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ABSTRACT

Blue crabs make up one of the most important commercial fisheries in the U.S.
but there has been some concern over the health of blue crab populations due to large
declines in landings seen in recent years. There is a significant positive correlation
between river discharge and commercial landings suggesting that drought may be to
blame for the recent decline in crab numbers. The work I completed for my dissertation
tested multiple hypotheses examining the link between decreasing freshwater discharge,
the subsequent rise in salinity, and the abundance of blue crabs in the ACE Basin
National Estuarine Research Reserve.
To address these hypotheses, a combination of laboratory studies, field
observations, and field manipulations were performed over a four year time period from
June 2008 through March 2012. Water quality, crab health, fishing effort, and
Hematodinium sp. infection rates were measured quarterly at 27 stations. Field
experiments were performed to estimate both blue crab post-larval abundance and
survival.
River discharge varied both seasonally and annually causing shifts in the salinity
profiles of each river. Increasing salinity increased crab survival, but also increased
infection by Hematodinium sp, a lethal dinoflagellate parasite. Post-larval abundance
was not related to changes in salinity. Over the four years, crab abundances increased in
the river with the highest freshwater input and decreased in the river with the lowest
freshwater input. These results suggest that drought can have both positive and negative
ii

consequences for crab abundance and that further reductions in freshwater discharge
would likely have a net negative impact on future crab landings.
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CHAPTER ONE
LIFE HISTORY AND ECOLOGY OF THE BLUE CRAB, CALLINECTES SAPIDUS

THE DECLINE OF FISHERIES
Fisheries are in decline all over the world. Many studies have examined the
consequences of overfishing (Berkes et al. 2006, Cury et al. 2008, Jackson et al. 2001),
climate change (Harvell et al. 2002), and changes is habitat quality (Craft et al. 2009,
Lotze et al. 2006) on fishery species. The role of overexploitation in the extinction of
fishery species is likely the oldest and most important factor in the decline of fisheries
(Jackson et al. 2001) and despite the enactment of the Magnuson-Stevens Fishery
Conservation and Management Act of 1996, overfishing continues to be a widespread
problem in the United States (Rosenberg et al. 2006). Overfishing can lead to a variety of
ecological effects. Berkes et al. (2006) point out that the removal of commercial species
occupying upper trophic levels can have major impacts on the abundance of species in
lower trophic levels. Both overfishing and climate change have been implicated as
factors leading to the increase in the variability in recruitment levels and shifts in species
dominance in certain ecosystems (Cury et al. 2008). In addition to the effects of climate
change on recruitment variability and species dominance it has also been implicated in
the increase of infectious diseases in important fishery species (Harvell et al. 2002).
Destruction of key habitats, resulting from climate change, is another potential factor
leading to the decline in fishery species (Craft et al. 2009).
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Recent declines observed throughout the range of the blue crab, Callinectes
sapidus, have caused alarm about the future of this species. Blue crabs are known to
influence the structure of invertebrate communities through predation (Hines et al. 1990)
and declines in their abundance could shift community organization. Overfishing, habitat
destruction, and climate change have all been implicated in the decline of the blue crab.
Overfishing has been implicated in causing decreases in spawning stock, decreased
recruitment and larval supply (Lipcius & Stockhausen 2002), and even potential sperm
limitations in heavily harvested populations (Carver et al. 2005). Loss of key habitat has
been linked to blue crab survival. Increases in the fragmentation of sea-grass habitats
have been shown to increase the mortality of juvenile blue crabs (Hovel & Lipcius 2002),
and increased habitat complexity has been shown to increase survival (Hovel & Lipcius
2001).
Climate change has been suggested as detrimentally shifting the environmental
conditions in some estuarine systems inhabited by blue crabs (Wood et al. 2002), which
in turn could affect blue crab abundance. Declines in freshwater discharge into estuaries
is one potential effect of climate change and could have some very important
implications for the blue crab fishery because discharge has been shown to be positively
correlated with blue crab landings (Wilbur 1994). The mechanism by which crab
landings are affected by discharge rates is not fully understood. Any number of
environmental quality parameters including salinity, pH, dissolved oxygen and
temperature may be influenced by changes in freshwater input. The focus of my
dissertation work was to examine the link between changes in discharge, focusing on the
2

subsequent changes in water quality, and the influence on the abundance and distribution
of crabs within the ACE Basin National Estuarine Research Reserve.

LIFE HISTORY OF THE BLUE CRAB:
The range of the blue crab, Callinectes sapidus, extends from the coasts of Novia
Scotia, Canada all the way down to the coast of South America, with the southern tip of
its range ending somewhere around Argentina (SERTC 2009). C. sapidus has also been
introduced to several other areas of the world. Reports of blue crabs being caught in
Europe first appeared in the early twentieth century on the coasts of France (Onofri et al.
2004). As of now there have been reports confirming the presence of blue crabs on the
eastern Atlantic all the way up to Denmark, as well as the Black, Adriatic, and
Mediterranean Seas (Onofri et al. 2004). Introductions have also led to the establishment
of populations on the coasts of Japan (SERTC 2009). It is evident from the establishment
of these introduced populations that blue crabs are potentially strong invaders.
It is believed that the origin of the Callinectes genus likely occurred on the
Atlantic side of Central America (Weber et al. 2003). There are approximately 45
portunid species within North and South America and of these 13 belong to the genus
Callinectes (Robles et al. 2007). Some of the common species of Callinectes that can be
found along the Atlantic Coast of the United States include C. sapidus and C. larvatus in
the “danae” clade and C. similis, C. ornatus, C. exasperates, and C. bocourti in the
“bocourti” clade (Robles et al. 2007).
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Blue crabs have a complex life cycle with a planktonic larval stage, a benthic
juvenile stage and a migratory adult stage occupying distinctly different habitats. Mating
usually occurs in the low-salinity areas of the estuaries and the upper portions of rivers
(Van Den Avyle et al. 1984). Males can mate multiple times while females typically
mate only once but have the ability to spawn several times with the stored sperm (Van
Den Avyle et al. 1984). After mating, the females move into the higher-salinity waters in
the lower portions of the estuary, sounds, and nearshore habitats where they will spawn
(Archambault et al. 1990).
After hatching from the eggs, blue crabs go through approximately seven larval
stages before developing into the megalopae stage (Mense and Wenner 1989). The blue
crab young usually progress through the larval stages in the higher-salinity spawning
areas but then move up into the lower salinity areas in the estuary as they progress from
the megalopal stage into the juvenile stages of development (Mense and Wenner 1989).
As the larval blue crabs progress into the megalopal and juvenile life stages, they move
from a planktonic lifestyle to a benthic one (Mense and Wenner 1989). Once they are
fully grown, males generally move farthest upstream, preferring low-salinity waters while
the females tend to stay in the lower portions of the rivers and lower estuary after they
have mated (Van Den Avyle et al. 1984).
There have been surprisingly few studies looking at molecular ecology of C.
sapidus considering its economic importance, its recent decline, and the amount of work
done with this species in other areas of research. It is usually thought that a lot of marine
populations are well connected as a result of long distance larval dispersal, but there has
4

been some work done recently that has shown that in some populations there may be high
degrees of larval retention near the local populations (Cowen et al. 2000). It has long
been believed that the blue crabs of the western Atlantic and Gulf of Mexico make up one
large panmictic population (Steven et al. 2005). To examine whether or not this is
actually the case there has been a recent increase in the number of studies looking at the
genetic makeup of the C. sapidus population. By using restriction fragment length
polymorphism analysis of the mitochondrial DNA, McMillen-Jackson and Bert (2004)
were able to conclude that there was no evidence to support geographic patterns or
geographic partitioning of the blue crab haplotypes. There was an apparent cline
however in the haplotype diversity with the lowest diversity seen in the northern New
York samples indicating a decrease in haplotype diversity with increasing latitude. This
cline is most likely related to the historic population expansion and associated range
expansion during the growth of this species (McMillen-Jackson and Bert 2004). The
evidence appears to support that there is one large connected population of blue crabs in
the U.S.

STATUS OF BLUE CRABS:
Impacts resulting from anthropogenic disturbances have spread almost
everywhere on earth. One ecosystem that has experienced serious consequences from
human induced disturbances is estuaries (Alber 2002, Montagna et al. 2002). An estuary
includes the coastal area where salt water from the sea mixes with freshwater from rivers.
Estuarine areas provide important habitat for a variety of plant and animal species,
5

providing key feeding and nursery grounds (Montagna et al. 2002). Disturbance to the
discharge of freshwater has become one of the problems for estuaries. Changes to
freshwater discharge are being encountered all over the world and result in altered
habitats for the native marine organisms that inhabit these estuaries (Ardisson & Bourget
1997, Hart et al. 2003, Sklar & Browder 1998).
The blue crab, Callinectes sapidus, is both an ecologically and economically
important estuarine species. Blue crabs are keystone predators that likely play a major
role in organizing the community structure in the habitats that they live (Hines et al.
1990). A number of large commercial blue crab fishing industries exist along the eastern
coast of the U.S. but the one in the Chesapeake Bay is by far the largest (CBSAC 2008).
In 2002, the total commercial fisheries value for marine decapods in the U.S. was almost
$1.2 billion, and the total value of all blue crab landings in that year was estimated to be
$167 million (McMillian-Jackson and Bert 2004).
In the past, the main motivation to study the blue crab was to better understand its
life history because of its ecological and economic importance. More recently there has
been a lot of attention focused on blue crabs due to large population declines that have
been observed within the Chesapeake Bay and elsewhere. The landings for the
Chesapeake Bay in 2007 were 43.5 million pounds, which is the lowest level that has
been seen in over 60 years (CBSAC 2008). The impacts from the large commercial
fishery may actually be one of the driving factors causing the decline of blue crabs.
Unintended consequences of high exploitation rates have been found in the Chesapeake
Bay. One of these consequences is the decline in the size of crabs. A study in Maryland
6

found that the average size of legal male crabs significantly declined from 1968 to 2000
(Abbe 2002).
Other changes seen in recent years include a decrease in the abundance of
spawning stock in the Chesapeake Bay by about 81% during the time period from 1991
to 1999 as well as a decrease in the size of harvested animals (Eggleston et al. 2008). In
the Chesapeake Bay over the time period from 1990 to 1998, the estimated exploitation
rates varied from 40 to 52% of the blue crab population. In fact, in 1999 the exploitation
rate reached approximately 70% of the population (Sharov et al. 2003). These high
exploitation rates may make it difficult to maintain a large population of crabs.
The decline of blue crab populations is a very serious problem due to their
economic importance, and this importance is reflected in the large number of studies that
are being conducted to attempt to determine the factors contributing to the decline. Like
many other blue crab populations, the South Carolina population has significantly
declined over the past 30 years (Figure 1.1a). There is some evidence to show that this
decline is correlated with drought and increasing salinity as annual river discharge has
significantly declined as well (Figure 1.1a). As a result, there is a significant positive
correlation between river discharge and annual landings of blue crabs in SC since 1979
(Figure 1.1b). Despite these recent declines, the South Carolina blue crab population has
been listed as being in fair condition by the South Carolina Department of Natural
Resources (Blue crab update 2007).
Historically, the blue crab fishery was the most stable of South Carolina’s
commercial fisheries, but this has not held true in recent years (Whitaker et al. 1998, Blue
7

crab update 2007). Landings over the past few years have been comparable with the low
landing levels seen during the drought of 2002 and have been consistently below the
historic average for the past nine years (Blue crab update 2007). It has been suggested
that low commercial landings of crabs could be the result of poor market prices affecting
fishing effort, but increases in salinity have also been observed during this decline and
have been shown to be correlated with commercial landings. Overfishing, habitat
destruction, and global climate change have also been implicated in the decline of crab
populations, but few studies have been able to identify any specific mechanisms.
Studies of how altered freshwater discharge regimes affect blue crab distributions
within an estuary could support increased accuracy of predictions about population sizes
as well as the effects of environmental disturbances on those populations. Studies
focusing on the effects of increased salinity on crab movement within the estuary as well
as effects on crab post-larval abundance, growth, and survival will increase
understanding of the impacts of altering the discharge into an estuary.

SHIFTS IN FRESHWATER DISCHARGE:
Human activities as well as droughts can have very serious and direct effects on
the environmental conditions in the estuary. In addition to decreased freshwater
discharge, it has been found that expanding human populations have led to high nutrient
loading along some coastal areas leading to environmental stress (Dame et al. 2000).
Alterations to the freshwater discharge into an estuary have the potential to affect the
quantity, timing, as well as the quality of the freshwater flowing into the estuary and the
8

potential to affect environmental conditions within the estuary such as salinity,
sedimentation rates, and dissolved particulate levels (Alber 2002). Altering the
freshwater discharge has the potential to affect environmental salinities downstream since
the freshwater flowing downstream mixes with the saltwater in the estuary and
determines what the final salinity will be.
Unfavorable environmental conditions resulting from altered discharge can then
have impacts on species composition, species abundance, and species distribution within
the estuary (Drake et al. 2007, Livingston et al. 1997). This set of drivers means
environmental conditions determined by the quality of the discharge have direct effects
on determining which species will be present and in what numbers. Effects from poor
water quality conditions have also be seen in the primary and secondary productivity of
the estuary (Alber 2002, Sklar & Browder 1998, Kelble et al. 2007).
All of these effects of altered discharge are usually the result of activities
occurring upstream of the estuary. These activities often include construction of dams for
hydroelectric power as well as diversions and withdrawals for use in the irrigation of
farmland, but drought could lead to very similar patterns (Alber 2002, Montagna et al.
2002). Drought can drastically decrease the amount of freshwater discharge that is
coming into the estuary, and global climate change has the potential to increase the
frequency of drought conditions and in turn has the potential to have very serious
consequences on the productivity of estuaries (Meynecke et al. 2006, Livingston et al.
1997).
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Some of the biggest changes for both marine and freshwater systems have
resulted from changing salinity regimes that are controlled by the amount of freshwater
discharge into the estuaries (Hart et al. 2003). Estuaries are transitional environments in
which salinity varies between fresh and salt water, with the lowest salinities being the
points furthest up in the estuary (Bulger et al. 1993). Decreased discharge can be
associated with both drought and increased freshwater diversions upstream and is usually
associated with an increase in salinity within the estuary (Jassby et al. 1995). Increased
discharge resulting from flooding events such as those associated with hurricanes result
in high levels of rainfall and cause a decrease in salinity within the estuary (Burkholder et
al. 2004).
It is clear that salinity changes within an estuary can have a variety of different
effects on the flora and fauna that inhabit this environment. In fact, a large portion of the
spatial distribution of estuarine organisms can be understood in relation to the salinity
gradient between the landward and seaward boundaries of the estuary (Jassby et al.
1995). The usual relationship shows declines in species richness from oceanic to low
salinity waters. Lercari & Defeo (2006) stated that usually a minimum richness is
reached near salinities of 4-6 ppt then a subsequent increase is seen as conditions shift
towards fresh water. One of their studies examined the abundance trends of macrofauna
along full gradients of salinity and morphodynamics and found that salinity variability
was one of the key factors shaping patterns of species richness. Nanami et al. (2005)
investigated the spatial distribution of macrobenthic invertebrates in relation to
environmental variables and found that salinity and sediment grain size accounted for
10

significant differences in assemblage structure. Montague & Ley (1993) found that
severe fluctuations in salinity within their study sites may not have stayed within the
tolerance ranges of the species being examined, and thus caused physiological stress,
which in turn resulted in reduced growth and survival.
Many commercially important fish species use habitats within an estuary such as
seagrass beds, mangrove forests, and tidal flats as nurseries or breeding grounds (Dittel et
al. 2006, Eggleston et al. 1998). Many of these fish species also have life cycles that are
correlated with rainfall and temperature patterns. In fact, 30% of Queensland Australia’s
annual fish catch could be explained by variation in rainfall (Meynecke et al. 2006).
Deviations in the freshwater discharge into an estuary could impact the trophic
organization of communities within the estuary. Livingston et al. (1997) examined this
relationship and found that during a prolonged drought a threshold of low discharge was
reached where rapid changes in primary productivity were observed. The authors
proposed the high level of clarity within the normally turbid system was responsible for
the changes in primary productivity, which led to changes in the trophic structure of the
estuary.
Increased disease infection within the populations of an estuary is another
possible side effect of changing weather patterns. It has been found that the physicochemical changes of seawater have the potential to affect metabolism, growth, molting,
as well as survival, of Crustacea (Moullac & Haffner 2000, Mydlarz et al. 2006).
Decreased immune activity has been demonstrated in several shrimp species as a result of
thermal stress (Moullac & Haffner 2000, Mydlarz et al. 2006). Low oxygen and stress
11

caused by exposure to extreme salinities have also been shown to cause depressed
immune responses.

BLUE CRAB RESPONSES TO SHIFTS IN DISCHARGE:
Altered patterns of rainfall across the Southeastern US have caused severe
droughts and historically low river discharge levels (Knapp et al. 2008). As a result,
estuaries of North and South Carolina as well as elsewhere are experiencing dramatic
increases in salinity and significant changes in the distribution of marine resources
including blue crabs (Posey et al. 2005, White and Alber 2009).
The blue crab, Callinectes sapidus, has a relatively complex life cycle that uses
virtually the entire estuary, from the open ocean to freshwater streams (Van Den Avyle et
al. 1984). As a result, this species is particularly vulnerable to changes in freshwater
input that may alter their behavior, growth, or disease susceptibility (Lee and Frischer
2004). Changing environmental conditions are concerning because blue crabs are a
crucial element in many ecological and economic systems along the eastern U.S. coast
(Whitaker et al. 1998). A thorough understanding of the effects of these environmental
changes on blue crabs is essential to the continuation of the current status of the species.
If the commercial trapping of the species is to continue to be a profitable endeavor, we
must further our current knowledge about the factors that influence blue crab abundance
and distribution.
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Blue crabs do have the ability to efficiently osmoregulate in environments from
freshwater to hypersaline lagoons (McGaw and Reiber 1998). This ability makes it
difficult to accurately predict what type of effects might be seen from large changes in
salinity. Osmoregulation in euryhaline crabs such as C. sapidus is accomplished with
ion-transporting cells that are concentrated into patches located on the lamellae of the
posterior gills, whereas the anterior gills are generally the main site for gas exchange
(Kinsey et al. 2003). Lovett et al. (2006) have shown that when crabs are transferred
from a high salinity environment to a lower salinity environment, both the size of the
osmoregulatory patch on the gills and the activity of the Na+, K+-ATPase changed.
Within 24 hours of the salinity change, the osmoregulatory patch had increased in size
and the Na+, K+-ATPase protein activity had increased, both of which are crucial to the
crabs’ ability to osmoregulate in lower salinity (Lovett et al. 2006).
It has been shown that extreme low temperatures and salinities can stress blue
crabs and have the potential to affect their circulation as well as their osmoregulatory
capabilities (Cadman & Weinstein 1988, Lovett et al. 2006a, Lovett et al. 2006b, McGaw
& Reiber 1998, Rome et al. 2005). The effects of salinity on growth and molting have
been examined experimentally, usually showing a decrease in growth at extreme
salinities (Guerin & Stickle 1997). Many of the studies that have examined the effects of
varying salinities on blue crabs have been conducted in the laboratory (Kinsey et al.
2003). McGaw et al. (1999) showed that exposure to certain salinities may even affect
the behavior of blue crabs. Increases in crab locomotor activity as well as an increase in
the rates of movement for the mouthparts of the crabs were observed as salinity was
13

decreased; indicating that changes in discharge rates that affect salinities could in turn
affect blue crab behavior.
Changes in salinity have been shown to have effects on other aspects of crab
physiology as well. McGaw and Reiber (1998) found that altering the environment by
either increasing or decreasing salinity caused an immediate change in the heart rate of a
crab. This increase in heart rate was more pronounced for a decrease in salinity than it
was for an increase in salinity. Although these changes in cardiovascular output resulted
from changes in salinity, they did not appear to be directly related to the osmoregulatory
processes. McGaw and Reiber (1998) stated that the observed changes may be examples
of other types of behaviors occurring in response to low salinity.
Little research has been conducted that looks at the effect varying environmental
salinities will have on distribution within the estuary. King et al. (2005) conducted a
field experiment and found that 51% of the variance in blue crab abundance could be
explained by salinity, watershed land use, and the type of shoreline marsh habitat. Crab
abundance was greatest at salinities higher than 16 ppt. In lower salinities, the crabs,
juveniles in particular, were most abundant along the marsh shorelines that had forested
and mixed-land use watersheds. Wilber (1994) correlated historical flow data with
commercial blue crab landings and found a positive correlation between the two,
indicating that estuarine discharge can have a direct impact on catch number.
Salinity variations could potentially alter crab post-larval abundance and
distribution within the estuary habitat. Blue crabs enter the estuary as megalopae (Mense
& Wenner 1989) but may continue to be transported upriver by flood tides as early
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juveniles (Reyns & Eggleston 2004). In South Carolina, the major settlement period
occurs from August through October. During that settlement period, it was shown that
salinity was one of the environmental factors related to megalopal recruitment in South
Carolina (Boylan and Wenner 1993). In a study conducted in Georgia, it was found that
highest post-larval abundance occurred at the lowest salinity station being sampled
(Bishop et al. 2010).
Salinity could also potentially alter blue crab survival. Blue crabs are subject to
predation from a variety of both marine and freshwater predators. Their marine predators
include black (Pogonias cromis) and red drum (Sciaenops ocellata), sandbar sharks
(Carcharhinus plumbeus), atlantic croakers (Micropogonias undulates), and the American
eel (Anguilla rostrata) (Millikin and Williams 1984, Scharf and Schlight 2000). In
addition to these predators, blue crabs also risk cannibalistic conspecifics. Blue crabs
have been shown to be major predators on other blue crabs (Ryer et al. 1997). Given that
blue crabs can survive in both high and low salinity environments, freshwater predators
can also be important factors in blue crab survival as well. Freshwater predators include
striped bass (Morone saxatilis), alligator gar (Lepisosteus spatula), spotted gar, and
largemouth bass (Micropterus salmoides) (Millikin and Williams 1984). One other large
freshwater predator is the American alligator (Alligator mississippiensis). Blue crabs and
other crustaceans have been shown to compose an important part of alligator’s diets
(Valentine et al. 1972, Gabrey 2010). Shifts in salinity could alter the balance of marine
and freshwater predators and affect blue crab abundance.
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It has been suggested that areas of low salinity can act as areas of refuge for
juvenile crabs by offering escape from predators and potentially higher growth rates for
those individuals that reside in the refuge (Posey et al. 2005). Increased salinity levels
resulting from droughts or other environmental fluctuations have the potential to alter the
low salinity areas of refuge, which could lead to decreased juvenile survival. A
significant decrease in juvenile survival could have serious effects on the population
especially considering some of the density-dependent recruitment relationships seen in
blue crabs (Eggleston et al. 1998, Etherington & Eggleston 2003, Pile et al. 1996, Reyns
& Eggleston 2004).
Another possible side effect of drought is increased disease infection rates. It has
been found that physico-chemical changes of seawater have the potential to affect
metabolism, growth, molting, as well as survival of Crustacea (Moullac & Haffner 2000,
Mydlarz et al. 2006). Decreased immune activity has been demonstrated in several
shrimp species as a result of thermal stress (Moullac & Haffner 2000, Mydlarz et al.
2006). Low oxygen and stress caused by exposure to extreme salinities have also been
shown to cause depressed immune responses. Higher salinity levels have been linked to
increased mortality resulting from infection by the dinoflagellate, Hematodinium perezi,
which could lead to decreased population numbers (Lee and Frischer 2004). It has been
suggested that recent declines in blue crab populations along the Atlantic and Gulf coasts
are connected to the increased occurrence of a parasitic dinoflagellate in the genus
Hematodinium. Incidences of the disease seem to be directly correlated with water
temperature and salinity, with the highest infection rates in the warmest and most saline
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water. Thus, it has been suggested that changing weather patterns are linked to a
decrease in immune response with a corresponding increase in the disease (Lee &
Frischer 2004).
Hematodinium sp. is a dinoflagellate parasite that is known to infect a number of
different decapod crustaceans (Messick 1994). Although significant advances have been
made in detecting the parasite in recent years, there is still much that is not known about
this organism (Stentiford & Shields 2005). It was originally thought that Hematodinium
perezi, which infects some other crustaceans, was the same species that infects blue
crabs, but further evidence called this into question (Messick 1994, Messick & Shields
2000). New evidence has once again supported the idea that this species of
Hematodinium that infects blue crabs also infects a variety of other decapods and may
even be able to infect amphipods (Pagenkopp et al. 2012). This indicates that this
parasite may in fact be a host generalist.
Crabs that become infected by the Hematodinium sp. become very lethargic and
eventually die (Messick & Shields 2000). It is believed that the dinoflagellate lives
within the crabs’ hemolymph, where it feeds on proteins contained within the blood (Lee
& Frischer 2004). Although the exact mechanism of infection is not known, crabs have
been artificially infected with this dinoflagellate by injecting hemolymph from diseased
crabs into disease-free crabs (Shields & Squyars 2000). Evidence for a free living stage
in the Hematodinium sp. life cycle has been found and has been shown to be a potential
mechanism for infection although the exact mechanism of entry is not known (Frischer et
al. 2006).
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It is believed that increases in temperature and salinity may be contributing
factors for recent increases in the prevalence of this disease in blue crabs (Lee & Frischer
2004). The majority of crabs that have been found to be infected with Hematodinium
have been caught in areas with salinities higher than 11ppt. Until recently, it was unclear
whether crabs in lower salinity could not remain infected or if the disease could not
proliferate in low salinity waters. A recent study shed light on to this question by finding
that artificially infected crabs were able to maintain an infection in 5psu water, but the
dinoflagellate could not remain alive outside its hosts in these conditions (Coffey et al.
2012).
The ability to detect the presence of Hematodinium within a crab is crucial for
studies attempting to look at the prevalence of the disease within a population. In order
to be able to accurately detect the presence of the disease Grubel et al. (2002) developed
two sets of PCR primers to amplify fragments of the Hematodinium 18S rRNA gene.
One of these primer sets was developed into a diagnostic test for the presence of
Hematodinium spp. within the hemolymph of blue crabs (Grubel et al. 2002). Small et al.
(2007) were able to further refine the PCR assay so that it was able to distinguish
between the different species of Hematodinium spp. allowing for detection of the specific
species that infects blue crabs. This will allow for the detection of diseased crabs making
it far easier for estimations to be made of infection rates within study populations.
The gills of blue crabs are not only important for gas exchange and
osmoregulation but also play an important role in the immune response of the animals
(Burnett et al. 2006). Burnett et al. (2006) found that an immune response to a disease
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may actually decrease the respiratory fitness of blue crabs. When blue crabs were
injected with the pathogenic bacterium Vibrio campbellii, there was an observable
decrease in the oxygen uptake by the infected animals. This decrease in respiratory
function is the result of hemocyte nodules that form on the gills as part of the immune
response to the bacteria (Burnett et al. 2006). This response to an infection has important
implications for crabs mounting an immune response. Crabs that are fighting off an
infection, such as that caused by Hematodinium sp., may be at a disadvantage when
performing oxygen demanding activities, such as food gathering, which could lead to
higher mortality rates for diseased crabs.
Decreased post-larval abundance, increased juvenile mortality and increased
disease related mortality are additional factors that could potentially arise due to salinity
variations caused by altered discharge regimes. Certain predator-prey interactions have
also been shown to be affected by the movement of water through marine systems
(Powers & Kittinger 2002, Weissburg & Dusenberry 2002). Changing discharge could
cause a change in the hydrodynamic movement of water through the estuarine system,
which in turn could affect the balance of the system.
C. sapidus is a unique animal that is both ecologically and economically
important. Its well-developed osmoregulatory capabilities have made it successful within
the estuaries of the eastern United States and South America. Because of its importance,
many studies have been conducted to examine both the ecological aspects of the crabs as
well as the physiological aspects. Due to its value both commercially and ecologically, it
is important to increase our understanding of this species in order to continue the
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sustainability of blue crab populations. The continued shift in global weather patterns
and the increase in demand for freshwater is likely to continue for the foreseeable future.
Understanding how these shifts in freshwater input will affect estuarine species is very
important for the successful continuation of this highly productive ecosystem.

DISSERTATION HYPOTHESES:
Based on the potential impacts on blue crabs of changing freshwater discharge as
outlined above, I developed several hypotheses relating salinity to blue crab abundance
that were to be tested during my dissertation work (Figure 1.2). These hypotheses were
tested using a combination of field observations, manipulative field experiments, and
laboratory studies.

Hypothesis one (H1) states that decreased discharge (increased salinity) decreases
crab growth and health. Based on previous studies that have found decreased
growth and survival at extreme salinities, we predicted that survival would be
highest at intermediate salinities and would decrease as the salinity shifted from
optimal conditions. This hypothesis is explored in chapter two.
Hypothesis two (H2) states that decreased discharge (increased salinity) increases
crab infection by Hematodinium sp. Previous studies have established that there
is a correlation between salinity and infection rates, with higher infection rates in
higher salinity waters. This hypothesis is explored in chapter three.
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Hypothesis three (H3) states that decreased discharge (increased salinity) would
decrease crab post-larval abundance. Previous studies have found higher postlarval abundance in lower salinity sites. This hypothesis is explored in chapter
four.
Hypothesis four (H4) states that decreased discharge (increased salinity) increases
crab predation. Many of the known blue crab predators are marine-based
predators, and an increase in salinity would likely cause an increase in the number
of crabs exposed to these predators. This hypothesis is explored in chapter four.
Hypothesis five (H5) states that decreased discharge (increased salinity) would
cause crabs to migrate beyond the fishing limit. The ACE Basin has fixed
commercial fishing boundaries. Increases in salinity would likely cause a larger
proportion of crabs to shift their distribution above this fishing boundary where
they would escape capture. This hypothesis is explored in chapter five.
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Figure 1.1 (a) Comparison of annual landings of blue crabs (millions of lbs.) with annual
river discharge in the South Edisto River (USGS gaging station 0275000). There has
been a significant decline in annual landings of crabs since 1979 (r2 = 0.275, F1,31 =
13.14, p = 0.0010) and a significant decrease in annual river discharge (r2 = 0.140, F1,31 =
6.208, p = 0.0183). (b) Landings are significantly positively correlated with river
discharge (r2 = 0.109, F1,31 = 4.920, p = 0.0340). Data comes from SCDNR Office of
Fisheries Statistics and the US Geological Survey Water Resources Division.
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Figure 1.2 Conceptual diagram of some possible links between river discharge and
annual landings of blue crabs. Blue boxes represent potential water quality abiotic
factors known to influence blue crabs. Green boxes represent a subset of life history
parameters evaluated in this dissertation. The Orange box represents the abundance of
blue crabs at several temporal and spatial scales. The Red box represents the fishing
effort estimated as number of crab pots present and the Gray box represents the annual
commercial landings in South Carolina. Each of the five hypotheses (H) in my
dissertation addresses one of the potential links influencing crab abundance.

31

CHAPTER TWO:
LINKING DISCHARGE TO WATER QUALITY AND THE RESULTING
IMPLICATIONS ON THE SURVIVAL OF BLUE CRABS
ABSTRACT:
Freshwater discharge has been shown to be positively correlated with annual
landings of the blue crab, Callinectes sapidus. Discharge also directly influences salinity
within estuarine environments, and salinity affects the survival, post-larval abundance,
and growth of blue crabs. Long term river discharge data was used to examine the water
quality conditions in the ACE Basin National Estuarine Research Reserve in South
Carolina and determine how conditions have changed within this system. In addition,
water quality and crab sampling stations in the three rivers of the ACE Basin NERR were
monitored quarterly in the months of June, September, December, and March beginning
in June 2008 and ending in March 2012. The long term discharge data indicated that
historically low levels of discharge have occurred multiple times within the last decade
leading to a significant increase in annual average salinity. The quarterly census data
indicated that seasonal variation in discharge is negatively correlated with salinity and
temperature and positively correlated with dissolved oxygen. A laboratory growth study
found that juvenile crabs kept at 5 ppt salinity had lower survival than those kept at 20 or
35 ppt salinity. Quarterly field surveys found that the greatest abundance of crabs
occurred in September when most crabs were in high salinity zones and the least
abundance of crabs occurred in March when a large proportion of the crabs occur in the
low salinity zone (0-5 ppt). If discharge is positively correlated with landings but low
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salinity was found to increase mortality in the lab, then there must be other costs of high
salinity.

INTRODUCTION:
Freshwater discharge into estuaries of the southeastern US has declined due to
both natural and anthropogenic factors. This decline in discharge has some very
important implications for the blue crab, Callinectes sapidus, fishery because discharge
has been shown to be positively correlated with blue crab landings (Wilbur 1994). The
mechanism by which crab landings are affected by discharge rates is not fully
understood. Any number of environmental quality parameters including salinity, pH,
dissolved oxygen and temperature may be influenced by changes in freshwater input.
The focus of my dissertation work was to examine the link between changes in discharge,
focusing on the subsequent changes in water quality, and the influence on the abundance
and distribution of crabs within the ACE Basin National Estuarine Research Reserve
(Figure 1).
Blue crab post-larval abundance has been shown to vary strongly by tidal cycle
(Tankersley et al. 2002, Ogburn et al. 2011), moon phase (Mense and Wenner 1989,
Boylan and Wenner 1993; Tankersley et al. 2002, Ogburn and Forward 2009), prevailing
winds (Blanton et al. 1995, Ogburn et al. 2011) and salinity (Mense and Wenner 1989,
Ogburn et al. 2007, Bishop et al. 2010). Salinity is known to play a role in the settlement
process as increases in salinity trigger larval vertical migration associated with ebb tide
transport (Welch and Forward 2001, Forward et al. 2003) but also decreases post larval
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survival (Ogburn et al. 2007). Juvenile blue crab post settlement survival (see reviews by
Hines 2007 and Lipcius et al. 2007) has been shown to be influenced by season (Hines
and Ruiz 1995, Hovel and Lipcius 2002), depth (Hines and Ruiz 1995, Lipcius et al.
2005), hypoxia (Eggleston et al. 2005) and salinity (Posey et al. 2005). The focus of this
chapter is to understand how the abiotic factors of temperature, dissolved oxygen, salinity
and pH are influenced by seasonal and annual variations in river discharge and to
compare the relative effect of high and low salinity conditions on crab survival and
distribution in the field.
In estuarine systems, flow is the interaction between two forces, gravity propelled
discharge from upland watersheds and marine tidal forces causing water to move inland
with rising tides. Flow is also influenced by the shape and depth of the rivers as well as
the processes of evaporation and transpiration (Cole 1979). In this study we did not have
access to true flow data for our rivers, so we estimated relative flow effects in the three
rivers of the ACE Basin NERR based on our knowledge of discharge and river
topography (narrow and deep vs. wide and shallow).

METHODS:
Seasonal and Annual Variation in River Discharge and Water Quality
The ACE Basin encompasses a 141,640 hectare area including extensive
Spartina-Juncus saltmarsh nestled between the South Edisto, Ashepoo, and Combahee
rivers, which drain into St. Helena Sound. Water quality sampling stations were
established on all three of the ACE Basin Rivers, with a total of 61 stations spread
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throughout the system (Figure 2.2). Both the Ashepoo and Combahee Rivers had 21
stations while the South Edisto had 19. These stations were arranged so the first was
located in the mouth of each river, in St. Helena Sound, and each subsequent station was
3.5 kilometers upriver.
Discharge was determined for the South Edisto and Combahee Rivers using the
USGS National Water Information System (http://waterdata.usgs.gov/nwis). Gauging
stations number 02175000 and 02175500 were used to determine discharge for the South
Edisto and Combahee Rivers, respectively (Figure 2.2). Water quality data was collected
from the NOAA-NERR centralized data management system
(http://cdmo.baruch.sc.edu/). Temperature, dissolved oxygen, pH, and salinity measures
were obtained from the St. Pierre Station – South Edisto River – ACE Basin NERR water
quality station (Figure 2.2). Monthly and annual averages were used to analyze the
relationship between discharge and water quality parameters using correlation and linear
regression analyses.
Water quality sampling occurred quarterly in March, June, September, and
December from June 2008 through March 2012. Water quality parameters including
temperature, salinity, conductivity, pH and dissolved oxygen were measured using a YSI
556 MPS hand-held multiprobe (YSI, Inc.) at the surface and 1 m from the bottom.
Readings at the surface and at depth were nearly always identical suggesting a wellmixed water column with no vertical stratification, and thus, we only used the at depth
measures for our analysis of water quality parameters. The patterns of water quality
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variation were analyzed by nested ANOVA with year, month nested within (year), river,
and site nested within (river) as the main effects.
Average monthly discharge data from a USGS gauging station was used to
interpret the relationship between discharge and other water quality parameters within the
South Edisto River. Water quality data (salinity, dissolved oxygen, pH, and temperature)
from sampling site 5 in the South Edisto River were used as a representation of
environmental conditions within the river as a whole. Site 5 is approximately in the
middle of the river and we found that they gave a good estimate of the average
environmental conditions within the river. Linear regressions were used to determine the
relationship between discharge and water quality conditions.

Linking Salinity to Survival:
We found that discharge had a negative correlation with salinity, and since
salinity has been shown to be important in several aspects of a blue crabs’ life (Lee and
Frischer 2004, Posey et al. 2005, Bishop et al. 2010), we focused on salinity as a potential
factor affecting crab abundance.
The first step we took to test the effects of salinity was to perform a survival
experiment. Two separate survival experiments were performed, one in 2010 and the
other in 2011. In both survival studies, blue crabs were transported to Clemson
University after the December ACE Basin NERR census in the respective years. A total
of 93 crabs were used in 2010, and 43 were used in 2011. The crabs were split between
three different salinity treatments. Treatments of 5 ppt, 20 ppt, and 35 ppt were used to
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estimate survival at different salinities. In 2010, the crabs were split so 38 were in the 5
ppt, 28 were in the 20 ppt, and 28 were in the 35 ppt treatment. In 2011, the crabs were
split to include 16, 11, and 17 in the respective salinity treatments.
During both years of the survival experiment, crabs were individually kept in 19 L
aquaria. A 25% water change was conducted twice weekly, and all crabs were fed cut
shrimp twice a week. All crabs were checked daily, and all mortalities were recorded.
After 75 days, survival was analyzed for all treatments. Survivorship data were analyzed
using a univariate survival analysis that calculated a Kaplan-Meier survival estimate. I
used the log-rank chi-squared test since survival was approximately constant. Also the
number of crabs alive and dead after 75 days was analyzed using a two-way log-linear
contingency table analysis.

Seasonal Proportion of ACE Basin Crabs at Risk:
Crabs that were kept in the 5 ppt salinity showed the highest rates of mortality in
our lab survival experiment; therefore, I decided to examine what proportion of crabs
would be found in these salinities within the ACE Basin. Any crabs found at the low
salinities (5 ppt and below) would be considered at higher risk of mortality. To examine
the relationship between salinity and crab distribution, all crabs were designated to a
salinity range based on the water quality data from the time they were caught. The
salinities at the time of capture were grouped into zones of 5 ppt ranges. The first zone
included all crabs caught at salinities between 0 ppt and 5 ppt. A total of 8 salinity
groups were formed with the last group containing crabs caught between 35 and 40 ppt.
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Crabs were separated into four categories (adult male, adult female, juvenile male,
juvenile female) in order to examine differences in distribution and mortality risk based
on sex and maturity. Crab abundances were summed by season over the entire four year
sampling period from June 2008 to March 2012.

RESULTS:
Seasonal and Annual Variation in River Discharge and Water Quality
River discharge through the ACE Basin NERR declined over the past 70 years
with the steepest decline in the years since 1998 (Figure 2.3a). Recent severe droughts in
2002, 2008 and 2011 marked the three lowest discharge levels for both the Edisto and
Combahee rivers in recorded history. River discharge is also seasonal with a maximum
discharge in February and March and a minimum discharge in July and August (Figure
3b).
Water quality parameters since 1995 have also changed (Figure 2.4). There has
been a significant increase in both salinity (r2 = 0.233, F1,15 = 5.853, p = 0.0287) and pH
(r2 = 0.295, F1,15 = 7.698, p = 0.0142) in the South Edisto River, while temperature (r2 =
0.011, F1,15 = 0.166, p = 0.6894) and dissolved oxygen (r2 = 0.049, F1,15 = 0.7769, p =
0.3920) have remained relatively constant. The increase in annual salinity was negatively
correlated with annual discharge estimates (r2 = 0.607, F1,15 = 25.75, p = 0.0001), while
the other water quality measures of pH, temperature and dissolved oxygen are not (Figure
2.5).
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Water quality measures at the 61 sampling stations varied by year, but also by
season, river and site (Figure 2.6). However, the distribution of variance differed for
each water quality parameter. Salinity tended to be greater in the months of June and
September than it was in December and March although this pattern was not always the
case (Figure 2.6a). Most of the variation in salinity occurred by site (72.6%) with less
variation explained by month (6.9%), year (7.3%) and river (0.1%). Little yearly or
seasonal variation was seen in pH (Figure 2.6b) and pH varied relatively evenly at the
level of month (18.7%), year (8.3%), river (2.5%), and site (16.3%). Temperature was
greatest in June and September (Figure 2.6c). Temperature varied more at the level of
month (95.3%) with lower levels of variation at the level of year (0.2%), river (0.1%),
and site (0.4%). Dissolved oxygen tended to be higher in the cooler months of December
and March (Figure 2.6d). Dissolved oxygen concentrations also varied much more by
month (60.1%) with less variation by year (14.5%), river (4.3%), and site (1.7%) (Figure
2.6d).
The only environmental factor in the S. Edisto River found not to be correlated
with seasonal estimates of discharge was pH (Figure 2.7d). It is not surprising to find
that there is not a strong relationship between discharge and pH conditions within the
South Edisto River (F = 0.15, p = 0.70) given that pH showed little yearly or seasonal
variation. Both salinity and temperature have a negative relationship with discharge.
Salinity at site ten is significantly correlated with discharge (Figure 2.7a), showing a
decrease as discharge increases (F = 69.62, p < 0.0001 ). Temperature also showed a
significant negative relationship with discharge (Figure 2.7c), but this is likely driven by
39

seasonal variation in rainfall (F = 14.69, p = 0.0018). In South Carolina, discharge tends
to be higher in the colder months of winter and lower in the warmer months of summer
(Figure 2.3b). Unlike salinity and temperature, dissolved oxygen showed a positive
relationship with discharge (Figure 2.7b) (F = 10.94, p = 0.0052). There are at least two
potential explanations for this relationship between dissolved oxygen and discharge. The
first potential explanation is that since discharge is negatively related to temperature, due
to seasonal variation in rainfall, the pattern of dissolved oxygen could be the result of the
temperature and rainfall correlation because oxygen has greater solubility in colder water.
The second potential explanation is that as discharge increases, the turbulent mixing and
aeration of the water increases.
To examine whether season was having an influence on the relationship between
discharge and the water quality parameters, a set of logistic regressions were run using
both the discharge (log10 transformed) and season as model factors to predict water
quality conditions. To construct a season factor for the model, June and September data
were considered to be one warmer season due to their similarities in water quality
conditions. December and March were also combined into one colder season for the
analysis. When temperature was analyzed, with discharge and season as factors, the
whole model was significant (F = 116.07, p < 0.0001), however, discharge was not
significant (p = 0.83) but season was (p < 0.0001). pH showed the same pattern with the
whole model being significant (F = 4.17, p = 0.0398), with discharge not being
significant (p = 0.09) but season was (p = 0.0137). The whole model for dissolved
oxygen was significant (F = 7.21, p = 0.0078) but neither discharge (p = 0.27) nor season
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(p = 0.15) was individually. The whole model for salinity was also significant (F =
116.07, p < 0.0001) and both discharge (p < 0.0001) and season (p = 0.0240) were
significant individually. When the effects of season are removed, it is apparent that
salinity is the one water quality parameter that is most directly linked with discharge.
Based on these results, it seemed that salinity was a good candidate for being the main
mechanistic factor affecting blue crab abundance.

Linking Salinity to Survival:
Crabs raised at different salinities showed significant differences in survival. At
the end of 75 days in 2010, 19 of 38 individuals (50%) were alive in 5ppt, and 21of 28
(75%) were alive in both the 20 ppt and 35 ppt treatments. In 2011, 2 of 16 crabs
(12.5%) were alive in the 5ppt, 7 of 11 (63.6%) were alive in the 20 ppt, and 8 of 17
(47.1%) were alive in the 35 ppt treatment. A three way contingency analysis showed
that, salinity (G2 = 11.82, p = 0.0027), year (G2 = 8.42, p = 0.0037), and salinity x year
(G2 = 24.4, p = 0.001) were all significant factors in the survival experiment. Since
differences were found in survival between years, the data were not analyzed together.
Survival was not found to vary between the 20 ppt and 35 ppt treatments (χ2 = 1.57, p =
0.21). These results show that survival of blue crabs was lower in 5 ppt than it was in 20
ppt and 35 ppt, indicating that low salinities are detrimental to survival.
To examine the pattern of mortality in the different salinity treatments, survival
curves were plotted for the 2010 and 2011 data separately. The survival curves showed
that in 2010 after a high initial rate of mortality, survival was fairly constant (Figure
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2.8a). In 2011, however, the rate of mortality tended to be more gradual over the
duration of the experiment (Figure 2.8b). In both years the overall trend remained the
same with 20 ppt having the overall highest survival followed by the 35 ppt treatment and
lowest survival was seen in the 5ppt treatment. Given that the isosmotic point for blue
crabs is known to be around 26 ppt (Lovett et al. 2006), it makes sense that survival was
highest in the 20 ppt treatment of our study. This would be the salinity that would require
the least amount of energy to maintain the proper internal osmolarity.

Seasonal Proportion of ACE Basin Crabs at Risk:
Seasonal shifts in the distribution of crabs in relation to salinity were apparent
(Figure 9). In June, a total of 146 crabs (15% of total) were caught within salinity zone 1
(0-5 ppt). Of the 146 crabs, 61 (26% of all adult males) were adult males, 6 (6% of all
adult females) were adult females, 52 (11% of all juvenile males) were juvenile males,
and 27(13% of all juvenile females) were juvenile females (Figure 9a). In September, 75
crabs (6% of total) were in salinity zone 1, with 44 (10%) adult males, 0 (0%) adult
females, 19 (6%) juvenile males, and 12 (4%) were juvenile females (Figure 9b). In
December, 68 crabs (9% of total) were in zone 1 with 8 (2%) adult males, 1(2%) adult
female, 37 (16%) juvenile males, and 22 (14%) juvenile females (Figure 9c). In March,
215 crabs (29% of total) were caught in zone 1, of these 17 (17%) were adult males, 1
(3%) adult female, 145 (36%) juvenile males, and 52 (24%) were juvenile females
(Figure 9d).
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All crabs found in salinity zone 1 (0-5 ppt) were considered to be at risk of
mortality from exposure to low salinity. March had the highest percentage of crabs in the
zone 1 area followed by June. In this study system, March and December tend to be
lower salinity time periods with June and September being higher salinity seasons. The
two times when the largest percentages of crabs are in the lowest salinity zone are split
between the salinity seasons. It is also interesting how the specific group of crabs that
has the highest percentage of individuals at risk shifts with season. The data indicate
that, at certain times of year, there are a large percentage of crabs that are found within
the zone 1 salinity area. And therefore if salinity is increasing mortality, then this could
lead to salinity structuring the population of blue crabs.

DISCUSSION:
Blue crab landings have been shown to be positively correlated with freshwater
discharge (Wilber 1994). I have shown that salinity is strongly negatively correlated with
freshwater discharge in the ACE Basin NERR. Out of all the water quality parameters
that were measured in this experiment, salinity appeared to be the best possible link
between discharge and landings. Even though blue crabs are known to be strong
osmoregulators, salinity is known to play an important role in multiple stages of a blue
crabs’ life history. Salinity has been shown to be correlated with megalopal abundance
(Bishop et al. 2010, Mense and Wenner 1989), settlement processes (Welch and Forward
2001, Forward et al. 2003), and post-larval survival (Ogburn et al. 2007). Low salinities
have been shown to decrease growth (Cadman and Weinstein 1988), increase the number
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of osmoregulatory cells (Lovett et al. 2006b), increase the activity of osmoregulatory
enzymes (Lovett et al. 2006a), increase heart rate (McGaw and Reiber 1998), decrease
over-winter survival (Rome et al. 2005) and increase feeding rate (Guerin and Stickle
1997).
The differences in discharge observed during our four year survey, resulted in a
range of salinity of nearly 25 ppt in the middle of the Edisto River. This is a very large
change in salinity for any organism to withstand, even strong osmoregulators. Based on
these observations, discharge clearly is a major factor shaping the habitat quality within
an estuarine system. Drought has been implicated in salt marsh die-offs (McKee et al.
2004), and salt marshes have been shown to be important nursery habitats for blue crabs
(Johnson and Eggleston 2010). Low salinity areas have been shown to provide areas of
refuge for juvenile crabs (Posey et al. 2005), with lower predation rates on small juvenile
crabs were found in lower salinity areas that had fewer large conspecifics. Increases in
salinity have been implicated in the rising prevalence of disease in blue crab populations.
Prevalence of Hematodinium sp., a dinoflagellate parasite of blue crabs, has been shown
to be positively correlated with salinity and has been suggested as a possible reason for
the decline in crab abundance (Lee and Frischer 2004).
Severe droughts that occurred in 2002, 2008, and 2011 marked the three lowest
levels of discharge for both the South Edisto and Combahee rivers in recorded history.
These data indicate that severe drought conditions are occurring in the ACE Basin.
Increases in the duration and severity of drought conditions could lead to the decline in
salt marsh habitat, which could lead to a decline in suitable nursery habitat for blue crabs.
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Increases in the frequency of droughts could also decrease the amount of freshwater
habitat available for crabs to avoid Hematodinium sp. infection. Seasonal shifts in crab
distribution were seen in our study area showing that a large percentage of crabs occupy
low salinity areas during certain seasons. Our laboratory survival studies indicated that
low salinity (5 ppt) decreased crab survival but it is clear the low salinity areas have
benefits as well. Because discharge is positively correlated with landings (figure 1.1) but
low salinity was found to increase mortality in the lab, then there must be a balance
between multiple factors linking salinity to abundance.
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Figure 2.1 Conceptual diagram linking river discharge to blue crab landings. The links
estimated in this chapter are those between discharge and water quality parameters
(temperature, salinity, dissolved oxygen, pH) and between salinity and blue crab survival.
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USGS 0275000

USGS gaging station
NOAA-NERR station St Pierre
Edisto River water quality station
Ashepoo River water quality station
Combahee River water quality station

Figure 2.2 Map of the ACE Basin showing the location of water quality sampling sites
for each of the three rivers of the ACE Basin. Black circles represent abundance of crabs
in the Edisto River. Light grey circles represent abundance of crabs in the Combahee
River. Dark grey circles represent survival of crabs in the Ashepoo River. The arrows
represent the USGS discharge gauging stations located north of the map and the diamond
represents the NOAA-NERR water quality station at St. Pierre Creek – South Edisto
River.
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Figure 2.3 (a) Annual variation in the river discharge of the Edisto (USGS 0275000) and
Combahee (USGS 0275500) Rivers in cubic feet / second (log10 scale). Discharge in the
Edisto and Combahee Rivers are highly correlated (r = 0.950, n = 56, p < 0.001). (b)
Monthly variation in the river discharge of the Edisto (USGS 0275000) River in cubic
feet / second (log10 scale). Annual discharge in 2002 was the lowest discharge in
recorded history and discharge during the four years of this study were below the 70-year
average.
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Figure 2.4 Annual variation in water quality estimates for the South Edisto River (St.
Pierre Creek) from 1995-2011. (a) Salinity has significantly increased since 1995 (F1,15 =
5.853, p = 0.0287). (b) pH has significantly increased since 1995 (F1,15 = 7.698, p =
0.0142). (c) Temperature has remained relatively constant since 1995 (F1,15 = 0.166, p =
0.6894). (d) Dissolved oxygen has remained relatively constant since 1995 (F1,15 =
0.7769, p = 0.3920).
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Figure 2.5 Relationships between annual discharge and annual water quality estimates
for the South Edisto River (St. Pierre Creek) from 1995-2011. (a) Salinity (F1,15 = 25.75,
p = 0.0001). (b) pH (F1,15 = 0.042, p = 0.8412). (c) Temperature (F1,15 = 0.106, p =
0.7497). (d) Dissolved oxygen (F1,15 = 0.900, p = 0.3578).
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Figure 2.6 Water quality profiles for the South Edisto River from June 2008 through
March 2010, salinity (a), pH (b), temperature (c), and dissolved oxygen (d). June data is
indicated by red lines. September data is indicated by orange lines. December data is
indicated by blue lines. March data is indicated by green lines. Year one (June 2008
through March 2009) data has solid lines while year two (June 2009 through March
2010) have dotted lines. Site one is located at the mouth of the river in St. Helena Sound.
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Figure 2.7 Discharge (cu ft/sec) for the South Edisto River plotted against a) salinity at
site ten (r2 = 0.83, F = 69.63, p = <.0001) b) pH at site ten (r2 = 0.01, F = 0.15, p = 0.70)
c) temperature at site ten (r2 = 0.51, F = 14.69, p = 0.0018) and d) dissolved oxygen at
site ten (r2 = 0.43, F = 10.93, p = 0.0052). Site ten data for all 16 censuses were used for
comparisons.
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a

b

Figure 2.8 Survival curves for laboratory survival study. Crabs kept at 5ppt are indicated
by red lines. Crabs kept at 20 ppt are indicated by green lines. Crabs kept at 35ppt are
indicated by blue lines. Data for 2010 is shown in graph (a) and 2011 data is shown in
graph (b).
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Figure 2.9 Cumulative seasonal salinity zone abundances for June 2008 through March
2012, (a) June, (b) September, (c) December and (d) March. Salinity zone 1 = 0-5 ppt, 2
= 5-10 ppt, 3 = 10-15 ppt, 4 = 15-20 ppt, 5 = 20-25 ppt, 6 = 25-30 ppt, 7 = 30-35 ppt, and
8 = 35-40 ppt. Blue bars indicate adult male crabs, red bars indicate adult female crabs,
green bars indicate juvenile males, and purple bars indicate juvenile females.
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CHAPTER THREE
SEASONAL PREVALENCE OF HEMATODINIUM SP. INFECTIONS OF BLUE
CRABS IN THREE SOUTH CAROLINA (USA) RIVERS

ABSTRACT
Blue crab, Callinectes sapidus, commercial landings in the US have been
declining at an alarming rate. In South Carolina, these declines are significantly
correlated with years of decreased rainfall and elevated salt marsh salinity. Previous
studies have suggested that rises in salinity increase the risk of infection by
Hematodinium sp., a dinoflagellate parasite of blue crabs, Callinectes sapidus. A fouryear survey of blue crabs in the ACE Basin National Estuarine Research Reserve was
performed to document (1) the temporal and spatial patterns of Hematodinium sp.
infection in relation to salinity (2) the ecological correlates of disease infection, and (3)
the characteristics of infected blue crabs. Sampling was conducted four times a year in
June, September, December and March in the South Edisto, Ashepoo, and Combahee
rivers. Sampling began in June 2008 and ended in March 2012. Crab hemolymph
samples were collected and preserved and DNA was successfully amplified for 2,303
individuals. Hematodinium sp. infection was evaluated by PCR amplification of its 18S
rRNA gene and adjacent regions. Prevalence was highest in 2008 during the month of
December in the Combahee River at sites closest to St. Helena Sound. The spatial and
temporal pattern of Hematodinium sp. infection was correlated with several
environmental parameters. Infected crabs were found to exhibit differences in carapace
shape and body condition compared to uninfected crabs. Overall, these results suggest
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that blue crabs in regions of higher salinity are at greater risk of infection by
Hematodinium sp. and infected individuals exhibited sub-lethal effects of the disease.

INTRODUCTION
Recent changes in the global climate and increasing demand for freshwater are
causing wide-spread changes in salt marsh community structure. Blue crab, Callinectes
sapidus, abundance has been on the decline throughout its North American range for the
past 10-15 years. In the Chesapeake Bay, crab abundance has decreased from an
estimated 900 million crabs to ~300 million crabs over the last 15 years (Zohar et al.
2008). Similar declines have been reported in Texas, Florida and Georgia (Atlantic
States Marine Fisheries Commission 2004). In South Carolina, annual fishery landings
of blue crabs have decreased from 7.1 million pounds in 1998 to just 3.2 million pounds
in 2010 (SC DNR). This dramatic decline in crab landings is not correlated with changes
in commercial licenses, but is negatively correlated with average salt marsh salinity
(Childress 2010). In Florida, it has also been shown that blue crab landings are correlated
with freshwater discharge, with higher landings during high discharge years (Wilber
1994). Several recent and persistent droughts have severely reduced river discharge into
South Carolina marshes. This has caused a significant shift in the mesohaline zone
further inland. Fishing effort too has shifted further upriver tracking the crabs, but
fishermen are restricted by fixed fishing boundaries that prevent fishing in historically
freshwater portions of the rivers (Whitaker et al. 1998).
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Decreases in freshwater input cause changes in river discharge and average marsh
salinity and could be affecting South Carolina blue crab landings. One potential
hypothesis is that larger areas of high salinity water increases exposure to lethal parasites
such as the dinoflagellate Hematodinium sp. (Lee & Frischer 2004). This dinoflagellate
parasite is known to infect blue crabs all along the Atlantic coast and is found in greatest
prevalence in high salinity waters (Messick & Shields 2000, Stentiford & Shields 2005).
Increases in salinity could therefore be driving the prevalence to be higher and in turn
lead to the decline in crab abundance.
According to the paper by Messick and Shields (2000), the Hematodinium species
found in Atlantic blue crabs has not been fully described. Further molecular and
morphological work needs to be done to compare it to H. perezi, which infects other crab
species, to determine if they are the same species of dinoflagellate. Thus, throughout the
manuscript we will refer to this species as Hematodinium sp. Previous studies of
Hematodinium sp. infection in Georgia have suggested that prevalence is highest in areas
with high salinity and low freshwater input. Furthermore, these studies have suggested
that during drought years, prevalence can increase dramatically (Lee & Frischer 2004).
The mechanism for increased prevalence during drought years is unknown. It could be
due to increased local parasite densities in areas that normally have high salinity or due to
an increase in the geographic distribution as higher salinity moves up river. It could also
be related to changes in crab physiology and behavior such as increased molt frequency,
greater osmotic stress, or longer exposure time during upriver migration. Some
combination of these factors is likely driving changes in prevalence.
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In this study we examined the characteristics of Hematodinium sp. infection in the
blue crabs of the ACE Basin National Estuarine Research Reserve, South Carolina, USA.
The focus of this work was to determine if the pattern of Hematodinium sp. infection
displayed a predictable relationship with salinity. The first goal was to describe the
spatial and temporal pattern of Hematodinium sp. infection across the salinity gradient
from salt water to freshwater in each of the three rivers over sixteen quarterly census
periods. Our second goal was to determine which environmental parameters best predict
the presence of Hematodinium sp. infected blue crabs. Our third goal was to determine
which blue crab characteristics are most correlated with Hematodinium sp. infection.
From these observations we address the hypothesis that the link between decreasing crab
density and increasing salinity is the result of increased prevalence of Hematodinium sp.
infection.

METHODS
Crab and Water Quality Sampling
The ACE Basin NERR encompasses over 141,000 hectares, including extensive
Spartina-Juncus saltmarsh nestled between the South Edisto, Ashepoo, and Combahee
rivers which drain into St. Helena Sound. Water quality and crab pot sampling occurred
quarterly in March, June, September, and December from June 2008 through March
2012. Nine stations were sampled in each river (27 total stations), with stations located
every 6–10 km, from St. Helena Sound to the northern boundary of the ACE Basin
NERR. Crabs were collected by commercial crab pots wrapped in 2.5-mm Vexar mesh
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(Complex Plastics, Inc.) in order to retain juvenile crabs. Four pots baited with cut shad
or menhaden were deployed for 4–6 hours. Water quality parameters including
temperature, salinity, conductivity, pH and dissolved oxygen were measured using a YSI
556 MPS hand-held multiprobe (YSI, Inc.) at the surface and 1 m from the bottom. All
crabs were returned to the McKenzie Field Laboratory where each was measured,
weighed, and sexed. All injuries and any evidence of external disease were noted. We
attempted to draw and preserve a hemolymph sample from at least half of all the crabs
caught at each site. Crabs that had hemolymph drawn also had a digital photograph
taken.
Hemolymph Preservation and DNA Extraction
Hemolymph was extracted from the axillae, or joint, of the 5th leg (swimmer)
from each blue crab using a 25-gauge syringe. Approximately 150 μL of hemolymph
was drawn and applied to an FTA 4-spot card (QIAGEN Corp. Valencia, CA). Samples
were allowed to air dry and stored at room temperature, as suggested by the
manufacturer.
Genomic DNA was extracted from the card using a Chelex-100, 200–400 mesh
resin (BioRad, Hercules, CA) extraction solution (5% w/v Chelex-100 resin, 0.2% w/v
SDS, 10mM Tris-Cl pH8, 0.5mM EDTA). A section of card (~25mm2) was removed
from the center of the hemolymph stain with a sterile razor blade and incubated with
rotational agitation in 500 uL of extraction solution at 65 °C for 30 min. The samples
were then briefly vortexed and placed in a 95 °C heat block for an additional 5 min and
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chilled on ice for 10 min. Each tube was centrifuged at 16,000xG for 2 min, pelleting the
Chelex-100 resin and allowing the supernatant, containing the genomic DNA, to be
aspirated. The aspirated genomic DNA was diluted 1:10 in TE (10 mM Tris-Cl, pH8, 1
mM EDTA) and used as template in the subsequent PCR.

PCR Primer Design
Utilizing a hemolymph sample that was previously confirmed to contain
Hematodinium sp. (a generous gift of Dr. Dick Lee, Skidaway Institute of Oceanography,
Savannah, GA), we created a positive control for the Hematodinium-specific PCR. We
amplified a 655-bp fragment from the Hematodinium-positive sample; the resulting
amplicon was cloned into the pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA). The
resulting plasmid was used in all experiments as a positive control for the Hematodiniumspecific PCR. This positive control along with three of our PCR positive samples were
sequenced and found to have the diagnostic Bsg1 restriction site indicative of
Hematodinium sp. (Small et al. 2007).
As a positive control for efficient genomic DNA extraction, we designed primers
(Callisap βTub-F 5’–CTTGTAGAAAACACTGACGA–3’ and Callisap βTub-R 5’–
TTCGGTGAACTCCATCTC–3’) to amplify a 657-bp fragment of the Callinectes
sapidus beta-I tubulin gene, GenBank accession AY166605. Thermocycling conditions
were as follows: initial denaturation, 94 ºC for 2 min; 40 cycles of denaturation, 94 ºC for
20 sec, annealing, 50 ºC for 30 sec, extension, 72 ºC for 1 min; final extension 72 ºC for 5
min.
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Each10 μL PCR contained 5 µL of GoTaq Green Master Mix (Promega, Madison,
WI), 1.5 µM of each primer and 1 µL of genomic DNA (1:10 dilution in TE).
Hematodinium sp. was detected using the Hemat-F-1487 forward primer (Gruebl et al.
2002) and the HITS1R reverse primer (Small et al. 2007). Although not originally
designed to be used as a pair, both primers are designed to amplify portions of the 18S
ribosomal RNA gene. In our hands, this primer combination proved most reliable.
Thermocycling conditions were as follows: initial denaturation, 94 ºC for 2 min; 40
cycles of denaturation, 94 ºC for 20 sec, annealing, 58 ºC for 30 sec, extension, 72 ºC for
80 sec; final extension 72 ºC for 5 min.
PCR products were analyzed using standard agarose gel electrophoresis and
visualized under UV light, following staining with ethidium bromide (Fig. 3.1). Presence
of Hematodinium sp. in the sample was judged by presence or absence of the 655-bp
amplicon. Samples in which Hematodinium-specific PCR did not yield amplification
were only considered negative if the Callinectes sapidus-specific PCR produced a 657-bp
amplicon. Samples that lacked an amplicon from the Callinectes sapidus-specific PCR
were considered poor genomic DNA extractions and were not included in the analysis.

Morphometric Analysis
A photograph was taken of a subset of crabs placed on a reference size grid using
a digital camera (Canon PowerShot A710IS, Canon U.S.A. Inc., Lake Success, NY). In
all, 269 photographs of crabs from sites with infected individuals were used to conduct a
geometric morphometric analysis of crab carapace shape. Eighteen carapace landmarks
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were identified on each individual photograph (Fig. 3.2) using the program tpsDig
(http://life.bio.sunysb.edu/morph/) and were centered, rotated and scaled using the
program tpsRelw (http://life.bio.sunysb.edu/morph/). Deviations from the composite
carapace shape were saved as a set of 32 relative warp factors for each individual crab.
Relative warp factors are similar to principle component factors in that the first relative
warp explains the most shape variation, then the second relative warp is orthogonal to the
first and explains some of the remaining variation in shape. These relative warp scores
were then used to examine shape differences between crabs infected and not infected
with Hematodinium sp.
Lab Survival Study
Crabs were collected during the December census of 2011 from the ACE Basin.
The crabs were brought back to Clemson University and each crab was kept in an 18.9 L
aquarium. All crabs were tested for the presence of Hematodinium sp. Six individuals
tested positive for the disease and 43 crabs were negative. All crabs were re-tested
biweekly to ensure that their infection status remained the same throughout the
experiment. A 25% water change was performed twice weekly and crabs were fed cut
shrimp twice a week. At the end of 75 d we analyzed the percent survival of infected
versus uninfected crabs to determine if disease decreased survival.
Statistical Analyses
The ratio of infected to uninfected crabs was analyzed by log-likelihood ratio tests
for year, month, river and site. Sites with and without infected crabs were analyzed by
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logistic regression for temperature, salinity, dissolved oxygen and pH. The status of
infected vs. uninfected crabs collected at the same stations were analyzed by loglikelihood ratio tests for sex, stage, claw injury and leg injury; and by logistic regression
for carapace width, wet weight, and relative warp scores. A stepwise multiple regression
analysis was used to evaluate if crab carapace shape relative warp scores were related to
crab sex, size, or infection status. For the laboratory survival study the ratio of dead crabs
to surviving crabs was analyzed by log-likelihood ratio tests for infection status. Power
analysis on the logistic regression was conducted assuming a minimum detectable odds
ratio of 5 using the web-based program found at
(http://www.dartmouth.edu/~eugened/power-samplesize.php)

RESULTS
During our eight quarterly censuses from June 2008 to March 2012, a total of
3,758 blue crabs were collected and processed. Crabs were caught at all 27 collecting
stations. From the subset of crabs that had a hemolymph sample drawn, a total of 2,303
were successfully extracted and amplified using crab-specific -tubulin primers. Of these
crab-positive controls, 44 hemolymph samples also tested positive for infection using
Hematodinium-specific 18S rRNA primers. Infected crabs were identified in 22 of 432
samples and at 11 of 27 collecting stations (Fig. 3.3). More infected crabs were collected
in 2008 (29) than in 2009 (9). No infected crabs were in 2010 and only six in 2011. The
ratio of infected to uninfected crabs significantly decreased from 2008 to 2010 and then
rose again in 2011 (Table 1). The ratio of infected to uninfected crabs was also
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significantly related to month, river and site (Table 3.1). Infection was highest in 2008
(Fig. 3.4), in the month of December, in the Combahee River (Table 3.2), and at sites
closest to St Helena Sound (Table 3.2).
To evaluate the water quality conditions that were most correlated with infection,
we conducted a logistic regression on the 305 samples that had at least one crab and
divided them into the 22 samples with infected crabs and the 283 samples without an
infected crab. Presence of infected crabs was negatively correlated with temperature and
was positively correlated with salinity, dissolved oxygen, and pH (Table 3.3, fig. 3.5).
When we examined the percent infection across years using the overall infection rates, by
river in December, and the salinity at site one for the same time period (Fig. 3.4) we
actually found that there was a marginally significant negative relationship between
salinity and percent infection (r2 = 0.277, p = 0.0786).
In order to evaluate if crab sex, size, stage or shape had any influence on infection
rate, we analyzed the 269 crabs that were collected during the 22 samples where an
infected crab was present. This allowed us to compare infected to uninfected crabs
collected at the same location during the same quarterly census. The ratio of infected to
uninfected crabs did not differ significantly by sex (χ2 = 0.22, p = 0.6389) or stage
(juvenile vs. adult) (χ2 = 0.00, p = 0.9795). To evaluate the physical characteristics most
correlated with infection, we conducted a logistic regression on these same 269 crabs and
divided them into the 44 infected crabs and the 225 uninfected crabs. Infection was not
correlated with crab carapace width (mm), or wet weight (g) but was significantly
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correlated with the first two relative warp factors from a thin-plate spline analysis of
carapace shape (Table 3.4).
Crab body condition was estimated, for the 1,714 crabs whose infection status
was known and had no injuries, by regressing the ln weight (g) against the ln carapace
width (mm) and saving the residuals. Logistic regression was used on these residuals to
test for differences in body condition between infected and uninfected crabs. Crabs
falling above the regression line were considered heavier for their carapace width than
the average crab and those falling below the line were considered to be lighter for their
carapace width. The infected crabs were found to have a significantly higher body
condition index (mean = 0.059, ± 0.019) than uninfected crabs (mean = -0.0011, ±
0.0027, χ2 = 8.39, p = 0.0038). This difference in body condition may be driven by
differences in body shape, with infected crabs having shorter lateral spines, and thus
carapace widths, for their relative body size.
The first relative warp factor is the composite shape variable that explains the
greatest variation (54.56%) in crab carapace shape with negative values showing broad
lateral spines and positive values short lateral spines (Fig. 3.6). Of the first three relative
warp factors, only the first two were correlated with crab infection (Table 4). A
comparison of logistic regression models using minimum AICc model selection found
that the best fit model predicting Hematodinium sp. infection included only the first two
relative warp scores but neither carapace width (mm) nor crab weight (g). Infected crabs
have significantly shorter lateral spines (RW1,
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2

= 5.14, p = 0.023) that are directed

more anteriorly (RW2,

2

= 6.50, p = 0.011) than uninfected crabs of the same size (Fig.

3.2 & 3.6).
Forty nine crabs were brought back to the lab at Clemson University to examine
differences in survival between infected and uninfected crabs. Of these individuals, six
were found to be infected with Hematodinium sp. After 75 d of isolation in the
laboratory, 14 of 43 uninfected individuals survived (32.5%) and 3 of 6 (50%) infected
individuals. A log-likelihood ratio tests found that there was no difference in survival
based on infection status (χ2 = 0.678, p = 0.4103). Furthermore, the three surviving
diseased crabs successfully molted and survived for several additional weeks. These
crabs continued to test positive for the presence of Hematodinium sp. while in the lab,
suggesting crabs are capable of carrying the disease long enough to molt and acquire
differences in carapace shape.

DISSCUSSION
There were clear patterns in the temporal and spatial presence of Hematodinium
sp. infections. Disease infection rates were highest in December with only a few crabs
testing positive in September and March, and no crabs testing positive in June. This
pattern is slightly different than what had previously been reported for other locations
along the Atlantic Coast. In Maryland and Virginia, peak prevalence of Hematodinium
sp. is in the months of October and November (Messick 1994; Messick & Shields 2000).
Likewise in Georgia, peak prevalence occurs twice a year in October and November and
again in April and May (Sheppard et al. 2003). It is quite possible that our quarterly
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samples in September and December missed the peak prevalence. It is interesting that
peak prevalence occurs when water temperature is decreasing and dissolved oxygen is
increasing. This may have more to do with the seasonal pattern of crab migration than
the optimal conditions for Hematodinium sp. infection. In September each year crabs are
rarely found at stations 1 and 2 near St. Helena Sound. By December the crabs have
moved down river and now occupy these stations where a greater proportion of them are
infected with Hematodinium sp. This pattern suggests that the delayed peak in infection
for this population of crabs may be linked to their seasonal use of the oligohaline portions
of the river and a delayed onset of Hematodinium sp. proliferation until the host crab
reaches warm, high salinity waters near St. Helena Sound as predicted by Messick and
colleagues (1999).
During the four years of the study, the highest prevalence of infection was in the
Combahee River likely due to the greater penetration of coastal waters as a consequence
of low fresh water input. If a free living form of Hematodinium sp. is responsible for the
spread of infection, as suggested by others (Frischer et al. 2006, Li et al. 2010), perhaps
the location and tidal relationships of the Combahee River allow the free living form to
better inhabit or have higher levels of retention within the lower portions of the
Combahee. This pattern is consistent with previous studies in Georgia where crabs in the
high salinity Wassaw Sound had higher levels of infection than crabs from the lower
salinity Ossabaw Sound (Lee & Frischer 2004).
Temperature, dissolved oxygen, salinity, and pH were all significant predictors
for sites with infected crabs. This relationships are best explained by the fact that we
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caught more diseased crabs in the coldest month with the highest dissolved oxygen
(December) and at lower river sites with the highest salinities and pH. Infected crabs
were never found at salinities < 15, with only one exception. A single male crab was
found at site 7 on the Combahee River in December 2008 at a salinity of less than 1, but
it is possible that this infected male migrated upriver after contracting the disease at a
higher salinity site. These results corroborate those of Messick and Shields (2000) that
infected crabs are rarely found below salinities of 11. However, when we compared the
percent infection across the four years using the December infection data and the salinity
at site 1, we found a negative relationship with disease and salinity across the four years
of the study. Our results indicate that in years when the disease was present, there was a
positive correlation to salinity, but percent infection was not correlated with salinity
across years. Salinity can partially explain the presence of Hematodinium sp. spatially
but not temporally. A seasonal fluctuation in river discharge and salinity coupled with a
seasonal migration of crabs may help explain why Hematodinium sp. prevalence is lower
and shows relatively high yearly variation in the ACE Basin NERR compared to more
stable high salinity locations.
A comparison of healthy and infected crabs collected at the same station found no
significant differences related to sex, size, weight, or stage. This corroborates previous
findings of Messick and Shields (2000) with the exception that Messick (1994) found
very high prevalence (59-100%) in small crabs (< 30 mm CW) which were largely absent
from our samples. Thus, we are cautious to conclude that for crabs larger than 30 mm
CW, we found no correlation between size and infection status. Since it appears that
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crabs can become infected by direct exposure to dinospores in the water it is likely that
crabs of all sizes are vulnerable (Frischer et al. 2006).
What is unknown, however, is how long crabs can carry a Hematodinium sp.
infection in the field. Laboratory studies have found that naturally and artificially
infected crabs had a mortality rate of 87% over 40 days with a median time to death of 30
days (Shields & Squyars 2000). We have collected field infected crabs, brought them
back to the lab, and kept them alive for over 100 days. Infected crabs captured in the
field have survived for > 100 d in our laboratory and some of them molted successfully,
suggesting that infected crabs may survive longer than previously understood. In the
present study there was no significant difference in survival of infected and uninfected
crabs over 75 d in the laboratory. This allows the parasite to influence carapace shape and
explains the differences in shape we found between infected and uninfected individuals in
the field samples.
Several sub-lethal physical characteristics were discovered in infected crabs when
compared to healthy crabs. Relative warp analysis indentified a single shape variable
(RW 1) that accounted for 54.56% of the variance in crab carapace shape. This axis of
morphology separates infected and uninfected crabs based on the relative length of the
lateral spines and the width of the anterior carapace. Infected crabs have shorter lateral
spines and a broad anterior carapace, whereas, uninfected crabs have longer lateral spines
and a narrow anterior carapace. For there to be shape differences between infected and
non-infected crabs, infected individuals would have had to molt at least once. If short
lateral spines increase predation risk by piscine predators, infected crabs may suffer even
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higher rates of mortality than those estimated from disease progression alone. More
research is needed to determine how long crabs can carry Hematodinium sp. infection
under varying conditions of temperature, salinity, and food availability and what the
consequences of these carapace shape differences are to crab survival.
Our analysis of crab body condition revealed that infected crabs had a
significantly higher ratio of Ln body mass / Ln of carapace width than uninfected
individuals. We think that this relationship is driven by the fact that infected crabs had
shorter lateral spines and therefore a shorter overall carapace width which could lead to
the appearance of the diseased crabs having a higher body condition index than
uninfected crabs with longer lateral spines.
While our data suggest that Hematodinium sp. infection is highest at higher
salinity locations in years when disease is present, we did not find a distinctive pattern of
higher disease prevalence during periods of drought and increased salinity. Given these
findings we are not yet able to conclude that the negative correlation between salinity and
blue crab landings is solely the result of increased mortality caused by Hematodinium sp.
However, we found similar results as other studies on blue crabs (Shields & Squyars
2000, Stentiford and Shields 2005) that a diseased crab can live with an infection for an
extended period of time. Surviving with a chronic infection opens up the possibility that
a crab could survive long enough to allow time for a change in body shape to occur,
which could make potentially making infected individuals more vulnerable to predation
or cannibalism.
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This study clearly shows that Hematodinium sp. infection in blue crabs is related
to salinity on a broad spatial scale, but may also vary due to additional factors that differ
from year to year and river to river. It would, however, be premature to conclude that the
decreased landings of South Carolina blue crabs is due strictly to increasing prevalence of
Hematodinium sp. given the results of our survival experiment. Alternative mechanisms
linking increased salinity to decreased growth, survival, post-larval abundance, as well as
declines in suitable habitat and increased fishing mortality need to be evaluated before we
can evaluate why blue crabs landings are in decline. Our study does, however, contribute
a more complete picture of how Hematodinium sp. infection varies spatially and
temporally and may alter the morphology of the infected crabs.
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Table 3.1 Log likelihood ratio tests of the ratio of infected to uninfected crabs by year,
month, river and site. Sample size N = 2303.

Factor

r2

df

Year
Month (Dec. vs Combined)
River
Site (1,2,3, Combined)

0.0834
0.2131
0.0526
0.1666

3
1
2
3

77

2

36.308
92.781
22.917
72.531

p

< 0.0001
< 0.0001
< 0.0001
< 0.0001

Table 3.2 December collection data indicating total number of crabs caught at each site,
total number tested for Hematodinium sp., number positive for Hematodinium sp., %
infection, and salinity at time of collection.
Year River
2008 Edisto

Station
1
2
3
4
5
6
7
8
9
Ashepoo
1
2
3
4
5
6
7
8
9
Combahee
1
2
3
4
5
6
7
8
9

Crabs Tested Infected
7
5
1
12
9
2
4
4
0
4
4
0
0
0
0
0
0
0
0
0
0
0
19
16
2
15
13
0
24
24
1
23
15
0
14
10
0
16
10
0
1
1
0
1
0
0
0
25
24
12
12
9
1
15
15
1
25
20
2
29
29
3
24
24
0
2
2
1
1
1
0
0
0

78

% infected
0.20
0.22
0.00
0.00

0.13
0.00
0.04
0.00
0.00
0.00
0.00
0.50
0.11
0.07
0.10
0.10
0.00
0.50
0.00

Salinity
34.0
31.9
21.3
12.7
1.2
0.1
0.0
0.0
0.0
31.9
31.2
19.5
10.2
4.6
1.6
0.7
0.5
0.1
29.6
25.7
22.9
20.9
15.0
6.8
0.3
0.1
0.0

Table 3.2 continued.
Year River
2009 Edisto

Station
1
2
3
4
5
6
7
8
9
Ashepoo
1
2
3
4
5
6
7
8
9
Combahee
1
2
3
4
5
6
7
8
9

Crabs Tested Infected
11
10
2
21
21
2
7
7
0
4
4
0
0
0
0
0
0
0
0
0
0
0
6
5
0
13
13
0
4
4
1
9
9
0
0
0
6
6
0
8
8
0
10
9
0
0
0
7
5
1
5
5
3
7
6
0
3
1
0
3
3
0
1
1
0
0
0
0
0
0
0

79

% infected
0.20
0.10
0.00
0.00

0.00
0.00
0.25
0.00
0.00
0.00
0.00
0.20
0.60
0.00
0.00
0.00
0.00

Salinity
30.8
28.5
16.5
2.9
0.1
0.3
0.1
0.0
0.0
30.5
33.8
22.5
18.9
14.9
9.7
6.8
3.5
1.9
30.6
27.1
25.2
22.8
18.4
8.2
1.2
0.1
0.0

Table 3.2 continued.
Year River
2010 Edisto

Station
1
2
3
4
5
6
7
8
9
Ashepoo
1
2
3
4
5
6
7
8
9
Combahee
1
2
3
4
5
6
7
8
9

Crabs Tested Infected
5
3
0
7
4
0
17
10
0
6
4
0
2
1
0
3
3
0
0
0
0
0
0
0
11
6
0
2
1
0
5
4
0
22
12
0
2
2
0
4
4
0
2
2
0
0
0
0
0
5
5
0
3
2
0
4
3
0
18
11
0
5
3
0
5
3
0
3
2
0
1
1
0
0
0

80

% infected
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Salinity
36.8
35.5
31.6
23.2
12.1
1.3
0.1
0.0
0.0
36.4
35.5
34.4
28.5
19.6
10.2
4.8
2.4
2.1
34.8
33.5
31.2
30.6
29.1
24.0
13.9
7.4
0.1

Table 3.2 continued.
Year
2011

River
Edisto

Station
1
2
3
4
5
6
7
8
9
Ashepoo
1
2
3
4
5
6
7
8
9
Combahee
1
2
3
4
5
6
7
8
9

Crabs Tested Infected
32
17
3
18
11
0
19
9
1
7
5
0
1
1
0
2
2
0
1
1
0
1
1
0
0
0
10
5
0
16
10
0
14
8
0
12
6
0
14
8
0
9
6
0
10
7
0
14
11
0
10
6
0
19
11
1
9
6
0
9
6
1
6
5
0
7
4
0
4
3
0
14
6
0
3
3
0
0
0
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% infected
0.18
0.00
0.11
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.09
0.00
0.17
0.00
0.00
0.00
0.00
0.00

Salinity
38.6
38.4
36.2
27.9
20.5
0.1
0.0
0.0
0.0
37.1
34.3
33.2
28.5
25.0
20.7
12.0
8.2
4.2
37.6
36.6
36.1
35.8
34.7
30.7
25.4
15.0
0.2

Table 3.3. Logistic regression of presence / absence of infected crabs by site (N = 305,
OR = 5, power = 0.466) for a selection of environmental factors. Positive estimates
indicate a positive relationship to infected crabs.

Factor

Estimate

r2

df

Temperature ( C)
Salinity
Dissolved oxygen
pH

-0.251
0.073
0.288
2.280

0.1838
0.0785
0.1224
0.0927

1
1
1
1

82

2

12.852
9.652
19.43
12.997

p

0.0003
0.0002
0.0001
0.0003

Table 3.4. Logistic regression of infected / uninfected crabs for those sites with infected
crabs only (N = 269, OR = 5, power = 0.958).

Factor

r2

Carapace width (mm) 0.0064
Wet weight (g)
0.0009
1ST shape axis (RW1) 0.0213
2ND shape axis (RW2) 0.0252
RW1 & RW2
0.0500
Full Model
0.0516

2

df

1
1
1
1
2
4

1.44
0.21
4.48
5.74
11.31
11.67

83

p

0.23
0.65
0.034
0.017
0.0035
0.020

AICc

228.8
230.0
225.4
224.5
220.9
224.8

C. sapidus -tubulin primers
1000 bp
750 bp
500 bp
250 bp

H20 control

1 kb Nucleotide
ladder

H. perezi
control

Hematodinium sp. 18S rRNA primers

Figure 3.1 Example of agarose gel with results of two PCR reactions. Top row are
samples amplified using Callinectes sapidus-specific primers for the <beta>-tubulin gene.
Presence of a band indicates blue crab DNA, i.e. successful hemolymph extraction and
DNA storage. Lower row shows same samples amplified with Hematodinium sp.-specific
primers for the 18S rRNA gene, i.e. presence of an infection. Water sample served as a
negative control. At bottom right is a positive Hematodinium perezi control (courtesy of
Dr. Dick Lee, Skidaway Institution of Oceanography)
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Figure 3.2. Influence of disease on crab carapace shape. (a) Eighteen landmarks used to
analyze variation in crab carapace shape. (b) Consensus crab shape (N = 269) from
relative warp analysis. (c) Uninfected juvenile crab from site 1 of the Combahee River in
Dec 2008. (d) Infected juvenile crab from site 1 in the Combahee River in Dec 2008.
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Figure 3.3: Map of ACE Basin NERR showing sampling sites for blue crabs. Site 1 of
each river is located near St. Helena Sound. Dark grey circles represent survival of crabs
in the Edisto River. Black circles represent abundance of crabs in the Ashepoo River.
Light grey circles represent abundance of crabs in the Combahee River.
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Figure 3.4 Disease prevalence (% infection) with salinity at site 1 by river (a) South
Edisto (b) Ashepoo and (c) Combahee from June 2008 to March 2012.
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Figure 3.5 Disease presence only for sites where crabs were caught. (a) Salinity, (b)
Temperature, (c) Dissolved Oxygen, and (d) pH were compared to disease presence. Top
set of points indicates sites where Hematodinium sp. was not found and lower set
indicates sites where it was found.
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Figure 3.5 Relative warp score plot for infected (black circles) and uninfected (open
circles) adult blue crabs. First and second major shape axes (relative warps) for crab
carapace shape account for 54.6 and 10.25% of the variation. Warp diagrams along each
axis show the extreme ends of the shape variation for each relative warp axis.
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CHAPTER FOUR
INFLUENCE OF SALINITY ON POST-LARVAL ABUNDANCE AND POSTSETTLEMENT MORTALITY OF BLUE CRABS, CALLINECTES SAPIDUS, IN THE
ACE BASIN NERR
ABSTRACT:
Over the past 10 years, blue crab landings in South Carolina have decreased while
average marsh salinity has increased. In the ACE Basin National Estuarine Research
Reserve, crab abundance and salinity profiles vary between the three rivers of this
system. To determine if differences in crab abundance are related to differences in
salinity profiles, we examined the spatial and temporal variation in salinity, post-larval
abundance and relative survival of juvenile crabs in the three rivers of the ACE Basin.
Post-larval abundance was monitored over two years using passive post-larval collectors
that were checked weekly for twelve weeks in the late summer of 2010 and 2011.
Megalopae density varied between rivers, while first stage juvenile crab density did not.
To measure the post-settlement relative survival, twenty juvenile or subadult crabs were
tethered for 24 hours at four stations in each river, spanning a salinity gradient from 35 to
0 ppt. Relative survival of tethered crabs was positively related to salinity and crab size.
Carapace shape of tethered crabs was also found to be correlated with survival, with
higher survival for crabs with relatively longer lateral spines. Taken together these
results suggest that the low abundance of crabs in the low salinity South Edisto River is
more likely influenced by decreased post-settlement survival rather than decreased larval
abundance.
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INTRODUCTION:
Altered patterns of rainfall across the Southeastern US over the last 20 years have
caused an increase in severe droughts and low freshwater discharge levels into
saltmarshes (Knapp et al. 2008). As a result, estuaries of South Carolina and elsewhere
are experiencing dramatic increases in salinity (Childress 2010) and significant changes
in the distribution of marine organisms (White and Alber 2009), including blue crabs
(Posey et al. 2005). Blue crab abundance and distribution is known to vary along salinity
gradients in estuaries (Arnold and Kneib 1983), but what is unknown is how changes in
salinity profiles due to drought influence post-larval abundance or post-settlement
survival. If shifts in salinity influence either of these factors, it could have major
implications on the relative abundance of blue crabs within each river.
In this research, we focused on salinity as the major environmental factor
affecting blue crab abundance and distribution. The ACE Basin is an ideal location to
study the impact of varying environmental factors on the distribution of blue crabs due to
the fact that the system consists of three independent rivers (Ashepoo, Combahee, and
South Edisto) that differ significantly in their discharge and degree of saltwater intrusion.
This study is part of a larger research project that examined the long term blue crab
abundance in the ACE Basin over a four year time period from June 2008 to March 2012.
Quarterly censuses of crab abundance and water quality were conducted in June,
September, December, and March of each year. We found that overall crab abundances
varied between the three rivers in the ACE Basin. Yearly abundance was highest in the
Ashepoo River (yearly avg. = 423.25 ± 39.79 st. error) intermediate in the Combahee
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River (yearly avg. = 302.25 ± 34.10 st. error) and lowest abundance was in the S. Edisto
River (yearly avg. = 205.5 ± 27.06 st. error) (Parmenter et al. in preparation). It was
apparent that if salinity does play an important role in post-larval abundance or post
settlement mortality, the ACE Basin was an excellent place to examine this question
given the fact that the average salinities varied between the three rivers. Salinities were
highest on average in the Combahee River (16.66ppt ± 4.7 stdev), intermediate in the
Ashepoo (15.74ppt ± 3.6 stdev), and lowest on average in the S. Edisto River(13.54ppt ±
2.6 stdev), and all three rivers differ in their salinity profiles.
Blue crab post-larval abundance has been shown to vary strongly by season (see
review by Epifano 2007) but also with other environmental drivers such as time of day
(Boylan and Wenner 1989, Tankersley et al. 2002), tidal cycle (Tankersley et al. 2002,
Ogburn et al. 2011), moon phase (Mense and Wenner 1989, Boylan and Wenner 1993;
Tankersley et al. 2002, Ogburn and Forward 2009), prevailing winds (Blanton et al. 1995,
Ogburn et al. 2011) and salinity (Mense and Wenner 1989, Ogburn et al. 2007, Bishop et
al. 2010). Mense and Wenner (1989) found more megalopae at higher salinity sites in
South Carolina, but Bishop and colleagues (2010) found more megalopae at lower
salinity sites in Georgia. Salinity is known to play a very important role in the settlement
process as increases in salinity trigger larval vertical migration associated with ebb tide
transport (Welch and Forward 2001, Forward et al. 2003) but also decreases post larval
survival (Ogburn et al. 2007). As a result it is difficult to predict whether an increase in
salinity will cause an increase or decrease in blue crab settlement which may also depend
on both the degree of salinity change and relative location in the estuary. It is clear that
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shifts in the location of optimal salinity zones could have major implications, due to the
fact that the marshes further upriver may differ in nursery habitat quality, leading to
changes in juvenile crab dispersal, growth and / or survival (Posey et al. 2005, Johnson
and Eggleston 2010).
Juvenile blue crab post settlement survival (see reviews by Hines 2007 and
Lipcius et al. 2007) has been shown to be influenced by carapace width (Hines and Ruiz
1995, Pile et al. 1996), molt stage (Ryer et al. 1997), benthic substrate type (Pile et al.
1996, Lipcius et al. 2005), habitat patch size (Hovel and Lipcius 2002), crab density
(Hines and Ruiz 1995, Pile et al. 1996, Hovel and Lipcius 2002), predator type (Moody
2003), season (Hines and Ruiz 1995, Hovel and Lipcius 2002), depth (Hines and Ruiz
1995, Lipcius et al. 2005), hypoxia (Eggleston et al. 2005) and salinity (Posey et al.
2005). A majority of these studies have relied on tethering to determine the relative
predation pressure that blue crabs face due to different physiological or environmental
conditions. Using tethering as a method to measure predation pressure hasn’t escaped
criticism. It has been pointed out that tethering may suffer from artifacts that unevenly
affect the treatments of a study by altering the perceived predation inconsistently across
those treatments (Peterson and Black 1994). Despite its limitation to accurately estimate
natural rates of predation, tethering has been shown to be a very useful tool for estimating
relative predation (Aronson and Heck 1995).
Few studies have looked specifically at salinity as a factor influencing post
settlement juvenile crab survival, but Posey and colleagues (2005) suggest that higher
juvenile survival in lower salinity locations may be due to the decreased density of
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cannibalistic adult blue crabs. But recent work on the gut contents and isotope analysis
of American alligators in estuarine systems suggest they are foraging on large quantities
of marine animals such as blue crabs that have distributions that include low salinity
environments (Rosenblatt and Heithaus 2011). Thus, it is possible that survival rates
might either increase or decrease with salinity depending upon the source of predation.
Based on our initial findings of crab abundance in the ACE Basin, two competing
hypotheses regarding salinity and its impact on post-larval abundance and post settlement
survival within the ACE Basin were developed. In developing our hypotheses we
assumed that post-larval abundance and juvenile abundance are both approximations of
settlement. Our first hypothesis is higher post-larval abundance should occur in the
higher salinity rivers (Ashepoo and Combahee) and be lower in the lower salinity river
(S. Edisto). We believed there would be lower levels of post-larval abundance in the
Edisto River given the differences in average salinities and crab abundance between these
rivers (Mense and Wenner 1989). Our second hypothesis is the Edisto River should have
higher rates of predation given the low numbers of crabs in this river. We tested these
two hypotheses to determine which explanation best accounted for the pattern of crab
distribution in the ACE Basin NERR.

MATERIALS AND METHODS:
Study Sites
As part of a larger study, nine sampling stations were established on each of the
three rivers of the ACE Basin. These nine sampling stations were used to estimate crab
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abundance in the three rivers over a four year time period starting in June 2008. Sampling
stations began at St. Helena Sound and each additional sampling station was
approximately four to six miles upstream from the previous site (Figure 4.1). The
tethering and recruitment studies used a subset of these sampling stations to test for
survival and post-larval abundance. The tethering study was conducted at sites one,
three, five, and seven and the recruitment study was done at sites one, two, three, and
four of each of the rivers.
Recruitment sites were selected to determine the extent of post larval recruitment
into the lower portion of each river. Overall, the average salinities decreased from sites
one to sites four, but variation did exist between rivers. The tethering sites were selected
to encompass a large range of salinities. Site one was located near the river mouth, had
salinities close to that of the ocean, was highest in the Edisto, and was lowest in the
Combahee (Figure 4.2). Site seven had salinities much closer to that of freshwater, was
highest in the Combahee, and lowest in the Edisto (Figure 4.2). Environmental data was
taken at the time of tethering retrieval as well as post larval collector retrieval. Dissolved
oxygen, salinity, pH, conductivity, and temperature were taken at the surface and
approximately 1 meter from the bottom using a YSI 556 handheld multiprobe (YSI Inc).

Postlarvae Collections
From August 10th through October 26th in both 2010 and 2011, post-larval
abundance was estimated at sites one through four using two sets of passive post-larvae
crab collectors following the methods of Bishop and colleagues (2010). Collectors were
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constructed using green PVC sewer pipe (15.24cm diameter, 38cm long) which was
covered on the outside with a 30cm length circular sleeve of “hogs hair” furnace filter
material. This collector design has successfully been used in many blue crab larval
studies (Bishop et al. 2010, Heck et al. 2001, Olmi et al. 1990, Metcalf et al. 1995,
Tankersley et al. 2002, Van Montfrans et al. 1995). Each collector was fitted with a
plastic cap on one end and a six inch Styrofoam buoy was placed on the open end of the
PVC pipe. Buoy lines attached to a cement block were used as a base to attach and
anchor the collectors. One collector was placed at the surface and attached to the floating
buoy by a nylon rope at the base of the collector. Another collector was attached to the
cement block, allowing this benthic collector to float approximately 1 meter above the
substrate. Each set consisted of a surface and benthic collector and two complete sets
were used per site. Once a week the hogs-hair sleeves were removed from the collectors,
allowed to soak for an hour in fresh water, and sprayed off. All of the rinse water was
then filtered through a 475 μm mesh plankton collector. The filtered material was placed
in a jar containing 95% ethanol to preserve all postlarval crabs. The preserved samples
were examined under 40x power using a dissection scope, and all blue crab megalopae
and juveniles were identified and counted following the methods of Ogburn and
colleagues (2011).

Tethering Study
Tethering has long been used as a tool to estimate relative blue crab survival in
certain habitats (Dittel et al. 1995, Heck et al. 2001, Hines and Ruiz 1995, Pile et al.
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1996, Smith 1995) In June and August of 2011, ten replicate crabs ranging from 40-140
mm carapace width were tethered at sites one, three, five, and seven of the three rivers of
the ACE Basin NERR. A total of twenty crabs were tethered at each site, with the
exception of site seven on the Combahee River, which only had 19 crabs tested. To
avoid any potential differences in survival based on the sex of the crab, only males were
used for tethering. Crabs were tethered to a weighted line, approximately twelve meters
in length, and the line was secured in place on the substrate by a concrete block at each
end of the line. Each concrete block was connected to a buoy line, indicating the location
of the tether line while under the surface of the water. Crabs were attached to the
weighted line using a 22 cm steel fishing leader. The steel leader was connected to the
crab by a monofilament line wrapped around the lateral spines of the crab and anchored
in place using cyanoacrylate glue. The steel leader of each crab was attached to a plastic
cable tie on the tether line. The crabs were placed approximately one meter apart on the
tether line. Tether lines were placed so they maintained a depth approximately between
2-3 meters over the testing period.
The tethered crabs were checked after twenty four hours to estimate survival.
Upon inspection, crabs were classified as being eaten, missing, alive, or dead. Eaten
crabs were indicated by parts of the carapace still being attached to the monofilament
halter. Crabs were classified as missing if they were absent from the tether and no pieces
of the carapace was left on the halter. Dead crabs were still attached to the tether but
were not alive when checked after the twenty four hour testing period. All surviving
individuals were immediately released.
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Morphometric Analysis
A photograph was taken of all the crabs prior to being tethered. Photographs
were taken on a reference size grid (30 cm X 30 cm marked at 5 cm intervals) using a
digital camera (Canon PowerShot A710IS, Canon U.S.A. Inc., Lake Success, NY). In all,
234 photographs of tethered crabs were used (five photographs were out of focus and
excluded) to conduct a geometric morphometric analysis of crab carapace shape.
Eighteen carapace landmarks were identified on each individual photograph using the
program tpsDig (http://life.bio.sunysb.edu/morph/) and were centered, rotated and scaled
using the program tpsRelw (http://life.bio.sunysb.edu/morph/) (see methods and
landmark locations in Parmenter et al. in review). Deviations from the composite
carapace shape were saved as a set of 32 relative warp factors for each individual crab.
Relative warp factors are similar to principle component factors in that the first relative
warp explains the most shape variation, then the second relative warp is orthogonal to the
first and explains some of the remaining variation in shape (Bookstein 1991). When we
regressed the first and second relative warp scores versus crab carapace width or weight,
we discovered that the first relative warp still had a significant positive relationship with
crab size. To remove this size effect we took the residuals from the regression of relative
warp score 1 on the carapace length as our size independent estimate of crab shape. We
then used this relative warp residual (RWR) score to examine shape differences between
crabs that survived and those that were eaten while tethered.
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Statistical Analysis
Post-larval abundance was analyzed using linear regression or one way ANOVA
to examine differences between year, site, salinity, and river. Logistic regression was
used to analyze tethering outcome (dead vs. alive) in relation to salinity, carapace width,
wet weight, shape (relative warp 1 residual) and all possible combinations. We employed
an information theoretic model comparison approach with minimum AICc model
selection to identify the best-fit model (Burnham and Anderson 2002). All statistical tests
were performed using JMP 10 (SAS Institute, Cary, NC).

RESULTS:
Post-larval abundance Study
Blue crab post-larval abundance was highly episodic with post-larvae and
juveniles being found at all stations in each of the three rivers (Figure 4.3). Due to the
low numbers collected over the entire peak settlement season, we pooled all of the
postlarvae and all of the juveniles collected at each station (2 benthic and 2 surface
collectors) during the sampling period from August through October (12 sampling dates).
We expected that post-larval abundance would be positively influenced by salinity and
thus would be higher at station 1, higher in the Combahee River, and higher in 2011 (32.4
ppt average for settlement sites) than in 2010 (27.3 ppt average). We also expected that
secondary dispersal by juveniles would decrease the spatial patterns of initial settlement
of postlarvae.
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No differences were found in megalopae abundance between the two years of
sampling (F1,22 = 0.25, p = 0.621) (Table 4.1). There were also no differences in
megalopae abundance by station or salinity (F3,20 = 2.243, p = 0.103 and F1,22 = 2.04, p =
0.172) respectively. There were, however, significant differences in abundance between
rivers (F2,21 = 4.04, p = 0.038). The South Edisto River had significantly higher postlarval abundance than the Ashepoo and Combahee Rivers.
Juvenile abundance showed no significant differences due to year, salinity,
station, or river (Table 4.2). Juvenile abundances were relatively low across all sampling
sites and both years leading to the absence of any pattern of juvenile abundance.

Post-settlement Survival Study
Tethered juvenile crabs varied in their percent survival from 25% to 90%. In
general, crabs at upper river sites with lower salinity suffered higher predation (Figure
4.4). Percent survival of tethered crabs varied significantly with station (G2 = 25.26, p =
<0.0001) but not with river (G2 = 4.28, p = 0.1177) when analyzed separately using a loglikelihood contingency test. However, the interaction term of station x river was
significantly different (G2 = 39.32, p = 0.0022) indicating that differences between rivers
did exist. When survival was compared between rivers within a site, typically the lowest
survival was found in the South Edisto River. This pattern is best described by the
differences in salinity profiles of the three rivers (Figure 4.2) leading to a significant
positive relationship between survival and salinity (r² = 0.7426, F = 28.852, p =
0.000314) with lower percent survival at low salinity sites (Figure 4.5).
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To further characterize the patterns of post-settlement survival, we sought to
determine which morphological characteristics of crabs contributed most to their relative
survival. Of the 239 crabs used in the tethering study, only 214 had weight estimates and
suitable pictures to use for morphometric shape analysis. A logistic regression on the
dependent variable of survival (dead or alive) was used on the residuals of the regression
between relative warp 1 and carapace width to test for differences in crab shape between
eaten and alive crabs. The surviving crabs were found to have a significantly higher
relative warp 1 residual scores (mean = 6.97, ± 3.25) than eaten crabs (mean = -11.22, ±
3.80, χ2 = 12.99, p = 0.0003) (Figure 4.6). This difference in carapace shape may be
driving the probability of survival for an individual crab.
A comparison of logistic regression models using minimum AICc model selection
found that the top three best fit models predicting crab survival contained salinity, crab
shape (relative warp 1 residual) and crab size (either carapace width, wet weight or both)
(Table 4.3). These results suggest that larger crabs with relatively longer spines have
higher survival over smaller crabs and crabs with relatively shorter lateral spines.

DISSCUSSION:
The three rivers of the ACE Basin have variation in both the abundance and
distribution of crabs. The Ashepoo River has the greatest abundance of crabs, the
Combahee River has intermediate abundance, and the S. Edisto River contains the lowest
number of crabs. These three rivers also differ in their salinity profiles with the Edisto
being the most variable going from the highest salinity at station 1 and the lowest salinity
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at station 7 while the Combahee being the least variable going from the lowest salinity at
station 1 and the highest salinity at station 7. The question we sought to address is how
this salinity profile variation could explain differences in adult crab abundance through
either effects on post-larval abundance or juvenile post-settlement survival.
Our first hypothesis stated that post-larval abundance would be lowest in the S.
Edisto River given its low crab abundance and low salinity. However, it turned out that
the Edisto is actually higher in salinity at the mouth than the other two rivers and we
found higher numbers of postlarvae than the other two rivers. This result is consistent
with the observations of Mense and Wenner (1989) but contradicts the findings of Bishop
and colleagues (2010). The Edisto River has the highest freshwater discharge in the ACE
Basin, but also has its mouth closest to the Atlantic Ocean as a result, the salinity profile
is steeper with higher salinities at the mouth that decline rapidly as you move further up
river. It makes sense that more crab larvae potentially arrive here relative to the mouth of
the Ashepoo and Combahee Rivers, which are more distant from the Atlantic Ocean.
Given that the Edisto River has the highest level of postlarval abundance; it seems
that this is not the driving factor that explains the low abundance of adult crabs in the
river. Many previous studies have found that postlarval abundance is a poor indicator of
population structure due to secondary dispersal of juveniles (Blackmon and Eggleston
2001, Reyns and Eggleston 2004), and post-settlement processes of growth (Johnson and
Eggleston 2010) and survival (Pile et al. 1996, Moksnes et al. 1997, Heck et al. 2001).
Our second hypothesis was that the lower levels of adult crabs in the S. Edisto
River could be due to elevated rates of predation. The results of our tethering experiment
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indicated that there are significant differences in predation that are influenced by salinity.
We found that the lowest levels of survival were at the sites with the lowest salinity.
Higher predation rates at low salinity sites is a pattern differing from previous studies,
where lower predation was actually found in lower salinity habitats (Posey et al. 2005).
Two things could have lead to the differences between our findings and those of the
previous study. The first is that we tested a much larger range of salinities and the second
is that we used both small and large juvenile crabs in this study.
Our findings provide a potential mechanism for the low abundance of crabs in the
S. Edisto River. The S. Edisto River is characterized by a steeper salinity profile and
overall lower salinities than the other two rivers, which could potentially lead to higher
rates of predation. One potential predator that could help explain the pattern in our
survival data is the American Alligator (Alligator mississippiensis). This predator has
long been known to prey on blue crabs (Valentine et al. 1972) and recent studies have
found marine crustaceans to make up a majority of alligator diet in saltmarsh habitats
(Rosenblatt and Heithaus 2011). Given the fact that alligators are more likely to be found
in freshwater, it is plausible that the S. Edisto River could have a larger area of suitable
alligator habitat, and therefore have more potential blue crab predators. Many alligators
were observed in the ACE Basin during our experiments giving support to their potential
as being a significant predator.
The interplay of salinity on post-larval abundance and post-settlement mortality
could be the driving force behind the differences in crab abundance that we see among
the three rivers of the ACE Basin NERR. However, it does not necessarily explain why
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crab abundance is higher in the Ashepoo River than in the Combahee River. The salinity
profile of the Ashepoo is intermediate to that of the Edisto and Combahee and yet, the
Ashepoo consistently has the highest abundance of crabs. One possible explanation is the
significantly higher levels of Hematodinium sp infection in Combahee River crabs
(Parmenter et al in review). Hematodinium sp. is a lethal dinoflagellate parasite of blue
crabs that is restricted to high salinity environments (Messick and Shields 2000; Lee and
Frischer 2004). Our previous research has found that Hematodinium sp. infected crabs
have shorter lateral spines than similar size uninfected crabs (Parmenter et al in review).
This suggest that Hematodinium sp infected crabs may also experience higher rates of
predation than healthy crabs. This could potentially offset any advantage Combahee
River crabs enjoy by occupying a higher salinity environment.
Our results provide some interesting insight into how shifts in salinity could
potentially affect populations of blue crabs. In this system, the Edisto River has the
lowest average salinity and also has the lowest crab abundance. If increases in salinity
have the potential to lower predation risk in the river, we could potentially see an increase
in the abundance of crabs in higher salinity years. Based on these results it would seem
that drought has the potential to differentially affect the crab populations depending on
the initial conditions within the specific river. An increase in salinity could be leading to
a disproportionate decline in predators in the S. Edisto due to its initially high area of low
salinity which in turn could be leading to an increase in crab abundance.
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Table 4.1 Megalopae abundance factors.
Source

df

F

P

Salinity

1, 22

2.04

0.172

Year

1, 22

0.25

0.621

River

2, 21

4.04

0.038

Station

3, 20

2.243

0.103
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Table 4.2 Juvenile abundance factors.
Source

df

F

P

Salinity

1, 22

0.13

0.725

Year

1, 22

0.25

0.626

River

2, 21

0.32

0.732

Station

3, 20

1.88

0.173
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Table 4.3 Logistic regression of eaten / alive crabs for tethering experiment. Carapace
Width (CW), Salinity (Sal.), Relative Warp 1 Residuals (RWR), and Weight (W)

Factor

CW, W, RWR, Sal.
CW, Sal., RWR
RWR, Sal., W
Sal., RWR
Sal., CW, W
Sal., W
CW, W, RWR
RWR, CW
W, RWR
RWR
CW, W
W
Sal., CW
Sal.
CW

r2

df

0.1580
0.1485
0.1434
0.1296
0.1378
0.1241
0.0819
0.0723
0.0597
0.0456
0.0679
0.0465
0.1112
0.0764
0.0380

4
3
3
2
3
2
3
2
2
1
2
1
2
1
1

2

45.00
42.31
40.85
36.92
40.04
36.07
23.34
20.60
16.99
12.99
19.72
13.52
34.97
24.04
11.94

* Models with the best fit
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p

<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
0.0002
0.0003
<.0001
0.0002
<0.0001
<.001
0.0005

AICc

250.2*
250.8*
252.2*
254.1
258.8
260.7
269.7
270.4
274.0
275.9
277.0
281.2
285.6
294.5
306.6

Figure 4.1 Map of the ACE Basin showing the location of sampling sites for blue crabs
for each of the three rivers of the ACE Basin. Black circles represent abundance of crabs
in the Ashepoo River. Light grey circles represent abundance of crabs in the Combahee
River. Dark grey circles represent survival of crabs in the Edisto River.
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Figure 4.2 Median salinity profile by sampling site for each of the three rivers of the
ACE Basin NERR.
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Figure 4.3 Megalopal abundances for the three rivers of the ACE Basin. (A) Ashepoo
River, (B) Combahee River, and (C) Edisto River. Juvenile abundances for the three
rivers are (D) Ashepoo River, (E) Combahee River, and (F) Edisto River). Solid lines
represent the average salinity per station for the two years (light solid line) Year 2010 and
(dark solid line) Year 2011. Dashed lines represent megalopae or juvenile counts (light
dashed line) Year 2010 and (dark dashed line) Year 2011.
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Figure 4.4 Percent survival of blue crabs for each of the three rivers of the ACE Basin.
Black bars represent survival of crabs in the Ashepoo River. Light grey bars represent
survival of crabs in the Combahee River. Dark grey bars represent survival of crabs in the
Edisto River.
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Figure 4.5 Percent survival of blue crabs for each of the three rivers of the ACE Basin
plotted against salinity. Dark grey squares represent survival of crabs in the Ashepoo
River. Light grey triangles represent survival of crabs in the Combahee River. Medium
grey diamonds represent survival of crabs in the Edisto River. (r² = 0.7426, F = 28.852, p
= 0.000314)
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Figure 4.6 Relative warp 1 residual scores plot for eaten (black circles) and alive (open
circles) blue crabs. Warp diagrams along each axis show the extreme ends of the shape
variation for each relative warp axis.
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CHAPTER FIVE
FACTORS INFLUENCING THE DISTRIBUTION AND ABUNDANCE OF THE
BLUE CRAB, CALLINECTES SAPIDUS, IN THE ACE BASIN NERR
ABSTRACT
The blue crab, Callinectes sapidus, is a very important commercial species in the
United States. Recent declines in commercial landings throughout its native range have
raised concern over the future status of this species. Overfishing, disease, predation, and
low spawning stocks have all been implicated as potential reasons for the observed
declines. Drought conditions could also alter the settlement, disease, and predation
patterns exhibited by blue crabs. In this study, the relationship of freshwater discharge to
crab abundance in the ACE Basin National Estuarine Research Reserve was examined. It
was found that crab abundance varied with life history stage, river, season and year.
Males were more common than females and juveniles outnumbered adults in some but
not all rivers. Juvenile crabs were negatively correlated with salinity while adult crabs
were positively correlated with salinity. Crab abundance varied with season with
juveniles highest in June and lowest in December while adult crabs were highest in
September and lowest in March. Temperature, salinity, pH and dissolved oxygen were
all important in classifying the distribution of crabs by sex and maturity. Due to a
persistent drought that began in 2008, average salinity increased over the four years of
the study. Crabs in the high salinity river (Combahee) decreased due to reductions in
juveniles while adults remained constant. Crabs in the low salinity river (S. Edisto)
increased due to increases in both juvenile and adults. Crabs in the intermediate salinity
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river (Ashepoo) remained constant while juveniles declined and adults increased.
Surprisingly, fishing effort was positively correlated with adult crab abundance but was
not a significant predictor when compared with water quality parameters. The direct
effects of fishing effort or water quality on crab abundance did not provide good
explanations for why commercial landings decrease with decreasing discharge, but the
indirect effects of salinity on disease, survival and predation help to explain why these
rivers respond differently to increasing salinity and provide a better explanation for the
link between discharge and commercial landings.

INTRODUCTION
Due to its importance both ecologically and economically, the blue crab has been
the focus of a large body of research (Kennedy and Cronin 2007). Freshwater flow has
been shown to be positively correlated with blue crab landings (Wilber 1994) and shifts
in the timing and volume of flow could affect crab abundance. In South Carolina, blue
crab fishing primarily occurs in estuarine systems. Between the years 1991 to 1995,
98.2% of the crabs caught in the commercial fishery were trapped in estuarine areas
(Whitaker et al. 1998). Changes in freshwater inflow patterns have direct implications
for estuarine environments and the fisheries that depend on them.
Recent declines observed throughout the blue crabs range have raised concern
about the future of blue crabs as a viable commercial species. Many studies have
attempted to discover a cause for this decline. Potential causes include decreases in
spawning stock, decreased recruitment and larval supply (Lipcius & Stockhausen 2002)
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and even potential sperm limitations in heavily harvested populations (Carver et al.
2005). Climate change has been suggested as detrimentally shifting the environmental
conditions in estuarine systems where blue crabs live (Wood et al. 2002), which could
affect the status of the fisheries in these systems.
Drought conditions that reduce the amount of freshwater discharge have been
shown to have a wide range of impacts on a variety of coastal systems (Gilbert et al.
2012). The increasingly necessary task of managing and maintaining freshwater inflow
into estuarine systems has been well documented (Alber 2002, Ardisson & Bourget 1997,
Montagna et al. 2002). As the variability in freshwater discharge increases as a result of
diversions and climate change, blue crabs are likely to decline in abundance or shift their
distribution patterns, given that blue crab landings have been positively correlated with
discharge (Wilber 1994).
One likely change that could be expected as freshwater discharge decreases and
salinity subsequently increases, is that blue crabs could move further upriver as higher
salinity water shifts further up the rivers. Blue crabs are known to inhabit essentially all
areas of an estuary. Mature males tend to inhabit the upper estuary where there is lower
salinity water, while the adult females tend to remain in the high salinity waters of the
lower estuary when they are not mating (Van Den Avyle and Fowler 1984). Due to
extent of their distribution within an estuary, changes in environmental conditions
anywhere within the system could lead to large shifts in distribution patterns in response
to the changes.
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Discharge and salinity have been shown to be important environmental factors
influencing crab abundance and distribution (King et al. 2005, Posey et al. 2005, Wilber
1994). Shifts in these environmental factors could be one factor responsible for observed
declines in crabs but the distribution of adult and juvenile blue crabs has been shown to
be linked with a variety of other factors including substrate composition, prey availability
(Seitz et al. 2003) salinity (Mense & Wenner 1989), overfishing (Sharov et al. 2003), and
increased disease prevalence (Lee and Frischer 2004).
The positive correlation between freshwater discharge and annual crab landings
could be the result of negative effects of salinity on certain aspects of the crab life
history. High salinity waters have higher levels of Hematodinium sp. parasite (Chapter 3)
but also higher levels of post-larval abundance (Chapter 4). Low salinity waters have
lower crab survival (Chapter 2) and higher rates of predation (Chapter 4). In the ACE
Basin, the Combahee River has the highest salinity at the marsh mid-point with the
shallowest salinity gradient, the S. Edisto River has the lowest salinity at the marsh midpoint with the steepest salinity gradient, and the Ashepoo River has intermediate salinity
at the marsh mid-point with an intermediate salinity gradient (Chapter 2). Changes in
salinity could lead to a shift in the balance between disease, settlement, predation, and
survival within these rivers. Depending on the initial salinity of the system an increase in
salinity could potentially increase or decrease the abundance of crabs within the system.
This study was designed to examine the relationship of salinity and crab
abundance in the ACE Basin NERR. The ACE Basin National Estuarine Research
Reserve (NERR) is one of the largest undeveloped estuarine systems on the east coast of
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the United States and is an excellent location to study blue crabs. We wanted to (1)
examine the general pattern of crab distribution in the ACE Basin, (2) determine the
influence of salinity, pH, temperature and dissolved oxygen on crab distribution, (3)
explore the direct and indirect links between discharge and crab landings, and finally (4)
determine how shifts in salinity within the ACE Basin NERR could affect future
population abundances within the three rivers of this system.

METHODS
Water Quality and Crab Census Survey
A total of 61 water quality sampling stations were established on the three rivers
of the ACE Basin. The Ashepoo and Combahee Rivers had 21 stations each, while the
South Edisto had 19. These stations were arranged so the first was located in the mouth
of each river, in St. Helena Sound, and each subsequent station was approximately 2
miles upriver. Water quality sampling occurred quarterly in June, September, December,
and March from June 2008 through March 2012. This gave a total of 16 census periods
for the entire experiment. Water quality parameters including temperature, salinity,
conductivity, pH and dissolved oxygen were measured by a YSI 556 MPS hand-held
multiprobe (YSI, Inc.) at the surface and 1 m from the bottom. Fishing effort was
estimated by counting the number of crab trap buoys present between the water quality
stations for the entire river. Fishing effort was estimated for the entire length of each of
the rivers during the quarterly censuses.

122

Crab distribution and abundance were estimated at a subset of the water quality
stations (Figure 5.1). A total of nine of the water quality sampling stations were used as
crab sampling stations on each of the three rivers. The crab sampling stations spanned
the entire length of river that was sampled for water quality conditions. These 27 crab
stations were sampled during the same time periods that fishing effort and water quality
measures were taken. Crabs were collected by commercial crab pots wrapped in 2.5 mm
Vexar mesh (Complex Plastics, Inc.) in order to retain juvenile crabs. Four pots baited
with cut shad or menhaden were deployed at each station and allowed to soak for 4-6
hours. All crabs were returned to the McKenzie Field Laboratory where each was
measured, weighed, and sexed.
In order to analyze crab distribution, all of the crabs caught over the four year
study were classified by sex and maturity. Male crabs were considered to be adults when
their carapace width (distance between points of lateral spines) was 127 mm or greater,
while juvenile males had carapace widths that measured smaller than that distance. This
value was chosen because it represents the size limit for the blue crab fishery in South
Carolina. Therefore, all crabs above this size would be vulnerable to being taken by the
fishery. Female crabs were classified based on the shape of their abdomen. Adult
females have a distinctive round abdomen while juvenile females have a more triangular
abdomen shape.
To evaluate the seasonal and annual changes in crab population structure, we
counted the number of crabs in each of four life history stages, juvenile males (< 127 mm
CW), juvenile females (those without a mature abdominal apron), adult males (> 126 mm
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CW), and adult females (those with a mature abdominal apron). The number of crabs in
each stage was recorded for all sixteen sampling dates and from all three rivers sampled.
These counts were then correlated with the abiotic water quality measures (salinity, pH,
temperature, dissolved oxygen) from the marsh mid-point (station 5) of each river and the
total fishing effort of each river (number of crab pots observed) using a Pearson’s
correlation.
To examine which abiotic factors were most important in explaining the variation
in crab abundance, I first converted all abiotic measures to standardized Z scores with a
mean of 0 and then reduced them into composite variables by principle components
analysis using the correlation matrix. These principle component scores were then used
as independent variables in an analysis of variance to estimate the importance of
composite water quality measure along with fishing effort (number of crab pots observed
square-root transformed). The dependent variables were the square-root transformed
counts of all four crab stages separately and all crabs stages combined. These dependent
variables all met the assumptions of homogeneity of variance and normality of residuals.
To estimate which water quality parameters were most important in the
distribution of juvenile vs. adult and male vs. female crabs, I conducted a classification
and regression tree (CART) analysis. The dependent variable was the count of crabs in
each life history stage (male juveniles, female juveniles, male adults, female adults). The
water quality estimate of temperature, dissolved oxygen, salinity and pH were used as the
independent variables.
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Seasonal Crab Abundance and Forecast Modeling
I used a seasonal autoregressive integrated moving average (ARIMA) model to
estimate the season cycle and annual trend in crab abundance in each of the three rivers
of the ACE Basin NERR. We chose the seasonal exponential smoothing model with a
lag period of 4 to represent our quarterly sampling periods. The forecast model was then
projected for an additional 12 sampling periods.

Estimating the Direct and Indirect Links from Freshwater Discharge to Crab Landings
To examine the relationship between discharge and crab landings a diagrammatic
model was created to illustrate the direct and indirect links between discharge and the
annual crab landings (Figure 5.2). Pearson correlation analysis was used to estimate the
correlation coefficient (r) for each link in this relationship tree. The link between
freshwater discharge and water quality parameters (salinity, pH, temperature, dissolved
oxygen) were estimated using the USGS National Water Information System
(http://waterdata.usgs.gov/nwis). Gauging station number 02175000 was used to
determine discharge rates for the South Edisto River. Direct link estimates of salinity on
settlement and predation rates were estimated from field studies as described in chapter 4.
Direct link estimates of salinity on disease rates were determined from samples taken in
the ACE Basin as described in chapter 3. Direct link estimates of salinity on survival
were determined from a salinity survival experiment as described in chapter 2.
The relationship between flow and water quality parameters were estimated using
the USGS average monthly discharge rates for the Edisto River rates and the average
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monthly salinities I measured on the the S. Edisto river for the 16 census periods. Percent
survival was compared to salinity for the three salinity treatments (5, 20, 35 ppt) for both
2010 and 2011 as described in chapter two. Total megalopal abundance and average
salinity at site one for each river for 2010 and 2011 were used to estimate the relationship
between salinity and post-larval abundance. Percent infection by river for December was
compared to the salinity in March three censuses earlier for the salinity and disease
relationship. Predation rates were compared to the salinity at sites 1,3,5, and 7 during our
tethering study in the summer of 2011.
The effects of post-larval abudance on crab abundance was estimated by using our
settlement data from August through October for 2010 and 2011, and comparing that to
the abundance of juvenile females the next census in December of those two years. The
relationship of disease with abundance was examined by using the percent infection rate
by river in December and comparing that to the abundance of crabs in each river the
following December. The effect of predation on crab abundance was estimated using the
predation rates at sites 1,3,5, and 7 from the tethering experiment during the summer of
2011 and the crab abundance data from the June census of that year. Survival was not
compared to crab abundance due to the fact that survival estimates were estimated from
experiments performed in the laboratory.
Crab abundance in the ACE Basin was compared to fishing effort in the ACE
Basin by using total crab pot counts for each river and comparing that to the total number
of adult crabs caught in the rivers in the same census. Fishing effort in the ACE Basin
was compared to total landings in South Carolina by comparing the total number of crab
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traps counted in the ACE Basin during each of the four years of our study and comparing
that to the total crab landings data for each year from SCDNR.

RESULTS
Water Quality and Crab Distribution
In total, over the four years of this study, 3,753 crabs were caught. Mature males
accounted for 30% of the crabs caught (1,126), mature females accounted for 9.5% (356),
immature males 37.7% (1,414), and immature females for 22.8% of the crabs caught
(857). The total number of crabs caught was highest in the Ashepoo (1,722),
intermediate in the Combahee (1,209), and lowest in the S. Edisto (822) (Figure 5.3).
Average salinity was highest in the Combahee (16.66 ppt), intermediate in the Ashepoo
(15.74 ppt), and lowest in the S. Edisto (13.53 ppt).
Crab abundance shows strong patterns of seasonal variation among life history
stages (Figure 5.3). Juvenile abundance is usually highest in June and lowest in
December (Table 5.1), whereas, adult abundance is usually highest in September and
lowest in March (Table 5.1). This seasonal pattern in abundance is strongly influenced
by a seasonal pattern in crab settlement with most annual settlement occurring in the fall
(see Chapter 3). It is also influenced by seasonal changes in crab behavior during the
coldest months when crabs forage less and are less likely to enter traps. As a result of
these seasonal differences in settlement, growth, and movement, different water quality
parameters correlate with different crab life history stage abundances. Juvenile crab
abundance is usually negatively correlated with salinity, whereas, adult crab abundance is
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usually positively correlated with salinity (Table 5.2). This reflects a seasonal migration
pattern where juveniles seek lower salinity waters in the early spring until they reach
maturity and mated adults tend to move back down river in the early fall into higher
salinity waters.
Other water quality parameters are also correlated with crab abundance. Both
juveniles and adults are positively correlated with pH and temperature and negatively
correlated with dissolved oxygen (Table 5.2). These variables along with salinity are
strongly seasonal and thus it is difficult to assign any one factor as the reason for the
seasonal changes in crab abundance. Finally, fishing effort as measured by number of
crab pots per river show no correlations with juvenile crabs, but significant positive
correlations with adult crabs (Table 5.2).
The classification and regression tree analysis found that all four water quality
parameters were important in the division of juvenile vs. adult and male vs. female crabs
(Figure 5.4). The importance ranks for the environmental variables showed salinity to be
the most important factor in forming the tree. Salinity had an importance value of 1,
temperature had a value of 0.99, dissolved oxygen was 0.84, and pH was 0.70. Some of
the most important break points in the data included a break point at a salinity of 20.15
ppt, which separated immature male crabs from mature male crabs.
In order to evaluate which abiotic factors have the greatest impact on crab
abundance, I first constructed composite variables using a principle components analysis.
Standardized Z score estimates of salinity, pH, temperature and dissolved oxygen were
reduced to two major principle components. Principle component score 1 explained
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54.3% of the variation in abiotic parameters and was positively correlated with
temperature (r = 0.899, p < 0.0001), negatively correlated with dissolved oxygen (r = 0.899, p < 0.0001) and positively correlated with salinity (r = 0.570, p < 0.0001).
Principle component score 2 explained 23.2% of the variation in abiotic parameters and
was positively correlated with pH (r = 0.773, p < 0.0001) and negatively correlated with
salinity (r = -0.553, p < 0.0001).
An analysis of variance model using both principle component scores and fishing
effort estimated by number of crab pots (square-root transformed) as independent
variables were used to analyze crab abundance variation (square-root transformed) for
each life history stage in each river (Table 5.3). Juvenile crab abundance was
significantly related to PC 2 (+pH, - salinity) in the high salinity river (Combahee) but
was significantly related to PC 1 (+temperature, - DO, + salinity) in the low salinity river
(S. Edisto). This may reflect differences in the costs and benefits of rising salinity
relative to the starting levels of salinity in each river. Adult crab abundance were never
significantly related to PC 2 (+pH, -salinity), but were occasionally significantly related
to PC 1 (+temperature, - DO, + salinity) especially in the high salinity river (Combahee).
These results suggest that crab abundance does vary with salinity but that the strength of
this influence depends on the initial salinity conditions of each river. Finally, fishing
effort was never found to be a significant predictor of juvenile or adult crab abundance in
any of the three rivers.
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Seasonal Crab Abundance and Forecast Modeling
The seasonal ARIMA model was found to have an optimal lag of 4 time steps
corresponding to the quarterly sampling time period (Figure 5.5). With four years of
quarterly data, I was able to construct a seasonal exponential smoothing model for each
river that forecasts crab abundance for an additional 12 quarterly samples (3 years). The
model projected the Combahee River would decline in the near future at a rate of -13 to 3 crabs per year (Figure 5.5b). The S. Edisto River would continue to rise in the near
future at a rate of +8 to +9 crabs per year (Figure 5.5c). And finally, the Ashepoo River
would remain constant in the near future with a rate of change -28 to + 25 crabs per year
(Figure 5.5a). These results match the predications of the relationship link tree that rivers
with high salinity are likely to respond negatively to reduced freshwater flow while rivers
with low salinity are likely to respond positively to reduced freshwater flow.

Estimating the Direct and Indirect Links from Freshwater Discharge to Crab Landings
The direct links between water quality and crab abundance are illustrated and
summarized in Figure 5.6a. Although all water quality parameters are found to be
significantly correlated with at least one crab life history stage (Table 5.2), only
temperature and dissolved oxygen were signficantly related to total crab abundance
(Table 5.4). And of these two factors only temperature, with a postive correlation with
crab abundance, could potentially describe the positive relationship between freshwater
discharge and crab abundance. However, this is unlikely to be the mechanism linking
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discharge to commerical landings because temperature seems to be insenstive to changes
in freshwater discharge (Chapter 2).
The indirect links between water quality and crab abundance are illustrated and
summarized in Figure 5.6b. Here we find that salinity has positve affects on crab
settlement, survival, and disease and negative affects on predation (Table 5.4). The most
plausible explaination for why lower discharge might decrease crab abundance is through
an increase in disease and could explain why juvenile crabs have a negative correlation
with salinity in the Combahee River (Table 5.3). Lower discharge and higher salinity
may also have significant positive affects such as increasing juvenile crab survival in low
discharge rivers such as the S. Edisto, but also by decreasing predation in adult crabs
(Table 5.3).
Finally, fishing effort was found to be positively correlated with crab abundance
(Table 5.4) rather than negatively correlated as predicted by H5 (chapter 1) the fisheries
refuge hypothesis. There is no evidence that fishing effort changed in response to
freshwater flow, but there is strong evidence that it varies spatially with the abundance of
crabs. Furthermore, there is a very strong correlation between annual fishing effort in the
ACE Basin NERR and annual commerical landings for the state of South Carolina. This
correlation suggests that our estimate of fishing effort is reflective of the effort observed
across the state during the same time period.
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DISCUSSION
The first goal of this study was to examine the pattern of distribution and
abundance of blue crabs in the ACE Basin NERR. We found that the Ashepoo River
consistently had the highest number of crabs and salinities that were intermediate to the
higher salinities of the Combahee River and the lower salinities of the South Edisto
River. Higher densities of crabs in the Ashepoo River cannot be explained by higher
levels of larval settlement nor lower levels of predation (Chapter 4), but is consistent with
the observation that Ashepoo crabs have the lowest frequency of Hematodinium sp.
infection (Chapter 3). Seasonal shifts in the distribution and abundance of crabs were
also apparent with more crabs being caught in the warmer months of June and September
(Table 5.1). The abundance of adult females was low in all three rivers relative to the
other classes of crabs.
These patterns are consistent with previous studies of the distribution of blue
crabs along a freshwater gradient (Posey et al. 2005). The settlement of megalopae is
highest at the mouth of freshwater rivers and early benthic juveniles must continue
upstream to reach their optimal habitat for growth (Johnson and Eggleston 2010). Upon
maturation, females mate and then begin a downstream migration back toward higher
salinity open waters to release their larvae (Darnell et al. 2010). The likelihood of
catching mature females is dependent on location, with higher rates of capture, relative to
adult male crabs, further away from land or marsh habiat (Rudershausen & Turano 2006).
Mature males are more likely to remain in the mid-salinity portions of the river and make
up a majority of the fisheries landings in this portion of the salt-marsh (Rudershausen &
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Turano 2006). As a consequence of this sex-specific use of different salinities, early
benthic juvenile crabs and mature females are more likely to be exposed to high levels of
Hematodinium sp. and more likely to be harmed by increases in salinity caused by
decreased discharge.
Determining the influence of the water qualtiy variables (pH, temperature,
disssolved oxygen, salinity) on the abundance of blue crabs was the second goal of this
experiment. Freshwater discharge directly impacts the water quality conditions within
the estuarine system (Chapter 2). Correlations were found between the water quality
parameters (pH, temperature, dissolved oxygen) and crab abundance but the seasonal
nature of these water quality parameters makes it difficult to interpret the realtionship.
When the relationship between salinity and crab abundance within the rivers was
examined, positive correlations between adult male abundances and salinity were seen
for all three rivers. However, a negative correlation between salinity and adult female
abundance was found in the Combahee River. The CART analysis showed that salinity
was the most important factor separating the different classes of crabs based on the
environmental conditions where they were caught. Salinity appears to be the
environmental parameter that can best support the link between discharge and landings.
Previous studies have found blue crabs to be sensitive to low temperature stress
(Leffler 1972), low dissolved oxygen stress (Lowery & Tate 1986) and low salinity stress
(Costlow 1967). Therefore, crabs are likely to experience strong seasonal differences in
mortality brought on by a combination of these factors. They also experience decreased
mobility and lower metabolic demands in winter, resulting in a decreased chance of
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entering a baited crab trap. Therefore, it is difficult to determine if the lower number of
crabs collected in the winter months is a reflection of increased mortality or simply
decreased mobility (Rome et al. 2005).
A positive correlation between adult male crab abundance and salinity begs the
question: by what means can an increase in salinity be a positive influence on crabs? A
variety of different possible links between flow and blue crab landings were examined.
The flow induced changes in salinity affect predation, disease, and settlement patterns
within the ACE Basin (Chapters 3,4) which in turn affect the abundance of blue crabs.
Overall, decreases in flow due to drought conditions has varying effects on total landings
depending on what link pathway is most important. In years of drought, decreases in
flow would increase salinity causing an increase in larval settlement and/or a decrease in
predation, leading to an increase in crab abundance. Lower levels of predation with
increases in salinity could explain the increases in crabs in the Ashepoo and S. Edisto
during years of higher salinity. The American alligator, Alligator mississippiensis, has
long been known to be a blue crab predator (Valentine et al 1972) and crustaceans, such
as blue crabs, have been shown to comprise a large portion of alligators diet (Gabrey
2010, Rosenblatt and Heithaus 2011). A decrease in these largely freshwater predators
during drought years could explain increases of blue crabs
The pathway through disease is the only one that would have a negative impact on
landings as flow decreased and salinity increased. Higher levels of infection would result
from incresed salinity, leading to lower crab abundance. Previous research has
demonstrated that Hematodinium sp. is a lethal dinoflagellate parasite of blue crabs and is
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restricted to high salinity environments (Messick and Shields 2000; Lee and Frischer
2004, chapter 3). In years of increased flow, lower salinity would be found within the
ACE Basin and potentially lead to lower infection rates (Chapter 3). A decrease in
disease prevalence as flow increases is the most likely explanation for the observation
that crab landings tend to increase after a drought when rainfall levels begin to rise.
It is apparent that shifts in salinity can affect multiple factors controlling the
abundance of blue crabs. In the ACE Basin, the S. Edisto River has both the lowest
average salinity and the lowest crab abundance. The Ashepoo River has an intermediate
average salinity but the highest crab abundance, while the Combahee River has the
highest average salinity and intermediate crab abundance. If increases in salinity have
the potential to lower predation risk in the river, increase settlement, and increase disease,
we could potentially see an overall increase in the abundance of crabs in higher salinity
years depending on the relative importance of these different factors in controlling
population numbers.
The initial salinity conditions within the specific river could prove to be very
important in determining the impact of drought (increasing salinity). In the S. Edisto
River, where there is a large area of low salinity, drought should decrease predation and
increase crab abundance. In the Combahee River, where salinity is already relatively
high, drought could increase disease and decrease crab abundance. These very patterns
were predicted by a seasonal ARIMA model that used our 4 years of crab abundance data
to forecast the population trend for each river. The model predicts that the Ashepoo
River crab population abundance will remain steady with an expected change of -0.8%
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per year. The Combahee population is predicted to decrease with an expected change of 16.2% per year. The South Edisto population is predicted to increase with an expected
change of 11.5% per year. The seasonal ARIMA model supports the idea that the initial
salinity conditions of a river determined by its historical level of freshwater discharge
play an important part in determining the impact of drought on crab population density.
Furthermore, although the model detects both increases in crab number and decreases in
crab numbers depending on the river’s initial salinity profile, the gain in crab numbers in
the S. Edisto River is outstripped by the loss in crab numbers in the Ashepoo and
Combahee Rivers and the expected outcome is a net loss of crabs if salinities continue to
rise.
Predicting the future of a commercially-harvested saltmarsh species is never an
easy task. Water quality conditions are constantly changing due to changes in freshwater
discharge, global warming, ocean acidification, and anthropogenic pollution. In addition,
economic conditions and market forces may also cause changes in fishing effort and
fishing regulations. In this dissertation, I have focused on describing the impact of
decreasing freshwater flow and increasing salinity on crab settlement, growth, predation,
and disease and have attempted to link these life history traits to overall crab abundance
and distribution. Of the five hypotheses (chapter 1) that I suggested could be the positive
link between freshwater discharge and crab landings, H2 the Hematodinium sp.
hypothesis remains the one best supported by my empirical observations. This
hypothesis predicts that increases in salinity should have the most negative effects in the
high salinity river (Combahee) and should differentially impact juveniles and adult
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female crabs that occupy lower portions of each river. In general this is what I found in
the Combahee River, but not in the other rivers with lower median salinity profiles.
These results support the ideas put forward by Lee and Frischer (2001) that
drought may be the single most important driver of blue crab decline along the Atlantic
coast. If Hematodinium sp. is limited to high salinity conditions and these conditions
occupy a greater proportion of the local blue crab population, it is reasonable to assume
that we will see increases in Hematodinum sp infections in blue crab with decreasing
freshwater discharge. This finding that a commercially important species is more likely
imperiled by the changes in freshwater discharge rather than the changes due to
temperature rise or ocean acidification is an important discovery that adds to our
understanding of how global climate change might impact fisheries species and the
economies that rely on these valuable resources.

137

REFERENCES
Alber, M. (2002) A conceptual model of estuarine freshwater inflow management.
Estuaries. 25: 1246-1261.
Ardisson, P.L. and E. Bourget (1997) A study of the relationship between freshwater
runoff and benthos abundance: a scale-oriented approach. Estuarine, Coastal and
Shelf Science. 45: 535-545.
Carver, A.M., T.G. Wolcott, D.L. Wolcott, and A.H. Hines (2005) Unnatural selection:
effects of a male-focused size-selective fishery on reproductive potential of a blue
crab population. Journal of Experimental Marine Biology and Ecology 319: 2941.
Costlow, J.D. (1967) The effect of salinity and temperature on survival and
metamorphosis of megalops of the blue crab Callinectes sapidus. Helgoland
Marine Research 15: 84-97.
Darnell, Z, D. Rittschof, and B. Forward (2010) Endogenous swimming rhythms
underlying the spawning blue crab, Callinectes sapidus: ontogeny and variation
with ambient tidal regime. Marine Biology 157: 2415-2425.
Gabrey, S.W. (2010) Demographic and Geographic variation in food habits of American
Alligators (Alligator mississippiensis) in Louisiana. Herpetological Conservation
and Biology 5: 241-250.
Gilbert, S., K. Lackstrom, and D. Tufford (2012) The impact of drought on coastal
ecosystems in the Carolinas. State of Knowledge Report. Carolinas Integrated
Sciences & Assessments.
Kennedy, V.S. and L.E. Cronin, eds. (2007) The Blue Crab, Callinectes sapidus.
Maryland Sea Grant. College Park, MD.
King, R.S., A.H. Hines, F.D. Craige, and S. Grap (2005) Regional, watershed and local
correlates of blue crab and bivalve abundances in subestuaries of Chesapeake
Bay, USA. Journal of Experimental Marine Biology and Ecology. 319: 101-116.
Lee, R.F. and M.E. Frischer (2004) The decline of the blue crab: changing weather
patterns and a suffocating parasite may have reduced the numbers of this species
along the Eastern seaboard. American Scientist. 92: 548-553.
Leffler, C.W. (1972) Some effects of temperature on the growth and metabolic rate of
juvenile blue crabs, Callinectes sapidus, in the laboratory. Marine Biology 14:
104-110.
138

Lipcius, R.M., and W.T. Stockhausen (2002) Concurrent decline of the spawning stock,
recruitment, larval abundance, and size of the blue crab Callinectes sapidus in
Chesapeake Bay. Marine Ecology Progress Series 226: 45-61.
Lowery, T.A., and L.G. Tate (1986) Effect of hypoxia on hemolymph lactate and
behavior of the blue crab Callinectes sapidus rathbun in the laboratory and field.
Comparative biochemistry and physiology part A: physiology 85: 689-692.
Mense, D.J., and E.L. Wenner (1989) Distribution and abundance of early life history
stages of the blue crab, Callinectes sapidus, in tidal marsh creeks near Charleston,
South Carolina. Estuaries 12: 157-168.
Messick, G.A. and J.D. Shields. (2000) Epizootiology of the parasitic dinoflagellate
Hematodinium sp in the American blue crab Callinectes sapidus. Diseases of
Aquatic Organisms 43: 139-152.
Montagna, P.A., M. Alber, P. Doering, and M.S. Connor (2002) Freshwater inflow:
science, policy, management. Estuaries. 25: 1243-1245.
Posey, M.H., T.D. Alphin, H. Harwell, and B. Allen (2005) Importance of low salinity
areas for juvenile blue crabs, Callinectes sapidus Rathbun, in river-dominated
estuaries of southeastern United States. Journal of Experimental Marine Biology
and Ecology 319:81-100.
Rome, M.S. et al. (2005) Linking temperature and salinity tolerance to winter
mortality of Chesapeake Bay blue crabs (Callinectus sapidus). Journal of
Experimental Marine Biology and Ecology. 319, 129-145.
Rosenblatt, A.E., Heithaus, M.R., 2011 Does variation in movement tactics and trophic
interactions among American alligators create habitat linkages? J. Anim. Ecol. 80,
786-798.
Rudershausen, P.J., and M.J. Turano (2006) Testing a device to exclude ovigerous blue
crabs, Callinectes sapidus, from commercial pots. Marine Fisheries Review 68:
36-44.
Seitz, R.D., R.N. Lipcius, W.T. Stockhausen, K.A. Delano, M.S. Seebo, and P.D. Gerdes
(2003) Potential Bottom-up control of blue crab distribution at various spatial
scales. Bulletin of Marine Science 72: 471-490.
Sharov, A.F., J.H. Volstad, G.R. Davis, B.K. Davis, R.N. Lipcius and M.M Montane
(2003) Abundance and exploitation rate of blue crab (Callinectes sapidus) in
Chesapeake Bay. Bulletin of Marine Science 72: 543-565.
139

Valentine, J.M., J.R. Walther, K.M. McCartney, L.M. Ivy, (1972) Alligator diets on the
Sabine National Wildlife Refuge, Louisiana. Journal of Wildlife Management. 36
809-815.
Van Den Avyle, M.J., D.L. Fowler (1984) Species Profiles: life histories and
environmental requirements of coastal fishes and invertebrates (South Atlantic)
Blue Crab. Fish and Wildlife Service
Whitaker, J.D., L.B. Delancey, J. E. Jenkins, and M.B. Maddox (1998) A review of the
fishery and biology of the blue crab, Callinectes sapidus, in South Carolina.
Journal of Shellfish Review 17: 459-463.
Wilber, D.H. (1994) The influence of Apalachicola River flows on blue crab, Callinectus
sapidus, in north Florida. Fishery Bulletin 92: 180-188.
Wood, R.J., D.F. Boesch, and V.S. Kennedy (2002) Future consequences of climate
change for the Chesapeake Bay ecosystem and its fisheries. American Fisheries
Society Symposium 32: 171-184.

140

Table 5.1. Crab abundance by river, stage, month and year. Male juveniles were those less than
127 mm CW, the legal size limit. Juvenile females were those lacking a fully developed
abdomen present in mature adult females.

River

Stage

Month

2008

2009

2010

2011

Total

Ashepoo

Male juv

Jun
Sept
Dec
Mar
Total

20
45
46
110
221

23
30
12
77
142

111
24
17
25
177

50
26
23
22
121

204
125
98
234
661

Female juv

Jun
Sept
Dec
Mar
Total

7
34
33
40
114

18
14
8
29
69

63
77
2
9
151

17
24
8
18
67

105
149
51
96
401

Male adult

Jun
Sept
Dec
Mar
Total

30
46
30
11
117

21
28
34
17
100

36
41
28
15
120

34
76
64
8
182

121
191
156
51
519

Female adult

Jun
Sept
Dec
Mar
Total

0
10
4
3
17

1
3
2
0
6

34
14
1
0
49

32
8
0
0
40

67
35
7
3
112

Total

Jun
Sept
Dec
Mar
Total

57
135
113
164
469

63
75
56
123
317

244
156
48
49
497

133
134
95
48
410

497
500
312
384
1693
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Table 5.1. Continued.

River

Stage

Month

2008

2009

2010

2011

Total

Combahee

Male juv

Jun
Sept
Dec
Mar
Total

37
28
37
36
138

19
33
10
48
110

42
21
15
20
98

19
21
15
21
76

117
103
77
125
422

Female juv

Jun
Sept
Dec
Mar
Total

21
13
35
12
81

13
18
8
28
67

12
24
9
7
52

3
6
0
25
34

49
61
52
72
234

Male adult

Jun
Sept
Dec
Mar
Total

36
57
52
2
147

12
23
7
15
57

19
48
17
1
85

19
69
56
9
153

86
197
132
27
442

Female adult

Jun
Sept
Dec
Mar
Total

2
21
9
3
35

5
4
1
1
11

2
35
3
1
41

7
15
0
2
24

16
75
13
7
111

Total

Jun
Sept
Dec
Mar
Total

96
119
133
53
401

49
78
26
92
245

75
128
44
29
276

48
111
71
57
287

268
436
274
231
1209
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Table 5.1. Continued

River

Stage

Month

2008

2009

2010

2011

Total

S. Edisto

Male juv

Jun
Sept
Dec
Mar
Total

53
8
8
11
80

5
38
7
8
58

57
29
15
7
108

20
21
14
14
69

135
96
44
40
315

Female juv

Jun
Sept
Dec
Mar
Total

15
9
9
10
43

3
15
20
8
46

18
22
8
11
59

20
16
15
20
71

56
62
52
49
219

Male adult

Jun
Sept
Dec
Mar
Total

2
9
6
3
20

3
6
6
10
25

8
22
12
3
45

8
23
25
9
65

21
60
49
25
155

Female adult

Jun
Sept
Dec
Mar
Total

2
22
4
4
32

3
1
10
3
17

5
4
5
13
27

5
22
27
3
57

15
49
46
23
133

Total

Jun
Sept
Dec
Mar
Total

72
48
27
28
175

14
60
43
29
146

88
77
40
34
239

53
82
81
46
262

227
267
191
137
822
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Table 5.2. Correlation coefficients (r) for crab abundance versus salinity, pH, temperature,
dissolved oxygen and fishing effort. Italics P < 0.100, * P < 0.050, ** P < 0.010, *** P < 0.001

River

Stage

Salinity

pH

Temp

DO

Effort

Ashepoo
(n = 16)

Male juv
Female juv
Male adult
Female adult
Total

-0.421
-0.337
0.540*
0.216
-0.123

-0.200
0.448
0.234
0.227
0.174

0.090
0.377
0.321
0.661*
0.373

-0.097
-0.314
-0.348
-0.475
-0.358

0.128
0.197
0.247
0.670**
0.357

Combahee Male juv
(n = 16)
Female juv
Male adult
Female adult
Total

-0.415
-0.497*
0.549*
0.174
-0.173

0.262
0.227
0.660**
0.530*
0.718**

0.191
-0.012
0.307
0.485
0.308

-0.217
0.026
-0.398
-0.483
-0.420

-0.175
-0.257
0.122
0.214
0.008

S. Edisto
(n = 16)

Male juv
Female juv
Male adult
Female adult
Total

0.518*
0.385
0.538*
0.425
0.775***

0.175
0.148
0.265
-0.027
0.244

0.603*
0.165
-0.012
-0.117
0.424

-0.447
0.073
-0.141
0.031
-0.299

-0.141
0.205
-0.106
-0.177
-0.149

Total
(n = 48)

Male juv
Female juv
Male adult
Female adult
Total

-0.017
-0.043
-0.242
0.214
0.555*** 0.251
0.182
0.266
0.241
0.223

0.238
0.171
0.193
0.368**
0.302*

-0.235
-0.106
-0.317*
-0.313*
-0.341*

0.111
0.138
0.291*
0.305*
0.290*
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Table 5.3. ANOVA models testing the influence of abiotic principle components PC 1 (+
temperature, - dissolved oxygen, + salinity) and PC 2 (+ pH, - salinity) and fishing pressure
(square root number of traps per river) on crab abundance by sex and stage.

Stage

Source

df

F

Ashepoo

Male juv

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

2.0385 0.1789
0.1985 0.6638
2.3023 0.1551

-0.0435

Female juv

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

0.0144 0.9065
5.9623 0.0311*
0.2978 0.5953

0.2508

Male adult

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

2.0378 0.1789
0.4900 0.4973
0.3089 0.5886

0.0608

Female adult

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

0.0000 0.9962
0.1036 0.7531
2.1675 0.1667

0.2713

Total crabs

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

0.0471 0.8319
0.6366 0.4405
0.8771 0.3675

-0.0128
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p

r2

River

Table 5.3. continued.

Stage

Source

df

F

Combahee

Male juv

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

0.8254 0.3815
4.6739 0.0515
1.5034 0.2437

0.1630

Female juv

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

0.0330 0.8589
5.3566 0.0392*
0.4134 0.5323

0.1518

Male adult

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

9.0157 0.0110*
0.5021 0.4921
1.6566 0.2223

0.3026

Female adult

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

5.0836 0.0436*
1.7077 0.2158
0.0060 0.9394

0.2564

Total crabs

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

9.8970 0.0084**
6.8934 0.0222*
3.5321 0.0847

0.4781
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p

r2

River

Table 5.3. continued.

Stage

Source

df

F

Edisto

Male juv

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

6.8353 0.0226*
0.5823 0.4601
0.0506 0.8258

0.2205

Female juv

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

6.8353 0.0226*
0.5823 0.4601
0.0506 0.8258

0.2205

Male adult

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

0.5919 0.4566
0.1867 0.6733
1.3098 0.2747

-0.0941

Female adult

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

0.7246 0.4113
0.0893 0.7702
0.0001 0.9919

-0.1704

Total crabs

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
12

0.0119 0.9151
0.7436 0.4054
0.0798 0.7824

-0.1570

147

p

r2

River

Table 5.3. continued.

Stage

Source

df

F

All rivers

Male juv

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
44

0.8197 0.3702
0.0629 0.8031
0.1621 0.6891

-0.0273

Female juv

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
44

0.0222 0.8821
6.6287 0.0135*
1.3051 0.2595

0.0984

Male adult

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
44

5.8526 0.0198*
1.1739 0.2845
0.4180 0.5213

0.1464

Female adult

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
44

4.5006 0.0396*
0.5865 0.4479
0.7416 0.3938

0.1179

Total crabs

Temp-DO+salinity
pH-salinity
Fishing effort
Error

1
1
1
44

4.2190 0.0459*
0.7436 0.4054
0.0798 0.7824

0.0991

148

p

r2

River

Table 5.4 Summary of Pearson correlations linking freshwater discharge to commercial crab
landings. Bold in black is a significant positive relationship and bold in red is a significant
negative relationship.
Italics P < 0.100, * P < 0.050, ** P < 0.010, *** P < 0.001
Link

Data Source

n

r

discharge  commercial landings
discharge  pH
discharge  salinity
discharge  temperature
discharge  dissolved oxygen

USGS & SCDNR (Chap 1)
USGS & NERR (Chap 2)
USGS & NERR (Chap 2)
USGS & NERR (Chap 2)
USGS & NERR (Chap 2)

33
17
17
17
17

0.370
-0.053
-0.795
0.084
0.238

0.0340*
0.8412
0.0001***
0.7497
0.3578

pH  crab abundance
salinity  crab abundance
temperature  crab abundance
dissolved oxygen  crab abundance
fishing effort  crab abundance

Table 5.2 (Chap 5)
Table 5.2 (Chap 5)
Table 5.2 (Chap 5)
Table 5.2 (Chap 5)
Table 5.2 (Chap 5)

48
48
48
48
48

0.223
0.241
0.302
-0.341
0.290

0.1272
0.0988
0.0368*
0.0175*
0.0454*

salinity  settlement
salinity  survival
salinity  disease
salinity  predation

(Chap 4)
(Chap 2)
(Chap 3)
(Chap 4)

6
6
9
12

0.460
0.549
0.255
-0.832

0.3591
0.2592
0.5073
0.0008***

settlement  crab abundance
survival  crab abundance
disease  crab abundance
predation  crab abundance

(Chap 5)
(Chap 5)
(Chap 5)
(Chap 5)

6 0.491
NA NA
9 -0.745
12 -0.197

0.3225
NA
0.0213*
0.5389

crab abundance  fishing effort
fishing effort  commercial landings

Table 5.2 (Chap 5)
(Chap 5)

48 0.290
4 0.995

0.0454*
0.0049**

149

p

Figure 5.1: Map of the ACE Basin showing the location of sampling sites for blue crabs
for each of the three rivers of the ACE Basin. Blue circles represent nine sampling
stations in the Ashepoo River. Red circles represent nine sampling stations in the
Combahee River. Green circles represent nine sampling stations in the S. Edisto River.
Orange bars represent the legal fishing boundary for blue crabs. Fishing is prohibited
above this boundary.
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Figure 5.2 Conceptual diagram of some possible links between river discharge and
annual landings of blue crabs. Blue boxes represent potential water quality abiotic
factors known to influence blue crabs. Green boxes represent a subset of life history
parameters evaluated in this dissertation. The Orange box represents the abundance of
blue crabs at several temporal and spatial scales. The Red box represents the fishing
effort estimated as number of crab pots present and the Gray box represents the annual
commercial landings in South Carolina.
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Figure 5.3: Crab number by sex and maturity (left axis) and salinity at the marsh
midpoint – site 5(right axis) for the (A) Ashepoo, (B) Combahee, and (C) S. Edisto
Rivers during the four years of quarterly surveys. The Ashepoo River had the highest
average number of crabs but was intermediate in salinity. The Combahee River had an
intermediate number of crabs but was highest in salinity. The S. Edisto River had both
the lowest number of crabs and the lowest salinity.
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Figure 5.4: Classification and Regression Tree (CART) analysis of the distribution of
crab size and maturity classes based on the water quality independent variables of
temperature, salinity, pH and dissolved oxygen. Number of observations in each group
and the class of crab that is most abundant is in parentheses under each branch. MM =
mature male, MF = mature female, IM = immature male, IF = immature female. Water
quality variables in red at branches represent splitting conditions of the branch. S =
salinity, T = temperature, DO = dissolved oxygen, and pH = pH.
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Figure 5.5. Seasonal Autoregressive Integrated Moving Average forecast model for the
(A) Ashepoo, (B) Combahee and (C) S. Edisto rivers. Seasonal exponential smoothing of
crab abundance over 16 quarters were used to estimate the trend in crab abundance over
the next 12 quarters. Dotted lines indicate the upper and lower 95% confidence interval
for each forecast. In the high salinity Combahee River, crab density is projected to
decrease -13 to -3 crabs per year. In the low salinity S. Edisto River, crab density is
projected to increase +8 to +9 crabs per year. In the intermediate salinity Ashepoo River,
the crab density is projected to remain the same with a potential change from -28 to + 25
crabs per year.
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Figure 5.6 Relationship of discharge to landings via (A) direct effect of water quality or
(B) indirect effect of salinity on life history traits. Solid arrows indicate a significant
relationship while dashed lines indicate a non-significant relationship. Black arrows
indicate a positive relationship while red arrows indicate a negative relationship. See
Table 5.4 for the Pearson correlation coefficients (r).
155

APPENDIX A
SUPPLEMENTAL MATERIAL USED TO CONFIRM THE PRESENCE OF
HEMATODINIUM SP.

Figure A.1 Complete alignment of the 18s ribosomal sequences for Hematodinium sp.
Samples are color coded: primers (red), GenBank reference sequences (blue), Positive
control from Dr. Dick Lee (yellow), crabs from the ACE Basin that tested positive for
Hematodinium sp. (orange). Bsg I restriction site (purple) was used to confirm the
correct identification of the positive Hematodinium sp. sample.
Forward Primer

CC T G G C T C G A T A G A G T T G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

CC T G G C T C G A T A G A G T T G G G T A A T C T T C T G A A A A C G C A T C G T G A T G G G G A

GenBank Sequence

CC T G G C T C G A T A G A G T T G G G T A A T C T T C T G A A A A C G C A T C G T G A T G G G G A

Positive Control

CC T G G C T C G A T A G A G T T G G G T A A T C T T C T G A A A A C G C A T C G T G A T G G G G A

0912-Eds2-17-014

CC T G G C T C G A T A G A G T T G G G T A A T C T T C T G A A A A C G C A T C G T G A T G G G G A

0812-Eds2-06-012

CC T G G C T C G A T A G A G T T G G G T A A T C T T C T G A A A A C G C A T C G T G A T G G G G A

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

T A G A T T A T T G G A A T T A T T A A T C T T C A A C G A G G A A T T C C T A G T A A G C G C G A

GenBank Sequence

T A G A T T A T T G G A A T T A T T A A T C T T C A A C G A G G A A T T C C T A G T A A G C G C G A

Positive Control

T A G A T T A T T G G A A T T A T T A A T C T T C A A C G A G G A A T T C C T A G T A A G C G C G A

0912-Eds2-17-014

T A G A T T A T T G G A A T T A T T A A T C T T C A A C G A G G A A T T C C T A G T A A G C G C G A

0812-Eds2-06-012

T A G A T T A T T G G A A T T A T T A A T C T T C A A C G A G G A A T T C C T A G T A A G C G C G A

Reverse Primer

- - - - - T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

G T C A T C A G C T C G T G C T G A T T A C G T C C C T G C C C T T T G T A C A C A C C G C C C G T

GenBank Sequence

G T C A T C A G C T C G T G C T G A T T A C G T C C C T G C C C T T T G T A C A C A C C G C C C G T

Positive Control

G T C A T C A G C T C G T G C T G A T T A C G T C C C T G C C C T T T G T A C A C A C C G C C C G T

0912-Eds2-17-014

G T C A T C A G C T C G T G C T G A T T A C G T C C C T G C C C T T T G T A C A C A C C G C C C G T

0812-Eds2-06-012

G T C A T C A G C T C G T G C T G A T T A C G T C C C T G C C C T T T G T A C A C A C C G C C C G T

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

C G C T C C T A C C G A T T G A G T G A T C C G G T G A A T A A T T C G G A C G G C A G C C T T T T

GenBank Sequence

C G C T C C T A C C G A T T G A G T G A T C C G G T G A A T A A T T C G G A C G G C A G C C T T T T

Positive Control

C G C T C C T A C C G A T T G A G T G A T C C G G T G A A T A A T T C G G A C G G C A G C C T T T T

0912-Eds2-17-014

C G C T C C T A C C G A T T G A G T G A T C C G G T G A A T A A T T C G G A C G G C A G C C T T T T

0812-Eds2-06-012

C G C T C C T A C C G A T T G A G T G A T C C G G T G A A T A A T T C G G A C G G C A G C C T T T T

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

C C A G T T T C T G G A A G C G G C A G C T G G A A G T T T A G T G A A C C T T A T C A C T T A G A

GenBank Sequence

C C A G T T T C T G G A A G C G G C A G C T G G A A G T T T A G T G A A C C T T A T C A C T T A G A

Positive Control

C C A G T T T C T G G A A G C G G C A G C T G G A A G T T T A G T G A A C C T T A T C A C T T A G A

0912-Eds2-17-014

C C A G T T T C T G G A A G C G G C A G C T G G A A G T T T A G T G A A C C T T A T C A C T T A G A

0812-Eds2-06-012

C C A G T T T C T G G A A G C G G C A G C T G G A A G T T T A G T G A A C C T T A T C A C T T A G A

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

G G A A G G A G A A G T C G T A A C A A G G T T T C C G T A G G T G A A C C T G C G G A A G G A T C

GenBank Sequence

G G A A G G A G A A G T C G T A A C A A G G T T T C C G T A G G T G A A C C T G C G G A A G G A T C

Positive Control

G G A A G G A G A A G T C G T A A C A A G G T T T C C G T A G G T G A A C C T G C G G A A G G A T C

0912-Eds2-17-014

G G A A G G A G A A G T C G T A A C A A G G T T T C C G T A G G T G A A C C T G C G G A A G G A T C

0812-Eds2-06-012

G G A A G G A G A A G T C G T A A C A A G G T T T C C G T A G G T G A A C C T G C G G A A G G A T C

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

A T T C G C A C G A A G A A A A A T A A T A A T A T A T T T T A T T A T T T T C G C A C A C A A A C

GenBank Sequence

A T T C G C A C G A A G A A A A A T A A T A A T A T A T T T T A T T A T T T T C G C A C A C A A A C

Positive Control

A T T C G C A C G A A G A A A A A T A A T A - - - T A T T T T A T T A T T T T C G C A C A C A A A C

0912-Eds2-17-014

A T T C G C A C G A A G A A A A A T A A T A A T A T A T T T T A T T A T T T T C G C A C A C A A A C

0812-Eds2-06-012

A T T C G C A C G A A G A A A A A T A A T A - - - T A T T T T A T T A T T T T C G C A C A C A A A C

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

A T T C A C C G T G A A C C T T A G C C A T T A G C T A C G A C G A C T A C T A G C T A G C T A C T

GenBank Sequence

A T T C A C C G T G A A C C T T A G C C A T T A G C T A C G A C G A C T A C T A G C T A G C T A C T

Positive Control

A T T C A C C G T G A A C C T T A G C C A T T A G C T A C G A C G A C T A C T A G C T A G C T A C T

0912-Eds2-17-014

A T T C A C C G T G A A C C T T A G C C A T T A G C T A C G A C G A C T A C T A G C T A G C T A C T

0812-Eds2-06-012

A T T C A C C G T G A A C C T T A G C C A T T A G C T A C G A C G A C T A C T A G C T A G C T A C T

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

G A G T G G G G C G G T G G T G T G T T G G T T A C T A C T G C T A C T T C T T A C T C G T A G C T

GenBank Sequence

G A G T G G G G C G G T G G T G T G T T G G T T A C T A C T G C T A C T T C T T A C T C G T A G C T

Positive Control

G A G T G G G G C G G T G G T G T G T T G G T T A C T A C T G C T A C T T C T T A C T C G T A G C T

0912-Eds2-17-014

G A G T G G G G C G G T G G T G T G T T G G T T A C T A C T G C T A C T T C T T A C T C G T A G C T

0812-Eds2-06-012

G A G T G G G G C G G T G G T G T G T T G G T T A C T A C T G C T A C T T C T T A C T C G T A G C T

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

G A A C T G C A C A C A C A C T A G T A C C C C T C T C T T G C T G G T A G G A G A A G T A G C T T

GenBank Sequence

G A A C T G C A C A C A C A C T A G T A C C C C T C T C T T G C T G G T A G G A G A A G T A G C T T

Positive Control

G A A C T G C A C A C A C A C T A G T A C C C C T C T C T T G C T G G T A G G A G A A G T A G C T T

0912-Eds2-17-014

G A A C T G C A C A C A C A C T A G T A C C C C T C T C T T G C T G G T A G G A G A A G T A G C T T

0812-Eds2-06-012

G A A C T G C A C A C A C A C T A G T A C C C C T C T C T T G C T G G T A G G A G A A G T A G C T T

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

C T A C G G G G T G T G A G G G T A C G G T G G T A G T A C A C G C C T A C C A C T G A A C T C C T

GenBank Sequence

C T A C G G G G T G T G A G G G T A C G G T G G T A G T A C A C G C C T A C C A C T G A A C T C C T

Positive Control

C T A C G G G G T G T G A G G G T A C G G T G G T A G T A C A C G C C T A C C A C T G A A C T C C T

0912-Eds2-17-014

C T A C G G G G T G T G A G G G T A C G G T G G T A G T A C A C G C C T A C C A C T G A A C T C C T

0812-Eds2-06-012

C T A C G G G G T G T G A G G G T A C G G T G G T A G T A C A C G C C T A C C A C T G A A C T C C T

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

C C A T C C C A C G T T T G C T T T C C A T A A A C A C A A C A T C T C T A A T T T C A G C T A T T

GenBank Sequence

C C A T C C C A C G T T T G C T T T C C A T A A A C A C A A C A T C T C T A A T T T C A G C T A T T

Positive Control

C C A T C C C A C G T T T G C T T T C C A T A A A C A C A A C A T C T C T A A T T T C A G C T A T T

0912-Eds2-17-014

C C A T C C C A C G T T T G C T T T C C A T A A A C A C A A C A T C T C T A A T T T C A G C T A T T

0812-Eds2-06-012

C C A T C C C A C G T T T G C T T T C C A T A A A C A C A A C A T C T C T A A T T T C A G C T A T T

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Forward Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

GenBank Sequence

C A T C T T G C T C T G C T C C C T T T C G C G G G G A T A G G G C T T T C T T C A A A C G T A T G

GenBank Sequence

C A T C T T G C T C T G C T C C C T T T C G C G G G G A T A G G G C T T T C T T C A A A C G T A T G

Positive Control

C A T C T T G C T C T G C T C C C T T T C G C G G G G A T A G G G C T T T C T T C A A A C G T A T G

0912-Eds2-17-014

C A T C T T G C T C T G C T C C C T T T C G C G G G G A T A G G G C T T T C T T C A A A C G T A T G

0812-Eds2-06-012

C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Reverse Primer

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G C T T T C T T C A A A C G T A T G

Forward Primer

- - - - -

GenBank Sequence

A C T A G

GenBank Sequence

A C T A G

Positive Control

A C T A G

0912-Eds2-17-014

A C T A G

0812-Eds2-06-012

- - - - -

Reverse Primer

A C T A G
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Positive control

Positive control with Bsg I restriction enzyme

Figure A.2 Agarose gel with results of Bsg I restriction enzyme. Lane one contains
ladder. Lane nine contains Hematodinium sp. positive control without restriction
enzyme. Lane ten contains Hematodinium sp. positive control and restriction enzyme.
The presence of the double band in lane ten indicates that the Hematodinium sp. positive
control contains the restriction site for the Bsg I restriction enzyme.
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Figure A.3 Left set of panels show Hematodinium sp. infection in crab G 82 that was
caught in the South Edisto River at site one in December of 2011. The right set of panels
show the the Hematodinium sp. infection in crab G 84 that was also caught at site one in
the South Edisto River in December 2011. Cells were stained using nuetral red.
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APPENDIX B
THE EFFECT OF A BYCATCH REDUCTION DEVICE ON BLUE CRAB
LANDINGS
ABSTRACT:
The blue crab fishery has the potential to affect non-target species, such as
Diamondback terrapins, caught as bycatch in both commercial and recreational traps.
The use of bycatch reduction devices has been a key innovation used to reduce the
number of terrapins dying in crab traps. We conducted a two year study to examine the
effects of terrapin excluders placed in the outer funnel opening of crab traps. No
terrapins were captured during the experiment preventing us from evaluating the
effectiveness of the excluders to keep terrapins out of the traps. The results of a survey
given to local crabbers in our research area indicated that the accidental capture of
terrapins in blue crab traps may actually be rare in certain areas of South Carolina. A
large number of blue crabs were caught in our traps and we were able to examine the
effect of the excluders on blue crab catch. We caught significantly fewer crabs in traps
fitted with terrapin excluders than those without excluders. The reduced catch of
excluder traps was size-specific with the greatest affect on the largest crabs. A
comparison of our results to previous studies suggests that excluder placement may have
a significant influence on the blue crab landings.
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INTRDUCTION:
The capture of non-target species in fishing gear has become a serious problem
for many species (Lewison et al. 2004). One of the major consequences of these
unintentional landings is the severe decrease in the population size of the affected
species. A common approach being pursued to help reduce the number of animals taken
as bycatch is the use of bycatch reduction devices designed to prevent the non-target
species from being caught while ideally having no reduction of the capture success of the
target species. The use of bycatch reduction devices are often met with resistance from
commercial fishermen due to the belief that modifications made to fishing gear will lead
to decreases in the capture success of the target species.
One species that has experienced serious consequences from being captured as
unintentional bycatch in blue crab traps is the diamondback terrapin, Malaclemys
terrapin, which is the only species of turtle to be entirely restricted to estuarine
environments in North America (Ernst et al. 1994). Diamondback terrapins are found in
many of the same habitats as blue crabs, Callinectes sapidus, and are affected by the vast
commercial fishery that exists to catch blue crabs. Research has shown that significant
numbers of terrapins are caught and die in crab traps (Bishop 1983). It has been
estimated that between 15% and 78% of a local terrapin population could be removed
annually through mortality in crab traps (Roosenburg et al. 1997).
The threat posed by crab traps varies with the placement of the traps as well as the
frequency with which the traps are checked. Commercial and recreational traps tend to
differ in the frequency they are checked as well as the placement of the traps in the water.
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Recreational traps are more likely to be placed in shallow water habitats and checked less
frequently posing a greater threat to terrapins which are typically found in shallower
water habitats (Hoyle and Gibbons 2000, Roosenburg et al. 2008, Rook et al. 2010). One
of the greatest threats to terrapins is presented by ghost traps which have been shown to
capture large numbers of terrapins (Bishop 1983, Roosenburg 1991).
In an effort to reduce the number of terrapins captured in crab traps, bycatch
reduction devices which are also known as terrapin excluders have been designed and
tested. The first “bycatch reduction apparatus” was a rectangular wire excluder device
that was placed in the inner opening of the entrance funnel of the crab traps (Wood
1997). Since then these excluders have gone through some modifications to the material
they are made of and the size of the opening of the excluder (Butler and Heinrich 2007,
Rook et al. 2010). Two main questions must be addressed when designing an excluder.
(1) How well does it prevent the non-target species from entering the trap and (2) does it
affect the target species from entering the trap?
It almost all studies testing terrapin excluders it has been found that the use of
excluder devices greatly reduces the number of terrapins caught in traps. In addition to
this the majority of the studies have found that there is no effect on crab landings and
actually in one case an increase the number of marketable crabs caught was observed
(Wood 1997). Several other studies have shown the effectiveness of using excluders to
keep terrapins out of traps as well as demonstrating that there was no decrease in the
number or size of crabs caught in the traps fitted with excluders when compared to traps
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without excluders (Guillory and Prejean 1998, Butler and Heinrich 2007, Rook et al.
2010, Morris et al. 2011).
Few studies have found differences in crab landings between traps with and
without excluders. When differences were found it was usually with smaller excluders
that proved to be more likely to prevent crabs from entering the traps. In one study,
excluders measuring 4 x 10 cm were found to reduce the number of crabs compared to
traps without excluders. No differences were found however for traps that had excluders
with dimensions of 4.5 x 10 cm and 5 x 10 cm (Roosenburg and Green 2000).
In this study, we compare the influence of terrapin excluders on blue crab catch in
the ACE Basin National Estuarine Research Reserve, South Carolina, USA. Our study is
different from previous studies on the efficacy of bycatch reduction devices for it was
undertaken to estimate crab population structure through the use of modified commercial
crab pots. The pots were wrapped in Vexar mesh to retain juveniles as well as adult crabs
with one-half of the pots containing four terrapin excluders mounted at the opening of
each entrance funnel. We tested the hypothesis that terrapin excluders would have no
effect on the average number or average size of blue crabs caught.

METHODS:
As part of a larger study, sampling sites were established on the three rivers of the
ACE Basin National Estuarine Research Reserve in South Carolina. Nine sites were
selected on the Ashepoo, Combahee, and South Edisto Rivers. The first site in each river
was located at the mouth with each subsequent station located four to six miles upstream.
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The sampling protocol was to place four crab traps at each of our sampling sites. All
traps were wrapped in ½ inch Vexar mesh to retain juvenile crabs and two of the four
traps at each site had terrapin excluders placed in the opening of each of the four trap
entry funnels.
For this study excluders constructed of orange plastic measuring 2 x 6 in. (5.08 x
15.24 cm) were used and were placed horizontally in the outer opening of each of the
four entrance funnels in the trap (Figure 1). In previous studies, the excluders had been
placed in the inner opening of the entrance funnel and crab landings were not decreased
(Wood1997, Guillory and Prejean 1998, Roosenburg and Green 2000, Butler and
Heinrich 2007, Rook et al. 2010, Morris et al. 2011). We chose to follow the instructions
for excluder placement as recommended by local conservation groups distributing
terrapin excluders to recreational fishermen. The instructions clearly indicated that the
excluders should be placed in the outside opening of the funnel either in a vertical or
horizontal direction. The effect of this placement of the excluder in the outer opening
was unknown and needed further investigation to determine if it would have an effect on
crab catch. The excluders were secured to the traps using a plastic cable tie in each of the
four corners of the excluder. All traps were baited with either shad or menhaden and
were allowed to soak for approximately four hours.
The traps were deployed in depths between 10 and 25 feet depending on river
morphology. All crabs that were caught in the traps were weighed and measured (lateral
spine distance) in addition to having their sex determined. After measurements were
taken all crabs were released back into the rivers. Sampling began in June of 2008 and
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continued through September of 2010 and was conducted four times each year during the
months of March, June, September, and December.
Given that a single terrapin was never caught in any of our traps we were unable
to determine how the excluders would affect the capture rate of terrapins and it seemed
possible that our research area may not even contain terrapins. In order to address this
issue, we developed a survey to determine if local crabbers ever catch terrapins in their
blue crab traps. We distributed the survey to recreational and commercial crabbers as
well as other community members that have used traps to catch blue crabs. The survey
allowed us to determine if terrapins are frequently caught in crab traps by local crabbers
in the areas of South Carolina where we conducted our research as well as some other
local areas where crabbing occurs.
Crab landings were split into adult and juveniles as well as being divided in legal
and sub-legal crabs. Female crabs were classified as adults when they displayed the
rounded abdomen shape indicative of maturity. Since males lack any physical
characteristics that make it easy to identify when they have reached sexual maturity they
were classified as adults when they obtained the size of 127 mm which is the legal size
limit for the blue crab fishery in South Carolina. Landing data was analyzed using a
Wilcoxon ranked sums test because the data violated the rule of equal variances and
transformations did not improve the fit. Furthermore, results of the non-parametric
statistical tests were qualitatively similar to those of parametric ANOVA tests.
All crabs that were caught during the experiment were placed into size categories
broken down into 10 mm carapace width increments. The number of crabs caught in
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these different size classes were then compared between traps with excluders and those
without excluders. A chi-squared contingency analysis was used to determine if there
were significant differences between the numbers of crabs caught in traps with and
without excluders for these different size classes.

RESULTS:
In total, 2,522 crabs were caught in our traps with 1,531 being caught in traps
without excluders and 991 crabs caught in traps fitted with terrapin excluders. The
average catch per trap for juveniles in traps without excluders was 3.6 (± 0.35 SE) and
2.6 (± 0.26 SE) for traps with excluders. The average catch per trap for adult crabs was
2.1 (± 0.23 SE) for traps without excluders and 1.0 (± 0.12 SE) for traps with excluders
(Figure B.2). Significant differences were found in capture success for juvenile crabs
between excluder and non-excluder traps (Z = -1.962, p = 0.0498). There was also a
significant difference for adult crab landings between traps with and without excluders
with more adult crabs being caught in traps without excluders (Z = -2.816, p = 0.0049).
When crabs were divided based on the legal catch size of 127 mm significant
differences were found for sub-legal (Z = -1.967, p = 0.0492) and legal (Z = -2.728, p =
0.0064) crabs when comparing traps with and without terrapin excluders. The average
catch per trap for sub-legal crabs was 3.4 (± 0.34 SE) for traps without excluders and 2.5
(± 0.25 SE) for traps with excluders. For legal sized crabs the average catch for traps
without excluders was 2.3 (± 0.25 SE) and 1.2 (± 0.13 SE) for traps with excluders
(Figure 3).
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Crab size influences the relative difference in the catch of excluder and nonexcluder traps (Figure 4). Although the traps catch fewer small crabs than large crabs the
average catch of small crabs is not statistically different between the excluder and nonexcluder traps. No significant differences were found for small crab size classes (20-30,
30-40, 40-50, 50-60, 60-70, 70-80, 80-90, 90-100, 110-120), but significant differences
were found for large crab size classes (100-110, 120-130, 130-140, 140-150, 150-160,
170-180) (Table B.1). These results suggest that the excluders are reducing the number
of large crabs that are being caught.
We received responses to forty surveys that were given out at a public
presentation on blue crabs in January 2011 in Beaufort, SC, USA, and the results of these
surveys were compiled to examine the self-reported frequency that commercial and
recreational crabbers catch diamondback terrapins in their crab traps. Of the forty
surveys that were returned 6 came from individuals that identified themselves as being
commercial crabbers, 17 of the respondents classified themselves as recreational crabbers
while the rest of the respondents considered themselves to belong to one of the other
possible categories which included choices such as teacher, naturalist, and scientist. Out
of the six commercial crabbers five indicated that they had caught terrapins in their traps
while only 2 of the 17 respondents that identified themselves as recreational crabbers had
ever caught terrapins in their traps. Out of the 17 respondents that belonged to the other
classifications only 2 reported having caught terrapins in their traps. For all those
individuals that indicated they had caught terrapins only one commercial crabber
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indicated catching more than just a couple while crabbing and more than two years had
passed since catching those terrapins.
Based on the results obtained from the survey as well as the fact that we never
caught a single terrapin in any of our own traps the accidental capture of terrapins in crab
traps is fairly uncommon in the areas being fished in our experiment as well as those
fished by the respondents. The areas that the respondents indicated they were fishing
included waters around Beaufort, Hilton Head, as well as the ACE Basin National
Estuarine Research Reserve of South Carolina.

DISCUSSION:
Even though we never caught a single terrapin in any of our traps other studies
have demonstrated that large numbers of terrapins can be caught in crab traps in South
Carolina. Bishop (1983) demonstrated that commercial crab traps could account for a
large number of terrapins being caught in the Ashley River of South Carolina. Other
studies have shown established populations of terrapins exist in the Kiawah River system
of South Carolina and that these populations are affected by crabbing (Hoyle and
Gibbons 2000, Gibbons et al. 2001).
The majority of studies that have examined the effects of terrapin excluders on
crab catch have found that the use of terrapin excluders does not cause a decrease in the
number of crabs caught (Wood 1997, Guillory and Prejean 1998, Butler and Heinrich
2007, Rook et al. 2010, Morris et al. 2011). Only a few studies have shown that
excluders reduce crab catch and in the few situations where they have been shown to
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reduce catch it was when smaller sized excluders were used (Roosenburg and Green
2000). The excluder size that we used was actually larger than most of the others that
were shown not to cause a decrease in crab catch. Using a larger excluder would lead us
to think that the excluders we used would have no affect on crab catch since the opening
would be large enough to allow crabs to pass through and was larger than excluders used
in previous studies that showed no effect on crab catch.
One difference in our study as compared to others was the placement of our
excluders in the outer opening of the entrance funnel as opposed to the inner opening of
the funnel that are present on all four sides of the crab trap (Figure 1). In other studies
where there was no decrease in crab landings the excluder was placed in the inner
opening of the entrance funnel (Wood 1997, Guillory and Prejean 1998, Butler and
Heinrich 2007, Rook et al. 2010, Morris et al. 2011). We hypothesize that placement of
the excluder on the outer opening of the entrance funnel prevents large crabs from being
able to turn from a vertical orientation to a horizontal orientation required to pass through
the excluder. This would not be an issue for excluders placed at the inner opening of the
entrance funnel for large crabs are forced into the proper horizontal orientation upon
entering the funnel. Roosenburg and Green (2000) suggested one possible reason for
increased catch when using excluders was that placing the excluder on the inner opening
of the funnel increased the traps effectiveness of keeping crabs in the pots. This effect
could be the result of making the funnel opening rigidly fixed and more difficult for a
crab to escape. It is possible that the same effect that is keeping crabs out of traps that
have an excluder in the outer opening of the funnel, as in our study, is also keeping crabs
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in traps that have an excluder in the inner opening of the funnel. A recent study found
that approximately 85% of crabs that entered a trap were able to escape (Sturdivant and
Clark 2011). This suggests that it is very important to attach the excluders in the inner
opening of the entrance funnel in order to not affect blue crab catch.
It is apparent that in certain areas blue crab traps can pose a serious threat to
terrapins. It has been suggested that all commercial traps in near-shore habitats as well as
all recreational crab traps should be outfitted with excluder devices (Roosenburg 2004).
It has been shown the use of terrapin excluders can greatly decrease the mortality of
terrapins and are a viable option to conserve terrapin populations but it may be that in
certain areas crab traps may not pose much of an immediate threat to terrapins. There are
several possible reasons for this and the most likely is that the terrapins have already been
removed by the crab fishery. In these cases it may be possible that the use of terrapin
excluders could play a crucial role in allowing terrapins to recolonize an area where they
have gone locally extinct.
Many studies have effectively demonstrated the ability of excluders to keep
diamondback terrapins from entering crab traps while not causing a decrease in the
number of crabs caught. Even without being able to examine the effects on terrapin catch
our study has several unique qualities. We used a sampling scheme that covered the
entire river system from the mouth to upper parts of the river as well as sampling at
several different times of the year over several consecutive years. Results from the
survey we handed out as well as our own sampling data indicated that incidental capture
of terrapins was uncommon. We also placed our traps in areas where commercial
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crabbers place their traps and we never caught a single terrapin making it very likely that
there are few terrapins left in our system. It is possible that in certain areas like this
where populations of terrapins are not known to exist in large numbers that even very low
numbers of animals caught in crab traps could prevent the reestablishment of terrapins
into these areas making the use of excluders even more important.
In our study we did find that using excluders on crab traps reduced the number of
crabs that were caught in those traps fitted with terrapin excluders but as previously
mentioned this could very likely be due to the placement of the excluders on the outer
opening of the entrance funnel. If the placement of the excluder on the crab trap has an
effect on the number of crabs being caught then it is crucial that crabbers know where the
excluders are most effectively placed on the crab traps.
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a

b

Figure B.1 a) shows a crab trap fitted with terrapin excluders on the left and a trap
without excluders on the right. b) shows a close up of the terrapin excluder and how it is
attached to the outer opening of the entrance funnel.
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Figure B.2 Average blue crab catch for traps fitted with terrapin excluders and traps
without terrapin excluders. Dark gray lines indicate average crab catch in traps without
excluders and light gray lines indicate average crab catch in traps with terrapin excluders.
Differences in landings for juvenile crabs was significant (p =.0498) as well as
differences for adults (p = .0049).
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Figure B.3 Average blue crab catch for traps fitted with terrapin excluders and traps
without terrapin excluders. Dark gray lines indicate average crab catch in traps without
excluders and light gray lines indicate average crab catch in traps with terrapin excluders.
Differences in landings for Sub-Legal crabs was significant (p =.0492) as well as
differences for Legal sized crabs (p = .0064).
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Total crab landings For Excluder and Non- Excluder Traps
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Figure B.4: Total number of blue crabs caught in excluder and non-excluder traps based
on carapace width. Light gray lines indicate crabs caught in traps fitted with terrapin
excluders. Dark gray lines indicate crabs that were caught in traps without terrapin
excluders. Significant differences in the number of crabs caught between trap types are
indicated by an asterisk.
178

Table B.1 Crab counts and Chi-square contingency analysis results for excluder/ nonexcluder trap comparison.
Size Class
(mm)
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
100-110
110-120
120-130
130-140
140-150
150-160
160-170
170-180
180-190
190-200
200-210

Crab
Number
No-Ex
0
12
40
51
60
70
44
46
82
144
185
245
146
139
115
83
52
13
2
1

Crab
Number
Ex
2
4
33
45
47
54
49
46
58
92
137
142
97
60
49
52
18
4
0
0

Chisquare
NA
2.165
0.337
0.188
0.793
1.037
0.135
0
2.075
5.812
3.601
13.999
5
16.457
13.957
3.615
8.894
2.606
NA
NA
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P-value
NA
0.1412
0.5618
0.6648
0.3732
0.3084
0.7138
1
0.1497
0.0159
0.0577
0.0002
0.0253
<.0001
0.0002
0.0572
0.0029
0.1065
NA
NA

