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Abstract White shrimp (Litopenaeus setiferus) fisheries-
independent and fisheries-dependent landings can be highly
variable and may be related to environmental factors that in-
fluence growth, mortality, and survival. We used linear regres-
sion analysis to look for potential relationships between envi-
ronmental and white shrimp catch-per-unit-effort (CPUE) data
collected from the Ashepoo-Combahee-Edisto (ACE) Basin
National Estuarine Research Reserve (NERR) for four critical
months in the shrimp life cycle. This analysis used data from
white shrimp fisheries-independent CPUE (2002 to 2014) and
water quality and meteorological variables for August (juve-
nile), December (sub-adult), March (adult), and April
(spawning adult). The results showed that shrimp CPUE was
mainly correlated with water temperature, salinity, and dis-
solved oxygen concentration collected through the ACE
Basin NERR’s System-Wide Monitoring Program (SWMP),
but offshore wind, precipitation, and intra-annual CPUEs also
partially explained the variability in monthly CPUEs. Black
gill prevalence was correlated with water temperature and
salinity. Additionally, our analysis found that winter water

temperatures of ≤11 °C were correlated with reduced shrimp
abundance the following spring. Ultimately, managers would
like to successfully predict white shrimp stock abundance
throughout fishing seasons based on environmental condi-
tions. This study is a first step in identifying the environmental
variables that may be useful in predicting white shrimp CPUE
in the South Atlantic Bight. The techniques employed here
can serve as a basis for predicting and managing other wild
annual fisheries stocks.
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Introduction

Predicting andmanaging a wild annual fisheries stock can be a
challenge for managers, especially when the fishery is large
and economically valuable. One such example is the white
(Litopenaeus setiferus) and brown (Farfantepenaeus aztecus)
shrimp fisheries of the Gulf of Mexico and South Atlantic
Bight. Both shrimp species, like other species of penaeid
shrimps, have an annual life cycle that is greatly influenced
by coastal oceanographic and meteorological processes.
Therefore, seasonal and yearly landings can vary widely and
are hard to predict; inter- and intra-annual fluctuations in land-
ings are not restricted to only these two species but occur in
other penaeid fisheries as well (e.g., Galindo-Bect et al. 2000;
Diop et al. 2007; Maynou 2008; Baker et al. 2014).

White shrimp and brown shrimp support the largest and
most economically valuable fishery in South Carolina, with
a combined average value of over $6.8 million USD annually
from 2002 to 2014. However, since 2001, South Carolina
landings have been in decline, reaching a record low of 1.7
million lbs. (771,107 kg) and the second lowest value of $5.3
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million USD in 2013 (South Carolina Department of Natural
Resources, unpublished data). Fisheries-independent sam-
pling by the South Carolina Department of Natural
Resources (SCDNR) confirms this trend, showing that one
of the lowest catch-per-unit-effort (CPUE) years since 2001
occurred in 2013 (SCDNR, unpublished data).

White shrimp have a life span of ∼9–12 months, and the
white shrimp fishery encompasses both a spring Broe^ fishery
of mature adults as well as a fall and winter fishery of migrating
sub-adults. In the late spring and early summer (March–June),
adult white shrimp migrate through lower estuaries to nearshore
oceanic waters of South Carolina to spawn. Planktonic larvae
develop over 10–12 days into postlarvae, which recruit to shal-
low, muddy, sandy tidal creek habitats with plenty of organic
debris between May and July (Bearden 1961; McKenzie 1981;
Garcia 1985; Wenner and Beatty 1993). As they mature into
juveniles over late summer (July–September), white shrimp oc-
cur in a range of estuarine temperatures and salinities (0–45 ppt)
but are most abundant in oligohaline and mesohaline habitats
(Wenner and Beatty 1993; Longley 1994). As sub-adults, white
shrimp migrate into large tidal creeks and rivers and move pro-
gressively towards saline waters before migrating offshore to
complete development over the winter (December) (Weymouth
et al. 1933; Lindner and Anderson 1956). Adults can overwinter
in deep, high salinity areas of estuaries and sounds but are
restricted by temperature; mortality occurs when water tempera-
tures drop below 8 °C (Joyce 1965; McKenzie 1981).

Variation in white shrimp landings could be due to any
number of abiotic or biotic factors, including winter storms,
precipitation events, gill fouling ciliate, and wind-driven pro-
cesses affecting ingress and egress (Farmer et al. 1978;
Rothlisberg et al. 1983; Walker and Saila 1986; Wenner et al.
1998, 2005; DeLancey et al. 2003). In addition, these factors
can vary on both short- (i.e., days, weeks) and long-term (i.e.,
months) scales and impact shrimp in a variety of ways. For
example, white shrimp landings from North Carolina, South
Carolina, Georgia, and Texas have each reported reduced
catches associated with cold temperatures (Williams 1969),
and Turner (1977) showed that shrimp yield (kg ha−1) was
inversely related to degrees of latitude. In both cases, white
shrimp are hypothesized to grow and survive better in saltier
water and at warmer water temperatures (Williams 1969;
Turner 1977; Rozas and Minello 2011). Lower salinities could
discourage the presence of some marine fish predators (Salini
et al. 1990), while increased rainfall could positively influence
nutrient replenishment into coastal ecosystems, which can
result in increased productivity (Loneragan 1999).

Disease or parasites may influence shrimp populations in
estuaries. One such example is black gill, which was first
reported in South Carolina waters in 1999. Black gill, caused
by an apostomate ciliate that induces inflammation, melaniza-
tion, and necrosis of shrimp gill tissue, approaches nearly
100 % prevalence in white shrimp during summer and fall.

Recent molecular and morphological analyses to identify the
ciliate are contradictory, and its species name remains un-
known (M. Fischer, personal communication). How black gill
directly impacts shrimp health and survival is poorly under-
stood, but preliminary studies suggest it interferes with oxy-
gen consumption (A. Fowler, unpublished data). This has im-
portant ecological implications, as black gill may impair nor-
mal physiological functions, which could increase predation
rates and vulnerability to changing environmental conditions.

The SCDNR has routinely monitored and regulated the
harvest of white shrimp in South Carolina waters since the
1970s, and as part of this effort, the agency conducts
fisheries-independent trawl surveys in the Ashepoo-
Combahee-Edisto (ACE) Basin National Estuarine Research
Reserve (NERR). This survey targets shrimp between 20 and
200 mm total length (TL = tip of the rostrum to tip of the
telson). White shrimp collected in the survey are juveniles in
August (20–80mmTL), sub-adults in December (80–120mm
TL), adults in March (121–155 mm TL), and spawning adults
(135–200 mm TL) in April (Pérez-Farfante 1969).

Using the data from this established long-term survey, we
compared shrimp abundance and prevalence of black gill from
2002 to 2014 with environmental variables (e.g., water tem-
perature, dissolved oxygen, salinity, precipitation, river dis-
charge, wind speed, and direction) collected from the ACE
Basin NERR’s System-Wide Monitoring Program (SWMP).
We determined which environmental variables and time
frames were most influential in explaining the observed trends
in white shrimp CPUE and percent prevalence of black gill
throughout the ACE Basin NERR. Our study explores the
potential effect of environmental variables on a commercial
fishery of an annual, migratory species. The insights provided
are useful to fishery managers who are our primary intended
users but also to commercial shrimpers who are vitally
invested in the long-term sustainability of the fishery.

Methods

Biotic Data Collection

Five stations were sampled within the North and South Edisto
River systems and St. Helena Sound of South Carolina (Fig. 1).
The SCDNR collected samples at these five sites using the
same methods during four times of the year from 2002 to
2014: March, April, August or September (August), and
November or December (December). Otter trawls (6.2-m head
rope × 2.5-cm stretch mesh) were towed for 15 min, penaeid
shrimp were sorted by species and counted, and white shrimp
abundance was expressed as CPUE (i.e., the number of indi-
vidual shrimp collected per 15-min trawl). As growth rates can
vary greatly from year to year (Kutkuhn 1962), white shrimp
were not assigned to a life stage category based on size. Shrimp,
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regardless of size, were placed into specific life stage categories
based on when they were collected: August = juvenile,
December = sub-adult, March = adult, and April = spawning
adult. The percent of shrimp exhibiting visible black gill was
also noted. Stations were not sampled during December 2006.

Abiotic Data Collection

Water quality and environmental data collected through the
ACE Basin NERR SWMP between 2001 and 2014 were ob-
tained from the National Oceanic and Atmospheric
Administration (NOAA) National Estuarine Research
Reserve System (NERRS) Centralized Data Management
Office website (NERRS 2015). Water temperature, salinity,
dissolved oxygen concentration, and percent oxygen satura-
tion were monitored continuously at the ACE Basin Big Bay
station (ACEBBWQ) and reported at 15 to 30 min intervals.
Average wind speed, average direction from which the wind
originated, and total precipitation were monitored continuous-
ly at the ACE Basin Bennett’s Point meteorological station
(ACEBPMET) and reported at 15 min intervals. Data with
NERRS quality control flags of <−3 > or <1 > (BData rejected
due to QA/QC^ and BSuspect data,^ respectively) were treat-
ed as missing and excluded from analyses.

River discharge and water temperature data were obtained
from the United States Geological Survey (USGS) National
Water Information System (NWIS) website (USGS 2015).
River discharge was monitored continuously at the Givhans,
SC Edisto River station (02175000). Continuously monitored
water temperature at the Charleston, SC Customs House sta-
tion (021720710) was used to represent coastal offshore water
conditions.

Data Analysis

Shrimp CPUE, percent of shrimp with black gill, water qual-
ity, river discharge, and environmental data were summarized
using the statistical program R (R Core Team 2015) and the R
package plyr (Wickham 2011). Each cluster of data fromACE
Basin otter trawl samples, usually five samples (one per site,
Fig. 1) collected within a 3-day period, was analyzed as a unit;
the mean number of white shrimp captured per 15 min trawl
(CPUE) and the mean percent of white shrimp with black gill
captured were calculated for each trawl cluster. ACE Basin
and Edisto River environmental variables were summarized
for 7- and 30-day periods preceding the median trawl date for
each trawl cluster and for the summer and winter preceding
each trawl cluster (Supplementary Table 1). These periods
were chosen to explore whether white shrimp CPUE is influ-
enced by ephemeral, localized water quality (e.g., rainfall,
tides) changes (7 days) and longer term (30 days, previous
summer, previous winter) shifts in environmental variables
(e.g., temperature). The potential effect of strong (wind speed
>4.47 m s−1) inshore and offshore winds on white shrimp
CPUE also was investigated by incorporating these variables
in the analyses. Wind metrics were derived from Bennett’s
Point. An inshore wind was defined as blowing from 135°
to 225°, while an offshore wind was defined as blowing from
315° to 360° or 0° to 45°.

Winter water temperatures are known to impact spring
shrimp abundances (Farmer et al. 1978; McKenzie 1981;
Daigle 1984; Lam et al. 1989; DeLancey et al. 2008).
Therefore, mean coastal offshore water temperature (from
the USGS Charleston Customs House), total number of days
that mean daily offshore water temperature fell below a

Fig. 1 Map of the study area
showing the Ashepoo-
Combahee-Edisto (ACE) Basin
National Estuarine Research
Reserve outlined in dark gray.
Research trawl stations for white
shrimp (Litopenaeus setiferus) are
denoted by the five stars, the ACE
Basin Bennett’s Point
meteorological station
(ACEBPMET) by a circle, and
the ACE Basin Big Bay SWMP
water quality station
(ACEBBWQ) by a triangle
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threshold temperature, and maximum number of consecutive
days that mean daily offshore water temperature remained
below a threshold temperature were calculated for the winter
preceding each trawl cluster (Supplementary Table 1).
Temperature thresholds were set at 7, 8, 9, 10, 11, 12, 13,
14, 15, and 16 °C. The relationship between water temperature
and winter survival was explored by graphing the correlations
and resulting polynomial best fit line between March and
April CPUE and the number of consecutive days and number
of total days in which water temperatures were below each
temperature threshold. These analyses led to the determination
of the temperature at which the strongest correlation occurred.

Statistical Analyses

Because white shrimp is an annual species and its different life
cycle stages occur sequentially throughout the year, all analyses
were conducted independently for each sampling period:
March, April, August, and December. Monthly CPUEs within
each shrimp life cycle year were compared linearly to evaluate
whether CPUE in one sampling period (e.g., August) correlated
with CPUE in a preceding sampling period (e.g., April) through-
out the 2002–2014 study period. Any trawl clustermissing 50%
or more of the environmental data was excluded from analyses.
If an environmental variable wasmissing over an entire year, the
mean of each month for other years was calculated and used for
the missing data; this situation only occurred for total precipita-
tion during 2009. For each sampling month, all pairwise com-
parisons between biotic and abiotic variables were performed
using Spearman rank correlations. In cases of multicollinearity
between abiotic variables, only one of the correlated variables
was used for the multiple regression analyses. Any relationships
between abiotic and biotic variables that had a correlation prob-
ability of ≤0.10 were included in the multiple regression analy-
ses. Backward elimination stepwise regressions (i.e., a best fit
procedure) were used to determine the relevant independent
abiotic variables that contributed most to the individual depen-
dent biotic variables (mean shrimp CPUE and mean percent
prevalence of black gill infection) with a correlation probability
of ≤0.10 considered statistically significant (SigmaPlot 12.5;
Systat Software, Inc., San Jose, CA, USA). This resulted in
the most parsimonious, best fit model based on the assumptions
and procedures of the backward stepwise regression.

Results

Mean white shrimp CPUE from fisheries-independent sam-
pling at five stations in the ACE Basin NERR varied greatly
among months and years (Fig. 2). Juvenile (August) and sub-
adult (December) CPUEs were much higher than adults
(March and April). The highest mean CPUE of over 4000
white shrimp occurred in December of 2008 (Fig. 2).

Juveniles

Mean CPUE of juvenile shrimp in August did not correlate
significantly with the mean CPUE from any of the other life
stages. Juvenile abundance (August CPUE) was negatively
correlated with strong offshore wind during the previous
7 days and all 7 days dissolved oxygen variables (Table 1).
The backward stepwise multiple regression analysis did not
yield a statistically significant model that related mean juve-
nile shrimp CPUE to the environmental variables considered
in our study.

Sub-adults

Mean CPUE of sub-adult shrimp (December) was negative-
ly correlated with 7- and 30-day mean salinity as well as
7-day low salinity (fifth percentile) and positively correla-
ted with the previous 30-day total precipitation (Table 1).
The multiple regression analysis did not detect a relation-
ship between mean sub-adult CPUE and environmental
variables.

Adults

Mean CPUE of adult shrimp in March correlated with
mean CPUE of sub-adult shrimp in the preceding
December (p = 0.047) and with mean CPUE of spawning
adult shrimp in the following April (p = 0.021). Winter
water temperature was most strongly correlated with mean
CPUE in March and April (Table 1); low mean winter
water temperature and a large number of days with water
temperature below 11 °C (total as well as consecutive)
were associated with low mean CPUE (Fig. 3). Adult
shrimp (March) mean CPUE was also negatively correlat-
ed with dissolved oxygen concentration for the preceding
7 and 30 days, as well as total precipitation for the pre-
ceding 7 days. Spawning adult shrimp (April) mean
CPUE was negatively associated with total precipitation
during the preceding summer (Table 1). Backward step-
wise multiple regression indicated that only the total num-
ber of days of preceding winter water temperatures below
11 °C was necessary to predict mean adult shrimp CPUE
in March (CPUE = 204.391–3.253 (number of winter wa-
te r tempera ture days be low 11 °C)) and Apr i l
(CPUE = 86.311–1.221 (number of winter water temper-
ature days below 11 °C)). The model accounted for 52 %
of the variability in observed CPUE in March and 36 % in
April (Fig. 4).

Black Gill

Black gill prevalence was highest in juvenile shrimp. It was
prevalent (i.e., >40 % infection) in seven of the 13 years
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considered in this analysis. The mean percent prevalence of
black gill among juvenile shrimp was positively correlated
with high water temperatures (i.e., the 95th percentile over
the previous 30 days) and high salinities (i.e., the 95th percen-
tile over the entire summer) (Table 1). Black gill was observed
in sub-adult shrimp (December) in only four of the 12 years
we sampled and then at levels ranging from only 0.5 to 3.6 %.
The mean percent prevalence of black gill in sub-adult shrimp
was positively correlated with low, mean, and high water tem-
peratures of the previous 7 days and the mean of the previous
30-day water temperatures (Table 1). Black gill was not
observed in adult shrimp. There were no significant correla-
tions betweenmean shrimp CPUE and the mean prevalence of
black gill in shrimp.

Backward stepwise multiple regression indicated a sig-
nificant potential relationship between total precipitation
over 7 days, mean salinity over 30 days, mean percent
oxygen saturation over 30 days, and the total number of
days of preceding winter water temperatures below 11 °C:
y = 494.463–0.455 (7-day total precipitation) + 3.130 (30-
day mean salinity) − 7.965 (30-day mean % DO) + 1.022
(number of winter water temperature days below 11 °C).
The mean prevalence of black gill in sub-adults was corre-
lated with mean water temperature in the preceding 30 days
and mean water temperature during the previous summer:
(y = 8.192 + 0.649 (30-daymean water temperature) − 0.640
(previous summer mean water temperature)). These models
accounted for 67 % of the variability in observed black gill
prevalence in August and 78 % of the variability in
December (Fig. 4).

Discussion

Fisheries managers have struggled to predict seasonal white
shrimp abundance, which impacts when to open (spring roe
season) or close (severe winter cold snaps) the fishery. Our
study showed that inter-annual white shrimp abundance was
correlated with precipitation, salinity, water temperature, and
dissolved oxygen concentration, but offshore wind and intra-
annual CPUE also seemed to influence monthly CPUE to a
lesser extent. One notable finding was that when the previous
winter mean water temperature was below 11 °C, adult and
spawning adult white shrimp abundance was significantly re-
duced. In addition, the appearance of black gill in juvenile
white shrimp increased with low dissolved oxygen concentra-
tions and high salinity. Future efforts should expand this anal-
ysis to other estuarine areas and work with managers and
scientists to examine how white shrimp populations may be
affected by environmental variables.

The schedule of the fisheries-independent sampling of
white shrimp in the ACE Basin was reflective of the annual
life cycle and its migratory nature, both of which are influenced
by environmental variables. An examination of relative chang-
es in monthly CPUE found that adult and spawning adult
(March and April) mean CPUEs were consistently lower than
juveniles (August) and sub-adults (December). This observa-
tion is directly related to the white shrimp life cycle. Between
April and June, females can produce up to 500,000 eggs
(Pérez-Farfante, 1969; Pérez-Velázquez and Gracia, 2000),
and the mean August (juvenile) CPUE reflects the large num-
ber of juveniles that slowly migrate out of the tidal creeks after

Juvenile Sub-adult

Adult Spawning Adult

Fig. 2 Monthly (August,
juvenile; December, sub-adult;
March, adult; April, spawning
adult) mean white shrimp
(Litopenaeus setiferus) (CPUE =
number of shrimp per 15-min
trawl) collected by otter trawl in
the ACE Basin between 2002 and
2014. Sampling did not take place
December 2006. Mean December
2008 CPUEwas 4435 individuals
(not shown)
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post-larval maturation (Weymouth et al. 1933; Lindner and
Anderson 1956). By December (sub-adult), the mean CPUE
increases as all of the sub-adults have migrated out of the tidal
creeks to larger bodies of water, making themmore susceptible
to capture. At this time, the shrimp are more exposed to pre-
dation and, as the winter progresses, colder water temperatures.
The population is further reduced between December (sub-
adult) and March (adult) due to natural mortality rates, emigra-
tion, and harvest, which can lead to fewer adults surviving to
become the brood stock the following April (spawning adult).
Lam et al. (1989) reported that white shrimp in South Carolina
exhibit a spawner-recruit relationship. Therefore, it was

hypothesized that the CPUE of the spawning adults in spring
(April) could be used as an indicator for the CPUE of juveniles
in the fall (August). However, that does not appear to be the
case in the ACE Basin, which is in agreement with studies in
the southwestern Gulf of Mexico (Gracia 1991) and off the
coast of Georgia (Belcher and Jennings 2004).

While our data incorporated both short- (7 days) and long-
(30 days, previous summer and winter) term environmental
variables, it is important to note that the CPUE data may
reflect natural shrimp movement into and out of the sampling
areas rather than actual stock size at any given point in time.
However, the correlations of white shrimp CPUE and various

Table 1 Environmental variables that were significantly (p ≤ 0.10) correlated with white shrimp (Litopenaeus setiferus) catch-per-unit-effort (CPUE)
and the occurrence of black gill infected shrimp

Mean shrimp CPUE Mean % Black gill

r p r p

Juvenile (August) trawls
Previous 7-day 5th percentile dissolved oxygen concentration −0.622 0.0222
Previous 7-day mean dissolved oxygen concentration −0.514 0.0670
Previous 7-day 95th percentile dissolved oxygen concentration −0.511 0.0704
Previous 7-day 5th percentile percent oxygen saturation −0.646 0.0155
Previous 7-day mean percent oxygen saturation −0.608 0.0254
Previous 7-day 95th percentile percent oxygen saturation −0.619 0.0222
Previous 7-day percent time with strong offshore wind −0.620 0.0222
Previous 30-day 95th percentile water temperature 0.552 0.0464
Current summer 95th percentile salinity 0.506 0.0739

Sub-adult (December) trawls
Previous 7-day 5th percentile water temperature 0.488 0.0998
Previous 7-day mean water temperature 0.535 0.0663
Previous 7-day 95th percentile water temperature 0.531 0.0705
Previous 7-day 5th percentile salinity −0.744 0.0018
Previous 7-day mean salinity −0.783 0.0014
Previous 30-day mean water temperature 0.613 0.030
Previous 30-day mean salinity −0.629 0.0263
Previous 30-day total precipitation 0.592 0.0387

Adult (March) trawls
Previous 7-day 95th percentile dissolved oxygen concentration −0.532 0.0575
Previous 7-day total precipitation −0.475 0.0977
Previous 30-day mean dissolved oxygen concentration −0.635 0.0180
Previous 30-day 95th percentile dissolved oxygen concentration −0.613 0.0237
Previous 30-day mean percent oxygen saturation −0.492 0.0852
Previous 30-day 95th percentile percent oxygen saturation −0.575 0.0369
Previous winter mean water temperature 0.786 0.0005
Total no. of days with mean water temperature below 7 °C −0.617 0.0237
Total no. of days with mean water temperature below 8 °C −0.717 0.0025
Total no. of days with mean water temperature below 9 °C −0.765 0.0015
Total no. of days with mean water temperature below 10 °C −0.726 0.0042
Total no. of days with mean water temperature below 11 °C −0.812 0.0000
No. of consecutive days with mean water temperature below 7 °C −0.617 0.0237
No. of consecutive days with mean water temperature below 8 °C −0.747 0.0025
No. of consecutive days with mean water temperature below 9 °C −0.747 0.0025
No. of consecutive days with mean water temperature below 10 °C −0.791 0.0003
No. of consecutive days with mean water temperature below 11 °C −0.887 0.0000

Spawning adult (April) trawls
Previous summer total precipitation −0.516 0.0670
Previous winter mean water temperature 0.797 0.0002
Previous winter total no. of days mean water temperature below 11 °C −0.699 0.0072
Previous winter no. of consecutive days mean water temperature below 11 °C −0.741 0.0029

Spearman rank correlations were used for all analyses
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environmental variables found in our study are in agreement
with other studies relating white shrimp CPUE to precipita-
tion, salinity and river discharge (Walker and Saila 1986; Lam
et al. 1989; Garcia 1991; Belcher and Jennings 2004), off-
shore winds (Walker and Saila 1986), water temperature
(Williams 1969; Farmer et al. 1978; McKenzie 1981; Daigle
1984; Lam et al. 1989; Belcher and Jennings 2004; DeLancey
et al. 2005, 2008), and dissolved oxygen (DeLancey et al.
2008). In particular, an analysis of white shrimp CPUE bet-
ween 1989 and 2005 in the ACEBasin NERR showed that the
previous winter water temperatures and dissolved oxygen best
explained white shrimp abundance, as low winter water tem-
peratures caused shrimp mortality and shrimp avoided areas
with low dissolved oxygen (DeLancey et al. 2008).

In our study, mean sub-adult, adult, and spawning adult
white shrimp CPUE (December, March, and April) was corre-
lated with precipitation, as well as salinity in December. High
precipitation and low salinity, possibly also associated with
high river discharge, may force shrimp out from marshes into

deeper water, which increases their catchability. While white
shrimp can tolerate salinities as low as 0.8 ppt for short periods
of time (Gunter and Hildebrand 1954; McFarland and Lee
1963), it is possible that excessive rainfall and river discharge
could consistently dilute estuarine and nearshore waters to be-
low tolerance levels for an extended period of time (Barrett and
Gillespie 1973, 1975; Barrett and Ralph 1976, 1977). River
discharge on the South Edisto River was not an important fac-
tor in the ACE Basin; however, river discharge may be an
important factor in explaining shrimp abundances in other es-
tuarine systems. Indeed, in an earlier white shrimp study on the
South Carolina coast, Lam et al. (1989) found white shrimp
landings to be inversely related to salinity such that increased
rainfall and river discharge reduced estuarine waters to an op-
timal salinity for nursery habitat. Similar correlations have been
shown between brown shrimp landings in Louisiana and rain-
fall and discharge of the Mississippi River (Barrett and
Gillespie 1973, 1975; Barrett and Ralph 1976, 1977).

The previous winter mean water temperature and days with
water temperature below 11 °C were both significantly corre-
lated with adult and spawning adult white shrimp abundance
(i.e., cold temperatures over long periods of time are associat-
ed with low mean CPUE). Previous studies from North
Carolina, South Carolina, Georgia, and Texas show that se-
vere winters can cause high mortality rates in overwintering
shrimp and significantly alter the spawning shrimp landings
the following spring (Williams 1969; Farmer et al. 1978;
McKenzie 1981; Daigle 1984; Lam et al. 1989; DeLancey
et al. 2005, 2008). White shrimp mortality in South Carolina
increases in years with >10 consecutive days below 8.5 °C
(Farmer et al. 1978). Currently, if water temperatures dip be-
low 9 °C for seven consecutive days, the South Carolina fish-
ery may be closed in the exclusive economic zone to protect
shrimp brood stock (SAFMC 2013). Therefore, the SCDNR
currently monitors coastal offshore water temperature in
December, January, and February at the USGS Charleston
Customs House to determine whether and when to close the
white shrimp fishery. The South Carolina exclusive economic
zone was closed in 2001, 2011, and 2014 due to cold winter
water temperatures, which occurred during January in all
3 years. Our analysis suggests that the critical mean winter
temperature for white shrimp in the ACE Basin is not 9 °C
but rather 11 °C, which has the strongest correlations with
adult and spawning adult (March and April) CPUE.

Adequate levels of dissolved oxygen (DO) are critical to the
survival and growth of estuarine invertebrates and fish. LowDO
levels (<4 mg L−1) can negatively impact respiratory efficiency
and energy available for white shrimp growth (Rosas et al.
1998). White shrimp are mobile and have the ability to detect
and avoid low DO areas (Stickle et al. 1989; Burnett and Stickle
2001). This behavior, also observed during high precipitation
and low salinity events as noted above, may force shrimp out
from tidal creeks into deeper water, increasing their catchability.
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Fig. 3 Strength of the correlations between mean March white shrimp
(Litopenaeus setiferus) catch-per-unit-effort (CPUE) from five stations in
the ACE Basin between 2002 and 2014 and (a) the number of consecu-
tive winter days below critical temperatures and (b) the total number of
winter days when the water was below critical temperatures. In both
cases, the strongest correlations occurred at 11 °C
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This may explain why dissolved oxygen concentration and sat-
uration measurements for the previous week in our study were
negatively correlated with mean juvenile and adult CPUEs. The
aggregation of white shrimp in oxygenated water, during local-
ized low DO events, has been observed in populations of white
shrimp in the Gulf of Mexico (Renaud 1986).

Wind patterns were an important factor for juvenile white
shrimp. In our analysis, strong offshore (northwest) winds
over the previous 7 days were associated with low juvenile
shrimp (August) CPUE. Previous models to relate Gulf of
Mexico shrimp commercial landings to environmental factors
have shown positive correlations with summer river discharge
and negative correlations with strong northwest winds during
spring and summer, which transport larvae away from estuar-
ies (Walker and Saila 1986). The combination of diel vertical
migration and tidal wind-forced currents is also thought to
influence the spatial dynamics and movement patterns of
sub-adult shrimp in Australian (Penaeus latisulcatus) and
South Carolinian (L. setiferus) estuaries (Rothlisberg et al.
1983; Wenner et al. 1998).

The appearance of Bblack gill^ in white shrimp arises bet-
ween July and August and lasts until November or December.
The appearance of black gill in the fall sub-adult fishery has

been postulated to be related to stress from high summer tem-
peratures and excessive rainfall (DeLancey et al. 2003; Geer
2003). In theACEBasin, the prevalence of black gill in juvenile
shrimp collected in August increased with low dissolved oxy-
gen concentrations and high salinity over the previous month.
In contrast, heavy precipitation in the preceding week and
month decreased black gill prevalence. Therefore, it is possible
that high salinities and low dissolved oxygen concentrations
over a prolonged period of time (at least a month) are synergis-
tic stressors that lower the resistance of shrimp to black gill.
However, precipitation may in fact offset both low dissolved
oxygen concentration and high salinity, thus reducing the
stressors and allowing the shrimp to combat black gill. A small
proportion of sub-adult white shrimp (December) also exhibi-
ted black gill, and prevalence increased with warm water tem-
perature and low dissolved oxygen concentrations during the
preceding week and month. This is not surprising as black gill
prevalence is thought to be positively related to water tempe-
ratures, and the ciliate that causes black gill may survive longer
and remain infective during periods of warm water temperature
(DeLancey et al. 2003; Geer 2003). In addition, periods of low
dissolved oxygen levels maymake the shrimpmore susceptible
to infection (L. Burnett, personal communication).
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Managers would like to consistently predict stock abundance
throughout the fishing seasons based on environmental condi-
tions. As high variability in landings is a hallmark of penaeid
shrimp fisheries globally, it is a challenge for managers to create
predictive models of future stock landings (Diop et al. 2007).
Our study is a first step in elucidating which environmental
variables may be useful in predicting white shrimp seasonal
abundances in the ACEBasin NERR. No single abiotic measure
can explain CPUE across all sampling periods. Rather a combi-
nation of various environmental factors contributes to the growth
and survival of white shrimp throughout the year. Our study
suggests that overwintering temperature is an important variable
defining the spring CPUE of adult and spawning adult shrimp.
Therefore, we suggest revisiting the critical overwintering water
temperature currently used for white shrimpmanagement to pro-
tect the remaining brood stock, as it may need to be adjusted
from 9 to 11 °C. Further investigation using laboratory experi-
ments to elucidate cold tolerance of white shrimp is needed to
confirm our findings. We were unable to construct a predictive
model for juvenile and sub-adult CPUE using abiotic variables.
This may be due, in part, to the relatively recent appearance of
black gill and lack of information about its possible effects on
individual growth and survival rates. Therefore, additional phys-
iological and biochemical analyses exploring how black gill af-
fects white shrimp are needed. Due to the complex abiotic dy-
namics of estuarine and oceanic systems, influenced by a chang-
ing climate, the scale at which these environmental variables act
is also important to consider. Future efforts should expand these
analyses to other estuarine areas and work with managers and
scientists to examine how white shrimp populations may be
affected by a changing climate.
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