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1.  INTRODUCTION 

Incidental capture of marine organisms, also 
known as bycatch, and its effects on these organisms 
are relatively well documented for commercial fish-
eries (Crowder et al. 1995, Read et al. 2006, Davies et 
al. 2009, Carruthers & Neis 2011). Efforts to reduce 
commercial bycatch have led to the design of tech-
nologies and procedures aimed at minimizing the 

potential for bycatch of protected species (Read et 
al. 2006, Coleman et al. 2016). While commercial by -
catch represents a large portion of overall bycatch, 
recreational bycatch poses similar risks to marine 
species, especially endangered species; however, the 
patterns, dynamics, and even total amounts of recre-
ational bycatch are not as well understood or docu-
mented (Davies et al. 2009). While most recreational 
hook-and-line bycatch is broadly distributed, sea tur-
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tle bycatch at fishing piers is localized and seasonal 
(Lamont et al. 2021, Sea Turtle Stranding and Sal-
vage Network [STSSN] unpubl. data). Higher by -
catch rates are observed during the summer months, 
especially when certain fish stocks are in season, e.g. 
Florida pompano Trachinotus carolinus season in 
northwestern Florida (FL), and lower in the winter 
when fishing intensity is decreased (Schrandt 2015, 
Lewin et al. 2019, Lamont et al. 2021). Reducing by -
catch requires fisheries stakeholder engagement, an 
effective regulatory authority, and the ability to miti-
gate bycatch. Therefore, bycatch reduction remains 
an expensive and laborious conservation activity.  

Fishing piers are an important source of recre-
ational bycatch and entanglement for avian, fish, and 
other megafaunal species, such as sea turtles (Don-
nelly-Greenan et al. 2019, Cook et al. 2020, Pate et al. 
2021). In fact, recreational bycatch of sea turtles has 
been documented at fishing piers along the US Gulf 
of Mexico (GoMx) by STSSN for >40 yr (Canon et al. 
1994, STSSN unpubl. data, https://www.fisheries.noaa.
gov/national/marine-life-distress/sea-turtle-stranding-
and-salvage-network). Most of the existing research 
focuses on bycatch of Kemp’s ridley sea turtles Lepi-
dochelys kempii at fishing piers in Texas and Missis-
sippi following anomalously high levels of bycatch in 
1992, 2002, and from 2012 to 2015 (Canon et al. 1994, 
Rudloe & Rudloe 2005, Seney 2008, 2016, Coleman et 
al. 2016, Cook et al. 2020, Howell et al. 2021). 

Similarly, northeastern GoMx fishing piers also ex-
perience recreational sea turtle bycatch; however, 
green sea turtles Chelonia mydas and loggerhead sea 
turtles Caretta caretta are more commonly inciden-
tally captured (Lamont et al. 2021, STSSN un publ. 
data). Three species of sea turtles (loggerhead, Kemp’s 
ridley, green) that frequent the GoMx are incidentally 
captured at FL fishing piers (Gulfarium C.A.R.E. Cen-
ter unpubl. data, STSSN unpubl. data). All these spe-
cies are Vulnerable (loggerhead), En dangered 
(green), or Critically Endangered (Kemp’s ridley) on a 
global scale, according to the IUCN. Further, within 
the US, sea turtles in the north Atlantic are listed as 
threatened (loggerhead and green) or endangered 
(Kemp’s ridley) under the Endangered Species Act. 

Recreational sea turtle bycatch at Navarre Beach 
Fishing Pier (NP) is the highest reported along the 
FL GoMx coast, and predominantly consists of 
green sea turtles (Lamont et al. 2021, Gulfarium 
C.A.R.E. Center unpubl. data, STSSN unpubl. data; 
our Fig. 1). While the total number of reported inci-
dentally caught sea turtles is lower than the inci-
dence rates previously reported in Mississippi from 
2012 to 2015 (n = 1012, Cook et al. 2020), bycatch 

data from the Gulfarium C.A.R.E. Center, based on 
stranded individuals rescued for veterinary care, 
indicates that recreational bycatch at NP has grown 
since 2015 (Howell et al. 2021, Gulfarium C.A.R.E. 
Center un publ. data, STSSN unpubl. data). From 
2015 to 2016, NP averaged 7.5 sea turtles inciden-
tally captured yr−1, but from 2017 to 2020, NP aver-
aged 35 sea turtles incidentally captured yr−1, which 
is nearly a 500% increase (Gulfarium C.A.R.E. Cen-
ter unpubl. data, STSSN unpubl. data). The bycatch 
is likely even higher than documented, as hooked 
sea turtles are not always reported by fishermen or 
able to be successfully rescued by stranding teams, 
in which case they would not be included in the 
STSSN database (Cook et al. 2020). Recreational 
bycatch occurs variably across FL GoMx fishing 
piers, which suggests that among other variables, 
environmental factors may influence bycatch. How-
ever, all of these factors are not well understood, nor 
are the potential impacts of recreational bycatch on 
sea turtle population recovery. 

Other factors, such as reporting effort, can also 
influence recreational bycatch rates across FL GoMx 
fishing piers. Unlike commercial fisheries, which are 
observed by trained individuals who document 
bycatch of imperiled species, recreational fisheries 
are largely reliant on self-reporting of bycatch from 
fishermen (Cook et al. 2020). Many FL fishing piers 
along the GoMx, including NP, are part of the Re -
sponsible Pier Initiative (RPI), which promotes edu-
cation and outreach at piers to encourage responsi-
ble fishing and proper reporting (https://marinelife.
org/conservation/shield/responsible-pier-initiative/, 
Plotkin & Pena 2014). Fishing piers associated with 
the RPI display signage regarding dangerous inter-
actions between fishermen and wildlife, including 
what to do if you hook a sea turtle (https://marinelife.
org/conservation/shield/responsible-pier-initiative/, 
Plotkin & Pena 2014). Greater outreach has been 
shown to increase awareness, and it could increase 
reporting of bycatch; therefore, the site’s sea turtle 
recreational bycatch rates can also be influenced by 
awareness of the parties involved (Cook et al. 2020). 

The reported sea turtles that are incidentally cap-
tured are often taken to local rehabilitation facilities 
for hook removal and an overall health assessment 
before being released (FWC 2016). While fishing bait 
may directly attract sea turtles to fishing piers, espe-
cially for Kemp’s ridley and loggerhead sea turtles, 
which are both carnivorous, it is surprising that 
green sea turtles, nominally herbivores, are fre-
quently incidentally captured at some piers. How-
ever, juvenile green sea turtles can be omnivorous, 
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though most reports suggest that invertebrates are 
usually ingested, not fish, but it is possible that juve-
niles could be attracted to fishing bait (Nagaoka et al. 
2012, Williams et al. 2014, Howell & Shaver 2021). 
Moreover, many rescued sea turtles at fishing piers 
are foul-hooked, where the hook is caught on some 
body part other than the mouth, which suggests that 
sea turtles could either not be targeting bait when 
incidentally captured or become foul-hooked acci-
dentally before ingesting bait (Gulfarium C.A.R.E. 
Center unpubl. data, STSSN unpubl. data). From 
2015 to 2020, 179 sea turtles arrived at Gulfarium 
C.A.R.E Center from fishing piers (Gulfarium 
C.A.R.E. Center unpubl. data). Most sea turtles had 
fishing gear (i.e. hooks or fishing line) attached or 
entangled around their body (76%), and many sea 
turtles were rescued with hooks in their mouths or 

gastrointestinal tracts (52%) (Gulfarium C.A.R.E. 
Center unpubl. data). Sea turtles observed with 
numerous hooks within the gastrointestinal tract 
would suggest evasion from previous hook-and-line 
bycatch incidents. Anecdotally, some sea turtles that 
arrive at Gulfarium after being hooked at fishing 
piers show signs of declining health (increased epi -
biont load, sluggish movements, and lack of ap -
petite). It is possible that sea turtles with declining 
health feed around fishing piers due to the decreased 
energetic investment required to feed when com-
pared to natural foraging habitats in the area. Per-
haps fishing pier bycatch is a multidimensional prob-
lem more complex than depredation, as sea turtles 
are hooked externally at such a high rate, reported 
sea turtle bycatch of each species does not occur 
equally across all of FL GoMx fishing piers, and some 
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sea turtles observed and rescued at fishing piers dis-
play signs of declining health. 

While bait may attract sea turtles to fishing piers, 
the environmental context of fishing piers may also 
drive bycatch patterns. Sea turtles frequently forage, 
nest, and traverse nearshore habitats in the GoMx 
(Lamont et al. 2015, Hart et al. 2018, Lamont & John-
son 2021, Lamont et al. 2021, Siegfried et al. 2021). 
Short distance foraging movements have been ob -
served among sea turtles, suggesting the importance 
of foraging sites dense with resources (Lamont & 
Iverson 2018). Additionally, sea turtle movements 
during foraging are generally shorter than their 
movement during migrations (Song et al. 2002, Hart 
& Fujisaki 2010, MacDonald et al. 2013). Therefore, 
the proximity of piers to various habitats and the 
structural complexity of fishing piers likely attracts 
sea turtles to those piers and, as a result, can impact 
turtle bycatch (Fikes 2013, Holloway-Adkins & Ha -
nisak 2017, Siegfried et al. 2021). 

Current work on recreational sea turtle bycatch at 
fishing piers centers around the prevalence of its 
occurrence, social factors (e.g. fishing practices), 
behavioral selections for sea turtles inhabiting piers, 
and diet of the sea turtles incidentally captured 
(Canon et al. 1994, Rudloe & Rudloe 2005, Seney 
2008, 2016, Coleman et al. 2016, Cook et al. 2020, 
Lamont et al. 2021, Rose et al. 2022). Here, we inves-
tigated potential predictors of sea turtle recreational 
bycatch at FL GoMx fishing piers by con ducting spa-
tial analysis in ArcGIS to determine the relationship 
between environmental variables and re creational 
bycatch. These results can be used to inform man-
agement plans to reduce harmful inter actions with 
sea turtles at fishing piers. 

2.  MATERIALS AND METHODS 

2.1.  ArcGIS data collection 

We obtained data on stranded sea turtles from the 
FL STSSN from 2015 to 2017 to create a record of 
GPS coordinates for 21 FL fishing piers along the 
GoMx with reported bycatch (https://www.fisheries.
noaa.gov/national/marine-life-distress/sea-turtle-
stranding-and-salvage-network, STSSN unpubl. 
data). We also collated GIS spatial maps of artificial 
reefs (FWC 2020a), seagrass beds (FWC 2020b), 
bathymetry (200 m isobath, FGDL 2002), preserved 
waters (state-owned submerged land that has been 
set aside due to increased ecological, scientific, 
esthetic significance, FDEP 2011a), and outstanding 

waters (state surface waters that were set aside to be 
protected from any further environmental degrada-
tion, FDEP 2011b), and sea turtle nesting density at 
index and state-monitored beaches (FWC 2020c) 
along the FL GoMx Coast, as these could be biologi-
cally relevant to influence sea turtle occupancy and 
bycatch at fishing piers. We used ArcGIS Pro (v.2.9.1) 
to visualize the spatial relationships between sea tur-
tle bycatch and the pier’s location in FL. 

Using the measure function in ArcGIS, we meas-
ured the distance to the coastal shelf break (defined 
as the 200 m isobath, used as an indicator of produc-
tivity, Pondella et al. 2019), the distance to the nearest 
seagrass bed, and the distance to the nearest artificial 
reef by taking the straight-line distance across 
aquatic habitat for each of the FL GoMx piers. We 
used home range and core use area buffers surround-
ing the fishing piers to define zones of potential habi-
tat within a sea turtle’s movement range. We defined 
home range as the area sea turtles established for for-
aging and inhabited on a consistent basis (Makowski 
et al. 2006, Lamont et al. 2015, Lamont & Iverson 
2018). We defined core use areas as the areas of the 
home range sea turtles preferentially occupied (Bing-
ham & Noon 1997, Makowski et al. 2006, Lamont & 
Iverson 2018). Then, buffers for each pier were cre-
ated based on existing satellite telemetry analysis of 3 
sea turtle species (green, loggerhead, and Kemp’s rid-
ley) in the northern GoMx (Lamont & Iverson 2018). 
Since green and loggerhead sea turtles were the spe-
cies primarily incidentally captured, the buffers were 
adapted from the core use area (17.2 km2) and home 
range (70.8 km2) estimates reported in Lamont & Iver-
son (2018). However, we doubled the area estimates 
reported in Lamont & Iverson (2018) for home range 
and core use area to allow for uncertainty in the loca-
tion of the center of the sea turtles’ home range and 
core use areas. 

We then ascertained the area of seagrass beds, 
area of preserved water, area of outstanding water, 
tonnage of artificial reef, area of conserved land 
(mostly undeveloped property that retained its natu-
ral condition and was managed with a commitment 
to preserve the natural state, https://www.fnai.org/
conslands/conservation-faq), and length of con-
served nesting shoreline (sea turtle nesting coastline 
that fell within an area of conservation land), within 
a turtle’s estimated core use area and home range 
buffers of the pier (data for global model variables 
are available in Table A1 in the Appendix). The sea-
grass beds that fell within the home range and core 
use area buffers were converted into separate layers 
using the intersect and clip tools in ArcGIS. The area 
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of those clips was calculated using the calculate 
shape geometry function. We used the selection by 
location function to examine the seagrass beds 
within the core use area and home range buffers for 
each pier. The total area was calculated by summing 
the area from each seagrass bed within the home 
range and core use area buffers of the piers. The 
same methodology was used to calculate the area of 
preserved water, conserved water, conserved land, 
and length of conserved nesting shoreline. A layer of 
conserved nesting shoreline was created by clipping 
a FL nesting shoreline layer where it fell within the 
conserved lands layer. 

The tonnage of artificial reefs within the buffers 
was calculated by using the select by location feature 
for each pier’s home range and core use area buffers 
to select the artificial reefs within proximity of each 
pier. Since tonnage of artificial reef was an attribute 
of the layer, the tonnage was summed for each indi-
vidual pier’s selection. Tonnage served as a more 
functional measure for the amount of artificial reef 
since artificial reefs usually represent a discrete point 
rather than a broad area like seagrass beds. Depend-
ing on the material used, amount deployed, area, and 
the depth variation that occurs at these sites, the reef 
could have a vastly different environmental footprint. 
The measurement of tonnage allowed us to better 
estimate the amount of potential habitat and 3D 
structure present at each of these discrete reef sites. 

The density of sea turtle nesting at the nearest 
index beach and state-monitored beach was calcu-
lated by averaging sea turtle nests for each beach. 
Some piers were not located within a reasonable 
proximity of a nesting beach, so the nesting density 
for those piers was recorded as 0 (see Table 1). We 
included this variable as it is plausible that areas with 
higher average nesting effort would have more sea 
turtles transiting towards the nesting beaches, at 
least during the nesting season (nominally May 1 to 
October 31), which, in turn, could then increase the 
chance of bycatch. The average nesting effort was 
then divided by the length (km) of the beach to deter-
mine the nesting density (avg. sea turtle nests km−1). 

2.2.  Data analysis and model selection 

We statistically analyzed environmental correlates 
of sea turtle bycatch (following Zuur et al. 2009). 
Exploratory plots of model residuals for each variable 
were examined and used to evaluate if outliers had 
undue influence on the model results. From this, we 
identified Bradenton Fishing Pier as an outlier and 

removed it from the dataset. The estimated tonnage 
of artificial reef within its home range buffer was 
~20× greater than the next closest pier. The artificial 
reefs near Bradenton Pier were unusual because 
>30 000 US tons of limestone rubble were dropped 
across 2 artificial reef sites, while most other artificial 
reefs were composed of concrete reef modules and 
other concrete structures (FWC 2020a). Following 
the removal of Bradenton Pier, variables with high 
variance inflation factors were removed to prevent 
having variables that were collinear (see our Table 
A1 for full list of variables collected; Zuur et al. 2009). 
After removing variables with high variance inflation 
factors, 8 variables remained in the global model for 
each response variable, total sea turtle bycatch, com-
bined loggerhead and Kemp’s ridley sea turtle 
bycatch, and green sea turtle bycatch. The global 
model for total sea turtle bycatch was 

       Total sea turtle bycatch = β0 + β1 × DistShelfBrk + 
            β2 × DistSeagrs + β3 × Lat + β4 × PreWatCA + 
              β5 × TonArtReefCA + β6 × ConShCA + β7 × 
                  TonArtReefHR + β8 × NestDensIB + εi              

(1) 

DistShelfBrk is the distance to shelf break (200 m iso-
bath), DistSeagrs is the distance to the nearest sea-
grass bed, Lat is the latitude of the pier, PreWatCA is 
the area of preserved water in the core use area 
buffer, TonArtReefCA is the tonnage of artificial reef 
in the core use area buffer, ConShCA is the length of 
conserved nesting shoreline in the core use area, 
TonArtReefHR is the tonnage of artificial reef in the 
home range buffer, NestDensIB is the nesting density 
at the nearest index beach, β0 is the intercept, and εi 
~N(0, σ2) of site i. Since loggerhead and Kemp’s 
 ridley sea turtles exhibit different foraging ecology 
compared to green sea turtles, and loggerheads and 
Kemp’s ridley sea turtles exhibit similar foraging 
strategies, we also evaluated relationships specifi-
cally for combined loggerhead and Kemp’s ridley sea 
turtles and separately for green sea turtles. 

      Loggerhead and Kemp’s ridley sea turtle bycatch = 
             β0 + β1 × DistShelfBrk + β2 × DistSeagrs + β3 × 
            Lat + β4 × PreWatCA + β5 × TonArtReefCA + 
              β6 × ConShCA + β7 × TonArtReefHR + β8 × 
                                     NestDensIB + εi                                

(2) 

      Green sea turtle bycatch = β0 + β1 × DistShelfBrk + 
              β2 × DistSeagrs + β3 × Lat + β4 × PreWatCA + 
              β5 × TonArtReefCA + β6 × ConShCA + β7 × 
                  TonArtReefHR + β8 × NestDensIB + εi              

(3) 

Due to the small sample size of fishing piers, can -
didate models were limited to a maximum of 3 expla -
natory variables. We used the information-theoretic 
approach with the Akaike information criterion cor-
rection for small sample sizes (AICc, Akaike 1974, 

283



Endang Species Res 50: 279–294, 2023

Anderson & Burnham 2002). The initial 
diagnostic plots suggested the residuals 
of a linear regression were hetero sce -
dastic and non-normally distributed; 
therefore, we used generalized additive 
models (GAMs). We performed model 
selection using the dredge function in 
the MuMIN package in R v.4.0.0 (R De-
velopment Core Team, 2021) and RStu-
dio v.1.2.5042 (RStudio Team 2021). 
This approach evaluated which of the 
collected environmental factors were 
most influential in determining total sea 
turtle bycatch, green sea turtle bycatch, 
and combined loggerhead and Kemp’s 
ridley sea turtle bycatch across all FL 
GoMx piers. 

3.  RESULTS 

3.1.  Fishing pier bycatch and 
 environmental predictors 

Recreational bycatch varied across 
the 20 fishing piers (3.95 ± 6.79 sea tur-
tles incidentally captured, mean ± SD; 
Table 1). From 2015 to 2017, green 
(straight carapace length [SCL]: 37.4 ± 
7.6 cm, mean ± SD, n = 26), loggerhead 
(70.7 ± 6.5 cm, n = 13), and Kemp’s rid-
ley (33.1 ± 7.2 cm, n = 30) sea turtles 
were incidentally captured at 20 FL 
fishing piers along the GoMx. Notably, 
only 69 of the 80 turtles reported in 
STSSN data had a reported SCL. The 
environmental predictors varied across 
fishing piers (Table 1). For example, 
the average (±SD) amount of artificial 
reef within the home range buffer was 
236 ± 419 US tons, whereas the length 
of conserved nesting shoreline within 
the core use area buffer averaged 0.41 
± 0.76 km. 

3.2.  Modeling recreational sea turtle 
bycatch 

3.2.1.  Total sea turtle bycatch 

The model confidence set for total 
sea turtle by catch, using a GAM, in -
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Reimer et al.: Environmental predictors of sea turtle bycatch

cluded 4 models with 4 different environmental 
variables: artificial reef tonnage in the home range 
buffer, length of conserved nesting shoreline in the 
core use area, preserved waters in the core use 
area, and latitude (see Table A2 in the Appendix). 
Artificial reef tonnage within the home range 
buffer was present in all the top models for total 
sea turtle bycatch, and artificial reef tonnage was 
positively related to total sea turtle bycatch, though 
the relationship was not linear (Fig. 2A). The length 
of conserved nesting shoreline within the core use 
area buffer was featured in 2 of the models and 
catch tended to increase, where conserved nesting 
shoreline was greater, though, again, this relation-
ship was nonlinear (see Appendix, Fig. 2B). Pre-
served water in the core use area buffer and lati-
tude of the pier were present in one of the top 

ranked models, but the models with these vari-
ables reported AICc weights of 0.165 and 0.138, 
respectively, suggesting their importance as pre-
dictors of sea turtle bycatch was lower (see Appen-
dix, Fig. 2C,D). 

3.2.2.  Loggerhead and Kemp’s ridley sea turtle 
bycatch 

The confidence set for combined loggerhead and 
Kemp’s ridley sea turtle bycatch featured 5 top-
ranked models consisting of 4 different variables: 
area of preserved water within the home range 
buffer, distance to nearest seagrass bed, tonnage of 
artificial reef within the home range buffer, and lati-
tude of pier (Table 2). None of the 4 variables was 
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Fig. 2. Generalized additive models of total sea turtle bycatch and each of the explanatory variables present in the confidence 
set: (A) amount of artificial reef; (B) conserved shoreline; (C) area of preserved water; (D) latitude of pier. Black dots: observed 
bycatch and measured environmental variable; dashed lines: predicted fit; shading: 95% CI. DD: decimal degrees. Note the  

different y-axis scales
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present in >1 of the top-ranked models, and one of 
the top ranked models featured none of the variables 
present in the global model (Table 2). The highest-
ranking model featured area of preserved water 
within the home range buffer, which displayed a 
negative but nonlinear relationship with loggerhead 
and Kemp’s ridley bycatch (Fig. 3A). The second 
highest featured none of the variables present in the 
global model. The next highest ranking models fea-
tured distance to nearest seagrass bed (Fig. 3B), ton-
nage of artificial reef within the home range buffer 
(Fig. 3C), and latitude of pier (Fig. 3D), with all vari-
ables displaying a nonlinear relationship with log-
gerhead and Kemp’s ridley sea turtle bycatch; the 
AICc weights for each of the models featuring these 
variables was 0.150, 0.132, and 0.125, respectively, 
indicating the importance of these predictors to log-
gerhead and Kemp’s ridley bycatch was lower than 
the top-ranked model featuring the area of preserved 
water in the home range buffer (Table 2). 

3.2.3.  Green sea turtle bycatch 

The confidence set for green sea turtle bycatch 
featured one top-ranked model, consisting of dis-
tance to nearest seagrass bed and tonnage of arti-
ficial reef within the home range buffer (Table 2). 
Both distance to nearest seagrass bed (Fig. 4A) 
and tonnage of artificial reef (Fig. 4B) exhibited a 
positive relationship with green sea turtle bycatch. 
Notably, NP drives the relationships observed 
between by catch and the environmental variables 
because of its unusually high green sea turtle 

bycatch and high values for artificial reef tonnage, 
distance to nearest seagrass bed, and conserved 
nesting shoreline. 

4.  DISCUSSION 

The GAM selection analysis indicated that the ton-
nage of artificial reef within a home range buffer, 
length of conserved nesting shoreline within a core 
use area buffer, latitude of pier, and preserved water 
within a core use area buffer are all potential predic-
tors of total sea turtle bycatch at fishing piers along 
the FL GoMx coast. Higher tonnage of artificial reef 
was positively related to increased green sea turtle 
bycatch. The relationship between green sea turtle 
bycatch and tonnage of artificial reef suggests that 
high densities of artificial reefs could attract green 
sea turtles and make them more susceptible to recre-
ational bycatch at nearby fishing piers. On the other 
hand, tonnage of artificial reef and the combined log-
gerhead and Kemp’s ridley sea turtle bycatch appear 
to be related as well; however, these factors have a 
nonlinear relationship. The relationship between the 
combined bycatch of loggerhead and Kemp’s ridley 
sea turtles and tonnage of artificial reefs suggests 
that the presence of artificial reef influences com-
bined loggerhead and Kemp’s ridley sea turtle by -
catch, though the relationship between these factors 
is less clear than the one observed between tonnage 
of artificial reef and green sea turtle bycatch. 

The proximity of artificial reefs to fishing piers 
means that the sea turtles frequenting the reefs could 
easily travel between the reefs and the piers, and 
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                                                                               Model terms                                                                Model support 
                  DistShelf     DistSea     Lat     PreWat     TonArt     ConSh     TonArt    NestDens         df     AICc   ΔAICc    AICc 
                       Brk              grs                      CA        ReefCA       CA       ReefHR          IB                                                 weight 
 
Loggerhead and Kemp’s ridley sea turtle bycatch 
Model 1           −                 −            −           +               −              −              −                −                 3      98.05        0         0.30 
Model 2           −                 −            −           −               −              −              −                −                 2      98.12     0.06       0.29 
Model 3           −                 +            −           −               −              −              −                −                 3      99.45     1.40       0.15 
Model 4           −                 −            −           −               −              −              +                −                 3      99.71     1.66       0.13 
Model 5           −                 −            +           −               −              −              −                −                 3      99.80     1.75       0.13 
R.I.                    −              0.150     0.125     0.301            −              −           0.132             −                                                        

Green sea turtle bycatch                                                                                                                       
Model 1           −                 +            −           −               −              −              +                −                 5      34.41        0            1

Table 2. Confidence set of models (ΔAICc < 2) for estimating loggerhead and Kemp’s ridley sea turtle bycatch and green sea 
turtle bycatch at Florida Gulf of Mexico fishing piers using environmental data. (+) Variable was included in the model; (−) 
variable was not included in the model; AICc: Akaike’s information criterion corrected for small sample size; ΔAICc: dif -
ference in AICc from the top-ranked model; R.I.: relative importance of variable. For other abbreviations, see Table A1 in the  

Appendix
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then opportunistically interact with fishing gear and 
become incidentally captured. The FL GoMx coastal 
shelf, and generally throughout the GoMx, is rela-
tively devoid of natural, hard structures for habitat 
(Dufrene 2005, Gallaway et al. 2009). Further, the 
nearshore benthos is primarily sandy bottom, and 
offshore shelf habitats have low seagrass coverage, 
especially in the northern GoMx, west of Apalachee 
Bay (Dufrene 2005, FWC 2020b). Therefore, the arti-
ficial reefs could serve as an oasis of resources within 
a mostly resource-deficient natural environment for 
sea turtles to aggregate (Streich 2016). 

To improve conservation of imperiled species, 
researchers often seek conservation of critical natu-
ral foraging habitats, especially those supporting 
multiple species (Hart et al. 2018). While conserva-
tion of critical natural habitats is instrumental to sea 

turtle conservation, protections and fisheries limi -
tations or conservation buffers for artificial habitats 
 frequented by sea turtles could also present benefits; 
however, further research needs to be conducted to 
better understand the role of artificial habitats for sea 
turtles (Carr & Hixon 1997, Feary et al. 2011, Hart et 
al. 2018). The occupancy rates and use of FL GoMx 
artificial reefs by sea turtles are not fully docu-
mented. However, recent work suggests that near-
shore artificial reefs in northwest FL are inhabited by 
the same species as those incidentally captured at 
the fishing piers (Siegfried et al. 2021). Due to the 
resources present at artificial reefs compared to the 
surrounding natural habitat, the artificial reefs could 
be serving as a more critical offshore and nearshore 
habitat for sea turtles than expected (Carr & Hixon 
1997, Feary et al. 2011). The bycatch rates at piers 
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Fig. 3. Generalized additive models of loggerhead (CC: Caretta caretta) and Kemp’s ridley (LK: Lepidochelys kempii) sea tur-
tle bycatch and each of the explanatory variables present in the confidence set: (A) area of preserved water; (B) distance 
to nearest seagrass bed; (C) amount of artificial reef; (D) latitude of pier. Black dots: observed bycatch and measured envi-
ronmental variable; dashed lines: predicted fit; shading: 95% CI. DD: decimal degrees. Note the different y-axis scales
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adjacent to large deployments of artificial reefs could 
be influenced by a higher-than-normal aggregation 
of sea turtles at artificial reefs compared to natural 
sandy bottom habitat. Since very little research is 
directed at sea turtles utilizing artificial habitats com-
pared to natural habitats or dynamic use across them, 
it is difficult to contextualize our results here (but 
see Coyne 1994, Metz & Landry 2013, Gorham et 
al. 2014, Barnette 2017, Siegfried et al. 2021). In all, 
more research directed at sea turtle use of artificial 
habitats would help to clarify these patterns. 

Deployment of artificial reefs in close proximity to 
heavily trafficked and easily accessible fishing loca-
tions (i.e. fishing piers and docks) can have negative 
conservation implications for imperiled species that 
frequent them. The potential risk for recreational by -
catch of these species suggests greater consideration 
should be taken when determining the type, amount, 
and location of artificial reefs being de ployed (Pears 
& Williams 2005). Additionally, artificial reefs are in -
tended to supplement and restore degraded natural 
habitat; however, using artificial reefs to provide 
habitat in a location without natural structure could 
alter aggregations of various organisms, including 
imperiled species (Seaman 2007, Feary et al. 2011). 
Artificial reefs can also function as positive novel 
habitats that support the recovery of over-harvested 
and endangered species (Claisse et al. 2014). Further 
research into the trade-offs and functioning of artifi-
cial habitats in an ecosystem context would help to 
resolve this. 

The length of conserved nesting shoreline, area of 
preserved water, and latitude of piers are probably 

less important predictors of sea turtle bycatch, as 
they do not occur in all the models in the confidence 
sets for total sea turtle bycatch or combined logger-
head and Kemp’s ridley sea turtle bycatch. These 
variables are likely indirect measures of habitat qual-
ity; further, these predictors may be proxies for other 
factors that directly relate to bycatch. For example, 
decreased anthropogenic effects associated with 
stretches of conserved nesting shoreline and pre-
served waters could promote indirect positive envi-
ronmental effects, which ultimately improves the 
ecological condition of nearshore habitats. As a 
result, these areas could have increased sea turtle 
occupancy (Scyphers et al. 2015, Bilkovic et al. 2016). 
Conserved nesting shorelines and preserved waters 
can be analogous to marine protected areas (MPAs), 
which increase productivity and enhance the stabil-
ity of marine ecosystems (Tissot et al. 2004, Fraschetti 
et al. 2013). Additionally, there could be ecological 
spillover of marine organisms from preserved waters 
adjacent to piers, which has been observed between 
MPAs and neighboring waters (Di Lorenzo et al. 
2016). Further evaluation of these variables and their 
influence on sea turtle presence will need to be con-
ducted to elucidate the significance of these impacts. 

Distance to the nearest seagrass bed was not pres-
ent in any of the top models for overall sea turtle 
bycatch, but it was present in the top model for green 
sea turtle bycatch and one of the top models for com-
bined loggerhead and Kemp’s ridley sea turtle 
bycatch. It is somewhat surprising that distance to 
the nearest seagrass bed appears in a top model for 
loggerhead and Kemp’s ridley sea turtle bycatch. 
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Fig. 4. Generalized additive models of green sea turtle bycatch and each of the explanatory variables present in the con -
fidence set: (A) distance to nearest seagrass bed; (B) amount of artificial reef. Black dots: observed bycatch and measured  

environmental variable; dashed lines: predicted fit; shading: 95% CI
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The relationship between distance to nearest sea-
grass bed and loggerhead and Kemp’s ridley sea tur-
tle bycatch was nonlinear, with no consistent rela-
tionship. Therefore, for the loggerhead and Kemp’s 
ridley sea turtle bycatch model, distance to the near-
est seagrass bed could be serving as a proxy for 
another variable not included in the set. For example, 
oftentimes, the closest seagrass bed was located in 
sheltered bodies of water (i.e. sound, bay, etc.) within 
proximity of the pier, so in many cases, the distance 
to the nearest seagrass bed also indirectly measured 
the distance to estuaries which contain prey items of 
loggerhead and Kemp’s ridley sea turtles, like 
decapods and fish (Plotkin et al. 1993, Schmid et al. 
2003). Further, loggerheads and Kemp’s ridley sea 
turtles have been known to inhabit estuaries along 
the northern GoMx (Seney & Landry 2011, Lamont & 
Iverson 2018). Though these species have been 
observed in the same bodies of water, loggerhead 
and Kemp’s ridley sea turtles may not be occupying 
the same habitats or areas within that body of water. 
For example, loggerhead and Kemp’s ridley sea tur-
tles have been observed partitioning habitat in the 
Chesapeake Bay (DiMatteo et al. 2022). Loggerhead 
sea turtles were observed more frequently in deeper 
portions of the Chesapeake Bay than Kemp’s ridley 
sea turtles and at intermediate depths (12−48 m) 
along the coastal shelf of the eastern GoMx (Griffin & 
Griffin 2003, Schmid et al. 2003, DiMatteo et al. 
2022). Even niche-partitioning of a single artificial 
structure by green, loggerhead, and Kemp’s ridley 
sea turtles has been observed in St. Joseph Bay, FL 
(Lamont et al. 2022). Evidence of habitat partitioning 
further complicates models combining both logger-
head and Kemp’s ridley sea turtles, because it cre-
ates potential for regional specificity of habitat use 
along the eastern GoMx. Further, this suggests that 
different sea turtle species could inhabit different 
portions of these piers and indicates that different 
factors can influence loggerheads and Kemp’s ridley 
sea turtle bycatch despite their similar prey items. 

The nonlinear relationship of distance to the sea-
grass bed and loggerhead and Kemp’s bycatch also 
suggests that there may be better predictors of com-
bined loggerhead and Kemp’s ridley sea turtle by -
catch than the distance to nearest seagrass bed. 
Kemp’s ridley sea turtles in the eastern GoMx have 
been observed preferentially occupying hard sub-
strates, which are known to have common prey 
items, like blue crabs and stone crabs, over habitats 
like seagrass beds and oyster reefs (Schmid et al. 
2003). Perhaps the surrounding context of hard sub-
strate for piers located within FL estuaries is more 

complex than the documented deployments of artifi-
cial reefs, or the pier itself is providing enough hard 
substrate to attract loggerhead and Kemp’s ridley sea 
turtles. Further investigation of the surrounding ben-
thos for FL GoMx fishing piers could give added con-
text to different results observed for loggerhead and 
Kemp’s ridley sea turtle bycatch. 

On the other hand, the relationship between the 
distance to the nearest seagrass bed and green sea 
turtle bycatch shows a strong positive relationship; in 
other words, green sea turtle bycatch increases the 
farther away the piers are from the seagrass habitat 
(Fig. 4). It is not surprising that the distance to near-
est seagrass bed appeared in the top model for green 
sea turtle bycatch. Seagrass represents an important 
foraging resource for green sea turtles, unlike other 
sea turtle species inhabiting the northern GoMx 
(Howell et al. 2016, Howell & Shaver 2021). 

The distance of seagrass beds to NP is particularly 
relevant, given its high juvenile green sea turtle by -
catch. Further, NP has the greatest distance to near-
est seagrass bed of the 20 FL fishing piers investi-
gated (Table 1). Since no seagrass beds were present 
in the NP core use area or home range buffer, resi-
dent juvenile green sea turtles could be occupying 
piers and other artificial habitat in the northern GoMx 
as a transitional habitat before they undergo a strict 
ontogenetic shift in their diet. Juvenile green sea tur-
tles tend to have greater plasticity in their diet than 
their adult counterparts (Howell et al. 2016). For exam-
ple, juvenile green sea turtles were observed utilizing 
rock jetties adjacent to Padre Island and South Padre 
Island in Texas (Coyne 1994, Metz & Landry 2013). 

Other juvenile green sea turtles who occupy NP 
could be reliant on the pier and adjacent artificial 
reef for temporary resting and foraging sites while 
traversing the coast to other foraging habitats. The 
distance between Choctawhatchee Bay and Pen-
sacola Bay, 2 potential foraging areas around NP, is 
roughly 77 km. If juvenile green sea turtles are resid-
ing at NP, even temporarily, they may not be willing 
to travel beyond their home range centered around 
the pier. Indeed, the distance to Choctawhatchee Bay 
(~33.5 km) and Pensacola Bay (~43.5 km) both fall 
well outside the core use area and home range 
buffers (radius = 2.34 km and 4.75 km, respectively) 
for NP, which would represent a significant energetic 
cost to travel to either Choctawhatchee or Pensacola 
Bay from NP (Prange 1976). Additionally, resident 
green sea turtles might forego long-distance migra-
tions between foraging and nesting habitats when an 
abundance of prey, potential mates, or refuge is 
available in a singular location (Carr 1980, Lamont et 
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al. 2018). Further, long-distance migrations expose 
sea turtles to other stressors, like predators, limited 
and inconsistent food sources despite high energy 
output, and other bycatch risks and anthropogenic 
threats (Chan et al. 1988, Festa-Bianchet & Apollonio 
2003, Lewison et al. 2004, Caretta et al. 2004, Benson 
et al. 2007, Alfaro-Shigueto et al. 2011, Jones et al. 
2011). 

Green sea turtles may be unwilling to expend the 
necessary energy required to travel to natural forag-
ing grounds because their needs are being satisfied 
within proximity of the pier and the potential risks of 
travel are deemed too great (Carr 1980). For exam-
ple, for a green sea turtle to travel to the nearest bay 
from NP, it would take nearly 22.5 h if the turtle were 
swimming at an average speed of 1.49 km h−1; the 
journey would certainly require an extensive ener-
getic investment (Prange 1976, Hart & Fujisaki 2010). 
Alternatively, the nearest offshore artificial reef 
would take roughly 1.25 h to travel to at that rate. 
The closer proximity of artificial habitat could pro-
vide a lower energetic cost and encourage greater 
occupancy of the fishing pier. Perhaps the combina-
tion of greater distance to the nearest seagrass bed 
and increased tonnage of artificial reef surrounding 
the pier contributes significantly to the rate green sea 
turtles are incidentally captured at fishing piers in 
the eastern GoMx. 

Interestingly, 2 piers near NP have a significant 
amount of artificial reef within the home range buffer 
and a closer distance to the nearest seagrass bed, yet 
at these piers much lower sea turtle bycatch was 
observed than at NP (Okaloosa Island Fishing Pier: 
2 reported sea turtles, Pensacola Beach Fishing Pier: 
1 reported sea turtle). Further, piers with shorter dis-
tances to the nearest seagrass bed and little or no 
artificial reef adjacent the pier have moderate rates 
of reported sea turtle bycatch (i.e. M.B. Miller 
County Pier: 8 reported sea turtles, Mashes Sands 
Beach Pier: 5 reported sea turtles, and Woolley Park 
Pier: 9 reported sea turtles). However, it should be 
noted that no green sea turtles were incidentally cap-
tured at these piers. These results highlight the diffi-
culty of modeling reported sea turtle bycatch with all 
3 species together and supported the use of different 
models for green sea turtle bycatch and combined 
loggerhead and Kemp’s ridley sea turtle bycatch. 
Factors that potentially influence green sea turtle 
bycatch do not appear to influence the combined 
bycatch of loggerheads and Kemp’s ridley sea tur-
tles. The model confidence set for combined logger-
head and Kemp’s ridley included 4 distinct single-
variable models and the intercept-only model 

(essentially the null model), which suggests lack of 
model agreement in the confidence set. Further-
more, as the null model is included in the confidence 
set (AICc weight = 0.29), we can’t discount the possi-
bility that none of the potential predictors are impor-
tant for loggerhead and Kemp’s ridley bycatch. It 
may be more likely that there are better predictors of 
recreational bycatch at fishing piers for these 2 spe-
cies. More than likely, other variables, that we did 
not include, such as average salinity or area of habi-
tat suitable for loggerhead and Kemp’s ridley prey, 
would provide better insight into potential environ-
mental drivers of recreational bycatch at fishing piers 
for these species. Better understanding of these 
potential predictors would provide critical conserva-
tion information to curb incidental capture of sea tur-
tles at fishing piers, especially in areas where the 
prevalence of recreational bycatch of Kemp’s ridley 
sea turtles is far greater. 

Another potential concern is an increase in sea tur-
tle occupancy at fishing piers. If closer proximity of 
artificial reef combined with a greater distance to the 
seagrass bed is contributing to increased potential 
occupancy of sea turtles at FL GoMx fishing piers, 
then this could pose serious concerns for green sea 
turtles residing at piers, as an increase in the density 
of sea turtles occupying a pier would likely increase 
their bycatch frequency. Additionally, as sea turtle 
populations recover, there will likely be greater 
abundance of sea turtles present in nearshore habi-
tats, which would create increased potential for 
bycatch (Putman et al. 2020). Moreover, the rate of 
new artificial reef installations across the FL GoMx 
coast has increased dramatically since the Deepwater 
Horizon oil spill (https://myfwc.com/fishing/saltwater/
artificial-reefs/). Continued monitoring of sea turtle 
residency near piers and documenting recreational 
bycatch at fishing piers, especially NP, can provide 
insight into green sea turtle usage of fishing piers. 
Further, satellite tagging or animal-borne cameras of 
individuals incidentally captured at sites can provide 
greater understanding of the home range and core 
use areas of resident and transient green sea turtles 
as well as behaviors that result in fair- and foul-hook-
ing events at fishing piers (Lamont & Iverson 2018). 

A longer-term dataset with a greater number of 
observations would allow for more refined models of 
sea turtle recreational bycatch at fishing piers along 
the FL GoMx coast. Currently, the conclusions drawn 
from the GAMs of green sea turtle, combined logger-
head and Kemp’s ridley sea turtle, and total sea turtle 
bycatch are limited by the small sample size of re -
ported sea turtle bycatch from 2015 to 2017. Specifi-
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cally, the total sea turtle bycatch model is influenced 
by an abundance of green sea turtle bycatch at NP (n 
= 25), which greatly affects the model, and there was 
a lack of agreement across models in the confidence 
set for combined loggerhead and Kemp’s ridley sea 
turtle bycatch. With a greater timeframe of data, the 
total sea turtle bycatch model and combined logger-
head and Kemp’s ridley sea turtle bycatch models 
could be converted into 3 separate models for each 
species. Additionally, a greater timeframe could be 
used to identify a baseline sea turtle recreational 
bycatch rate to determine years and sites with un -
usually high bycatch, like the historical record of 
Kemp’s ridley sea turtle bycatch at fishing piers 
along the Mississippi and Texas Gulf Coast (Canon et 
al. 1994, Rudloe & Rudloe 2005, Seney 2008, 2016, 
Coleman et al. 2016, Cook et al. 2020, Howell et al. 
2021). 

While environmental variables likely contribute to 
reported recreational sea turtle bycatch rates along 
the FL GoMx coast, education and awareness of fish-
ermen and stakeholders certainly plays an important 
role as well. Thirteen of the 20 piers included in the 
model are members of the RPI; all 13 piers had joined 
the RPI by 2016, and the majority of piers (10) were 
members in 2015. Additionally, it is worth noting that 
the 4 piers with the greatest reported bycatch (NP, 
Woolley Park Fishing Pier, M.B. Miller County Pier, 
and Mashes Sands Beach Pier) are all members of 
the RPI (https://marinelife.org/conservation/shield/
responsible-pier-initiative/). Formally studying these 
sites can also provide greater resolution for the vari-
ability in reported sea turtle bycatch across these 
sites (Cook et al. 2020). 

5.  CONCLUSION 

Recreational sea turtle bycatch at fishing piers in 
the northern GoMx has been a primarily episodic 
issue (e.g. Kemp’s ridley sea turtles at Mississippi 
piers), but currently it is increasing at fishing piers in 
northwest FL. The majority of the reported sea turtle 
bycatch along the FL GoMx has been concentrated 
at NP. Our analysis suggests that environmental vari-
ables associated with the broader ecological setting, 
i.e. artificial reef tonnage and distance to the nearest 
seagrass bed (for green sea turtles), can predict pat-
terns of bycatch at fishing piers. Future plans for arti-
ficial reef deployment and fishing pier installation 
should consider the environmental context and im -
pact to protected species of proposed sites to mitigate 
threats to sea turtles. Despite similarities between 

loggerhead and Kemp’s ridley foraging items, the 
model of combined loggerhead and Kemp’s ridley 
sea turtle bycatch had some limitations. An increased 
timeframe of recorded sea turtle bycatch at FL GoMx 
fishing piers and a more extensive examination of 
habitat context within estuaries would likely improve 
the combined loggerhead and Kemp’s ridley sea tur-
tle model and potentially allow for separate models 
for each species. 
 
 
Acknowledgements. Christopher Noren (University of West 
Florida, University of Maine) provided critical support for 
this project. Thank you to Chelsea Munoz Williams (Occi-
dental College) for assistance with the Measure function in 
ArcGIS. The Florida Sea Turtle Stranding and Salvage Net-
work (STSSN) shared their data on recreational sea turtle 
bycatch from 2015 to 2017 for Florida’s Gulf Coast and the 
Gulfarium C.A.R.E. Center shared rehabilitation data for sea 
turtles incidentally captured at fishing piers in northwest 
Florida from 2010 to 2020. J.R. was supported by the Univer-
sity of West Florida Office of Undergraduate Research and 
the Kugelman Honors Program. 

 
 

LITERATURE CITED 
 
Akaike H (1974) A new look at the statistical model identifi-

cation. IEEE Trans Automat Contr 19: 716−723  
Alfaro-Shigueto J, Mangel JC, Bernedo F, Dutton PH, Semi-

noff JA, Godley BJ (2011) Small-scale fisheries of Peru:  a 
major sink for marine turtles in the Pacific. J Appl Ecol 
48: 1432−1440  

Anderson DR, Burnham KP (2002) Avoiding pitfalls when 
using information-theoretic methods. J Wildl Manag 66: 
912−918  

Barnette MC (2017) Potential impacts of artificial reef devel-
opment on sea turtle conservation in Florida. NOAA 
Tech Memo NMFS-SER-5  

Benson SR, Dutton PH, Hitipeuw C, Samber B, Bakarbessy 
J, Parker D (2007) Post-nesting migrations of leatherback 
turtles (Dermochelys coriacea) from Jamursba-Medi, 
Bird’s Head Peninsula, Indonesia. Chelonian Conserv 
Biol 6: 150−154  

Bilkovic DM, Mitchell M, Mason P, Duhring K (2016) The 
role of living shorelines as estuarine habitat conservation 
strategies. Coast Manage 44: 161−174  

Bingham BB, Noon BR (1997) Mitigation of habitat ‘take’:  
application to habitat conservation planning. Aplicacion 
de la mitigacion de la ‘toma’ de habitat en la planeacion 
de conservacion de habitat. Conserv Biol 11: 127−139  

Canon AC, Fontaine CT, Williams TD, Revera DB, Caillouet 
CW (1994) Incidental catch of Kemp’s ridley sea turtles 
(Lepidochelys kempii), by hook and line, along the Texas 
Coast, 1980−1992. In:  Proc 13th Annu Symp Sea Turtle 
Biol Conserv. NOAA Tech Memo NMFS-SEFSC-341, 
p 40−42 

Carr A (1980) Some problems of sea turtle ecology. Am Zool 
20: 489−498  

Carr MH, Hixon MA (1997) Artificial reefs:  the importance 
of comparisons with natural reefs. Fisheries 22: 28−33  

Carretta JV, Price T, Petersen D, Read R (2004) Estimates of 
marine mammal, sea turtle, and seabird mortality in the 

291

https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1111/j.1365-2664.2011.02040.x
https://doi.org/10.2307/3803155
http://doi.org/10.7289/V5/TM-NMFS-SER-5
https://doi.org/10.1577/1548-8446(1997)022%3C0028%3AARTIOC%3E2.0.CO%3B2
https://doi.org/10.1093/icb/20.3.489
https://doi.org/10.1046/j.1523-1739.1997.95331.x
https://doi.org/10.1080/08920753.2016.1160201
https://doi.org/10.2744/1071-8443(2007)6%5b150%3APMOLTD%5d2.0.CO%3B2


Endang Species Res 50: 279–294, 2023

California drift gillnet fishery for swordfish and thresher 
shark, 1996−2002. Mar Fish Rev 66: 21−30 

Carruthers EH, Neis B (2011) Bycatch mitigation in context:  
using qualitative interview data to improve assessment 
and mitigation in a data-rich fishery. Biol Conserv 144: 
2289−2299  

Chan EH, Liew HC, Mazlan AG (1988) The incidental cap-
ture of sea turtles in fishing gear in Terengganu, Ma -
laysia. Biol Conserv 43: 1−7  

Claisse JT, Pondella DJ, Love M, Zahn LA, Williams CM, 
Williams JP, Bull AS (2014) Oil platforms off California 
are among the most productive marine fish habitats 
globally. Proc Natl Acad Sci USA 111: 15462−15467  

Coleman AT, Pulis EE, Pitchford JL, Crocker K and others 
(2016) Population ecology and rehabilitation of inciden-
tally captured Kemp’s ridley sea turtles (Lepidochelys 
kempii) in the Mississippi Sound, USA. Herpetol Con-
serv Biol 11: 253−264 

Cook M, Dunch VS, Coleman AT (2020) An interview-based 
approach to assess angler practices and sea turtle cap-
tures on Mississippi fishing piers. Front Mar Sci 7: 655  

Coyne MS (1994) Feeding ecology of subadult green sea 
turtles in south Texas waters. MS thesis, Texas A&M 
University, College Station, TX 

Crowder LB, Hopkins-Murphy SR, Royle JA (1995) Effects 
of turtle excluder devices (TEDs) on loggerhead sea tur-
tle strandings with implications for conservation. Copeia 
1995: 773  

Davies RWD, Cripps SJ, Nickson A, Porter G (2009) Defining 
and estimating global marine fisheries bycatch. Mar Pol-
icy 33: 661−672  

Di Lorenzo M, Claudet J, Guidetti P (2016) Spillover from 
marine protected areas to adjacent fisheries has an 
ecological and a fishery component. J Nat Conserv 32: 
62−66  

DiMatteo A, Lockhart G, Barco S (2022) Habitat models and 
assessment of habitat partitioning for Kemp’s ridley and 
loggerhead marine turtles foraging in Chesapeake Bay 
(USA). Endang Species Res 47: 91−107  

Donnelly-Greenan EL, Nevins HM, Harvey JT (2019) En
tangled seabird and marine mammal reports from citizen 
science surveys from coastal California (1997−2017). Mar 
Pollut Bull 149: 110557  

Dufrene TA (2005) Geologic variability and Holocene sedi-
mentary record on the northern Gulf of Mexico inner to 
mid-continental shelf. MS thesis, Louisiana State Univer-
sity, Baton Rouge, LA 

FDEP (Florida Department of Environmental Protection) 
(2011a) Florida aquatic preserves. https://geodata.dep.
state.fl.us/datasets/81841412d3984e9aac2c00c21e41d32
e_0/explore?location=27.664250%2C-83.664000%2C7.
55 (accessed 1 Jun 2021) 

FDEP (2011b) Florida outstanding waters. https: //geodata.
dep.state.fl.us/datasets/outstanding-florida-waters/explore
?location=27.709500%2C-83.759350%2C7.43 (accessed 
1 Jun 2021) 

Feary DA, Burt JA, Bartholomew A (2011) Artificial marine 
habitats in the Arabian Gulf:  review of current use, ben-
efits and management implications. Ocean Coast Man-
age 54: 742−749  

Festa-Bianchet M, Apollonio M (2003) Animal behavior and 
wildlife conservation. Island Press, Washington, DC 

FGDL (Florida Geographic Data Library) (2002) FGDL meta-
data explorer. https://fgdl.org/fgdlmap/ (accessed 9 Jun 
2021) 

Fikes R (2013) Artificial reefs of the Gulf of Mexico:  a review 
of Gulf State programs & key considerations. National 
Wildlife Federation, Reston, VA 

FNAI (Florida Natural Areas Inventory) (2021) Florida 
 conservation lands. https: //www.fnai.org/webmaps/Con
LandsMap/index.html (accessed 9 Jun 2021) 

Fraschetti S, Guarnieri G, Bevilacqua S, Terlizzi A, Boero F 
(2013) Protection enhances community and habitat sta-
bility:  evidence from a Mediterranean marine protected 
area. PLOS ONE 8: e81838  

FWC (Florida Fish and Wildlife Conservation Commission) 
(2016) Marine turtle conservation handbook. FWC, Tal-
lahassee, FL 

FWC (2020a) Artificial reefs in Florida. https: //geodata.
myfwc.com/datasets/eb2bfd225149405bba23604f20159f
56/explore?location=27.648300%2C-83.736950%2C7.58 
(accessed 26 Jan 2021) 

FWC (2020b) Seagrass habitat in Florida. https: //geodata.
myfwc.com/datasets/seagrass-habitat-in-florida/explore
?location=27.509850%2C-83.788150%2C7.55 (accessed 
13 Feb 2021) 

FWC (2020c) Sea turtle nesting beaches Florida. https: //hub.
arcgis.com/datasets/a4256b3dfe6e4da5a223c8a0c8dd1b
1f_29/explore?location=27.614250%2C-83.774900%2C7.
55 (accessed 1 Jun 2021) 

Gallaway BJ, Szedlmayer ST, Gazey WJ (2009) A life his-
tory review for red snapper in the Gulf of Mexico with 
an evaluation of the importance of offshore petroleum 
platforms and other artificial reefs. Rev Fish Sci 17: 
48−67  

Gorham JC, Clark DR, Bresette MJ, Bagley DA and others 
(2014) Characterization of a subtropical hawksbill sea 
turtle (Eretmocheyles imbricata) assemblage utilizing 
shallow water natural and artificial habitats in the 
Florida Keys. PLOS ONE 9: e114171  

Griffin RB, Griffin NJ (2003) Distribution, habitat parti-
tioning, and abundance of Atlantic spotted dolphins, 
bottlenose dolphins, and loggerhead sea turtles on 
the eastern Gulf of Mexico continental shelf. Gulf Mex 
Sci 21: 3  

Hart K, Fujisaki I (2010) Satellite tracking reveals habitat 
use by juvenile green sea turtles Chelonia mydas in 
the Everglades, Florida, USA. Endang Species Res 11: 
221−232  

Hart KM, Iverson AR, Fujisaki I, Lamont MM, Bucklin D, 
Shaver DJ (2018) Marine threats overlap key foraging 
habitat for two imperiled sea turtle species in the Gulf of 
Mexico. Front Mar Sci 5: 336  

Holloway-Adkins KG, Hanisak MD (2017) Macroalgal for-
aging preferences of juvenile green turtles (Chelonia 
mydas) in a warm temperate/subtropical transition zone. 
Mar Biol 164: 161  

Howell LN, Shaver DJ (2021) Foraging habits of green sea 
turtles (Chelonia mydas) in the northwestern Gulf of 
Mexico. Front Mar Sci 8: 658368  

Howell L, Reich K, Shaver D, Landry A Jr, Gorga C (2016) 
Ontogenetic shifts in diet and habitat of juvenile green 
sea turtles in the northwestern Gulf of Mexico. Mar Ecol 
Prog Ser 559: 217−229  

Howell L, Stacy B, Hardy R, Schultz E and others (2021) 
Northern Gulf of Mexico sea turtle strandings:  a sum-
mary of findings and analyses from 2015−2019. NOAA 
Tech Memo NMFS-OPR-69  

Jones TT, Bostrom B, Carey M, Imlach B and others (2011) 
Determining transmitter drag and best-practice attach-

292

https://doi.org/10.1016/j.biocon.2011.06.007
https://doi.org/10.1016/0006-3207(88)90074-2
https://doi.org/10.1073/pnas.1411477111
https://doi.org/10.3389/fmars.2020.00655
https://doi.org/10.2307/1447026
https://doi.org/10.1016/j.marpol.2009.01.003
https://doi.org/10.1016/j.jnc.2016.04.004
https://doi.org/10.3354/esr01168
https://doi.org/10.1016/j.marpolbul.2019.110557
https://geodata.dep.state.fl.us/datasets/81841412d3984e9aac2c00c21e41d32e_0/explore?location=27.664250%2C-83.664000%2C7.55
https://geodata.dep.state.fl.us/datasets/outstanding-florida-waters/explore?location=27.709500%2C-83.759350%2C7.43
https://doi.org/10.1016/j.ocecoaman.2011.07.008
https://fgdl.org/fgdlmap/
https://doi.org/10.25923/azrw-d738
https://doi.org/10.3354/meps11897
https://doi.org/10.3389/fmars.2021.658368
https://doi.org/10.1007/s00227-017-3191-0
https://doi.org/10.3389/fmars.2018.00336
https://doi.org/10.3354/esr00284
https://doi.org/10.18785/goms.2101.03
https://doi.org/10.1371/journal.pone.0114171
https://doi.org/10.1080/10641260802160717
https://hub.arcgis.com/datasets/a4256b3dfe6e4da5a223c8a0c8dd1b1f_29/explore?location=27.614250%2C-83.774900%2C7.55
https://geodata.myfwc.com/datasets/seagrass-habitat-in-florida/explore?location=27.509850%2C-83.788150%2C7.55
https://geodata.myfwc.com/datasets/eb2bfd225149405bba23604f20159f56/explore?location=27.648300%2C-83.736950%2C7.58
https://doi.org/10.1371/journal.pone.0081838
https://www.fnai.org/webmaps/ConLandsMap/index.html


Reimer et al.: Environmental predictors of sea turtle bycatch

ment procedures for sea turtle biotelemetry. NOAA Tech 
Memo NMFS-SWFSC-480 

Knight A, Florida Fish and Wildlife Conservation Commis-
sion (2020) FL conservation land. https: //hub.arcgis.com/
datasets/e89d2ddf2da74ddc80cdff169f41b658_0/explore?
location=27.638896%2C-83.694439%2C7.41 (accessed 1 
Jun 2021) 

Lamont M, Iverson A (2018) Shared habitat use by juveniles 
of three sea turtle species. Mar Ecol Prog Ser 606: 187−200  

Lamont MM, Johnson D (2021) Variation in species compo-
sition, size and fitness of two multi-species sea turtle 
assemblages using different neritic habitats. Front Mar 
Sci 7: 608740  

Lamont MM, Fujisaki I, Stephens BS, Hackett C (2015) 
Home range and habitat use of juvenile green turtles 
(Chelonia mydas) in the northern Gulf of Mexico. Anim 
Biotelem 3: 53  

Lamont MM, Seay DR, Gault K (2018) Overwintering be -
havior of juvenile sea turtles at a temperate foraging 
ground. Ecology 99: 2621−2624  

Lamont MM, Mollenhauer R, Foley AM (2021) Capture vul-
nerability of sea turtles on recreational fishing piers. Ecol 
Evol 12: e8473 

Lamont MM, Alday J, Alday C (2022) Interspecific interac-
tions among three species of sea turtle using a common 
resting area. Ecology 104: e3861  

Lewin WC, Weltersbach MS, Ferter K, Hyder K and others 
(2019) Potential environmental impacts of recreational 
fishing on marine fish stocks and ecosystems. Rev Fish 
Sci Aquacult 27: 287−330  

Lewison RL, Freeman SA, Crowder LB (2004) Quantifying 
the effects of fisheries on threatened species:  the impact 
of pelagic longlines on loggerhead and leatherback sea 
turtles:  fisheries effects on sea turtles. Ecol Lett 7: 
221−231  

MacDonald BD, Madrak SV, Lewison RL, Seminoff JA, 
Eguchi T (2013) Fine scale diel movement of the east 
Pacific green turtle, Chelonia mydas, in a highly urban-
ized foraging environment. J Exp Mar Biol Ecol 443: 
56−64  

Makowski C, Seminoff JA, Salmon M (2006) Home range 
and habitat use of juvenile Atlantic green turtles (Chelo-
nia mydas L.) on shallow reef habitats in Palm Beach, 
Florida, USA. Mar Biol 148: 1167−1179  

Metz TL, Landry AM (2013) An assessment of green turtle 
(Chelonia mydas) stocks along the Texas coast, with 
emphasis on the Lower Laguna Madre. Chelonian Con-
serv Biol 12: 293−302  

Nagaoka SM, Martins AS, dos Santos RG, Tognella MM, de 
Oliveira Filho EC, Seminoff JA (2012) Diet of juvenile 
green turtles (Chelonia mydas) associating with artisanal 
fishing traps in a subtropical estuary in Brazil. Mar Biol 
159: 573−581 

Pate JH, Macdonald C, Wester J (2021) Surveys of recre-
ational anglers reveal knowledge gaps and positive atti-
tudes towards manta ray conservation in Florida. Aquat 
Conserv 31: 1410−1419  

Pears RJ, Williams DM, CRC Reef Research Centre (2005) 
Potential effects of artificial reefs on the Great Barrier 
Reef:  background paper. CRC Reef Research Centre, 
Townsville, QLD 

Plotkin P, Pena LJ (2014) Loggerhead Marinelife Center’s 
Responsible Pier Initiative. In:  2nd Int Kemp’s Ridley Sea 
Turtle Symp 2014. NOAA Texas Sea Grant, College Sta-
tion, TX, p 25 

Plotkin PT, Wicksten MK, Amos AF (1993) Feeding ecology 
of the loggerhead sea turtle Caretta caretta in the north-
western Gulf of Mexico. Mar Biol 115: 1−5  

Pondella DJ II, Piacenza S, Claisse J, Williams C, Williams J, 
Zellmer A, Caselle J (2019) Assessing drivers of rocky 
reef fish biomass density from the Southern California 
Bight. Mar Ecol Prog Ser 628: 125−140  

Prange HD (1976) Energetics of swimming of a sea turtle. 
J Exp Biol 64: 1−12  

Putman NF, Hawkins J, Gallaway BJ (2020) Managing fish-
eries in a world with more sea turtles. Proc R Soc B 287: 
20200220 

R Development Core Team (2021) R:  a language and envi-
ronment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna 

Read AJ, Drinker P, Northridge S (2006) Bycatch of marine 
mammals in U.S. and global fisheries:  bycatch of marine 
mammals. Conserv Biol 20: 163−169  

Rose SA, Bates EB, McNaughton AN, O’Hara KJ, Barco SG 
(2022) Characterizing sea turtle bycatch in the recre-
ational hook and line fishery in southeastern Virginia, 
USA. Chelonian Conserv Biol 21: 63−73  

RStudio Team (2021) RStudio:  integrated development for R. 
RStudio, Boston, MA 

Rudloe A, Rudloe J (2005) Site specificity and the im pact of 
recreational fishing activity on subadult en dangered 
Kemp’s ridley sea turtles in estuarine foraging habitats 
in the northeastern Gulf of Mexico. Gulf Mex Sci 23: 5  

Schmid JR, Bolten AB, Bjorndal KA, Lindberg WJ, Percival 
HF, Zwick PD (2003) Home range and habitat use by 
Kemp’s ridley turtles in West-Central Florida. J Wildl 
Manag 67: 196−206  

Schrandt MN (2015) Connectivity and habitat use of two 
coastal pelagic species Spanish mackerel (Scombero-
morus maculatus) and Florida pompano (Trachinotus 
carolinus). PhD dissertation, University of South Ala-
bama, Mobile, AL 

Scyphers SB, Picou JS, Powers SP (2015) Participatory con-
servation of coastal habitats:  the importance of under-
standing homeowner decision making to mitigate cas-
cading shoreline degradation:  participatory conservation 
of coastlines. Conserv Lett 8: 41−49  

Seaman W (2007) Artificial habitats and the restoration of 
degraded marine ecosystems and fisheries. Hydrobiolo-
gia 580: 143−155  

Seney EE (2008) Population dynamics and movements of the 
Kemp’s ridley sea turtle, Lepidochelys kempii, in the 
northwestern Gulf of Mexico. PhD dissertation, Texas 
A&M University, College Station, TX 

Seney EE (2016) Diet of Kemp’s ridley sea turtles inciden-
tally caught on recreational fishing gear in the north-
western Gulf of Mexico. Chelonian Conserv Biol 15: 
132−137  

Seney EE, Landry AM (2011) Movement patterns of imma-
ture and adult female Kemp’s ridley sea turtles in the 
northwestern Gulf of Mexico. Mar Ecol Prog Ser 440: 
241−254  

Siegfried T, Noren C, Reimer J, Ware M, Fuentes MMPB, 
Piacenza SE (2021) Insights into sea turtle population 
composition obtained with stereo-video cameras in situ 
across nearshore habitats in the northeastern Gulf of 
Mexico. Front Mar Sci 8: 746500  

Song X, Wang H, Wang W, Gu H, Chan S, Jiang H (2002) 
Satellite tracking of post-nesting movements of green 
turtles Chelonia mydas from the Gangkou Sea Turtle 

293

https://hub.arcgis.com/datasets/e89d2ddf2da74ddc80cdff169f41b658_0/explore?location=27.638896%2C-83.694439%2C7.41
https://doi.org/10.3354/meps12748
https://doi.org/10.3389/fmars.2020.608740
https://doi.org/10.1186/s40317-015-0089-9
https://doi.org/10.1002/ecy.2439
https://doi.org/10.1002/ece3.8473
https://doi.org/10.1002/ecy.3861
https://doi.org/10.1080/23308249.2019.1586829
https://doi.org/10.1111/j.1461-0248.2004.00573.x
https://doi.org/10.1016/j.jembe.2013.02.033
https://doi.org/10.1007/s00227-005-0150-y
https://doi.org/10.2744/CCB-1046.1
https://doi.org/10.1007/s00227-011-1836-y
https://doi.org/10.1002/aqc.3508
https://doi.org/10.3389/fmars.2021.746500
https://doi.org/10.3354/meps09380
https://doi.org/10.2744/CCB-1191.1
https://doi.org/10.1007/s10750-006-0457-9
https://doi.org/10.1111/conl.12114
https://doi.org/10.2307/3803075
https://doi.org/10.18785/goms.2302.05
https://doi.org/10.2744/CCB-1476.1
https://doi.org/10.1111/j.1523-1739.2006.00338.x
https://doi.org/10.1098/rspb.2020.0220
https://doi.org/10.1242/jeb.64.1.1
https://doi.org/10.3354/meps13103
https://doi.org/10.1007/BF00349379
https://repository.library.noaa.gov/view/noaa/37


Endang Species Res 50: 279–294, 2023

National Nature Reserve, China, 2001. Mar Turtle Newsl 
97: 8−9 

Streich MK (2016) Ecology of red snapper in the western 
Gulf of Mexico:  comparisons among artificial and natural 
habitats. PhD dissertation, Texas A&M University, Col-
lege Station, TX 

Tissot BN, Walsh WJ, Hallacher LE (2004) Evaluating effec-
tiveness of a marine protected area network in West 
Hawai’i to increase productivity of an aquarium fishery. 

Pac Sci 58: 175−188  
Williams NC, Bjorndal KA, Lamont MM, Carthy RR (2014) 

Winter diets of immature green turtles (Chelonia mydas) 
on a northern feeding ground:  integrating stomach con-
tents and stable isotope analyses. Estuar Coasts 37: 
986−994 

Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM (2009) 
Mixed effects models and extensions in ecology with R. 
Statistics for biology and health. Springer, New York, NY

294

                                                                            Model terms                                                                 Model support 
                  DistShelf   DistSea     Lat     PreWat    TonArt    ConShCA    TonArt    NestDens        df     AICc     ΔAICc    AICc 
                      Brk            grs                       CA       ReefCA         CA         ReefHR          IB                                                 weight 
 
Model 1           −               −            −            −              −                +                +                −                4     99.13         0         0.37 
Model 2           −               −            −            −              −                −                +                −                3     99.33      0.20       0.33 
Model 3           −               −            +            −              −                +                +                −                5    100.72     1.60       0.16 
Model 4           −               −            −            +              −                −                +                −                4    101.09     1.96       0.14 
R.I.                   −               −         0.165     0.138           −             0.531             1                −

Table A2. Confidence set of models (ΔAICc < 2) for estimating total sea turtle bycatch at Florida Gulf of Mexico fishing piers 
using environmental data. (+) Variable was included in the model; (−) variable was not included in the model; AICc: Akaike’s 
information criterion corrected for small sample size; ΔAICc: difference in AICc from the top-ranked model; R.I.: relative  

importance of variable. For other abbreviations, see Table A1

Environmental variable                                                                 Abbreviation          Unit        Data source 
 
Distance to nearest artificial reef                                                   DistArtReef            km               FWC 
Distance to shelf break (200 m isobath)                                       DistShelfBrk           km              FGDL 
Distance to nearest seagrass bed                                                   DistSeagrs             km               FWC 
Tonnage of artificial reef in core use area                                 TonArtReefCA      US tons           FWC 
Tonnage of artificial reef in home range                                    TonArtReefHR      US tons           FWC 
Length of conserved nesting shoreline in core use area               ConShCA             km         FWC, FNAI 
Length of conserved nesting shoreline in home range                 ConShHR             km         FWC, FNAI 
Area of outstanding water in core use area                                  OutWatCA            km2              FDEP 
Area of outstanding water in home range                                     OutWatHR            km2              FDEP 
Area of preserved water in core use area                                      PreWatCA            km2              FDEP 
Area of preserved water in home range                                        PreWatHR            km2              FDEP 
Area of conserved land in core use area                                      ConLandCA           km2              FNAI 
Area of conserved land in home range                                        ConLandHR           km2              FNAI 
Area of seagrass in core use area                                                   SeagrsCA             km2              FWC 
Area of seagrass in home range                                                      SeagrsHR             km2              FWC 
Sea turtle nesting density at nearest index beach                       NestDensIB           km−1              FWC 
Sea turtle nesting density at nearest state-monitored beach     NestDensSB          km−1              FWC 
Latitude of pier                                                                                       Lat                   DD           Collected 
Longitude of pier                                                                                  Long                  DD           Collected

Table A1. Environmental variables collected remotely for modeling of sea turtle bycatch. FWC: Florida Fish 
and Wildlife Conservation Commission (FWC 2020a,b,c); FGDL: Florida Geographic Data Library (FGDL 
2002); FNAI: Florida Natural Areas Inventory (Knight & FWC 2020, FNAI 2021); FDEP: Florida Department  

of Environmental Protection (FDEP 2011a,b); DD: decimal degrees
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