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Abstract The impact of fisheries on marine megafauna is
widely known but most studies have focused on commercial
fisheries, overlooking the effect of local recreational fisher-
ies. This is particularly important for marine turtles in near-
shore habitats that overlap with recreational fisheries. We
assessed the effect of recreational scallop fisheries on the dis-
tribution and behaviour of foraging marine turtles in the
coastal waters of the upper Eastern Gulf of Mexico. Before
and during the scallop season we quantified the density and
overlap of marine turtles and vessels sighted, and satellite
tracked four turtles to assess their distribution and behav-
iour. The relative distribution of marine turtles sighted dur-
ing the scallop season overlapped with 48% of the area most
frequently used by harvesters, and marine turtle activity
hotspots shifted between seasons. In addition, during the
scallop season the home range size of individual turtles
appeared to decrease, and turtles displayed frequent changes
in travel speed and directionality. We hypothesize that such
changes are probably related to the distribution and move-
ment of vessels and the abundant presence of people in the
water. Our study highlights the importance of considering
recreational fisheries and their local effect on marine mega-
fauna for informing future adaptive management practices.
However, further studies are needed to quantify the direct
and indirect impacts of recreational fisheries and to assess
the degree of risk of associated activities to marine turtle
populations.
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Introduction

ommercial, recreational and artisanal fisheries can

have both direct and indirect impacts on threatened
species (Crowder & Norse, 2008). Of particular concern is
bycatch, the unintended capture of non-target organisms
during fisheries operations, which is considered to be one
of the most serious threats globally to long-lived marine
megafauna such as marine turtles (Wallace et al., 2013).
Further impacts from fisheries can occur from vessel traffic,
which may affect the fitness of individuals, energy ex-
penditure, changes in foraging activity, displacement and
disturbance, and mortality (Hazel et al.,, 2007; Powell &
Wells, 2011; Barrios-Garrido & Montiel-Villalobos, 2016).
As a consequence, there has been substantial effort to evalu-
ate and address the impacts of fisheries on marine mega-
fauna (e.g. Zydelis et al., 2009; Lewison et al., 2014).

Assessments of the interactions between sea turtles and
fisheries have focused mainly on commercial fisheries,
with little attention to the effects of recreational fisheries
(Powell & Wells, 2011; Altieri et al., 2012; Young et al.,
2014). This is an issue as 12% of the world’s population
fish recreationally (Cooke & Cowx, 2004). In the USA rec-
reational fishing averaged over 73 million trips and c. 9 mil-
lion users annually during 2007-2017 (NMES, 2017). This
may have substantial consequences, both direct and indir-
ect, upon marine environments and species. The few studies
conducted to date have shown that recreational fishing and
related activities can have profound effects on animal popu-
lations and coastal ecosystems, including depletion of fish
populations and ecosystem collapse from trophic-level cas-
cades (Cooke & Cowx, 2004; Altieri et al., 2012; Young et al.,
2014).

Recreational fisheries in marine environments are con-
centrated in coastal areas, which are also home to multiple
species and populations of marine turtles. This is the case
within the Big Bend Region of north-western Florida,
which serves as important developmental habitat for green
Chelonia mydas, Kemp’s ridley Lepidochelys kempii, and
loggerhead Caretta caretta turtles (e.g. Schmid et al., 2003;
Barichivich, 2006), and also supports Florida’s largest recre-
ational bay scallop Argopecten irradians harvest. The scallop
fishery occurs annually from late June to late September
(Geiger et al., 2015), a period with water temperatures
favourable for marine turtles (Schmid & Witzell, 2006).
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Currently, the scallop fishery is open access, with regula-
tions set only on individual bag limits and no monitoring
of the number of users or the spatial extent of the fishery
(Geiger et al,, 2015). The fishery attracts thousands of
users each year to centralized, easily accessible locations
with high scallop densities (Greenawalt-Boswell et al.,
2007). This has the potential to affect turtle distributions, in-
crease mortality from vessel strikes, and damage sensitive
seagrass habitat (NMFS & USFWS, 1991; NMES et al,
2011). Despite the overlap between marine turtles and the
scallop fishery, the potential impact on marine turtles in
the region is unknown.

To investigate the potential impacts of recreational fish-
eries on marine turtles we first explored the distribution of
marine turtles before and during the scallop harvest season,
and assessed the overlap between recreational harvesters
and turtles. We then evaluated if home ranges of individual
turtles changed before and during the scallop harvest season
and whether associated boating activities from the recre-
ational scallop fishery affected marine turtle behaviour.

Study area

This study was conducted in the coastal waters of the upper
Eastern Gulf of Mexico in the vicinity of Crystal River in
Citrus County (Fig. 1). The study area contains three
management areas designed to promote the conservation
and restoration of aquatic resources: St. Martins Marsh
Aquatic Preserve, Chassahowitzka National Wildlife
Refuge, and a Manatee Protection Zone (Supplementary
Fig. 1). The region has been identified as important marine
habitat for green, loggerhead, and Kemp’s ridley marine
turtles (Schmid, 1998; Barichivich, 2006; Eaton et al,
2008) and is also a popular area for recreational harvest of
the bay scallop, a species of ecological and economic im-
portance in the region (Geiger et al.,, 2015). Some species

of turtles, loggerhead and Kemp’s ridley turtles in particular,
have been reported to feed on scallops and other bivalves
(Burke et al., 1994; Makowski et al., 2006; Warden, 2011).
The harvest area spans 430 km of coast (Supplementary
Fig. 1), and is particularly popular in Steinhatchee, Port
St Joe, and Crystal River/Homosassa Springs. The 2016
scallop harvest season was 25 June-24 September.

Methods

Vessel and turtle sighting distribution

Vessel locations were obtained by randomly selecting the
northern or southern boundary of the study area and then
systematically recording the location of each vessel from
north to south or south to north, dependent on start loca-
tion, using a laser rangefinder with a global positioning sys-
tem (GPS). One continuous transect was performed during
each survey day, for a total of 7 transects before the scallop
harvest season, and 10 transects during the season
(Supplementary Table 1). Turtle sightings were recorded op-
portunistically when observed during vessel surveys. Vessel
and turtle sightings were standardized based on the number
of survey days in each season. Survey days were randomly
selected within each month, between 22 May and 24
September 2016.

A separate 10-day trip was conducted to capture and tag
turtles. Turtles were captured using the rodeo technique
(Limpus & Walter, 1980; Fuentes et al., 2006) and by dipnet,
and brought to the boat to be processed. Standard straight
carapace length (+ 0.1 cm; SCL) was measured from the an-
terior point at midline (nuchal scute) to the posterior tip of
the supracaudals (Balazs, 1999). Each individual turtle was
marked with two Inconel flipper tags (Style 681, National
Band and Tag Company, Newport, USA) and a passive
integrated transponder (PIT tag, Biomark, GPT12; Balazs,
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1999). Turtles were also checked for the presence of fibropa-
pillomatosis; only visibly healthy turtles without fibropapil-
lomatosis were considered for satellite tag deployment.

We deployed Argos-linked Fastloc GPS (Wildlife
Computers SPLASH 10-BF-351E, Redmond, USA) tags on
two green turtles, one Kemp’s ridley and one loggerhead
turtle during 5 May-11 June 2016, prior to the scallop season
(Supplementary Table 2). Satellite tags were attached using
the methods described by Seney et al. (2010) for small juven-
ile turtles, which allows for the increased growth rates of
smaller turtles while minimizing transmitter loss. Turtles
were kept on board for a maximum of 2 h, to reduce behav-
iour disruption. Satellite-derived GPS positions of each tur-
tle were extracted from early June until the last location was
transmitted. Positions were then filtered to exclude very low
accuracy Argos fixes (A, B, Z) and remove temporal/spatial
duplicates and locations with unlikely travel and turning
speeds, using the data-driven SDL filter (Shimada et al,,
2012) in R v. 3.4.3 (R Core Team, 2017). A second manual
filter was applied to remove fixes located on land and
obvious erroneous fixes that might not have been depicted
by the SDL filter (e.g. too far away). Temporal distribution
of filtered fixes is shown in Supplementary Fig. 2.

Data analysis

We used the Kernel Density Analysis tool in ArcGIS 10.3
(ESRI, Redlands, USA) and the isopleth function in GME
0.7.3 (Beyer, 2012) to identify the density, distribution area
(where 95% of sightings were recorded) and hotspots
(where 50% of sightings were recorded) of harvest vessels
and marine turtles. The distribution area of marine turtles
before and during the scallop harvest season, and between
marine turtles and vessels during the scallop harvest season,
were compared qualitatively. To quantify the percentage of
overlap between vessels and marine turtle areas during the
harvest season, we used the Zonal Statistics as Table tool in
ArcGIS.

To estimate home ranges and core areas of tracked turtles
we considered all filtered locations for each season (before
and during scallop harvest season; Supplementary Table 2),
and computed utilization distribution, applying a movement-
based kernel density estimation based on a biased ran-
dom bridge model (Benhamou, 2011) with the package
adehabitatHR (Calenge, 2011) in R. Home ranges were de-
fined as the 95% utilization distribution and core areas as
the 50% utilization distribution.

We employed a Behavioral Change Point Analysis
(Gurarie et al.,, 2009) to assess potential changes in the
movement behaviour of the tracked turtles 2 weeks before
and after the beginning of the harvest season (25 June
2016). Change points, which are moments in time in
which the Behavioral Change Point Analysis identified a sig-
nificant change in behaviour, were assessed based on their

Behaviour of foraging marine turtles

TasLE 1 Size of home ranges (95% utilization distribution) and core
areas (50% utilization distribution) of individual green Chelonia
mydas, Kemp’s ridley Lepidochelys kempii and loggerhead
Caretta caretta turtles tracked with satellite telemetry, before and
during scallop harvest season.

During scallop
Before scallop season season

Home Core Home Core
range area range area
Turtle ID (km?) (km?  (km?) (km?)
Green turtles
Cm_1 194.5 29.6 54.5 6.2
Cm_2 5.9 1.3 2.0 0.4
Kemp’s ridley turtle
Lk_1 5.4 0.8 14.5 1.7
Loggerhead turtle
Cc_1 44.2 8.6 354 7.3

proximity to the beginning of season date. The values of
the movement parameters (persistence velocity, variability
in persistence velocity, tortuosity and travel speed) were
compared before and after the significant change points.
Persistence velocity is a measure that accounts for speed
and directionality of the individual, and tortuosity is a meas-
ure of how much an individual turns.

Results

Spatial distribution of marine turtle and vessel sightings

We recorded 14.9 = SD 12.4 marine turtles per day and 36.3
+ SD 33.7 vessels per day before the scallop harvest season,
and 12.7£SD 10.9 marine turtles per day and 260.1+SD
151.8 vessels per day during the scallop season. The majority
of vessels observed along the transects were stationary, and
were probably engaging in scallop and fishing activities. In
terms of turtle-vessel interactions, we did not witness any
boat-strikes during the surveys but turtles were commonly
observed fleeing from our research vessel. The relative dis-
tribution of marine turtles, particularly the distribution of
marine turtle hotspots, shifted before and during the scallop
harvest season (Fig. 1a). Additionally, during the scallop
harvest season 48% of the relative turtle distribution area
overlapped with vessels (Fig. 1b), with a mean of 4.5 vessels
per 500 m” grid cell (range 0-33 vessels per cell).

Changes in individual marine turtle distribution

Mean home range size was 70 = SD 84.6 km? before the scal-
lop harvest season, and 27.5+ SD 22.6 km® during the scal-
lop harvest season (Table 1; Fig. 2). Average core area was
10.2£SD 13.4 km® before and 4.1+ SD 3.2 km* during the
scallop harvest season (Table 1; Fig. 2). Home ranges and
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Fic. 2 Home ranges (95% utilization distribution) and core area (50% utilization distribution) (upper panels), and changes in
behaviour (lower panels) of four turtles tracked with satellite telemetry. Black horizontal midline, mean persistence velocity; grey
hoizontal outer lines, variability (standard deviation) of persistence velocity; 1, tortuosity (cooler colours indicate relative straighter
movements, whereas warmer colours indicate more relative tortuous movements); vertical purple lines, significant change points
(indicative of significant changes in turtle behaviour); grey shaded area, scallop harvest season. AP, Aquatic Preserve; NWR, National

Wildlife Refuge.

core areas appear to be on average smaller during the scallop
harvest season, but the small sample size impeded statistical
assessment of these observations. The spatial distribution of
home ranges before and during the scallop season varied
among individuals, with no consistent pattern: Cm_1 used
multiple areas near- and further offshore, Cm_2 and Lk 1
remained in near-shore waters, and Cc_1 remained relatively
nearshore during both periods.

Changes in individual marine turtle behaviour

In general, a significant change point was identified on the
day (Fig. 2a, ¢) or close to the beginning of the scallop har-
vest season (Fig. 2b, d). In all cases, there was an increase in
the persistence velocity after the significant change point
(Fig. 2; Table 2). The travel speed and variability in the per-
sistence velocity of three of four turtles increased after the
change point, whereas tortuosity varied among individuals
(Fig. 2; Table 2).

Discussion

Our study indicates that scallop recreational fisheries can
potentially influence the temporary distribution of marine
turtles and drive changes in their movement ecology. It is
likely that the observed changes (e.g. turtles shifting further

nearshore, faster and more frequent movements during the
scallop harvest season) are a behavioural response to the
seasonal increase in the presence of boats (moving and sta-
tionary) and people (snorkelling) within the turtles’ habitat.
Based on interviews carried out in a larger study of the per-
ceptions and motivation of boaters in Crystal River, < 90%
of respondents indicated they use the area for scalloping and
fishing (MMPBE, pers. obs.). Practices employed to harvest
scallops recreationally include travelling and anchoring
boats, and snorkelling at depths of 1-3 m to manually re-
move the scallops from the seagrass beds (FWC, 2017).
These harvest practices are unlikely to pose an imminent
risk to marine turtles, compared to entanglement and po-
tential mortality in fishing nets and lines used in other
coastal fisheries (Sasso & Epperly, 2006; Gilman et al.,
2010). However, marine turtles are probably startled by
the presence of high numbers of boats and swimmers
(Hodgson & Marsh, 2007; Powell & Wells, 2011), which
can lead to changes in their behaviour and could potentially
have repercussions for their fitness.

Boating and fishing activities in nearshore areas can af-
fect ecosystems at different levels, from individual fitness
and population dynamics to changes in the physical struc-
ture of the habitat, community structure and ecosystem pro-
cesses (Auster & Langton, 1999). At the individual level,
higher exposure to vessels increases the risk of boat-strikes
(Hazel et al., 2007) and noise pollution (Samuel et al., 2005),
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TasLE 2 Individual behavioural parameters of movement bouts before and after the closest significant change point to the beginning of the

scallop harvest season (25 June 2016).

Travel speed

Date of first fix after sig- (km/h) Persistence velocity = SD Tortuosity

Turtle ID nificant change point Before After Before After Before After
Green turtles

Cm_1 25 June 0.163 0.629 0.005+0.034 0.055£0.150 0.270 0.007

Cm_2 27 June 0.060 0.047 0.009£0.015 0.003£0.010 0.058 0.056
Kemp’s ridley turtle

Lk 1 25 June 0.153 0.248 0.000%0.031 0.013£0.056 0.001 0.001
Loggerhead turtle

Cc_1 2 July 0.109 0.163 0.011£0.024 0.003£0.041 0.000 0.027

which can also have implications on the species’ foraging
behaviour and energy budgets (Jones & Seminoff, 2013).
In terms of behaviour, the presence of vessels and associated
noise can alter regular behavioural patterns, by decreasing
surfacing time and increasing flight responses to escape or
avoid a perceived threat (Hazel et al., 2007; Wirsing et al.,
2008). Such movements correspond with the increase in
speed and directionality identified for the turtles tracked,
and could explain the lower rate and quality of satellite-
derived locations received during the scallop harvest
season. Frequent flight movements will probably increase
the metabolic rate of individuals, and energy expenditure,
which in turn decreases the internal energy available for
storage and somatic growth (Hamann et al., 2002; Jones &
Seminoff, 2013). Further investigation of how the observed
distributional and behavioural changes relate to the
foraging ecology and overall energy expenditure of turtles
in the region is warranted. This would provide insights
into the direct impact of recreational fisheries on turtles,
and the overall impact from the high density of boats and
swimmers.

Indirect effects of recreational fisheries to marine turtles
could occur through impacts on seagrass beds (Hallac et al.,
2012), which are important habitats for several species of
marine turtles (Bjorndal et al., 1997; Schmid et al., 2003;
Bjorndal & Bolten, 2010). A major impact of boating activ-
ities in coastal habitats is the fragmentation and degradation
of seagrass beds as a result of extensive scarring and anchor-
ing. The fragmentation of seagrass beds negatively affects
the growth and regeneration rates of seagrass species, dis-
rupts associated invertebrate communities, increases ero-
sion and suspended sediments (thus decreasing visibility),
and has been linked to decreasing biodiversity in coastal ha-
bitats (Hallac et al., 2012; Nordlund & Gullstrom, 2013).
Problems derived from seagrass scarring have been high-
lighted during multiple and extensive seagrass monitoring
programmes along the Eastern Gulf of Mexico (FWC,
2013), and can indirectly affect availability and quality of
food for turtles in the region. It is possible that damage to
marine turtle foraging habitat is influencing the changes

in distribution of turtles during and after the scallop season.
Marine turtle hotspots outside the scallop harvest season
appear to overlap with areas highly used by harvesters dur-
ing the scallop harvest season, whereas marine turtle hot-
spots during the scallop harvest season appear to shift and
not overlap as much with areas of high vessel density.
Nevertheless, these results should be interpreted with caution,
given that turtle sightings were recorded opportunistically.
However, it is likely that the number of turtles that actually
overlap with the scallop fishing area is higher than we re-
corded, given that limited accessibility to high density vessel
areas hinders the detection of turtles. Changes in the relative
distribution of individuals between seasons can alter the
dynamics of the marine turtle populations, increasing dens-
ity of turtles in patches avoided by harvesters, which are
probably the less damaged habitats.

Marine turtle distributions are influenced by multiple
factors including, but not limited to, local and oceanic cur-
rents (e.g. Wildermann et al., 2017), abundance and access to
prey (Witt et al., 2007), shelter (Christiansen et al., 2017),
presence of predators (Heithaus, 2013), and seasonal shifts
in water parameters (Schmid & Witzell, 2006; Shimada
et al,, 2016). Moreover, intra- and inter-specific differences
in behaviour are also common among marine turtles. For
example, distributional dichotomy has been shown in
green turtles, which have distinctive resting (nocturnal)
and foraging (diurnal) areas within their home range
(Makowski et al., 2006; Christiansen et al., 2017). Such be-
haviour could explain the use of multiple patches by turtle
Cm_1 (Fig. 2). Temperature-dependent changes in behav-
iour are also typical between seasons (summer/winter)
(Schmid & Witzell, 2006). Home range size is expected
to increase in the summer when turtles are more active
(Shimada et al., 2016) but our results show an apparent de-
crease in home range size following the start of the scallop
harvest season. Given that the tracking of turtles took place
during summer months (June—August) when average water
temperatures are fairly constant (28.8-30 °C; NOAA, 2017),
it is unlikely that temperature had a substantial influence
in the observed changes. Nevertheless, further integrative
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studies including comprehensive habitat characterization
(Bestley et al., 2013), stable isotope analysis (Pajuelo et al.,
2016) and fine-scale behavioural ecology (Okuyama et al.,
2010; Watanabe & Takahashi, 2013) are needed to evaluate
the extent to which other factors could be driving habitat
selection and use by marine turtles in the region. This
could provide further insights into the direct and indirect
impacts of recreational fisheries on marine turtles.

Understanding the interaction between anthropogenic
pressures and marine species is vital to inform local man-
agement and conservation practices. Marine turtles in near-
shore habitats reportedly tend to avoid areas with high
human activity related to heavy boat traffic or intensive fish-
ing (Renaud et al., 1995; Seminoff et al., 2002). The largest
effect of the vessel-turtle interaction in Crystal River is
probably related to the presence of a high number of vessels
engaged in harvest activities. To reduce this effect, manage-
ment measures could focus on number of vessel quotas al-
lowed in any given area, or maintaining a minimum
distance between boats (Norman, 2009). Another mitiga-
tion strategy is the establishment of speed restrictions,
such as go-slow zones (Calleson & Frohlich, 2007; DERM,
2008). Areas used by turtles in the study area are within
zones that do not have speed regulations and/or the
40 km/h speed zone of the Manatee Protection Zone.
Such speeds are probably too fast for turtles to avoid colli-
sions. Green turtles have been reported to react to vessels
when the boat speed is up to 4 km/h (Hazel et al., 2007).
Although the area used by marine turtles is too large to be
transformed entirely into a go-slow zone, slow speed areas
could be expanded to include marine turtle hotspots. We
recommend marine turtle behaviour should be considered
in the planning of future management actions in coastal
areas along the Eastern Gulf of Mexico.

In conclusion, our study highlights the importance of
considering recreational fisheries when assessing the spa-
tial ecology of coastal marine turtle populations, even
though the fishing practices in use might not pose an evi-
dent imminent risk to the species. The cumulative and syn-
ergistic exposure of marine turtles to direct and indirect
pressures derived from recreational fisheries, in addition
to other natural and atrophic threats, can have detrimental
effects on the overall persistence of turtle populations
(Fuentes et al., 2011; Maxwell et al., 2013). Further studies
on seasonal effects on marine turtle behaviour and habitat
use in the study area are needed. Such studies would bene-
fit from more tracking data before, during and after the
scallop harvest season. In addition, studies that quantify
the response of marine turtles to the presence of vessels
(e.g. using animal-borne technologies), and assess the
medium- and long-term impact of the scallop and other
recreational fisheries on the fitness and population dynam-
ics of marine turtle populations would be informative for
management purposes.
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