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Abstract

Objective: Since 2010, three spatially disjunct reef fish video surveys have pro-
vided fishery-independent data critical to the assessment and management of
reef fishes in the Gulf of Mexico. Although analytical approaches have recently
been developed to integrate data from these surveys into a single measure of rela-
tive abundance and size composition, a more parsimonious approach would be to
integrate survey efforts under a single Gulf-wide survey design. Accordingly, we
conducted a retrospective analysis of historical video- and habitat-mapping data
to develop a novel stratified random sampling design for conducting surveys of
natural and artificial reef habitats.

Methods: We conducted a series of classification and regression tree analyses to
delineate both spatial and habitat strata, and conducted simulations to assess the
performance of an optimized survey design.

Result: Spatially, classification and regression tree results identified three depth
strata (10-25m, >25-50m, >50-180m) and three regional strata (north-central
Gulf, Big Bend, southwest Florida) in the eastern Gulf. For both natural and ar-
tificial reefs, habitat strata were delineated based on a combination of relative
relief (low, medium, high) and size of the individual reef feature, although reef
scale differed markedly between natural (<100m? 100-1000m?, >1000m?) and
artificial habitats (<25 m?, 25-100m?, >100 mz). To optimize effort among sam-
pling strata, effort was allocated proportionally based on a combination of habitat
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in 2020.
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INTRODUCTION

The application of advanced stock assessment models
(e.g., statistical catch-at-length or catch-at-age mod-
els) requires data from statistically robust surveys
from which both indices of stock size and annual es-
timates of size or age composition can be generated
(Hilborn and Walters 1992; Siegfried et al. 2016).
Early single-species stock assessments in the Gulf of
Mexico relied heavily on harvest data collected from
the fishery (i.e., fishery-dependent data) to make de-
terminations of stock status in relation to key man-
agement reference points. However, increasingly
restrictive and complex management measures have
altered fishing behavior and eroded the utility of
fishery-dependent data for quantifying population
trends for most species (Bryan and McCarthy 2015;
Smith et al. 2015; SouthEast Data, Assessment, and
Review [SEDAR] 2018a).

As a result, data from fishery-independent surveys are
critical for meeting stock assessment and management
needs. To be most useful, these scientific surveys should
strive to provide statistically robust data for multiple
species that encompass the full geographic extent of the
stocks being managed (Bryan et al. 2016). Survey efforts
should also be designed to provide data on environmental
conditions along with habitat quality and availability that
are critical to model-based approaches used to generate
indices of relative abundance. Ultimately, statistically ro-
bust survey data, along with relevant environmental data,
can be incorporated into analyses that account for the in-
fluence of various factors that, combined with the effects
of fishing and associated regulatory changes, may alter
mortality, stock productivity, and abundance (Harford
et al. 2018).

availability and managed-species richness for each stratum. Simulation results
indicated that relative median biases were <10% and relative median absolute
deviations <30% on estimates of abundance for most species examined on natu-
ral reefs under the optimal design, except Greater Amberjack Seriola dumerili.
These measures of bias and imprecision were similar or higher for most species
simulated using simple random and stratified random survey designs. Estimated
relative median bias and relative median absolute deviations were notably higher
for artificial reef surveys.

Conclusion: Based on these results, survey efforts were integrated as the Gulf
Fishery Independent Survey of Habitat and Ecosystem Resources (G-FISHER)

Gulf of Mexico, reef fish, reef habitats, survey design, video survey

Impact statement

Data from reef fish video surveys were analyzed
to develop a new survey design in the Gulf of
Mexico. The new design provides better estimates
of reef fish abundance from natural and artificial
reef habitats and will improve the assessment and
management of multiple reef fishes.

In the U.S. Gulf of Mexico (Figure 1), some of the great-
est assessment and management challenges involve reef-
associated fishes that support valuable commercial and
recreational fisheries. From 2010 to 2020, several reef fish
stocks (e.g., Gag Mycteroperca microlepis, Gray Triggerfish
Balistes capriscus, Greater Amberjack Seriola dumerili,
Red Snapper Lutjanus campechanus) in the Gulf have
been variously assessed as overfished or subject to over-
fishing (SEDAR 2014a, 2014b, 2015, 2016a, 2016b, 2018b).
Several existing surveys provide fishery-independent data
for specific taxa or their life history stages, including estu-
arine seine and trawl surveys (Flaherty-Walia et al. 2015;
Switzer et al. 2015), offshore trawl surveys (Matheson
etal.2017), vertical and bottom longline surveys (Campbell
et al. 2014; Karnauskas et al. 2017; Powers et al. 2018), and
ROV surveys (Powers et al. 2018). However, three collab-
orative video surveys (the Southeast Area Monitoring and
Assessment Program survey, the Panama City survey, and
the Florida Fish and Wildlife Conservation Commission's
Fish and Wildlife Research Institute survey) provide the
most comprehensive multispecies characterization of
abundance and size composition of reef-associated fishes
in the Gulf (Gardner et al. 2017; Thompson et al. 2017;
Campbell et al. 2019). All three surveys are conducted
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FIGURE 1 Area covered by earlier reef fish video surveys conducted by the Southeast Area Monitoring and Assessment Program

(SEAMAP), National Marine Fisheries Service (NMFS) Panama City,

and the Florida Fish and Wildlife Conservation Commission's Fish and

Wildlife Research Institute (FWRI) in the eastern Gulf of Mexico. In the legend, the years in parentheses represent the year in which each

survey began. Contour lines are isobaths.

using identical stereo-baited remote underwater video
(S-BRUV) arrays that are capable of effectively sampling
a wider range of species and sizes of reef fish than do
traditional capture gear (Cappo et al. 2007; Christiansen
et al. 2020, 2022). Because of differences in spatial cov-
erage and statistical design among these three surveys,
novel analytical approaches have recently been devel-
oped to combine data from all three surveys (Thompson
et al. 2022). These methods first involve classification and
regression tree analyses to generate a common habitat
classification system among all three surveys; combined
data are then analyzed within a generalized linear model-
ing framework that weights resultant indices by estimates
of survey-specific habitat availability. Indices of relative
abundance and size composition from these surveys have
along track record of use in stock assessments of Gulf reef
fishes (SEDAR 2014a, 2014b, 2015, 2016a, 2016b, 2018a,
2018b). The utility of S-BRUV survey data in the Gulf,
however, could be improved upon by addressing concerns

regarding insufficient sampling intensity, limited spatial
extent of the surveys, and differences in statistical design
among the surveys, especially in terms of the quality and
composition of reef habitats sampled by each survey.
Although methods have been developed to combine data
from all three surveys, it would be more parsimonious and
powerful to integrate survey efforts under a new, unified
sampling design. Other surveys of reef fishes have benefited
from the implementation of spatial and habitat stratifica-
tion that subdivides the survey domain into homogeneous
strata to effectively partition population variance (Smith
et al. 2011; Richards et al. 2016; Ault et al. 2018). In this
paper, we conduct a retrospective analysis of data from sur-
veys of reef fishes and associated habitats in the eastern Gulf
of Mexico to accomplish three primary goals: (1) delineate
biologically relevant spatial and habitat strata, (2) define op-
timal allocation of sampling effort based on a combination
of habitat availability and species richness for managed spe-
cies, and (3) assess and compare the relative performance of
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the final optimized survey design to the performance of sim-
ple random and spatially stratified designs for several key
reef fish taxa. Such a design should ultimately improve our
ability to accurately assess trends for use in single-species
stock assessment, provide robust data for ecosystem-based
models, and facilitate empirical analyses to characterize
multispecies responses to environmental drivers at varied
temporal and spatial scales.

METHODS

The primary objective of all three reef fish video surveys
conducted in the Gulf of Mexico is to provide data on fishes
associated with reef habitats from which indices of relative
abundance and size composition can be generated in support
of stock assessments. In addition to relative abundance data,
these surveys also provide associated habitat and water qual-
ity data that are critical to model-based approaches to index
development (Thompson et al. 2022). Specific details of each
respective survey follow below (see Table 1 for a review of key
similarities and differences between these surveys).

Southeast Area Monitoring and
Assessment Program reef fish video survey

The Southeast Area Monitoring and Assessment Program
reef fish video (SRFV) survey is conducted primarily

along the shelf break (70-100-m water depth) and in areas
of extensive high-relief reef habitat (e.g., Florida Middle
Grounds, Pulley Ridge) throughout the U.S. Gulf of
Mexico (Figure 1). This survey was conducted during
1992-1997 and 2001-2002 and has been conducted an-
nually since 2004, with sampling generally done during
April-August. This survey follows a two-stage stratified
random sampling design. First, survey blocks (measuring
10’ latitude x 10" longitude) are randomly selected with
proportional allocation from seven strata: south Florida
(small [<20km?] and large [>20km?] reef blocks), north-
east Gulf (small and large reef blocks), Louisiana-Texas
shelf (small and large reef blocks), and south Texas (small
reef block only). The second stage of the design uses a ran-
dom uniform selection process to select specific sampling
units (measuring 0.1 nm x 0.1 nm) containing reef habitat
(generated from previously mapped topographic features)
from an overlaid set of grid cells separated by approxi-
mately 200 m X 200 m over the mapped reef area.

National Marine Fisheries Service Panama
City survey

The National Marine Fisheries Service (NMFS) Panama
City survey is conducted along nearshore shelf waters (10—
57m) in the northeastern Gulf of Mexico (Figure 1). This
survey has been conducted since 2005, with sampling con-
ducted during May-November. The Panama City survey

TABLE 1 A summary of key similarities and differences among historical Southeast Area Monitoring and Assessment Program
(SEAMAP), Panama City, and Florida Fish and Wildlife Conservation Commission's Fish and Wildlife Research Institute (FWRI) reef fish
surveys. Abbreviations: H = horizontal pixels, HFV = horizontal field of view, V = vertical pixels, and VFV = vertical field of view.

Survey

characteristic SEAMAP Panama City FWRI
Depth Shelf break Inner shelf Shelf and shelf break
Spatial extent Gulf wide Northeastern Gulf Eastern Gulf

Habitat mapping Multibeam sonar Side scan sonar
Targeted Targeted or random
Habitat Natural Natural
Spatial strata Four regions Two regions, three depths
Habitat strata Small and large reef Three reef-quality strata
Allocation Proportional to reef Unequal probability
Design 2-stage design 2-stage design
Sampling gear Cameras with resolution of 1920  Cameras with resolution of 1920
H X 1200V with 86.3° HFV HXx 1200V with 86.3° HFV and
and 60.7° VFV 60.7° VFV
Bait Squid Atlantic Mackerel
Abundance metric MaxN MaxN
Taxa enumerated Managed fishes All fishes

Side scan sonar

Random

Natural and artificial

Nine regions, three depths
Artificial and natural reef
Proportional to area

2-stage design

Cameras with resolution of 1920

Hx 1200V with 86.3° HFV and
60.7° VEV

Atlantic Mackerel
MaxN
All fishes
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uses a two-stage unequal-probability sampling design to
ensure uniform geographic and bathymetric coverage. In
the first stage, survey blocks (measuring 5’ latitude x5’
longitude) are randomly selected, with allocation pro-
portional to their frequency by region (east and west of
Cape San Blas) and depth stratum (10-20m, 20.1-30m,
>30m). In the second stage, two individual reef features
are randomly selected, at least 250 m apart, from selected
blocks. Known reef features were located via side-scan
sonar mapping, and habitats classified later following the
Coastal and Marine Ecological Classification Standard
(Federal Geographic Data Committee 2012). For each
reef feature, a scaled, composite score of habitat quality is
calculated based on physical attributes of the reef (using
relief, reef area, and rugosity), and the range of values
is parsed into quantiles. Sites are finally selected using
unequal-probability sampling, in which the second and
third quantiles are three times as likely to be selected as
the first quantile, and the fourth quantile is five times as
likely to be selected as the first quantile.

Fish and Wildlife Research Institute
natural reef survey

The Florida Fish and Wildlife Conservation Commission's
Fish and Wildlife Research Institute (FWRI) initiated
an annual survey of natural reef habitats on the central
West Florida Shelf in 2010 (Figure 1). Sampling for this
survey was done from May through October. The FWRI
survey followed a two-stage stratified random design in
which annual sampling effort is allocated between two
latitudinal strata (26°N-27°N and >27°N-28°N) and two
depth strata (nearshore =9-37m; offshore = >37-110m).
Effort was allocated equally between latitudinal strata,
while within each latitudinal stratum, effort was allo-
cated proportionally based on total area in each depth
stratum. Within each stratum, sampling units measuring
0.54km north-south by 0.18 km east-west were randomly
selected to sample each year. Data on the distribution of
natural reef habitats in the eastern Gulf of Mexico are
of insufficient spatial resolution to direct sampling ef-
forts. Accordingly, standardized habitat mapping surveys
were first conducted at randomly selected sites (map-
ping surveys include each randomly selected sampling
unit as well as 20 additional surrounding units for a total
mapped area of 2.1km?) using an L3-Klein 3900 side-scan
sonar operating at 445kHz. Habitat mapping data were
analyzed to manually digitize polygon boundaries of in-
dividual reef features (i.e., those >2m across) that were
classified using a derivative of the geoform and surface ge-
ological components of the Coastal and Marine Ecological
Classification Standard (Table 2; Federal Geographic

TABLE 2 Natural and artificial reef habitat types (geoforms)
identifiable via interpretation of side-scan sonar backscatter data.
Geoforms are ordered by increasing relief. Values are provided

for relief rank for those geoforms for which reef fish assemblage
data were available. Habitat strata indicates whether each habitat
was classified as low relief, moderate relief, or high relief in the
resultant habitat stratification scheme. See Keenan et al. (2022) for
a full description of habitat types.

Relief rank Geoform Habitat strata
Natrual reef habitats
Seagrass Low relief
1 Flat hard bottom Low relief
2 Pavement Low relief
3 Mixed hard bottom Low relief
4 Potholes Moderate relief
5 Rubble field Moderate relief
6 Fracture Moderate relief
7 Reef rubble High relief
8 Fragmented hard High relief
bottom
Individual patch reef High relief
Aggregate patch reef High relief
9 Aggregate coral reef High relief
10 Ledge High relief
11 Boulder High relief
12 Spur and groove High relief
13 Spring or sink High relief
14 Pinnacle High relief
15 Escarpment High relief
Artificial reef habitats
Cable Low relief
Dredge deposit Low relief
1 Tires Low relief
Dredged channel Low relief
2 Rock piles Low relief
3 Pipelines Low relief
4 Construction Moderate relief
materials
5 Reef modules Moderate relief
6 Chicken coops High relief
7 Marine wreckage High relief
8 Other vehicles High relief
9 Small vessels High relief
10 Military tanks High relief
11 Oil-platform materials ~ High relief
Aircraft High relief
12 Large vessels High relief

Data Committee 2012). Additional details of natural reef
habitat mapping and classification protocols can be found
in Keenan et al. (2018, 2022). During second-stage site
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selection, a sampling unit containing natural reef habitat
was randomly selected, and one or two individual reef fea-
tures, at least 100m apart, were selected for sampling.

The FWRI natural reef survey was expanded in 2014
to incorporate the Florida Panhandle and in 2016 to in-
corporate remaining waters off the Florida Gulf Coast,
including a “deep” depth stratum (110-180m). Sampling
allocation and site selection protocols for these expanded
natural reef survey efforts were identical to those from the
original survey implemented in 2010.

Fish and Wildlife Research Institute
artificial reef survey

Along with a spatial expansion of the FWRI natural
reef survey, FWRI initiated a complementary survey of
artificial reef habitats in 2014 so that indices of relative
abundance and size composition of populations specifi-
cally associated with artificial reef habitats, which receive
disproportionally high fishing effort in comparison to
natural reef habitats, could be generated. The FWRI ar-
tificial reef survey utilized the same sampling frame as
the FWRI natural reef survey. However, since all legally
deployed artificial reefs must be reported to the state of
Florida, this survey was conducted under the assump-
tion that the artificial reef sampling universe was fully
described. Point locations of all known shipwrecks and
artificial reefs were intersected with the sampling frame
to identify sampling units that contained artificial reef
habitats. Annual sampling effort was then allocated pro-
portionally among spatial strata based on the number of
primary sampling units known to contain artificial reefs.
Standardized habitat mapping surveys were conducted
and data processed following identical protocols to those
from the natural reef survey, with a primary objective of
delineating and classifying the spatial extent of each artifi-
cial reef feature (Table 2). During second-stage site selec-
tion, one individual artificial reef feature was selected for
sampling. Additional details of artificial reef habitat map-
ping and classification protocols can be found in Keenan
etal. (2018, 2022).

Sampling methods: stereo-baited remote
underwater video arrays

Sampling was conducted during daytime hours (between
1h after sunrise and 1h before sunset) using S-BRUV
arrays; array-mounted or independently deployed water
quality instruments were used to characterize water
quality at each sampling site (e.g., temperature, salinity,

dissolved oxygen). Each S-BRUV array consisted of ei-
ther four stereo video units facing 90° from each other
(SRFV and NMFS Panama City surveys) or two stereo
video units facing 180° apart (FWRI survey) to maxi-
mize the field of view. All stereo video units consisted
of a pair of stereo cameras (Point Gray Blackfly cam-
eras; model BFLY-U3-23S6M-C) equipped with Kowa
lenses (model LM6HC), which recorded imagery at a
resolution of 1920 horizontal pixels x 1200 vertical pix-
els with a horizontal field of view of 86.3° and a vertical
field of view of 60.7°, a CPU, and a hard drive housed
in an aluminum casing, mounted 30-50cm above the
bottom of an aluminum frame. Before each camera
deployment, an S-BRUV array was freshly baited with
0.45kg of squid (SRFV) or 0.45kg of previously frozen
cut Atlantic Mackerel Scomber scombrus (FWRI and
NMFS Panama City) and deployed for approximately
30 min to allow the sediment plume to dissipate before
video read time (Gledhill and David 2004). We have
not empirically tested whether bait type influences the
abundance of fishes observed during S-BRUV surveys.
However, Driggers et al. (2017) did not detect any sig-
nificant difference in the catch rates of reef fishes be-
tween hooks baited with squid and those baited with
Atlantic Mackerel, so we operate under the assumption
that the effect of bait is minimal. From each S-BRUV de-
ployment, video from a single stereo video unit (among
those verified to have a clear view of reef habitat) was
randomly selected and annotated, although videos with
low visibility, large obstructions, or camera malfunc-
tions were not processed. Twenty minutes of video were
annotated, beginning when the cloud of sediment raised
by the array landing had dissipated. All managed reef
fishes (Table 3) were identified to the lowest possible
taxon, and abundance was estimated as MaxN (the max-
imum number of a given species observed in the field of
view at any time during the 20min analyzed; Ellis and
DeMartini 1995), which is the standard metric of abun-
dance used for most video surveys worldwide (Langlois
et al. 2020). When possible, lengths of managed fishes
were estimated (fork length in millimeters) at either the
time of MaxN or the time when most measurements
were possible using SeaGIS software; reef fishes ob-
served on video range from approximately 50-1500 mm
FL, although approximately 95% of all reef fish observed
range from approximately 100-700 mm FL. Annotation
of videos included an analysis of microhabitat charac-
teristics of the observed habitats that are important co-
variates for model-based index development protocols
(e.g., substrate type and composition, type and compo-
sition of attached biota, relief), although some minor
habitat coding discrepancies are evident among the
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TABLE 3 Species included in statistical analyses, listed by
family. All species are managed under the Gulf of Mexico Fishery
Management Council Reef Fish Management Plan.

Family Species name

Lutjanidae Queen Snapper Etelis oculatus

Mutton Snapper Lutjanus analis

Blackfin Snapper Lutjanus buccanella

Red Snapper Lutjanus campechanus

Cubera Snapper Lutjanus cyanopterus

Gray Snapper Lutjanus griseus

Lane Snapper Lutjanus synagris

Silk Snapper Lutjanus vivanus

Yellowtail Snapper Ocyurus chrysurus
Wenchman Pristipomoides aquilonaris
Vermilion Snapper Rhomboplites aurorubens
Serranidae Speckled Hind Epinephelus drummondhayi
Atlantic Goliath Grouper Epinephelus itajara
Red Grouper Epinephelus morio

Yellowedge Grouper Hyporthodus
flavolimbatus

Warsaw Grouper Hyporthodus nigritus
Snowy Grouper Hyporthodus niveatus
Black Grouper Mycteroperca bonaci

Yellowmouth Grouper Mycteroperca
interstitialis

Gag Mycteroperca microlepis

Scamp Mycteroperca phenax

Yellowfin Grouper Mycteroperca venenosa
Malacanthidae ~ Goldface Tilefish Caulolatilus chrysops
Blueline Tilefish Caulolatilus microps
Tilefish Lopholatilus chamaeleonticeps
Carangidae Greater Amberjack Seriola dumerili
Lesser Amberjack Seriola fasciata
Almaco Jack Seriola rivoliana
Banded Rudderfish Seriola zonata
Balistidae

Labridae

Gray Triggerfish Balistes capriscus

Hogfish Lachnolaimus maximus

three surveys (Campbell et al. 2017; Gardner et al. 2017;
Thompson et al. 2017).

Analytical methods: defining sampling
strata

To determine the stratification scheme for the reef fish
survey, three independent series of classification and re-
gression tree (CART) analyses were conducted to deline-
ate (1) spatial strata, (2) natural reef habitat strata, and

(3) artificial reef habitat strata. All CART analyses were
restricted to data collected during 2014-2017 and only
included explanatory variables that could be identified a
priori. Analyses to delineate spatial strata (N=23487) in-
cluded data from all three surveys and were restricted to
data from natural reefs only; for these analyses, latitude,
longitude, and depth were included as potential explana-
tory variables. Analyses to delineate natural (N=2005)
and artificial reef habitat strata (N=260) were restricted
to data from the FWRI survey only because data were con-
sidered to be representative of the full diversity of habitats
available due to the random habitat mapping approach
used in this survey; for these analyses, both a measure
of relative relief for each geoform type (Table 2) and the
areal extent of each reef feature were included as potential
explanatory variables.

For each analysis, a site-by-abundance (MaxN) matrix
was first constructed that included all reef-associated taxa
for which fishery management plans exist for Gulf popu-
lations (Table 3). Abundance data were fourth-root trans-
formed to reduce the influence of highly abundant taxa
(Clarke et al. 2014), and Bray-Curtis similarity matrices
were estimated that included a dummy variable (value of
1 for all samples) so that sites at which no species were
observed were treated as being similar (Clarke et al. 2006).
Each CART analysis was conducted via the LINKTREE
algorithm in PRIMER 7 (Clarke et al. 2014; Clarke and
Gorley 2015). LINKTREE, which is a nonparametric an-
alog to multivariate regression trees (De'ath 2002) with no
underlying assumptions, is a constrained binary divisive
clustering approach in which subdivisions of the envi-
ronmental data must have some explanatory ability. To
limit the number of potential strata identified, each set of
analyses (analyses to delineate spatial strata, natural reef
habitat strata, and artificial reef habitat strata) were con-
strained to minimum group sizes representing 10, 15, and
20% of available data. All permutation analyses were con-
ducted with 9999 iterations. SIMPROF analyses (Clarke
et al. 2008), which compare the true similarity profile
with a series of permuted profiles generated by random-
izing each species across samples, were conducted to test
for statistical significance (x=0.05) between identified
groups.

Analytical methods: determining sampling
allocation for natural reefs

Once natural reef sampling strata had been defined, an
optimal allocation scheme was developed that incorpo-
rated measures of both habitat availability and managed-
species richness for each identified natural reef habitat
stratum (combination of spatial strata and habitat strata).
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First, the proportional coverage of each habitat stratum
(Pnatrap) Was calculated for each spatial stratum as

P NATHAB = ANATHAB / AMAPPED’

where Ayariag IS the total area of habitat identified through
side-scan sonar (calculated by summing the area of all nat-
ural reef polygons for each habitat stratum) and Ayappep
is the total area mapped. This proportion was then extrap-
olated to estimate total natural reef habitat availability
(HyarrraT) Within each spatial stratum as

HNATTRAT =ASPATSTRAT xP NATHAB>

where Agparstrar 1S the total area of each spatial stratum.
Estimates of habitat availability were calculated using
FWRI natural reef habitat mapping data because they were
collected following standardized, randomized mapping
protocols and so were considered to be representative of
unmapped areas. Next, average managed-species richness
(Rnatstrar) Was calculated for each natural reef sampling
stratum. If managed-species richness values were unavail-
able for a particular stratum (e.g., if no historical S-BRUV
data were available; 9% of natural reef sampling strata), a
minimum managed-species richness value of 1 was assigned
to ensure that sampling effort occurred within each stratum.
For each stratum, the product (Oyararroc) of habitat avail-
ability and managed species richness was calculated as

1/4
OnaTaLLOC = (HNATSTRAT) X RNATSTRAT»

where extrapolated estimates of habitat availability were
fourth-root transformed to downweight several highly ex-
pansive habitat strata and ensure equal contribution of
habitat availability and managed species richness to final
allocation. Estimated annual sampling effort (N=1000
S-BRUV deployments, based on estimated annual sampling
effort possible given current survey funding) was then allo-
cated proportionally among all natural reef strata based on
calculated values of Oyararroc- This approach to effort op-
timization results in an allocation of more sampling effort
among strata with a larger habitat footprint, with an adjust-
ment to allocate more sampling effort among strata with
higher managed-species richness.

Analytical methods: determining sampling
allocation for artificial reefs

An optimal sampling allocation scheme was developed
independently for artificial reef habitats following simi-
lar protocols to those described above for natural reefs,
with two exceptions. First, due to the assumption that the

artificial reef sampling universe was fully described, there
was no need to produce extrapolated estimates of total hab-
itat availability for artificial reefs. Second, because only a
subset of known artificial reefs have been mapped through
prior survey efforts, we could not use the area of artificial
reef polygons to calculate estimates of habitat availability.
Instead, locations of all known artificial reefs were inter-
sected with 0.18-x0.18-km primary sampling units (the
scale of the sampling frame of the new survey which was
generated by dividing each original 0.54-x0.18-km sam-
pling unit into three identical grids). These intersections
were conducted with replacement, meaning that each pri-
mary sampling unit could fall under multiple habitat strata
(including natural reef habitats) should more than one hab-
itat type be present. The area of all sampling units was then
summed to estimate total artificial reef habitat availability
for each spatial stratum (Hgrrrar). Average managed-
species richness (Ryrrstrat) Was calculated for each arti-
ficial reef sampling stratum, and if no historical S-BRUV
data were available, a minimum managed-species richness
value of 1 was assigned to ensure that sampling effort oc-
curred within each stratum (20% of artificial reef sampling
strata). For each stratum, the product (Ograiroc) of habi-
tat availability and managed species richness was calcu-
lated as

1/4
OARTALLOC = (HARTSTRAT) X RARTSTRAT’

where extrapolated estimates of habitat availability were
fourth-root transformed to downweight several highly ex-
pansive habitat strata and ensure equal contribution of
habitat availability and managed species richness to final
allocation. Estimated annual sampling effort (N=200
S-BRUV deployments, based on estimated annual sampling
effort possible given current survey funding) was then allo-
cated proportionally among all artificial reef strata based on
calculated values of Oprrarroc-

Analytical methods: simulations for
assessing the performance of the optimal
sampling design

We used generalized linear regression models combined
with simulation modeling to assess the performance of
three sample allocation scenarios in estimating the mean
relative abundance (i.e., the expected MaxN value per
S-BRUV set) of six fish species (Table 4) separately for nat-
ural and artificial reef habitats. These species, all of which
are federally assessed and managed, were selected because
they vary with respect to spatial distribution, habitat occu-
pancy, and site-specific abundance patterns. Each of the
three allocation scenarios reflected a different strategy for
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TABLE 4 Distributions (Dist) used for regression modeling and simulations (NB = negative binomial, P = Poisson), observed means
(MN), standard deviation (SD), maximum number of observed individuals (MX), and proportion of zero counts (p0) for survey data
associated with each combination of species and reef type. An asterisk indicates that the model did not converge and was excluded from

simulations.
Artificial reefs Natural reefs
Species Dist MN SD MX po Dist MN SD MX po
Gray Triggerfish NB 1.28 2.90 25 0.59 NB 0.48 2.90 140 0.78
Red Grouper P 0.05 0.25 2 0.96 P 0.38 0.77 11 0.72
Red Snapper NB 4.67 9.78 77 0.40 NB 1.33 4.19 101 0.69
Gag NB 0.36 1.91 24 0.89 NB 0.08 0.41 6 0.95
Vermilion Snapper NB* 14.80 46.70 299 0.67 NB 6.70 23.20 299 0.69
Greater Amberjack NB 1.15 3.19 29 0.67 NB 0.30 2.76 127 0.91

allocating survey effort among spatial strata: an optimal
allocation scenario (as developed in the present study), a
spatially stratified scenario (similar to FWRI's earlier sam-
pling design), and a simple random scenario (Tables S1
and S2 available in the Supplement separately online).

We first compiled historical (2014-2017) data for each
species from camera surveys conducted on natural and ar-
tificial reefs and to each data set fitted Bayesian Poisson and
negative binomial regression models (each with a natural
log link function). The response variable in the regression
models was MaxN, and the predictor variables included
sample year and a 70-level (natural reefs; Table S1) or 44-
level (artificial reefs; Table S2) categorical variable repre-
senting sampling strata, which represented a combination
of spatial and habitat strata (hereafter, “SamplingStrata”).
In all models, we included SamplingStrata and sample
year as random effects associated with the model inter-
cept. Under the optimal survey design, no historical data
exist for multiple sampling strata; accordingly, analyses
included only sampling strata for which data were avail-
able. We assessed the fit of all Poisson regression models
by checking for evidence overdispersion and zero inflation
using the testDispersion and testZeroInflation functions
in the R package DHARMa (Hartig 2021), and, if there
was evidence of either, we instead fitted a negative bino-
mial regression model and again tested for overdisper-
sion and zero-inflation (Table 4). All models were fitted
in R version 4.0.3 using the package rstanarm (Goodrich
et al. 2020), and each model run consisted of three par-
allel Hamiltonian Monte Carlo (HMC) chains set for
10,000 iterations, with the first 5000 iterations discarded
as warm-up. For all models, we used weakly informative
normal priors for SamplingStrata and sample year and
exponential priors for the overdispersion parameter in
negative binomial models. The models can be written as
follows, where y;; represents the MaxN count during the
ith camera survey collected from SamplingStrata j during
year k:

Poisson and negative binomial likelihoods

Yiji ~ Poisson () or vy, ~ NegativeBinomial (py, 0).

Linear predictor
E(Yyic) = Hyi-

log(uy) =P, SamplingStrata; +p; Yeary.

Priors

PoSamplingStrata; ~ normal(mean = pSamplingStrata,
standard deviation = sSamplingStrata).

B, Year; ~normal(mean = pYear, standard deviation
=oYear).

pSamplingStrata ~ normal(mean =0, standard deviation
=2.5).

pYear ~ normal(mean =0, standard deviation = 2.5).
oSamplingStrata ~ exponential(scale=1).
oYear ~ exponential(scale = 1).

0 ~ exponential(scale = 1).

We assessed HMC convergence for each parameter
by examining trace and density plots, effective sample
sizes, and Gelman-Rubin potential scale-reduction factors
(Gelman and Rubin 1992), and we assessed goodness-of-
fit by conducting posterior-predictive checks based on the
posterior-predictive distribution of each stratum using
the launch_shinystan function in the rstanarm package.
Lastly, for all models we used the testResiduals function
in DHARMa to construct QQ plots to assess evidence of
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unexplained patterns in scaled residuals. Following model
fitting, we calculated the inverse log of the posterior mean
associated with each SamplingStrata. We then summarized
the posterior means in two ways: (1) by calculating an area-
weighted mean relative abundance by multiplying the poste-
rior means by the percentage area occupied by each stratum
and summing the resulting values and (2) by calculating an
unweighted mean relative abundance by averaging the pos-
terior means across all 70 (natural reefs) and 44 (artificial
reefs) strata. Although area weighting is generally the pre-
ferred approach for generating representative indices of rela-
tive abundance (Maunder et al. 2020; Thompson et al. 2022),
we included unweighted analyses to quantify potential biases
should analyses not appropriately account for differences in
area sampled among resultant strata. For subsequent sim-
ulations (described below), we interpreted these posterior
means to be the true mean weighted and unweighted rela-
tive abundances for each stratum, averaged across years.

Using the fitted model and underlying distributional
assumptions, we simulated new camera-survey data
for each of the 70 (natural reefs) and 44 (artificial reefs)
sampling strata by drawing random counts from stratum-
specific posterior-predictive Poisson or negative binomial
distributions. For each set of simulated data, we fixed the
total number of samples to 1000 for natural reefs and 200
for artificial reefs, and the number of samples assigned to
each stratum varied depending on the allocation scenario
being used (Tables S1 and S2). Following data simulation,
a Poisson or negative binomial model (depending on the
species; Table 4) with the HMC settings described above
was fitted to the new data, including SamplingStrata as
a random effect associated with the model intercept and
inverse-log-transforming the estimated stratum-specific
posterior means. We again calculated unweighted and
weighted mean relative abundance as described above.

Next, we calculated bias for the estimated unweighted
and weighted mean MaxN for each stratum as the differ-
ence between the estimated and true mean unweighted
and weighted mean relative abundances. This process was
repeated 1000 times, resulting in 1000 unweighted and
weighted mean relative abundance bias measures for each
combination of species, reef type, and allocation scenario.
Finally, we summarized the 1000 bias measures for each
combination of species, reef type, and allocation scenario
by calculating relative median bias as

med (pEstimated. — pTrue
RBIAS = ( (~ HTrue)

El

pTrue

and relative median absolute deviation as

med ( |pEstimated; — pTrue
RMAD — (In i —uTrue|)

H

pTrue

where “med” denotes median, i denotes each of 1000 sim-
ulation replicates, RBIAS is the relative median bias across
all 1000 simulation replicates, RMAD is the relative median
absolute deviation across all 1000 simulation replicates,
pEstimated, is the estimated unweighted or weighted mean
relative abundance for simulation replicate i, and pTrue
is the true unweighted or weighted mean relative abun-
dance. We summarized relative bias and imprecision using
the median of bias measures instead of the mean because
the former was deemed the better measure of central ten-
dency because it was less sensitive to the skewed nature
of the sampling distributions associated pEstimated for all
species, as well as outliers owing to rare, unusually high or
low, yet theoretically plausible, counts in a small proportion
simulated data sets. For these simulations, we considered
RBIAS of <[15%| and RMAD of <30% to be acceptable lev-
els of bias and imprecision. These represent levels of bias
an imprecision we were comfortable with, so these values
may not be appropriate for all studies. However, the cho-
sen value for RMAD corresponds to the 30% coefficient of
variation threshold often used when evaluating indices for
inclusion in a stock assessment, and the level of bias con-
sidered should not negatively impact estimates of relative
abundance as long as bias is consistent through time.

RESULTS

Results of CART analyses indicated that, regardless of
minimum group size, spatial breaks in reef fish assemblage
structure were evident at ~83°W (isolating shallow assem-
blages off southwestern Florida) and at ~50m (Figure 2).
The CART analyses for both 10% and 20% minimum
group sizes also indicated that reef fish assemblages in the
Florida Panhandle were different from those on the West
Florida Shelf (breaks at 84.9°W and 84.5°W, respectively),
while results from both 10% and 15% minimum group
sizes identified significant latitudinal breaks near the mid-
dle of the Florida peninsula. Based on these results, we
developed a generalized 3 x 3 spatial stratification scheme
in which the eastern Gulf of Mexico was divided into three
regional strata (north-central Gulf, Big Bend, and south
Florida) and three depth strata (nearshore, 10-25m; off-
shore, >25-50m; and deep, >50-180m; Figure 3).

For natural reefs, results from CART analyses indicated
that both relative relief and areal extent of individual reef
features were important determinants of reef fish assem-
blage structure (Figure 4). Regardless of minimum group
size, reef fish assemblages associated with habitats with a
relief rank of <3 (flat hard-bottom, pavement, and mixed
hard-bottom habitats; Table 2) differed from all other hab-
itats, whereas results from analyses with a 10% minimum
group size also identified significant differences in reef fish
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FIGURE 2 Results of classification and regression tree
analyses run to identify possible predictor values for incorporation
as a spatial stratification scheme for reef fish surveys in the eastern
Gulf of Mexico. Analyses were conducted at minimum group sizes
of (A) 10%, (B) 15%, and (C) 20% of available data. Letters on the
x-axis represent final groupings, and the y-axis (A%) represents
arbitrary equal spacing of the split levels to improve visualization.

assemblages on habitats with a relief rank >6. Areal extent
also was an important determinant of reef fish assemblage
structure, with breaks that ranged from 60 to 12,900 m>.
Results from CART analyses were then generalized into
a 3x3 stratification scheme of natural reef habitats that
consisted of three relief classes (low, moderate, high; see
Table 2 for all habitat types that comprised each relief
class) and three size classes (small scale, <100 m?% medium
scale, 100-1000 m?; large scale, >1000 m?; Figure 5), ensur-
ing that there was an ample number of potential sampling
units within each resulting stratum.

Relative relief and areal extent of individual reef fea-
tures were also important determinants of reef fish as-
semblage structure for artificial reef habitats, although
breaks identified through CART analyses were sensitive
to minimum group size (Figure 6). Nevertheless, reef fish
assemblages associated with low-relief artificial habitats
(tires, rock piles, pipelines, and, to some extent, construc-
tion materials) were generally found to be different from
those associated with habitats of higher relief. In terms of
areal extent, identified breaks ranged from 21 to 1350 m®.
Results from CART analyses were then generalized into
a 3x 3 stratification scheme of artificial reef habitats that
consisted of three relief classes (low, moderate, high; see
Table 2 for all habitat types that comprised each relief
class) and three size classes (small scale, <25m? medium
scale, 25-100 m?; large scale, >100m?; Figure 7), ensuring
that there was an ample number of potential sampling
units within each resulting stratum.

Extrapolated estimates of natural reef habitat indicated
that low-relief, large-scale habitats and, to a lesser degree,
high-relief, large-scale habitats comprised the vast ma-
jority of available natural reef habitat in all spatial strata,
with especially high estimates of habitat availability in
the Big Bend nearshore stratum (Figure 8). Accordingly,
estimates of habitat availability were fourth-root trans-
formed before calculations for optimal effort allocation
were made to ensure a more representative distribution of
sampling effort among spatial and habitat strata. Average
managed-species richness also varied among sampling
strata, with generally higher richness on both high-relief
and low-relief habitats that were either medium scale
or large scale. Proposed annual natural reef sampling
effort (N=1000 sites annually) was then allocated opti-
mally among strata based on the proportional product of
fourth-root-transformed habitat availability and average
managed-species richness, with adjustments to ensure
that a minimum of two sampling sites occurred within
each sampling stratum annually. This resulted in a sam-
pling design in which effort within each spatial stratum
ranged from 77 sites (south Florida deep) to 159 sites (Big
Bend offshore), and the majority of effort fell within both
low-relief and high-relief habitats of large scale (Figure 8);
three sampling strata (out of 81) were excluded because
some spatial strata lacked identified natural reef habitat
strata.

Estimates of artificial reef availability indicated that
most artificial reef habitats in the eastern Gulf occurred
in the north-central Gulf sampling zone and, to a lesser
extent, in the Big Bend nearshore sampling zone; much
of these habitats were small- and medium-scale habitats
of medium or high relief (Figure 9). To ensure a more
uniform distribution of sampling effort among sampling
strata, stratum-specific estimates of habitat availability
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FIGURE 3 Final spatial stratification scheme developed based on interpretation of results of classification and regression tree analyses
run to identify values of spatial predictor variables that differentiated reef fish assemblages in the eastern Gulf of Mexico.

were fourth-root transformed before calculations for op-
timal effort allocation. Average managed-species richness
varied among artificial reef sampling strata, with gener-
ally higher richness on medium- and large-scale habitats
of medium or high relief. Annual artificial reef sampling
effort (N=200 sites annually) was then allocated opti-
mally among strata based on the proportional product of
fourth-root-transformed habitat availability and average
managed-species richness, with adjustments to ensure
that each stratum received at least two sampling sites an-
nually. This resulted in a sampling design in which effort
within each spatial stratum ranged from 10 sites (south
Florida deep) to 51 sites (north-central Gulf offshore),
most of the effort occurring in the north-central Gulf and
Big Bend sampling zones, especially on medium- and
high-relief habitats (Figure 9); 22 sampling strata (out of
66) were excluded because some spatial strata lacked iden-
tified artificial reef habitat strata.

Relative abundance for most species exhibited ev-
idence of overdispersion for both natural and artificial
reef habitats, so a negative binomial regression was
used for initial model-fitting and subsequent simula-
tions (Table 4). The sole exception was Red Grouper, for
which a Poisson regression was deemed an appropriate
fit to both natural and artificial reef data (Table 4). For
most species and reef types, Gelman-Rubin statistics,
trace plots, density plots, effective sample sizes, and pos-
terior predictive checks indicated good mixing of HMC
chains, no evidence of convergence failure, and good
predictive performance. Additionally, QQ plots of scaled
residuals did not reveal any unexplained patterns, again
indicating that most models provided an adequate fit to
the observed data. The sole exception was the negative
binomial model for Vermilion Snapper in artificial reefs,
which exhibited poor mixing of HMC chains and evi-
dence of nonconvergence, even after 100,000 iterations
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FIGURE 4 Results of classification and regression tree
analyses run to identify possible predictor values for incorporation
as a habitat stratification scheme for reef fish surveys of natural reef
habitats in the eastern Gulf of Mexico. Analyses were conducted
with minimum group sizes of (A) 10%, (B) 15%, and (C) 20% of
available data. Letters on the x-axis represent final groupings, and
the y-axis (A%) represents arbitrary equal spacing of the split levels
to improve visualization.

with a 50,000-iteration warm-up; hence, this species was
omitted from the artificial reef analysis.

The optimal survey design performed well for most
species on natural reefs, with weighted RBIAS <|10%|
and weighted RMAD <30% for most species (Figure 10).
The one notable exception was Greater Amberjack,
which exhibited the highest weighted RBIAS (+55%) and
weighted RMAD (58%) of all species examined. Across
species, RBIAS was most consistent and generally lowest
for the simple random allocation scenario (—5% to 7%),

but, for all three scenarios, weighted RBIAS was gener-
ally similar and within 10% of the true weighted mean
for Gray Triggerfish, Red Snapper, Gag, Red Grouper, and
Vermilion Snapper (Figure S1 available in the Supplement
separately online). Weighted RMAD in natural reefs was
less than 40% for most species and, on average across spe-
cies, lowest for the simple-random-allocation scenario
(Figure S1). Across species, weighted RMAD was most
consistent for the simple-random-allocation scenario
(16% to 39%) and most highly variable for the spatially
stratified (10% to 38%) and optimal allocation scenarios
(15% to 58%). Interestingly, Greater Amberjack exhibited
a marked increase in both weighted RBIAS and weighted
RMAD with increasing stratification (i.e., from simple
random to spatially stratified to optimal).

All three unweighted survey-allocation scenarios also
performed reasonably well for all species in natural reefs,
with unweighted RBIAS ranging from —35% to +15%
(Figure S2). Among allocation scenarios, RBIAS exhib-
ited the greatest amount of among-species variability
under the simple random (—35% to +15%) and spatially
stratified (—20% to +10%) allocations, whereas RBIAS was
most consistent (and always positive) across species under
the optimal allocation scenario (+2% to +12%). Overall,
RBIAS became progressively more positive and gener-
ally less biased with increased spatial allocation, with the
largest differences seen in Vermilion Snapper, Greater
Amberjack, Red Snapper, and Gray Triggerfish moving
from simple random to optimal allocation (Figure S2).
Similarly, all three allocation scenarios exhibited similar
unweighted RMAD in natural reefs, ranging from 15% to
45% across species (Figure S2). On average across species,
however, the simple random allocation resulted in the
highest RMAD, whereas the optimal and spatially strati-
fied scenarios exhibited similar levels of RMAD. Most spe-
cies had similar RMAD among allocation scenarios, with
Vermilion Snapper showing the greatest change in RMAD
moving from simple random (35%) to spatially stratified
(22%) to optimal stratification (15%).

The optimal survey design did not perform as well on
artificial reef habitats (Figure 10), especially for Gag and
Red Grouper, which had the lowest relative abundance
and highest proportion of zero observations on artificial
reefs (Table 4). In contrast, Gray Triggerfish, Red Snapper,
and Greater Amberjack all had weighted RBIAS <[10%l,
and Gray Triggerfish and Greater Amberjack had weighted
RMAD <20% under the optimal design (Figure 10).
Among all scenarios and species, weighted RBIAS in arti-
ficial reefs ranged from —17% to +35% (Figure S3). Across
species, weighted RBIAS was most consistent for the sim-
ple random allocation (+2% to +11%) and most variable
for the spatially stratified (—17% to +37%) and optimal
(—=3% to +34%) allocation scenarios. With the exception
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FIGURE 5 Frequency distribution of individual natural reef features identified through the classification of side-scan sonar habitat-
mapping data collected by the Florida Fish and Wildlife Conservation Commission's Fish and Wildlife Research Institute. Relief (low,
moderate, high) and scale categories (small, medium, large) correspond to the final natural reef habitat stratification scheme.

of Gag and Red Grouper, however, weighted RBIAS was
generally similar across allocation scenarios and typi-
cally within 20% of the true weighted mean; in particular,
weighted RBIAS for Greater Amberjack was consistently
within 5% of the true weighted mean across all three al-
location scenarios. Among allocation scenarios and spe-
cies, weighted RMAD in artificial reefs ranged from 20%
to 47%. Across species, weighted RMAD was lowest for
Greater Amberjack and Gray Triggerfish (<25% under all
three scenarios) and highest for Red Snapper (>40%), Gag
(>33%), and Red Grouper (>40%) under all three scenar-
ios (Figure 10; Figure S3).

Among allocation scenarios, unweighted RBIAS in ar-
tificial reefs was positive for most species and ranged from
—18% to +40% (Figure S4). Across species, unweighted
RBIAS was most consistent for the optimal (+3% to
+30%) and spatially stratified (—2% to +20%) scenarios
and was most variable for the simple random scenario
(—18% to +40%). Across species and allocation scenarios,
unweighted RBIAS was consistently lowest for Greater
Amberjack (less than [5%| under all three scenarios) and

highest for Red Snapper under the simple random allo-
cation scenario (+40%). Among allocation scenarios and
species, unweighted RMAD in artificial reefs ranged from
20% to 53%. Across species, unweighted RMAD was low-
est for Greater Amberjack (20% under all three scenarios)
and consistently highest for Red Snapper (>40%), Gag
(>30%), and Red Grouper (>35%) under all three scenar-
ios (Figure S4).

DISCUSSION

In this study, data from earlier video- and habitat-mapping
surveys were integrated to develop a novel, unified design
for reef fish surveys in the Gulf of Mexico. We approached
survey design from a multispecies perspective, using mul-
tivariate classification and regression trees to aid in the de-
lineation of spatial and habitat strata that were important
determinants of overall assemblage structure for managed
reef fishes. Allocation of sampling effort for natural and
artificial reef habitats, respectively, was optimized based
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FIGURE 6 Results of classification and regression tree
analyses run to identify possible predictor values for incorporation
as a habitat stratification scheme for reef fish surveys of artificial
reef habitats in the eastern Gulf of Mexico. Analyses were
conducted with minimum group sizes of (A) 10%, (B) 15%, and (C)
20% of available data. Note that terminal nodes (G) in analyses with
a minimum group size of (a) 10% were not statistically significant.

on a combination of overall habitat availability and strata-
specific managed-species richness. The resultant optimal
design generally performed as well as or better than other
designs explored (simple random, spatially stratified)
for most species tested, with the exception of Greater
Amberjack on natural reefs. Notably, the optimal design
performed exceptionally well for Red Snapper, with rela-
tive median bias <5%. Overall, the transition to a survey
stratified by space and habitat should not only improve
our ability to characterize the status and trends of man-
aged reef fishes, but with sufficient sampling intensity

(Bryan et al. 2016), also provide the flexibility to quantify
population-level responses to various natural and anthro-
pogenic stressors at various spatial and temporal scales.
This effort will also allow three previously independent
surveys to be conducted under a unified and optimized
design, increasing the precision of analyses and ultimately
providing improved management advice regarding man-
aged reef fishes in the Gulf of Mexico.

Although multiple potential approaches to statistical
survey design have been taken, a stratified random sam-
pling design as developed in the current study has two
advantages. First, stratification generally improves the
precision of parameter estimates by subdividing a hetero-
geneous population into relatively homogeneous strata
(Cochran 1977; Kimura and Somerton 2006). Second,
stratification assures that sampling effort is assigned to
all strata of interest. Stratification of fishery surveys can
be based on a variety of biological or physical processes,
including depth, geographical boundaries, time of day,
habitat, or even acoustically derived measures of bio-
mass (Switzer et al. 2009; Smith et al. 2011; Hanselman
etal. 2012; Richards et al. 2016). Based on results from this
study, we chose to proceed with a stratification scheme
that combined space and habitat, both of which are im-
portant predictors of the distribution of fishes associated
with hard-bottom habitats (Pittman and Brown 2011)
and have previously been used as the basis of stratifica-
tion schemes for surveys of reef-associated fishes (Smith
et al. 2011; Richards et al. 2016).

For spatial distribution, the resultant stratification
scheme included depth strata as well as broad regional
designations. Regional stratum boundaries, which divided
the eastern Gulf of Mexico into three regions, broadly cor-
responded to previously identified ichthyofaunal breaks
(Saul et al. 2013; Matheson et al. 2017) as well as spatial
breaks in underlying habitat quality and quantity (Keenan
et al. 2022). Three distinct depth strata were also identi-
fied. Depth is a key driver of biological and ecological
processes critical to reef fish populations, and assemblage
composition as well as population-level attributes such as
abundance and size composition often vary with depth
(Chesteretal. 1984; Misa et al. 2013; Saul et al. 2013; Boland
et al. 2020). In addition, complexes of recreationally and
commercially important reef fishes vary markedly with
depth (Farmer et al. 2016). Of depth strata delineated in
this study, the nearshore stratum isolated regions in which
reef fish assemblages likely are somewhat connected to
estuarine habitats (McEachran and Fechhelm 1998), es-
pecially those known to use estuarine nursery grounds,
such as Gag and Gray Snapper (Flaherty-Walia et al. 2015;
Switzer et al. 2015; Schrandt et al. 2021). The nearshore
stratum also includes many of the habitats targeted by the
recreational fishery and so is subject to increased fishing

85UB0| SUOLUWIOD BAER1D) 8|ealdde 3L Aq peusenof e Safolle O '8N JO S9N 10} AReid 17 8U1IUO AB]IN UO (SUON IpUOD-pUe-SLLR}/ 0" A3 IW AIqI[BU1|UO//ScU) SUORIPUOD PUE SW L 83 885 *[202/L0/6T] U0 ARIqI1auluo AB1IM ‘NOILNL ILSNIS3Y 3417aTIM ANV HSIH VIO T4 Ad S20T Z/0W/200T 0T/10p/w00 /8|1 AReiq jeul|uo'sqnds je//sdny Loy papeojumoq ‘ ‘€202 ‘02TSereT



16 of 24

SWITZER ET AL.

Small-scale  Medium-scale

Large-scale

Relative frequency

Low-relief
artificial reefs
(N =201)

Medium-relief
artificial reefs
(N =4,467)

High-relief
artificial reefs
(N=1,107)

FIGURE 7 Frequency distribution of individual artificial reef features identified through the classification of side-scan sonar habitat-
mapping data collected by Florida Fish and Wildlife Conservation Commission's Fish and Wildlife Research Institute. Relief categories (low,
moderate, and high) and scale categories (small, medium, and large) correspond to the final artificial reef habitat stratification scheme.

pressure (Garner and Patterson 2015; Cross et al. 2018).
In contrast, much of the commercial vertical-line fishery
operates in the offshore stratum, whereas the commer-
cial longline fishery operates primarily in the deep stra-
tum (Scott-Denton et al. 2011). The deep stratum also
includes ecologically important mesophotic reef habi-
tats (Jaap 2015; Locker et al. 2016; Harter et al. 2017), as
well as habitats critical to spawning for several economi-
cally important reef fishes (Coleman et al. 1996; Farmer
et al. 2017; Lowerre-Barbieri et al. 2020). Overall, the spa-
tial stratification scheme ensures a broad distribution of
annual sampling effort while implicitly accounting for key
biological, ecological, and socioeconomic factors that de-
termine populations of managed reef fishes.

Habitat stratification for both natural and artificial reef
habitats was developed by integrating measures of relief
and scale or size of individual reef features. Vertical re-
lief is one of the most important factors influencing reef
populations, and multiple authors have documented no-
table differences in the abundance, size composition,
and diversity of reef fishes among natural and artificial

reef habitats of varying relief (Parker et al. 1994; Sluka
et al. 2001; Ault et al. 2006; Misa et al. 2013; Campbell
et al. 2019; Ilich et al. 2021). Accordingly, measures of
vertical relief have often been incorporated into the sta-
tistical design of reef fish surveys (Smith et al. 2011;
Richards et al. 2016). Vertical relief might also reduce de-
tection probability for many species, especially in visual
surveys (Green et al. 2013; Bacheler et al. 2014). Because
habitat-mapping data were collected with side-scan sonar,
a quantitative determination of reef-specific relief was
impractical. Nevertheless, relative measures of vertical re-
lief were implicit in our habitat classification, and earlier
studies verified the utility of acoustically derived habitat
classes in structuring reef fish assemblages in the eastern
Gulf (Keenan et al. 2018; Switzer et al. 2020). In contrast,
the influence that size of individual reef features may have
on reef fish assemblages is generally less well understood,
especially for hard-bottom reefs, although measures of
habitat extent (e.g., patchy versus continuous reefs) have
been incorporated into surveys of coral reefs in the Florida
Keys and the U.S. Caribbean (Smith et al. 2011; Bryan
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effort could be more equitably distributed among strata. Annual sampling effort was then allocated optimally (lower right panel) based on
the proportional product of managed-species richness and fourth-root-transformed habitat availability for each sampling stratum. Spatial-
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etal. 2016). Artificial reef size has been shown to influence
abundance, size, and species richness of reef-associated
assemblages (Bohnsack et al. 1994; Gregalis et al. 2012;
Jaxion-Harm et al. 2018), as well as differences in spe-
cies richness (Chittaro 2002; Stier et al. 2014) and rates
of settlement and mortality (Nanami and Nishihira 2003)
between small, isolated, and continuous reef habitats.
The incorporation of small-scale reef strata is especially
important for the eastern Gulf of Mexico, since these fea-
tures, often associated with Red Grouper or other eco-
system engineers (Coleman et al. 2010; Ellis et al. 2017),
support unique reef fish assemblages (Harter et al. 2017;
Ellis 2019; Grasty et al. 2019). Given the nearly four orders
of magnitude difference in the size of natural and artifi-
cial reef features identified in the eastern Gulf, data pro-
vided by this survey design should facilitate an improved

understanding of essential fish habitat at multiple spatial
scales (Anderson and Yoklavich 2007) for a variety of eco-
nomically and ecologically important reef fishes, while
enhancing our ability to better integrate habitat science
into fisheries management (Thorson et al. 2021).

Our approach to optimizing effort allocation involved
allocating proportionally more sampling effort to strata
with higher managed-species richness and to strata that
covered a larger total extent. Although most surveys use
some measure of habitat availability in their allocation
schemes, the use of managed-species richness as an op-
timization criterion is less common. For single-species
surveys, optimal allocation often involves allocating
effort to strata to minimize the variance of the abun-
dance metric being estimated (Cochran 1977; Kimura
and Somerton 2006). This approach can be modified to
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effort could be more equitably distributed among strata. Annual sampling effort was then allocated optimally (lower right panel) based on

the proportional product of managed-species richness and fourth-root-transformed habitat availability for each sampling stratum. Spatial

strata labels represent a combination of region (first two characters; NC = north-central Gulf, BB = Big Bend, SF = south Florida) and depth

(third character; N = nearshore, O = offshore, D = deep).

optimize allocation for several parameters simultaneously
(for example, abundance estimates of several species),
often by independently calculating optimal allocations
for each parameter and then calculating overall average
allocations. But this approach generally works best when
only a few parameters are optimized (Cochran 1977),
although novel applications of spatiotemporal models to
optimize both spatial stratification and effort allocation
for multiple species simultaneously show tremendous
promise (Oyafuso et al. 2021). To date, video survey data
have been used in the assessment of 11 reef fishes in the
Gulf of Mexico, and it is likely that many others could be
assessed under enhanced survey efforts and as requested
by the Gulf of Mexico Fisheries Management Council.
For many of these species, available data were insufficient
to conduct single-species optimization analyses. Instead,

allocation of sampling effort was optimized using spe-
cies richness, which is considered an effective proxy for
variance for the purposes of effort allocation (Steel and
Torrie 1960; Parker et al. 1994).

The optimal survey design developed in this study
generally performed as well as or better than the simple
random or spatially stratified designs when considering
unweighted means, with estimated biases <|10%| and
estimated imprecision <30% for most species examined.
Measures of bias and imprecision have increasingly been
recognized as essential criteria in assessing the perfor-
mance of sampling designs (Seavy and Reynolds 2007).
Survey stratification approaches as developed in the pres-
ent study generally result in reduced bias and impreci-
sion of estimates of key population parameters, although
the improvements may depend on the choice of an
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scenario based on 1000 simulation replicates across species (AJ = Greater Amberjack, GG = Gag, RG = Red Grouper, RS = Red Snapper,

TF = Gray Triggerfish, VS = Vermilion Snapper).

appropriate stratification scheme (Wang et al. 2018). On
natural reef habitats, the optimal design performed well
for all species simulated except Greater Amberjack; the
high values of weighted estimated bias and RMAD for that
species largely result from exceptionally high variability in
one or two strata that, because they cover such a large part
of the study area, were especially influential in weighted
analyses. For artificial reef habitats, performance of the
optimal design was poorest for species with relatively
high proportion of zero counts (e.g., Red Grouper, Gag).
Further reductions to the bias and imprecision of key
population parameters for such species could likely be im-
proved through the implementation of a multiframe sam-
pling design (Haines and Pollock 1998). As expected, the
performance of all three survey designs improved greatly
when weighting factors were applied that adjusted for the
total area of habitat that occurred within each sampling
strata (Maunder et al. 2020). It is important to note that
the interpretation of simulation results relies heavily on

the assumption that each analysis was fit with the correct
species-specific distribution. Our simulations were lim-
ited to some extent by the quantity of available data; for
some strata, only a handful of empirical observations were
available from which to simulate new survey data; other
strata were excluded due to lack of data. Survey perfor-
mance will be reevaluated when more robust data become
available (~5years). Nevertheless, there were no indica-
tions of large-scale systematic bias in the optimal survey
design that would preclude its implementation. Thus, in
2020 the design was implemented as the Gulf Fishery
Independent Survey of Habitat and Ecosystem Resources
(G-FISHER).

Although not presented here, results from this study
were used to implement a similar change in survey de-
sign for the western Gulf of Mexico. But key limitations
in data availability have complicated those efforts. Unlike
the eastern Gulf of Mexico, survey efforts in the western
Gulf have been restricted primarily to deep reefs near
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the shelf break (Campbell et al. 2019), so data needed to
delineate spatial strata, especially in relation to depth, is
limited. Data needed to delineate artificial reef habitat
strata are also lacking because long-term surveys in the
western Gulf have exclusively targeted natural reef hab-
itats, although some insights could be gleaned from fo-
cused studies (Bolser et al. 2020, 2021). Finally, available
habitat mapping data are restricted largely to multibeam
sonar data collected in association with well-known reef
features (i.e., not collected under a randomized design)
and so cannot be used to provide the unbiased estimates
of habitat quantity and composition necessary for allocat-
ing sampling effort, particularly for natural reef habitats.
Nevertheless, we have developed and implemented an ini-
tial design for the western Gulf that largely mimics that
developed in the eastern Gulf. We anticipate iteratively re-
vising the design for the western Gulf as new information
is collected over the coming years. Key to these efforts are
randomized habitat mapping surveys using a combina-
tion of side-scan (in shallow waters) and multibeam sonar
(in deeper waters) to provide unbiased estimates of hab-
itat availability and possible sampling sites, particularly
on the shelf, where recent efforts have identified a sub-
stantial number of undocumented reef anomalies (Stunz
et al. 2021).

Modifying long-term monitoring programs should not
be undertaken lightly, especially given the time needed to
effectively detect population-level trends for most species
(White 2019). But with careful consideration, long-term
surveys can be modified to improve the quality of data pro-
vided, while maintaining connectivity to data collected in
earlier surveys (Smith et al. 2011; Schrandt et al. 2021). In
this study, several factors motivated efforts to develop and
implement a new sampling design. First, combining sur-
vey efforts from three earlier surveys into a unified sam-
pling design will greatly simplify approaches to generating
time series of relative abundance and size composition,
along with associated measures of precision, as required for
conducting single-species stock assessments (Thompson
et al. 2022). Second, interest has been increasing in fishery-
independent data from artificial reef habitats because of the
heavy recreational fishing pressure associated with these
habitats (Garner and Patterson 2015; Cross et al. 2018), as
well as uncertainty in the contribution of these habitats to
overall stock productivity (Glenn et al. 2017; Karnauskas
et al. 2017). Third, managers clearly need additional data
for several managed reef fishes (e.g., Black Grouper, Mutton
Snapper, Yellowtail Snapper) from depths greater than those
at which the ongoing diver-based visual census survey is
conducted (Smith et al. 2011). Fourth, enhanced spatial cov-
erage of survey data is essential to quantifying any climate-
induced shifts in the distribution of reef fishes (Morley
et al. 2018) and characterizing ecosystem-level impacts of

broadscale environmental perturbations that may influence
stock assessment parameterization, projection of future
stock productivity, and final management recommenda-
tions (Harford et al. 2018; Ward et al. 2018). Finally, and per-
haps most important, our research team received long-term
funding to significantly expand upon annual survey efforts,
which greatly facilitated our ability to address multiple sur-
vey objectives. In summary, these efforts should ultimately
improve our ability to characterize the status and trends of
managed reef fishes, while providing robust data needed in
addressing a variety of emerging ecologically relevant ques-
tions at multiple spatial scales.
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