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A B S T R A C T

Red snapper (Lutjanus campechanus) is an iconic marine fish species along the southeast United States coast. 
Despite its ecological and economic importance, surprisingly little is known about red snapper biology and 
habitat use on the southeast United States Atlantic continental shelf (SEUS). We used data from a long-term 
baited trap and video survey (2011–2022), as well as from remotely operated vehicle (ROV) sampling 
(2021–2023), to quantify temporal changes in relative abundance, patterns of spatial distribution, and habitat 
use of red snapper in the SEUS. Using generalized additive models, we showed that red snapper increased in 
relative abundance from 2011 to 2022 by ~ 1000 % in both trap and video samples. Red snapper relative 
abundance was highest in mid-shelf waters off the east coast of Florida, Georgia, and, to a lesser extent, off the 
Outer Banks of North Carolina; red snapper were less common off southern North Carolina and South Carolina. 
Highest relative abundance of red snapper occurred in locations with a moderate amount of natural structured 
habitat and high seafloor complexity and were never observed at randomly selected ROV stations (n = 197) 
lacking structured habitat. These results increase our understanding of the spatial and temporal distribution of 
red snapper, improve our knowledge of red snapper habitat use, and can be used when scaling local density 
estimates to the entire SEUS.

1. Introduction

Red snapper (Lutjanus campechanus) is a large, early maturing (~ 
age-2), long-lived (maximum observed age = 51 years), predatory fish 
species that occurs from Cape Hatteras, North Carolina, to the Yucatan 
Peninsula, including the Gulf of Mexico (Manooch and Potts, 1997; 
Hoese and Moore, 1998; SEDAR, 2021). Red snapper are found across a 
wide range of water depths on the continental shelf and shelf-break, 
from relatively shallow coastal habitats to deep mesopelagic habitats 
(Camber, 1955), but they are most commonly found in depths of 
20–100 m (Gallaway et al., 1999; Mitchell et al., 2014; Bacheler et al., 
2016). Benthic juveniles are mainly found over substrates consisting of 
shell hash and sand (Gallaway et al., 1999; Geary et al., 2007), while 

adults tend to associate with natural and artificial structure such as coral 
reefs, rocky outcroppings and ledges, oil rigs, and shipwrecks (Moseley, 
1966; Powles and Barans, 1980; Williams-Grove and Szedlmayer, 2016; 
Dance and Rooker, 2019; Chatterjee et al., 2024).

Red snapper are an iconic species in the southeast United States 
(Cowan Jr. et al., 2011), and significant recreational and commercial 
fisheries for red snapper have operated in the region for many decades 
(White and Palmer, 2004; SEDAR, 2018, 2021). On the southeast United 
States Atlantic continental shelf (hereafter, SEUS), red snapper com-
mercial landings increased throughout the 1950s and 1960s and peaked 
at 473,000 kg in 1968, followed by a long decline through the 1990s 
(Manooch III et al., 1998). Recreational landings temporally lagged 
behind the commercial harvest, peaking at 280,800 kg in 1985, but also 
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have generally declined since that time (SEDAR, 2021). Since the late 
1990s, however, the recreational sector has made up the majority of red 
snapper removals in the SEUS (Shertzer et al., 2019). Most of the red 
snapper harvest in the SEUS has occurred on the east coast of Florida, 
followed distantly by South Carolina, North Carolina, and Georgia.

A bleak stock assessment for SEUS red snapper in 2009 precipitated a 
number of red snapper-related actions (SEDAR, 2009). First, red snapper 
in the SEUS were determined to have been overfished since 1960 and 
overfishing was continuing to occur; multiple subsequent stock assess-
ments since that time have produced similar results (SEDAR, 2010, 
2017, 2021). Second, in response to the 2009 stock assessment, a fishery 
closure was enacted in 2010 that, aside from some short, periodic rec-
reational and commercial fishing seasons, has continued to the present 

day (SEDAR, 2021). Third, the primary fishery-independent survey in 
the region (see Smart et al. (2020) for details) was expanded and 
strengthened given the loss of fishery-dependent data that was expected 
to occur during a fishery closure (Williams and Carmichael, 2009). 
Fourth, fishery-independent longline studies were funded in 2010 and 
2011 that found no evidence of “cryptic biomass” (i.e., unobserved 
biomass) of large (> 850 mm total length) and old (> age-10) red 
snapper on the outer shelf that are generally unavailable to fisheries or 
surveys, with implications for estimating selectivity, as suggested by 
some stakeholders in the SEUS (Mitchell et al., 2014; SEDAR, 2021). 
Lastly, the U.S. Congress allocated $1.5 M in funding in 2020 (and an 
additional ~ $3.3 M in funding in subsequent years) to estimate red 
snapper age 2+ population size in the SEUS (SARSRP, 2020), 
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Fig. 1. Stations sampled (n = 13,217) by the Southeast Reef Fish Survey each year between 2011 and 2022 using chevron traps and attached video cameras. Isobaths 
indicate 30, 50, and 100-m depths. No sampling occurred in 2020 due to the COVID-19 pandemic.
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highlighting the importance and high-profile nature of red snapper in 
the SEUS.

Despite substantial resources being allocated to red snapper assess-
ment and management in the SEUS, some fundamental questions remain 
unanswered that are the focus of the present work. Our first objective 
was to quantify the temporal change in relative abundance for red 
snapper in the SEUS since the closure in 2010, and our second objective 
was to elucidate the spatial distribution of red snapper in the SEUS. 
Information about the temporal and spatial patterns of red snapper 
abundance in the SEUS would provide important data for potential 
future management actions. Our third objective was to identify the 
habitats that red snapper most commonly associated with, including 
whether adult red snapper regularly occur over unconsolidated sub-
strates (e.g., sand, mud). Adult red snapper are thought to use uncon-
solidated habitats in some portion of their Gulf of Mexico range (Cowan, 
2011); however, it is possible that these unconsolidated habitats are 
adjacent to unknown reefs or manmade structures (Stunz et al., 2021). If 
this were also true in the SEUS, it could mean that an unobserved 
biomass of red snapper exists outside of areas or habitats targeted by 
fisheries and surveys and thus population size could be underestimated 
in stock assessments. Addressing these questions will increase our un-
derstanding of the spatial and temporal distribution of red snapper in the 
SEUS, improve our understanding of red snapper habitat use, and can be 
used when scaling density estimates to the entire SEUS in the ongoing 
project to estimate red snapper abundance.

2. Material and methods

2.1. Study area

Sampling for this study occurred on the SEUS continental shelf and 
shelf-break, specifically between Cape Hatteras, North Carolina, and St. 
Lucie Inlet, Florida (Fig. 1). This is a large area (~ 100,000 km2) 
stretching across a broad latitudinal range (27–35◦N). Approximately 
97 % of the seafloor on the SEUS shelf is composed of unconsolidated 
sand and mud substrates, but there are patches of naturally occurring 
temperate rocky reef habitat scattered throughout the region (Steward 
et al., 2022). Red snapper associate with hardbottom reef habitats 
(Bacheler et al., 2022; Chatterjee et al., 2024), which range from flat 
pavement habitats, sometimes covered in a layer of sand, to high-relief 
(> 1 m) rocky ledges (Schobernd and Sedberry, 2009). Red snapper are 
also found on artificial reefs within the SEUS (Paxton et al., 2020), but 
those associations were not part of this study because artificial reefs 
account for only ~ 0.1 % of structured habitat in the SEUS (Steward 
et al., 2022).

2.2. Trap and video sampling

We used trap and video data from the Southeast Reef Fish Survey 
(SERFS) to make inferences about red snapper abundance, distribution, 
and habitat use on the SEUS shelf. The SERFS is a collaborative fishery- 
independent survey composed of three groups funded by the U.S. Na-
tional Marine Fisheries Service. The first is the Marine Resources 
Monitoring, Assessment, and Prediction program at the South Carolina 
Department of Natural Resources (SCDNR), which has been sampling in 
the region using various sampling gears since the 1970s. The second is 
the Southeast Area Monitoring and Assessment Program (South Atlantic 
Region) Reef Fish Complement, also housed at SCDNR, which has 
operated since 2009. The third is the Southeast Fishery-Independent 
Survey, which was created in 2010 to partner with SCDNR to increase 
sampling effort and implement underwater video as an additional 
sampling gear. These three groups have sampled reef fishes collabora-
tively in the SEUS since 2011 using identical trap and video gears as 
described below.

A simple random sampling design has been used annually to select 
stations for sampling. From a sampling frame of approximately 4300 

stations known to have natural reef structure, ~ 1500 stations were 
randomly selected for sampling each year. Most stations analyzed in our 
study were randomly selected (86 %), but some stations (9 %) were 
sampled despite not being randomly selected to increase sampling effi-
ciency during research cruises. The remaining stations (5 %) were new 
stations found using the vessel echosounder and were included if 
hardbottom was present. Sampling took place on one of four research 
vessels: the R/V Savannah, the R/V Palmetto, the NOAA Ship Pisces, or 
the SRVx Sand Tiger. Sampling occurred during daylight hours between 
April and October each year.

We analyzed trap and video data collected by SERFS during 
2011–2022 (note no sampling occurred in 2020 due to the COVID-19 
pandemic). Traps were large (1.7 × 1.5 × 0.6 m; volume = 0.91 m3), 
were shaped like an arrowhead (“chevron”) when viewed from above, 
had a mesh size of 3.4 × 3.4 cm, were soaked for approximately 90 min, 
and were baited with 24 menhaden (Brevoortia spp.) totaling approxi-
mately 4 kg (Collins, 1990; Bacheler et al., 2013a). Traps were deployed 
independently with their own line to buoys on the surface, with no traps 
being closer than 200 m to another trap in a given year to minimize 
spatial autocorrelation (McGovern et al., 2002; Bacheler et al., 2018, 
2022). Typically, three or four groups of six simultaneously soaking 
traps were deployed each day, totaling 18–24 traps, and these traps were 
often deployed across multiple areas. Red snapper catch per unit effort 
was the catch of red snapper per trap, and soak time was included as a 
predictor variable in the trap model to standardize for variable effort 
(Bacheler et al., 2013b; Bacheler, 2024). Trap-based relative abundance 
of red snapper is defined as the standardized trap catch of red snapper. 
Trap samples were excluded from analyses if any information was 
missing for the sample or the validity of the catch was dubious for any 
reason (e.g., trap moved or was damaged).

Video cameras have been attached to all chevron traps deployed by 
SERFS since 2011 to provide additional data on the abundance and 
distribution of reef fish, as well as to enable the quantification of habitat, 
water clarity, and water current at each station sampled. Canon Vixia 
HF-S200 video cameras in Gates HF-S21 housings were attached over 
the mouth of traps (facing outward) in 2011–2014, and were used to 
enumerate fish. Canon cameras had a 102◦ linear field of view and 
recorded at 1080p resolution at 30 frames per second. A second camera 
(GoPro® Hero or Nikon Coolpix S210/S220) was attached over the nose 
of each trap (also facing outward) and was used to quantify habitat in 
the opposite direction. In 2015–2022, all cameras were replaced with 
GoPro® Hero3+ or Hero4 cameras that had a linear field of view of 123◦

and recorded at 1080p resolution at 30 frames per second. Video sam-
ples were excluded from analyses if cameras did not record or if videos 
were corrupt, out of focus, or dark.

Video-based relative abundance of red snapper was defined as the 
standardized counts of red snapper from video using a version of the 
MeanCount metric. MeanCount is the mean number of individuals of a 
particular species of interest observed across a series of snapshots within 
a video, and has been shown to be proportionally related to true abun-
dance (Schobernd et al., 2014). Here, MeanCount was calculated as the 
mean number of red snapper observed on snapshots every 30 s begin-
ning 10 min after the trap landed on the bottom and lasting a total of 
20 min, for a total of 41 snapshots. For our analyses, we used a deri-
vation of MeanCount called SumCount because some of the error dis-
tributions we considered required count data. SumCount was the sum of 
all red snapper individuals observed across all 41 frames of the video, 
and SumCount is proportional to MeanCount when the number of 
frames read is the same, as was the case in our study (i.e., only samples 
with 41 frames read were included; Bacheler et al., 2020).

Because two types of video cameras with different characteristics 
were used to count fish in our study since 2011, a side-by-side camera 
calibration study took place in 2014 to develop a camera calibration 
factor between Canon and GoPro cameras (see Bacheler et al. (2023) for 
full details). In short, Canon and GoPro cameras were deployed on traps 
next to one another throughout 2014, facing away from the trap mouths, 
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and subsequent videos were read using SumCount for red snapper. Red 
snapper were observed on 31 pairs of calibration videos, and from these 
samples, GoPro cameras observed 65 % more red snapper than Canon 
cameras. Therefore, index values generated from Canon cameras in 
2011–2014 were increased by 65 % to make those years consistent with 
estimates generated from GoPro cameras in 2015–2022 (Bacheler et al., 
2023).

In addition, each ship’s global positioning unit was used to estimate 
latitude and longitude, and the ship’s echosounder was used to estimate 
depth (m). Bottom water temperature (◦C) was measured using a 
“conductivity-temperature-depth” cast within 2 m of the seafloor for 
each group of simultaneously deployed traps. Soak time (min) was the 
number of minutes each trap soaked from deployment to the start of the 
retrieval process. The last four variables were estimated using video 
cameras attached to traps. The percent of the visible substrate that was 
hardbottom or reef (hereafter referred to as “structured habitat”) was 
estimated for the two cameras on each trap, and a mean value was 
calculated for each station sampled. Maximum substrate relief (m) was 
the maximum relief visually estimated in three categories: low (<
0.3 m), moderate (0.3–1.0 m), or high (> 1.0 m), and visual estimation 
was aided by the fact that cameras were attached to traps 0.6 m off the 
seafloor. Water clarity was classified as “low” if substrate could not be 
seen, “moderate” if substrate could be seen but not the horizon, and 
“high” if the horizon was visible in the distance. Lastly, current direction 
was estimated as “away”, “sideways”, or “towards” based on the 
movement of visible particles in the water relative to the view field of 
the video camera over the trap mouth. Trap and video samples were only 
included in analyses if all predictor variables were available.

2.3. Trap and video data analyses

Our first and second objectives were to quantify the temporal and 
spatial patterns of red snapper relative abundance from 2011 to 2022. 
We first examined the proportion of trap samples catching red snapper 
and the proportion of video samples where red snapper were observed, 
as well as the nominal mean trap catch (individuals caught per trap) and 
nominal video counts (mean SumCount per video sample) of red snap-
per, by year. But annual changes in the spatial and temporal distribution 
of sampling or environmental variability can be confounded with annual 
changes in red snapper abundance. Therefore, we used generalized ad-
ditive models (GAMs; Hastie and Tibshirani, 1990) to relate trap catch or 
video counts to predictor variables in order to standardize for the in-
fluence of those variables on red snapper catches or counts. A GAM is a 
nonparametric regression approach that uses local smoothers to fit 
nonlinear relationships between response and predictor variables, and 
can incorporate various error distributions (Wood, 2017).

Our trap GAM related the trap catch of red snapper to ten predictor 
variables (Table 1). These predictor variables were: year of the sample 
(year), water clarity (wc), current direction (cur), maximum substrate 
relief (rel), trap soak time (soak), depth (depth), bottom water 

temperature (temp), day of the year (doy), structured habitat (sh), and 
position (pos). Position was a bivariate smooth predictor surface that 
was created using the combination of longitude and latitude of the 
sample (Bacheler and Smart, 2016). We excluded samples with soak 
times less than 50 min and greater than 150 min, bottom temperatures 
less than 16◦ and greater than 29◦C, and depths greater than 60 m deep 
due to low sample sizes. Variance inflation factors were less than three 
for all predictor variables, suggesting no multicollinearity among pre-
dictor variables (Neter et al., 1989).

Our trap GAM was: 

y = f(year) + f(wc) + f(cur) + f(rel) + s(soak) + s(depth) + s(temp)

+ s(doy) + s(sh) + s(pos) (1) 

where y is the trap catch of red snapper, f is a categorical function, and s 
is a cubic spline (smoothed) function. All GAMs were coded in R version 
4.1.1 (R Core Team, 2021) using the mgcv library 1.8–23 (Wood, 2011). 
We used cubic spline smoothers due to their computational efficiency for 
large datasets and broad usage in ecological studies; the spline’s knot 
locations were determined using restricted maximum likelihood, as 
implemented by the mgcv library (Wood, 2011). We compared three 
error distributions given our count response variable: Poisson, negative 
binomial, and Tweedie error distributions. The best fitting model was 
the negative binomial error distribution based on model diagnostics and 
convergence rates from the “mgcv::gam.check” function; residuals were 
approximately normal and exhibited constant variance.

We compared the full trap model containing all ten predictor vari-
ables to reduced models that contained fewer predictor variables using 
backward selection based on Akaike’s information criterion (AIC). AIC 
attempts to find the most parsimonious model that maximizes fit with 
the fewest predictor variables (Burnham and Anderson, 2002). The best 
(i.e., most parsimonious) model is the one with the lowest AIC value, 
and we report ΔAIC values here, where the best model has a value of 
0 and all other models have ΔAIC values greater than 0. Models with 
ΔAIC values of less than 2 are thought to have similar support from the 
data, while those with ΔAIC values greater than 2 have less support 
(Burnham and Anderson, 2002).

Our second GAM related video SumCount of red snapper to nine 
predictor variables (Table 1). The same predictor variables from the trap 
model were included in the video model with the exception of soak time, 
since that variable is not relevant to the video model. Our video GAM 
was: 

y = f(year) + f(wc) + f(cur) + f(rel) + s(depth) + s(temp) + s(doy)

+ s(sh) + s(pos) (2) 

where y is the video SumCount of red snapper and all other variables are 
the same as the trap model (Eq. (1)). The best fitting video GAM was 
again a negative binomial error distribution, and model residuals were 
approximately normal and exhibited constant variance.

We used the final (best) trap and video GAMs to specifically address 
our three objectives. To estimate temporal trends in relative abundance, 
our first objective, we used the trap and video GAMs to estimate the year 
effect at mean values of all continuous predictor variables and midpoint 
levels of factor variables. To address our second objective (elucidate red 
snapper spatial distribution), we used GAMs to predict red snapper trap 
catches and video SumCounts at 90-m grid cells (≤ 60 m deep) across 
the SEUS shelf given the latitude, longitude, and depth of each cell and 
mean or midpoint values of all other predictor variables. These GAMs 
predict red snapper relative abundance across the SEUS shelf, but note 
that standardized trap catches and video SumCounts only apply to reef 
habitats in cells and assume structured habitat is homogenous across the 
SEUS continental shelf. For our third objective (quantify habitat use), we 
used trap and video GAMs to quantify the relationships between trap 
catch or video SumCounts and predictor variables (e.g., structured 
habitat, maximum substrate relief, depth, bottom temperature, day of 

Table 1 
Predictor variables included in generalized additive models for red snapper 
(Lutjanus campechanus) catch in traps or counts in video samples from the 
Southeast Reef Fish Survey, 2011–2022.

Predictor variable Abbreviation Type Units

Year year Categorical -
Water clarity wc Categorical -
Current direction cur Categorical -
Relief rel Categorical -
Soak time soak Continuous Minutes
Depth depth Continuous Meters
Bottom water temperature temp Continuous Degrees Celsius
Day of the year doy Continuous Day
Structured habitat sh Continuous Percent
Position pos Continuous Degrees
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the year, year, current direction, water clarity, and position). Since we 
did not quantify the availability of habitats or environmental conditions, 
we only describe the use of these predictors by red snapper and not their 
preference or selection for them. The major strength of the GAM 
approach is that trap catch or video counts can be standardized to ac-
count for any variability in, and shape of, predictor variable 
relationships.

2.4. Remotely operated vehicle sampling

We used video data from a remotely operated vehicle (ROV) to 
further address our third objective. A drawback of trap and video sam-
pling described above is that it is difficult to make inferences about the 
habitats that red snapper associate with because only reef habitats are 
targeted by SERFS sampling. Thus, traps landing on sand are often 
located close to reef habitats and are therefore not truly random sam-
ples; in other words, sand stations close to reef habitat likely contain 
many more red snapper than sand stations far from any reef habitat 
(Bacheler et al., 2022). A second drawback is that baited traps and 
videos attract fish from some unknown local area, so estimating absolute 
abundance or density is difficult (Bacheler et al., 2022).

To address these issues, we used an ROV to sample randomly selected 
stations in 2021–2023 in the SEUS. Transect sampling was conducted at 
randomly selected sites along the continental shelf from north of Cape 
Hatteras, North Carolina, to North Key Largo, Florida, with a VideoRay 
Pro4 mini ROV (dimensions: 36 cm long, 28 cm tall, 22 cm wide; mass: 
4.8 kg). The sampling frame, encompassing the continental shelf from 
10–160 m deep and from just south of the Virginia–North Carolina 
border to North Key Largo, Florida, was divided into six regions from 
24.42◦ to 36.22◦ N. Sites were allocated to regions relative to shelf area 
from 10 to 160 m depths; however, disproportionately higher sampling 
was focused in the Florida Keys to test whether red snapper were present 
in that region. Within regions, site locations were selected with a 
random number generator to select integer latitude and longitude and 
then decimal degrees within the specific depth range. ROV transects 
were flown as close to selected GPS coordinates at each site as sea 
conditions allowed. Each randomly selected site was sampled one time 
during the three-year period.

The ROV was tethered to the surface where it was controlled by a 
pilot via an integrated control box with a video monitor to observe video 
captured by the ROV’s forward camera. High-resolution digital video 
was captured with a GoPro Hero6 digital camera in 2021–2022, and a 
GoPro Hero11 in 2023. GoPro cameras were encased in an underwater 
housing that was mounted to the top of the ROV’s float block and angled 
at 45◦ to the seabed. Both cameras recorded widescreen video at 1080p 
resolution and 60 frames per second, but the GoPro Hero6 cameras had a 
horizontal field of view of 123◦ the GoPro Hero11 cameras had a hori-
zontal field of view of 118◦. At each study site, the ROV descended to the 
seabed and a 100-m transect was flown between 1 and 2 m off bottom 
depending on visibility. A second transect was flown 100 m from the 
endpoint of the first transect. The ROV position on the seabed was 
tracked and recorded with an acoustic ultrashort baseline acoustic 
positioning system.

Digital sample videos were analyzed to enumerate all red snapper 
observed during each transect. Transect width was estimated from the 
ROV’s height off bottom given the angle of the camera (45◦) to the 
seabed and the camera’s field-of-view following the method of Patterson 
et al. (2014). Red snapper density per transect was estimated as the 
count divided by the area sampled (transect width × length). Red 
snapper density per site was then estimated as the mean between the two 
transect samples conducted at that site. Two habitat variables were also 
scored at each site: structured habitat (%) and habitat complexity. 
Structured habitat was visually estimated as the percent of the transect 
covered by structured habitat (i.e., rocks or attached biota, measured in 
5 % intervals), and habitat complexity was a qualitative assessment of 
the complexity of the seafloor. A habitat complexity score of 1 was the 

least complex habitat, such as sand, shell hash, or mud. A score of 2 was 
moderately complex and included the presence of soft or stony corals, 
sponges, and macroalgae. Lastly, a score of 3 was the most complex and 
included rocky hardbottom habitats which were often higher relief (>
1 m) reefs and ledges.

To specifically address our third objective, we related red snapper 
densities from ROV videos to structured habitat and habitat complexity. 
We examined red snapper densities at four levels of structured habitat 
(0 %, 5–20 %, 25–50 %, and 55–100 %) and at the three levels of habitat 
complexity. We tested for a significant effect of these two habitat vari-
ables separately on red snapper densities using Kruskal-Wallis tests and 
an alpha level of 0.05.

3. Results

3.1. Trap and video sampling

From 2011 to 2022, a total of 13,217 chevron traps were deployed 
and included in our analyses, slightly more than the number of videos 
collected and included (n = 12,577; Table 2). Excluding 2020 (when no 
sampling occurred), the fewest trap and video samples were available 
from 2011, and the most were available from 2018 (Table 2). Sampling 
was quite consistent each year across dates, depths, and latitudes 
(Table 2; Fig. 1). In total, 10,671 red snapper were caught in the 13,217 
traps deployed, with the highest trap catch of red snapper being 88; 
these red snapper ranged in size from 159 to 991 mm total length (mean 
= 443 mm total length; Fig. S1). The highest red snapper SumCount was 

Table 2 
Annual sampling information for the 11 years of chevron trap and video sam-
pling by the Southeast Reef Fish Survey, 2011–2022, on the southeast United 
States Atlantic continental shelf and included in this study. No sampling 
occurred in 2020 due to the COVID-19 pandemic.

Year Number of 
trap 
samples

Number of 
video 
samples

Mean date 
(range)

Mean 
depth (m; 
range)

Mean latitude 
(ºN; range)

2011 516 488 27 Jul (19 
May–25 
Oct)

39 
(15–59)

30.8 
(27.2–34.5)

2012 939 909 11 Jul (24 
Apr–10 
Oct)

36 
(15–59)

31.9 
(27.2–35.0)

2013 1185 1116 15 Jul (24 
Apr–4 Oct)

36 
(15–59)

31.3 
(27.3–35.0)

2014 1349 1268 10 Jul (23 
Apr–21 
Oct)

36 
(16–59)

31.8 
(27.2–35.0)

2015 1313 1280 1 Jul (21 
Apr–22 
Oct)

36 
(15–59)

31.8 
(27.3–35.0)

2016 1302 1252 3 Aug (4 
May–26 
Oct)

36 
(16–59)

32.1 
(27.2–35.0)

2017 1326 1254 3 Jul (26 
Apr–29 
Sep)

36 
(15–59)

31.9 
(27.2–35.0)

2018 1512 1453 24 Jun (25 
Apr–4 Oct)

36 
(16–59)

31.9 
(27.2–35.0)

2019 1431 1367 1 Jul (30 
Apr–25 
Sep)

37 
(15–59)

32.0 
(27.2–35.0)

2020 0 0 - - -
2021 1308 1246 29 Jun (28 

Apr–29 
Sep)

34 
(16–59)

31.8 
(27.2–35.0)

2022 1036 944 10 Jul (26 
Apr–27 
Sep)

35 
(16–59)

31.6 
(27.2–35.0)

Total 13,217 12,577 9 Jul (21 
Apr–26 
Oct)

36 
(15–59)

31.8 
(27.2–35.0)
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1408, or a mean of 34.3 red snapper observed per frame.
The nominal proportion of traps catching red snapper and video 

samples in which red snapper were observed increased during our study. 
The nominal proportion positive of red snapper in traps was 0.073 in 
2011, but it increased nearly linearly to 0.226 in 2022 and the propor-
tion positive for all traps was 0.152 (Fig. 2A). Although red snapper were 
observed nearly twice as often on video than they were caught in traps, 
the increase in proportion positive on video similarly increased from 
0.207 in 2011 to 0.355 in 2022 and the proportion positive for all videos 
was 0.291 (Fig. 2A). Even more substantial increases were observed in 
the nominal mean red snapper trap catches and mean SumCounts over 
time. Nominal mean red snapper catch (including zeros) increased from 
0.09 to 1.41 fish/trap (~ 1500 % increase) between 2011 and 2022, 
while nominal video SumCounts of red snapper increased from 1.50 to 
20.90 fish over the same time frame (~ 1300 % increase; Fig. 2B). Red 
snapper were most commonly caught in traps or observed in video 
samples off northern Florida and Georgia and less commonly in South 
Carolina and southern North Carolina, but catches and counts increased 
again north of Cape Lookout, North Carolina (Fig. 3).

3.2. Trap and video generalized additive models

The best trap GAM based on AIC included all predictor variables 
except maximum substrate relief and trap soak time, explaining 46.1 % 
of the model deviance (Table 3). There was also some evidence for a trap 
model excluding maximum substrate relief but including soak time, 
which had a ΔAIC value of 0.7 and also explained 46.1 % of the devi-
ance; no other models were supported by the data as evidenced by ΔAIC 
values > 2 (Table 3). The best video model was the full model containing 
all nine predictor variables, which explained 44.3 % of the model 
deviance; none of the reduced models were supported by the data 
(Table 3).

Standardized red snapper relative abundance increased rapidly over 
the 12-year study. Standardized trap catches and video SumCounts of 
red snapper showed a similar increase as nominal values and were very 
similar to one another, generally increasing over the study (Fig. 4). 
Standardized trap catches increased from 0.37 to 3.90 fish per trap (~ 
1000 % increase), while standardized video SumCounts increased from 

4.2 to 52.4 fish (~ 1100 % increase).
There were strong patterns in the spatial distribution of red snapper 

relative abundance across the SEUS, and standardized trap catches and 
video SumCounts were nearly identical (Fig. 5). Standardized red 
snapper relative abundance was highest around Cape Canaveral, Flor-
ida, declining northward to Cape Lookout, North Carolina. In both 
models, however, relative abundance increased again between Cape 
Lookout and Cape Hatteras, North Carolina, which is consistent with 
nominal trap and video data (Fig. 3). Relative abundance was also 
highest mid-continental shelf, declining inshore and offshore, except off 
central Florida where relative abundance was high across the shelf 
depths surveyed (15–59 m). Lowest red snapper relative abundance 
occurred in northern South Carolina and southern North Carolina 
(Fig. 5).

Standardized red snapper relative abundance was influenced by 
habitat variables in specific ways, and there was a high degree of simi-
larity between trap and video models. Red snapper relative abundance 
from video was highest at approximately 40 m deep, being lower in 
shallower and deeper water (Fig. 6A). Trap-based relative abundance of 
red snapper was highest in slightly deeper water, but confidence in-
tervals at those deeper depths were large. Standardized relative abun-
dance from traps and videos generally declined throughout the year, 
increased with bottom water temperature, and displayed a dome-shaped 
relationship with structured habitat (Fig. 6B–D). Standardized red 
snapper trap catches and video counts were also higher when water 
current was moving away from the trap mouth and video cameras 
(Fig. 6E). Standardized red snapper video counts were positively related 
to water clarity and maximum substrate relief, while standardized red 
snapper trap catches were somewhat negatively related to water clarity; 
maximum substrate relief was excluded from the trap GAM, suggesting 
no effect of that variable on trap catches of red snapper (Fig. 6F–G).

3.3. Remotely operated vehicle sampling

In total, 282 remotely operated vehicle samples were collected in 
2021–2023 (Table 4). The ROV sampling primarily occurred during 
summer months, but in 2021 occurred into October. Sampling occurred 
across the continental shelf in depths ranging from 5 to 138 m and 

Fig. 2. (A) Nominal proportion of trap or video samples capturing or observing red snapper (Lutjanus campechanus) from the Southeast Reef Fish Survey on the 
southeast United States Atlantic continental shelf, 2011–2022. (B) Nominal mean trap catch (individuals per trap) and mean video SumCount (sum of red snapper 
individuals across 41 video frame) of red snapper, 2011–2022. Note that no sampling occurred in 2020 due to the COVID-19 pandemic.
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latitudes ranging from 24.4 to 36.2◦ N (Table 4). Red snapper were 
observed on 7 of the 282 ROV video samples (2.5 %), and the ROV 
samples positive for red snapper were found from Cape Hatteras, North 
Carolina, to the Florida Keys (Fig. 7). Red snapper were observed in 
water depths ranging from 21.3 to 95.1 m (mean = 42.7 m). The highest 
density of red snapper observed in ROV video samples was 0.77 fish per 
100 m2.

There was a strong relationship between observing red snapper via 
ROV and seafloor habitat. Zero red snapper were observed at sites 
lacking, or having a small amount (≤ 20 %) of, structured habitat and a 
habitat complexity score of 1 (Fig. 8). Red snapper were observed in the 
highest proportion of samples, and had highest mean densities, at sites 

with a moderate amount of structured habitat (25–50 %; Fig. 8A,C) and 
a habitat complexity score of 3 (Fig. 8B,D). Moreover, there was a strong 
effect of the amount of structured habitat (p < 0.0001), as well as habitat 
complexity (p < 0.0001), on mean densities of red snapper (Fig. 8).

4. Discussion

We used long-term sampling with three sampling gears at a broad 
regional scale to elucidate the temporal, spatial, and habitat patterns of 
red snapper on the SEUS shelf. Standardized relative abundance of red 
snapper increased by approximately three orders of magnitude from 
2011 to 2022, generally consistent with recent stock assessment results 

Fig. 3. Bubble plot showing the geographic distribution of nominal trap catches (left plot) and video counts (right plot) of red snapper (Lutjanus campechanus) on the 
southeast United States Atlantic continental shelf, 2011–2022. Bubble size is scaled to the number of red snapper caught in traps or observed on video, and each gray 
‘x’ indicates a sample where no red snapper were caught or observed. Note that symbols overlap.

Table 3 
Model selection for generalized additive models for red snapper (Lutjanus campechanus) catch in traps or counts in video samples from the Southeast Reef Fish Survey, 
2011–2022, on the southeast United States Atlantic continental shelf. Degrees of freedom are shown for factor (f) terms, and estimated degrees of freedom are shown 
for smoothed terms (s). Asterisks denote significance at the following alpha levels: *0.05, **0.01, ***0.001; AIC = Akaike information criterion; DE = deviance 
explained by the model; year = year of the sample; cur = current direction; wc = water clarity; rel = maximum substrate relief; depth = bottom depth; doy = day of the 
year; temp = bottom water temperature; soak = trap soak time; sh = structured habitat; pos = position (i.e., latitude and longitude) of the sample; ex = predictor 
variable was excluded from the model; NA = predictor variable was not applicable to that particular model. Full models included all predictor variables, and the minus 
sign after “Full” indicates that one or more predictor variables were excluded from that particular model.

Model ΔAIC DE f(year) f(cur) f(wc) f(rel) s(depth) s(doy) s(temp) s(soak) s(sh) s(pos)

Trap model
Full – rel – soak 0.0 46.1 10*** 2*** 2 ex 8.0*** 4.5** 4.2*** ex 5.2*** 27.9***

Full – rel 0.7 46.1 10*** 2*** 2 ex 8.0*** 4.5** 4.2*** 1.0 5.1*** 27.9***

Full – rel – wc – soak 2.6 46.0 10*** 2*** ex ex 8.0*** 4.3*** 4.1*** ex 5.1*** 27.9***

Full – rel – wc 3.2 46.0 10*** 2*** ex ex 8.0*** 4.4*** 4.1*** ex 5.1*** 27.9***

Full – soak 3.4 46.1 10*** 2*** 2 2 8.0*** 4.5** 4.2*** ex 5.1*** 27.9***

Video model
Full 0.0 44.3 10*** 2*** 2** 2*** 2.0*** 4.5*** 1.6*** NA 5.7*** 28.5***

Full – wc 8.0 44.2 10*** 2*** ex 2*** 2.0*** 4.6*** 1.7*** NA 5.7*** 28.5***

Full – doy 15.2 44.0 10*** 2*** 2*** 2*** 2.0*** ex 1.0*** NA 5.5*** 28.5***

Full – wc – doy 25.0 43.9 10*** 2*** ex 2*** 2.0*** ex 1.0*** NA 5.5*** 28.5***

Full – temp 25.8 44.0 10*** 2*** 2*** 2*** 2.0*** 3.6 ex NA 5.6*** 28.5***
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in the region (SEDAR, 2021). The data also indicated red snapper are not 
homogenously distributed throughout the SEUS, instead being most 
common in mid-shelf waters from Cape Canaveral, Florida, northward 
to Georgia and again off Cape Hatteras, North Carolina, and less com-
mon off southern North Carolina and northern South Carolina. Relative 
abundance and densities of red snapper were highest at moderate levels 
of structured habitat and lower at both low and high levels of structured 
habitat. Furthermore, not a single red snapper was observed on the 197 
ROV transects that lacked structured habitat. Clearly, red snapper 
appear to have spatial and habitat preferences on the SEUS shelf, which 
is similar to findings reported for the Gulf of Mexico shelf off western 
Florida (Stunz et al., 2021).

There is high certainty that red snapper have increased in abundance 
in the SEUS since the fishing closure in 2010. The most recent red 
snapper stock assessment in the SEUS estimated that age-1 + red 
snapper abundance increased from around 651,630 individuals in 2011 
to 2,700,500 individuals in 2020, a 314 % increase (SEDAR, 2021). Red 
snapper catch rates have also increased dramatically (2025 %) between 
2012 and 2018 from a fishery-independent survey using repetitive timed 
drops of baited hook-and-line gear off the east coast of Florida 
(Christiansen et al., 2020). We similarly documented large increases in 
red snapper relative abundance (i.e., 960–1482 %) in the SEUS, and 
there was strong agreement in our study between sampling gears (i.e., 
traps, video) and whether or not the indices were standardized. More-
over, our trap and video GAMs explained a substantial amount of 
deviance (44.3–46.1 %) and models fit well, suggesting the pattern of 
increased red snapper relative abundance is real and not spurious.

Nominal trap catches, nominal video counts, and standardized trap 
catches and video SumCounts indicated that red snapper were most 
abundant off central and northern Florida, less abundant off Georgia, 

Fig. 4. Standardized trap catches (number of individuals per trap) and video 
SumCounts of red snapper (Lutjanus campechanus) using generalized additive 
models from the Southeast Reef Fish Survey on the southeast United States 
Atlantic continental shelf, 2011–2022. Points indicate mean values (traps =
blue; video = orange) and shaded areas indicate 95 % confidence intervals. 
Standardization used mean values of continuous variables and midpoint levels 
of all categorical variables.

Fig. 5. Standardized trap catches (A) and video SumCounts (B) of red snapper (Lutjanus campechanus) from the Southeast Reef Fish Survey on the southeast United 
States Atlantic continental shelf, 2011–2022. Standardized trap catches or video SumCounts were based on the spatial position and depth of each cell at mean or 
midpoint values of all other model predictor variables using generalized additive models. Gray isobaths indicate 30, 50, and 100 m deep. Note that the spatial 
distribution of structured habitats is not being considered and many grid cells likely do not contain structure.
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southern South Carolina, and North Carolina’s Outer Banks, and rare off 
southern North Carolina and northern South Carolina. It is unclear why 
red snapper display this spatial pattern of abundance that is unlike any 
other reef fish in the region (Bacheler et al., 2016), but it may be related 
to red snapper’s ability to survive and even thrive in periodic summer-
time upwelling events by being able to move vertically above cold, 
upwelled water (Bacheler et al., 2021). These upwellings are driven by 
the position of the Gulf Stream and prevailing winds and are much more 
common in Florida and the Outer Banks of North Carolina than else-
where along the SEUS shelf (Hyun and He, 2010). Regardless of the 
reason, these results align well with previous studies in the region that 
have also used trap and video data from SERFS but employed different 
analytical approaches (Coggins et al., 2014; Bacheler et al., 2016; Cao 

et al., 2024). These data might be useful, for instance, to create targeted 
and efficient marine protected areas to reduce discard mortality of red 
snapper (e.g., Farmer and Karnauskas, 2013), to implement other spatial 
management measures (Farmer et al., 2017; Shertzer et al., 2024), or for 
estimating total population size of red snapper in the entire SEUS region. 
This latter application could be accomplished by scaling the relative 
spatial abundance estimated across the region (Fig. 5) to absolute 
abundance using point estimates of density obtained at specific locations 
(e.g., Zulian et al., in press).

Adult red snapper (> age-2) have been shown to associate with 
various types of natural and artificial structured habitats, such as coral 
reefs, rocky outcroppings and ledges, oil rigs, and shipwrecks (Moseley, 
1966; Powles and Barans, 1980; Williams-Grove and Szedlmayer, 2016; 
Dance and Rooker, 2019; Chatterjee et al., 2024). Our results from trap, 
stationary video, and ROV video samples are consistent with these 
previous studies but go further to show that adult red snapper appear to 
disproportionately use moderate levels of structured habitat, showing 
less affinity for continuous reef habitats and more affinity for patchy reef 
habitats composed of a mix of rock, coral and sponge, and sand habitats. 
The use of patchy reef and sand habitats by adult red snapper may be 
related to their feeding and predator avoidance behaviors; red snapper 
feed over various types of sand, mud, and structured habitats (Camber, 
1955; Bradley and Bryan, 1975; Szedlmayer and Lee, 2004; McCawley 
et al., 2006; Tarnecki and Patterson, 2015; Schwartzkopf et al., 2017), 
but are thought to find refuge in structured habitats (Wells et al., 2008). 
Patchy mosaics of sand and reef habitats may provide red snapper with 
the ability to maximize the ratio of foraging rate to predation risk 

Fig. 6. Standardized trap catches and video SumCounts of red snapper (Lutjanus campechanus) as a function of (A) depth (m), (B) day of the year, (C) bottom 
temperature (ºC), (D) structured habitat, (E) current direction, (F) water clarity, and (G) maximum substrate relief using generalized additive models from data 
collected by the Southeast Reef Fish Survey on the southeast United States Atlantic continental shelf, 2011–2022. Lines or points are mean estimates at mean or 
midpoint values of all predictor variables and shaded areas are 95 % confidence intervals. Mean trap values are indicated by blue filled circles or thick blue lines and 
mean video values are indicated by orange triangles or thin orange lines. Note that maximum substrate relief was excluded from the trap model based on Akaike 
information criterion (AIC), so those results are not shown.

Table 4 
Annual sampling information for the 3 years (2021–2023) of remotely operated 
vehicle surveys on the southeast United States Atlantic continental shelf.

Year Number of 
ROV stations

Mean date 
(range)

Mean depth 
(m; range)

Mean latitude 
(ºN; range)

2021 148 19 Aug (28 
Jun–25 Oct)

35 (5–138) 30.4 (24.4–36.2)

2022 85 15 Jul (27 
Jun–10 Aug)

42 (6–132) 29.2 (24.6–32.9)

2023 49 15 Jul (2 
Jun–28 Jul)

39 (15–113) 34.4 (32.9–35.6)

Total 282 3 Aug (2 
Jun–25 Oct)

36 (5–138) 30.7 (24.4–36.2)
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(Gilliam and Fraser, 1987).
There has been uncertainty about habitat use by large (> 850 mm 

total length), old red snapper (> age-10) in the Gulf of Mexico, specif-
ically whether they prefer structured habitat or move off reefs to spend 
most of their time over sand and mud habitats (Patterson, 2007; 
Szedlmayer, 2007; Gallaway et al., 2009). The prevailing hypothesis in 
the Gulf of Mexico is that old red snapper have declining vulnerability to 
the fishery and surveys because of their tendency to move off structured 
habitats as they age (Cowan, 2011; Cowan Jr. et al., 2011). These con-
clusions are mostly based on Gulf of Mexico longline surveys that have 
caught old red snapper over presumably unconsolidated sand and mud 
habitats (Henwood et al., 2004; Mitchell et al., 2004). Telemetry studies 
have consistently shown that adult red snapper associate closely with 
natural or artificial structured habitats and only appear to use unstruc-
tured habitats when periodically transiting from reef to reef (Piraino and 
Szedlmayer, 2014; Williams-Grove and Szedlmayer, 2016, 2017; Everett 
et al., 2020; Bacheler et al., 2021; Froehlich et al., 2021; Chatterjee 
et al., 2024). But telemetry may not fairly assess the degree of off-reef 
habitat use of red snapper, however, because (1) old (> 10-year-old) 
red snapper are rarely tagged in telemetry studies, (2) telemetry 
studies tend to be short-term while red snapper tend to slowly diffuse 
away from tagging sites (Patterson III et al., 2001; Patterson, 2007; 
Addis et al., 2013), and (3) once telemetered red snapper leave a 
telemetry array, they are typically not tracked unless they are detected 
at another array. Old red snapper appear to use unstructured habitats 

near the shelf break in the western Gulf of Mexico but red snapper of any 
size were not found over unstructured habitat in the eastern Gulf of 
Mexico (Stunz et al., 2021), and our ROV results are consistent with the 
findings in the eastern Gulf of Mexico. The lack of red snapper found 
over unstructured habitat in the SEUS may also be due to the overall 
rarity of age-10 + red snapper in the region (i.e., < 2.5 % of all red 
snapper; SEDAR, 2021). If it is rare for red snapper to disassociate with 
structured habitats as they grow larger and older, it suggests that a 
significant cryptic biomass of red snapper does not exist in the SEUS.

Red snapper were associated with environmental variables and other 
characteristics of the stations sampled in ways that were consistent with 
previous studies. Standardized red snapper trap catches and video 
counts were positively related to bottom water temperature, peaked at 
about 40-m deep (i.e., mid-shelf waters), and declined somewhat 
throughout the year, consistent with previous work in the SEUS 
(Mitchell et al., 2014; Bacheler et al., 2016; Bacheler and Shertzer, 
2020). Standardized red snapper relative abundance was positively 
related to maximum substrate relief on video, but maximum substrate 
relief was excluded from the trap model; this result is also consistent 
with previous studies that have shown trap catchability of red snapper is 
lower when high-relief hardbottom habitat is present (Bacheler et al., 
2014; Bacheler and Shertzer, 2020). In addition, red snapper were more 
likely to be caught in traps or observed on video when the current was 
moving away from the trap mouth and video camera used to count fish 
(Coggins et al., 2014; Bacheler et al., 2014, 2016). Red snapper were 
also somewhat more likely to be observed on video when water clarity 
was good compared to poor, but the same relationship did not occur for 
trap catches, where red snapper were slightly more likely to be caught 
when water clarity was poor. Gregory and Northcote (1993) introduced 
the motivation hypothesis, suggesting that heightened turbidity could 
amplify feeding motivation by reducing the risks of predation. But with 
regards to red snapper, the reason for this increased trap catchability in 
turbid water is unknown. One potential yet untested explanation is that 
red snapper may be less wary of the trap or line in turbid water.

There were some limitations of our red snapper study in the SEUS. 
First, trap and video gears were paired in our study, so they were not 
truly independent. Second, our study was correlational and therefore 
causation could not be determined (Altman and Krzywinski, 2015). 
Third, our GAMs explained ~ 45 % of the deviance in red snapper trap 
catches or video counts, which is relatively high for studies of this type 
(e.g., Bacheler and Ballenger, 2018). However, this implies ~ 55 % of 
the deviance was unexplained by our models, suggesting other unmea-
sured variables (e.g., predator or prey abundance, social interactions) 
are important for estimating red snapper relative abundance in the 
SEUS. Fourth, 197 ROV stations were sampled over sand in our study 
and not a single red snapper was observed; more ROV sampling over 
sand in conjunction with bathymetric mapping would increase our 
confidence that red snapper do not generally disassociate with struc-
tured habitats in the SEUS. Fifth, our inferences about red snapper 
habitat use only pertain to the spring through fall time period because no 
sampling occurred in this study during winter, but note previous studies 
have not observed seasonal differences in red snapper habitat use 
(Bacheler et al., 2021). Lastly, we estimated red snapper relative 
abundance using traps and videos, but being able to estimate absolute 
abundance would greatly benefit their assessment and management.

Red snapper are an iconic reef-associated fish species with a long 
history of exploitation in the SEUS. Trap and camera data clearly 
demonstrate red snapper abundance has increased markedly on the 
SEUS shelf over the last 15 years. Furthermore, red snapper are het-
erogeneously distributed across the region, and their presence and 
abundance are strongly correlated to hardbottom habitat on the SEUS 
shelf. Confidence in our results is high given the strong agreement 
among sampling gears and broad spatial and temporal scale of sampling 
in our study. These results increase our understanding of the spatial and 
temporal distribution of red snapper, improve our understanding of red 
snapper habitat use, and can be used when scaling density estimates to 

Fig. 7. Bubble plot showing red snapper (Lutjanus campechanus) density esti-
mates (fish per 100 m2) at randomly selected locations on the southeast United 
States Atlantic continental shelf, 15–150 m deep, using a remotely operated 
vehicle, 2021–2023. Bubble size is scaled to the density of red snapper esti-
mated by remotely operated vehicle video samples, and each black point in-
dicates a sample where no red snapper were observed.
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the entire SEUS shelf. Future studies that explore ways to scale relative 
abundance estimates to density and further evaluate our hypothesis that 
red snapper rarely use unstructured habitats on the SEUS shelf will 
provide critical information for stock assessments and management 
actions.
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Medical Association (Declaration of Helsinki) for animal experiments 
(http://europa.eu.int/scadplus/leg/en/s23000.htm) and the Uniform 
Requirements for manuscripts submitted to Biomedical journals (htt 
p://www.nejm.org/general/text/requirements/1.htm).

Any use of trade, product, or firm names is for descriptive purposes 
only and does not imply endorsement by the U.S. Government. The 
scientific results and conclusions, as well as any views and opinions 
expressed herein, are those of the authors and the U.S. Geological Sur-
vey, but do not necessarily reflect those of the National Marine Fisheries 
Service. Data availability questions can be emailed to the corresponding 
author at nate.bacheler@noaa.gov.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.fishres.2024.107200.
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