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1.  INTRODUCTION 

The approach for fisheries management worldwide 
is shifting from single species to ecosystem-based 
fisheries management (EBFM), which attempts to in -
corporate linkages between multiple species and 
various ecosystem elements (Pikitch et al. 2004). This 
holistic approach is more adaptative than traditional 

management strategies, as it considers multiple spe-
cies objectives and linkages to various ecosystem 
drivers. These can include factors such as habitat 
quality, fishing pressure, and drivers of recruitment 
and trophic connectivity, which all may vary spatially 
and temporally (Christensen et al. 1996, Thomas & 
Huke 1996, NRC 1999, Arkema et al. 2006). Quanti-
fying trophic connections is crucial for the shift to 
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multi-species fisheries management, because preda-
tor−prey interactions can influence fish population 
mortality more than fishing pressure alone (Chris-
tensen & Pauly 2004). While EBFM has great poten-
tial to allow fisheries managers to predict and re -
spond to impacts from multiple stressors on targeted 
fish populations, the data needs for these manage-
ment plans are high and data are often lacking. 
Trophic connections are most often gleaned from sto -
mach content analysis (SCA), which provides valu-
able diet data but has inherent shortfalls which limit 
its ability to provide quantitative data required for 
the development of EBFM models (Buckland et al. 
2017, Amundsen & Sánchez-Hernández 2019). A 
better understanding of the trophic interactions of 
commercially important species is essential to better 
assess the effects of fishing pressure and ecosystem 
alterations on stocks (Longo et al. 2015). 

Traditional SCA can be complemented with stable 
isotope analysis (SIA) to identify basal resources and 
examine food web structure and trophic linkages, 
which can aid in the development of EBFM food web 
models and are particularly useful when prey items 
are not available or cannot be easily identified 
(McClain-Counts et al. 2017). Stable isotopes are 
integrated natural tracers that provide information 
on longer-term dietary patterns than SCA alone (Fry 
2006). The stable isotope values of consumers are de -
pendent upon the isotopic mixing of food sources and 
isotope fractionation during biochemical reactions 
(Peterson & Fry 1987). The stable isotope values of 
carbon (δ13C) and nitrogen (δ15N) are commonly 
measured in food web studies due to the ease of 
measurement and the complementary information 
they provide. Carbon experiences minimal isotopic 
fractionation resulting in consumer δ13C values that 
reflect basal resource contributions (Fry 1983, Peter-
son 1999), while nitrogen exhibits larger trophic iso-
topic fractionation, resulting in predictably higher 
consumer δ15N relative their food source (Minagawa 
& Wada 1984, Post 2002, Fry 2006). Stable isotope 
mixing models use isotope values of consumers and 
prey to estimate relative contributions of prey types 
to the diet of a consumer. 

Red snapper Lutjanus campechanus is a structure-
associated fish that has high economic and recre-
ational value throughout its geographic range in the 
western Atlantic Ocean, extending from the Amazon 
River delta to Cape Hatteras, North Carolina (USA), 
including the Gulf of Mexico (GOM) (Wilson & Nie -
land 2001). Juveniles undergo ontogenetic shifts in 
habitat and diet upon reaching maturity at about 2 yr 
of age when they migrate from less complex shallow-

water habitats to larger offshore structures. During 
this time, their diets shift from smaller prey, such as 
zooplankton and mysid shrimp, to larger prey items 
including various crustaceans and fishes (Wilson & 
Nieland 2001, Szedlmayer & Lee 2004, Dance & 
Rooker 2019). Once adults settle on reef habitats, 
they exhibit high site fidelity, generally staying 
within 500 m of their home structure (Schroepfer & 
Szedlmayer 2006, Gallaway et al. 2009); however, 
red snapper do stray from structures to feed on ben-
thic and pelagic prey, which transfers energy and 
nutrients subsides back to reef habitats (McCawley & 
Cowan 2007). Red snapper have not been shown to 
exhibit a preference between artificial and natural 
reefs, but individuals on artificial reefs consume less 
diverse prey than those on natural reefs (Tarnecki & 
Patterson 2015, Schwartzkopf et al. 2017). Few natu-
ral reefs exist offshore of Mississippi (USA), so the 
majority of red snapper here utilize artificial reefs 
and abundant petrochemical platforms. However, in -
formation regarding the trophic ecology of red snap-
per in these waters is lacking. 

Many studies have used SCA and SIA to investigate 
the feeding habits and trophic ecology of red snapper 
over various temporal and spatial scales in the north-
ern GOM, but few have been able to examine red 
snapper diet over longer time scales. Knowledge of 
spatiotemporal variability of feeding habits and 
trophic ecology of this species inhabiting reef struc-
tures in Mississippi waters can inform EBFM plans. In 
addition, most studies examine prey items at broad 
taxonomic levels due to the inherent difficulties in vi-
sually identifying partially digested prey. Genetic 
identification allows for a finer taxonomic resolution 
that can confirm visual identifications as well as iden-
tify unknown prey items, which can improve our un-
derstanding of red snapper trophic dynamics. Our pri-
mary objective was to use simultaneous SCA (visual 
and genetic identification) and SIA to investigate the 
importance of multiple prey taxa to red snapper diet. 
We also estimated the trophic positions of red snapper 
and prey items using δ15N values, with particulate or-
ganic matter (POM) as an isotopic proxy for the food 
web base (Wells et al. 2008, Dance et al. 2018). 

2.  MATERIALS AND METHODS 

2.1.  Sampling area and timeframe 

Red snapper were collected monthly from April 
through October 2016−2017 from 23 sampling sites 
off Mississippi in the north-central GOM (Fig. 1). 
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Monthly sites were selected from 3 depth strata (shal -
low: 0−20 m, mid: 21−50 m, deep: 51−100 m) and 3 
structure types (non-structured controls, artificial 
reefs and active petroleum platforms) using a strati-
fied random design. Artificial reef structure types in -
cluded constructed ‘fish havens’ and ‘Rigs-to-Reefs’ 
(R2R). Offshore fish havens range in size from 3 to 
4000 ha and are composed of large concrete slabs 
and culverts, steel hull vessels and other types of 
 fabricated structures. R2R sites are decommissioned 
petro chemical platforms toppled in place, towed to 
specific locations or partially removed from a site, 
leaving a portion of the structure base in accordance 
with the National Artificial Reef Plan (NOAA 2007). 

Monthly sampling sites consisted of 3 
fish haven reefs for the shallow and 
mid strata and 2 R2Rs for the deep 
stratum where no fish havens exist (8 
artificial reef sites); 3 petroleum plat-
forms in each stratum (9 platform 
sites); and 2 bare-bottom, no-structure 
control sites in each stratum (6 control 
sites). Most petroleum platforms sam-
pled were in the southern portion of 
the sampling region across the 3 
depth strata (Fig. 1). 

2.2.  Red snapper and prey collection  
and processing 

Red snapper specimens at each site 
were collected following the NOAA 
Southeast Area Monitoring and As -
sess ment Program Vertical Line Sur-
vey Protocol, Version 1.7 (Rester 2015) 
using 3 electric bandit reels deployed 
for 5 min. To target a broad size range 
of fish, each reel was rigged with 10 
hooks of a particular size (8/0, 11/0, 
15/0) spaced ~61 cm (24 inches) apart 
for a total of 30 hooks per site. Fishing 
lines were deployed to within 1.5 m of 
the top of artificial reefs or above the 
bottom near active platforms and at 
control sites. Once captured, individ-
ual red snapper were marked with a 
unique tag number and immediately 
stored on ice. Biometric parameters 
(to tal length, standard length, fork 
length, total weight, sex) were re -
corded for each fish within 24 h of cap-
ture. Stomachs were excised, placed 

in labeled Whirl-Pak bags and frozen/stored at 
−20°C. Muscle samples (~6 cm3) were collected from 
the dorsal area of each fish, placed in labeled Whirl-
Pak bags and frozen at −20°C until they were pre-
pared for SIA. Both sagittal otoliths were removed 
when possible; one was used for age assessment and 
the other was archived. Otolith processing and age-
ing methodo logies followed guidelines provided by 
VanderKooy et al. (2020). Otolith annuli counts were 
conducted by 3 experienced, independent readers 
and consensus was reached on final ages. 

Prior to SCA, thawed stomach contents were rinsed 
over a 500 μm sieve. In addition to SCA prey items, 4 
gobies in 2016 were regurgitated by red snapper due 
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to barotrauma when the fish were pulled on deck and 
hence were not included in SCA but were analyzed 
for stable isotopes values. Prey items were morpho-
logically identified to the lowest possible taxonomic 
level using published scientific literature and identifi-
cation guides (Fahay 1983, Williams 1984, McEachran 
& Fechhelm 1998, 2006, Carpenter 2002a,b, Richards 
2005). Morphologically unidentifiable prey samples 
that had sufficient tissue (~1 cm3) were refrozen until 
processed for DNA barcoding (Handy et al. 2011). 
Samples for barcoding were placed on a clean petri 
dish and cored (2−3 mm3) with flame-sterilized for -
ceps and scalpels to remove tissue that may have been 
contaminated by the stomach lining and/or gastric flu-
ids. DNA from each sample was extracted using a 
commercial kit (DNeasy Blood and Tissue Kit; Qia-
gen). The ~650 bp barcode region of cytochrome C ox-
idase subunit I (COI) was amplified and then visual-
ized on a 2% agarose gel, and positive reactions were 
sent to Eurofins for PCR clean-up and single-read se-
quencing. Sequences were trimmed using CLC Main 
Workbench to re move ambiguous and/or low-quality 
sequences and primer sequences. DNA barcode se-
quences were ana lyzed using the Barcode of Life Data 
System (BOLD) and/or NCBI BLAST to identify the 
closest match(es) to known COI sequences. The clos-
est match was identified based on a sequence similar-
ity of at least 99% and >500 bp for species, 95−99% 
and >500 bp for genus and <95% and >500 bp or 
>95% and 300−500 bp for family. Any prey material 
identified visually or that remained after the DNA bar-
coding procedure was refrozen until prepared for SIA. 

We present SCA data both as percent weight (%W, 
wet weight of each prey type divided by the total wet 
weight of prey) and percent frequency of occurrence 
(%FO, proportion of individuals with non-empty 
stomachs containing a particular prey type) The 
%FO has been shown to provide the most detailed 
information about the diversity and availability of 
prey (Ahlbeck et al. 2012, Baker et al. 2014, Buck-
land et al. 2017, Amundsen & Sánchez-Hernández 
2019); however, %W better reflects the importance of 
prey for consumers and is more compatible with sta-
ble isotope mixing model results. To be consistent 
with and allow comparisons to be made with the 
annual isotope mixing model results, cumulative 
annual %W and %FO are presented herein. 

2.3.  SIA of red snapper and prey items 

All frozen samples were lyophilized for 48 h, 
ground to a fine powder with a mortar and pestle and 

then stored in 20 ml scintillation vials with poly pro -
pylene cone caps in desiccator cabinets. For the 2016 
and 2017 collections, 220 and 136 prey items, respec-
tively, were available for SIA. A subsample of each 
crustacean prey sample was acid-washed with 10% 
HCl to remove carbonates associated with the cara-
pace (Carabel et al. 2006), centrifuged at 500 rpm for 
5 min and rinsed with deionized water. Samples 
were then centrifuged, decanted 3 times and then 
frozen and freeze dried. Subsamples of all dried tis-
sues (0.3−1 mg) were packed into tin capsules and 
analyzed in duplicate for %C, %N, δ13C and δ15N at 
the University of Southern Mississippi Gulf Coast 
Research Laboratory with a Thermo Finnegan Delta 
V Advantage stable isotope ratio mass spectrometer 
coupled to a Costech 4010 elemental analyzer via a 
Thermo Conflo IV interface. For acid-washed prey 
samples, we present the acid-treated δ13C and the 
non-treated δ15N, as acid washing can affect the lat-
ter (Bunn et. al., 1995). The C:N ratios of red snapper 
tissue samples were all <3.5, indicating low lipid 
content (Logan et al. 2008), but δ13C for fish prey 
items with C:N ratios above this threshold were 
mathematically lipid corrected according to Post et 
al. (2007): 

                     Δ δ13C = −3.32 + 0.99 × C:N                 (1) 

This mathematical lipid correction overestimated 
the δ13C lipid correction for blue crab tissue from Mo-
bile Bay (Vedral 2012); therefore, a mathematical 
lipid correction specific to crustacean tissues with C:N 
>4.5 (Bodin et al. 2007) was initially applied to crab, 
shrimp and stomatopod prey samples with elevated 
C:N ratios, which resulted in minor changes in δ13C 
(mean ± SD δ13C change = 0.58 ± 0.38‰, n = 93). Such 
a small change is likely not biologically relevant given 
the δ13C range of these taxa groups. Also, invertebrate 
samples with high stores of chitin or glycogen can 
have C:N ratios similar to those in lipid-rich fish tis-
sues, and lipid extraction does not result in a change 
in C:N ratios or δ13C (Kiljunen et al. 2006, Logan et al. 
2008). Hence, we present the measured δ13C of all 
crustacean prey samples without lipid correction. 

Contributions of prey items to red snapper diet 
were determined for each sampling year with a sta-
ble isotope mixing model in R (‘simmr’ package ver-
sion 0.4.1, Parnell 2019). To avoid invalid extrapola-
tions based on small sample sizes, prey items with 
n < 5 per year were not included in the mixing model 
inputs, which eliminated prey items identified as 
Nematoda, Salpidae, Thecosomata and several fami-
lies of crabs, shrimp and fish. Trophic enrichment 
factors (TEFs) for δ13C and δ15N were set at 1 and 3‰, 
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respectively, with a standard deviation of 0.5 for each 
TEF (Rooker et al. 2006, Wells et al. 2008). Models 
were run 10 000 times, and all prey proportions re -
ported are at the 50% quantile. 

The calculated trophic position (TP) of each con-
sumer is: 

             TP = (δ15NConsumer − δ15NPOM) / Δn + 1         (2) 

where δ15NConsumer is that of the red snapper or prey 
item, δ15NPOM is the 2 yr average δ15N of POM col-
lected at all sites from April to October during 2016 
and 2017 (δ15N = 4.35; Kohler 2020), and Δn is the 
TEF (3‰). 

2.4.  Statistical analysis 

Spatial trends were analyzed using Mantel tests 
to determine spatial autocorrelation of red snapper 
and prey isotope data. For statistical analysis, red 
snapper weight and total length (TL) classes were 
divided into 1 kg and 100 mm incremental group-
ings while age was split into yearly cohorts. Varia-
tion in stable isotope values of red snapper between 
weight, TL and age classes, depth strata and struc-
ture type were assessed using a Kruskal-Wallis 
1-way ANOVA in R with pairwise comparisons 
using Dunn’s test of multiple comparisons using 
rank sums and Benjamini-Hochberg p-value adjust-
ment to limit Type I errors. Variation in prey stable 
isotope values across depth strata and structure 
type were also analyzed using these tests by exam-
ining broad groupings of most prey types (shrimp, 
crabs, fish) due to low sample numbers of individual 
families. Nonparametric tests were run due to non-
normality and inequality of variance of isotope data 
across the various groupings. 

3.  RESULTS 

Over the 2 yr study period, 862 red snapper were 
examined: 456 in 2016 and 406 in 2017 (Tables S1 & 
S2 in the Supplement at www.int-res.com/articles/
suppl/m699p117_supp.pdf). More fish were col-
lected from platforms (59.6%) than artificial reefs 
(40.1%), while only 2 fish (0.2%) were collected 
from bare-bottom control sites. Ages and TL ranged 
from 0.3 to 22 yr (median = 2.8 yr, mean ± SD = 
3.0 ± 1.8 yr) and from 180 to 858 mm (median = 
392 mm, mean = 412 ± 106 mm). Males and females 
were equally represented over the cumulative 2 yr 
period. 

3.1.  Red snapper SCA 

Prey items were found in 76% of the examined red 
snapper. While some prey items could be identified to 
species, the resolution of the DNA barcoding was 
typically at the class or family level, so prey were 
grouped at these taxonomic levels with the exception 
of gastropods, which were identifiable to suborder 
Theco somata. Unidentified crustaceans (2016: %W = 
7.3, %FO = 61; 2017: %W = 2.5, %FO = 44) and tele -
osts (2016: %W = 11.8, %FO = 38; 2017: %W = 9.7, 
%FO = 45) were frequent for both years, as many 
samples were too small or degraded for genetic bar-
coding. The most frequently identified taxa in both 
years were stomatopods followed by portunid crabs 
(Table 1). %W values of prey were similarly ranked, 
with stomatopods having the largest value and Lutja -
nidae being the second ranked in 2016 and portunid 
crabs being second in 2017. In 2016, portunid crabs 
ranked third in %W while Sciaenidae ranked third in 
2017. Crab prey consisted of 11 families in 2017 and 
8 families in 2017, while shrimp prey included 5 fami-
lies in 2016 and 8 families in 2017 (Table 1), with My -
si dae, Penaeidae (brown and white shrimp), Penaeo -
idea (prawns) and Sergestidae (‘krill-like’ shrimps, all 
identified as Acetes americanus) all well represented 
in one or both years. Fish prey items had the highest 
taxonomic diversity among any of the broad prey cat-
egories, with 17 families identified in 2016 and 14 
families in 2017, with Lutjanidae and Ophichthidae 
being the most frequently observed fish taxa in 2016 
and 2017, respectively. Lutjanid prey items were all 
identified as red snapper. 

3.2.  Red snapper stable isotopes 

The majority of red snapper isotope values fell 
within narrow ranges relative to prey items (Fig. 2). 
The average red snapper δ13C in 2016 and 2017 were 
(mean ± SD) −16.7 ± 0.4 and −17.5 ± 1.2‰, respec-
tively, with the difference being due to some indi-
viduals in 2017 having lower δ13C. No congruent dif-
ferences were ob served for δ15N values for these 
in dividuals, and the average red snapper δ15N values 
in 2016 and 2017 were not different (14.3 ± 0.4 and 
14.2 ± 0.6‰, respectively). Most of the 13C-depleted 
fish from 2017 were in narrow size and age ranges 
(250−500 mm TL; age 2−3 yr; Fig. 3). Mean isotopic 
values were similar between sexes (Table S1). Sampling 
location was not autocorrelated with red snapper δ13C 
(Mantel R = 0.00421, p < 0.0001) but was with δ15N 
(Mantel R = 0.169, p < 0.0001). Red snapper tissue δ13C 
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in 2016 significantly varied by TL, weight, age class 
and depth strata but not by structure type (Table 2). 
Pairwise comparisons using Dunn’s test in dicated that 
δ13C of 2016 red snapper <300 mm were not different 
from 300−400 and 400−500 mm groups, but other 
groupings (400−500, 500−600 and >600 mm) were all 
different from each other (p < 0.01). Pairwise compar-
isons showed that the δ13C of the following weight 
groups were not different: <0.5 vs. 0.5−1.0; 1.0−1.5 

vs. 1.5−2.0; 1.5−2.0 vs. 2.0−2.5 and 2.5−3; 2.0−2.5 vs. 
2.5−3.0 and >3.0; and 2.5−3.0 vs. >3.0 kg while all 
other groups were different from each other (p < 0.039). 
δ15N significantly varied across of all of these para -
meter groupings. Pairwise comparisons indicated that 
the 2016 TL <300 mm group δ15N was different from 
the 300−400 mm group (p = 0.046), the 400−500 mm 
group (p = 0.008) and the >600 mm group, which was 
also significantly different from all other groups (p < 
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Prey type         Prey group                                    2016                                                            2017 
                                                                FO         %FO            W             %W                 FO           %FO            W             %W 
 
Nematode       Nematoda                        0            0.00            0.00            0.00                   2             0.60            0.02            0.00 

Pyrosome        Pyrosomatidae                0            0.00            0.00            0.00                   3             0.90          47.19            3.18 

Salp                 Salpidae                           9            2.59            0.61            0.04                   1             0.30            0.05            0.00 

Bivalve            Mollusca                          6            1.72            0.56            0.04                   9             2.71            1.99            0.13 

Bivalve            Bivalvia                           17           4.89            1.39            0.09                   1             0.30            0.03            0.00 

Gastropod       Gastropoda                      3            0.86            0.04            0.00                   7             2.11            0.32            0.02 
                        Naticidae                         0            0.00            0.00            0.00                   2             0.60            6.96            0.47 
                        Pteropoda                       11           3.16            6.26            0.42                  37          11.14          17.13            1.16 

Cephalopod    Cephalopoda                   6            1.72          13.68            0.92                  11            3.31          58.01            3.91 

Ostracod          Ostracoda                        5            1.44            0.11            0.01                   1             0.30            0.02            0.00 

Copepod          Caligidae                         2            0.57            0.01            0.00                   0             0.00            0.00            0.00 

Amphipod       Amphipoda                    23           6.61            1.66            0.11                  16            4.82            0.90            0.06 

Crab                 Albuneidae                      4            1.15            3.23            0.22                   5             1.51            9.25            0.62 
                        Calappidae                     28           8.05            4.78            0.32                   1             0.30            0.40            0.03 
                        Hippoidea                        2            0.57            7.50            0.51                   0             0.00            0.00            0.00 
                        Paguroidea                      4            1.15            0.23            0.02                   0             0.00            0.00            0.00 
                        Parthenopidae                 5            1.44            5.86            0.40                   2             0.60            2.58            0.17 
                        Portunidae                      53         15.23        179.38          12.12                  61          18.37        164.92          11.12 
                        Pseudorhombilidae         9            2.59          13.12            0.89                   2             0.60            3.16            0.21 
                        Raninidae                        2            0.57            0.15            0.01                   0             0.00            0.00            0.00 

Shrimp             Alpheidae                        2            0.57            0.89            0.06                   2             0.60            0.13            0.01 
                        Mysidae                           5            1.44            0.02            0.00                  20            6.02            3.50            0.24 
                        Palaemonidae                 0            0.00            0.00            0.00                   4             1.20            0.11            0.01 
                        Penaeidae                       14           4.02          83.78            5.66                  12            3.61          41.85            2.82 
                        Penaeoidea                      3            0.86          15.89            1.07                  10            3.01          24.74            1.67 
                        Processidae                     0            0.00            0.00            0.00                   2             0.60            0.09            0.01 
                        Solenoceridae                 0            0.00            0.00            0.00                   6             1.81            2.01            0.14 
                        Sergestidae                     0            0.00            0.00            0.00                  12            3.61          78.98            5.33 

Prawn              Luciferidae                      0            0.00            0.00            0.00                   2             0.60            0.01            0.00 

Stomatopod     Stomatopoda                  99         28.45        323.84          21.88                  89          26.81        183.95          12.41 

Fish                  Bregmacerotidae            2            0.57            1.27            0.09                   0             0.00            0.00            0.00 
                        Clupeidae                        4            1.15        140.85            9.52                   4             1.20        132.97            8.97 
                        Cynoglossidae                 1            0.29            0.67            0.05                   4             1.20          13.50            0.91 
                        Moringuidae                   1            0.29            1.34            0.09                   2             0.60          21.46            1.45 
                        Ophichthidae                  3            0.86          16.31            1.10                  11            3.31          84.71            5.71 
                        Ophidiidae                      2            0.57            7.32            0.49                   2             0.60          11.25            0.76 
                        Carangidae                     2            0.57            3.75            0.25                   2             0.60            0.11            0.01 
                        Lutjanidae                      15           4.31        188.88          12.76                   5             1.51          76.63            5.17 
                        Sciaenidae                       4            1.15        119.74            8.09                   5             1.51        137.23            9.25 
                        Triglidae                          5            1.44          12.07            0.82                   3             0.90          10.40            0.70

Table 1. Red snapper stomach content analysis frequency of occurrence (FO, n), %FO, weight (W, g) and %W by year for prey  
items that were collected more than once in 2016 or 2017
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0.003). The 300−400 mm group did not 
vary significantly from the 400−500 mm 
group. The 500−600 mm group was not 
different from the <300, 300−400 or 
400−500 mm groups. Pairwise compar-
ison of weight groups showed that the 
<0.5 kg group was different from the 
1.0−1.5 (p = 0.005), 1.5−2.0 (0.007) and 
>3.0 kg (p < 0.001) groups, and the lat-
ter was different from all other weight 
groups (p < 0.032). Pairwise compar-
isons of age groups showed that the 
age 2 group was different from the age 
6 group (p = 0.031), but all other 
groups were not different. Mean δ13C 
did not vary between structure types, 
but values significantly differed among 
depth strata (p < 0.001). Pairwise com-
parisons indicated that the shallow and 
mid strata were not different, but that 
the deep stratum differed from the 
shallow (p < 0.001) and mid (p < 0.001) 
strata. 

In 2017, δ13C significantly varied 
among groups based on TL (χ2 = 
15.639, df = 4, p < 0.001), weight 
groups (χ2 = 17.38, df = 6, p < 0.001) 
and structure type (χ2 = 29.738, df = 1, 
p < 0.001) but not between age groups 
or depth strata (Table 3). Pairwise 
comparisons showed that δ13C for the 
<300 mm TL group was different from 
the 300−400 (p = 0.019), 400−500 
(0.021) and 500−600 mm (p = 0.015) 
groups and the >600 mm group was 
different from the 300−400 (p = 0.031), 
400−500 (p = 0.012) and 500−600 mm 
(p = 0.021) groups, while all other 
groups were not different. Among 
weight groups, pairwise comparisons 
indicated that the <0.5 kg group was 
different from the 0.5−1.0 (p = 0.039) 
and the 2.0−2.5 kg (p = 0.038) groups 
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Fig. 2. Biplot (δ13C vs. δ15N) of broadly grouped prey items along with red  
snapper (RS) collected in 2016 and 2017

Fig. 3. Red snapper isotope values by age 
cohorts. (A) 2016 δ13C. (B) 2016 δ15N. (C) 
2017 δ13C. (D) 2017 δ15N. Sample numbers 
are denoted for each age cohort in paren-
theses. The lines within boxes represent 
mean values and the boxes demarcate the 
1st (25%) and 3rd (75%) quantiles. Whiskers 
represent minimum and maximum values, 
and outliers are shown as individual points
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while the >3.0 kg group was different from the 0.5−
1.0 (p = 0.033), 1.0−1.5 (p = 0.039) and 2.0−2.5 kg 
(0.039) groups. All other weight groups were not dif-
ferent from each other. In 2017, δ15N significantly 
varied across groups based on weight (p = 0.004), 
structure type (p < 0.001) and depth strata (p < 0.001) 
but not with TL or age. Pairwise comparisons of the 
weight groups indicated that the 2.0−2.5 kg group 
was significantly different than the <0.5 (p < 0.001), 
0.5−1.0 (p = 0.002), 1.0−1.5 (0.027) and 1.5−2.0 kg 
(p = 0.009) groups, while the remaining weight 
groups were not different from each other. For depth 
strata, Dunn’s pairwise comparisons indicated that 
mid stratum δ15N values were different from shallow 
(p < 0.001) and deep strata (p < 0.001), but shallow 
and deep δ15N were not different from each other. 

3.3.  Stable isotope values of prey items 

Prey items occupied a broad range of isotope val-
ues relative to red snapper samples (Fig. 2). The crab 

families Portunidae (swimming crabs, namely Calli -
nectes similis, Ovalipes floridanus, Portunus gibbesii 
and P. sayi) and Pseudorhombilidae (mud crabs, all 
Speo carcinus lobatus) were the most represented 
crabs obtained for SIA (Fig. 4). Less represented crab 
prey groups included the superfamilies Aethroidea 
(calico crabs) and Hippoidea (sand crabs), and fami-
lies Albunidae (mole crabs), Menippidae (stone 
crabs) and Parthenopidae (elbow crabs). The aver-
age δ13C for Portunidae did not vary across depth 
strata (Table S3). The δ15N of crab prey was variable 
within families, and Portunidiae had the highest δ15N 
variability. Location was not autocorrelated to crab 
prey isotope values (δ13C Mantel R = 0.02084, p = 
0.22328; δ15N Mantel R = 0.04734, p = 0.05794). Crab 
δ13C values did not significantly vary with depth 
strata in 2016 but did in 2017 (p = 0.045) (Table 4). 
Dunn’s pairwise comparisons indicated that the shal-
low stratum was different from the mid stratum (p = 
0.019), but there was no difference between the shal-
low and deep strata or the mid and deep strata. Crab 
δ13C did not vary by structure type in 2016 but did in 
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                                                                   δ13C                                                                               δ15N 
Length class (mm)       χ2            df              p                                                          χ2            df              p                                           
 
                                  15.639     4.000       0.004                                                    9.440      4.000       0.051                                        
                                   <300    300−400  400−500  500−600                                 <300    300−400  400−500   500−600                    
300−400                     0.019                                                                                   0.391                                                                       
400−500                     0.021      0.425                                                                    0.132      0.119                                                        
500−600                     0.015      0.132       0.166                                                    0.047      0.047       0.158                                        
>600                           0.269      0.013       0.012       0.012                                    0.382      0.390       0.361        0.141                       

Weight class (kg)         χ2            df              p                                                          χ2            df              p                                           
 
                                  17.380     6.000       0.008                                                   19.149     6.000       0.004                                        
                                    <0.5       0.5−1       1−1.5       1.5−2     2−2.5   2.5−3          <0.5       0.5−1       1−1.5        1.5−2     2−2.5   2.5−3 
0.5−1                          0.039                                                                                   0.238                                                                       
1−1.5                          0.117      0.467                                                                    0.072      0.236                                                        
1.5−2                          0.310      0.240       0.260                                                    0.336      0.494       0.277                                        
2−2.5                          0.038      0.170       0.176       0.109                                    0.001      0.002       0.027        0.009                       
2.5−3                          0.125      0.269       0.254       0.171     0.486                      0.225      0.255       0.344        0.253     0.257         
>3                               0.173      0.033       0.039       0.152     0.039   0.060          0.269      0.329       0.397        0.349     0.024   0.346 

Age class (yr)               χ2            df              p                                                          χ2            df              p                                           
 
                                  10.397     8.000       0.238                                                   13.502     8.000       0.096                                        

Structure type              χ2            df              p                                                          χ2            df              p                                           
 

                                  29.738     1.000      <0.001                                                  87.101        1          <0.001                                       

Depth strata                 χ2            df              p                                                          χ2            df              p                                           
 
                                   5.096      2.000       0.078                                                   43.010     2.000      <0.001                                       
                                 Dunn's     Deep        Mid                                                   Dunn's     Deep        Mid                                         
                                    Mid       0.080                                                                     Mid      <0.001                                                       
                                Shallow   0.271       0.063                                                 Shallow   0.140      <0.001

Table 3. Results of Kruskal-Wallis tests for significant differences in red snapper length, weight and age groups in 2017. Dunn’s  
test results shown for significant differences below the respective Kruskal-Wallis tests



Mar Ecol Prog Ser 699: 117–134, 2022

2017 (p = 0.005) (Table 5). Crab δ15N values were not 
different by structure type in 2016 or 2017 or across 
depth strata in 2016 but there were differences in 
depth strata in 2017 (p = 0.03), and Dunn’s pairwise 
comparisons indicated no difference between shal-
low and mid strata groups, but the deep stratum 
group was different from the shallow (p = 0.045) and 
mid strata (p = 0.020) groups. 

The δ13C of shrimp prey groups ranged from −23.5 
to −16.9 ‰ across the 2 sampling years, while δ15N 
fell in a relatively narrow range (Fig. 4). Most of the 
shrimp prey available for SIA (65%) were from fish 
caught in the mid depth stratum. Penaeid shrimp 
from the shallow depth stratum in 2017 had higher 
δ13C variability compared to those from 2016 and 
other strata, and the highest δ13C values were from 
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Fig. 4. Red snapper stomach content taxonomic group stable isotope values by sampling year. (A) 2016 δ13C. (B) 2016 δ15N. (C) 
2017 δ13C. (D) 2017 δ15N. Sample numbers are denoted for each taxonomic group in parentheses. Box plot parameters as in Fig. 3
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the shallow and deep strata in 2016 (Table S3). 
Shrimp prey δ13C was spatially autocorrelated (Man-
tel R = 0.04558, p = 0.025597), but δ15N was not (Man-
tel R = 0.1935, p = 0.08). Shrimp δ13C was not differ-
ent by depth strata in either year (Table 5), but there 
were δ13C differences between structure type in 2016 
(p = 0.021) but not in 2017. 

Stomatopod samples had a lower δ13C range (−21.5 
to −16.4‰) than crabs and shrimp but had the broad-
est δ15N range (1.6 to 14.0‰) of any prey group. 
Stomatopod δ13C values were not different between 
structure type groups in either year (Table 5), and 
δ15N did not differ by structure type groups in 2016 
but did vary between structure types in 2017 (p = 
0.00426). Stomatopod δ13C values were different 

between depth strata in 2016 (p = 0.031) (Table 5) but 
not in 2017. Dunn’s pairwise comparison indicated 
that δ13C from the shallow and mid strata in 2016 
were not different, but both shallow and mid strata 
were different from the deep stratum. Stomatopod 
δ15N values were different between depth strata in 
both years (Table 5). Pairwise comparisons for 2016 
indicated no difference between the shallow and mid 
or shallow and deep groups, but the mid stratum 
group was different from the deep group, while in 
2017 the shallow stratum was different from the mid 
stratum, which was different from the deep stratum, 
but there was no difference between the shallow and 
deep strata. In 2016, stomatopod δ13C and δ15N iso-
topes were significantly autocorrelated (δ13C: Mantel 
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                                                                                             δ13C                                                                          δ15N 
                                                                          χ2                 df                 p                                     χ2                  df                  p 
 
2016 
Fish                       Structure type                  0.1327             1              0.7157                             1.4015               1               0.2365 
                             Depth strata                     1.9112             2              0.3846                             6.1451               2               0.0463 
                                                                                                                                                      Dunn’s           Deep             Mid 
                                                                                                                                                         Mid                 0                     
                                                                                                                                                     Shallow             0               0.4040 

Crab                     Structure type                  1.6718             1              0.1960                             0.0326               1               0.8568 
                             Depth strata                     0.3047             2              0.8579                             1.5568               2               0.4591 

Mantis Shrimp     Structure type                  0.4827             1              0.4872                             0.0071               1               0.9331 
                             Depth strata                     8.8056             2              0.0122                             6.9557               2               0.0309 
                                                                       Dunn’s          Deep            Mid                              Dunn’s           Deep             Mid 
                                                                         Mid           0.0111                                                   Mid            0.0137                 
                                                                      Shallow        0.0113         0.1047                           Shallow         0.0764          0.4839 

Shrimp                  Structure type                  5.3333             1              0.0209                             4.6875               1               0.0304 
                             Depth strata                     3.4167             2              0.1812                             0.0292               2               0.9855 
                                                                                                                                                      Dunn’s           Deep             Mid 
                                                                                                                                                         Mid            0.4929                 
                                                                                                                                                     Shallow         0.6954          1.0000 

                                                                          χ2                 df                 p                                     χ2                  df                  p 
 
2017 
Fish                       Structure type                  8.9792             1              0.0027                             0.0000               1               1.0000 
                             Depth strata                     2.5934             2              0.2734                             0.3122               2               0.8555 

Crab                     Structure type                  7.8186             1              0.0052                             6.9951               2               0.0303 
                             Depth strata                     6.1954             2              0.0452                             6.9951               2               0.0303 
                                                                       Dunn’s          Deep            Mid                              Dunn’s           Deep             Mid 
                                                                         Mid           0.4204                                                   Mid            0.0200                 
                                                                      Shallow        0.3270        0.0194*                           Shallow         0.0447          0.0540 

Mantis Shrimp     Structure type                  3.7735             1              0.0521                            12.4160              1               0.0004 
                             Depth strata                     4.7360             2              0.0937                             9.6111               2               0.0082 
                                                                                                                                                      Dunn’s           Deep             Mid 
                                                                                                                                                         Mid            0.0058                 
                                                                                                                                                     Shallow         0.0592          0.0429 

Shrimp                  Structure type                  0.7948             1              0.6721                             3.1791               1               0.2040 
                             Depth strata                     0.7778             2              0.6778                             0.1307               2               0.9367

Table 4. Prey isotope Kruskal-Wallis tests comparing prey stable isotope values by structure type and depth strata. Dunn’s test  
results shown for significant differences found with Kruskal-Wallis tests
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R = 0.14, p = 0.0013; δ15N: Mantel R = 0.101, p = 
0.0055), but not in 2017 (δ13C: Mantel R = 0.0213, p = 
0.3605; δ15N: Mantel R = 0.074, p = 0.171). Stomato-
pod larvae generally had lower mean δ15N (5.4 ± 
2.8‰ SD, n = 13) than other stomatopod samples 
(9.4 ± 2.8‰, n = 82). 

The fish prey had the largest range in δ13C any 
prey group (−25.1 to −7.1‰; Figs. 2 & 4). Low sam-
ple numbers prevented comparisons of isotope val-
ues of most fish families across years and depth 
strata (Fig. 4A); however, the δ13C of fish prey as a 
group did not vary significantly between structure 
type or depth strata in 2016 (Table 5). In 2017, fish 
prey δ13C significantly varied between artificial 
reefs and platforms (p = 0.003) but not between 
depth strata (Table 5). Fish prey δ15N in both years 
ranged from 5.1 to 14.9‰ (Fig. 4). Lutjanidae prey 
items had a broad range of δ15N with a lower mean 
(11.0 ± 2.4‰) than the captured red snapper 
(Tables S1, S2 & S4). Shallow stratum Ophichthidae 
in 2017 were more en riched on average in δ15N 
than the mid or deep strata samples, which were 
similar to each other (Table S4). Nitrogen stable 
isotope values did not significantly vary between 
structure type in 2016 or 2017, and δ15N was differ-
ent between depth strata (p = 0.046) in 2016 but 
not in 2017. Pairwise comparisons of 2016 fish δ15N 
by depth strata indicated that the shallow and mid 
strata values were not significantly different from 
each other but that the deep stratum was signifi-
cantly different from the shallow (p = 0.033) and 
mid strata groups (p = 0.039). Neither δ13C nor δ15N 
was spatially autocorrelated (δ13C Mantel R = 
0.03869, p = 0.13179; δ15N Mantel R = −0.0003187, 
p = 5.0085). 

3.4.  Isotope mixing model 

Since there were no consistent isotopic differences 
among red snapper sexes, age and size classes, habi-
tat types or depth strata, mixing models were applied 
to all red snapper for each sampling year. Mixing 
model ‘simmr’ results for 2016 indicated that Sci-
aenidae fishes made up 38.7% of the red snapper 
diet, followed by Penaeidae shrimp (17.7%), stom-
atopods (13.1%), Lutjanidae fishes (10.3%), Portu-
nidae crabs (9.2%), and Pseudorhombilidae crabs 
(6.7%) (Fig. 5A). In 2017, the largest dietary propor-
tion was Portunidae crabs (55.6%) followed by Clu-
peidae (17.2%) and Ophichthidae fishes (10.9%), 
Sergestidae (5.2%), Penaeidae (4.4%) and Stom-
atopods (4.2%) (Fig. 5B). 

3.5.  TP estimates 

The estimated predatory red snapper TP ranged 
from 3.4 to 4.8, with an average of 4.2 ± 0.1 (SD). 
Crabs had average TPs from 1.8 (Calappidae) to 4.2 
(Aethridae; species Hepatus epheliticus, calico crab) 
(Table 5). The calculated TPs for Portunidae and 
Pseudorhombilidae were similar (2.8 ± 0.8 and 2.6 ± 
0.7, respectively). Stomatopods had the largest calcu-
lated TP range with some unrealistically low esti-
mates (>1) while others had TPs as high as 4.2, but 
the average TP estimate was 2.5 ± 1.0. Of the fish 
prey, Gobiidae had the lowest average TP (2.0 ± 0.8) 
and Sciaenidae the highest (4.1 ± 0.4) (Table 2). 

4.  DISCUSSION 

4.1.  Diet SCA 

In both years, SCA indicated that red snapper diet 
contained a wide variety of prey groups, many in low 
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Fig. 5. Stable isotope mixing model dietary proportions from 
the ‘simmr’ mixing model for red snapper collected in (A) 
2016 and (B) 2017. Sample numbers are denoted for each taxo -
nomic group in parentheses. Box plot parameters as in Fig. 3.  

DIC: deviance information criterion
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numbers, but the most frequently identified prey 
were consistently stomatopods and portunid crabs. 
These results support red snapper being generalist 
predators that consume a wide array of prey types, 
presumably based on availability (Wilson & Nieland 
2001, Szedlmayer & Lee 2004, Brewton et al. 2020). 
Consistent with our study, portunid crabs and stoma -
to pods have been shown to be common prey for 
mature red snapper, making up a large proportion of 
their identified diet (Wells et al. 2008, Dance et al. 
2018, Brewton et al. 2020). The limitation of sample 
size for genetic barcoding resulted in a high propor-
tion of unidentified prey items which limited its use-
fulness in providing fine taxonomic resolution for all 
stomach contents; however, barcoding did provide 

useful information on specific taxa that would not 
have otherwise been identified. 

4.2.  Diet proportion results from ‘simmr’ 

The ‘simmr’ model suggested that red snapper diet 
varied annually, with sciaenid fishes being the great-
est contributor in 2016 and portunid crabs in 2017. In 
both years, the remaining proportions were split 
evenly across other prey taxa, which is a common re -
sult when mixing models cannot elucidate contribu-
tions of sources with high confidence, which makes it 
difficult to assess if these results are reflective of the 
true diet or an artifact of variable isotope values or a 
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Prey type        Prey group                      n   Mean        Min   Max          Lit          Reference(s) 
                                                                       TP    SD        TP     TP            TP           
 
Anemone       Ceriantharia                    2    2.6    1.1        1.8     3.3           NA           

Tunicate         Tunicata                           4    1.9    0.9        1.1     3.1           NA           

Salp                Salpidae                           1    3.3                                          NA           

Gastropod      Sinum                              1    2.7                                          NA           
                       Thecosomata                   4    2.4    0.5        1.7     2.9           NA           

Cephalopod   Loliginidae                      6    3.3    0.4        3.0     4.2    3.7 ± 0.4 SD  Coll et al. (2013) 

Amphipod      Amphipoda                     2    2.1    0.6        1.7     2.5        1.7−2.5      Vinagre et al. (2012) 

Shrimp           Litopenaeus                     6    3.1    0.4        2.6     3.8           NA           
                       Penaeoidea                     14   3.1    0.5        1.7     3.8           2.1          Akin & Winemiller (2008) 
                       Sergestidae                     7    2.9    0.1        2.8     3.0           NA           

Prawn             Sicyoniidae                      2    3.2    0.8        2.6     3.8           NA           

Crab               Aethridea                        1    4.2                                          NA           
                       Albunidae                        6    3.0    0.5        2.0     3.3           NA           
                       Calappidae megalope    4    1.8    0.4        1.2     2.1           NA           
                       Hippoidea megalope      2    3.4    0.3        3.2     3.7           NA           
                       Menippidae                     3    3.0    0.7        2.2     3.5           NA           
                       Parthenopidae                 3    2.9    0.2        2.7     3.1           NA           
                       Portunidae                      99   2.8    0.8        0.5     3.7      3.0 to 3.3     Carozzo et al. (2014), Careddu et al. (2017) 
                       Pseudorhombilidae        11   2.6    0.7        1.6     3.4           NA           

Stomatopod   Stomatopoda                  95   2.5    1.0        0.1     4.2           3.5          Antony et al. (2010) 

Fish                 Antennarriidae                1    3.5                                   3.5 ± 0.6 SE   FishBase* 
                       Bregmacerotidae            4    2.8    1.0        1.3     3.4    3.1 ± 0.3 SE   FishBase* 
                       Clupeidae                       11   3.8    0.5        2.9     4.2      3.4 to 3.8     Motta et al. (1995), Vega-Cendejas et al. (1994) 
                       Cynoglossidae                 1    3.6                                   3.3 ± 0.4 SE   FishBase* 
                       Dussumieriidae               2    3.9    0.4        3.7     4.2    3.6 ± 0.2 SE   FishBase (diet studies) 
                       Gobiidae                          4    2.0    0.8        1.4     3.1    3.2 ± 0.3 SE   FishBase* 
                       Lutjanidae                      19   3.2    0.8        1.5     4.2           NA           
                       Ophichthidae                 13   3.7    0.3        2.9     4.2           3.0          Akin & Winemiller (2008) 
                       Ophidiidae                      2    4.0    0.1        3.9     4.1           NA           
                       Phycidae                          1    3.9                                          NA           
                       Pomatomidae                  1    3.7                                          NA           
                       Sciaenidae                       9    4.1    0.4        3.1     4.5      3.1 to 3.5     Akin & Winemiller (2008), Wilson et al. (2009) 
                       Serranidae                       1    3.5                                          NA           
                       Triglidae                          2    3.4    0.3        3.1     3.6           3.5          FishBase*

Table 5. Trophic position (TP) calculations (n, mean, min and max) for red snapper prey items compared with literature (lit) TP values  
of prey groups when available. Asterisks indicate values based on size and trophic levels of closest relatives. NA:  not available
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combination of both. The low δ13C values for some 
red snapper likely resulted in a higher proportion of 
isotopically lighter fish prey items (Ophichthidae and 
Clupeidae) in the 2017 ‘simmr’ model. Ophichthidae 
were more prevalent 2017, and both of these fish 
groups had lower δ13C values in 2017 than in 2016, 
likely resulting in this annual difference. 

While SCA and ‘simmr’ results both agree with 
previous studies that red snapper have a diverse diet, 
the disconnect in results from the 2 analyses is likely 
due to several factors, the most obvious being the dif-
ferences in prey items obtained for isotopic analysis 
be tween years. Many prey samples were too small or 
degraded for either analysis, and some samples had 
no remaining material after DNA barcoding, both of 
which are difficult issues to overcome with small, 
visually unidentifiable prey items. Independent sam-
pling of the diverse prey types would enhance the 
viability of using stable isotope mixing models by 
better constraining prey isotope values and allowing 
assessment of prey size on stable isotope values 
which would better inform mixing model inputs. 
However, this would require a greater sampling 
effort with various gear types which was not feasible 
and was well outside the scope of this study. Several 
of the prey groups such as Stomatopoda and Portu-
nidae had highly variable isotopic values that are 
likely size related and would lead to large uncertain-
ties in the model outputs (Bond & Diamond 2011). 
This is particularly true of stomatopod δ15N values, 
which spanned a range of >12‰ over both years. 

4.3.  TP estimates 

Red snapper average δ15N, and hence TP esti-
mates, across both years were nearly identical de -
spite their highly varied diet. Our estimated average 
TP (4.2 ± 0.1 SD) is slightly higher than the previous 
estimates of 3.85 ± 0.13 SE (Tarnecki & Patterson 
2015) and 3.90 ± 0.72 SE (FishBase 2022). 

TP estimates for many of the prey groups were sim-
ilar to those reported in the literature. Crabs as a 
broad group have high variability, but most of the in-
dividual families have smaller ranges. A few of the in-
dividual Portunidae, Pseudorhombilidae and Stoma -
to poda samples had δ15N values that were less than 
the baseline δ15N values used to estimate TP, sug-
gesting that some basal resources were not isotopi-
cally characterized in this study. Benthic microalgae 
from sandy bottoms surrounding structure have been 
shown to contribute to red snapper diet (Wells et al. 
2008), while macroalgae and epiphytes growing on 

hardened structures may also contribute to reef food 
webs (Daigle et al. 2013). Phytoplankton around and 
epiphytes attached to petroleum platforms have 
higher seasonal δ15N variability (2.4−6.3 and 4.7−
6.3‰, respectively) than attached red and green al-
gae (2.3−3.4 and 3.9−4.2‰, respectively) and differ-
ences between some primary producers collected si-
multaneously were >4‰ (Daigle et al. 2013). It is also 
possible some POM samples used to characterize the 
mean δ15N baseline included microzooplankton. The 
isotope values and C:N ratios of POM in the region 
are highly variable (Kohler 2020), suggesting a dy-
namic plankton population driven by highly fluctuat-
ing freshwater inputs to the region (Slife 2022). De-
spite this variability in primary producers and POM, 
the mean base δ15N used herein is similar to those of 
other studies from the  northern GOM (Rooker et al. 
2006, Simonsen et al. 2015, Dance et al. 2018). 

The stomatopod δ15N range suggests they feed 
across 3 trophic levels in the study region, and some 
feed at trophic levels which rival or exceed those of 
some fish prey. Similarly, high TPs were seen for 
some crabs, which may be due to scavenging or 
direct consumption of small fish and other crabs. For 
blue crabs, cannibalism increases with size and can 
account for up to 15−25% of the adult diet (Li et al. 
2011). While most fish prey TP ranges were similar to 
those reported for fish in the literature, 2 bentho -
pelagic families (Bregmacerotidae and Gobiidae) 
were represented by some individuals that also had 
lower δ15N than POM, resulting in unrealistically low 
TP estimates, which supports the idea that some 
organisms are utilizing a benthic basal resource with 
lower δ15N. Some Lutjanidae prey also had low δ15N 
and resultant TP, which could be attributed to the use 
of isotopically lighter basal resources or could indi-
cate that these fish were recent reef arrivals that had 
migrated from a region with lower base δ15N values. 

4.4.  Isotopic variability and impacts  
on the ‘simmr’ model 

Similar to many previous studies in the northern 
GOM, most red snapper samples showed little iso-
topic variability (Wells et al. 2008, Simonsen et al. 
2015, Brewton et al. 2020). While some statistical iso-
topic differences were found among size and age 
classes as well as by habitat type and depth strata in 
each sampling year, we found no consistent differ-
ences between the 2 years of the study. The lower 
δ13C values for some age 2−3 fish may be indicative 
of individuals recently migrating from more inshore 

130



Dillon et al.: Red snapper trophic dynamics

waters where more 13C-depleted basal resources (ter -
res trial C3, Juncus roma rianus, benthic microalgae, 
phytoplankton) are more prevalent (Dillon et al. 
2015). This generally agrees with when mature red 
snapper migrate to various types of high relief struc-
ture between ages 1 and 2 yr (Gallaway et al. 2009, 
Cowan et al. 2011) considering fish muscle turnover 
rates which can range from weeks to months (Buch-
heister and Latour 2010, Nelson et al. 2011). 

Since ‘simmr’ models consider multiple isotopes, 
high isotopic variability of sources inherently leads to 
higher uncertainties in model results. The broad δ15N 
(and resultant TP) ranges in the Portunidae, Pseudo -
rhombilidae and Stomatapoda prey indicate that 
these organisms feed across multiple trophic levels 
likely due to size differences and/or may be utilizing 
prey that are dependent on primary producers with 
δ15N values lower than POM, which is difficult to dis-
cern with bulk δ15N alone. Prey size could not be 
evaluated in our study, but ontogenetic shifts in diet 
and stable isotope values are well described in 
crusta ceans (Fry & Arnold 1982, Raz-Guzmán & De-
la-Lanza 1993, Fry et al. 2003), and stomatopods are 
known to feed at progressively higher TP as they 
grow from planktonic larvae to aggressive benthic 
predators as adults (Caldwell & Dingle 1976). 

Ophichthidae prey from 2017 in the shallow stra-
tum had higher δ15N than those from the other depth 
strata, which may indicate a spatial isotope baseline 
shift moving from nearshore to offshore, but Lutjanus 
prey items did not show the same pattern and had 
higher isotopic variability. The prey items genetically 
identified as lutjanids, specifically L. campechanus, 
were depleted in both 13C and 15N relative to the tar-
geted red snapper, with calculated TPs approxi-
mately 1 trophic level lower. Cannibalism in fish is 
generally considered rare outside of aquaculture set-
tings, although it has been documented in many wild 
fish populations, most commonly in piscivorous 
fishes (Pereira et al. 2017). It has long been specu-
lated that cannibalism is a density-dependent regu-
lator of populations (Ricker 1954), but this remains a 
controversial subject (Pereira et al. 2017). Some red 
snapper cannibalism occurs in aquaculture settings 
when no other prey is available (Bailey et al. 2001, 
Leu et al. 2003), but cannibalism was not observed in 
a coastal Alabama field study although adults did 
aggressively defend their habitat by chasing away 
smaller competitors (Piko & Szedlmayer 2007).  

It is unclear how environmental parameters may 
af fect red snapper foraging in this hydrologically dy -
na mic region. Highly variable turbidity levels are 
common to the region (Hoover et al. 2022), and fish 

are more abundant in less turbid estuarine waters 
while crabs and shrimp were more abundant when 
turbidity was high (Lunt & Smee 2014). Increased 
turbidity reduces feeding efficiencies of some visual 
predators, leading to reduced growth rates (Snow et 
al. 2018) which could enhance the likelihood of red 
snapper cannibalism. It is also possible that there 
was misidentification by DNA barcoding at the spe-
cies level, which can be problematic due to mistakes 
made in acquiring and analyzing genetic sequences 
that populate genetic data bases such as BOLD and 
GenBank (Meiklejohn et al. 2019, Pentinsaari et al. 
2020). There are 13 other Lutjanidae species found in 
the Western Atlantic and northern GOM (Gold et al. 
2011), so it is possible that other species may have 
been misidentified by DNA barcoding. 

5.  CONCLUSION 

Our results help develop a better understanding of 
red snapper ecology and reef food webs in the north-
ern GOM. The novel use of SCA prey items for SIA 
allowed many taxonomic groups to be collected and 
isotopically characterized, which can contribute to 
EBFM for the region. Consistent with previous stud-
ies that were more limited in time and space, red 
snapper in this study are generalist top predators that 
utilize a wide array of diverse prey items. Regional 
differences in red snapper diets across the northern 
GOM have been attributed to regional and temporal 
differences in prey fields, although the drivers of 
these differences are not well understood (McCaw-
ley et al. 2003, Tarnecki & Patterson 2015). While it is 
difficult to discern whether our SCA or ‘simmr’ re -
sults give the best estimate of ‘true’ diet, results from 
both show that the utilized prey field is taxonomi-
cally and isotopically diverse. The consistency of 
individual red snapper isotope values with an iso-
topically variable prey field suggests that these fish 
serve as stable isotope integrators of reef food webs, 
each feeding somewhat evenly across a taxonomic 
and isotopically variable prey field. While temporal 
and spatial heterogeneity in diet may be due to dif-
ferences in the available prey, some may be due to 
the ability of red snapper to locate and capture prey 
in a dynamic water column where high turbidity and 
hypoxia are common (Brunner et al. 2006, Hoover et 
al. 2022). Future studies with independent prey sam-
pling using multiple gear types and methods would 
better elucidate the structure of reef food webs in this 
hydrologically dynamic region. Such efforts should 
examine spatial and temporal distributions of prey 
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types, prey sizes and isotope values, which would 
improve our understanding of red snapper feeding 
ecology as well as the overall structure of northern 
GOM reef food webs. 

 
 

Acknowledgements. Funding was provided by the National 
Fish and Wildlife Foundation through the Mississippi 
Department of Marine Resources and the Mississippi 
Department of Environmental Quality. The funding source 
was not involved in the design and completion of this study. 
The views and conclusions contained in this document are 
those of the authors and should not be interpreted as repre-
senting the opinions, views or policies of the National Fish 
and Wildlife Foundation. Nothing contained herein consti-
tutes an endorsement in any respect by the National Fish 
and Wildlife Foundation. We thank the lead investigators of 
the project, Read Hendon and Jill Hendon, and numerous 
personnel from USM CFRD who collected fish for this pro-
ject, especially Paul Grammer, Jennifer Green, Angela 
Hoover, Chris Lapniewski and Trevor Moncrief, as well as 
Captain Rick Block and the crew of the RV ‘Jim Franks’ for 
providing vessel support. DNA barcoding analysis was con-
ducted by Laura Stewart, Stephanie Lorenze and Jeremy 
Johnson. Stable isotope analysis support was provided by 
Amanda McGehee and Morgan Frank. 

 
 

LITERATURE CITED 
 
Ahlbeck I, Hansson S, Hjerne O (2012) Evaluating fish diet 

analysis methods by individual-based modelling. Can J 
Fish Aquat Sci 69: 1184−1201  

Akin S, Winemiller KO (2008) Body size and trophic position 
in a temperate estuarine food web. Acta Oecol 33: 144−153  

Amundsen PA, Sánchez-Hernández J (2019) Feeding stud-
ies take guts − critical review and recommendations of 
methods for stomach contents analysis in fish. J Fish Biol 
95: 1364−1373  

Antony PJ, Dhanya S, Lyla PS, Kurup BM, Khan SA (2010) 
Ecological role of stomatopods (mantis shrimps) and 
potential impacts of trawling in a marine ecosystem of 
the southeast coast of India. Ecol Model 221: 2604−2614  

Arkema KK, Abramson SC, Dewsbury BM (2006) Marine 
ecosystem-based management:  from characterization to 
implementation. Front Ecol Environ 4: 525−532  

Bailey H IV, Cowan JH Jr, Shipp R (2001) Experimental 
evaluation of potential effects of habitat size and pres-
ence of conspecifics on habitat association by young-of-
the-year red snapper. Gulf Mex Sci 2: 119−131 

Baker R, Buckland A, Sheaves M (2014) Fish gut content 
analysis:  robust measures of diet composition. Fish Fish 
15: 170−177  

Bodin N, Le Loc’h F, Hily C (2007) Effect of lipid removal on 
carbon and nitrogen stable isotope ratios in crustacean 
tissues. J Exp Mar Biol Ecol 341: 168−175  

Bond AL, Diamond AW (2011) Recent Bayesian stable-iso-
tope mixing models are highly sensitive to variation in 
discrimination factors. Ecol Appl 21: 1017−1023  

Brewton RA, Downey CH, Streich MK, Wetz JJ, Ajemian MJ, 
Stunz GW (2020) Trophic ecology of red snapper Lutjanus 
campechanus on natural and artificial reefs:  interactions 
between annual variability, habitat, and onto geny. Mar 
Ecol Prog Ser 635: 105−122  

Brunner CA, Beall JM, Bentley SJ, Furukawa Y (2006) 
Hypoxia hotspots in the Mississippi Bight. J Foraminifer 
Res 36: 95−107  

Buchheister A, Latour RJ (2010) Turnover and fractionation 
of carbon and nitrogen stable isotopes in tissues of a 
migratory coastal predator, summer flounder (Paral -
ichthys dentatus). Can J Fish Aquat Sci 67: 445−461  

Buckland A, Baker R, Loneragan N, Sheaves M (2017) Stan-
dardizing fish stomach content analysis:  the importance 
of prey condition. Fish Res 196: 126−140  

Bunn SE, Loneragan NR, Kempster MA (1995) Effects of 
acid washing on stable isotope ratios of C and N in 
penaeid shrimp and seagrass:  implications for food-web 
studies using multiple stable isotopes. Limnol Oceanogr 
40: 622−625  

Caldwell RL, Dingle H (1976) Stomatopods. Sci Am 234: 
80−89  

Carabel S, Enrique D, Verísimo P, Fernández L (2006) An 
assessment of sample processing methods for stable iso-
tope analyses of marine food webs. J Exp Mar Biol Ecol 
336: 254−261  

Careddu G, Calizza E, Costantini ML, Rossi L (2017) Isotopic 
determination of the trophic ecology of a ubiquitous key 
species — the crab Liocarcinus depurator (Brachyura:  
Portunidae). Estuar Coast Shelf Sci 191: 106−114  

Carpenter KE (2002a) The living marine resources of the 
western central Atlantic, Vol 2. Bony fishes (Part 1). In:  
FAO species identification guide for fishery purposes. 
Am Soc Ichthyol Herpetol Spec Publ 5. FAO, Rome, 
p 601−1374 

Carpenter KE (2002b) The living marine resources of the 
western central Atlantic, Vol 3. Bony fishes (Part 2). In: 
FAO species identification guide for fishery purposes. 
Am Soc Ichthyol Herpetol Spec Publ 5. FAO, Rome, 
p 1375−2132 

Carrozzo L, Potenza L, Carlino P, Costantini ML, Rossi L, 
Mancinelli G (2014) Seasonal abundance and trophic 
position of the Atlantic blue crab Callinectes sapidus 
Rath bun 1896 in a Mediterranean coastal habitat. Rend 
Fis Acc Lincei 25:201–208  

Christensen NL, Bartuska AM, Brown JH, Carpenter S and 
others (1996) The report of the Ecological Society of 
America Committee on the Scientific Basis for Ecosystem 
Management. Ecol Appl 6: 665−691  

Christensen V, Pauly D (2004) Placing fisheries in their eco-
system context, an introduction. Ecol Model 172: 103−107  

Coll M, Navarro J, Olson RJ, Christensen V (2013) Assessing 
the trophic position and ecological role of squids in mar-
ine ecosystems by means of food-web models. Deep Sea 
Res II 95: 21−36  

Cowan JH Jr, Grimes CB, Patterson WF III, Walters CJ and 
others (2011) Red snapper management in the Gulf of 
Mexico:  science- or faith-based? Rev Fish Biol Fish 21: 
187−204  

Daigle ST, Fleeger JW, Cowan JH Jr, Pascal PY (2013) What 
is the relative importance of phytoplankton and attached 
macroalgae and epiphytes to food webs on offshore oil 
platforms? Mar Coast Fish 5: 53−64  

Dance MA, Rooker JR (2019) Cross-shelf habitat shifts by 
red snapper (Lutjanus campechanus) in the Gulf of Mex-
ico. PLOS ONE 14: e0213506  

Dance KM, Rooker JR, Shipley JB, Dance MA, Wells RJ 
(2018) Feeding ecology of fishes associated with artificial 
reefs in the northwest Gulf of Mexico. PLOS ONE 13: 
e0203873  

132

https://doi.org/10.1139/f2012-051
https://doi.org/10.1016/j.actao.2007.08.002
https://doi.org/10.1111/jfb.14151
https://doi.org/10.1016/j.ecolmodel.2010.07.017
https://doi.org/10.1890/1540-9295(2006)4%5b525%3AMEMFCT%5d2.0.CO%3B2
https://doi.org/10.1111/faf.12026
https://doi.org/10.1016/j.jembe.2006.09.008
https://doi.org/10.1890/09-2409.1
https://doi.org/10.3354/meps13210
https://doi.org/10.2113/36.2.95
https://doi.org/10.1139/F09-196
https://doi.org/10.1371/journal.pone.0203873
https://doi.org/10.1371/journal.pone.0213506
https://doi.org/10.1080/19425120.2013.774301
https://doi.org/10.1007/s11160-010-9165-7
https://doi.org/10.1016/j.dsr2.2012.08.020
https://doi.org/10.1016/j.ecolmodel.2003.09.002
https://doi.org/10.2307/2269460
https://doi.org/10.1016/j.ecss.2017.04.013
https://doi.org/10.1016/j.jembe.2006.06.001
https://doi.org/10.1038/scientificamerican0176-80
https://doi.org/10.4319/lo.1995.40.3.0622
https://doi.org/10.1016/j.fishres.2017.08.003


Dillon et al.: Red snapper trophic dynamics

Dillon KS, Peterson MS, May CA (2015) Functional equiva-
lence of constructed and natural intertidal eastern oyster 
reef habitats in a northern a northern Gulf of Mexico 
estuary. Mar Ecol Prog Ser 528: 187−203  

Fahay MP (1983) Guide to the early stages of marine fishes 
occurring in the western North Atlantic Ocean, Cape 
Hatteras to the southern Scotian Shelf. J Northw Atl Fish 
Sci 4:3–423 

Froese R, Pauly D (ed) (2022) FishBase. www.fishbase.org 
Fry B (1983) Fish and shrimp migrations in the northern Gulf 

of Mexico analyzed using stable C, N, and S isotope 
ratios. Fish Bull 81: 789−801 

Fry B (ed) (2006) Stable isotope ecology. Springer, New York, 
NY 

Fry B, Arnold C (1982) Rapid 13C/12C turnover during growth 
of brown shrimp (Penaeus aztecus). Oecologia 54: 200−204  

Fry B, Baltz DM, Benfield MC, Fleeger JW, Gace A, Haas HL, 
Quinones-Rivera CJ (2003) Stable isotope indicators of 
movement and residence for brown shrimp (Farfantepe-
naeus aztecus) in coastal Louisiana marshscapes. Estuar-
ies 26: 82−97  

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

Gold JR, Voelker G, Renshaw MA (2011) Phylogenetic rela-
tionships of tropical western Atlantic snappers in subfamily 
Lutjaninae (Lutjanidae:  Perciformes) inferred from mito-
chondrial DNA sequences. Biol J Linn Soc 102: 915−929  

Handy SM, Deeds JR, Ivanova NV, Hebert PDN and others 
(2011) A single laboratory validated method for the gen-
eration of DNA barcodes for the identification of fish for 
regulatory compliance. J AOAC Int 94: 201−210  

Hoover A, Chiaverano L, Deary AL, Hernandez F (2022) 
Variation in larval Gulf menhaden diet, growth and con-
dition during an atypical winter freshwater-discharge 
event in the northern Gulf of Mexico. Estuar Coast Shelf 
Sci 265: 107692  

Kiljunen M, Grey J, Sinisalo T, Harrod C, Immonen H, Jones 
RI (2006) A revised model for lipid-normalizing δ13C val-
ues from aquatic organisms, with implications for isotope 
mixing models. J Appl Ecol 43: 1213−1222  

Kohler B (2020) Determining the trophic role of red snapper 
(Lutjanus campechanus) in Mississippi State waters using 
stomach content and stable isotope analysis. MSc thesis, 
University of Southern Mississippi, Ocean Springs, MS 

Leu MY, Chen IH, Fang LS (2003) Natural spawning and 
rearing of mangrove red snapper, Lutjanus argentimacu-
latus, in captivity. Isr J Aquacult Bamidgeh 55: 22−30 

Li C, Wheeler KN, Shields JD (2011) Lack of transmission of 
Hematodinium sp. in the blue crab Callinectes sapidus 
through cannibalism. Dis Aquat Org 96: 249−258  

Logan JM, Jardine T, Miller T, Bunn SE, Cunjak RA, Lutcav-
age ME (2008) Lipid corrections in carbon and nitrogen 
stable isotope analyses:  comparison of chemical extrac-
tion and modelling methods. J Anim Ecol 77: 838−846  

Longo C, Hornborg S, Bartolino V, Tomczak MT, Ciannelli 
L, Libralato S, Belgrano A (2015) Role of trophic models 
and indicators in current marine fisheries management. 
Mar Ecol Prog Ser 538: 257−272 

Lunt J, Smee DL (2014) Turbidity influences trophic interac-
tions in estuaries. Limnol Oceanogr 59: 2002−2012  

McCawley JR, Cowan, JH Jr (2007) Seasonal and size spe-
cific diet and prey demand of red snapper on Alabama 
artificial reefs. Am Fish Soc Symp 60:77–104 

McCawley JR, Cowan JH Jr, Shipp RL (2003) Red snapper 
(Lutjanus campechanus) diet in the north-central Gulf of 
Mexico on Alabama artificial reefs. Proc Gulf Caribb 
Fish Inst 54: 372−385 

McClain-Counts JP, Demopoulos AWJ, Ross SW (2017) 
Trophic structure of mesopelagic fishes in the Gulf of 
Mexico revealed by gut content and stable isotope analy-
ses. Mar Ecol 38: 1−23  

McEachran JD, Fechhelm JD (1998) Fishes of the Gulf of 
Mexico, Vol 1. University of Texas Press, Austin, TX 

McEachran JD, Fechhelm JD (2006) Fishes of the Gulf of 
Mexico, Vol 2. University of Texas Press, Austin, TX 

Meiklejohn KA, Damaso N, Robertson JM (2019) Assess-
ment of BOLD and GenBank — their accuracy and relia-
bility for the identification of biological materials. PLOS 
ONE 14: e0217084  

Minagawa M, Wada E (1984) Stepwise enrichment of 15N 
along food chains:  further evidence and the relation be -
tween 15N and animal age. Geochim Cosmochim Acta 48: 
1135−1140  

Motta PJ, Clifton KB, Hernandez P, Eggold BT (1995) Eco-
morphological correlates in ten species of subtropical 
seagrass fishes: diet and microhabitat utilization. Envi-
ron Biol Fish 44:37–60 

NOAA (National Oceanic and Atmospheric Administration) 
(2007) National Artificial Reef Plan (as amended):  guide-
lines for siting, construction, development, and assess-
ment of artificial reefs. https://media.fisheries.noaa.gov/
dam-migration/noaa_artificial_reef_guidelines.pdf  

NRC (National Research Council) (1999) Sustaining marine 
fisheries. National Academy Press, Washington, DC 

Nelson J, Chanton J, Coleman F, Koenig C (2011) Patterns of 
stable carbon isotope turnover in gag Mycteroperca 
microlepis, an economically important marine piscivore 
determined with a non-lethal surgical biopsy procedure. 
Environ Biol Fishes 90: 243−252  

Parnell AC (2019) simmr:  a stable isotope mixing model. 
R package version 0.4.1. http: //CRAN.R-project.org/
package=simmr 

Pentinsaari M, Ratnasingham S, Miller SE, Hebert PDN 
(2020) BOLD and GenBank revisited:  Do identification 
errors arise in the lab or in the sequence libraries? PLOS 
ONE 15: e0231814  

Pereira LS, Keppeler FW, Agosthinho AA, Winemiller KO 
(2017) Is there a relationship between fish cannibalism 
and latitude or species richness? PLOS ONE 12: e0169813 

Peterson BJ (1999) Stable isotopes as tracers of organic mat-
ter input and transfer in benthic food webs:  a review. 
Acta Oecol 20: 479−487  

Peterson BJ, Fry B (1987) Stable isotopes in ecosystem stud-
ies. Annu Rev Ecol Syst 18: 293−320  

Pikitch EK, Santora C, Babcock EA, Bakun A and others 
(2004) Ecosystem-based fishery management. Science 
305: 346−347  

Piko AA, Szedlmayer ST (2007) Effects of habitat complexity 
and predator exclusion on the abundance of juvenile red 
snapper. J Fish Biol 70: 758−769  

Post DM (2002) Using stable isotopes to estimate trophic 
position:  models, methods and assumptions. Ecology 83: 
703−718  

Post DM, Layman CA, Arrington DA, Takimoto G, Quat-
trochi J, Montana CJ (2007) Getting to the fat of the 
matter:  models, methods and assumptions for dealing 
with lipids in stable isotope analysis. Oecologia 152: 
179−189  

133

https://doi.org/10.3354/meps11269
https://doi.org/10.2960/J.v4.a1</unknown
http://www.fishbase.org/
https://doi.org/10.1007/BF00378393
https://doi.org/10.1007/BF02691696
https://doi.org/10.1080/10641260802160717
https://doi.org/10.1111/j.1095-8312.2011.01621.x
https://doi.org/10.1093/jaoac/94.1.201
https://doi.org/10.1016/j.ecss.2021.107692
https://doi.org/10.1111/j.1365-2664.2006.01224.x
https://doi.org/10.3354/dao02399
https://doi.org/10.1111/j.1365-2656.2008.01394.x
https://doi.org/10.4319/lo.2014.59.6.2002
https://fisheries.org/docs/books/54060P/5.pdf
https://doi.org/10.1007/s00442-006-0630-x
https://doi.org/10.1890/0012-9658(2002)083%5b0703%3AUSITET%5d2.0.CO%3B2
https://doi.org/10.1111/j.1095-8649.2007.01336.x
https://doi.org/10.1126/science.1098222
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.1016/S1146-609X(99)00120-4
https://pubmed.ncbi.nlm.nih.gov/28122040
https://doi.org/10.1371/journal.pone.0231814
http://cran.r-project.org/package=simmr
https://doi.org/10.1007/s10641-010-9736-4
https://media.fisheries.noaa.gov/dam-migration/noaa_artificial_reef_guidelines.pdf
https://doi.org/10.1007/BF00005906
https://doi.org/10.1016/0016-7037(84)90204-7
https://doi.org/10.1371/journal.pone.0217084
https://doi.org/10.1111/maec.12449


Mar Ecol Prog Ser 699: 117–134, 2022

Raz-Guzmán A, De-la-Lanza G (1993) δ13C of zooplankton, 
decapod crustaceans and amphipods from Laguna de 
Terminos, Campeche (Mexico), with reference to food 
sources and trophic position. Cienc Mar 19: 245−264  

Rester JK (ed) (2015) SEAMAP environmental and biologi-
cal atlas of the Gulf of Mexico 2013. Gulf States Marine 
Fisheries Commission, Ocean Springs, MS 

Richards WJ (ed) (2005) Early stages of fishes:  an identifica-
tion guide for the western central North Atlantic, Vols 1 
& 2. CRC Press, Boca Raton, FL 

Ricker WE (1954) Stock and recruitment. J Fish Res Board 
Can 11: 559−623  

Rooker JR, Turner JP, Holt SA (2006) Trophic ecology of Sar-
gassum-associated fishes in the Gulf of Mexico deter-
mined from stable isotopes and fatty acids. Mar Ecol 
Prog Ser 313: 249−259  

Schroepfer RL, Szedlmayer ST (2006) Estimates of residence 
and site fidelity for red snapper (Lutjanus campechanus) 
on artificial reefs in the northeastern Gulf of Mexico. Bull 
Mar Sci 78: 93−101 

Schwartzkopf BD, Langland TA, Cowan JH Jr (2017) Habi-
tat selection important for red snapper feeding ecology 
in the northwestern Gulf of Mexico. Mar Coast Fish 9: 
373−387  

Simonsen KA, Cowan JH Jr, Boswell KM (2015) Habitat dif-
ferences in the feeding ecology of red snapper (Lutjanus 
campechanus, Poey 1860):  a comparison between artifi-
cial and natural reefs in the northern Gulf of Mexico. 
Environ Biol Fishes 98: 811−824  

Slife CC (2022) A study of red snapper (Lutjanus cam pe -
chanus) ecology in the northern Gulf of Mexico and the 
effect of variable river outflow using stable isotope 
analysis of the food web and eye lenses. PhD disserta-
tion, University of Southern Mississippi, Ocean Springs, 
MS 

Snow RA, Shoup DE, Porta MJ (2018) Effects of turbidity on 
prey selection and foraging rate of hatchery-reared juve-
nile tiger muskellunge. N Am J Fish Manag 38: 487−492  

Szedlmayer S, Lee JD (2004) Diet shifts of juvenile red snap-
per (Lutjanus campechanus) with changes in habitat and 
fish size. Fish Bull 102: 366−375 

Tarnecki JH, Patterson WF (2015) Changes in red snapper 
diet and trophic ecology following the Deepwater Hori-
zon oil spill. Mar Coast Fish 7: 135−147  

Thomas JW, Huke S (1996) The Forest Service approach to 
healthy ecosystems. J For 94: 14−18 

VanderKooy S, Carroll J, Elzey S, Gilmore J, Kipp J (eds) 
(2020) A practical handbook for determining the ages of 
Gulf of Mexico and Atlantic coast fishes, 3rd edn. GSMFC 
No 300. Gulf States Marine Fisheries Commission and 
Atlantic States Marine Fisheries Commission, Ocean 
Springs, MS 

Vedral AJ (2012) Blue crab residency and migration in the 
Mobile Bay estuary:  a stable isotope study investigating 
connectivity. MSc thesis, University of Southern Ala-
bama, Mobile, AL 

Vega-Cendejas ME, Hernández M, Arreguín-Sánchez F 
(1994) Trophic interrelations in a beach seine fishery from 
the northwestern coast of the Yucatan Peninsula, Mexico. 
J Fish Biol 44:647–659 

Vinagre C, Salgado JP, Mendonca V, Cabral H, Costa MJ 
(2012) Isotopes reveal fluctuation in trophic levels of estu-
arine organisms, in space and time. J Sea Res 72: 49−54  

Wells RJD, Cowan JH Jr, Fry B (2008) Feeding ecology of 
red snapper Lutjanus campechanus in the northern Gulf 
of Mexico. Mar Ecol Prog Ser 361: 213−225  

Williams AB (1984) Shrimps, lobsters, and crabs of the 
Atlantic coast of the eastern United States, Maine to 
Florida. Smithsonian Institution Press, Washington, DC 

Wilson CA, Nieland DL (2001) Age and growth of red snap-
per Lutjanus campechanus, from the northern Gulf of 
Mexico off Louisiana. Fish Bull 99: 653−664 

Wilson RM, Chanton J, Lewis G, Nowacek D (2009) Com-
bining organic matter source and relative trophic posi-
tion determinations to explore trophic structure. Estuar 
Coasts 32:999–1010

134

Editorial responsibility: Stephen Wing,  
Dunedin, New Zealand 

Reviewed by: 3 anonymous referees

Submitted: March 15, 2022 
Accepted: August 26, 2022 
Proofs received from author(s): October 10, 2022

https://doi.org/10.7773/cm.v19i2.925
https://doi.org/10.1139/f54-039
https://doi.org/10.3354/meps313249
https://doi.org/10.1080/19425120.2017.1347117
https://doi.org/10.1007/s10641-014-0317-9
https://doi.org/10.1007/s12237-009-9183-7
https://doi.org/10.3354/meps07425
https://doi.org/10.1111/j.1095-8649.1994.tb01241.x
https://doi.org/10.1016/j.seares.2012.05.010
https://doi.org/10.1080/19425120.2015.1020402
https://doi.org/10.1002/nafm.10053



