reported. For summary
or generalized statements when only approximate size is indicated, we refer to “small juveniles”,
“large juveniles”, and “adults”, in the sense of the first definitions, respectively, in Appendix C.

To indicate sexual function, “juvenile” or “immature”, and “mature” are employed. For reasons

that will emerge, crab size is favored over instar number when specific size ranges are known.

Delineation of the larval stages of blue crab in the field was problematic through the first half of
the twentieth century. Inference from plankton samples provides little information on age, and
the larvae may be confused with those of other crabs. In the laboratory, on the other hand, it
proved difficult to culture the larvae (Robertson, 1938, Truitt, 1939, Epifanio, 1995). The classic
laboratory study of growth is that of Costlow and Bookhout (1959, and subsequent papers, see
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also Kennedy, 2007), whose description of the larval stages remains authoritative after more than
50 years (Epifanio, 1995, Epifanio, 2007, Kennedy, 2007). Costlow and Bookhout followed the
growth of newly hatched eggs, usually from the same female in an experimental series, under
different combinations of temperature and salinity, describing in detail the morphological
differences of the larvae between molts (instars). Figures 7 and 8 reproduce their drawings of
the general appearance of the larvae, except the side and ventral views are paired, all have been
reduced or enlarged to a uniform scale (shown at the top of each figure), and have been adjusted
to exhibit similar positions for ease of comparison. Clearly, these are different individuals, and
in some cases even the side and ventral pairs are not the same individual. Costlow and Bookhout
(1959) remark that the sizes of the larvae at the same stage were highly variable, so the relative
change in size from one stage to another depicted in Fig. 7 is, at best, approximate. The stages of
development are determined by the details of morphology (e.g., the number and positions of
spines and setae), elaborated by Costlow and Bookhout (1959) and by Kennedy (2007), not the

size or general appearance of the instars.

Eggs grow about 10% in size (20% in volume) while carried by the female, from an average
dimension of 0.27 mm to about 0.30 mm before hatching (Davis, 1965, Kennedy, 2007). The
first unequivocal stage after hatching of blue crab larvae is Zoea I (using the designations of
Kennedy, 2007), with erect rostral and carapace spines (prominent dorsal and two lateral, the
latter visible in the ventral views). There may be an occasional intermediate hatchling stage or
prezoea that molts within minutes into a zoea, but this is controversial in the literature
(Robertson, 1938, Davis, 1965, Kennedy, 2007, see also comments of E. Norse following Harris,
1982). The larvae progress through six moltings, from Zoea I through Zoea VII. The seventh
molt usually is the metamorphosis to the megalop stage. Infrequently, the eighth zoea stage
occurs, especially in laboratory cultures, but these usually do not successfully develop into
megalops. Data on larval grow-out in the laboratory provided by Costlow (1965) display
increased variability in the larval stage morphology after Zoeae IV, with several individuals
developing into megalops after eight zoeal stages. A stage sequence analogous to the juvenile,
Fig. 5, applies to the megalop as well, based upon retraction from the cuticle exhibited in the

maxillipeds and uropods (Metcalf and Lipcius, 1992).
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Figure 7 - Sketches of side (left) and ventral (right) views of blue crab zoeae,
adapted from Costlow and Bookhout (1959)
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Figure 8 - Sketches of side (left) and ventral (right) views of blue crab megalop,
adapted from Costlow and Bookhout (1959)

Costlow and Bookhout (1959) recorded the ranges of time duration after hatching for each molt
and the number of individuals surviving to each larval stage. These data have been extracted
from their paper and presented graphically in Figure 9. (In one experimental series for 26.7%o
salinity at 25°C, the eggs were taken from three females and their development tracked
separately. For the purposes of Fig. 9, these data have been combined.) Survival of the larvae
into the advanced zoeal stages was a continuing problem, as is evident from this figure.
Generally, there were relatively few representatives for all stages more advanced than Zoea I1I,
which means that measurements and intermolt (instar) durations are especially uncertain. (Those
for Zoea VI and VII and megalop for 20.1%o salinity at 25°C in Fig. 9 are based upon one
individual.) Clearly, there is a wide range of variation in the time of progression through the
larval stages. In the laboratory growth data of Fig. 9, 30-50 days after hatching the larvae reach
the megalop stage. Some indication of the dispersion among individuals is provided by the much
larger data set of Sulkin and Van Heukelem (1986), of time to successfully molt to megalop of

1,157 sibling larvae maintained at 23°C and 30%o, conditions representative of the mid-Atlantic

35



100
c x CRAB
—— |
M MEGALOP
001 ]
K
' o
vII 2
} .
(]
w0 VI £
] () =}
"'-n‘ i 25 —— 150 "';
[}
g Vv t
N ) e 3
v o 311 8
] 26.7 SALINITY =
SALINITY 26.7 201 S
111 . s
=2
(/]
I
I
. ° : . . 0
0 10 20 30 40 50 60
days after hatching

Figure 9 - Range of time after hatching for molt of blue crab larvae (horizontal bars),
and survival (connected data points) from data of Costlow and Bookhout (1959)

shelf waters in summer. This data, with a mean of 40.1 days and standard deviation of 4.7 days,
is essentially consistent with that of Costlow and Bookhout, and has been extracted and replotted
as frequency distribution and ogive in Figure 10. Somewhat shorter times are suggested for
larvae in the field, on the order of 3 — 6 weeks in the mid-Atlantic coastal zone (Natunewicz and

Epifanio, 2001).

The blue crab has exactly one postlarval stage, viz. the megalop, which represents both a change
in appearance (Fig. 8) and a change in life style, transitional between the passive planktonic
existence of the larvae and the more active benthic life of the juvenile crab. The duration of the
megalop stage is highly variable. Costlow and Bookhout (1959) found this stage to range from
six to twenty days, depending on salinity, viz. 6-9 days at salinities 20.1 and 26.7%o, and 10-20
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Figure 10 - Range of time (days) after hatching for molt to megalop, of 1,157 sibling larvae at 23°C and
30%o, from data of Sulkin and Van Heukelem (1986). Mean = 40.1 days, standard deviation 4.7 days.
Cumulative frequency ogive (connected data points) left axis, frequency diagram right axis.

days at 31.1%eo (all at 25°C), but the small number of individuals (Fig. 9) raises the question of
whether the observed variability with salinity is an artifact. Costlow (1967) presented more
substantive laboratory data on duration of the megalop stage as a function of salinity and
temperature (as well as survival of megalops to the first crab stage, discussed in Section 4.2.1).
These data have been extracted from Costlow’s paper and presented graphically in Figure 11 (cf.
Fig. 14). This shows the principal control on megalop duration to be temperature: the nearly
horizontal isopleths indicate little influence of salinity. Indeed, more recent studies (reviewed in
Smith and Chang, 2007) indicate no variation of megalop and juvenile intermolt periods with

salinity.
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Figure 11 - Duration (days) of megalop stage from data of Costlow (1967).
Broken contours extrapolated from range of data.

Sulkin and van Heukelem (1986) presented statistics of the duration of the megalop stage from
their culture of sibling larvae. Based upon the central plurality of Fig. 10, i.e., the individuals
attaining the megalop stage on days 33-39 after hatching, which represents 43% of the
individuals of Fig. 10, the pooled average duration of the megalop stage is 37 + 20 days, with a
range of 15 — 95 days. These are pooled over cultures in four baths of (15°C & 21°C) x (30%o0 &
35%o), representing conditions typical of the mid-Atlantic shelf. The total grow-out period from
hatching to metamorphosis to the first juvenile instar of 95% of the specimens, combining these
results with those of the larval grow-out above, would therefore range around 45-125 days. This
is for sibling larvae, chosen from the central range of larval duration, cultured in constant, similar
temperature and salinity. In the wild, individuals and conditions would be much more variable.
If this isn’t enough sources of variation to please the reader, the duration of the megalop stage in

the wild is also related to migration and settlement, as will be seen (Section 5.4).
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The next molt is a second metamorphosis, this time from the megalop to the juvenile crab.
Although the relative body proportions of the crab vary as it ages (Gray and Newcombe, 1938a,
Newcombe et al., 1949), it now exhibits the general appearance of an adult crab. The first
intermolt stage (instar) after the megalop has a typical carapace width of 2-3 mm. Thereafter,

these early juveniles molt at intervals of 6-7 days (Tagatz, 1968b).

The classic study of the development of early young juveniles is that of Newcombe et al. (1949),
who tracked the growth in the laboratory of individuals from wild-caught megalops. (The data
of Newcombe et al., 1949, is examined in Appendix B.) The practice of characterizing young
juveniles (carapace width less than 15 mm) by their instar numbers appears to be based primarily
on this work. Figure 12 summarizes the results of Newcombe and associates overlaying a
representative (Pile et al., 1996) of the modern convention. Several inferences can be drawn

from this figure:

(1) There is considerable variation in the carapace widths for a given instar that leads to
overlap in the size ranges (gray boxes in Fig. 12).

(2) The size categories of Pile et al. (1996), which are mainly based on Newcombe et al.
(1949) but adjusted to eliminate overlap, must misidentify instars due to the range of
variation of size of an instar.

(3) The modern convention of identifying instars is in fact a code for size range (e.g.,

Forward et al., 2004b).

Using the means and standard deviations of the carapace widths of the early instars reported by
Newcombe et al. (1949), the probability of each instar falling in the Pile et al. categories can be
computed, from which the summary of Table 2 may be extracted. (Details are given in

Appendix B.)

As the crabs grow, the intermolt period increases. Because of the effect of temperature on

molting, low temperatures lengthening the intermolt period (Cadman and Weinstein, 1988), the
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Figure 12 - Instar size ranges from Newcombe et al. compared to current convention of size classes.
Grey boxes indicate size ranges for instars | — VIII from Newcombe et al. (1949),
with mean, 2 x and 4 x standard deviations (68 and 95% of population, resp.), see Appendix B.
Vertical bands indicate size classes used by Pile et al. (1996).

time required for a juvenile crab to mature varies with location. In the Chesapeake Bay area, 6 -
20 months are required (Van Engel, 1958, Hines, 2007), and in the St Johns River, Florida, 10-12
months (Tagatz, 1968a, Millikin and Williams, 1984).

The largest recorded blue crab in the scientific literature seems to be a 254-mm female from
Charleston Harbor, South Carolina (Archambault et al., 1990). However, “Juice” McKinney, a
Chesapeake Bay crabber, contributed a male behemoth to the Virginia Institute of Marine

Science (VIMS) that measured 272 mm (0.893 feet) spike to spike, which had just molted when
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Table 2
Probabilities of given instar falling in size categories of Pile et al. (1996)

Pile et al. instar categories:
1 2 3 4 5 6 7 8
Fraction (%) of occurrences of instar falling
in Pile et al. category for that instar:
973 983 957 894 757 595 646 313
Fraction (%) of all instars falling in Pile et al.
category that are correct:
994 979 925 934 825 532 662 932
Fraction (%) of all instars incorrectly falling
in Pile et al. category:
06 21 75 6.6 17.5 468 338 6.8

caught in 1998 (Malmquist, 2004). Mature females typically are 90-100 mm carapace width
(Jivoff et al., 2007), ranging up to 180 mm (Hines, 2007). The variation for males is greater.
For Chesapeake Bay, the reported range is 52 to over 200 mm (Williams, 1984, Jivoft et al.,
2007, Hines, 2007). In the data reported by Van Engel (1990) from the York River, 50% of the
males in the range 105 — 110 mm were mature. On the Maryland side, Uphoff (1998) reports
50% of 132 mm females as mature. In the St. Johns estuary, on the Atlantic coast of Florida,
Tagatz (1968a) reported mature females ranging 99 to more than 177 mm (i.e., an immature
female of 177 mm CW was found). The mature males were smaller than reported in the
Chesapeake: of males in the range 145-155 mm, 50% were mature (but Tagatz based this on the
appearance of the vasa deferentia, which may be one or two moltings before complete sexual

maturity is attained, see Section 3.2).

On the Texas coast, Fisher (1999) pooled females-only data from trawl and seine collections of
Texas Parks and Wildlife (TPWD), from which he developed the distributions of number of
individuals versus carapace width, shown in Figure 13. It is apparent that both immaturity and

maturity extend over a wide and overlapping range of carapace size.
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Figure 13 - Distribution of female blue crabs taken in TPWD trawls and seines for Texas
coast 1984-87 versus carapace width. Data of Fisher (1999), replotted.

Both males and females are considered to molt 18-20 times before reaching maturity. As
relatively few crabs have been observed over their lifetime, this is largely an estimate from
growth rate (Truitt, 1939) derived from size increments on molting, beginning in the literature
with the “theoretical number of instars” calculated by Newcombe et al. (1949). (An earlier
calculation of this sort was given by Churchill, 1919. As his limited data indicated a larger
increment per molt, his theoretical number of instars was smaller, viz. 15.) For a constant growth

increment, the width after n molts is

Whe = W, (L+R)N 4)

where R is the molt increment as a fraction (not a percent) of the pre-molt width. Assuming a

carapace width w; upon metamorphosis from the megalop (molt 0) to be 2.5 mm, and mean

increment of 0.25 of the pre-molt width (see Section 3.1), the resulting widths after molting are

given in Table 3. Tagatz (1968b) reports two crabs he tracked after metamorphosis to the first
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Table 3
Theoretical carapace widths for each instar, from equation (4)

instar Ccw instar cw
(mm) (mm)

1 3 11 23
2 3 12 29
3 4 13 36
4 5 14 45
5 6 15 57
6 8 16 71
7 10 17 89
8 12 18 111
9 15 19 139
10 19 20 173

instar, finding that one required 10 molts to reach 20 mm, the other nine molts, which closely

agrees with Table 3. (Time required was 68 and 69 days, resp.)

If R varies by instar, as is the case for the data of Newcombe et al. (1949) and Tagatz (1968b),

see Appendix B, then the appropriate calculation is

n

=w; [] @+Rp) ©)

i=1

Whn+1

where Rj = (Wj4; —W;) / w;. According to the data in the above-cited sources, the female

exhibits a somewhat higher growth increment than the male (Appendix B).
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4. ECOLOGICAL INTERACTIONS

4.1  Chronobiology

Chronobiology in general is the study of rhythmic, or periodic, variations in the behavior of
organisms (Naylor, 2001). Typical periodicities are annual, seasonal, and daily (circadian), all
related directly or indirectly to the apparent position of the sun in the sky, and monthly, related
directly or indirectly to the apparent position or phase of the moon (circalunar). In the case of
marine animals, in addition to circadian and circalunar variation, there is also circatidal, which
includes fortnightly (14-day), and lunar-day-diurnal or circalunidian (i.e., 24.8-hour) variations.
A central consideration in the literature is whether a manifested rhythm is exogenous, i.e.,
induced by external forces following that periodicity (such as temperature or light), or
endogenous, i.e. controlled by an internal “clock”, so that the rhythm continues to occur when

the organism is isolated from external stimuli.

In the present context, our concern is to summarize periodicities of potential ecological
importance in the behavior of blue crabs (which may appear as variation in integrated measures
such as abundance or recruitment) and their likely stimulus or external forcing. Although the
approximate periodicity of some feature of organism behavior can be provisionally identified
from observations, the precise periodicity may remain elusive because of random variability, or
“noise”, in the basic data, hence the prefix “circa-” in “circadian” and “circatidal”. More

comments on the isolation of periodic behavior are offered in Section 4.1.4, below.

4.1.1 Circadian and circatidal rhythms

A circadian rhythm correlated with the diel variation in daylight is exhibited by most of the life

stages of the blue crab (Sulkin et al., 1979, Forward et al., 1997, 2003b). Detailed and rigorous

studies of both solar and tidal periodicities in the blue crab have been carried out in the

laboratory and in the field by a number of workers, summarized by Tankersley and Forward
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(2007). Circadian behavior in the early zoeal stages is disputed. Sulkin et al. (1979) determined
that circadian swimming activity is induced in early-stage zoeae by 24-hr light-dark cycling, but
the rhythm is apparently exogenous, because it subsided under constant-light conditions. They
hypothesized that this swimming response in conjunction with an upward orientation (geotaxis)
could be a mechanism for depth maintenance. On the other hand, data of Forward (apparently
unpublished) indicates no such circadian swimming behavior but rather that the zoeae simply

swim to the surface (reported in Forward et al., 2004b).

A pronounced circadian rhythm is evidenced in the megalop stage. Tankersley and Forward
(1994) videotaped the activity of wild-caught megalops in a laboratory chamber. They found
that megalops in darkness swim high in the water column during the times of daylight and lower
during the times of night, with a distinct diurnal periodicity (the tide is semidiurnal in the field
area) so this is a true endogenous circadian rhythm. This circadian behavior was not altered by
tidal phase shifts relative to daylight, changes in salinity or the presence of substrate or eelgrass
(Zostera marina) (Forward et al., 1994, 1997). Similar results were found in later experiments
by Forward et al. (2003b). Over the continental shelf, which is the oceanic zone in which
megalops spend most of their existence, this circadian movement would place the megalops near
the surface during day and at depth at night, which is confirmed by sampling on the inner shelf
(see Forward and Rittschof, 1994, Forward et al., 2003b). In the coastal zone, however, this diel
migration would expose the postlarvae to daylight predators, so its ecological value is not
immediately clear, and moreover is counter to that exhibited during estuarine reinvasion.. (This
becomes apparent in the larger context of migration, see Section 5.4, below.) In the estuary, this
vertical migration is suppressed, apparently by chemical cues, so that the megalops are found at

the surface only at night (see Section 4.1.2 below).

Careful laboratory experiments determined that vertical movement of blue crab megalops was
distributed uniformly with respect to tidal variation, i.e., there was no circatidal rhythm, and
additional experiments have failed to induce a circatidal response in movement or depth

regulation of megalops (Forward et al., 1997, 2003b).
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A circadian vertical migration is observed in early juveniles, but in the opposite sense of that of
megalops, i.e., the juveniles enter the water column in darkness, but are rarely found there in
daylight. Forward et al. (2005b) used wild-caught first and second instars or newly metamor-
phosed first instars from Albemarle-Pamlico Sound in controlled laboratory experiments and
found an endogenous circadian vertical movement (not continuous swimming but ascents and
descents) at night time only, which confirms the field observation that these early instars are
found in the water column only at night. A separate study (Forward et al., 2004b) addressed
larger juveniles 6-9 mm (probably 4th and 5th instars according to Fig. 12), also from Pamlico
Sound, both in field collections and in the laboratory. In the field, these crabs were mainly
caught at night. In the lab, the crabs exhibited a diurnal variation in swimming. The data are
noisy, with periods ranging from 23 to 25.5 hours, but showed no coherence with tides, so this

was interpreted as circadian.

Color change in juveniles less than 40 mm was studied by Fingerman (1955) using specimens
from Lake Pontchartrain. These juveniles were kept in darkness and monitored at hourly or six-
hourly intervals for the black-pigment stage (dispersion) of leg melanophores. Over an
observation period of 26 days, he was able to separate both a circadian (24-hour) and a
circalunidian (24.8-hour) component (which he calls “circatidal’’), whose relative phase
coincided every 14.5 days, which confirms the periods. (Fingerman’s interpretation is that the
endogenous tidal rhythm has a 12.4-hour periodicity, rather than 24.8, though this reviewer must
confess that his reasoning seems obscure, especially given the noise in the data and the coarse

sampling interval.)

Motivated by the observation that ovigerous females in the lower Newport River apparently use
selective tidal-stream transport in their spawning migration down the estuary (see Section 4.1.2,
below), Forward et al. (2003a) evaluated ovigerous females in laboratory chambers under
constant reduced light conditions. They found that periods of vertical movement corresponded
to the ebb portion of the tide cycle, i.e., 2-5 hours before high water according to the measured
tide at a NOAA station in the lower Newport estuary, but not to the expected light-dark cycle.
The authors interpret this behavior as consistent with an endogenous circatidal behavior, whose

period ranged 12.2-13.7 hours (the tides in the Newport are semidiurnal). This circatidal
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behavior was most manifest in crabs with late-stage eggs, and least in crabs with early stage
eggs. A subsequent study (Forward and Cohen, 2004) clarified that the circatidal rhythm
occurred in all female crabs with mid-stage embryos (3-4 days from hatching). Darnell et al.
(2010) employed the same basic protocol, and performed separate experiments with pre-pubertal,
mature but unspawned, and ovigerous females, finding that only the last exhibited an
endogenous tidal rhythm. They tested ovigerous females from three different sites, with semi-
diurnal, diurnal and minimal tides, and identified circadian, circatidal, and circalunidian
frequencies with rigorous spectral analysis of the time series of crab activity. However, the tidal
variation in activity expressed by the crabs varied among individuals from the same source
waters. Darnell et al. (2010) offer the important hypothesis that the internal clock in blue crabs
is mutable, i.e. phenotypically plastic, and can be “tuned” or entrained to any of the three basic

rhythms (circadian, circatidal, circalunidian), depending upon the tidal environment.

A detailed field study with tethered crabs was performed nearby in Bogue Sound by Hench et al.
(2004), see 4.1.2, below. These basically confirmed a tidal (12.4-hr) variation in vertical motion,
though with more of the crabs active during the night. These researchers conclude that the crabs
with late-stage egg masses are responding to an endogenous circatidal rhythm, while crabs with
early-stage egg masses and those that have released their larvae are responding mainly to
environmental cues, perhaps reinforcing a weak endogenous cycle. Similar equipment and
strategy were used by Darnell et al. (2012) to compare the swimming activity between crabs
from sites around Beaufort inlet with semidiurnal tides and a site in Albemarle-Pamlico with
negligible tide. Swimming activity was highly variable, from none at all in the Albemarle-
Pamlico site to significantly tidal in the site located in a migratory corridor. Activity was
correlated with ebb, independent of light conditions. These researchers suggest that the
swimming response is strongly affected by a suite of environmental cues that is highly variable

in space.
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4.1.2 Selective tidal-stream transport

The single most important rhythmic variation of the blue crab, at least on the mid-Atlantic coast,
is a vertical migration to take advantage of the direction of tidal currents, called selective tidal-
stream transport (STST). The organism remains on or near the bottom when the tidal current is
in an adverse direction, then enters the water column to be carried by the current when the
direction is favorable. STST is not unique to the blue crab but is now known to be employed by
a number of organisms in their migration upstream or downstream in an estuary, including other
brachyuran crabs such as the fiddler (Tankersley and Forward, 1994, Tankersley et al., 1995),
penaeid shrimp (Dall et al., 1990), oyster larvae (Wood and Hargis, 1971), and juveniles of
several catadromous fish including the American eel (Wippelhauser and McCleave, 1988), and is
suspected in the migration of other catadromous crustaceans. As a hypothesis, STST has
appeared in the scientific literature for at least a century, and may have originated with work of
Johannes Schmidt (1906) on eels in Europe (who notes that the behavior is well known to
fishermen) and Julius Newton (1917) on oysters of New Jersey, see also Carriker (1951).
Reviews of this behavior are presented by Naylor (1985, 1988) and, specifically for the blue
crab, Forward et al. (2003b).

Blue crab megalops are considered to employ this strategy to move into the estuary from near its
mouth, then up the estuary, riding the flooding current. In the mid-Atlantic, where the dominant
tidal cycle is semidiurnal (i.e., 12.4 hours), the megalops do not ride every flood current, but
mainly those that occur at night (Olmi, 1994). Thus they are found near the estuary mouth at
night at high tide. (The behavior of the tide as a standing wave, in which slack water coincides
with high or low stage, is acquired as the tide propagates up the estuary, but it enters the estuary
as a progressive wave in which the current extrema coincide with stage extrema, see Ward and
Montague, 1996.) More generally, in these estuaries they are not found in the water column
during the day, independent of tidal condition, and are found in the water column at night only
during the flood current (DeVries et al., 1994). This is a reversal of the endogenous circadian

photoperiod response exhibited by megalops offshore (Section 4.1.1).
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Since there is no endogenous circatidal rhythm of the megalops, it follows that any tide-related
behavior must be a response to external conditions. Forward and Rittschof (1994), see also
Forward et al. (1995), exposed megalops to the same light field in columns of two different
waters, offshore and estuarine, at the same salinity and temperature. In the offshore water the
megalops exhibited its endogenous circadian behavior, but in the estuarine water, this
photoresponse was absent (but when placed back in offshore water, the megalops reverted to the
offshore daylight response of swimming higher in the water column). Apparently, the circadian
photoresponse is inhibited by a chemical signature of estuarine water. This, of course, is not a
complete explanation for the estuarine behavior of megalops, because it does not account for
their presence in the water column at night, only their absence in daylight. Moreover, only a
minority of the experimental crabs exhibited the above responses in both offshore and estuarine

water.

Experiments (Tankersley et al., 1995, Welch et al., 1999, Welch and Forward, 2001, Forward et
al., 2003b) have determined that two separate and sequential factors induce vertical movement in
megalops: (1) an increase in salinity, (2) increased kinetic energy of turbulence. The initial
upward movement is stimulated by the salinity increase. Tankersley et al. (1995) found that blue
crab megalops exhibit a swimming response to a rate of increase in salinity as small as 5 x 10
%o s71, with a constant, even declining, response for rates of increase greater than 1 x 10-3 %o s°1.
Welch et al. (1999) determined that in a tidal current, the response of a megalop to increasing
salinity would diminish even faster (because the megalop is now carried with the flow) unless
accompanied or followed by an increase in turbulent kinetic energy. However, an increase in
kinetic energy does not stimulate vertical movement if not preceded by an increase in salinity.
There appears to be a kinetic-energy threshold above which the maximal swimming response is
stimulated, around 1 cm?2s2 corresponding to a current speed of 10 cm s! (in the flume of Welch
et al., 1999). The results of Welch et al. (1999) are compelling, but the quantitative relation of

response to kinetic energy is unclear (and not exhibited by at least 40% of the megalops).
Additional laboratory studies of Welch and Forward (2001) provided some support for the

hypothesis that during ebb, though the kinetic energy is sufficient to stimulate a swimming

response, the decrease in salinity does not evoke the same initial upward movement as the
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increase in salinity in the flooding current. In these experiments, the megalops were not entirely
cooperative, showing some movement into the current and maintenance in the water column
despite decreasing salinity, though in smaller numbers than the experiments with increasing
salinity. Welch and Forward (2001) speculate that the smooth surfaces of the laboratory flume
do not provide the same purchase as the estuary bed, so that these megalops are unwillingly
entrained into the current. When current speed, and therefore kinetic energy, is minimal, i.e. at
slack water, megalops in the water column settle to the bottom. This has been observed in the

lab (Welch et al., 1999) and in the field (Tankersley et al., 2002).

In summary, the present conceptual view of estuarine STST in blue-crab megalops (Forward et

al., 2003b, Tankersley and Forward, 2007) is:

(1) under daylight conditions, megalops remain at or near the bed (due to chemical cues in
estuary water which reverse the endogenous circadian pattern of their offshore
development) independent of tidal conditions,

(2) under nighttime conditions, rising salinity associated with flooding current induces the
megalops to become active, entering the water column,

(3) kinetic energy associated with the tidal current induces the megalops to swim,
maintaining their position in the water column, and thus being carried by the flooding
current,

(4) as the tidal current slackens, the kinetic energy diminishes, the megalops cease
swimming and settle back to the bed,

(5) because the ebbing current is associated with a salinity decrease, the megalops do not

re-enter the water column but remain on the bed.
We note that in this conceptual model two hydrographic properties are necessary for STST to
operate in an estuary: a horizontal gradient in salinity that can be advected by tidal currents, and

the occurrence of flood current during a sufficient proportion of the night.

The STST strategy is used by the blue crab in a mature stage, namely by inseminated females in

their spawning migration. The details of this migration in the mid-Atlantic have been evolving
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over the past decade. Tankersley et al. (1998) observed the migration of crabs past an
observation platform just inside the mouth of the Newport River estuary (Beaufort, North
Carolina), and determined that few crabs were seen during the daylight, at night most crabs were
not actively swimming but riding the tidal current, almost all ovigerous crabs were observed in
ebb currents, and almost all (98%) crabs riding the flood current lacked egg sponges (and all of
these captured for examination showed evidence of having recently spawned). These researchers
conclude that the ovigerous females were employing STST seaward, i.e., selective ebb transport
(SET) and after hatching were using STST landward, i.e., selective flood transport (SFT), to
return to the estuary.* This would of course entail vertical migration to enter a favorable tidal

current.

Forward et al. (2003a) evaluated ovigerous females, caught at the same site, in laboratory
chambers and found apparent endogenous circatidal behavior corresponding to tides in the lower
Newport (see 4.1.1, above). This circatidal behavior was most manifest in crabs with late-stage
eggs. Larvae were released in the laboratory chambers during the expected ebb period and
shortly after the expected sunrise. The circatidal behavior ceased after the eggs were released.
These researchers note that the above SFT observed by Tankersley et al. (1998) was not
replicated in the laboratory, and may be subject to a different control. In a subsequent study,
Forward and Cohen (2004) determined that the circatidal behavior occurred in all female crabs
with mid-stage embryos, independent of whether they were engaged in SET when captured, and
occurred independent of the light/dark cycle, i.e., was unaffected by a light/dark cycle
corresponding to that in the field (but much lower intensity than natural sunlight). These results
open the possibility that ovigerous crabs may employ SET during the day, but remain too deep
for observation. Alternatively, there may be a separate, exogenous control related to light

intensity.

A detailed field study in Bogue Sound, North Carolina, was carried out by Hench et al. (2004)

consisting of census of swimming crabs and electronic monitoring of tethered individuals. The

* The conventional designations in the literature are ebb-tide transport (ETT) and flood-tide transport (FTT). This
writer, admittedly anal-retentive, prefers the above terminology in this report, because the transport is effected by
the tidal current, not the water-level variation that is the tide. The former ebbs and floods, the latter rises and
falls. Sigman and Maxwell notwithstanding, there is no ebb tide.

52



censuses were performed in summers of 2001 and 2002, a total of 19 nocturnal ebbs being
sampled. All crabs observed in the census were mature females (except for one young male) and
all were swimming with the current (i.e., seaward). In both years, a substantial number of these

(21% and 46%) were nonovigerous. Females with late-stage egg sponges were most common.

In the tether experiments, recording pressure sensors were attached to ovigerous female crabs
(130-166 mm), which were tethered in depths of 2.2 m near a bottom-mounted acoustic- doppler
current velocity profiler (ADCP) and attached recording CTD. Sampling rate was 0.5 Hz,
accumulated in a 6-min window and averaged. The 5-m tethers allowed the crabs the full scope
of water depth. A total of eight so-equipped crabs were monitored during the field observation
period of 38 days in late summer 2002, two of which extruded a second egg sponge, and three of
which were lost to predation during the course of the experiment. Tides during the tethering
experiment were semidiurnal (12.4-hr period) and about 95% astronomical, with stage leading
velocity by 1.7 hours (i.e., after high water, with stage dropping, the flood current continued for
1.7 hours; similarly after low water, the ebb current continued), indicating that the tide was

predominantly progressive, as one would anticipate this close to the inlet.

The tethered crabs exhibited vertical motion primarily on ebb currents, particularly that portion
of the ebb in which water levels were falling. While this activity took place in both night and
day, the majority of crabs were more active during the night. There was substantial variability
from crab to crab, a few ascending only during the nocturnal ebb. After egg release, vertical
ascensions declined on average, but there was considerable variation among the crabs, crab 7
being particularly erratic (see Hench et al., 2004). Two crabs that continued the ebb ascensions
extruded a second egg sponge. Five of the egg releases occurred at the turn of the current before
ebb, two during the ebb race, and one (crab 7, again) during flood about 2.5 hours before slack.
About half the crabs released larvae within three hours of sunrise, but one released at sunset (not
crab 7 this time). Very few of the crabs exhibited vertical ascents during flood after larval
release, in contrast to the SFT observed by Tankersley et al. (1998). Hench et al. (2004)
surmised that a return to the estuary might occur on longer time scales than the duration of their
study, or may require some sort of oceanic environment cue, which these crabs, being tethered,

did not experience.
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A follow-up series of laboratory experiments were reported by Tankersley et al. (2005) seeking
to resolve the conflicts between the field work of Hench et al. (2004) and the laboratory work of
Tankersley et al. (2003a). These experiments basically confirmed the field studies. Females
with immature embryos exhibit swimming activity at times of ebb currents in the field (a
minority on alternate ebb cycles), and the activity becomes more pronounced as the embryos
mature. This activity ceases upon larval release, but is re-acquired several days later, implying
continued selective ebb transport. This is speculated to be a re-entrainment of the tidal cycle
driven by pressure changes. There is no apparent reason for the discrepancies between the two
laboratory studies. It is, however, noteworthy that the lab results of Tankersley et al. (2003a,
2005) were based on 26 and 25 crabs, resp., and the tether experiments of Hench et al. (2004) on
8 crabs. Moreover, neither the field tethering study nor the laboratory experiments explain the

switch from SET to SFT observed in the field by Tankersley et al. (1998).

4.1.3 Other rhythms

There is a tradition that blue crab molting is associated with the phase of the moon, presumably
due to light (van Montfrans et al., 1990), but perhaps through the operation of the tide. Nearly a
century ago, Churchill (1919) investigated growth of crabs in field enclosures and determined
that the frequency of molting was independent of the phase of the moon. Smith and Chang
(2007) carefully analyzed the intermolt-period versus length data from blue crabs in the wild,
and found no hint of periodicity in the variance, which should have been present if in fact there
were some form of lunar control on molting. These authors argue that the “synchronous molt”
responsible for a spring pulse in soft-shell crabs is in fact a response to the springtime rise in
temperatures. The folklore continues, however (see, e.g., Otwell and Cato, 1982, Oesterling,
1995). In contemplating their (unexplained) observations of high-density pulses of megalops
correlated with the full moon, van Montfrans et al. (1990) speculate that association of a full
moon with ecdysis may begin with the first molt to juvenile crab. Bishop et al. (1984) in their
experiments with peeler-pot design in South Carolina noted that catches peaked “dramatically”

in the week before full moon.
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The settlement pulses of blue crab megalops on the Atlantic coast are sometimes asserted to be
associated with lunar periodicity. This topic more properly falls under migration, because these
pulses are considered to quantify megalop recruitment in the estuarine crab population, and to
drive settlement in nursery habitats, see Section 5.4. In the present context, it is appropriate to
examine the extent to which this rhythmic behavior is supported by the available data. A
representative sampling of the recent literature is given in Table 4. Inspection of this table yields
a first impression of general inconsistency, from year to year at a site, between sites, and
between estuaries. While there is occasional “lunar periodicity” exhibited in Chesapeake Bay,
this may be associated with a single lunar phase (29-d period) or with opposite phases (14.5-d
period). One disquieting observation is that the periodicities found greatly depend on the details
of the analysis methods. The work of Forward et al. (2004a) in the Newport estuary is revealing.
A clear association of settlement pulses with neap tides was found. These neap tides happen to
fall within the night period. Forward et al. suggests that these are in fact the result of nocturnal
SFT, in which the megalops are settling at the turn of the tide. In the Gulf of Mexico, there was
some accord that settlement pulses favored small-range tides (though wind was the dominant
control). In the Gulf, of course, these small-range tides are associated with zero lunar declination

(i.e., equatorial tides), whereas on the mid-Atlantic with quarter lunar phase (i.e., neap tides).

Blue crabs sometimes feed more under twilight (crepuscular) conditions. Tankersley and
Forward (2007) note that the maximum visual sensitivity of blue crabs at 500 nm is mismatched
to the typical light environment of estuaries in the range 570 — 700 nm, due to the re-radiation
from yellow humics in the water. However, in twilight conditions, the ambient downwelling

light shifts to 490-520 nm, so that the crabs would be better able to exploit visual cues.

4.1.4 Comments on the detection of periodic behavior
This review has only sampled the confusing and often conflicting farrago of reports of periodic

behaviors of the blue crab (and there is more to come). One general attribute of all of these

results should be noted: the data on crab behavior from which they are inferred are generally
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Table 4

Lunar periodicity of megalop settlement pulses reported in recent literature

Estuary

Delaware (Broadkill)
Chesapeake (York)
Chesapeake (York)
Chesapeake (York)
Chesapeake (York)
Banks Channel, NC
Banks Channel, NC
Albemarle-Pamlico
Newport River, NC
Newport River, NC
Charleston Harbor, SC
Coastal marshes, GA
Mobile Bay and
Mississippi Sound (east)
Mississippi Sound

Terrebonne Bay

Galveston Bay

Measurement
substrate
substrate
substrate
fixed plank-
ton net
substrate
substrate
substrate
pumped plank-
ton nets
substrate
substrate
substrate
substrate

substrate

substrate

substrate

Data period
1989-92
1985-88
1989-92
1989-92
1987-89
1990-92
1990-92
1996-2005
1992
1993-2002
1987-88
2005

1990

1990-91

1990-91

Lunar association
no correlation with lunar phase

lunar phase: maximal at full moon

lunar phase: maxima after full & new
semilunar: full & new, 4-d lag

much interannual inconsistency

14 d fortnightly in 1988,

weak semilunar: 5-d lag after new & full
no significant autocorrelation

lunar phase: new moon

no significant variation with lunar phase
no correlation with lunar phase, but
abundance highest on nocturnal rises
lunar phase: settlement max on nocturnal neap
tides; 2/7 years fortnightly (semilunar) period
semilunar: 1st & 3rd quarters, minimal

at full moon

no correlation with tide height, no tidal
period peaks in power spectrum
settlement favored under equatorial

tides, but mainly controlled by wind
higher settlement during 2nd quarter

but no year-to-year consistency

higher settlement during 1st lunar quarter
but no year-to-year consistency,

higher settlement during small-
declination, i.e., minimum tidal range
higher settlement during 1st lunar quarter
but no year-to-year consistency
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noisy. Moreover, the noise arises not only from imprecision of observation, but variation in the
behavior of individual organisms or discrete populations. In general, the statistical diagnosis of
the action of many specimens is confounded by high dispersion of the data. The only means for
surmounting the noise problem is to observe a greater number of data points. For cyclic
phenomena, this translates to increasing the number of measurements and, in addition, extending

the observing period over many wavelengths of the suspected cycle.

The most common biological periodicity, and the easiest to establish, is the annual cycle. Even
at this period, it is rare to find precise synchronicity in populations. For example, while a small
number of species of fish may spawn during a set few days every year, such as those analyzed by
Cushing (1969), spawning is typically spread over a period of weeks, or in the case of the blue
crab months, whose position in the calendar varies from year to year. Where behavior of
individual crabs can be followed, such as in laboratory settings or tethered or tracking
experiments in the field, there is considerable variation among individuals, with a large
proportion often failing to exhibit the hypothesized rhythm. This intrinsic variability creates
problems in precisely quantifying a periodicity in behavior, or separating the influences of

several nearly equal periodicities.

Qualitative association with a postulated cyclic behavior is therefore difficult to establish, unless
many cycles are represented in the data. This has historically presented a challenge in field
biology. Since data collection is labor-intensive and prosecuted under potentially inclement
conditions, the data have tended to be irregularly sampled at long intervals over relatively limited
durations. Frequently a cyclic pattern seemed to be manifested at one site, or in one sampling
period, only to be absent in the next. This type of aberrancy is compounded when the postulated
cyclic behavior is episodic rather than quasi-continuous, such as the megalop pulses of Table 4.
For example, Mense and Wenner (1989) suggest an association between phase of the moon and
the abundance of megalops. However, their data collections were performed at biweekly
intervals and plotted against either new or full moon (presumably the predominant phase for the
respective half of the month). In their 16 month study, six pulses of megalops occurred, the three
largest of which coincided with full moons. With uncertainty in the timing of a pulse resulting

from the biweekly sampling interval and the representation of full moon as a large interval of
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days, any correspondence with the apparent full moon of half of the maxima is probably
coincidental. (It should be noted from their data that in the five months of 1987, there is an exact

correlation of the five maxima of salinity with a full moon!)

Modern technology is beginning to provide extended and detailed biological time series. A
prime example in the study of blue-crab life cycles is the use of moored artificial-substrate
megalop collectors (the majority of the data from Table 4), which is reviewed in Section 5.4.4
below. The increasing acquisition of quantitative biological time series has motivated the
availability of software to facilitate analysis in the frequency domain (see, e.g., Dowse and
Ringo, 1989, Ives et al., 2010). But even at this, the spectral content typically departs
significantly from the postulated periodicity. This is exactly analogous to the departure of a
sample mean from a theoretical population mean. Both are manifestations of the statistical
dispersion of the raw data. An excellent example is the work of Forward et al. (1997), who used
ingenious laboratory instrumentation to monitor the numbers of megalops swimming as a
function of time (“actograms”) in their study of circadian rhythms. Usually less than half of the
megalops were in motion, and the spectral peaks for eight different experiments, all of which
were considered to manifest circadian rhythm (i.e., 24-hr period), ranged 19.2 — 29.6 about a
mean of 25.7 hrs. Clearly, this level of uncertainty would undermine the assertion of a diel
periodicity, and confound the differentiation of solar-diurnal and lunar-diurnal periods (which

differ by only 0.8 hours).

4.2  Water quality requirements

Water quality is quantified by the concentrations of constituents carried in solution or suspension
in the water. There are many (see Ward and Armstrong, 1997, who analyze some 192 water or
sediment constituents in the Coastal Bend bays), some of which are beneficial, some of which
are toxic, and some—in fact, most— have more complex interactions with aquatic organisms. In
the present context, however, the focus is on the basic environmental parameters of temperature,
salinity and oxygen. The distributional patterns of each of these parameters in an estuary is

different, because each responds to different geographical distributions of controls, and each is
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dictated by different suites of physicochemical processes (“kinetics”), which in turn influence

their response to hydrodynamics.

The determination of acceptable ranges of these environmental parameters required for

biological functioning of the blue crab in the literature is based upon two classes of information:

(1) the physiological success of the crab in controlled experiments, usually in a
laboratory setting.

(2) those ranges in which the crab is found in the wild,

Both of these have limitations. The former has the deficiency that the animal is in an artificial
setting, usually stressed by its capture and handling, with the potential for biasing its responses.
Also, there are several metrics for “success”, which may not measure the entire complement of
organism requirements. The latter has no means of detecting whether the crab is in a particular
environmental range, say, of salinity, for physiological reasons, or for other reasons, e.g. feeding
or mating, for which the ambient salinity is coincidental. While there have been relatively few
studies addressing the distribution of blue crabs with respect to the full suite of environmental
attributes, other decapods, notably penaeid shrimp, have been studied fairly extensively.
Recently, the Guadalupe-San Antonio Basin and Bay Expert Science Team (GSA-BBEST)
reviewed current literature on the salinity preference of white shrimp, generally regarded as a
species that favors lower salinities (roughly, mesohaline), and concluded, “In essence, it appears
that although juvenile white shrimp may often be more abundant in the lower salinity parts of the
estuary, physiological constraints are not driving their distribution, but rather some other biotic
or abiotic aspect of the upper reaches of estuaries provides high quality habitat that attracts
juvenile white shrimp to those areas” (GSA-BBEST, 2011, p. 4-41). (One candidate aspect is
the extent and complexity of marshes in the upper estuaries, King et al., 2005.) As will be seen,

a similar reservation may be expressed for blue crab.
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4.2.1 Temperature

Temperature has little variation in the horizontal across an estuary, with a few exceptions
addressed below. Because of this lack of gradient, horizontal current advection has little direct
effect on temperature. Temperature is determined principally by thermodynamic heat exchange
at the water surface, which generally varies on larger space scales than the dimensions of an
estuary, so is approximately equal everywhere in the system. Energy enters the water column at
the surface as direct sunlight, longwave radiation (from the atmosphere) and conduction (from
the atmosphere). There are substantial variations in water temperature in the estuary with
season, driven directly or indirectly by the changing altitude of the sun in the sky. Energy leaves
the water surface by the processes of conduction, longwave radiation, and evaporation. Because
of the high heat capacity of water, its temperature responds slowly to changes in the surface heat
budget, acting as a time-integrator of the net heat flux. The deeper the water, the more effective
the water column is in dampening the variability in heat budget. Temperature may vary in the
vertical, depending upon the intensity of mixing processes and the depth of water. In the Texas
bays, and in San Antonio Bay in particular, temperature is usually homogeneous and well-mixed

(see Ward and Armstrong, 1997, for detailed evalutions in the Coastal Bend bays).

One exception to these statements is extremely shallow areas, especially those near shore and
those in the upper reaches of the system. These tend to track atmospheric temperature more
closely, because there is less water mass to absorb heat exchange. These are therefore warmer in
summer and cooler in winter than the open, deeper waters of the estuary. Another exception is in
the vicinity of a point source of water substantially different from ambient, notably power-plant
cooling-water returns. A third exception, which has limited relevance to Texas, is the case of
large estuaries whose circulation interacts with significant hydrographic structure of the adjacent

ocean. Fjords are a prominent example.

The larval forms of blue crab are generally regarded to be stenohaline and stenothermal,
requiring salinities greater than 20%o and temperatures above 25°C for complete development.
The published basis for this seems to be the relatively few reports on laboratory culturing of the

larvae, e.g. Sandoz and Rogers (1944), Costlow and Bookhout (1959), and Costlow and
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Bookhout (1962). In the modern view, laboratory results are supplemented by the evolutionary
development of the blue crab. “These larvae are incapable of development outside the tropic-
like conditions that occur seasonally in surface waters of the inner continental shelf throughout
the range of the species,” concludes Epifanio (2007). A review of environmental requirements
of the blue crab, including temperature and salinity, is presented by Tankersley and Forward

(2007).

The laboratory should be an ideal environment for testing temperature (and salinity) require-
ments of blue crab at various life stages, because all other potentially confounding factors can be
eliminated or controlled. This is especially true of the larvae, since their development can be
closely followed with the microscope. Culturing can be a challenge, however, as reviewed in
Section 3.3, and may account for the relative scarcity of results in the literature. The early
experiments of Sandoz and Rogers (1944) examined hatching and growth of larvae through the
first two or three instars over a range of temperature from 14 to 31°C and salinity from 0 to
33%o. They found hatching success to be abruptly bounded between 19 and 29°C. The hatched

zoeae successfully molted through the first three stages for temperatures between 20 and 29°C.

In the larval growth experiments of Costlow and Bookhout (1959), eggs were set up in baths of
salinities 10.5, 15.0, 20.1, 26.7, and 31.1 %o, each at temperatures of 15°, 20°, 25° and 30°C. No
hatchings occurred at 15°, and none developed beyond Zoea I at 20°C. The only combinations
for which zoeae developed beyond two moltings are those shown in Fig. 9, from which it is
difficult to discern any clear dependence of growth upon salinity or temperature. One additional
series was set up of salinity 32%o at 30°C, of which less than 1% developed to the crab stage —
which is not substantially worse than the survivors of the other combinations, see Fig. 9 — but
the data on intermediate stages were not reported. On the basis of success of hatching and
longevity of the zoeae, these controlled experiments suggest a requirement for temperature in the

range 25-30°C for zoeae to survive beyond the third molt.
Laboratory data from Costlow (1967) on survival of megalops to the first crab stage are

presented graphically in Figure 14 (cf. Fig. 11). The nearly horizontal isopleths in the range of

salinity 10-35%o show the principal control on both mortality and megalop duration to be
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Figure 14 - Megalop mortality (percent of megalops failing metamorphosis to first crab stage),
from data of Costlow (1967)

temperature, over this salinity range. For salinities below 10%o, there is a pronounced increase of

mortality with decreasing salinity.

Temperature is an important control on molting in juveniles, as noted in Section 3.1 above, both
in affecting the duration of the intermolt periods and in shutting down the molting process if
temperatures fall too low (or become too high). Generally, the rate of molting increases with
higher temperatures, i.e., the duration of the intermolt period decreases. Careful laboratory work
of Leffler (1972) established that growth rate and mortality increase as temperature rises.
Several lines of research, summarized in Section 3.1, indicate that below 10°C blue crabs cease
molting, and become torpid. In the wild, at these temperatures they burrow into sediments and
await spring. More (1969) noted a difference in behavior between males and females in Texas,

the females being active down to 10°C while the males remain buried below 15°C.

62



Table 5
Upper and lower* lethal limits of temperature for blue crab
determined experimentally by Tagatz (1960), average 48-hr LC50 in °C

juvenile mature female
20% seawater 2.3 35.2 2.3 35.0
100% seawater 1.9 36.6 1.8 35.9

*Lower 48-hr LC50’s are overestimated, because the lowest temperature employed by Tagatz was 0°C, and many of
the crabs survived dormancy at this temperature.

Based on growth and food conversion, the optimal temperature range for juvenile blue crab (30-
40 mm) was determined to be 29-30°C by Holland et al. (1971), but mortality increased quickly
at temperatures above this. Temperatures in excess of 40°C proved lethal after a few hours (and
a few minutes at 42°C). Tagatz (1969) carefully determined the 48-hour LC50 (the temperatures
at which 50% of the crabs survived after 48 hours) for juveniles (40-60 mm) and mature females.

His results are summarized in Table 5.

Holland et al. (1971) speculate that wild crabs may be able to survive natural summer
temperatures in the range 31-35°C because of relief due to diurnal variation in temperature. (The
plausibility of this hypothesis was established experimentally by Rosenberg and Costlow, 1976,
for zoeae of the mud crab, Rhithropanopeus harrisii, by comparing survival in constant
temperature baths to that in baths with cycling temperatures.) Leffler (1972) found that blue
crabs tolerate temperatures as high as 34°C if exposure is limited to less than 48 hours, but

mortality increases sharply for exposures longer than this.

Rome et al. (2005) carried out experiments to examine the effect of cold temperatures on blue
crab. The acclimation issue (see below) was avoided by collecting crabs from the upper reaches
of Chesapeake Bay during late winter. Crabs were placed in baths at constant temperatures of 1,
3 and 5°C at salinities of 8, 12 and 16%o for 60 days, and mortality assessed every 5 days. (The

1°C bath was raised to 3°C after 30 days.) Their data indicate a modest increase in survival at
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Figure 15 - Mortality of overwintering crabs in Chesapeake Bay versus February mean water temperature,
data from Rome et al. (2005), replotted. Best-fit exponential, explained variance = 93.1%.

higher salinities, and an LT50 (duration in days at which 50% of the crabs survive) of about 5
days at 1°C and 3°C for mature females. These findings are generally consistent with those of
Tagatz in Table 5. However, Rome et al. found the juveniles to be markedly more tolerant to
cold temperatures than the mature females (LT50 of about 25 days, versus 5 for the females),
which is inconsistent with Table 5. The field data of Rome et al. (2005) from dredge surveys of
overwintering crabs, shown in Figure 15, are not directly comparable, because time of immersion
at low temperatures is unknown, the water temperatures are variable, and the data are pooled
over all crabs in the dredge. Qualitatively, as noted by Rome et al., the mortality in the field is
evidently less than that in the laboratory experiments, though there is clearly a substantial

increase in mortality for temperatures below 3°C.

Abrupt changes in temperature frequently prove compromising or fatal to crabs in laboratory
studies, so there is an increasing practice to acclimate crabs before beginning tolerance
experiments. Typically the practice is an acclimation period over several days over which the

laboratory bath is altered stepwise to the test temperature, e.g. Holland et al. (1971) acclimated
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crabs for six days. Tagatz (1969) determined that a longer period, on the order of three weeks,
was necessary and that the acclimation conditions needed to better approximate those of the
waters from which the crabs were collected. Even at this, he found a positive relation between
the LC50 and the acclimation temperature prior to immersion at the test temperature. (The

results of Table 5 are averaged over all acclimation temperatures.)

4.2.2 Salinity

Unlike temperature (or dissolved oxygen, see Section 4.2.3), most of the action for salinity in an
estuary is in the horizontal. Sources and sinks in the estuary are virtually negligible. The
exception is the net flux of water across the surface in response to evaporation and precipitation,
which alters salinity in the estuary on time scales of weeks to months. A gradient across the
estuary is established by the difference in salinity between freshwater inflows (near-zero salinity)
and the ocean (saltwater, about 35%o in the open ocean, somewhat variable in the western Gulf of
Mexico, typically ranging 32 — 36%o in the nearshore). The horizontal distribution is the result of
internal circulations in the estuary transporting and mixing salinities of different magnitudes.

For this reason, salinity is the quintessential estuarine parameter, acting as a hydrodynamic water
tracer as well as a key biological control (Ward and Montague, 1996). Salinity also subtly
influences water circulations, because ocean water (high salinity) is denser than fresh water (low
salinity). Much of what is known about circulation in San Antonio Bay has been inferred from

patterns of salinity (see, especially, Childress et al., 1975).

As noted above, the larval forms of blue crab are generally regarded to be stenohaline and
stenothermal, requiring salinities greater than 20%o and temperatures above 25°C for complete
development (Tankersley and Forward, 2007), based largely on relatively early reports on
laboratory culturing of the larvae, e.g. Sandoz and Rogers (1944), Costlow and Bookhout (1959),
Costlow and Bookhout (1962), and Kalber (1970). Sandoz and Rogers (1944) examined
hatching and growth of larvae over a range of temperature from 14 to 31°C and salinity from 0 to
33%o. They found hatching success over a fairly wide range of salinity, being maximal in the 27-

30%o, tailing off slowly for salinities less than 27 down to 10%o, below which hatching failed.
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For salinities above 30%o, hatching success dropped quickly to zero above 32%o. This is in

contrast to the abrupt hatching failure outside of temperature range 19 to 29°C.

In the larval growth experiments of Costlow and Bookhout (1959), described in Section 4.2.1
above, no hatchings occurred at salinity 15%o. While some hatched at 10.1%o, none developed
beyond the first stage. The only combinations for which zoeae developed beyond two moltings
are those shown in Fig. 9, from which it is difficult to discern any clear dependence of growth
upon salinity. On the basis of success of hatching and longevity of the zoeae, these controlled
experiments suggest a requirement for salinity in the range 25-31%o for zoeae to survive beyond
the third molt. Kalber (1970) determined that the first stages of zoeae exhibit some osmo-
regulatory capacity, but this is lost in the later stages (which is consistent with the results of

Costlow and Bookhout), then regained as megalops.

As seen in Section 4.2.1 above, for values in the range 10-35%o, salinity has little effect on
mortality of megalops (i.e., on their failure to attain the first crab stage), as shown by the
horizontal isopleths in this range of Fig. 14. For salinities below 10%o, these data show a sharp
rise in mortality to 100%. For salinities above 35-40%o, there is a modest increase in mortality.
These results are consistent with those reported by Rosenberg and Costlow (1976) for blue-crab
megalops through the third-instar juvenile, of survival (at crab 3) of 80% (mortality 20%) at
salinity 10 and 40%o, and survival of 100% at 20%o and 30%o.

While temperature has been found to be an important control on molting in juveniles, the role of
salinity is murky. Early work (e.g., Van Engel, 1958) indicated greater growth increments in
fresh water, but the float experiments of Tagatz (1968b) found the opposite effect. Somewhat
larger growth rates were also found by Cadman and Weinstein (1988) in the molting of small
juveniles, however in their data temperature was the dominant parameter, the intermolt period
strongly diminishing with increased temperature. Millikin and Williams (1984) state, “Salinity
values ranging from 6 to 30 %o do not differentially affect growth of juvenile and adult blue
crabs.” Guerin and Stickle (1997) found no effect on growth rates, intermolt period, or molt
increment of juvenile crabs after being maintained in salinities of 2.5, 10 and 30%o, with all other

environmental variables constant. Their earlier work (Guerin and Stickle, 1992) found an
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increase in intermolt period with salinities only above 35%o, except for a modest increase (from 8
days at 3%o to 10 days at 35%o) for crabs from the hypersaline Laguna Madre. Chézaro-Olvera,
and Peterson (2004), in contrast, found growth rates to nearly double and intermolt period to be
reduced by 40% in salinities from 5 to 25%o. (These crabs were collected in Camaronera

Lagoon, Mexico, from salinities 22 - 35%o.)

Juvenile and adult blue crabs occur in salinities ranging from fresh to hypersaline on the Atlantic
and Gulf coasts, being reported in salinities as high as 119%o0 (Williams, 1984). In Chesapeake
Bay, juvenile and adult abundance in shoreline habitat was found to increase (NB) with salinity,
but also with the amount of shoreline marsh, and watersheds with higher detrital loads (King et
al., 2005, Hines, 2007). Blue crabs occur along the entirety of the Texas coast (Hammerschmidt,
1982). Breuer (1962) reported juvenile blue crabs throughout the Lower Laguna Madre when he
surveyed the area in 1954-56. Juveniles were common in the spring months, adult females in the
summer, and adult males “in large numbers” year-round. The period of his observations, it
should be noted, was during the Drought of the 1950’s, and the median salinity was 39.1%o (with
outer hexiles 32.0 and 44.5%o), ranging up to 55%o.

Chazaro-Olvera and Peterson (2004) grew out blue crabs to the 16th instar from megalops in
controlled conditions, and found no difference in mortality over the salinity range 5 - 25%o. In
the experiments of Guerin and Stickles (1997) in which juvenile and adult blue crabs from
Louisiana waters of 27%o and 23%., resp., were maintained for over two months in tanks of 2.5,
10, 25, 35, 50 and 60%o salinities, adults proved to be slightly better osmoregulators than
juveniles at salinities below 35%o, and both become osmoconformers (more precisely, slight
hypo-osmoregulators) at 35%o and higher. Gifford (1962) found similar results for large crabs
maintained in 61%o salinity, which had been caught in the Guadalupe River (13%o) and Laguna
Madre (51%o) and acclimated at 38%o before being transferred to 61%o.

The ability of blue crabs to thrive over such a range of salinity seems to be in part a matter of
acclimation. In laboratory experiments involving changing salinities, it is common practice to
alter salinities gradually so that the crabs may equilibrate, e.g. Guerin and Stickles (1997)

brought crabs to each respective target salinity from ambient over a one-week period in daily
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steps of 2-3%o. Crabs acclimated in one range of salinity introduced rather suddenly into another
exhibit signs of stress and frequently die. Gifford (1962) found that crabs from the Laguna
Madre were able to survive sudden immersion in higher salinities (survival 4-5 days or longer
after transfer from 38%o to 58%0) much better than crabs from Port Aransas channel (survival
less than 1 day after transfer from 32-40%o into 48%o), and their lethal limit for an abrupt change
was around 70%o. Even after 10 days of acclimation in 38%o water, a sudden transfer to 60%o
was lethal within 24 hours for Guadalupe River crabs, but not for Laguna Madre crabs.
(Acclimation in 38%o water proved fatal after 36 hours for nearly 60% of the river crabs.)
Sudden transfer into low salinities was similarly stressful, in this case Guadalupe River crabs
having the advantage. Both sets of crabs survived sudden transfer to 16%o, but a sudden transfer
to 2%o0 was fatal within 24 hours for the Laguna Madre crabs. Breuer (1962) noted that a sudden
drop in salinity associated with local river flooding in the Lower Laguna Madre frequently killed

blue crabs.

A gradual change in salinity in a laboratory setting, whether carried out over hours (e.g.,
Chazaro-Olvera and Peterson, 2004) or days (e.g., Guerin and Stickles, 1997), may be less
important than the salinity of the native waters per se of the crab. Experiments were carried out
by Guerin and Stickles (1992) in which crabs from a Grand Isle (Louisiana) salt marsh and from
the upper Laguna Madre (Texas) were maintained in salinities ranging 0 - 70%o, in which the
crabs were acclimated by a sequence of salinity changes of 3%o per day from the native salinity
to the treatment salinity. The Grand Isle salinities were polyhaline, ranging 20-30%o, while the
Laguna Madre salinities were hypersaline, ranging 30-45%o. The high-salinity 21-day LC50’s
were determined to be 56.0 and 66.5%o for the Grand Isle and Laguna crabs, respectively, a
difference of about 10%o. The Grand Isle crabs survived indefinitely salinities down to and

including 0%o, while the Laguna crabs exhibited a low-salinity 21-day LC50 of 0.5%o.

Though it is an effective hyperosmoregulator in very low salinities (e.g., Ballard and Abbott,
1969, Guerin and Stickles, 1997), the ability of the blue crab to live in freshwater appears
paradoxical, because it needs to make up the loss of blood salts in urine by concentrating salts
from ambient water, see Section 2.2. It appears that this ability to survive in freshwater is

determined either by the “freshwater” being in fact oligohaline (chlorides 0.1 — 1 %o), or the crab
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having access to higher-chlorides water within 30-40 km, according to studies by H.T. Odum
(1953) of blue crab invasion in Florida waters, see also Tagatz (1968b). Apparently blue crabs
thrive in the freshwater zone of the St. Johns estuary because it is really oligohaline, and in
addition has high concentrations of calcium chloride and localized zones of high sodium
chlorides. Mangum and Amende (1972) investigated the population of blue crabs reported in the
freshwater environment of Mill Creek on the upper James River, and determined that the crabs
appeared only late in the summer, and that the Creek was in reality oligohaline with chlorinities
ranging 1-3%o (salinities 2-5%o). The blue crabs captured on intake screens in the freshwater
reach of the Delaware, reported by Ettinger and Blye (1981), were taken in salinities in the lower
oligohaline range. These authors suggest their presence this far up in the Delaware may have

resulted from population pressure in Delaware Bay.

It is noteworthy that salinities on the order of 1%o have been found to be lethal in controlled
experiments of Holland et al. (1971), and the mortality sharply decreased at slightly higher
salinities, around 5%o. All of the deaths occurred during or just after molting. In the field, of
course, only survivors at these low salinities are evident, since dead crabs sink to the bottom and
are quickly consumed. These researchers speculate that the lethality of low salinity may be an
interaction effect with warmer temperatures, but this conflicts with more recent work that
warmer temperatures facilitate osmoregulation in low salinities. In their report on blue crabs in
Mill Creek, Mangum and Amende (1972) note that the high temperatures of late summer enabled

the crabs to more easily osmoregulate than other times of the year.

In San Antonio Bay, blue crabs are found in environments generally considered fresh, viz. above
the salt barrier in the San Antonio and Guadalupe Rivers, and in Green Lake, among others.
According to Cameron (1978), these crabs do not reproduce, and their populations are
replenished during high water events. The blood salts were found to be high, comparable to
crabs in the estuarine range of salinity (5-35%o), and there was no alteration in the efflux of
urinary salts, leading Cameron (1978) to conclude that these crabs maintain their salt balance by
increasing the uptake of salts across the gills, which entails very high metabolic energy costs.

This is not an effective adaptation to fresh water existence, and Cameron observes that these
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crabs would be at a disadvantage “...in all but the most restricted freshwater habitats”. These

crabs are ecologically isolated, and play no part in the larger bay ecosystem.

On the basis of osmoregulatory capability, the “optimal” salinity range for the blue crab was
estimated to be 25-30%o0 by Romano and Zeng (2012). A low- salinity environment relative to
the iso-osmotic concentration brings an energy demand that can translate to poor feed conversion
and reduced growth rates. While “optimal” sensu Romano and Zeng (2012) is from the
standpoint of aquaculture production, it has relevance to crabs in the wild. The most
energetically costly mode of ion transport for the organism is the sodium pump, which is
increased in a low (or sub-optimal) salinity environment, see Section 2.2.2. A related measure of
“optimal” was addressed by Guerin and Stickle (1992): the energy stored by the crab that is
available for growth, i.e., the net energy of food intake remaining after debits for excretion and
respiration (which implicitly include osmoregulation). With this measure, the range of salinity
with greatest available energy for growth was found to differ depending upon the native waters
of the crabs, Viz. 10-25%o for crabs from the brackish Grand Isle marsh and 35-50%o for crabs

from the hypersaline Laguna Madre.

4.2.3 Dissolved oxygen

Like temperature, most of the action in an estuary is in the vertical for dissolved oxygen, the
primary drivers being the transfer of oxygen across the water surface (reaeration), and the
production and consumption of oxygen in the water column and at the seabed. There is a muted
variation in the horizontal arising from the effect of salinity on solubility. Like temperature,
there are local areas, primarily peripheral shallows—in which the smaller depth of water alters
the relative importance of terms in the DO budget—or the vicinity of discharges of low oxygen
content or high oxygen demand, in which there can be more variation in the horizontal than in
open, unaffected regions of the estuary. Unlike temperature, the kinetics of oxygen are much
more variable in space, due to gross primary production from algae and uptakes of oxygen by
respiration, which can vary substantially with position in the estuary. In regions with substantial

horizontal gradients in DO, horizontal advection is rendered a potentially more important
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component of the oxygen budget than would be the case in the generally open, homogeneous
regions of the estuary. It is not unusual for an estuary to exhibit a range of oxygen conditions,

from hypoxic to supersaturated, depending upon the relative imbalance of the oxygen budget.

As an aerobic organism, the blue crab indubitably requires dissolved oxygen in the ambient
water. However, the literature is conflicting on its specific DO requirements. In the experiments

of Das and Stickle (2004), blue crabs statistically relocated to waters with pO, ranging 98 — 125

Torr (about 4.5 — 5.8 mg/L, see Appendix D), which they interpret as optimum. There is some
evidence that sustained exposure of adults to dissolved oxygen below 50 Torr (about 2.5 mg/L)
can be lethal (Carpenter and Cargo, 1957, deFur et al., 1990). Exposures of adult male crabs for
7-25 days in water at 50 Torr resulted in 20% mortality in the experiments of deFur et al. (1990).
Das and Stickle (1993) exposed juvenile blue crabs in chambers with a range of depressed
oxygen and found that the LC50 at 28 days was 106 Torr (about 5.5 mg/L, toward the high end

of “optimum” from their later experiments, see above), with total mortality after 6 days for pO, <

25 Torr (DO < 1.3 mg/L).

In the field, the basic response to blue crabs encountering hypoxia (pO, < 50 Torr) is avoidance.

A prominent example of the avoidance response is the thronging of blue crabs (along with
numerous other macrofauna) into the shallow waters of Mobile Bay during “jubilee” events
(Loesch, 1960, May, 1973). Zones of low dissolved oxygen have been reported to be barriers to
migration of blue crabs in the Chesapeake and its secondary estuaries (e.g., Van Engel, 1982).
Eby and Crowder (2002) used data from the Neuse River (NC) to determine an avoidance
threshold of 2.5 mg/L for blue crab, i.e., crabs were systematically absent from regions of the
estuary with DO’s less than this threshold. However, in the laboratory experiments of Das and
Stickle (1994) in which blue crabs were placed in an “avoidance” tank where a horizontal
gradient in DO was maintained, the crabs showed no statistically significant avoidance response
to hypoxia over a range of 0 — 4.2 mg/L. (This is in contradistinction to the congener C. similis,
which exhibited a significant avoidance response.) They speculate that when the blue crab is
routinely exposed to diurnally varying DO, it may have reduced need, hence ability, to sense and
avoid low oxygen concentrations. This is somewhat supported by the results reported by

Eggleston et al. (2005), that in the Neuse under prolonged hypoxic conditions, adults migrate to
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the shallower waters (increasing predation of juveniles exponentially), whereas under shorter-
term hypoxic upwelling, there is no invasion of the shallow areas by adults (and no change in

predation rate of juveniles).

A mechanism for enduring exposure to hypoxia is hyperventilation, i.e., increasing the
throughput of water as well as the cardiac rate. This is accompanied by a decrease in oxygen

consumption roughly correlated with the depression of pO, (e.g., Batterton and Cameron, 1978).

In adult crabs, this persists for 5-25 days, after which the crab adjusts to the reduced oxygen
conditions by a sequence of adaptive changes in blood chemistry (de Fur and Pease, 1988, Towle
and Burnett, 2007). Batterton and Cameron (1978) report a marked increase in the rate of
reversal of ventilating flow (see Section 2.2.1) in hypoxic conditions, as well as in low salinities,

and surmise that this may be a generalized response to irritation.

More (1969) reported crab kills (mainly in crab pots) in upper Galveston Bay in the mid-1960’s
apparently due to oxygen crashes. Aeration was impaired by low tides, high temperatures and
slack winds, compromising the supply of oxygen to the water column. The main crab mortalities
occurred just before sunrise, which suggests phytoplankton respiration as a contributing factor.
Blue crabs are also susceptible to gas embolism due to oxygen supersaturation (Shields and
Overstreet, 2007, and citations therein), which could become problematic in regions with algae

blooms.

4.3  Disease and parasites

The blue crab is subject to a range of viral and bacterial infections, some specific to the
organism, and some exchanged among crustaceans. In addition there are parasites and other
symbionts such as fungi, protozoa, flatworms, and leeches, as well as fouling crustaceans that
infect or infest the crab. A useful overview of blue crab diseases is provided by Messick and
Sindermann (1992), and a detailed listing of diseases and parasites specific to the Gulf of Mexico
is given by Guillory et al. (2001). Shields and Overstreet (2007) present a comprehensive

account of present knowledge about infectious and parasitic organisms, their propagation, and
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impacts. The present section has a much more modest goal: to enumerate those that may figure
prominently in the crab population, particularly in Texas, and what governing factors in the

environment may influence the infection or infestation.

White spot virus is a well-known penaeid shrimp infection, particularly notorious among shrimp
farmers, that is capable of transmittal to the blue crab. Occurrences have been reported in the
Gulf of Mexico, but there is not evidence at present of large-scale mortality in the blue crab

populations (see Shields and Overstreet, 2007).

With respect to bacteria, several species of Vibrio are commonly found in blue crabs, mainly in
the blood but also in small concentrations on the carapace (Davis and Sizemore, 1982, Shields
and Overstreet, 2007). The greatest danger to the crab is a rapidly developing infection that
seems to be brought on by some sort of stress, such as capture and handling, or change in
temperature or salinity (Shields and Overstreet, 2007). The frequent mortality of captured
individuals by crabbers may be attributed to stimulating Vibrio infections. Data from Galveston
Bay (Davis and Sizemore, 1982) show substantial presence of Vibrio spp. in crab blood
throughout the year, but peaks in concentration of Vibrio in the summer. (A much greater
dependency upon water temperatures is exhibited in the mid-Atlantic estuaries, Shields and
Overstreet, 2007.) The pathogens V. parahaemolyticus and V. vulnificus, which are favored by
warm-weather conditions, were isolated in more than half of the crabs sampled by Davis and
Sizemore, while V. cholerae was isolated from 3.5% of the crabs and only during the cool
months of winter and spring. Some twenty years after the work of Davis and Sizemore (1982),
the largest outbreak of V. parahaemolyticus in the United States (to that time) occurred May-
June 1998 in Galveston Bay, not from blue crabs but from oysters consumed raw (DePaola et al.,

2000).

One of the more important blue crab infections is the pathogenic amoeba Paramoeba perniciosa.
This is the agent responsible for “grey crab disease”, which has caused major mortalites in the
mid-Atlantic (see comments following Couch and Martin, 1982). Fortunately, the disease does

not (yet) occur in the Gulf of Mexico (Shields and Overstreet, 2007).
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A parasitic dinoflagellate Hematodinium perezi is found in the Atlantic and Gulf of Mexico
nearshore environments, in waters of elevated salinity (greater than about 11%eo), and frequently
infects crustaceans, including the blue crab. The infection is usual fatal to the animal. In some
harvested crabs, it is responsible for the “bitter crab disease” but this apparently does not occur
in blue crabs (Shields and Overstreet, 2007). The heavily infected crab is lethargic and ceases
eating, and eventually exhibits a yellow coloration in the blood. H. perezi is highly contagious
and may be responsible for the local elimination of some blue crab populations (see citations in
Shields and Overstreet, 2007). In the Atlantic, the disease peaks in late fall to early winter then
vanishes over winter. Since juveniles are particularly prone to infection, the parasite could have
impacts on the survivorship of the summer spawn just recruiting into the pelagic population. The
disease has been reported in the Gulf of Mexico, notably the panhandle of Florida (Couch and
Martin, 1982), Mississippi (Shields and Overstreet, 2007) and Texas (Messick and Shields,
2000).

Among the protozoans that infect blue crabs are several ciliates, notably Lagenophrys
callinectes, which attaches itself to the flat surfaces of the gills. This is a surface infestor of
decapod crustaceans, including shrimp (in which it is responsible for black-gill disease).
Technically not a parasite, since its holdfast is cemented to the gill surface and does not penetrate
the gill, a heavy infestation of L. callinectes can compromise the exchange capacity of the gills
(Guillory et al., 2001, Shields and Overstreet, 2007). Frequently interspersed with L. callinectes
is another ciliate, Acineta sp. Maximum prevalence occurs in the warm-water months of late
summer and early fall. Molting rids the crab of the ciliates, since the gills are left behind with
the old exoskeleton, but re-infestation is probable. These protozoans occur in Atlantic and Gulf

waters (Murchelano and Rosenfield, 1980, Fontaine, 1985, Guillory et al., 2001b).

The fluke (digenean or flatworm) Microphallus basodactulophallus is ubiquitous throughout the
North American range of the blue crab, and is its most prevalent digenean. The crab is one
(secondary) host in a complex lifecycle. The adult fluke lives in the intestine of shore mammals
(the definitive host), mainly raccoons and rats (Shields and Overstreet, 2007). The mammal
deposits its feces, which contain large concentrations of eggs of the fluke, on or near the shore,

especially in marshes. The feces are ingested by mud snails (Hydrobiidae) and each egg
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ultimately produces thousands of larvae (cerceriae) in the host snail, which are released into the
water. (There has to be a match between the fluke and the species of mud snail, but there seem
to be ample hydrobiid snails available.) The water is drawn into the crab’s branchial chamber in
respiration, where these larvae form cysts on the gills from which they penetrate the gills and
enter the bloodstream. They subsequently invade the tissues of the crab, most conspicuously the
musculature, where they form cysts. Consumption of crab meat by the afore-mentioned host
mammals completes the cycle. This fluke itself has a parasite, the protozoan Urosporidium
crescens, which renders the metacerceriae of the fluke swollen and darkened, making them
visible in muscle tissue (Messick and Sindermann, 1992). The resulting appearance of the crab
meat is known as “buckshot” or “pepper spot”. At present, it is unknown whether M.
basodactulophallus or its parasite U. crescens is harmful to the blue crab, nor is there
information available on effects of environmental variables such as temperature and salinity (see
Shields and Overstreet, 2007). Infected crabs are found year-round in Mississippi Sound (Perry
and Stuck, 1982). Buckshot has been reported on the Texas coast (More, 1969).

Ribbon worms, or nemerteans, Carcinonemertes carcinophila, inhabit the gills of blue crabs and
feed primarily on yolk of the crab’s eggs. Other species of Carcinonemertes infest various crab
species including Dungeness crab and the red king crab, where they are thought to be responsible
for declining stocks (Shields and Overstreet, 2007). In the blue crab, C. carcinophila lives in
mucous sheaths between the gill lamellae of female crabs. Molting eliminates the infestation,
because the gills remain attached to the old exoskeleton, but it is likely that the worm quickly
relocates to the soft-shell crab. When the host extrudes the egg mass, the worm leaves the gill
lamellae and moves into the sponge, building a new mucus tube for habitat, and remains there to
feed on the embryos and mate. This is also where it lays eggs, thought to hatch at the same time
as those of the host, by analogy to the life cycle of other species of Carcinonemertes. After
laying its eggs, the adult ribbon worm returns to the gill lamellae. The infestation of the egg
mass can be high, hundreds to over a thousand, and seems to be keyed to the reproductive state
of the host, i.e., proximity to its pubertal molt (Shields and Overstreet, 2007). In the Gulf of
Mexico, the prevalence of ribbon worms appears to be associated with warmer water
temperatures (May through August). Generally, the opinion in the literature is that ribbon worm

infestations are a phenomenon of higher salinity waters, based mainly on analogy to infestations
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of other species of Carcinonemertes in other crabs. However, controlled studies of dependencies
on salinity and temperature have not been performed for C. carcinophila, and it is possible that
its perceived salinity and temperature preferences are dictated by the spawning and migration of
the female crab. Its impact on the blue crab in the Gulf is unknown, but the ubiquity of the
infestation raises the potential of a role in reproductive fecundity. More (1969) reports 78% of
crabs in Gulf surf at Galveston to be infected. Infections were also found in crabs in lower

Galveston Bay, but no data were provided.

As a hard surface in a marine environment, the cuticle of the blue crab is a target for fouling
organisms. There are many of these (Guillory et al., 2001), including bryozoans, corals, mussels
and oysters, but mainly cirripeds. These are not true parasites, and affect the crab only in adding
weight or limiting mobility. These include several species of acorn barnacles, whose preferred
site of attachment is the carapace. The gooseneck barnacle, Octolasmis mulleri, enters the
inhalant port to the branchial chamber and attaches to the gills, and if the infestation is
sufficiently high, can inhibit gill function and even compete for oxygen. In the Galveston surf in
1967-68, 57% of the mature females were infected, according to More (1969). Several crabs had
at least 500 barnacles attached to the gills. Males were also infected, but at a considerably
smaller rate. All of these barnacles are marine organisms that are most prolific in warm, high-
salinity waters. Shields and Overstreet (2007) suggest that study of barnacle deposition on the
blue crab carapace may offer a means of aging instars (if the age classes of the barnacles were

defined) or determining the salinity history of a mature female.

There is one barnacle, however, that is a true parasite, the rhizocephalid Loxothylacus texanus.
The barnacle, which doesn’t look like a barnacle, infects young juvenile crabs less than 20 mm,
penetrating the joint membranes and eventually migrating to the midgut. Its external expression
is a brood pouch (externa) under the crab’s abdomen. Growth of infected crabs is stunted
because they cease molting, and male juveniles are effectively castrated, taking on the
appearance of a female. The life cycle and details of the biology of the barnacle are given by
Shields and Overstreet (2007), see also Tindle et al. (2004). It is mainly a threat in the Gulf of
Mexico, and appears to require higher salinities, generally above 25 %o, for survival (Shields and

Overstreet, 2007). Apparently, the larval forms, especially the nauplii, are impaired at salinities
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below 20%o, but the literature is conflicting on this (Tindle et al., 2004, Shields and Overstreet,
2007). Since juvenile crabs are infected and removed from the population, it is difficult to
estimate the impact of this parasite, but it clearly has the potential to significantly reduce the blue
crab population. Guillory et al. (2001) estimate that this infestation has eliminated as much as

half of commercial blue crab stocks in some regions of the Gulf of Mexico.

Infestations of L. texanus have long been a concern in Texas. In his collections in 1941-42,
Gunter (1950) found a prevalence of about 1.5% in crabs from Aransas and Copano Bays, 96%
of which were taken in Aransas Bay. A special study was carried out by the Texas Game & Fish
Commission (TGFC) in 1947-50 (Daugherty, 1952), in which an expert on the barnacle from
Washington, D.C., participated in summer of 1950. This study concentrated on Aransas Bay and
adjoining systems including Cedar Bayou. On average, about 8% of the crabs were found to be
infected. The focus of the infection was determined to be Mud Island in lower Aransas Bay,
where over 25% of the crabs displayed externa. More (1969) reports surveys of L. texanus
infestation in blue crabs from the mid-1960’s in which every bay except Sabine Lake exhibited
this infection. The prevalence generally increased with salinity, with all of the bays being less
than 1%, except the Laguna Madre (Upper Laguna 6%, Lower Laguna 8%). In contrast, in the
sampling of stations throughout Terrebonne and Timbalier Bays in Louisiana reported by Adkins
(1972b), there was no clear relation of infestation to salinity, which ranged 0.9 — 29.7%o. The
greatest infestation he found was 11% at Moss Bay, where salinities ranged 5 - 21%eo.
Temperature, not salinity, was the predominant environmental control, with which the infestation

was directly correlated.

Infections of the barnacle in lower Mobile Bay over the period 1989-91 are reported by Hsueh et
al. (1993) to range up to 95%, being especially prevalent in open-bay stations compared to marsh
and shoreline. The infestation varied seasonally, but no dependency on temperature or salinity
was noted. The study was focused on the relative abundance of the closely related species C.
sapidus and C. similis, the latter being found to be predominant except in marsh regions. No L.
texanus infection was found in C. similis anywhere in the bay. Wardle and Tirpak (1991) report
surveys of crab infestations in Galveston Bay during a Loxothylacus outbreak in 1989. The

overall incidence of externa was about 11%, but there was no clear association of the extent of
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infection with salinity. In fact, the highest rate of infection (39%) occurred at one of the lowest-
salinity stations (Hanna’s Reef, 10-19%o), and the next highest (38%) at a midrange-salinity
station (south of Texas City Dike, 20-25%o). Incidence of externa was 0 in seven of eight high-

salinity stations, the exception (West Bay, 25-32%o) exhibiting 20% infection.

Moreover, higher rates of infection in higher salinity regions do not necessarily imply that the
crabs are more exposed to infection in those regions. This may instead reflect a behavioral
response of the crab to L. texanus infestations contracted elsewhere. Researchers in Mexico
studying the Mexican blue crab, Callinectes rathbunae, have discovered that L. texanus
depresses the blood salts of the crab (Alvarez et al., 2002), requiring a greater influx of salts from
ambient water to compensate (Section 2.2.2), and also elevates the oxygen consumption by 60-
140% (Robles et al., 2002) thereby further increasing the energy investment needed by the crab
for respiration in low-salinity environments (Section 2.2.1). As both of these effects can be
mitigated by increasing ambient salinity, these researchers suggest that infected crabs can be

expected to move from low- to high-salinity regions of the estuary.

Finally, a symbiosis (more precisely, phoresis) has been described by Cake (1983) between the
southern oyster drill (Thais haemostoma floridana) and the blue crab. The crab provides
transport for the drill into the estuary. The drill, typically a juvenile, attaches to the crab,
typically an adult, apparently while the crab is inactive on the bed or moving about in detrital
habitat near the seaward end of the estuary, and feeds on fouling organisms on the carapace,
notably barnacles and oysters. When the crab approaches an oyster reef, the drill dismounts.
Almost all of the crabs carrying drills collected by Cake were females, and some drills were
observed feeding on the eggs of ovigerous crabs. Drill occurrence on the crabs ceased in late
summer when female migration toward the sea began. Cake exhibits a photograph of a blue crab

with seventeen drills attached, sixteen on the carapace and one on a chela.
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4.4  Prey and predation

The blue crab is an omnivore and a scavenger, an opportunistic predator whose diet includes
epibenthic and infauna invertebrates, particularly bivalves, motile crustaceans and fish, plant
detritus, carrion, excrement, and other blue crabs. A detailed summary of blue crab prey is
presented by Hines (2007), which shows a spread of over ten phyla and nearly 100 species. The
diet shifts from benthic arthropods and annelids as the young juvenile matures and develops the
speed and hardware to prey upon fish and molluscs (Laughlin, 1982). The chelae are generally
capable of cracking the shells of bivalves, which make up the majority of the diet of adult crabs,
at least in the mid-Atlantic (Hines, 2007). For those bivalves with heavier shells, like Rangia or
large oysters (greater than 35 mm standard height), the crab chips the edges to gain access to the
adductor muscles, which once-severed allows prying open the shell (Eggleston, 1990). Blue
crabs track their prey by both visual cues, responding to movement of the prey, and odor. There
is considerable variation in the diet of the crab, seasonally and spatially, both within an estuary
and between estuaries. This variation is dictated largely by what is available where the crab is
(Laughlin, 1982, Hines, 2007). Even temporal variation, such as correlation with high-tide, may
be dictated more by prey availability than deliberate activity of the crab. When a variety of prey
is available, the blue crab is sensitive to relative profitability of a food choice, viz. energy derived
from the food compared to energy expended in capture and handling (Hines, 2007 and citations

therein).

Less is known about the prey of larvae and postlarvae. In laboratory cultures in mid-twentieth
century, blue crab zoeae were reported to survive only on a yellow dinoflagellate (Gymnodinium
or Amphidinium, perhaps, Marshall and Orr, 1960), and sea urchin (Arbacia) or Artemia nauplii
(Costlow and Bookhouse, 1959). Later work, particularly motivated by the prospects of
aquaculture, found that zoeae could be successfully fed on rotifers and polychaete larvae
(Epifanio, 2007). Even at this, there remains a high mortality of cultured larvae. The prey of
zoeae in the wild is presumed to be similar nauplii-sized zooplankters which the zoeae randomly
contact, but remains unknown (Epifanio, 2007). Apparently, availability of food in the wild is an
important factor. McConaugha (1988) reports that as much as 50% of late-stage zoeae (VI and

VII) from the inner shelf were found to have been subjected to starvation.
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Megalops prove easier to please than zoeae in the laboratory, and survive satisfactorily on
Artemia nauplii. Possessing chelae and greater swimming ability than the larvae, the megalop is
considered to more aggressively pursue its prey. The prey of megalops in the wild, however,
like that of zoeae, is unknown. Like zoeae, the main predator of megalops is thought to be
planktiverous fish (Morgan and Christy, 1996), see Section 5.2. Megalops may more
successfully evade predators because of their better swimming capability, including bursts of 20

cm/s (see Section 2.3).

The list of predators for the blue crab is even more extensive than the list of prey, see Guillory
and Elliot (2001) and Hines (2007). Hines (2007) offers the judgment that reptiles (notably
alligators and sea turtles) and birds probably have a minor overall impact on the population of
blue crabs. In terms of size of the populations, geographical distributions and food requirements,
the fish as a category probably represents the greatest aggregate predatory impact on the blue
crab population, with two possible exceptions, C. sapidus itself (i.e., cannibalism, discussed
below) and Homo sapiens. While there is some data on the proportion of diet comprised by blue
crabs for individual species (see Scharf and Schlight, 2000, Guillory and Elliot, 2001, Hines,
2007), there is generally a lack of quantitative data on the scale of fish predation. On the mid-
Atlantic coast, the striped bass (Morone saxitilis) is considered the most important predator on
small juveniles because of its prevalence in primary and secondary habitats of the crab (Lipcius
et al., 2007). Two quantitative studies of fish predation in seagrass beds of lower Chesapeake
Bay are available in the grey literature, viz. Orth et al. (1999) and van Montfrans (2005),
reviewed by Hines (2007). The first found that fish-predation mortality was on average less than
1% of total abundance per 12 hours, and this was dominated by striped bass. The second found
even lower rates, on the order of 3% of total crabs available per spring or fall season, again

primarily striped bass, with Atlantic croaker (Micropogonias undulatus) a distant second.

For the Gulf of Mexico, Guillory and Elliot (2001), see also Guillory et al. (2001b), presented a
resourceful and valiant quantification of blue crab predation in Gulf estuaries. From literature
data, they compiled lists of species known to include blue crab in their diet based on stomach
content analysis, plus species that generally consume crabs. All told, they found 93 species

known to consume some life stage of blue crab. (Whooping cranes are not included, possibly
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Table 6
Predation indices for principal estuarine fish preying on blue crabs,
computed by Guillory and Elliot (2001), see text,
in descending order for highest eight species

Red drum (Sciaenops ocellatus) 545 Spotted seatrout (Cynoscion nebulosus) 24
Sea catfish (Arius felis) 110 Gafftopsail catfish (Bagre marinus) 3
Black drum (Pogonias cromis) 33 Atlantic croaker (Micropogonias undulatus) 2
Sheepshead (Archosargus probatocephalus) 26 Southern flounder (Paralichthys lethostigma) 1

because their numbers are so few as to have little impact on crab population.) A predation index
was formulated as the product of the fraction of diet composed of blue crab (from the literature
compilation), the abundance of the species, and the average weight. The calculation was limited
to fish, and the last two parameters were based upon gill and trammel net data of the Lousiana
Department of Wildlife and Fisheries. Their results for the top eight predators are given in Table
6. (See Guillory and Elliot, 2001, for details.) This index is proportional to the physical
consumption of blue crab by the population of the predator species, and therefore quantifies the
relative importance of these species as predators. There are qualifications, of course, most
important being the implicit assumption that the predator species has the same access to crabs as
the specimen(s) whose stomach contents were reported in the literature. (Moreover, the constant
of proportionality is unknown, because Guillory and Elliot do not report the units of the net data
or the species weight.) Since Table 6 is based upon Louisiana net data, the applicability to
Texas, specifically to San Antonio Bay, is unknown, but presumably is much more appropriate
than data from the mid-Atlantic coast. No grouping of fish by predation habitat was done, so
these results may not strictly apply to specific habitats, such as salt marshes. For example, on the
Gulf of Mexico coast, pinfish (Lagodon rhomboides) and several similar species are thought to
be important predators on the post-settlement juveniles in seagrass beds because of their ability
to move among the stalks, yet pinfish is ranked much lower by predation index of Guillory and
Elliot. Finally, without an estimate of the stock of blue crabs on the coast, in the same units as

the predation index, the absolute impact on blue crab mortality cannot be quantified.
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One organism that is both prey and predator for the blue crab is the organism itself. There is
increasing evidence that cannibalism is a major source of blue crab mortality (Lipcius et al.,
2007). Small juveniles eat megalops or first-instar crabs. Larger juveniles eat smaller juveniles.
Adult and subadult blue crabs eat juveniles. Hard-shell crabs eat soft-shell (i.e., freshly molted)
crabs. Hines and Ruiz (1995) estimated mortality of juveniles from cannibalism to range 75-
97% in some habitats in Chesapeake Bay. Hines (2007) cites a tethering study sustained for 16
years in central Chesapeake Bay in which there were no instances of fish predation but more than
92% mortality was due to cannibalism. The mortality of juveniles due to cannibalism is
especially high in nonvegetated habitats. One particular type of cannibalism may be most
important in terms of limiting the juvenile population, namely early life-stage, intra-year, inter-
cohort cannibalism, in which first-arriving instars, as young juveniles, feed on settling megalops
or newly molted juveniles. This results in several patterns of density-dependent mortality,
explored in careful mesocosm experiments by Moksnes et al. (2003), which they suggest may

make the juvenile population self-regulating.

In the Gulf of Mexico, the settlement studies of Rabalais et al. (1995) and Spitzer et al. (2003),
reviewed in Section 5.4 below, show the abundance of early-instar juveniles after high-density
megalop settling events (pulses) declining within a few days to background levels, as would be
manifested in density-dependent mortality, elaborated by Moksnes et al. (2003). While this does
not diminish the potential of intense fish predation, it raises the possibility that cannibalism is at

least a contributing, and perhaps dominating component of young juvenile mortality.
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5. MIGRATION

Migration is keyed to the various life stages of the blue crab and is driven by the habitat
requirements of these respective stages. The bulk of knowledge on the movement of populations
of blue crab in the wild is founded on studies on the mid-Atlantic coast, especially in Chesapeake
Bay. The other populations of blue crabs on the Atlantic and Gulf coasts have received only a
fraction of the attention and effort that have been applied to the mid-Atlantic. Therefore, the
conventional starting point, and that observed here, is to delineate these migrations, comparing
and contrasting work in other systems. Inferences of the movements of crabs and the underlying

controls are based upon three strategies of data collection:

(1) entrapment in the field (e.g., trawl, seine, dredge) together with data on depth,
time, location, occasionally water chemistry, and, rarely, current velocity;

(2) crab-tracking experiments in the wild, including mark-and-recapture, caging,
tethering, and acoustic tagging;

(3) experiments under controlled conditions, including aquaria and mesocosms,
which we refer to generically as “laboratory” experiments, not so much in the

sense of venue, but in the sense of careful control of external variables.

Each of these has advantages and deficiencies, and none provides entirely suitable data on crab
movement. Of course, the scope and technology involved are highly variable and underlie the

generality and confidence of the results.

The physiological process of mating is summarized above in Section 3.2. In the present context,
our concern is in geography and seasonality. In the mid-Atlantic, mating occurs mainly in the
upper reaches of the estuaries (Churchill, 1919, Van Engel, 1958). Hines et al. (1987) report that
the low-salinity upper reach of the Rhode River (Chesapeake Bay) is favored by molting juvenile
males, whereas the brackish middle reach is used for mating hence favored by pre-pubertal
females. In Charleston Harbor (South Carolina), however, mature crabs of both sexes are found

preferentially in higher salinities and the juveniles of both sexes in lower salinities. Mating
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occurs throughout the length of the estuary, inferred from the presence of mature male and
female crabs in Charleston Harbor in all salinities over the range 10-35 %o (Archambault et al.,
1990). Mating appears to favor the shallow tidal creeks, from which the inseminated females
move into the open bay waters (Whitaker et al., 1998). Farther down the southeast Atlantic
coast, in the St. Johns estuary of Florida, mating is observed to occur from the mouth inland over

200 km (Tagatz, 1968a), which is well beyond the limit of salt intrusion.

In the temperate climate of the mid-Atlantic, the mating season is summer to early fall,
principally the late summer. In Chesapeake Bay, in the warmer deeper waters near the mouth of
the estuary, females begin their terminal molt earlier in the year, so, depending upon
meteorological and hydrographic conditions, there may be an earlier season of mating activity in
the spring (Jivoff et al, 2007). As noted in Section 3.2, in the St. Johns, mating occurs
throughout the year, but the peak seasons are spring to early summer (March — July) and fall
(October — November) with low activity in the coldest months December — February, and the

warmest months August — September.

The early view of migration based upon Chesapeake Bay was that the lower bay functions as a
nursery where zoeae develop into young juvenile crabs, after which they would migrate to the
upper bay, maturing on the way, and perhaps overwintering in transit (e.g., Churchill, 1919,
Truitt, 1939). The modern view is much more complex. Zoeae develop offshore on the inner
shelf, then reinvade the estuary at the megalop stage, populating various nursery areas. As
juveniles grow, they shift to shallow soft-bottom nursery, before finally recruiting into the
pelagic population. The migration of the crab is described in this section, starting with the post-
insemination movement of the female and progressing through the successive stages of
migration, the associated life stages, and potential controlling factors. When information is
available beyond the mid-Atlantic, the order is to proceed south to Florida, then to the Gulf of

Mexico from Florida to Texas.
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5.1  Migration to the mouth

The seaward migration of the inseminated female crabs in the mid-Atlantic estuaries is
conventionally subdivided into two “phases” (Jivoff et al., 2007). Phase I is the migration from
the mating area to the lower estuary, where the crabs spawn. Phase II is the migration from the
lower estuary to the mouth, where the eggs are hatched and the larvae released. Both phases are
governed by climatology, specifically water temperature. After mating, the females remain in
the upper estuary where they feed, building reserves until fall (Turner et al., 2003). The Phase |
migration then occurs from September through November, presumably triggered by lowering
temperatures (Aguilar et al., 2005, Hines et al., 2008). The females concentrate in the deeper,
warmer water of the estuary axis. Several studies in the mid-Atlantic estuaries (e.g., Hench et
al., 2004, Aguilar et al., 2005) have demonstrated that the female crabs use selective ebb
transport (SET) to achieve net seaward movement on the order of several kilometers per day.
This behavior is reviewed in more detail in Section 4.1.2, relating to the manifestation of
circadian and circatidal rhythms. Other studies report that the females also move along the
bottom (Aguilar et al., 2005, Jivoff et al, 2007, Hines et al., 2008), so that they continue the

migration even if currents are adverse.

Reaching the lower estuary, females bury themselves in the sediments and overwinter. Brood
production occurs in the next year when water temperatures warm sufficiently, in late spring to
early summer (Davis, 1965, Aguilar et al. 2005, Jivoff et al., 2007). It has been suggested that
burial has another advantage, as the sediments facilitate adherence of the egg mass to the
pleopods by a mechanism still unknown (Jivoff et al., 2007). The female crabs, now with
sponge, undertake the Phase Il migration to the estuary mouth in early summer. Tilburg et al.
(2008) conducted studies of Phase II migration in the Delaware, from the brooding grounds in
the lower estuary, through the mouth into the hatching grounds of the coastal ocean. A time
series of larval hatching (estimated from the egg stage of ovigerous females) was constructed
showing basically episodal hatching events from June through October with greatest peaks in

July and August.
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Female migration in Chincoteague Bay revealed by tag-recapture experiments is described by
Cargo (1958). This lagoonal estuary is small, approximately 10 x 30 km (roughly the size of San
Antonio Bay measured from the Guadalupe delta to Matagorda Island), with its long axis
paralleling the Atlantic coast. It has a small watershed and minimal inflow, and inlets at both the
north and south ends, the latter being the natural, and, once, only inlet. From four separate blue-
crab tag-and-release experiments, the majority (61% of all crabs recaptured) move south down
the bay. Discounting the 36% that were recaptured at or near the point of release (most after a
few days, a few after several months), 93% of those recaptured elsewhere exhibited southward
movement. This bay shares the climatology of Chesapeake and Delaware Bays, but the reason
for migration in this southward direction is unclear. Because of the low freshwater inflow, the
bay generally displays salinities greater than 25%., typically slightly hypersaline in summer.
There is