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INTRODUCTION

The unintentional capture of non-target species in
fishing gear (bycatch) is a global issue influencing
the conservation of marine species (Read et al. 2006,
Read 2008, Moore et al. 2009, Finkbeiner et al. 2011).
Species that mature late and have low reproductive

rates, such as marine mammals and sea turtles, are
particularly susceptible to anthropogenic mortality
(Heppell et al. 2000, Lewison et al. 2004). Within
North Carolina’s marine waters, high levels of sea
turtle and bottlenose dolphin Tursiops truncatus
interactions with commercial gill nets have resulted
in seasonal and/or area closures and gear restrictions
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ABSTRACT: We assessed the seasonal co-occurrence of sea turtles and bottlenose dolphins Tur-
siops truncatus with commercial gill nets in southern Pamlico and northern Core Sounds, and
adjacent coastal waters of North Carolina, USA, from 41 aerial surveys conducted from 2004 to
2006. Generalized linear models were used to examine the influence of several variables (month,
year, habitat type [coastal and estuarine], sea surface temperature, and visibility conditions) on
counts of turtles, dolphins, and gill nets. A total of 86 turtles, 1559 dolphins, and 378 gill nets were
observed. Predicted counts of turtles and dolphins were highest concurrent with gill nets in spring
and autumn in both habitats. Observed spatial overlap of dolphins and gill nets occurred through-
out the estuary from spring to autumn, but was limited mainly to the eastern portion of the estuary
in winter; spatial overlap of turtles and gill nets occurred predominantly in the eastern portion of
the estuary in spring and autumn, and throughout the estuary in summer. During all seasons, dol-
phins (57 to 75%) and gill nets (80 to 88%) were predominantly observed in shallow (<2 m) waters
of the estuary; turtles (75%) were seen most often in shallow estuarine waters in spring. Along the
coast, observed spatial overlap of turtles and dolphins with gill nets occurred most often in the
region extending from Cape Hatteras south to Ocracoke. These findings improve our knowledge
of habitat use by these species, and may also help manage interactions.
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(NMFS 1999, 2002a,b, 2006). These measures have
generally been considered successful in some areas
and during certain times of the year (Murray 2009,
McClellan et al. 2011, Daniel 2012, and see Byrd et
al. 2011 for a summary); however, information is
needed regarding the seasonal co-occurrence of tur-
tles and dolphins with North Carolina’s commercial
gill-net fisheries in other locations and among other
seasons to determine risks due to co-occurrence, and
to help direct efforts to measure and mitigate these
risks.

North Carolina’s marine waters serve as important
developmental and foraging habitat for protected sea
turtles and bottlenose dolphins (Epperly et al. 2007,
Waring et al. 2011). Loggerhead turtles Caretta
caretta, green turtles Chelonia mydas, and Kemp’s
ridley turtles Lepidochelys kempii re populate the
estuarine and nearshore coastal waters in spring
(March to May), as water temperature increases, and
emigrate to warmer coastal waters in late autumn−
early winter (November to December) (Shoop & Ken-
ney 1992, Epperly et al. 1995a,b, 2007, Keinath et al.
1996, Mansfield et al. 2009). Leatherback turtles Der-
mochelys coriacea occasionally enter the estuary
(Epperly et al. 1995a,b), and are common in near -
shore coastal waters in spring and summer (Lee &
Palmer 1981, Shoop & Kenney 1992, Epperly et al.
1995a,b, Grant et al. 1996). The estuarine waters are
primarily utilized by juvenile sea turtles, while the
coastal region is inhabited by juveniles and adults
(Epperly et al. 1995a,b). Bottlenose dolphins are
present year-round in the coastal and estuarine
waters, although densities vary seasonally based on
movements of migratory and resident stocks (Read et
al. 2003, Torres et al. 2005, Waring et al. 2011). For
instance, 2 migratory stocks occur seasonally in
coastal waters: the Northern Migratory Coastal Stock
(NMCS) and Southern Migratory Coastal Stock
(SMCS). These stocks primarily occur in coastal
waters, but occasionally enter the estuary (Waring et
al. 2011). Conversely, the 2 estuarine stocks, the
Northern North Carolina Estuarine System Stock
(NNCES) and Southern North Carolina Estuarine
System Stock (SNCES), primarily occur in the estu-
ary, but occasionally inhabit the coastal waters.

North Carolina’s commercial gill-net fisheries are
highly dynamic, due in part to the seasonal influx of
migrant fish into the region (Steve et al. 2001). The
estuarine and coastal gill-net fisheries operate year-
round, and target a variety of finfish species using an
assortment of gear configurations (e.g. small or large
mesh, run-around nets, set nets, drift nets) (Steve et
al. 2001). Fishing effort depends on target species

and varies among ports; however, peak activity usu-
ally occurs from mid-autumn to mid-spring in
nearshore coastal waters, and in spring, late summer,
and autumn in the estuary (Wilson 1997, Steve et al.
2001).

Within Pamlico Sound, the large-mesh (≥5.5 inch
[≥14 cm] mesh) sink gill-net fishery for southern
flounder Paralichthys lethostigma operates primarily
during autumn, and is one of the most economically
valuable finfish fisheries in North Carolina (NCDMF
2005). Frequent interactions between sea turtles and
gill nets used in this fishery resulted in the perma-
nent closure of the deep-water (3 to 6 m) portion of
the fishery in 2002 (NMFS 2002b, see Byrd et al. 2011
for a detailed description). The shallow-water (1 to
3 m) portion of the fishery still operates in designated
restricted areas in Pamlico Sound. Management
measures restricting the autumn large-mesh gill-net
fishery for southern flounder to designated shallow-
water restricted areas within Pamlico Sound have
generally been considered successful in reducing sea
turtle bycatch rates, particularly for loggerhead and
Kemp’s ridley turtles (Daniel 2012).

Areas with a high potential for sea turtle bycatch in
large-mesh gill nets have also been identified outside
of Pamlico Sound, and during seasons other than
autumn (see Byrd et al. 2011, Daniel 2012, NMFS
Southeast Fisheries Science Center [SEFSC], Beau-
fort, NC, unpubl. alternative platform study). For
instance, in 2009, NMFS observers documented a
high number of sea turtle interactions with large-
mesh gill nets in Core Sound and adjacent water
bodies beginning in late June (NMFS SEFSC, Beau-
fort, NC, unpubl. alternative platform study). Since
2010, the North Carolina Division of Marine Fisheries
(NCDMF) has been in the process of applying for a
statewide Incidental Take Permit (ITP) from the
National Marine Fisheries Service (NMFS) under
Section 10 of the Endangered Species Act to cover
incidental takes of sea turtles by gill nets within
North Carolina’s estuarine waters. In the interim,
additional large-mesh gill-net restrictions and modi-
fications have been established, and the NCDMF has
been required to provide observer coverage on 7% of
the large-mesh gill-net fishing trips in the estuarine
waters (Duke Law School 2010), which would allow
for estimates of turtle bycatch.

Information related to the spatio-temporal overlap
of estuarine bottlenose-dolphin stocks and fish -
eries is especially important because bycatch poses
greater risks to these stocks due to their small popu-
lation sizes (Barlow et al. 1995, Waring et al. 2011).
North Carolina’s estuarine gill-net fishery is classi-
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fied as a Category II fishery (termed the NC inshore
gill-net fishery) under the Marine Mammal Protec-
tion Act, indicating occasional incidental mortality or
serious injury of marine mammals (NMFS 2012).
Because there are no bycatch estimates from ob -
server data (Waring et al. 2011), evidence for bycatch
in the estuarine gill-net fishery is only known from
stranded dolphins with entanglement lesions (Read
& Murray 2000) indicative of gill nets (NMFS SEFSC,
Beaufort, NC, unpubl. data). Beginning in 2010, the
NMFS Northeast Fishery Observer Program (NEFOP)
has observed the gill-net fishery in Pamlico Sound to
collect dolphin bycatch data (Keystone Center 2012,
NMFS Northeast Fisheries Science Center [NEFSC],
Woods Hole, MA, unpubl. data).

In the coastal waters, a number of gill-net regula-
tions (e.g. seasonal and/or area closures, commercial
fishery quotas, and fishing or gear restrictions) have
been implemented to reduce interactions with sea
turtles (NMFS 2002a) and bottlenose dolphins (NMFS
2006) or to manage fish stocks (ASMFC 2002, 2008).
Additionally, observer coverage of gill-net fisheries
in coastal waters has allowed for bycatch estimates of
sea turtles (Murray 2009) and bottlenose dolphins
(Waring et al. 2011).

Beginning in 2004, we were requested by Marine
Corps Air Station (MCAS) Cherry Point to conduct
aerial surveys to examine the seasonal occurrence of
sea turtles and bottlenose dolphins in relation to the
MCAS’ restricted airspace R-5306 A, which encom-
passes portions of Core and Pamlico Sounds, North
Carolina. The surveys were also extended into the
nearshore coastal waters adjacent to R-5306 A to ex-
amine the seasonal occurrence of turtles and dolphins
in this region as well. This opportunity provided us
access to areas that are normally restricted (such as
the 2 bombing targets in western Pamlico Sound),
and thus, where less is known of habitat use by turtles
and dolphins. Additionally, it allowed us the unique
opportunity to survey portions of the coastal and estu-
arine waters concurrently on a year-round basis, and
to examine turtle and dolphin distribution in relation
to other activities, such as commercial fishing. In this
paper, we present the results of this study with the
specific objective of aiding conservation managers
with the identification of locations and times when
sea turtles and bottlenose dolphins may be more
likely to co-occur with commercial gill nets in North
Carolina’s estuarine and nearshore coastal waters.
Such information may help direct efforts to measure
(i.e. observer coverage) and mitigate bycatch, and it
also increases our understanding of habitat use by
these species. In particular, our aerial observations

were used to (1) describe the seasonal distribution of
turtles, dolphins, and gill nets within our survey area,
(2) examine this distribution relative to water depth in
the estuary, and (3) examine the autumn distribution
of turtles in southern Pamlico Sound relative to the
designated shallow-water restricted areas where
large-mesh gillnetting is allowed. Generalized linear
models (GLMs) were then used to explore the effect
of month, sea surface temperature (SST), year, and
habitat type (coastal or estuarine) on counts of dol-
phins, turtles, and gill nets, while simultaneously ac-
counting for possible confounding environmental fac-
tors (e.g. sea state, turbidity, weather, and glare)
encountered during surveys.

MATERIALS AND METHODS

Study area

The study site included southern Pamlico and
northern Core Sounds (approximately 2221 km2),
and nearshore coastal waters from Cape Hatteras to
just south of Drum Inlet, extending 1.6 km from
ocean beaches (approximately 139 km2) (Fig. 1).
Pamlico and Core Sounds are part of the Pamlico-
Albemarle Estuarine Complex (PAEC), which is the
second largest estuarine system in the United States.
This system consists of shallow (mean depth of Pam-
lico Sound = 4.5 m; Core Sound = 1.2 m), productive,
lagoonal-type ecosystems (Roelofs & Bumpus 1953,
Copeland & Gray 1991) that are bounded on the east
side by barrier islands. East of the barrier islands, the
shallow waters of the continental shelf are influenced
by the warm, fast-moving waters of the Gulf Stream
and its frontal eddies (Lee et al. 1981, Pietrafesa et al.
1985).

Aerial surveys

A high-wing aircraft was used to survey 15
east−west oriented transects spaced 4.5 km apart
(Fig. 1). The north−south starting point for the first
transect was randomly selected to reduce sampling
bias, as commonly implemented in systematic sam-
pling designs (Cochran 1977, Eberhardt et al. 1979).
With the exception of the eastern portion of the tran-
sects that extend into the coastal waters, the eastern
and western endpoints of each transect reflect the
boundaries of the MCAS Cherry Point’s restricted
airspace R-5306 A. Surveys were conducted at an
altitude of 145 m and a ground speed of 165 to
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175 km h−1, using a Garmin GPS Map 295 to maintain
position along each transect. Surveys lasted approxi-
mately 5 h and were scheduled so that mid-survey
occurred close to noon to optimize light conditions.
Although weekly surveys were attempted, flights
occurred only when winds were <18 km h−1 and
wave height was <0.6 m, with no or few whitecaps
(Beaufort sea state ≤ 3).

During surveys, one trained observer was posi-
tioned on each side of the plane and reported sight-
ings and environmental conditions (e.g. sea state,
turbidity, weather, and glare) to a data recorder, who
logged in geo-coordinates with a hand-held Garmin
GPS 12XL. Leatherback turtles were the only marine
turtles identified to species, as they are easier to dis-
tinguish from the air than cheloniid turtles (Goodman
Hall & Belskis 2012). All other turtles were assumed
to be either loggerhead, Kemp’s ridley, or green tur-
tles, as these are the species most commonly encoun-
tered in North Carolina (Epperly et al. 2007). All dol-
phins were assumed to be bottlenose dolphins
because they are the only dolphin species commonly
inhabiting the survey region (Waring et al. 2011), and
no obviously different species were observed. Dol-
phin group size was determined for each sighting by
the direct count of individuals (if group size ≤10 ani-

mals), or was estimated in increments of 5 or 10 ani-
mals (if group size >10 animals). Commercial gill
nets were identified by a pair of yellow buoys located
on either end of the net as required by the NCDMF
(NCDMF 2013).

GIS analysis

Geo-coordinates associated with each turtle, dol-
phin, and gill-net sighting were grouped seasonally
and displayed using ArcGIS (version 9.2). Seasons
were defined as spring (March to May), summer
(June to August), autumn (September to November),
and winter (December to February) (Epperly et al.
1995a, Steve et al. 2001). When describing the rela-
tive location of sightings in Pamlico Sound, we
defined eastern Pamlico Sound as the region east of
longitude 76° 15’ 0’’ W (denoted by a vertical broken
line in Fig. 1), and western Pamlico Sound as the
region west of this longitude.

Bottlenose dolphin, sea turtle, and gill-net sight-
ings in the estuary were evaluated relative to water
depth using a bathymetric layer downloaded from
NOAA’s National Geophysical Data Center website
(NOAA 1989c). We did not examine the location of
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sightings in relation to water depth in the coastal
waters due to the short distance that we surveyed
from the shoreline. Water depth was binned in incre-
ments of 2 m, to a maximum depth of 8 m (corre-
sponding to the maximum depth of Pamlico Sound).
The percentage of the survey region within each
water depth bin was determined by outlining the
area of each bin, and combining the area estimates of
corresponding water depths. Dolphin, turtle, and
gill-net sightings were then grouped by season,
allowing for the occurrence of each sighting to be
examined in relation to water depth among seasons.

We examined the autumn distribution of sea turtles
in Pamlico Sound in relation to the designated shal-
low-water restricted areas within our study site
where large-mesh gillnetting for southern flounder is
allowed. The NCDMF refers to these areas as: the
Shallow Gill Net Restricted Area (SGNRA) 1, SGNRA
2, and the Mainland Gill Net Restricted Area
(MGNRA) (see Fig. 3). We obtained coordinates for
the boundaries of these areas from the most recent
NCDMF Proclamations (NCDMF 2011).

SST

SST data corresponding to survey days were ex -
tracted from 1.4 km pixel−1 resolution Advanced Very
High Resolution Radiometer (AVHRR) remote images
collected by NOAA Polar Orbiting Environmental
Satellites (NPOES) 15, 16, 17, and 18. Images were
downloaded from the US southeastern regional node
of NOAA’s Comprehensive Large Array-data Stew-
ardship System (CLASS) website (NOAA 1989a). Geo-
coordinates were digitally reconstructed along tran-
sects using Matlab software (The Mathworks Inc.
1994). SST data were indexed and extracted using
row and column pixel locations. Any pixels identified
by NOAA’s Coastwatch as missing data, land, or
clouds were excluded (NOAA 1989b). The mean
value of the remaining pixels was used to obtain the
mean SST of each survey. Extensive cloud cover pre-
vented access to SST values for some survey days.
During such cases, the mean SST for that particular
survey day was estimated by calculating the mean
SST from images within 2 consecutive days before
and after the survey day.

Data analysis

We evaluated the relationship between mean SST
and the total number of turtles and dolphins observed

during surveys in the estuarine and coastal regions
using Spearman’s rank correlation coefficient.

GLMs (McCullagh & Nelder 1989) in the form of
Poisson regression were used to explore the effect of
month, SST, year, and habitat type (coastal or estuar-
ine) on counts of turtles, dolphin groups, and gill
nets, while simultaneously accounting for possible
confounding environmental factors (e.g. sea state,
turbidity, weather, and glare) encountered during
surveys. We used expectations from these fitted mod-
els (‘predicted counts’) to examine variation in the
occurrence of turtles, dolphin groups, and gill nets as
a function of explanatory variables. Modeling was
conducted within an information-theoretic frame-
work (Burnham & Anderson 2002), allowing us to
select parsimonious models that retained highly
explanatory variables, while removing those with
low explanatory power. We analyzed counts of dol-
phin groups instead of absolute numbers because
groups could often be quite large, and initial
attempts at analyzing absolute counts indicated con-
siderable overdispersion relative to the Poisson dis-
tribution. Because the occurrence of sea turtles and
dolphins in the coastal and estuarine habitats may be
the result of different processes (e.g. migration vs.
dispersal into nursery and/or foraging environ-
ments), transects that transversed both habitat types
were split into 2 segments prior to analysis. Such
transects thus contributed 2 counts for the analysis:
one from the coastal segment and one from the estu-
arine. The variables ‘month’ and ‘year’ were treated
as categorical variables, while SST was treated as a
continuous variable. The total area surveyed (km2)
was calculated by multiplying the total length (km) of
all transects within a survey by the survey strip width
(0.15 km on both sides of the plane) (Epperly et al.
1995a), and was included as a log offset in all analy-
ses to account for differences in area surveyed
among transects. The exact position of sightings
within the transect strip was not known, and, there-
fore, it is likely that some sightings included in the
analysis were outside of the transect strip. However,
we expect that the occurrence of these errors
remained relatively constant over time, and thus,
would not be expected to bias trends or inferences
about seasonal dynamics. For turtle and dolphin
datasets, we also included the following environmen-
tal categorical variables: sea state (0 = calm, 1 = small
waves, 2 = moderate waves); turbidity (1 = clear, 2 =
moderately turbid, 3 = very turbid); weather (1 =
clear, 2 = partly cloudy, 3 = cloudy, 4 = drizzle, 5 =
rain, 6 = haze); and glare (1 = none, 2 = mild, 3 = mod-
erate, 4 = heavy).
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The Poisson distribution is often employed for the
analysis of count data. As implemented here, the
Poisson model assumes that the count of animals
obtained on a given transect (Yi) is Poisson-distrib-
uted with intensity parameter λi, which is itself
related to explanatory variables and regression
parameters using a log link function:

Yi ~ Poisson (λi) (1)

where

log (λi) = β0 + β1Xi,1 + β2Xi,2 + … + βnXi,n (2) 

Here, the β parameters indicate regression coeffi-
cients, and the Xi,j represent the value of environ-
mental covariate j realized while observation i was
being obtained. In practice, ecological count data are
often overdispersed relative to the Poisson distribu-
tion, meaning that the variance of counts exceeds the
theoretical variance of the Poisson distribution (Ver
Hoef & Boveng 2007). It is thus important to test (and
if need be, adjust) for overdispersion.

Each analysis proceeded by first fitting a ‘global’
model (see Table 3) to the data consisting of all possi-
ble main effects (due to the sparseness of our survey
data, interactions between variables could not be
estimated in many cases). Next, we conducted a
deviance goodness-of-fit (G2) test from the global
model to assess whether data were overdispersed re -
lative to the Poisson distribution. Model selection was
then conducted using a backwards stepwise selection
algorithm (Venables & Ripley 2002), whereby Aka i -
ke’s information criterion, AIC (Burnham & Anderson
2002) was used to determine which combination of
variables resulted in the most parsimonious model fit.
Starting with the global model, this algorithm in -
volved sequentially dropping terms that have mini-
mal impact on predictions of turtle, dolphin, or gill-
net counts. All variables were treated as additive on
the log scale, with the exception of month and habitat
type, which were allowed to interact in the global
model.

We used the function ‘glm’ in the R statistical lan-
guage (R Development Core Team 2007) to fit
regression models. For selected models that did not
include year effects, we used the R function ‘pre-
dict.glm’ to generate expected densities and stan-
dard errors for turtles, dolphin groups, and gill nets
that would have resulted had surveys been con-
ducted under favorable sightability conditions (i.e. at
the lowest levels of glare, turbidity, weather, and
Beaufort sea state). For final models that did include
year effects, we computed a mean prediction across
years; requisite R code is available from the third
author.

RESULTS

Forty-one aerial surveys were completed from July
2004 to April 2006 (Table 1). Surveys were not con-
ducted during December 2004, January 2005, or April
2005 due to logistical constraints and inclement
weather. Overall, surveys covered 6350 km2 in the es-
tuary and 234 km2 along the coast. A total of 1559 bot-
tlenose dolphins (340 groups), 86 sea turtles (all che-
loniids), and 378 gill nets were observed. Dolphins
were observed year-round in the estuary and along
the coast; turtles were observed from April to Novem-
ber in both habitats. Gill nets were observed all months
except for January and December in both habitats.

Within the estuary, our aerial observations indi-
cated that the spatial overlap of turtles and gill nets
occurred predominantly in eastern Pamlico Sound in
spring, throughout the estuary during summer, and
in eastern Pamlico and Core Sounds in autumn
(Fig. 2). Spatial overlap of dolphins and gill nets oc -
curred throughout the estuary from spring to
autumn, but was limited to eastern Pamlico Sound in
winter. In the coastal region, turtle and dolphin distri-
bution predominantly overlapped with gill nets in the
region extending from Cape Hatteras to just south of
Ocracoke Inlet from spring to autumn. Seasonally,
the majority of dolphins (57 to 75%) and gill nets (80
to 88%) were seen in shallow water <2 m deep in the
estuary (Fig. 2, Table 2). Turtles (75%) were seen
most often in shallow water in spring. During autumn,
the majority of turtles (89%) were observed outside
of the SGNRAs 1 and 2, and no turtles were observed
in the boundaries of the MGNRA (Fig. 3).

The occurrence of turtles and dolphins was signifi-
cantly, but weakly, correlated with SST. Dolphins
were observed throughout the range of mean survey
SST (7.6 to 30.8°C) (Table 1), and counts in estuarine
(r = −0.38, p = 0.013) and coastal (r = −0.48, p < 0.001)
waters decreased as SST increased. Turtles were
observed when mean survey SST ranged from 9.7 to
30.8°C (Table 1), and counts in estuarine (r = 0.53, p <
0.001) and coastal (r = 0.39, p = 0.011) waters
increased as SST increased.

The Poisson GLMs fit our data reasonably well,
with little to no evidence for overdispersion (turtles:
G2 = 315, df = 1066, p = 0.99; dolphins: G2 = 904, df =
1066, p = 0.99; gill nets: G2 = 1115, df = 1067, p =
0.15). The Poisson regression model that best ex -
plained our aerial observations for turtles included
additive effects of month, habitat type, SST, glare,
and sea state (Table 3, Fig. 4). The absence of a ‘year’
effect in the selected GLM indicates that monthly
trends in predicted counts of turtles did not vary sub-
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stantially from year to year. Predicted counts were
also greater in coastal than estuarine waters during
all seasons, while exhibiting similar monthly trends
in the estuary and along the coast, with the highest
counts occurring in late spring and late autumn, and
a smaller peak in late summer.

The highest supported model for dolphin groups
included main effects of month, habitat type, year,

turbidity, glare, and sea state, as well as an inter -
action between month and habitat type (Table 3,
Fig. 4). Predicted counts of dolphins were highest in
spring and late autumn−early winter in the estuary,
and from late autumn to early spring (with the excep-
tion of January) along the coast. Predicted counts
were higher in coastal than estuarine waters during
all seasons.
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Year   Survey     Mean           Estuarine                                           Coastal
                            survey       Area     Turtles     Dolphin       Total       Gill         Area     Turtles     Dolphin       Total       Gill
                          SST (°C) surveyed                  sightings   dolphins    nets     surveyed                  sightings   dolphins    nets
                                              (km2)                                                                           (km2)

2004    10 Jul        29.8          170           1               3                 6             1             5.7             0               2                 9             0
            25 Jul        29.2          181           5               3               12           2             5.7             0               0                 0             0
            8 Aug        25.9          176           0               3               12           5             5.7             1               0                 0             0
          19 Aug       27.4          169           2               5               19           4             5.7             1               1                 3             0
          27 Aug       27.2          182           1               1                 5             9             5.7             0               0                 0             0
            4 Sep         27.2          149           0               0                 0             8             5.7             0               1                 1             0
            3 Oct         24.7          152           0               3               22           1             5.7             3               2                 2             0
          10 Oct       23.0          151           0               2               10           1             5.7             0               2                 2             0
          24 Oct       18.8          155           0               4               63           11            5.7             0               3               11           0
          29 Oct       16.9          147           1               2               14           30            5.7             0               7               21           0

            6 Nov        18.3          147           0               5               30           23            5.7             0               16               51           5
          11 Nov       14.1          148           1               3               11           27            5.7             0               3               10           1
          20 Nov       12.7          152           3               8               88           5             5.7             0               10               78           0

2005   13 Feb         7.9           154           0               2               18           10            5.7             0               19               87           0
            6 Mar         8.0           170           0               4                 9           13            5.7             0               7               20           1
          14 May       20.1          160           0               0                 0           10            5.7             4               3               15           0
          22 May       17.9          154           0               1                 4           10            5.7             0               3               18           0
          30 May       20.1          154           2               5               11           18            5.7             2               2                 9             0
            4 Jun         20.6          153           0               2                 4           12            5.7             0               0                 0             0
          11 Jun       25.2          159           3               2               15           14            5.7             8               5               25           0
          18 Jun       26.7          158           2               1                 2             7             5.7             4               0                 0             0
          24 Jun       25.3          156           0               1                 6             4             5.7             4               2               11           0
            3 Jul         27.1          149           1               0                 0             0             5.7             2               0                 0             0
            9 Jul         27.5          149           2               2                 2           15            5.7             1               1                 5             0

            6 Aug        30.8          153           4               1                 1             8             5.7             4               5               72           3
          21 Aug       30.4          151           2               1                 2             8             5.7             1               3               19           0
            2 Sep         29.6          151           4               2                 3           12            5.7             1               3               23           1
            9 Oct         20.5          148           1               0                 0             3             5.7             1               0                 0             0
          30 Oct       24.6          151           1               4                 9           25            5.7             0               4               22           0

            6 Nov        17.9          149           8               4               12           11            5.7             0               9               30           1
          20 Nov       17.1          149           0               2                 4           16            5.7             1               5               20           1
          27 Nov        9.7           149           0               3               16           1             5.7             1               4               12           0
          10 Dec       10.8          152           0               6               34           0             5.7             0               12               43           0
          23 Dec        7.6           155           0               7               32           0             5.7             0               18             124           0

2006   21 Jan         9.4           149           0               2                 4             0             5.7             0               2                 8             0
          28 Jan       11.2          148           0               0                 0             0             5.7             0               5               27           0
          25 Feb       10.5          156           0               3                 5             4             5.7             0               10               32           0
          11 Mar       15.0          149           0               1               12           21            5.7             0               17               43           0
          31 Mar       15.1          148           0               8               24           4             5.7             0               25             114           0
          16 Apr       19.6          149           1               4                 8             5             5.7             0               7               14           0
          23 Apr       21.7          150           0               10               44           7             5.7             2               2                 5             0

Total                                 6350         45             120             573         365           234           41             220             986         13

Table 1. Sea turtles, bottlenose dolphins Tursiops truncatus, and gill nets observed during aerial surveys of the estuarine 
(Pamlico and Core Sounds) and coastal waters of North Carolina, July 2004 to April 2006. SST: sea surface temperature
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Fig. 2. Seasonal distribution of sea turtles (left panel), bottlenose dolphins Tursiops truncatus (middle panel), and gill nets
(right panel) relative to water depth in North Carolina, USA, in (A) spring (Mar−May, n = 8), (B) summer (Jun−Aug, n = 13), (C)
autumn (Sep−Nov, n = 14), and (D) winter (Dec−Feb, n = 8). Each symbol represents a single sighting. Survey effort (n) differed 

among seasons; thus, the number of sightings may reflect differences in effort, not actual abundance
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Counts of gill nets varied as a function of month,
year, turbidity, SST, glare, and weather (Table 3). In
contrast to turtle and dolphin GLMs, there did not
appear to be a difference in the apparent density of
gill nets as a function of habitat type (estuary vs.
coast). Predictions of gill-net counts over standard-
ized sightability conditions (Fig. 4) suggested no fish-
eries effort in December and January, a medium
level of effort in the spring and summer, and maxi-
mum effort in autumn (September to November).

DISCUSSION

The management of sea turtle and bottlenose dol-
phin interactions with commercial gill nets in North
Carolina’s waters is complicated by a need for more
information regarding specific times and locations
where habitat use is likely to overlap. In the present
study, we found that sea turtles and bottlenose dol-
phins exhibited distinct seasonal patterns of habitat
use within our study site, and that consideration of
these patterns may aid with the identification of
times and locations where turtles and dolphins are

most likely to co-occur with gill nets. For
sea turtles, habitat use appeared to be
largely driven by seasonal migration pat-
terns, which are strongly linked to water
temperature. However, habitat use by
bottlenose dolphins appeared to be more
closely tied to the seasonal movements of
prey that they feed upon.

Our aerial observations indicated that
gill nets were distributed throughout the
survey region year-round; however, sea
turtle distribution varied seasonally. For
instance, turtles were predominantly ob -
served in the eastern portion of the estu-
ary in spring upon migration into these
waters as water temperature increased,
and in autumn as water  temperature de -
clined and turtles moved back into the
eastern portion of the estuary prior to win-
ter emigration. However, turtles were dis-
tributed throughout the estuary (includ-
ing the eastern portion of the Pamlico
and Neuse Rivers) during summer. These
findings may suggest that sea turtle
bycatch in gill nets may be more likely to
occur in the eastern portion of the estuary
in spring and autumn, but that interac-
tions could occur throughout the estuary
 during summer.
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Season Estuarine water depth (m)
0.1−2.0 2.1−4.0 4.1−6.0 6.1−8.0
(31%) (22%) (27%) (20%)

Sea turtles
Spring 75 0 25 0
Summer 32 12 40 16
Autumn 26 22 26 26
Winter na na na na
Bottlenose dolphins
Spring 57 23 13 7
Summer 58 21 17 4
Autumn 75 19 3 3
Winter 61 39 0 0
Gill nets
Spring 80 13 7 0
Summer 81 18 0 1
Autumn 88 8 1 3
Winter 86 14 0 0

Table 2. Sea turtle, bottlenose dolphin Tursiops truncatus,
and gill net distribution in Pamlico and Core Sounds, North
Carolina, in relation to water depth. Data are presented as
percentages of the total number of sightings at each water
depth for each season. Winter water depth data are not
available (na) for sea turtles because they were not observed
during this time. Percentages within parentheses beneath
each water depth bin refer to the percentage of total estuar-

ine waters within that water depth bin
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Fig. 3. Autumn (Sep−Nov) distribution of sea turtles observed in estuarine
waters in relation to water depth, and regulated areas of Pamlico Sound,
North Carolina, 2004 to 2006. The large-mesh gill-net fishery is prohibited
in the deep waters (3 to 6 m) of the sound, the western and southern bor-
ders of which are shown as dashed lines. Large-mesh gillnetting is allowed
in: Shallow Gill Net Restricted Area (SGNRA) 1, SGNRA 2, and the Main-
land Gill Net Restricted Area (MGNRA). The MGNRA extends 200 yards
(183 m) from the shoreline, and is encompassed within the solid black line
that outlines its boundary. Each symbol represents a single turtle sighting
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Counts of sea turtles and gill nets were elevated
concurrently in spring and autumn, possibly further
increasing risk of interactions during this time. Gill-
net effort in North Carolina’s waters is typically
elevated in spring and autumn (Steve et al. 2001).
Elevated turtle counts in spring and autumn in
coastal waters may have been related to the sea-
sonal migration of turtles along the coast (Shoop &
Kenney 1992, Keinath et al. 1996, Hawkes et al.
2007, McClellan & Read 2007, Mansfield et al.
2009), while increased turtle counts in the estuary
in spring were also likely related to the repopula-
tion of this region as estuarine waters warmed
(Epperly et al. 1995a). Decreased counts in early/
mid-summer may have been the result of turtles
dispersing throughout the estuary, and thus moving
into areas outside of our study site, or turtles may

have been present, but were spend-
ing more time below the water’s sur-
face where they were not visible to
ob servers (e.g. engaged in benthic
foraging) (Byles 1988, Keinath 1993,
Keinath et al. 1996, Nelson 1996,
Mansfield 2006, TEWG 2009). Like-
wise, increased turtle counts in the
estuary in autumn could be the
result of turtles moving back into
the study site before emigrating
from the estuary, or an increase in
time spent at the water’s surface.

The absence of turtle observations
when mean survey SST was below
9.7°C (consistent with their lower
thermal limit of 8 to 10°C; Schwartz
1978, Morreale et al. 1992, Spotila et
al. 1997), and the significant positive
correlation between turtle counts and
increasing water temperature, is in -
dicative of the influence that water
temperature has on the occurrence of
turtles within this region. However,
the weakness of the correlation sug-
gests that once water temperature
has risen above the lower thermal
limit of turtles, their abundance is
also influenced by additional factors
(e.g. foraging strategies, mating ar -
eas). Seasonal regulations based on
a minimum water temperature (11°C)
below which the likelihood of en -
countering turtles is decreased have
been used to manage sea turtle−
fishery interactions in the coastal

waters off North Carolina and Virginia (NMFS 1996,
2001, 2002a), and also may be helpful for managing
gill-net interactions in the estuarine waters of North
Carolina.

Similar to sea turtles, bottlenose dolphins displayed
distinct seasonal patterns of movement and varia-
tions in predicted counts that may help identify loca-
tions and times when interactions with gill nets may
be more prevalent. However, because of the year-
round presence of dolphins in North Carolina, it is
likely that their abundance and movements are more
closely related to the effects of water temperature on
prey distribution than to their thermal tolerance. For
instance, gill-net landings for spot Leiostomus xan-
thurus and Atlantic croaker Micropogonias undula-
tus, the primary prey of dolphins in North Carolina’s
estuarine waters (Gannon & Waples 2004), are ele-
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Model k AIC

Sea turtles
Month × Type + Year + Turbidity + SST + Glare + Sea + Weather 40 549.3
Month × Type + Year + Turbidity + SST + Glare + Sea 35 544.2
Month × Type + Turbidity + SST + Glare + Sea 32 541.9
Month × Type + SST + Glare + Sea 30 539.4
Month + Type + SST + Glare + Sea 19 538.3
Type + SST + Glare + Sea 8 561.1
Month + SST + Glare + Sea 18 689.7
Month + Type + Glare + Sea 18 556.6
Month + Type + SST + Glare 16 544.8
Month + Type + SST + Sea 17 543.0

Bottlenose dolphins
Month × Type + Year + Turbidity + SST + Glare + Sea + Weather 40 1483.1
Month × Type + Year + Turbidity + SST + Glare + Sea 35 1479.3
Month × Type + Year + Turbidity + Glare + Sea 34 1477.3
Month × Type + Year + Turbidity + Glare 30 1480.7
Month × Type + Year + Turbidity + Sea 28 1485.6
Month × Type + Year + Glare + Sea 27 1503.8
Month × Type + Turbidity + Glare + Sea 26 1479.8
Month + Type + Year + Turbidity + Glare + Sea 13 1483.7

Gill nets
Month × Type + Year + Turbidity + SST + Glare + Sea + Weather 40 1543.3
Month + Type + Year + Turbidity + SST + Glare + Sea + Weather 29 1532.2
Month + Type + Year + Turbidity + SST + Glare + Weather 27 1529.9
Month + Year + Turbidity + SST + Glare + Weather 26 1527.9
Month + Year + Turbidity + SST + Glare 21 1561.6
Month + Year + Turbidity + SST + Weather 23 1528.5
Month + Year + Turbidity + Glare + Weather 25 1529.8
Month + Year + SST + Glare + Weather 24 1532.2
Month + Turbidity + SST + Glare + Weather 23 1530.7
Year + Turbidity + SST + Glare + Weather 15 1628.4

Table 3. Stepwise model selection criterion, starting with the global model, for
sea turtles, bottlenose dolphins Tursiops truncatus, and gill nets. The number
of parameters (k) and AIC score are presented for each model, and the se-
lected model for each dataset is presented in bold. Here, ‘Type’ gives habitat
type (estuarine or coastal), and ‘Sea’ gives Beaufort sea state. SST: sea surface 

temperature
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vated in the counties surrounding Pamlico and Core
Sounds in spring and autumn (Wilson 1997, Steve et
al. 2001, Gannon & Waples 2004). Dolphin counts
were also elevated in the estuary during these times,
but declined in mid-winter when dolphins moved
into the eastern portion of the estuary (and presum-
ably into the coastal waters as well; Waring et al.
2011), corresponding with the emigration of these
fish species from the estuary (Pacheco 1962, Chao &
Musick 1977, Warlen 1980). Likewise, in the coastal
waters, the southward migration of dolphins from
northern locations has been attributed to an increase
in the number of dolphins south of Cape Hatteras
during winter (Kenney 1990, Torres et. al 2005, War-
ing et al. 2011). This wintertime increase in dolphin
abundance was also apparent in our study, and cor-
responds with the formation of large aggregations of
weakfish Cynoscion regalis (a dominant food source

for dolphins during winter in North Carolina; Gan-
non & Waples 2004) south of Cape Hatteras (Pearson
1932, Wilk 1979). Additionally, the migration of dol-
phins (from northern locations) into the coastal
waters of North Carolina during winter, and the
movement of dolphins out of the estuary during this
time, likely explains the slightly stronger correlation
between dolphin counts and decreasing water tem-
perature in the coastal waters.

Although specific stocks of dolphins could not be
identified during our aerial surveys, the higher pre-
dicted counts of dolphin groups in the coastal habitat
compared to the estuary among all seasons is proba-
bly the result of the distribution of dolphin stocks in
North Carolina and their respective population sizes.
For example, the majority of dolphins we observed in
the estuary likely belong to the NNCES, which has a
much smaller population size (Read et al. 2003) than
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the 2 migratory stocks, the NMCS and SMCS (Torres
et al. 2005, Waring et al. 2011).

In the nearshore coastal waters, turtle and dolphin
distribution often overlapped with gill nets in the
region extending from Cape Hatteras to just south of
Ocracoke Inlet, possibly indicating increased risk of
interactions in this area. The abundance of gill nets
in this particular region may result from factors such
as the occurrence of aggregations of fish, and the
accessibility provided to the area by 2 stable inlets. In
addition, although historical gill-net activity is ele-
vated in winter along the coast of North Carolina
(Wilson 1997, Steve et al. 2001), concurrent with the
highest counts of dolphins during the current sur-
veys, we found that gill-net counts were not height-
ened along the coast during this time. The winter-
time discrepancy between our analysis and historical
gill-net activity may be due to an actual decrease in
gill-net effort (Byrd et al. 2008), or to the limited geo-
graphic coverage of our surveys relative to the entire
range of the winter gill-net fishery (Steve et al. 2001).
Gill-net effort can also vary greatly within a season
(Kolkmeyer et al. 2009), and we might not have sur-
veyed during the highest level of gill-net activity.

Our approach in the present paper was to use
GLMs to account for various environmental and
observation factors (e.g. turbidity, glare, weather, sea
state) that affected our ability to count sea turtles,
dolphin groups, and gill nets. Predictions from fitted
models (e.g. Fig. 4) could thus be made for optimized
sighting conditions, controlling for sampling artifacts
that were not of interest. However, predictions made
in this manner are still an index in the sense that ani-
mals (and gill nets) may still be imperfectly detected
even under good sightability conditions. For in -
stance, aerial abundance estimates for sea turtles are
negatively biased, because turtles spend the majority
of their time below the water’s surface, where they
are not visible to observers (Epperly et al. 1995a,
Mansfield 2006, TEWG 2009). In addition, telemetry
studies of sea turtles indicate that the amount of time
spent on the water’s surface also may vary seasonally
due to behavior (e.g. migration near the water’s sur-
face vs. benthic foraging), and/or environmental con-
ditions such as water temperature (i.e. turtles spend-
ing more time in warmer surface waters in early
spring) (Byles 1988, Keinath 1993, Keinath et al.
1996, Nelson 1996, Mansfield 2006, TEWG 2009).

Similar to dolphins, predicted counts of turtles were
greater in the coastal habitat compared to the estuary
among all seasons. While it is possible that turtle den-
sity may actually be greater in the coastal region, dif-
ferences in surfacing behavior between the 2 habitats

may also have influenced our aerial counts. For exam-
ple, satellite-tagged loggerhead turtles in North Car-
olina’s waters were found to spend significantly more
time at the surface while in coastal waters compared
to the estuary during all seasons (Braun-McNeill et al.
2010). Additional telemetry studies of sea turtles in
these waters would be beneficial to clarify the influ-
ence that geographical variations in surfacing behav-
ior may have on aerial estimates of abundance.

The results of the present study and of satellite-
tracked turtles (McClellan et al. 2009) confirm high
use of deep-water areas (where gillnetting is not
allowed) of eastern Pamlico Sound during autumn
and support continued regulations there to reduce
sea-turtle bycatch. However, it is important to note
that our observations were likely biased towards
larger turtles, as they are easier to see from higher
altitudes. Green sea turtles frequently forage on sea-
grass beds in shallow water (McClellan & Read 2009,
McClellan et al. 2009), and are now the most com-
monly captured species in the shallow-water gill-net
restricted areas of Pamlico Sound (Daniel 2012).
Long-term studies of sea turtles in North Carolina’s
estuarine waters have indicated the median size of
loggerhead, Kemp’s ridley, and green sea turtles to
be 61.6, 42.2, and 32.2 cm, respectively (Epperly et al.
2007). Although not identified as such, the size,
shape, and color of the majority of turtles we
observed was consistent with that of loggerhead tur-
tles. Thus, the seasonal distribution of green and
Kemp’s ridley turtles may have been underrepre-
sented during our surveys. In addition, large-mesh
gill nets are restricted to designated shallow-water
regions of Pamlico Sound during autumn, but we also
predominantly observed gill nets in shallow (≤2 m)
estuarine waters in all other seasons. Therefore, risk
of entanglement may be increased when turtles fre-
quent these regions, such as in spring, when the
majority of turtles were observed in shallow waters.

High use of the shallow estuarine waters by gill-net
fishers and dolphins in all seasons may indicate that
they are utilizing similar geographic features to cap-
ture fish. For instance, gill nets are often set perpen-
dicular to shoals or near marsh islands because these
features direct fish towards the nets (Steve et al.
2001). Similar to our observations in the estuary,
Gannon (2003) observed dolphins frequently using
the shallow waters (<3.5 m) of the Neuse River dur-
ing boat-based surveys, and suggested that they may
use the steep banks of the river to enhance the cap-
ture of prey. Likewise, dolphins in other estuarine
systems preferred feeding over or near shallow
waters (Scott et al. 1996, Barros & Wells 1998).
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The amount of time that gill nets remain in the
water (soak time) and when they are set (day or
night) may be influenced by factors such as weather
conditions, fishing regulations, and the species tar-
geted (Steve et al. 2001). Because our surveys only
occurred during the day, gill nets set in the evening
and removed in the early morning may not have
been detected. Furthermore, gill nets that were
removed in the morning would be less likely to be
detected in the northern portion of our survey area
since surveys always started in the southern region.
Therefore, overlap in habitat use among turtles and
dolphins with gill nets at night would be poorly rep-
resented by our surveys.

The present study provided a unique opportunity
to concurrently examine the year-round seasonal
occurrence of sea turtles, bottlenose dolphins, and
gill nets in North Carolina’s estuarine and coastal
waters. Within North Carolina’s coastal waters, risk
of entanglement in gill nets has long been recog-
nized, and federal observer programs have been
used to estimate bycatch levels of turtles and dol-
phins (Murray 2009, Waring et al. 2011). In contrast,
management of estuarine waters has not been as
comprehensive, and has largely been in response to
increased levels of bycatch or stranding events
(NMFS 1999, NCDMF 2009), instead of a compre-
hensive approach to a gear that is known to take sea
turtles and dolphins. Information presented here
indicates that specific areas and times when turtles
and dolphins may be more likely to interact with gill
nets in these waters can be identified due to the dis-
tinct seasonal patterns of habitat use exhibited by
these species. Such knowledge can help finetune the
allocation of observer coverage, and highlights po -
tential times and areas where coverage may not be
representative of the fishery. The present study also
shows risk of turtle bycatch outside of the designated
gill net restricted areas in Pamlico Sound and during
seasons other than autumn, further supporting the
need for bycatch estimates and possible conserva-
tion measures in other areas and among other sea-
sons. Furthermore, knowledge obtained of seasonal
changes in habitat use and abundance of dolphins
and turtles leads to a greater understanding of impor-
tant habitat for the species, and will also help miti-
gate interactions with other fisheries in these waters.
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