
1 
 

Fish diet shifts associated with the northern Gulf of Mexico hypoxic zone 1 
 2 

Cassandra N. Glaspie, *, a 3 
Melissa Clouse, b 4 

Klaus Huebert, c  5 
Stuart A. Ludsin, d 6 

Doran M. Mason, e 7 
James J. Pierson, c 8 

Michael R. Roman, c 9 
Stephen B. Brandt, f 10 

 11 
* Corresponding author: clgaspie1@lsu.edu 12 

a  Louisiana State University, Department of Oceanography and Coastal Sciences, 3195 Energy, 13 
Coast, and Environment Building, Baton Rouge, LA 70803, USA 14 

b  Hampton University, School of Pharmacy, Kittrell Hall, Hampton, VA 23668 15 
c  Horn Point Laboratory, University of Maryland Center for Environmental Science, PO Box 16 

775, Cambridge, MD 21613, USA  17 
d Aquatic Ecology Laboratory, Department of Evolution, Ecology, and Organismal Biology, 18 

Ohio State University, 1314 Kinnear Road, Columbus, OH 43212 19 
e NOAA Great Lakes Environmental Research Laboratory, 4840 S. State Road, Ann Arbor, MI 20 

48108 21 
f  Oregon State University, Department of Fisheries and Wildlife, 104 Nash Hall, Corvallis, OR 22 

97331, USA  23 



2 
 

ABSTRACT 24 

 The occurrence of low dissolved oxygen (hypoxia) in coastal waters may alter trophic 25 

interactions within the water column. This study identified a threshold at which hypoxia in the 26 

northern Gulf of Mexico (NGOMEX) alters composition of fish catch and diet composition 27 

(stomach contents) of fishes using fish trawl data from summers 2006 - 2008. Hypoxia in the 28 

NGOMEX impacted fish catch per unit effort (CPUE) and diet below dissolved oxygen 29 

thresholds of 1.15 mg L-1 (for fish CPUE) and 1.71 mg L -1 (for diet). CPUE of many fish 30 

species was lower at hypoxic sites (≤ 1.15 mg L -1) as compared to normoxic regions (> 1.15 mg 31 

L -1), including the key recreational or commercial fish species Atlantic croaker Micropogonias 32 

undulatus and red snapper Lutjanus campechanus. Overall, fish diets from hypoxic sites (≤ 1.71 33 

mg L -1) and normoxic sites (> 1.71 mg L -1) differed. Fish caught in normoxic regions consumed 34 

a greater mass of benthic prey (ex. gastropods, polychaetes) than fish caught in hypoxic regions. 35 

Hypoxia may increase predation risk of small zooplankton, with observations of increased mass 36 

of small zooplankton in fish stomachs when bottom hypoxia was present. Changes in 37 

contributions of small zooplankton and benthic prey to fish diet in hypoxic areas may alter 38 

energy flow in the NGOMEX pelagic food web, and should be considered in fisheries 39 

management. 40 

 41 
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INTRODUCTION 47 

Seasonal bottom hypoxia has emerged as one of the major global problems in freshwater, 48 

estuarine, and coastal marine ecosystems (Diaz and Rosenberg 2008). One of the most widely 49 

known reoccurring summer hypoxic zones exists in the northern Gulf of Mexico (NGOMEX). 50 

The NGOMEX hypoxic zone is one of the largest areas of coastal hypoxia identified worldwide, 51 

with an area exceeding 20,000 km2 in some years (Turner et al. 2008; Bianchi et al. 2010). The 52 

occurrence and size of the zone is a result of high nutrient loading from the heavily agricultural 53 

Mississippi River watershed (Turner et al. 2008; Bianchi et al. 2010). The effects of hypoxia on 54 

NGOMEX living resources are of particular interest, not only because of the extent of hypoxia, 55 

but also given the economic importance of this region for commercial and recreational fishing, 56 

and the efforts and costs to control the size of the hypoxic zone through landscape/watershed 57 

management and nutrient reduction (Rabotyagov et al. 2014). 58 

Effects of hypoxia on fish may occur through direct and indirect processes including 59 

changes in spatial distributions (Ludsin et al. 2009), reproduction and recruitment (Shang and 60 

Wu 2004; Thomas and Rahman 2012), vital rates (e.g., growth and mortality), and increased 61 

susceptibility to other stressors (Breitburg et al. 2009). Examples of direct effects include 62 

reduced fish catch per unit effort (CPUE) in the Chesapeake Bay (Buchheister et al. 2013) and in 63 

the northeast Pacific (Hughes et al. 2015), and increased CPUE of menhaden in the NGOMEX 64 

(Langseth et al. 2014). Reductions in abundance of sensitive fish species occur due to fish kills 65 

(Thronson and Quigg 2008) or changes in the spatial distribution, with mobile species avoiding 66 

low oxygen waters, but occurring above or congregating at the horizontal edges of hypoxic 67 

regions (Craig and Crowder 2005; Hazen et al. 2009; Ludsin et al. 2009; Zhang et al. 2009). 68 

Concentration of fish in small pockets of suitable habitat, or changes in fish behavior due to 69 
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hypoxia, may increase fish CPUE by rendering fish more susceptible to fishing gear (Breitburg 70 

et al. 2009; Langseth et al. 2014).  71 

Hypoxia-induced changes in food webs result from shifts in the abundance and spatial 72 

distribution of lower trophic levels (Breitburg et al. 1997; Ekau et al. 2010; Roman et al. 2019). 73 

Hypoxia is associated with high zooplankton mortality and low zooplankton biomass (Kimmel et 74 

al. 2009). Sensitive species include some commonly found in the NGOMEX such as the 75 

copepods Acartia tonsa (Elliott et al. 2013), Centropages hamatus (Stalder and Marcus 1997), 76 

Paracalanus sp., and Oithona sp. (Zhang and Wong 2011). Small zooplankton in particular may 77 

be more susceptible to low oxygen; in the Chesapeake Bay, hypoxia has been associated with 78 

zooplankton communities composed of large individuals (Kimmel et al. 2009).  79 

In addition to the direct effects of hypoxia on specific taxa, hypoxia can alter trophic 80 

interactions by affecting predator or prey escape/capture responses. For example, hypoxia 81 

decreases prey escape response and increases efficiency of capture by predators (Breitburg et al. 82 

1997; Decker et al. 2004; Domenici et al. 2007); hypoxia can also reduce (Keister et al. 2000; 83 

Taylor and Rand 2003; Ludsin et al. 2009) or increase (Prince and Goodyear 2006; Costantini et 84 

al. 2008) the spatial overlap between predators and prey. Observations of hypoxia-related 85 

changes in the spatial distribution of fish, the vertical distribution of zooplankton, and the size 86 

structure of the zooplankton community (Zhang et al. 2009; Kimmel et al. 2010; Roman et al. 87 

2012) all suggest that altered trophic interactions are an important ecological consequence of 88 

hypoxia for zooplankton and their predators in the NGOMEX.  89 

The relationship between hypoxia and trophic dynamics (e.g. zooplanktivory, benthivory, 90 

and piscivory) remains largely hypothetical (Costantini et al. 2008; Arend et al. 2011; Brandt et 91 

al. 2011; Zhang et al. 2014). Many studies have documented diets of NGOMEX species (Sutton 92 
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and Hopkins 1996; Bethea et al. 2007; Wells et al. 2008), but few estimate how fish diet may be 93 

altered in hypoxic areas (though see Aku and Tonn 1999; Pothoven et al. 2009). Increasingly, 94 

simulations and modeling studies that incorporate several components of the marine food web 95 

have been used to examine increases or decreases in fisheries production under various scenarios 96 

of hypoxia severity (de Mutsert et al. 2016; Rose et al. 2017). However, these studies are limited 97 

by the available knowledge of fish diet, especially for some common forage species such as 98 

Atlantic bumper Chloroscombrus chrysurus (Glaspie et al. 2018).  99 

Assessing thresholds of dissolved oxygen at which sublethal or lethal effects occur for a 100 

particular species or community of organisms is essential to manage marine systems 101 

experiencing hypoxia. This information can be used to predict when fisheries will fail (Renaud 102 

1986) or to set targets to avoid mortality of fish and invertebrates (Vaquer-Sunyer and Duarte 103 

2008). In the literature, hypoxia thresholds typically refer to bottom dissolved oxygen levels ≤ 2 104 

mg L -1 (Renaud 1986). However, in laboratory studies the median lethal oxygen concentration 105 

(LC50) for major groups of marine organisms varies from 0.89 (gastropods) to 2.45 mg L -1 106 

(crustaceans) (Vaquer-Sunyer and Duarte 2008). This indicates that thresholds other than 2 mg L 107 

-1 may be more meaningful for fish and invertebrate communities. Few studies have examined 108 

hypoxia thresholds in situ (through see Eby and Crowder 2002). Alternative hypoxia thresholds 109 

for fish species in the NGOMEX have not been assessed, nor have thresholds incorporating 110 

hypoxia-related changes in diet composition. An improved ability to understand how hypoxia 111 

influences foraging interactions between fish and zooplankton in the NGOMEX should generally 112 

benefit our ability to model and forecast the long-term consequences of hypoxia on pelagic fish 113 

populations and fisheries productivity, which has thus far remained elusive in nearly all 114 

ecosystems (Rose et al. 2004; Breitburg et al. 2009; Hazen et al. 2009). Here, we describe 115 
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changes in the diets of fish and the structure of the pelagic food web relative to the occurrence of 116 

hypoxia in the NGOMEX. 117 

 Water column dissolved oxygen, fish CPUE and spatial distribution, and fish diet 118 

composition data collected in the NGOMEX during 2006 - 2008 were used to identify thresholds 119 

of bottom DO below which fish CPUE and diet (stomach contents) were altered. Hypoxia 120 

thresholds were then used to 1) examine the effects of hypoxia on fish CPUE; and 2) determine 121 

if diet composition differs for fish caught in normoxic and hypoxic areas for zooplanktivorous, 122 

benthivorous, and piscivorous fish. 123 

 124 

METHODS 125 

Sample collection 126 

Samples were collected from the NGOMEX aboard the R/V Pelican (Louisiana 127 

Universities Marine Consortium, LUMCOM), with cruises on August 4-13, 2006, July 30-128 

October 14, 2007 and August 1- August 11, 2008 (Fig. 1). Physical properties of the water 129 

column, including temperature and dissolved oxygen, were measured with a CTD (Seabird SBE 130 

9 with a SBE 43 dissolved oxygen probe).  131 

Fish were collected using a bottom trawl (7.62 m head-rope, 3.66 m mouth depth; 38 mm 132 

stretch mesh; 12 mm cod-end liner) or a mid-water trawl (9.14 m wide, 6.10 m tall, 12 mm cod-133 

end liner). Trawling occurred day and night, and trawl duration varied between 10-60 minutes to 134 

ensure adequate collection of fish. After capture, fish were identified, counted, and frozen at -135 

20ºC.  Because the bottom trawl net was not opening and closing, resulting samples may have 136 

included fish from higher in the water column that would have been captured during net 137 

deployment and retrieval. Trawl times used to calculate an index of fish abundance, catch per 138 
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unit effort (CPUE, number of fish min-1), reflected only the amount of time the bottom trawl was 139 

on the shelf bottom or at midwater targeted depth.  140 

To determine fish diet composition, a minimum of 15 non-empty fish stomachs per 141 

species were analyzed from each trawl station whenever possible. Fish were thawed and total 142 

length (TL) measured to the nearest 1 mm. Stomachs were removed and dissected under a 143 

microscope. Fish were dried in a drying oven and weighed to the nearest 0.0001 g dry mass.  All 144 

zooplankton in stomachs were identified to the lowest possible taxon and counted using a 145 

dissecting microscope. A minimum of 50 individuals in each taxon were digitized and measured 146 

to the nearest 0.01 mm with ImagePro Plus (Media Cybernetics, Inc. Silver Spring, MD). Partial 147 

animals were counted as individuals, but not measured for length. Lengths of zooplankton were 148 

converted to dry mass using relationships reported in the literature (Fontaine and Neal 1971; Uye 149 

1982; Cadman and Weinstein 1985; Chisholm and Roff 1990; Webber and Roff 1995; Hopcroft 150 

et al. 1998; Tita et al. 1999; Ara 2001; Remsen et al. 2004; Rose et al. 2004). Mean dry mass of 151 

individuals in each category was multiplied by the total number to calculate the total dry mass 152 

for each prey category. Dry mass of stomach contents was divided by fish total dry mass (g) to 153 

account for differences in fish size, and thus stomach capacity.  154 

Due to the wide range of prey species examined, fish species were classified as 155 

zooplanktivores, benthivores, or piscivores for analysis. We used k-means clustering with the 156 

Hartigan–Wong algorithm (Hartigan and Wong 1979) to partition the species into three groups 157 

based on an 8 column matrix summarizing their stomach contents. Each prey item in stomach 158 

contents was categorized as either small zooplankton (≤ 5 µg mean dry mass), large zooplankton 159 

(> 5 µg mean dry mass), benthic organisms, or mobile prey (fish, shrimp, and squid). The first 4 160 

columns of the stomach content matrix were the proportion of prey in each category (mean mass 161 
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from each category divided by mean total mass). The next 4 columns were the frequency of 162 

occurrence of each category. The bootstrapped Jaccard coefficient was calculated to assess fit of 163 

the k-means groupings (Hennig 2007). K-means clustering was only completed on taxa for 164 

which at least 10 fish were processed in both normoxic and hypoxic areas, which included 14 165 

fish species (Table 1). Clustering identified one grouping of 6 species that consumed small and 166 

large zooplankton more frequently than the other fish species analyzed, and this group was 167 

considered zooplanktivorous (Jaccard coefficient 0.89); one grouping of 5 species that frequently 168 

consumed benthic prey, but did not often consume zooplankton or fish, and this group was 169 

considered benthivorous (Jaccard coefficient 0.81); and one grouping of 3 species that frequently 170 

consumed fish or highly mobile prey which was considered piscivorous (Jaccard coefficient 171 

0.77) (Table 1). These clusters were considered stable (Jaccard coefficient 0.75 – 0.84) or highly 172 

stable (0.85 – 1.00) (Hennig 2008). 173 

 174 

Threshold analysis 175 

Hypoxic sampling stations were identified using Threshold Indicator Taxa Analysis 176 

(TITAN) of stomach contents and bottom DO (Baker and King 2010). TITAN identified 177 

thresholds in community data by combining change-point analysis (nCPA) with indicator species 178 

analysis. For each taxon in a community, the analysis produced a score (IndVal) estimating the 179 

association of the taxon to two groups separated at candidate change points (xi) along a gradient 180 

of a univariate indicator variable, x (bottom DO). The IndVal for each taxon was standardized as 181 

a z score and the sum of z scores for all taxa, sum(z), was calculated. The value of x that 182 

maximized sum(z) was identified as a community-level change point, xcp. Bootstrapped 95% 183 
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confidence intervals for xcp are calculated by resampling the observations (sampled with 184 

replacement, to create a bootstrap sample the same size as the original dataset) 500 times.  185 

We conducted TITAN analysis to identify thresholds (change points) in 1) fish CPUE 186 

and 2) fish stomach contents. CPUE was calculated for each fish species caught in each trawl. 187 

Fish stomach contents were calculated as the mean mass of each taxon found in stomach 188 

contents, divided by fish total dry mass (g), and averaged across all fish caught in each trawl. 189 

Only fish taxa or stomach content taxa that appeared in ≥ 10 trawls were used to complete this 190 

analysis.  191 

 192 

Diet composition analysis 193 

To test if diet composition differed between hypoxic and normoxic areas, stomach 194 

contents composition data were analyzed using PERMANOVA (Anderson 2008). The 195 

community-level change point xcp (threshold) for fish stomach contents was used to assign the 196 

category “hypoxic” or “normoxic” to each trawl, depending on the bottom DO at each trawl 197 

location, as determined from CTD data. PERMANOVA analysis included only taxa for which at 198 

least 10 fish were processed in both normoxic and hypoxic areas (Table 1). The PERMANOVA 199 

was completed using Bray Curtis dissimilarity matrices calculated from fourth-root transformed 200 

biomass (Anderson 2014) and models had the following factors: dissolved oxygen (two levels: 201 

normoxic and hypoxic); time of day the sample was collected (two levels: day and night); diet 202 

classification (three levels: zooplanktivore, benthivore, and piscivore); species (14 levels), and 203 

year (3 levels). Bottom temperature was included as a covariable. If multiple individuals of the 204 

same species were captured in a single trawl, the mean prey biomass for all fish of that species in 205 

the trawl was used to avoid pseudo-replication.  206 
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Effects of spatial variability on the PERMANOVA results were examined by running two 207 

additional PERMANOVA models: the first included the sampling site latitude and longitude 208 

(normalized using z-score transformation; Anderson 2005) as covariables; and the second 209 

included latitude/longitude and sampling day nested within year (assuming trawls taken on the 210 

same day were more closely related, both in space and time). Repeating the analysis with 211 

covariables generated very similar results to those obtained from the original PERMANOVA 212 

model, and only results from the original model are shown here (Benedetti-Cecchi and Osio 213 

2007).  214 

For all two-group comparisons 95% confidence intervals were calculated using non-215 

parametric bootstrap hypothesis testing with 10,000 simulations (DiCiccio and Efron 1996). All 216 

analyses were completed in R (R Core Team 2019). All data and code for this study have been 217 

archived and can be found at: URL HERE.  218 

 219 

RESULTS 220 

Threshold analysis 221 

 A threshold in fish community composition was identified at bottom DO 1.15 mg L-1 222 

(95% CI [0.99, 3.24]). A threshold in diet composition was identified at bottom DO 1.71 mg L-1 223 

(95% CI [0.98, 3.33]). A threshold of 1.15 mg L-1 was used to categorize bottom DO as 224 

“hypoxic” or “normoxic” for analysis of fish CPUE, and a threshold of 1.71 mg L-1 was used to 225 

categorize bottom DO as “hypoxic” or “normoxic” for analysis of fish diet.  226 

Hypoxia (≤ 1.71 mg L -1) was extensive throughout the study period; across all three 227 

years, 29% of sites were hypoxic, and bottom water dissolved oxygen ranged from 0.0 to 5.7 mg 228 

L-1 (Fig. 1). Mean bottom dissolved oxygen was 2.6 mg L-1 (S.D. 1.2) in 2006, 2.8 mg L-1 (S.D. 229 
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0.9) in 2007, and 1.8 mg L-1 (S.D. 1.5) in 2008. Bottom temperature ranged from 20.6 to 31.4 230 

°C. 231 

 232 

Fish CPUE 233 

The final dataset consisted of fish collected from n = 91 trawls over 1,707 min in regions 234 

identified as normoxic (> 1.15 mg L -1), and fish collected from n = 46 trawls over 943 min in 235 

regions identified as hypoxic (≤ 1.15 mg L -1) (Fig. 1, Table 1). We found differences in fish 236 

species composition and catch statistics between normoxic and hypoxic areas of the NGOMEX 237 

(Fig. 2). The most abundant fish (in terms of CPUE) in both normoxic and hypoxic regions were 238 

striped anchovy Anchoa hepsetus, Atlantic bumper C. chrysurus, sand seatrout Cynoscion 239 

arenarius, Atlantic croaker Micropogonias undulatus, and Atlantic cutlassfish Trichiurus 240 

leptutus (Fig. 2). The CPUE of many species was lower in hypoxic than in normoxic regions, 241 

including red snapper Lutjanus campechanus, Gulf butterfish Peprilus burti, M. undulatus, 242 

longspine porgy Stenotomus caprinus, bay anchovy Anchoa mitchelli, gray triggerfish Balistes 243 

capriscus, dwarf sand perch Diplectrum bivittatum, pinfish Lagodon rhomboides, lane snapper 244 

Lutjanus synagris, Atlantic thread herring Opisthonema oglinum, Spanish sardine Sardinella 245 

aurita, and least puffer Sphoeroides parvus (Fig. 2). The CPUE of all species listed in Table 1 246 

can be found in Supplementary Figure 1. 247 

  248 

Diet composition analysis 249 

Zooplankton in stomach contents included large zooplankton > 5 µg mean dry mass, such 250 

as Acartia sp., Centropages sp.; Eucalanus sp.; Temora sp.; cladocerans such as Evadne sp., 251 

Penilia sp., and Podon sp.; other calanoids such as Clausocalanus sp., Labidocera sp., 252 
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Pseudodiaptomus sp., Undinula sp., Euchaeta sp., and Pontella sp.; barnacle larvae; crab larvae; 253 

fish larvae; shrimp larvae; and urochordates. Small zooplankton <5 µg mean dry mass in fish 254 

diets included Corycaeus sp., Oithona sp., Oncaea sp., Paracalanus sp., Saphirella sp., copepod 255 

nauplii, and harpacticoid copepods. Benthic organisms found in fish diets included amphipods, 256 

bivalves, crabs, cumaceans, echinoderms, gastropods, isopods, mantis shrimp, nematodes, 257 

oligochaetes, ostracods, polychaetes, and tanaids. Large, mobile prey, such as fish, and squid, 258 

was also found in fish diets.  259 

Large zooplankton made up a major portion of the diet for most species (Fig. 3). The 260 

most commonly found large zooplankton species in fish diets were shrimp larvae (found in 24% 261 

of fish stomachs, mean 1,001 µg g-1 fish dry weight), Temora sp. (12% of stomachs, mean 5 µg 262 

g-1 fish dry weight), other calanoids (10% of stomachs, mean 20 µg g-1 fish dry weight), and 263 

Centropages sp. (10% of stomachs, mean 6 µg g-1 fish dry weight). Other common prey items 264 

were benthic organisms (Fig. 3). The most commonly found benthic species were nematodes 265 

(21% of fish stomachs, mean 24 µg g-1 fish dry weight), polychaetes (15% of stomachs, mean 266 

203 µg g-1 fish dry weight), and gastropods (14% of stomachs, mean 31 µg g-1 fish dry weight). 267 

Large, mobile prey made up a substantial component of the diet for a few species, including C. 268 

arenarius, L. campechanus, and T. lepturus (Fig. 3). The most commonly found large, mobile 269 

prey groups were fish (7% of fish stomachs, mean 872 µg g-1 fish dry weight), and squid (2% of 270 

stomachs, mean 263 µg g-1 fish dry weight). Small zooplankton made up a smaller component of 271 

the diets of most fish species, although several zooplankton taxa were commonly found in fish 272 

diets, including Corycaeus sp. (17% of stomachs, mean 12 µg g-1 fish dry weight), Paracalanus 273 

sp. (12% of stomachs, mean 11 µg g-1 fish dry weight), harpacticoid copepods (12% of stomachs, 274 

mean 2 µg g-1 fish dry weight), and Oncaea sp. (10% of stomachs, mean 5 µg g-1 fish dry 275 
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weight). Means reported are for all fish, not just those that had prey in stomachs. The diet of all 276 

species listed in Table 1 can be found in Supplementary Figure 2. 277 

 An interaction between dissolved oxygen and diet class was identified with 278 

PERMANOVA (Table 2). A post-hoc test was completed to interpret the main effect of 279 

dissolved oxygen separately for each diet class. We conducted separate PERMANOVA analyses 280 

for zooplanktivores, benthivores, and piscivores. Dissolved oxygen was a significant variable for 281 

zooplanktivores (F1,138 = 8.75, p = 0.001; Supplementary Table 1), and benthivores (F1,90 = 2.36, 282 

p = 0.03; Supplementary Table 2), but not for piscivores (F1,71 = 1.53, p = 0.20; Supplementary 283 

Table 3). For zooplanktivores, greater mass of some small zooplankton taxa (Oithona sp., 284 

Paracalanus sp.) was found in the stomachs of fish caught in hypoxic areas, as compared to 285 

normoxic areas (Figure 4). The mass of many other prey taxa was greater in the stomachs of 286 

zooplanktivorous fish caught in normoxic areas as compared to those caught in hypoxic areas, 287 

including crab larvae, urochordates, amphipods, mantis shrimp, and ostracods (Figure 4). Several 288 

prey taxa had greater mass in the stomachs of benthivores caught in normoxic areas, as compared 289 

to hypoxic areas, including Paracalanus sp., Eucalanus sp., amphipods, gastropods, and 290 

polychaetes (Figure 4). There were few oxygen-related differences in the mass of prey found in 291 

stomachs of piscivores, though a greater mass of polychaetes was found in the stomachs of 292 

piscivorous fish from normoxic regions, as compared to hypoxic regions (Figure 4). Compared 293 

to fish diets in hypoxic areas, there was a tendency for fish from all diet classes to consume 294 

greater mass of squid in normoxic areas, and for benthivores to consume greater mass of fish in 295 

normoxic areas (Figure 4). 296 

 297 

DISCUSSION 298 
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Community thresholds 299 

This study examined changes in fish diet composition and fish community composition 300 

relative to the occurrence of hypoxia in the NGOMEX. Hypoxia in the NGOMEX was 301 

associated with changes in fish catch per unit effort (CPUE) and diet below dissolved oxygen 302 

thresholds of 1.15 mg L-1 (for fish CPUE) and 1.71 mg L -1 (for fish diet). The dissolved oxygen 303 

threshold for fish diet composition was higher than the threshold for fish catch. As dissolved 304 

oxygen levels decline in the NGOMEX (especially off the coast of Texas, Karnauskas et al. 305 

2017), changes in the fish diet can be expected to occur before changes in the fish community 306 

occur. Thus, changes in trophic transfer are a likely consequence of NGOMEX hypoxia. 307 

 The thresholds for fish CPUE and fish diet in the NGOMEX were below the traditional 308 

threshold used to identify hypoxia (2 mg L -1). Studies using a threshold of 2 mg L -1 may be 309 

missing the potential impacts of hypoxia on the fish community and food web in this system. 310 

Many species may forage near their metabolic limits at the hypoxic boundary, creating a hypoxic 311 

“edge effect” (Zhang et al. 2009). It is important to consider the possibility that community-level 312 

hypoxia thresholds in the NGOMEX may be lower than in other systems. 313 

 314 

Fish CPUE 315 

The relationship between hypoxia and pelagic fish catch is not well-understood, and few 316 

studies have related fish catch to hypoxia in other systems (Buchheister et al. 2013; Hughes et al. 317 

2015). To our knowledge this study is the first to relate catch of a suite of both demersal and 318 

pelagic fish species to dissolved oxygen in the NGOMEX. The second objective of this study 319 

was to examine the effects of hypoxia on fish CPUE in the NGOMEX. In agreement with 320 
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published literature (Buchheister et al. 2013; Hughes et al. 2015), our results indicate that local 321 

fish catch is reduced when hypoxia is present in the NGOMEX. 322 

 Hypoxia-related decreases in catch may have implications for fisheries management and 323 

conservation. Key commercial or recreational species were caught less often in hypoxic areas, 324 

including Atlantic croaker and red snapper. Over 1 million Atlantic croaker are harvested 325 

annually in the recreational fishery (NMFS 2017a). The red snapper fishery was worth nearly 326 

$28 million in 2017 (NMFS 2018). Some of the species relatively absent from hypoxic areas, 327 

contributing to the lower catch in those areas, are also species of concern. For example, both red 328 

snapper and gray triggerfish have been identified as overfished species (NMFS 2017b). Gray 329 

triggerfish were rarely caught in trawls in hypoxic areas. Several species that had lower CPUE in 330 

hypoxic regions, including Gulf butterfish, bay anchovy, Atlantic thread herring, and Spanish 331 

sardine are also key prey species for large predators in the NGOMEX (Manooch and Hogarth 332 

1983; Meyer and Franks 1996; Hoffmayer and Parsons 2003). Given the importance of species 333 

such as red snapper to the economy of the NGOMEX, future research on the relationship 334 

between hypoxia, local displacements of fish, and population-level fishery trends or catches is 335 

needed. 336 

CPUE is often used as an index of abundance for fish populations, but CPUE is not 337 

necessarily proportional to local abundance. CPUE depends upon catchability, which can 338 

increase when fish are aggregated along the edge of the hypoxic zone (Breitburg et al. 2009; 339 

Craig 2012; Langseth et al. 2014), increasing CPUE without an increase in local abundance. 340 

Finally, even if CPUE and local abundance are proportional, we are unable to determine a 341 

mechanism for any changes in fish abundance. Possible mechanisms for any decline in CPUE 342 

may include mortality (direct or due to predation; Thronson and Quigg 2008), vertical or 343 
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horizontal migration (Craig and Crowder 2005; Hazen et al. 2009; Ludsin et al. 2009; Zhang et 344 

al. 2009), or changes in reproduction or recruitment (Shang and Wu 2004; Thomas and Rahman 345 

2012). 346 

 347 

Diet composition 348 

The third objective of this study was to determine if diet composition differs for fish 349 

caught in normoxic and hypoxic areas for zooplanktivores, benthivores, and piscivores. There 350 

was a significant impact of hypoxia on fish diet composition for both zooplanktivores and 351 

benthivores. Fish caught in hypoxic areas consumed less mass of large, mobile prey such as fish 352 

(for benthivores) and squid (a tendency for all diet classes). This result can be explained by a 353 

distribution shift in mobile prey when hypoxia is present. Squid in particular are known to be 354 

sensitive to hypoxia (Zielinski et al. 2000) and likely avoid hypoxic conditions. Small forage 355 

fishes such as juvenile anchovies also avoid hypoxic waters (Taylor et al. 2007).  356 

Hypoxia may result in increased predation risk for small zooplankton, since 357 

zooplanktivores in hypoxic areas consumed greater mass of small zooplankton than those in 358 

normoxic areas. In the Chesapeake Bay, there was lower biomass of small zooplankton in 359 

hypoxic bottom water than in normoxic surface water, indicating a possible vertical distribution 360 

shift, and most (> 60%) of the zooplankton that were in hypoxic waters were dead (Kimmel et al. 361 

2009). Zooplankton moving out of the hypoxic waters may aggregate on the edges of the 362 

hypoxic zone (Craig and Crowder 2005; Hazen et al. 2009; Zhang et al. 2009), bringing dense 363 

concentrations of zooplankton in contact with their predators. Several studies have suggested that 364 

hypoxia (and subsequent habitat compression) of zooplankton may lead to increased predation 365 

by fish (Vanderploeg et al. 2009a; Vanderploeg et al. 2009b; H. Zhang et al. 2009; Brandt et al. 366 
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2011; Roman et al. 2012). A zooplankton distribution shift likely brings predators in closer 367 

contact with zooplankton prey, and this effect may increase habitat quality for fish foraging in 368 

the surface waters of the hypoxic zone. 369 

Fish in hypoxic areas consumed less benthic prey such as gastropods and polychaetes. 370 

Previous studies in the Chesapeake Bay suggest that when hypoxia is intermittent or moderate, 371 

some fish species consume more benthic prey because benthic organisms such as clams and 372 

polychaetes have been shown to reduce burial depth under hypoxia, making them more 373 

susceptible to predation (Pihl et al. 1992; Long et al. 2008; Long and Seitz 2008). The low mass 374 

of benthic prey consumed by fish in hypoxic areas of the NGOMEX may be a result of fish 375 

avoiding hypoxic bottom waters, as fish are rarely seen at oxygen concentrations below 2 mg L-1 376 

(Rabalais and Turner 2001). However, fish are known to conduct foraging forays into hypoxic 377 

bottom waters in many systems (Pihl et al. 1992; Rahel and Nutzman 1994; Roberts et al. 2009). 378 

Future research should focus on the availability of benthic prey resources in the NGOMEX 379 

hypoxic zone, and the likelihood that some of the common fish species are able to forage on 380 

benthic organisms for short periods under hypoxic conditions. 381 

Understanding how hypoxia might affect NGOMEX food web dynamics can help inform 382 

ecosystem models and help agencies understand and predict how this ecologically and 383 

economically important region might change with various hypoxia management scenarios. The 384 

results of this study suggest hypoxia may alter food web dynamics and trophic transfer in the 385 

NGOMEX by decreasing fish CPUE and modifying fish diets. Increased consumption of 386 

zooplankton by fish may increase flow of energy to upper trophic levels in hypoxic regions, 387 

fueling increased growth and reproduction. Habitat compression of prey has been credited for 388 

increasing body size of marlin and sailfish (Prince and Goodyear 2006) and providing an 389 
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opportunity for population growth in Chesapeake Bay striped bass Morone saxatilis (Costantini 390 

et al. 2008). In contrast, lower CPUE of many small forage fish, along with decreased 391 

consumption of fish, squid, and benthic organisms, may prevent nutrients from making their way 392 

to higher consumers. This may alter food web structure in the NGOMEX, for example through 393 

increased dominance by gelatinous zooplankton (Breitburg et al. 2003). The consequences of 394 

hypoxia and altered food web interactions remain speculative, and have only been explored in 395 

modeling studies and small-scale laboratory studies (Breitburg et al. 1997; Brandt and Mason 396 

2003; Breitburg et al. 2003; Brandt et al. 2011; Zhang et al. 2014; de Mutsert et al. 2016); thus, 397 

further investigation into how localized shifts in distribution, growth, and diets affect short-term 398 

or long-term growth in fish is warranted. 399 

Management of NGOMEX fisheries in an ecosystem context requires ecosystem models 400 

that incorporate the impacts of hypoxia on interactions between fish and their prey. This study is 401 

an important step to understanding local changes in fish food web dynamics in areas 402 

experiencing hypoxia, but more research is needed to scale up to the entire NGOMEX, and 403 

ultimately forecast the long-term effects of hypoxia on pelagic fish populations. Such forecasts 404 

will be valuable to understand changes in fisheries productivity, and to prevent catch limits from 405 

slipping into the realm of overfishing if hypoxia reduces fish survival, recruitment, or growth. 406 

Incorporating hypoxia into ecosystem models and ultimately estimates of catch will improve 407 

fisheries management and ensure these resources are available for future generations. 408 
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TABLES 685 

 686 

Table 1. Total number of fish caught (No.) for zooplanktivorous (Z), benthivores (B), and 687 

piscivores (P) fish in the northern Gulf of Mexico. PERMANOVA diet analysis (PERM.) is 688 

presented for the species with at least 10 stomachs processed for both normoxic and hypoxic 689 

areas, and these species are indicated by an ‘X’ in the last column. 690 

 691 

Species (Common name) Diet No. PERM. 
Anchoa hepsetus (Striped anchovy) Z 549 X 
Chloroscombrus chrysurus (Atlantic bumper) Z 610 X 
Harengula jaguana (Scaled sardine) Z 86 X 
Leiostomus xanthurus (Spot) Z 151 X 
Lutjanus campechanus (Red snapper) Z 144 X 
Peprilus burti (Gulf butterfish) Z 172 X 
Larimus fasciatus (Banded drum) B 78 X 
Micropogonias undulatus (Atlantic croaker) B 920 X 
Prionotus rubio (Blackwing sea robin) B 172 X 
Stenotomus caprinus (Longspine porgy) B 200 X 
Symphurus plagiusa (Blackcheek tonguefish) B 71 X 
Cynoscion arenarius (Sand seatrout) P 415 X 
Selene setapinnis (Moonfish) P 65 X 
Trichiurus lepturus (Atlantic cutlassfish) P 315 X 
Anchoa mitchelli (Bay anchovy)  40  
Ariopsus felis (Hardhead catfish)  30  
Balistes capriscus (Gray triggerfish)  54  
Bregmaceros atlanticus (Codlet)  13  
Caranx crysos (Blue runner)  36  
Caranx hippos (Crevalle Jack)  2  
Carcharhinus obscurus (Dusky shark)  3  
Centropristis philadelphica (Rock sea bass)  7  
Chaetodipterus faber (Atlantic spadefish)  1  
Citharichthys spilopterus (Bay whiff)  14  
Decapterus punctatus (Round scad)  17  
Diplectrum bivittatum (Dwarf sand perch)  28  
Diplectrum formosum (Regular sand perch)  1  
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Dorosoma petenense (Threadfin shad)  5  
Etropus crossotus (Fringed flounder)  22  
Gerreidae (Mojarra)  6  
Gobiidae (Goby)  4  
Gymnothorax nigromarginatus (Black-edged 
moray eel) 

 
8 

 

Haemulon aurolineatum (Tomtate)  2  
Halieutichthys aculeatus (Pancake batfish)  3  
Kyphosus sectatrix (Bermuda chub)  2  
Lagocephalus laevigatus (Smooth puffer)  3  
Lagodon rhomboides (Pinfish)  17  
Lepophidium brevibarbe (Blackedged cusk eel)  24  
Lutjanis synagris (Lane snapper)  48  
Menticirrhus americanus (Kingfish)  1  
Monacanthidae (Filefish)  4  
Ophichthidae (Snake eel)  3  
Ophidion welshi (Crested cusk eel)  7  
Opisthonema oglinum (Atlantic thread herring)  74  
Peprilus paru (Harvestfish)  2  
Polydactylus octonemus (Atlantic threadfin)  3  
Porichthys plectodon (Atlantic midshipman)  16  
Rachycentron canadum (Cobia)  7  
Remora remora (Remora)  2  
Rhynchoconger flava (Yellow conger eel)  12  
Sardinella aurita (Spanish sardine)  58  
Sciaenops ocellatus (Red drum)  1  
Scomber japonicus (Chub mackerel)  2  
Scomberomorus cavalla (King mackerel)  5  
Seanus atrobranchus (Blackear bass)  39  
Seriola fasciata (Lesser amberjack)  9  
Seriola rivoliana (Almaco jack)  15  
Sphoeroides parvus (Least puffer)  78  
Sphyraena barracuda (Barracuda)  4  
Stellifer lanceolatus (Star drum)  1  
Syacium papillosum (Dusky flounder)  55  
Synodus poeyi (Offshore lizardfish)  87  
Upeneus parvus (Dwarf goatfish)  5  

 692 

 693 
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Table 2. PERMANOVA table indicating the effect of oxygen (two levels: normoxic and 694 

hypoxic); time of day the sample was collected (two levels: day and night); diet classification 695 

(three levels: zooplanktivore, benthivore, and piscivore); and species (14 levels) on diet 696 

composition of fish caught in the northern Gulf of Mexico. Significant p values (at α = 0.05) are 697 

bolded. Df = degrees of freedom, SumSq = sum squared error, MeanSq = mean squared error. 698 

 
Df  SumSq MeanSq F value P value 

Time 1 0.14 0.14 0.9 0.52 
Diet class  2 7.31 3.66 24.17 0.001 
Species 11 9.68 0.88 5.82 0.001 
Oxygen 1 1.16 1.16 7.65 0.001 
Bottom temperature 1 0.57 0.57 3.76 0.002 
Year 2 1.24 0.62 4.1 0.001 
Time x Diet class 2 0.47 0.24 1.56 0.07 
Time x Species 11 1.82 0.17 1.09 0.27 
Time x Oxygen 1 0.07 0.07 0.45 0.89 
Diet class x Oxygen 2 0.82 0.41 2.71 0.001 
Species x Oxygen 11 1.83 0.17 1.1 0.25 
 
Time x Diet class x Oxygen 2 0.24 0.12 0.78 0.67 
Time x Species x Oxygen 10 1.15 0.11 0.76 0.94 
Residuals 305 46.14 0.15   
Total 362 72.63    

 699 

  700 
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FIGURE CAPTIONS 701 

 702 

Figure 1. Trawling sites in the Northern Gulf of Mexico, 2006-2008. Symbols denote years, 703 

shading denotes bottom dissolved oxygen availability, with hypoxic areas ≤ 1.71 mg L-1 in black 704 

and normoxic areas > 1.71 mg L-1 in gray. 705 

 706 

Figure 2. Mean catch per unit effort (CPUE; number of fish min-1 trawl) of fish species in 707 

hypoxic (closed circles) and normoxic (open triangles) regions in the northern Gulf of Mexico. 708 

Error bars are bootstrapped 95% confidence intervals. 709 

 710 

Figure 3. Diet composition for six zooplanktivorous fish species (a-f), five benthivorous fish 711 

species (g-k), and three piscivorous fish species (l-n) from samples taken in the northern Gulf of 712 

Mexico during summer of 2006-2008. Numbers above bars represent the total fish stomachs 713 

processed for that species, in either normoxic (Norm.) or hypoxic (Hyp.) regions. Full species 714 

names can be found in Table 1. 715 

 716 

Figure 4. Fourth-root transformed mean mass of prey in stomachs of fish from hypoxic (closed 717 

circles) and normoxic (open triangles) regions in the northern Gulf of Mexico. Means are 718 

calculated for zooplanktivores (top), benthivores (middle), and piscivores (bottom) for all fish 719 

species included in PERMANOVA analysis (taxa for which at least 10 fish were processed in 720 

both normoxic and hypoxic areas). If multiple individuals of the same species were captured in a 721 

single trawl, the mean prey biomass for all fish of that species in the trawl was used and the 722 

means presented were not weighted by the number of fish caught in each trawl.  723 
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FIGURES 724 

Figure 1. 725 
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Figure 2.  727 

 728 
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Figure 3.  729 

 730 
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Figure 4. 731 
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 734 

 735 
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Supplementary Table 1. PERMANOVA table indicating the effect of oxygen (two levels: 736 

normoxic and hypoxic); time of day the sample was collected (two levels: day and night); and 737 

species (six levels) on diet composition of zooplanktivorous fish caught in the northern Gulf of 738 

Mexico. Latitude, longitude, and Julian day were normalized using z-score transformation and 739 

included as covariables to account for spatial autocorrelation. Significant p values (at α = 0.05) 740 

are bolded. Df = degrees of freedom, SumSq = sum squared error, MeanSq = mean squared 741 

error. 742 

 743 
 

Df  SumSq MeanSq F value Pr(>F) 
Time 1 0.26 0.26 1.67 0.11 
Species 5 4.41 0.88 5.64 0.001 
Oxygen 1 1.37 1.37 8.75 0.001 
Bottom temperature 1 0.17 0.17 1.09 0.35 
Year 2 0.84 0.42 2.69 0.002 
Time x Species 5 0.85 0.17 1.08 0.31 
Time x Oxygen 1 0.11 0.11 0.7 0.67 
Species x Oxygen 5 1.16 0.23 1.49 0.04 
Time x Species x Oxygen 5 0.8 0.16 1.02 0.46 
Residuals 138 21.57 0.16   
Total 164 31.53    

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 
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Supplementary Table 2. PERMANOVA table indicating the effect of oxygen (two levels: 752 

normoxic and hypoxic); time of day the sample was collected (two levels: day and night); and 753 

species (five levels) on diet composition of benthivorous fish caught in the northern Gulf of 754 

Mexico. Latitude, longitude, and Julian day were normalized using z-score transformation and 755 

included as covariables to account for spatial autocorrelation. Significant p values (at α = 0.05) 756 

are bolded. Df = degrees of freedom, SumSq = sum squared error, MeanSq = mean squared 757 

error. 758 

 759 
 

Df  SumSq MeanSq F value Pr(>F) 
Time 1 0.21 0.21 1.58 0.15 
Species 4 3.46 0.86 6.43 0.001 
Oxygen 1 0.32 0.32 2.37 0.03 
Bottom temperature 1 0.47 0.47 3.53 0.003 
Year 2 0.93 0.47 3.48 0.001 
Time x Species 4 0.71 0.18 1.32 0.15 
Time x Oxygen 1 0.07 0.07 0.55 0.8 
Species x Oxygen 4 0.34 0.09 0.64 0.93 
Time x Species x Oxygen 3 0.23 0.08 0.57 0.94 
Residuals 90 12.1 0.13   
Total 111 18.85    

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 
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Supplementary Table 3. PERMANOVA table indicating the effect of oxygen (two levels: 768 

normoxic and hypoxic); time of day the sample was collected (two levels: day and night); and 769 

species (three levels) on diet composition of piscivorous fish caught in the northern Gulf of 770 

Mexico. Latitude, longitude, and Julian day were normalized using z-score transformation and 771 

included as covariables to account for spatial autocorrelation. Significant p values (at α = 0.05) 772 

are bolded. Df = degrees of freedom, SumSq = sum squared error, MeanSq = mean squared 773 

error. 774 

 775 
 

Df  SumSq MeanSq F value Pr(>F) 
Time 1 0.24 0.24 1.6 0.16 
Species 2 1.85 0.93 6.05 0.001 
Oxygen 1 0.23 0.23 1.53 0.2 
Bottom temperature 1 0.21 0.21 1.4 0.21 
Year 2 0.82 0.41 2.68 0.01 
Time x Species 2 0.23 0.11 0.74 0.63 
Time x Oxygen 1 0.12 0.12 0.76 0.57 
Species x Oxygen 2 0.33 0.17 1.08 0.39 
Time x Species x Oxygen 2 0.12 0.06 0.39 0.96 
Residuals 71 10.86 0.15   
Total 85 15.02    

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 
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Supplementary Figure 1. Mean catch per unit effort (CPUE; number of fish min-1 trawl) for all 784 

fish species from samples taken in the northern Gulf of Mexico in the summer of 2006, 2007, 785 

and 2008 in hypoxic (≤ 1.15 mg L -1; closed circles) and normoxic (> 1.15 mg L -1; open 786 

triangles) regions in the northern Gulf of Mexico. Error bars are bootstrapped 95% confidence 787 

intervals.788 
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Supplementary Figure 2. Diet composition for all fish species from samples taken in the 794 

northern Gulf of Mexico in the summer of 2006, 2007, and 2008. Numbers above bars represent 795 

the total fish stomachs processed for that species, in either normoxic (Norm.) or hypoxic (Hyp.) 796 

regions.  797 

 798 

*Note: This figure has been broken into 6 panels to facilitate review. The full figure was 799 

uploaded as a supplementary file. 800 

 801 



46 
 

 802 

 803 

 804 

 805 

 806 

 807 



47 
 

 808 

 809 

 810 

 811 

 812 

 813 



48 
 

 814 

 815 

 816 

 817 

 818 

 819 

 820 



49 
 

 821 

 822 

 823 

 824 

 825 

 826 

 827 



50 
 

 828 

 829 

 830 

 831 

 832 

 833 

 834 



51 
 

 835 

 836 

 837 

 838 

 839 


	Structure Bookmarks
	Fish diet shifts associated with the northern Gulf of Mexico hypoxic zone 1 
	ABSTRACT
	INTRODUCTION
	METHODS
	RESULTS
	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES CITED
	TABLES
	FIGURE CAPTIONS




