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Red Snapper (Lutjanus campechanus) is a popular reef-associated fish species in the northern Gulf of
Mexico (GOM) that supports both commercial and recreational fisheries. In this region, there is a large
overlap in fork length (FL, 90%) and age (93%) range between mature and immature females. Therefore,
here we investigate how age and FL of mature and immature female Red Snapper vary by artificial
reef type and depth. Red Snapper (n = 695) were sampled using vertical long lines from March or
April through November of 2016-2018 off the coast of Mississippi at different artificial structure types
(platforms, artificial reefs, rigs-to-reefs) and depths (shallow, < 20 m; mid, 20-49 m; deep, 50-100
m). To investigate habitat use of mature and immature fish respectively, we developed linear mixed-
effects models. For both immature and mature fish, FL and age increased significantly with depth.
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Structure Immature fish captured at artificial reefs were older than those captured at platforms, and mature fish
]\Dﬂe[;th_t were older and had longer FL at rigs-to-reefs than platforms and artificial reefs. The effect of depth
aturity

on FL or age did not differ between mature and immature fish while the effect of structure types did.
Structure types were important to predict FL for mature fish, but not for immature fish. In addition,
the differences in age between rigs-to-reefs and both platforms and artificial reefs were significantly
larger in mature fish than in immature fish. Larger and older mature females are found at deeper
depths where fishing pressure is lower, while smaller and younger, immature fish are most often
found in shallower, reef-based areas where pressure is highest. These spatial differences in maturity
can help inform management regulations for the species.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Red Snapper (Lutjanus campechanus) is a reef-associated
species found throughout the Gulf of Mexico (GOM) and along
the eastern coast of North, Central and northern South Amer-
ica (NOAA, 2019). It is a federally and state managed species
that supports sizeable commercial and recreational fisheries in
the GOM (Goodyear, 1995). Red Snapper have been caught in
the GOM since the 1840s (Hood et al.,, 2007), but decades of
overharvesting have led to significant decreases in catch and the
implementation of quotas. Management of the species began in
1984 (Goodyear, 1995), and has led to a recent increase in stocks,
with commercial and domestic landings for the GOM in 2020
equal to the set annual catch limit of 15.1 million pounds (NOAA,
2020). The most recent stock assessment found that Red Snapper
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is currently not overfished and not undergoing overfishing in the
GOM (SEDAR, 2018)

Red Snapper rely on hard substrate, usually inhabiting natural
banks, ridges and reefs (Ajemian et al., 2015; Patterson et al,,
2001), but the majority of the GOM is comprised of mud bot-
tom with few areas of natural hard bottom (Shipp and Bortone,
2009). Red Snapper density assessments found that numbers
were highest in shelf habitats that provide centimeters to meters
of structural complexity (Patterson et al., 2005). The construction
of platforms for oil and gas exploration in the GOM has provided
structurally complex habitat in areas that otherwise would have
none (Downey et al.,, 2018). Furthermore, the creation of reefs
that result from platform decommissioning (i.e., rigs-to-reefs)
provides additional deep water habitat for Red Snapper (Ajemian
et al., 2015; Shipp and Bortone, 2009; Syc and Szedlmayer, 2012).
Stanley and Wilson (1996) found that fish densities were up to
25 times higher within 16 m of a platform than over natural
bottom. The construction of a large-scale artificial reef system
on the continental slope of Alabama turned that region from an
area of low productivity to one of high productivity for GOM Red
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Snapper (Shipp and Bortone, 2009). Mississippi waters contain
82 artificial reefs, 8 rigs-to-reefs and 172 standing oil platforms
within 32 km of shore (T. Williams, Mississippi Department of
Marine Resources, pers. comm.) that can provide habitat for Red
Snapper.

Of all the various life history traits, the timing of sexual ma-
turity is believed to have the most influence on fitness (Stearns,
1992). The age at which a fish reaches maturity determines
generation time, and as an extension, the inherent rate of popu-
lation growth. Sexual maturity data are often used as a biological
reference point to determine catch limits that allow female fish
to spawn one or more times before being harvested (Caddy and
Agnew, 2004). Typically, long-lived fish species tend to reach
sexual maturity at an older age than short-lived species. Although
Red Snapper have been reported to live to 50 years, one hundred
percent of female Red Snapper in the GOM have been reported to
reach maturity by four years of age (Brulé et al., 2010; Gallaway
et al., 2009; Glenn et al., 2017; Kulaw et al., 2017).

Red Snapper habitat preference appears to depend on fish size
and changes with ontogeny (Ajemian et al., 2015; Gallaway et al.,
2009), with snapper moving to increasingly complex habitat as
they grow (Patterson et al., 2005). Juvenile Red Snapper show a
preference for low-relief habitats, such as patches of rubble, squid
eggs and single pieces of debris like bottles and cans (Szedlmayer
and Conti, 1999; Szedlmayer and Howe, 1997; Workman et al.,
2002). They tend to occupy sand and mud areas, where the rubble
offers protection from predators, but still enables them to find
prey (Wells et al., 2008). As they grow to a size that renders
predation less of a threat, Red Snapper begin to favor larger,
and more complex structure (Workman et al., 2002). Once they
enter the directed fishery, around age two (200-375 mm TL),
they begin to recruit to structures meters in height, such as oil
and gas platforms, artificial reefs, and wrecks (Patterson et al.,
2001; Wells, 2007). Between the ages of two and seven, a large
number of Red Snapper can be found on platforms and artificial
reefs. Despite the fact that these structures make up just a small
portion of high-relief habitat, they tend to provide sanctuary to a
high percentage of Red Snapper in this age range (Gallaway et al.,
2009; Gitschlag et al., 2003; Karnauskas et al., 2017; Patterson
et al,, 2001). Once Red Snapper reach around eight years of age,
they are frequently found over open habitat as they have reached
a size that reduces predation by other fishes (Gallaway et al,,
2009).

In addition to their preference for structure, Red Snapper also
display preferences for different depths depending on their age
and size. Surveys have found that Red Snapper of all ages are
most abundant in the GOM at 50-90 m depth (Karnauskas et al.,
2017), although smaller fish are usually found in waters less
than 50 m (Gallaway et al,, 2009). Recent analyses show that
both size and age of female Red Snapper increase with increasing
depth (Leontiou et al., in review), and that size and depth are
important predictors for classifying maturity (Brown-Peterson
et al., 2021). Previous studies in the GOM have found stratification
in Red Snapper communities on platforms, with smaller, younger
fish closer to the surface and larger, older fish in deeper water
(Gallaway et al., 2009; Stanley and Wilson, 2000; Wilson et al.,
2006).

The objective of this study is to determine how immature and
mature female Red Snapper use artificial habitat in the GOM off
Mississippi, as information on Red Snapper from this region of
the Gulf has historically been lacking. To do this we evaluated the
size and age of both immature and mature female fish captured
from three different depth strata (shallow, mid, deep) and on
three different artificial structure types (platforms, artificial reefs,
rigs-to-reefs) using linear mixed-effects models. Understanding
habitat use based on maturity is important for effective man-
agement of Red Snapper, and to ensure that females have an
opportunity to reproduce prior to capture and removal from the
population
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2. Methods
2.1. Study area and sample collection

Red snapper were collected in the north-central (GOM) from
April to November 2016, April to October 2017, and March to Oc-
tober 2018. Samples were collected from varying artificial struc-
ture types including active petroleum platforms, artificial reefs,
and rigs-to-reefs (decommissioned petroleum platforms cut-off
and toppled) at three depth strata (shallow, < 20 m; mid, 20-
49 m; deep, 50-100 m; Fig. 1). Petroleum platforms have been
deployed in the north-central GOM from 1947 to the present
time, with the mean age of platforms estimated to be 16-18 years
old (Pulsipher et al., 2001). Rigs-to-reefs were first created off
Mississippi after 1999, despite the presence of a relatively large
number of platforms in the offshore waters prior to that time
(Dauterive, 2000). Artificial reefs consisted of a variety of sub-
strates including rubble, concrete culverts, concrete pyramids,
fish balls, and submerged vessels. These ranged in height from 0.7
to 11.3 m above the bottom and were deployed between 1978
and 2015, although the majority were deployed between 2003
and 2010 (Mississippi Department of Marine Resoures, 2016).
Only 9.7% of the 227 artificial reefs in Mississippi waters were
deployed prior to 2000, and these were all either submerged
vessels or rubble (Mississippi Department of Marine Resoures,
2016). Petroleum platforms were sampled at all depth strata,
artificial reefs were sampled in the shallow and mid strata, and
rigs-to-reefs occurred in the deep strata only and ranged in height
from 7.4 to 50.0 m above the bottom. Each month, 17 ran-
domly stratified sites were sampled that included three stations
in one reef permit zone from both the shallow and mid depth
strata, and one station at each of two rigs-to-reefs sites in deep
water. Additional monthly sampling included a station at three
separate platforms per depth zone. Site location (latitude and
longitude) and depth were recorded for each station, and many
sites were sampled more than once over the three-year sampling
period. Sampling was done using vertical lines with 30 baited
hooks (Atlantic Mackerel, Scomber scomber) per station. Three
lines containing one of three hook sizes (8/0, 11/0, and 15/0) were
simultaneously deployed for 5 min at each station. Fish were
immediately placed on ice, and processed within 24 h of capture.

In the laboratory, standard length (SL, mm), FL (mm), total
length (TL, mm), weight (0.01 kg) and sex were recorded for
all Red Snapper. At this time, otoliths were also taken to de-
termine age. The entire gonad was removed, weighed to 0.01
g, assigned a macroscopic sex, and a subsample (1 cm®) was
fixed in 10% neutral buffered formalin for a minimum of seven
days for histological analysis. Ovarian tissue was then rinsed
overnight in running tap water, dehydrated, cleared, embedded
in paraffin, sectioned at 4um and stained with hematoxylin and
eosin following standard histological techniques.

2.2. Sample analysis

Microscopic determination of ovarian developmental phase
was completed histologically following Brown-Peterson et al.
(2011). Fish were considered sexually mature if cortical alveolar
or vitellogenic oocytes were the leading oocyte stage, or if there
were indications of previous spawning in non-reproductively ac-
tive females (i.e., atretic oocytes, postovulatory follicles, enlarged
blood vessels, muscle bundles).

Sectioned otoliths were used to determine age following Van-
derKooy (2009). Opaque bands were counted as annuli, and the
area between the last annuli and otolith edge - the margin -
was measured. Three independent readers determined age and
margin codes for each individual fish, and later did a joint reading
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Fig. 1. Sampling area in the north central Gulf of Mexico where Red Snapper were collected from 2016-2018. Depth strata are indicated by contour lines, and
structure types indicated by symbols. Each month 17 randomly stratified sites (structures) were sampled but the same sites were sampled more than once over the

duration of the study.

to remedy any discrepancies. All ages were then converted to
biological age, which was determined based on annulus count,
date of collection, mean birthdate, and mean timing of annuli
formation. Red Snapper birthdate is defined as June, the middle
month of their spawning season (VanderKooy, 2009).

2.3. Statistical analyses

A series of competing linear mixed effects models were con-
structed to derive how FL or age for both mature and immature
fish varied by depth and structure (Tables S1, S2). Fixed effects
for analysis of immature or mature females were depth and
structure. The independence of the response variables required
by traditional regression models was violated due to the fact
that multiple fish were caught at the same sites and the same
sites could be visited multiple times. The incorporation of random
effects not only helps to explain additional variance and interclass
correlation, but also saves degrees of freedom that would other-
wise be used for every level of each random variable (Wu et al.,
2017). We selected the best model based on Akaike Information
Criterion (AIC), an estimator of the expected Kullback discrepancy
between the true model and a fitted candidate model (Burnham
and Anderson, 2004). The difference of AIC can be used as a
guideline for model selection, with the best model indicated by
the lowest AIC. If the difference between the AIC value of two
models was less than two, then the models were considered to
have similar prediction capabilities.

The first step in model selection was to determine whether
random effects improved model predictions, and if so, the opti-
mum random effects to use. Models with all the fixed effects (full
fixed effects model) without random effects vs. the models with
different combinations of random effects (month or site location
or both) were compared to select the best random effect(s) based
on lowest AIC using restricted maximum likelihood. Then the
models with unique fixed effects structures nested within the
full fixed effects model, all having the same optimum random
effect(s) derived from the previous step, were compared. The best

model and optimum fixed effect(s) were identified based on the
lowest AIC using maximum likelihood. The models were then refit
using restricted maximum likelihood to estimate the parameters
(Zuur et al., 2009). The models were implemented using ImerTest
package in R (https://cran.r-project.org/web/packages/ImerTest/
ImerTest.pdf).

Based on the final models of FL or age for immature and
mature females respectively, we further compared whether the
impact of depth or structure on FL/age differed between mature
and immature females. We calculated 95% confidence intervals of
the coefficient for depth and contrasts of different structures in
each model, and then determined whether the intervals of depth
or structure type overlapped between mature and immature fish
models. Overlapping intervals indicated lack of difference in these
relations between mature and immature females.

3. Results
3.1. Sample collection

Six hundred ninety-five female Red Snapper were collected
during the survey. Of these, 121 were immature and 574 were
mature. Immature fish ranged in size from 168 to 525 mm FL
and mature from 232 to 795 mm FL, and there was a 90% overlap
in FL between the two maturity groups (Fig. 2, top). Age ranged
from 0.8 to 5.3 years for immature fish and 0.9 to 22.3 years
for mature, and there was a 93% overlap in age between im-
mature and mature fish (Fig. 2, bottom). Immature and mature
fish were collected during all months of the sampling season
(March-November), at all three depths, and on all three structure
types. The majority of fish, regardless of maturity, were found on
platforms (60%) and at mid-depth (56%).

3.2. Immature fish

The majority of immature Red Snapper were found at mid-
depths (61%), and the fewest at deep depths (4%). They were also
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Fig. 2. Distribution of fork length (FL, top) and age (bottom) for immature and mature female Red Snapper collected from 2016-2018 in the north-central Gulf of

Mexico.

Table 1

Competing linear mixed effect models for immature female Red Snapper in the north-central Gulf of Mexico describing the effect

of depth and structure on size (FL) and age.

Response Fixed effects Estimate Standard error P-value Ratio of
variable included in the of estimate variance of
model random effect
to residual
Model 1 16.4% (location)
FL Depth 0.617 0.1528 256 x 1074
Model 2
Age Depth 0.0063 0.0018 7.98 x 1074
Artificial reefs 0.4401 0.1448 293 x 1073
Rigs-to-reef —0.4865 0.5611 0.388

caught in the greatest amounts on platforms (58%) and the least
on rigs-to-reefs (2%).

Different linear and linear mixed-effects models were com-
pared using AIC to determine how FL and age related to depth and
structure type for immature fish (Table S1). The best model for
FL has depth as the fixed effect, and site location as the random
effect. The variance for the random intercept (between-site vari-
ance) was 16.4% of the residual variance (within-site variance)
(Table 1). The inclusion of random effects in the model accounts
for additional variance that is not explained by the fixed effects;
here, 16.4% (1+16.4%) = 14% of total variance not explained
by depth (also called interclass correlation) that corrects the p-
values of the model. The best model showed that for immature
fish, FL increased with depth (p = 0.0002) but structure type was
not important in explaining variation (Table 1, Fig. 3 A, B, C).
For age, the best model is linear and includes both depth and
structure as the predictor variables without a random effect. As
with length, age increased with depth (p = 0.0008, Fig. 3D, E, F).
This model also found that immature fish captured at artificial
reefs were older than those captured at platforms (Tukey’s pair-
wise comparison, p = 0.0082), but not at rigs-to-reefs (Tukey’s
pairwise comparison, p = 0.21; Fig. 3D, E, F) assuming depths are
the same. When comparing platforms to rigs-to-reefs, there was
no significant difference in ages (Tukey’s pairwise comparison, p
= 0.66).

3.3. Mature fish

Most mature fish were also found at mid-depths (54%), with
a relatively similar percentage at mid (24%) and deeper depths

(22%). As with immature, the majority of mature Red Snapper
were found on platforms (60%) and the fewest on rigs-to-reefs
(6%).

Models were assessed for determining differences in FL and
age across depth strata and structure type (Table S2). The best
model for FL had depth and structure type as fixed effects, and
location and month as random effects (Table 2). As with imma-
ture fish, FL increased with increasing depth (p = 1.33 x 1071,
Fig. 3G, H, I). Further pairwise comparisons determined that for
mature fish, FL is larger at rigs-to-reefs than both platforms
(Tukey’s pairwise comparison, p = 0.0015) and artificial reefs
(Tukey’s pairwise comparison, p = 0.0100). There was no differ-
ence between FL when comparing platforms and artificial reefs
(Tukey’s pairwise comparison, p = 0.992; Fig. 3G, H, I).

For age, the best model used depth and structure as fixed
effects and location as the random effect (Table 2). In mature fish,
age increased with increasing depth (p = 3.98 x 10713, Fig. 3J,
K, L). Tukey’s post-hoc pairwise comparisons showed that fish
on rigs-to-reefs were older than those on platforms (p < 0.001)
and artificial reefs (p = 0.0026), but there was no difference in
age between platforms and artificial reefs (p = 0.3090) assuming
depth is the same.

3.4. Immature vs. mature fish

As FL and age related to depth and/or structure types for both
mature and immature fish, we took a further step to compare
whether the relations with depths or structures differed between
maturity groups. The results show that the effect of depth on
FL or age did not differ between mature and immature fish due
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in this figure legend, the reader is referred to the web version of this article.)

Table 2

Competing linear mixed effect models for mature female Red Snapper in the north-central Gulf of Mexico describing the effect of

depth and structure on size (FL) and age.

Response Fixed effects Estimate Standard error P-value Ratio of variance
variable included in the of estimate of random effects

model to residual
Model 1 12.6% (location);

3.0% (month)

FL Depth 0.5822 0.07537 1.33 x 1071

Artificial reefs 2.0001 15.9847 0.901

Rigs-to-reef 94.3169 24.8883 437 x 1074

0.000437

Model 2 6.13% (location)
Age Depth 0.01005 0.001236 398 x 1071

Artificial reefs 0.3747 0.2412 0.131

Rigs-to-reef 2.100 0.3863 1.92 x 107

to the overlapping 95% confidence intervals of the coefficients
for depths (Table 3). However, structure types showed different
effects on length or age between immature fish and mature fish.
First, structure types were important to predict FL for mature fish,

but not for immature fish as the FL model for immature fish did
not include structure types (Table 1). In addition, the differences
of the age between rigs-to-reefs and platforms, and between rigs-
to-reefs and artificial reefs, were significantly larger in mature
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Comparison of the relations between fork length/age and depth/structure types in immature vs. mature female Red Snapper in the
north-central Gulf of Mexico. Numbers in bold indicate non-overlapping 95% confidence intervals.

Response Coefficient for Maturity Estimate Lower 2.5 Upper 2.5
variable percentile percentile
Fork length Depth Immature 0.617 0.308 0.926
Mature 0.582 0.433 0.732
Age Depth Immature 0.00631 0.00268 0.00994
Mature 0.0100 0.00760 0.0125
Artificial reef Immature 0.440 0.0963 0.784
— platform
Mature 0.375 —0.258 1.010
Rigs-to-reefs Immature —0.487 —1.819 0.846
— platform
Mature 2.100 1.130 3.070
Rigs-to-reefs Immature —0.927 —2.228 0.375
— artificial
reef
Mature 1.725 0.584 2.870

fish than in immature fish based on the non-overlapping 95%
confidence intervals (highlighted, Table 3). Since few immature
fish were captured at rigs-to-reefs sites (n = 2), these results may
be biased by sample size.

4. Discussion

Determining how immature and mature Red Snapper use
differing depths and structures makes it possible to examine
whether reproductively capable fish (i.e., sexually mature) use
habitat differently than reproductively incapable fish (i.e., sex-
ually immature), which in turn can help to better guide future
management decisions for Red Snapper stocks in the GOM. This
is particularly important as there is a large overlap in both age
and FL between immature and mature fish - in contrast to what
is generally thought to be true, that mature fish are larger and
older than immature fish - and differences in maturity status
may help explain habitat use beyond simply looking at fish size or
age. Furthermore, data from this study are the first to document
Red Snapper habitat use during a time of increasing abundance,
since the GOM population was reclassified as recovering in 2018
(SEDAR, 2018); previous studies were done prior to 2012 when
the Red Snapper stock was considered overfished (SEDAR, 2013).

While our findings support those of previous studies in other
parts of the GOM (Gallaway et al., 2009; Karnauskas et al., 2017;
Patterson et al., 2005), which show larger, older fish more preva-
lent at deeper depths, our modeling approach allowed a more
granular analysis and greater clarification of spatial and depth
distributions of immature and mature females in the GOM. For
example, we found that depth, but not structure type, signifi-
cantly explained differences in the length of immature females.
For age, both depth and structure type explained the distribu-
tion of immature fish, with the oldest immature fish found on
artificial reefs. While Karnauskas et al. (2017) also found older
Red Snapper on artificial reefs than on platforms, their study did
not differentiate between maturity, and focused on comparing
natural reefs to either artificial reefs or platforms rather than
comparing artificial structures to each other. However, recent
Bayesian analyses of our data also found that immature females
were older at artificial reefs than platforms (Leontiou et al., in
review); the results presented here confirm this age difference
among structures. Our results in the GOM are in contrast to
those from the southeastern Atlantic, where size and age of
young (predominately immature) fish did not vary by depth
(Lowerre-Barbieri et al., 2015).

For mature Red Snapper, both depth and structure type ex-
plained differences in length and age. This concurs with Bayesian
analysis that showed both FL and age of mature fish were greater

at rigs-to-reefs than at platforms or artificial reefs (Leontiou
et al,, in review). Previous reports of larger and older mature Red
Snapper being most common in waters > 60 m and on rigs-to-
reefs sites (Ajemian et al., 2015) are supported by our modeling
results. Although our models were not designed to show dur-
ing which months larger, older females use various depths and
types of artificial structures, the majority of our samples were
taken during the May through August Red Snapper spawning
season (Brown-Peterson et al. 2019) when fish were reproduc-
tively active. Spawning capable females have previously been
reported from artificial structures at various depths (Alexander
2015, Glenn et al,, 2017; Downey et al., 2018).

Our analyses contribute to understanding habitat use for im-
mature vs. mature female Red Snapper and highlight differences
between maturity types. Although age and FL increased signifi-
cantly with depth for both mature and immature fish, we found
that structure type is important to predict FL for mature fish
but not for immature fish. Interestingly, random forest anal-
ysis indicated that the best predictors of maturity status for
female Red Snapper are FL, depth, structure height, and month,
and that structure type was not an important predictor (Brown-
Peterson et al., 2021). Furthermore, previous analyses have shown
no difference in FL or age of immature fish among the three
structure types, while both FL and age are larger at rigs-to-reefs
compared to both platforms and artificial reefs in mature fish
(Leontiou et al., in review). We show here that the differences in
age between rigs-to-reefs and both platforms and artificial reefs
were significantly larger in mature fish than in immature fish.
Taken together, the results from these studies suggest that while
structure type may not be a good predictor of maturity status,
structure type is likely important in predicting both age and FL
of mature female Red Snapper.

The majority of immature fish in this study were found in
shallow and mid depths (96%) and on artificial reefs (40%), with
the oldest immature fish also found on artificial reefs. Most recre-
ational fishing in north-central GOM waters is concentrated on
artificial reefs at shallow and mid depths (Ajemian et al., 2015),
T. Moncrief, Mississippi Department of Marine Resources, pers.
comm.). Although only 11% of the 121 immature fish captured
during this study were above the MS state size limit (> 406 mm
TL [381 mm FL], (Mississippi Department of Marine Resoures,
2019), these largest immature fish were likely found on artificial
reefs with the highest fishing pressure. This size limit was im-
plemented to ensure that when immature fish are captured, they
will be released so they may have the opportunity to mature and
reproduce. However, catch and release fishing of immature fish
leads to unnecessary stress, which in turn could result in death
(Campbell et al., 2010). Indeed, Curtis et al. (2015) found that
28% of Red Snapper captured after release suffered barotrauma
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and immediate or delayed mortality, although smaller fish were
less affected than larger fish. However, even if the fish does
survive, the stress of capture can still lead to reduced growth
and fecundity later in life (Campbell et al., 2010; Davis, 2007).
Innovative management ideas, such as closure of some artificial
reefs to fishing pressure during portions of the year, could help
ensure greater survival of immature Red Snapper, and result in
the increase and sustainability of the stock. Since there is an
active recreational fishery for Red Snapper throughout the GOM,
particularly on artificial habitats in waters less than 40 m, a
reduction in the catch or catch and release of immature fish
could increase their chances of survival and ultimately reproduc-
tion. This in turn could continue to increase the recovery of Red
Snapper production and stocks in the north-central GOM.

Unlike the immature Red Snapper in this study, 83% of the
mature fish found in areas of high fishing pressure were larger
than the legal catch limit for the state. This could suggest they
would be removed from the population and unable to reproduce.
However, we found that the largest and oldest mature females
- which have a longer spawning season and higher fecundity
than smaller females (Lowerre-Barbieri et al. 2015) - are pre-
dicted to be more commonly found in deep water on rigs-to-reefs
structures, where there is less recreational fishing pressure. As
such, these fish will be able contribute more to the recovering
population, not only due to their higher fecundity and spawning
frequency, but also because of lower fishing pressure. However,
since only 6% of mature fish were found on rigs-to-reefs struc-
tures, the total reproductive contribution to the stock may be
limited.

Both immature and mature Red Snapper were found at all
structures and depths, although immature fish were uncommon
in deep water and at rigs-to-reefs. Our models suggest that both
depth and structure have an important effect on the distribution
of mature, spawning Red Snapper, and that the greatest repro-
ductive potential may occur at rigs-to-reefs, despite previous
indications that reproductive potential between platforms and
rigs-to-reefs is equivalent in the northwestern GOM (Downey
et al.,, 2018). As more platforms are decommissioned in the GOM,
the potential for additional rigs-to-reefs habitat may be an impor-
tant consideration for the distribution of larger, older Red Snapper
and, by extension, foster increased reproductive output of the
GOM'’s Red Snapper population. In contrast, only depth is an
important predictor of the size of immature fish, but our models
show that the largest immature Red Snapper tend to be in deeper
depths, where they are likely comingling with mature females.
Furthermore, those larger immature females in deep water grow
faster than mature fish (Leontiou et al., in review) and thus may
obtain the minimum catch limit size at a younger age.

Red Snapper’s dependence on reef structure begins soon af-
ter they grow out of their planktonic life stage (Bailey, 1995;
Szedlmayer and Conti, 1999; Szedlmayer and Howe, 1997), and
as they grow they move to larger, more complex structures
(Bailey, 1995) and deeper depths. The results from this study
support our previous understanding of the movement of Red
Snapper through habitat types based on ontogeny, and further
highlights the synergy and importance of both depth and artificial
structure when predicting Red Snapper distributions. A recent
meta-analysis found that habitat complexity and intra-specific
abundance had the largest effects on Red Snapper abundance,
both overall and for juveniles (Erisman et al., 2020). In particular,
Erisman et al. (2020) found that density-dependent mechanisms,
such as habitat quality and availability, shape the regional abun-
dance of Red Snapper, although this study did not distinguish
between mature and immature adult fish. Environmental factors
could also influence Red Snapper distribution. For instance, Bolser
et al. (2020) found that temperature, salinity, dissolved oxygen
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and depth are significant predictors of Red Snapper distribution
among platforms although size/maturity of the fish were not in-
cluded in the analyses. Future studies that focus on evaluating the
contribution of artificial structures to fish production as related
to maturity status would provide even more information as to
how these structures aid in the recovery of the Red Snapper
population in the GOM, particularly given the large overlap in age
and size between mature and immature females. Additionally,
the interaction of abiotic factors with depth and structure, and
how they influence Red Snapper distribution and life history, is a
fruitful topic for future studies.
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Table S1. The structures and AICs of a series of models that were compared for immature female Red Snapper. The
lowest AIC in each step is indicated by bold font. Step 1 represents the procedure of choosing the optimum random
effect(s) based on AIC from restricted maximum likelihood (REML). Step 2 represents the procedure of choosing
the optimum fixed effect(s) based on AIC from maximum likelihood (ML). If the AIC is similar, we choose the
parsimonious structured model. The AICs from REML and ML are not comparable (Zuur et al., 2009). X indicates
inclusion in the model.

Step Response  Fixed Fixed effect Random Random AIC AIC

variable  effect (Structure) effect effect (ML) (REML)
(Depth) (Location) (Month)

Model for FL

Stepl FL X X 1302.16
FL X X X 1300.89
FL X X X 1289.64
FL X X X X 1289.88

The optimum random effect is location.

Step2 FL X X X 1310.26
FL X X 1306.61
FL X X 1322.03

The optimum fixed effect is depth.

Model for Age

Stepl  Age X X 288.77
Age X X X 290.77
Age X X X 287.39
Age X X X X 289.39

Random effect does not improve model performance, so there is no need to include random
effect.

Step2  Age X X 272.72
Age X 280.23
Age X 282.40

The optimum fixed effects are depth and structure type.




Table S2. The structures and AICs of a series of models that were compared for mature female Red Snapper. The
lowest AIC in each step is indicated by bold font. Stepl represents the procedure of choosing the optimum random
effect(s) based on AIC from restricted maximum likelihood (REML). Step 2 represents the procedure of choosing
the optimum fixed effect(s) based on AIC from maximum likelihood (ML). If the AIC is similar, we choose the
parsimonious structured model. The AICs from REML and ML are not comparable (Zuur et al., 2009). X indicates
inclusion in the model.

Step Response  Fixed Fixed effect Random Random AIC AIC

variable  effect (Structure) effect effect (ML) (REML)
(Depth) (Location) (Month)

Model for FL

Stepl FL X X 6667.03
FL X X X 6663.03
FL X X X 6642.14
FL X X X X 6640.03

The optimum random effects are location and month.

Step2 FL X X X X 6657.80
FL X X X 6666.81
FL X X X 6707.33

The optimum fixed effects are depth and structure type.

Model for Age

Stepl Age X X 2029.17
Age X X X 2031.17
Age X X X 2018.14
Age X X X X 2020.14
The optimum random effect is location.
Step2  Age X X 2002.12
Age X 2022.78
Age X 2055.44

The optimum fixed effects are depth and structure type.
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