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ABSTRACT. Blue crabs (Callinectes sapidus) are the most economically valuable fishery in 

North Carolina, and the commercial harvest is mainly from the Albemarle-Pamlico Estuarine 

System (APES). Because of small inlets which restrict ocean tidal forcing in addition to large 

expanses of shallow water, circulation in the APES is primarily wind-driven. While much is 

known about how crabs move in tidally-dominated systems where movements are based upon 

selective tidal-stream transport, crab movements in wind-driven systems, and their response to 

environmental factors, remain poorly understood. This study aims to increase understanding of 

environmental controls on blue crab movements in order to inform management of crab 

resources in wind-driven systems. 

We studied crab movements in Lake Mattamuskeet National Wildlife Refuge, a 40,000-acre 

shallow, wind-driven system within the APES. During October 2014, free ranging crabs were 

tracked using radio frequency identification (RFID) tags and an antenna array deployed along the 

Central Canal connecting the lake to Pamlico Sound. Colocated and simultaneous meteorological 

and physical oceanographic data were collected to understand environmental drivers that may 

affect crab movements. Analyses of these data indicate: 1) a significant net export of blue crabs 

from the lake to the sound; the drivers of that export remain unclear; 2) crab movements 

coincided with the direction of water flow in the canal, and 3) at small-scales, crabs were able to 

move against the water flow. These results suggest that there is a fall migration, during which 

crabs move from the lake to the sound, and at a relatively constant rate that is slower than the 

mean water flow.  

If crabs are to move out of the lake at this time it is essential to open water control structures in 

order to facilitate migration. This is particularly important for the females, who because of their 

large size may contribute disproportionately large amounts of larvae to the Pamlico Sound 

broodstock. Crabs in the larger fishery may also move toward higher salinity water if they 

behave similarly to those studied here. 
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INTRODUCTION 

 

The movement behaviors of blue crabs in wind-driven systems are poorly understood, despite the 

fact that there are large expanses of crab habitat in such areas. This is not the case with tidal-

dominated systems where it has been shown that ovigerous female crabs and megalopae use 

selective tidal-stream transport (Forward et al., 2003) to migrate. In selective tidal-stream 

transport, a vertical migration pattern exists whereby animals enter the water column during one 

tidal phase and remain on or near the bottom during the opposite tidal phase (Walker et al., 1978; 

Forward et al., 2003); in effect, the animals swim or walk with the tides, facilitating directed 

horizontal transport. In systems where astronomical tides are absent or weak, crabs may require 

different behaviors or cues to benefit from current aided movements. This notion combined with 

previous field and modeling studies conducted on crab movements in tidally-dominated systems 

(Carr et al., 2004; Hench et al., 2004; Carr et al., 2005) drives our hypothesis that crabs in wind-

driven systems move in response to or coinciding with water currents in the larger context of 

physiological state and biological rhythms, with those movements coordinated by environmental 

cues. Understanding what these cues are (e.g., salinity, dissolved oxygen, water temperature, 

water flow, light), as well as understanding general patterns or behaviors related to crab 

movements in wind-driven systems is necessary to achieve the most successful fishery 

management in bodies of water that have little influence from astronomical tides.  

 

When placed in the context of the state fishing economy, understanding these movements is 

particularly important in North Carolina. Hard blue crabs were the largest and most 

commercially valuable fishery from 2009 to 2013 (2014 data not yet reported at the time of this 

analysis), contributing an annual average of $22.66 million to the state seafood economy (North 

Carolina Division of Marine Fisheries, 2014a). From 2003 to 2013, crabs contributed between 

20-38% of the total commercial landing value for all state fishery species, including finfish 

(Figure 1) (North Carolina Division of Marine Fisheries, 2014a). Although blue crabs are found 

in all coastal North Carolina waters, the vast majority—95.9% (North Carolina Division of 

Marine Fisheries, 2013)—of the commercial harvest (Figure 2) is from the Albemarle-Pamlico 

Estuarine System (Figure 3), a vast and complex water source central to North Carolina’s 

coastal identity. 
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Figure 1. Annual percentage that blue crabs comprise of North Carolina’s total commercial fishing industry; includes 

shellfish and finfish species, 2003-2013. Source: (North Carolina Division of Marine Fisheries, 2014a) 

 

 

 
 

Figure 2. Primary blue crab producing waters for North Carolina (hard, soft, and peeler pounds combined), 1994-2009. All of 

the sounds and rivers here with the exception of the Cape Fear River are within the boundaries of the Albemarle-Pamlico 

Estuarine System. Source: (North Carolina Division of Marine Fisheries, 2013) 
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Figure 3. Counties and river basins of the Albemarle-Pamlico Estuarine System. 
Source: (Albemarle-Pamlico National Estuary Partnership)  

 

The Albemarle-Pamlico Estuarine System (hereafter referred to as “APES”) is separated from 

the Atlantic Ocean by a series of narrow barrier islands formed within the past 15,000 years 

during sea level rise (Mallin et al., 2000). The heavily-developed Outer Banks, as well as the 

federally-protected Cape Hatteras National Seashore, encompass the bulk of these barrier 

islands. Due to the islands’ presence, there are only a few, narrow inlets—such as the Oregon 

and Hatteras Inlets—that allow fluxes and exchange between the sounds and the Atlantic Ocean 

(Mallin et al., 2000). The sounds are also shallow (on average, 5.2-m deep for the Albemarle and 

2.6-m deep for the Pamlico (Engle et al., 2007) and as a result the astronomical ocean tides are 

limited to near inlet areas (Hench & Luettich, 2003) sharply attenuated within the sounds (Jia & 

Li, 2012). Thus circulation in the sounds is predominately wind-driven (Luettich et al., 2002). 

 

As the largest estuarine system in the state and the second largest estuarine complex in the 

mainland United States, APES supports a variety of ecological and economic functions 

fundamental to North Carolina livelihood and culture, with the blue crab fishery being one of the 

most important. Despite the fact that blue crabs have maintained their status as the most 
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profitable fishing industry in the state, the fishery stock has declined significantly since the 

harvest peaked in the mid-1990s (Sartwell, 2009). Since then, the amount of crabs commercially 

harvested (in pounds), and the subsequent dockside value of the harvest, has steadily declined 

(Figure 4).  

 

 
 

Figure 4. Commercial hard blue crab harvest statistics as reported by the NC Division of Marine Fisheries. 

 

The North Carolina Division of Marine Fisheries (“NC DMF”), the state entity responsible for 

maintaining commercial fishing statistics, reported 21,425,701 pounds as the amount harvested 

in 2013, a decrease of 64.5% from 2003, the best harvest year to date since 2000 (North Carolina 

Division of Marine Fisheries, 2014a). Reasons for this decline include environmental and 

anthropogenic-driven factors such as: hypoxic conditions due to excess nutrient loading from 

changes in surrounding land use (Paerl et al., 1998), shifts in climate patterns potentially causing 

increased parasitism and decreased crab fitness (Lee & Frischer, 2004), and deteriorating water 

quality and consequently, the loss and fragmentation of vital submerged aquatic vegetation 

habitat (Mallin & Cahoon, 2003).  

 

At the time of this writing, the stock status of the blue crab in North Carolina was deemed by NC 

DMF as one of “concern” due to the reduced landings (specifically between 2000-2002 and 

2005-07) and evidence of reduced adult and recruit abundance. Data were insufficient to 

conclude overfishing was a cause for the observed stock decrease (North Carolina Division of 
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Marine Fisheries, 2013) . By improving understanding of how crabs move in wind-driven 

systems, we can augment current stock management protocols to incorporate the biology, 

behavior, and life history of the crabs. Specifically, with regard to our study site, we can uncover 

ways to adaptively manage controlled bodies of water that are known crab sources and 

potentially increase fishery stocks.  

 

 

 
 

Figure 5. Map of Lake Mattamuskeet National Wildlife Refuge. The lake is bisected by NC-64. The canal connecting the lake 

to Pamlico Sound used in this study is circled in red. Source: (Kozak, 2014) 

 

This study took place in Lake Mattamuskeet National Wildlife Refuge (“Lake Mattamuskeet” or 

the “lake”) (Figure 5), a 40,000-acre, oligohaline coastal bay lake located adjacent to Pamlico 

Sound in Hyde County, NC. The lake is managed by the U.S. Fish and Wildlife Service 

(“USFWS”). Like the nearby sounds, circulation in the lake is primarily driven by wind forcing. 

 

Lake Mattamuskeet is 22.5-km long, 8.1-km wide. It is relatively shallow with depths from 0.15 

to 1.22-m and an average depth of 0.46-m (U.S. Fish & Wildlife Service). It is connected to the 
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Pamlico Sound through four canals—from west to east: Rose Bay, Central (also called Outfall or 

Grand), Lake Landing, and Waupoppin. Water level in the canals averages between 0.61 –  

0.88-m (Rulifson & Wall, 2006). Each canal is 15 to 20 m-wide and outfitted with a concrete 

control structure with pressure-activated and mechanical flapgates (Rulifson & Wall, 2006). Left 

on their own, the pressure activated flapgates open when the water level in the lake surpasses the 

water level in the sound, thereby discharging lake water and maintaining the lake levels below 

flood stage. Conversely, when the Pamlico Sound water level exceeds that of the lake, the 

flapgates close, minimizing saltwater intrusion (Rulifson & Wall, 2006). Flapgates can be 

manually opened by lake managers, although USFWS does not currently actively manage water 

levels. 

 

In part due to the presence of these structures the lake supports an assortment of freshwater and 

estuarine aquatic species. These include species of catfish, flounder, bass, bowfin (Amia calva), 

hogchoker (Trinectes maculatus), and black crappie (Pomoxis nigromaculatus). While the exact 

number of crabs that are supported by Lake Mattamuskeet is unknown, unpublished numbers 

estimate between one and five million (Rittschof, 2015).  

 

Crab size (defined by carapace width) distinguishes the lake’s crabs from those found in other 

parts of North Carolina. Observations have noted crabs average about 8.5-in with the largest 

individuals reaching 10-in (Rittschof, 2015), as compared to the average crab size of 5-6-in 

elsewhere (North Carolina Division of Marine Fisheries, 2014b). Mattamuskeet crabs are likely 

able to achieve such large sizes due to the lake’s lower salinity allowing for greater expansion at 

each molt, and the shallowness of the lake leading to an ability to warm quickly allowing crabs 

to continue to grow during wintertime (Rittschof, 2015).  

 

Commercial crabbing is prohibited in the lake, although there is a thriving recreational fishery. 

Due to the lake’s status as a federally protected wildlife refuge and its small size relative to the 

Pamlico or Albemarle Sounds, it is an ideal location to study the migratory behaviors of the blue 

crab.  
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METHODS 

 

Sensor array 
To measure crab movements a spatial array of four radio frequency antennae were deployed 

along the Central Canal. The array was designed to detect crabs moving back toward the lake or 

toward Pamlico Sound. Two antennae, “NR-A1” and “NR-A4”, were connected to a single 

power supply and data recording box. NR-A1 and NR-A4 were 5-m apart, and NR-A4, the more 

southern of the two, was 117-m away from the release point. Two more antennae, “SR-A1” and 

“SB-A1”, were each rigged to their own individual boxes and were 117-m apart. SR-A1, the 

more northern of the two, was 117-m away from the release point. (Figure 6).  

 

 
Figure 6. Schematic diagram of RFID antennae array deployed in main canal connecting Lake Mattamuskeet to Pamlico 

Sound during fall 2014. 

Water velocity, water levels, and several water quality parameters were measured continuously 

in the same canal as the RFID antenna array (Figure 7). Water velocity was measured with a 

bottom-mounted 2 MHz acoustic Doppler current profiler (ADP, Nortek AquaDopp), that 

measured velocity profiles at 1 Hz and recorded at 1-min intervals. Water temperature, salinity, 

and pressure were measured with a bottom-mounted pumped CTD (Seabird SBE-16plus). 

Dissolved oxygen (DO) was measured with a Seabird SBE-43 cabled into the CTD. All 

CTD/DO data were recorded at 10-min intervals. Simultaneously, a meteorological station 

(Campbell Scientific, WXT-520) was deployed 0.8-km east of the canal, and measured air 
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temperature, relative humidity, rainfall, as well as wind speed and direction. The meteorological 

sensors were mounted on a tower 5-m above ground and recorded to a self-contained data logger 

(Campbell Scientific, CR-800) at 10-min intervals. The water velocity, water quality, and 

meteorological data were post-processed with a 1-hr low pass filter, and then interpolated onto a 

common time base with 15-min intervals. These data products were then used as candidate 

environmental parameters to test whether they had an effect on crab movement behavior inferred 

from the RFID tag data. 

 

  
 

Figure 7. Photographs of CTD and ADP instruments deployed in Central Canal (left), and meteorological sensor tower (right) 

deployed nearby during fall 2014. 

 

Crab collection and tagging 

Between October 21st-26th, 77 crabs—a mix of males and females—were individually collected 

in Lake Mattamuskeet using weighted hand lines 

baited with chicken. Crabs feeding on chicken were 

pulled to the surface, netted, and then rigged with 

across-the-back radio frequency identification (RFID) 

tags (Figure 8). Each individual was also 

photographed with its RFID number displayed on a 

tag reader; gender and size were also recorded. All 
Figure 8. A male crab rigged with an RFID tag being 

prepped for release. Source: (Rittschof, 2014) 
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crabs were then stored in coolers separated by damp cloth until their time of release. 

Crab release and detection 

On the same day that they were caught, all 77 tagged crabs were released at the center of the 

RFID antenna array. Sets of crabs were released nearly simultaneously at six discrete times:  

 

1. October 21st at 14:15 (6 crabs) 

2. October 21st at 20:15 (13) 

3. October 22nd at 09:00 (14) 

4. October 22nd at 12:00 (16) 

5. October 25th at 20:15 (9) 

6. October 26th at 13:45 (19) 

 

Movement of crabs was detected with the spatial array of antennae (Figure 9); each time a 

tagged individual crossed over one of the antennae its unique RFID tag number was recorded 

along with the time stamp. The antenna array collected tag data continuously until November 2nd, 

the end date of the experiment.  

 

Analysis 

Crab movement and environmental data were synthesized using Microsoft Access and Excel. To 

determine the initial direction of movement from release, we determined which of the antennae 

(NR-A1, NR-A4, SB-A1, SR-A1) each crab was first detected. The location of second detection 

was then used to calculate subsequent direction as well as movement velocity. Velocity was not 

calculated using the elapsed time between release time and first detection to avoid bias in the 

data due to modification in behavior caused by the physiological stress induced by capture and 

release of test animals.  Thus, calculating velocity and determining direction from first to second 

detection was chosen for this measure.  

 

To incorporate environmental data, we took the mean of each environmental variable over the 

period between each first detection to second detection time, respective to each crab individual.  

Salinity, water temperature, water velocity, and dissolved oxygen were examined to determine 

patterns that could explain directed crab movements between the north (Lake Mattamuskeet) and 

the south (Pamlico Sound). To determine whether there was a significant difference between the 

numbers of crabs moving towards each respective body of water, a Chi-squared test was 

performed with the assumption that an individual crab was just as likely to move towards the 
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lake as it would be to move towards the sound. In order to determine whether there was a 

significant relationship between direction of movement and each respective environmental 

variable, two-sided t-tests were performed. All statistical analyses were conducted in R Studio.   

 
 

Figure 9. Location of antennae and instruments. Antennae spanning the width of the canal were deployed at three locations to 

detect passage of crabs fitted with a unique RFID tag. Water quality metrics and water velocity were measured at the southern 

end of the array. Local meteorological data were collected with a sensor tower deployed about 0.8-km east of the array. 
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RESULTS 

 

Direction of crab movement 

68 out of 77 total crabs were detected by the antennae, a detection rate of 88%. Based on these 

68 crabs, a Chi-squared test revealed a significant difference in directional movement with more 

crabs moving toward to the sound (X2 (5) = 13.31, p < 0.05) (Figure 10). The proportion of crabs 

heading towards the sound increased with time, with a clear shift in preferred direction occurring 

with the October 22nd 09:00 release.  

 

 
 

Figure 10. Direction of movement by release set. 

Observed crab movement directions by gender 

Both male and female crabs were found to migrate in both directions (Figure 11). Of the 30 

crabs detected at least twice the majority (24) were male. 

 

 
 

Figure 11. Gender breakdown of crab direction. 
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Mean crab velocity 

47 out of 68 detected crabs were used for these calculations; these were the 47 that showed up at 

more than one antennae. Velocities were more variable for crabs moving towards the lake than 

for crabs moving towards the sound (Figure 12). The October 25th 20:15 release was particularly 

striking. In that release only 11% (Figure 10) of crabs moved towards the lake, however those 

that did, did so at a significantly higher velocity than those moving towards the sound.  

 

 
 

Figure 12. Mean crab velocity by release set (m/s). 

 

Environmental variables 

The same 47 crabs that were used to determine mean crab velocity were used to determine the 

significance of environmental variables. In reviewing the environmental variable data, we saw 

salinities less than 1; dissolved oxygen levels ranging from just above hypoxic (2.9 mg/L) to 

healthier levels of normoxia (9.7 mg/L); a 13.0-degree Celsius range in water temperature, and 

water velocity values that indicated variable speed but persistent water flow directed towards the 

sound (Table 1, Figure 13). 

 

Table 1. Environmental condition statistics during period of crab activity. Negative water velocity denotes water flow towards 

the sound, while positive denotes water flow towards the lake.  

  Minimum Maximum Mean 

Water temperature (degC) 9.23 22.21 16.64 

Salinity (psu) 0.52 0.97 0.82 

Dissolved oxygen (mg/L) 2.9 9.7 7.4 

Water velocity (m/s) -0.44 0.02 -0.12 
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Figure 13. Environmental conditions during the period of study. Negative water velocity denotes water flow towards the sound, while positive indicates water flow towards the lake. 
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There were no significant or obvious relationships between direction of crab movement and 

water temperature (t (8) = 0.16, p > 0.05) (Figure 14), salinity (t (8) = 0.20, p > 0.05) (Figure 

15), or dissolved oxygen (t (8) = 0.49, p > 0.05) (Figure 16). The water velocity data (t (7.79) =  

-0.23, p > 0.05) (Figure 17) showed that crab movement towards the lake was against the flow, 

conflicting with our prediction that crabs in wind-driven systems would move in whichever 

direction the water current is moving. Those crabs that moved toward the sound did go along 

with the flow, albeit at a slower pace than flow.  

 

 
 

Figure 14. Mean water temperature experienced by crabs, grouped by each release set (degC). 

 

Figure 15. Mean salinity experienced by crabs, grouped by release set (psu). 
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Figure 16. Mean DO experienced by crabs, grouped by release set (mg/L). 

 

 

 
 

Figure 17. Mean water velocity experienced by crabs, grouped by release set (m/s). 
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DISCUSSION 

 

At the outset of this study, we hypothesized that crabs in wind-driven systems move in response 

to currents in the larger context of physiological state and biological rhythms, with those 

movements coordinated by environmental cues. In testing this hypothesis, we showed that crabs 

moved toward a body of water with higher salinity (Pamlico Sound), and that they did so with 

the water flow. We were unable to identify significant relationships between specific 

environmental cues such as dissolved oxygen and water temperature with direction of 

movement. However, this absence of statistically significant differences does not necessarily 

disprove such a relationship. It may be the case that a) this potential relationship needs to be 

looked at from a larger experimental window (e.g., looking at several months—not just one 

month—worth of aggregated movement and environmental data), and/or b) there are other 

significant environmental cues at play, but those specific cues were not within the scope of this 

study. An example of this latter case could be day length, which was not explored in depth here 

but is a contributing factor in many seasonal animal migrations (Nelson et al., 1990).  

 

While it is evident that an expanded study should be conducted with regard to the question of 

environmental cues, valuable information was obtained in the present experiment. Primarily: the 

significant net export of crabs from Lake Mattamuskeet to the Pamlico Sound in late October 

confirms anecdotal evidence of a fall migration out of the lake. Another set of experiments under 

the same seasonal conditions should be conducted to show that this migration happens annually. 

The biological explanation for this migration may be related to physiology: although crabs are 

hyperosmoregulators (Millikin & Williams, 1984), they may seek higher salinity waters to avoid 

having to pump ions, especially in cold conditions when they have limited capability. However, 

as there were no clear indication of this in the environmental parameters measured, it is similarly 

likely that the migration was triggered, as many are, by day length. 

 

Unexpected results were revealed during data analyses. Firstly, we did not anticipate seeing 

crabs moving against the direction of the water flow. Although crabs are known for their strong 

swimming abilities, it was predicted that they would move with the current. The fact that some of 

them disproved this prediction showed that all crabs in wind-driven systems do not necessarily 

follow the same patterns. Secondly, we were surprised to see that the crabs that moved against 
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the water flow and towards the lake did so at a higher velocity than those moving towards the 

sound. Reasons for this increase in crab movement velocity are unknown, and could provide 

grounds for further exploration through additional experiments. 

 

As with any field study, potential limitations and weaknesses exist within this experiment. Test 

crabs that swam too high in the water column, and thus too far from the antennae strung along 

the bottom of the canal, may not have been detected by the antennae. This would have decreased 

the movement data sample size. Nine crabs were released and undetected by any of the antennae. 

In addition, some crabs first showed up at the second set of antennae points (e.g., NR-A4 instead 

of NR-A1), meaning that their initial movements were undetected. However, the 88% rate of 

detection is extremely high for any field study. A similar project would be logistically impossible 

in a large body of water like the Pamlico Sound where commercial crabbing and wide spatial 

expanses would limit detection capabilities. 

 

In terms of applying our findings to place-based management practices, we recommend that the 

water control structure flapgates allowing flow between the lake and the sound be manually 

opened in late October. This would facilitate the migration of crabs out of the lake into the sound 

observed with the RFID tagged crabs, thus enhancing the broodstock available in the sound. The 

passage of females into the sound from the lake is particularly meaningful. All females must seek 

out high salinity (>22) waters in order to successfully produce egg masses and release larvae 

(Millikin & Williams, 1984). Given that crabs from Lake Mattamuskeet are typically larger than 

their cohorts that develop in the sound, a single Mattamuskeet female could contribute a 

disproportionate number of larvae if they were to spawn successfully. It is possible that each 

female egg clutch could contain 8 to 12 million eggs (Darnell et al., 2009), representing a major 

contribution to the Pamlico Sound broodstock. Facilitating the movement of crabs from the lake 

to the sound also has the potential to ease the pressure of directional size selection via a 

genotypic contribution; large Mattamuskeet crabs could help to replenish the loss of the biggest 

and most commercially valuable crabs harvested from APES.  

 

Other recommendations with management implications are: 1) expand the data collection to 

include measures of day length, and 2) apply the methods used here to other datasets that have 
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been collected throughout 2013 and 2014, and to datasets on summer migrations that are planned 

for 2015. 

 

CONCLUSION 

 

The success of the blue crab fishery in North Carolina and the sustainability of the state seafood 

economy are intimately tied together. Currently, blue crabs occupy the top position in North 

Carolina’s seafood industry as the most valuable and largest fishery, however this position is 

threatened by a severely declining commercial stock. Populations have declined steadily since 

the mid-1990s, with reasons for that decline rooted in anthropogenic (Meyer, 2011) and 

environmental (Johnson, 2004) factors. By more thoroughly understanding the biology of crabs 

in NC’s extensive wind-driven estuarine systems, state fishery and wildlife managers can better 

adaptively manage crab resources—such as Lake Mattamuskeet National Wildlife Refuge—in 

order to enhance the current commercial stock. It is science-driven management that provides 

hope for the blue crab fishery in North Carolina.  
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