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INTRODUCTION

Hypoxia (defined as dissolved oxygen [DO] <2 mg
l−1) is a widespread phenomenon and occurs natu-
rally worldwide. However, the frequency and sever-
ity of hypoxic events are predicted to increase due to
climate change, anthropogenic nutrient inputs, and
warming oceans (Diaz & Rosenberg 2008, Altieri &
Gedan 2015). In shallow coastal systems such as
in the northern Gulf of Mexico (nGoM), increasing
eutrophication has contributed to the expansion of

hypoxic zones in recent decades (Rabalais & Turner
2001). In the nGoM, hypoxia develops when thermo-
haline stratification intensifies due to seasonal fresh-
water input and subsequent nutrient enrichment fuels
phytoplankton and zooplankton blooms. The sea-
sonal pulse of sinking organic matter increases ben-
thic respiration and microbial consumption of DO in
bottom waters (Bianchi et al. 2010). Although hypoxia
is common in the nGoM, the magnitude and size of
hypoxic regions varies both spatially and temporally
for any given year (Rabalais & Turner 2001). Detect-
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δ13C and δ15N values, indicating greater contribution of terrestrially derived diets, although the
relatively larger isotope niche areas for estuarine clusters was consistent with individually vari-
able emigration timings. Coastal normoxic and hypoxic fish both had similar δ13C and δ15N values,
suggesting limited vertical displacement to pelagic food webs in hypoxic fish. These results indi-
cate trophic resilience of demersal croaker to seasonal hypoxia in the nGoM, with no detectable
change in trophic dynamics over monthly time scales. This paired natural tag approach further
enhances our understanding of sublethal trophic responses to hypoxia and consequences for
 ecosystem functioning.
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ing measurable effects of hypoxia on coastal fishes
has been difficult (Breitburg et al. 2009), but several
studies have documented sub-lethal and indirect
effects on diverse species and ecosystems, from both
experimental and field-based approaches.

A central framework for examining altered trophic
interactions as mediated by environmental stressors is
through environmental stress models, which predict
variable outcomes depending on the relative sensitiv-
ity of consumers and prey to the dominant stressor in
the system (Menge & Sutherland 1987, Menge &
 Olson 1990). For hypoxia, such models are applicable
given the frequently observed lateral and vertical dis-
placement of mobile organisms from hypoxic waters
(Craig & Crowder 2005, Ludsin et al. 2009, Zhang et
al. 2009). If consumers exhibit greater sensitivity to
hypoxia than their prey (consumer stress model), hy-
poxia may provide a prey refuge by excluding con-
sumers or reducing consumption rates (Sagasti et al.
2001). This pattern has been observed for zooplank-
tivorous consumers that are vertically displaced in the
water column above hypoxia-tolerant prey that can
occupy lower DO waters (Breitburg et al. 1999, Ludsin
et al. 2009, Vanderploeg et al. 2009, Zhang et al.
2009). Alternatively, consumers that have relatively
greater hypoxia tolerance may display enhanced for-
aging rates on stressed prey that cannot escape hy-
poxic waters (prey stress model, PSM). This phenom-
enon has been observed for  demersal consumers
foraging on benthic infauna that migrate upwards to
the sediment−water interface to escape low DO, and
are thereby more easily consumed (Pihl et al. 1992,
Long & Seitz 2008, Levin et al. 2009). Many consumers
are observed to cluster at the edges of hypoxic waters,
presumably to facilitate foraging on stressed prey,
particularly when hypoxia is episodic and short-lived
(Craig & Crowder 2005, Craig 2012). Trophic re-
sponses that result in combinations of these models
are likely. In particular, an emerging question in the
ecology of mobile fauna is the degree to which indi-
vidual variability leads to a portfolio of habitat inter-
action patterns that promotes long-term resilience of
populations to environmental change. Thus a central
question is whether individuals respond uniformly to
an environmental stressor such as hypoxia, or exhibit
variable responses that widen the ecological niche
 occupied by the population as a whole. This means
that both the mean trophic response to hypoxia, as well
as the variation among individuals, must be examined.

For this study, we used Atlantic croaker Micro -
pogonias undulatus (hereafter referred to as ‘croaker’)
as a model for examining trophic responses to hy -
poxia. This species is a ubiquitous demersal con-

sumer widely distributed across the western Atlantic
coast and the nGoM, occupying estuarine and coastal
shelf habitats throughout its range. Importantly,
croaker are omnivorous generalists, with a prefer-
ence for benthic prey (e.g. polychaetes, gastropods,
small demersal fishes) but also at times demonstrat-
ing significant rates of pelagic piscivory (Overstreet
& Heard 1978, Sheridan et al. 1984, Nye et al. 2011).
Croaker are relatively tolerant to hypoxia, surviving
DO levels of 1 to 3 mg l −1 in both lab and field studies
(Wannamaker & Rice 2000, Bell & Eggleston 2005,
Thomas & Rahman 2009a). The response of croaker
food web interactions to hypoxia has been variable
in different systems. Vertical displacement from the
benthos has been found in some systems, leading to
reduced opportunities to forage on benthic resources
with negative consequences for population growth
rates (Eby & Crowder 2002, Eby et al. 2005). Croaker
have also been observed to increase their foraging
rates on pelagic fishes during hypoxia on both daily
and seasonal time scales (Nye et al. 2011). Addition-
ally, croaker shift their foraging from bivalves to ben-
thic plant material during hypoxia exposure (Powers
et al. 2005), suggesting that an alternative response
to vertical displacement is continued foraging on ben -
thic food webs despite prey switching. The majority
of this prior work has been conducted in the Mid-
Atlantic Bight region of the US, and displacement of
croaker from benthic to pelagic food webs in the
nGoM ‘Dead Zone’ has yet to be directly evaluated.

In order to effectively evaluate responses to hy -
poxia, individual markers of exposure are required.
Previous work has noted extensive disruption of re-
productive endocrine function in croaker exposed to
hypoxia in the nGoM (Thomas & Rahman 2012) and
in controlled laboratory experiments (Thomas & Rah-
man 2009a), leading to the development of molecular
markers of recent hypoxia experience. For instance,
croaker collected from hypoxic sites displayed re-
duced gametogenesis related to increased expression
of hypoxia-inducible factors (HIFs), which served as
reliable short-term (scale of 1−2 d) biomarkers of ex-
posure to hypoxia (Thomas et al. 2007). However,
these markers do not provide any information on
 hypoxia exposure prior to this 1 to 2 d exposure win-
dow. Alternatively, fish ear stones, or oto liths, have
been used extensively as chronological geochemical
records of the environments that fish encounter
(Campana 1999). The otolith Ba:Ca ratio indicates
fish migrations across salinity gradients and thus can
be used to differentiate low-salinity estuarine habitat
use from high-salinity coastal habitat residence (Thor -
rold & Shuttleworth 2000, Albuquerque et al. 2012).
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Recently, otolith manganese (Mn) has been used as
an indicator of exposure to hypoxic water masses
(Limburg et al. 2011, 2015). Under low-oxygen con -
ditions, the redox-sensitive Mn2+ will flux out of the
sediments and persist in the overlaying water column
as dissolved species (Statham et al. 2005, Pakhomova
et al. 2007). Fish inhabiting waters with elevated
Mn2+ exhibit elevated otolith Mn:Ca ratios, as demon-
strated in several field studies (Thorrold & Shuttle-
worth 2000, Forrester 2005, Dorval et al. 2007, Mohan
et al. 2012). Otolith chemistry thus provides an op -
portunity to quantify hypoxic exposure histories on
longer time scales than molecular biomarkers.

Stable isotopes are useful for tracing dietary path-
ways including carbon sources (δ13C) and trophic
positioning (δ15N; reviewed by Boecklen et al. 2011).
Stable carbon isotope ratios are enriched in benthic
versus pelagic food webs (France 1995) and depleted
in terrestrial versus marine food webs (Peterson 1999).
In the nGoM, differences between benthic algae and
particulate organic matter (POM) is 4‰ on average,
with benthic algae enriched relative to POM (Rad-
abaugh et al. 2013). Further, benthic-associated fish
collected from the nGoM exhibited mean δ13C values
of −16‰, while pelagic-associated fish displayed mean
δ13C values of −20‰, demonstrating an expected dif-
ference of 4‰ between benthic and pelagic food
webs in the nGoM (Senn et al. 2010), similar to other
systems (Davenport & Bax 2002, Tamelander et al.
2006, Cherel & Hobson 2007, Miller et al. 2008,
Woodland & Secor 2011, Kopp et al. 2015). Measur-
ing both δ13C and δ15N isotopes simultaneously
reveals information on the overall trophic diversity of
resources consumed at the population level, repre-
sented as an isotopic niche area (Layman et al. 2007,

Jackson et al. 2011). The isotopic niche area there-
fore provides insight into the degree of variability
among individuals in trophic relationships, with larger
niche widths indicating more diverse resource use
among individuals. Comparisons of mean shifts in
isotopic signatures as well as niche width for fish
exposed to hypoxia will provide insight into whether
hypoxia-exposed fish are displaced from benthic to
pelagic food webs and whether responses are uni-
form or variable among individuals.

The objectives of this study included: (1) using oto -
lith chemistry to quantify hypoxia exposure levels
(Mn:Ca ratio) and estuarine or coastal habitat use
(Ba:Ca ratio) for individual demersal Atlantic croaker;
(2) grouping fish into similar environmental exposure
histories based on recent (past 3 mo) hypoxia expo-
sure and estuarine/coastal habitat residence and; (3)
determining whether hypoxia exposure affects feed-
ing behavior and isotopic niche width using tissue
stable isotopes. We hypothesized that hypoxia could
potentially: (1) displace croaker from benthic to pe -
lagic food webs (indicated by δ13C) or alter trophic
positioning (indicated by δ15N); or (2) induce variable
responses among individuals, resulting in larger iso-
topic niche areas; or (3) have no effect on croaker
trophic dynamics (Fig. 1).

MATERIALS AND METHODS

Fish and water sample collections

Demersal croaker were collected in the nGoM on 2
separate cruises aboard the RV ‘Pelican’ in the fall (8
to 11 October 2011) and in the summer (30 July to 4
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Fig. 1. Potential isotopic niche shifts in response to hypoxia exposure. No response would be indicated if the isotope niche el-
lipses overlap between hypoxic and normoxic fish, suggesting benthic feeding (left). A uniform response would occur if the
isotope niche ellipse of hypoxic fish shifts from the benthic towards the pelagic endmember, suggesting a switch from benthic
to pelagic prey in all fish exposed to hypoxia (middle). A variable response would occur if the isotope niche ellipse of hypoxic
fish widens to encompass both the benthic and pelagic endmembers, suggesting that some individuals exposed to hypoxia 

switch feeding to pelagic prey while others continue to feed on benthic prey (right)
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August 2012) at known hypoxic and normoxic sites
using a bottom trawl (Fig. 2). The hypoxic zone in
2011 was estimated to en compass 17 521 km2 but was
much smaller than predicted due to water column
mixing by a tropical storm (www.gulfhypoxia.net).
The areal ex tent of hypoxia in 2012 was the fourth
smallest on record, estimated at only 7482 km2

due to drought conditions in the midwestern USA
(coastalscience. noaa.gov). During the 2011 fall cruise,
10 fish per site were collected, measured for total
length (TL), and dissected on board to collect both
sagittal otoliths and a small fillet of dorsal muscle tis-
sue. In the summer of 2012, 10 fish were frozen whole
and brought back to the lab for length and weight
measurements, otolith removal, and collection of
muscle tissues.

At each site where fish were captured, a bottom
water sample was collected using a CTD equipped
with rosette sampling bottles to measure tempera-
ture, salinity, and DO at about 1 m from the bottom.
Additional bottom water samples were collected op -
portunistically on separate cruises in June and
August of 2012. Seawater was filtered on board the

ship with 0.45 µm and 0.2 µm PTFE
 filters in sequence (Satorius Stedim
Minisart SRP 25) attached to 30 ml
PTFE syringes and collected in 30 ml
LDPE Nalgene sample bottles; all fil-
ters, syringes, and bottles were acid-
washed prior to use. Water samples
were fixed to pH < 2 using trace metal
grade nitric acid (Aristar) and chilled
(~3°C) until analysis.

Otolith and water chemistry analysis

Water and otolith elemental analy-
ses followed Mohan & Walther (2015)
and Mohan et al. (2014), respectively.
Briefly, water samples were diluted
100× and spiked internally with a
multi-element standard before analy-
sis on an Agilent 7500ce ICP-Q-MS
at the University of Texas at Austin.
 Dissolved Ba:Ca ratios were quanti-
fied as salinity tracers and dissolved
Mn:Ca ratios as hypoxic redox tracers.
Mean spike recoveries were be tween
94 and 99%. Sagittal otoliths were
embedded in indium-spiked epoxy,
thin-sectioned, and polished to expose
the core across a transverse plane.

Otoliths were digitally scanned for age determina-
tion by enumerating annuli, after which otoliths were
cleaned with ultrapure water. A New Wave 193-FX
laser was coupled to the ICP-Q-MS for analysis, with
laser transects ablated from the core to the edge
along the longest dorso-ventral axis. Targeting the
longest growth axis allowed optimal resolution of
lifetime movements or exposure histories along the
widest oto lith growth bands. Transects were pre-
ablated to remove surface contamination, followed
by analytical ablations using a 26 µm diameter spot
at 5 µm s−1 speed. Otolith elemental intensity (counts)
data were processed using Iolite (Paton et al. 2011)
Trace Element IS data reduction scheme, with cal-
cium (as 37.69 wt% in aragonite) as the internal stan-
dard and matrix-matched MACS-3 USGS certified
calcium carbonate as the reference material. Con-
centrations were then converted to molar ratios rela-
tive to calcium (Ca), and transects were smoothed
with a 7-point moving average to remove  high-
frequency noise. Mean relative SD for NIST 612 cer-
tified standards (n = 67) analyzed over 4 analytical
days was 13% for 55Mn and 14% for 138Ba.

210

Fig. 2. Sampling sites in the northern Gulf of Mexico in the fall of 2011 and
summer of 2012 where a bottom trawl was used to collect fish and CTD was
used to collect a bottom water sample. Open circles: fall stations; gray squares: 

summer stations; E: eastern sites; C: central sites; W: western sites
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Tissue stable isotope analysis

Muscle tissue samples were freeze-dried, ground
with mortar and pestle and 1 ± 0.2 mg of tissue powder
was packed in tin capsules and sent to the University
of California Davis Stable Isotope Facility for carbon
and nitrogen isotope analysis. A duplicate  tissue sam-
ple was included every 20th sample to determine pre-
cision. Mean SD of 10 duplicates was 0.042‰ and
0.037‰ for δ13C and δ15N, respectively. Five certified
standards (bovine liver, USGS-41 glutamic acid, Nylon
5, glutamic acid, and peach leaves) were also analyzed
to assess accuracy, and the mean SD was 0.07‰ for
δ13C and 0.12‰ for δ15N values. Muscle tissue C:N
 molar ratios were low (mean ± SD = 3.93 ± 0.2; range =
3.7−4.9) indicating no need for lipid correction.

Otolith thresholds

Otolith element ratios above or below threshold
values of Ba:Ca and Mn:Ca ratios were used as indi-
cators of low-salinity estuarine habitat occupancy
and coastal hypoxia exposure levels, respectively.
Observations from controlled labora-
tory experiments and natural field
measurements were used to establish
conservative otolith threshold values
(Table 1). First, partition coefficients
(D = [element:Ca otolith]/ [element:Ca
water]) were determined based on
water and otolith chemistry data from
Mohan et al. (2014) (Table 1). Second,
the experimentally derived mean
partition coefficient was multiplied
by measured water chemistry values
of estuarine (inshore), coastal, and
hypoxic environments measured in
the field, to predict otolith chemistry
values indicative of low-salinity estu-
arine habitat residence and coastal
hypoxia exposure (Table 1, Fig. 3). It
was assumed that exposure to coastal
hypoxia only occurred when otoliths
indicated coastal residence (otolith
Ba:Ca < 20 µmol mol−1) and the
otolith Mn:Ca ratio was above the
hypoxia threshold (Mn:Ca > 100 µmol
mol−1). To account for natural varia-
tion in calculating D and water chem-
istry, a conservative approach was
used to determine coastal hypoxia
and estuarine indices. Otolith ele-

ment values exceeding the threshold were assigned
a value of 1, otolith values >2× the threshold were
assigned a value of 2, and those >3× were equal to
3 (Fig. 3). This categorized and binned values of
 estuarine and hypoxia indices, given geographic
 differences in chemical maxima driven by variable
end members. In addition, hypoxia  exposure was
only quantified for fish displaying coastal resi -
dence, to avoid any potential alternative sources
of terrigenous Mn in estuarine habitats that could
obscure coastal benthic hypoxic redox conditions
(Shim et al. 2012, Limburg et al. 2015). Estuarine
 residence and hypoxia exposure levels were calcu-
lated across entire fish otolith transects from core to
edge.

The most recent 3 mo in otoliths were chosen
to standardize otolith data to ecologically relevant
time scales of experimentally validated muscle
 tissue stable isotope turnover rates (~3 mo; Mohan
et al. 2016) and limited to age-0 and age-1 year
classes with  similar growth and isotope turnover
rates, for all subsequent comparisons. Furthermore,
focusing on early juvenile individuals with similar
growth rates (ages 0 to 1) ensured there were min-
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A. Ratio Treatment Elemental ratio D Mean D
observed (µmol mol–1) (± SD)

DO (mg l–1) Salinity Water Otolith

Mn:Ca 2.1 ± 0.3 36.5 ± 2.8 11.5 36 ± 5 3.1 4.17 ± 1.5
6.3 ± 0.3 37.7 ± 2.5 6.9 5.2

Ba:Ca 2.1 ± 0.3 36.5 ± 2.8 20.21 5.5 ± 0.1 0.4 0.31 ± 0.17
6.3 ± 0.3 37.7 ± 2.5 21.02 0.2

B. Ratio Predicted Predicted elemental ratio 
water quality (µmol mol–1) in the field

Water Otolith Otolith threshold

Mn:Ca DO < 1.5 mg l–1 30 125 Hypoxia > 100
50 209
80 334

Ba:Ca S: 20 50 16 Inshore > 20, coastal < 20
S: 10 100 31
S: 5 200 62

Table 1. Experimental data from Mohan et al. (2014) used to calculate mean par-
tition coefficients (D = [element:Ca otolith]/[element:Ca water]) for Mn:Ca and
Ba:Ca ratios under constant dissolved oxygen (DO) treatments of (mean ± SD) 2.1
± 0.3 and 6.3 ± 0.3 mg l–1, respectively, and salinity conditions of 36.5 ± 2.8 and
37.7 ± 2.5, respectively, over 10 consecutive weeks. Experimental otolith values
were averaged between 3 treatments (n = 24 fish treatment–1) from a 10 wk study
on Atlantic croaker Micropogonias undulatus (Mohan et al. 2014). (A) Observed
values were actual values measured in the laboratory. (B) Predicted water quality
and chemistry parameters were derived from Fig. 5 (see also Appendix 1) and ac-
tual measurements taken in the field. At DO values <1.5 mg l–1, large increases in
dissolved Mn:Ca ratios occur (Fig. 5), and at salinities <20, dissolved Ba:Ca ratios 

switch from linear to exponential increases (Appendix 1)
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imal confounding effects of stage-specific otolith
Mn uptake dynamics (Limburg et al. 2015, Turner
& Limburg 2015). Estuarine and coastal hypoxia
indices were summed over the last 1000 otolith
microns (Fig. 3), representing an estimated 3 mo of
growth in juvenile croaker as  determined from
known-age laboratory fish raised under controlled
conditions (Mohan et al. 2016).  Individual croaker
were clustered into similar environmental groups
based on recent estuarine and hypoxia indices
using Ward’s distance and hierarchical cluster
methods in SYSTAT. Hierarchical clustering meth-
ods group individuals that exhibit maximally simi-
lar values (Ward 1963). Differences between
cluster groups based on otolith indices and tissue
isotopes were further compared using Dunn’s post
hoc multiple comparison on mean ranks, with an

adjusted p-value based on the number of compar-
isons using PRISM Version 6.

Stable isotope standard ellipse comparison

A standard ellipse area approach was used to com-
pare cluster group isotopic niche areas following
Jackson et al. (2011) contained in the Stable Isotope
Bayesian Ellipses package in R (SIBER). A conserva-
tive Bayesian estimate of isotope niche area that
accounts for sample size differences was used to
compare isotopic niches areas among cluster groups,
with 10 000 posterior draws. Statistical significance
between groups was considered when there was at
least 99% probability that the standard ellipse area
differed between groups.

212

Fig. 3. Example of raw data  elemental profiles for a late estuarine migrant and hypoxic coastal resident environmental expo-
sure types (see ‘Results: Cluster analysis’) of Atlantic croaker Micropogonias undulatus showing otolith Mn: Ca ratios, otolith
Ba:Ca ratios, and standardized estuarine/ hypoxia indices. Gray shaded area highlights the last 1000 microns (~3 mo) used in
cluster analysis. Dashed bold line indicates hypoxia/salinity thresh old; dotted line displays 2× and 3× above the threshold limit
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RESULTS

Fish collections and site descriptions

During the fall 2011 cruise, samples were collected
from the eastern, central, and western re gions
(Fig. 2). The western region contained few age-0 fish
and more age-1 fish, while the central and eastern
sites exhibited both age-0 and age-1 fish (Table 2).
Environmental water quality (salinity, DO) and dis-
solved Mn:Ca ratio patterns were less variable in
the fall, with the exception of the eastern sites (E1
and E2) that displayed lower salinities and higher
dissolved Ba:Ca ratios (Fig. 4). The relationship be -
tween salinity and dissolved Ba:Ca was linear in the
fall (Fig. 5), and dissolved Mn:Ca was low (<10 µmol
mol−1) at high DO concentration (>6 mg l−1). The lin-
ear relationship between salinity ranging from 30 to
37 ppt and dissolved Ba:Ca was  similar to relation-
ships reported by Shim et al. (2012) (Appendix 1).
The freshwater endmember of dissolved Ba:Ca esti-
mated from Shim et al. (2012) was approximately 20×
higher than any coastal  bottom-water dissolved
Ba:Ca measurement.

During the summer 2012 cruise, fish were collected
from the eastern, central, and inshore central hypoxic
regions (C1 and C2, Fig. 2). The hypoxic sites closest
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Region Site Age-0 Age-1+
n TL n TL

Fall
WEST W1 4 153 ± 2 3 175 ± 11

W2 7 162 ± 3  
CEN C3 8 149 ± 4 1 166

C4 5 158 ± 5 1 160
EAST E1 6 153 ± 3 4 194 ± 25

E2 2 138 ± 2 7 186 ± 12
Total 25 150 ± 2 23 174 ± 8  

Summer
CEN HYP C1 10 139 ± 2

C2 7 140 ± 2 3 154 ± 8  
CEN C5 1 143 5 164 ± 7  

C6 1 129 3 167 ± 8  
EAST E3 2 144 3 163 ± 7  

E4 4 160 ± 3  
Total 21 139 ± 2 18 161 ± 2  

Table 2. Number of Atlantic croaker Micropogonias undula-
tus (n) collected and total length (TL, mean ±SE) of each
age-0 and age-1+ fish at each site, region, and season used
in cluster analysis. Age-2+ fish (fall n = 12; summer n = 21) 

not shown. CEN: central; CEN HYP: central hypoxic

Fig. 4. Mean ± SE bottom-water (~1 m above bottom) salinity and dissolved oxygen and dissolved Ba:Ca and Mn:Ca ratios at
each trawl site where demersal Atlantic croaker Micropogonias undulatus were collected (see Fig. 2) in the fall (open circles) 

and summer (gray squares)
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to shore exhibited all age-0 fish, while the central and
eastern sites exhibited few age-0 and mostly age-1+
croaker (Table 2). Hypoxia (DO < 2 mg l−1) was only
detected at the most in shore shallow central sites dur-
ing the summer (C1 and C2), which also contained the
most elevated ratios of dissolved Mn:Ca (Fig. 4).

Tissue isotopes

Relationships between TL and tissue isotope values
for age-0 and age-1+ croaker were examined. We
found no significant relationship between TL and
muscle δ13C values (p = 0.33, r2 = 0.01) and a very
weak but significant relationship between TL and
δ15N (δ15Nmuscle = 0.01×TL + 12; p = 0.04, r2 = 0.05).
Therefore, no size corrections were applied to the
croaker muscle tissue isotope values.

Cluster analysis

Four major groups were defined using the cluster
analysis based on the recent otolith salinity (Ba:Ca)
and hypoxia (Mn:Ca) indices. The environmental his-
tory groups included: late estuarine migrants (LEM),
early estuarine migrants (EEM), normoxic coastal res-
idents (NCR), and hypoxic coastal residents (HCR)
described below (Fig. 6). For each group identified in
the cluster analysis, recent hypoxia and salinity in-
dices and muscle δ13C and δ15N were compared using
Kruskal-Wallace nonparametric tests to accommodate
unequal variances (Fig. 7). The LEM group exhibited
the highest recent otolith salinity index, indicating
more estuarine (low salinity) habitat use, suggesting
that these fish were late migrants from the estuary.
The EEM displayed intermediate estuarine use and
suggested this group migrated from the estuary
earlier than the LEM. Both coastal resident groups
(NCR and HCR) exhibited decreased low salinity/es-
tuarine indices, suggesting that they were residents in
high-salinity coastal habitats. Only the HCR group
had high recent coastal hypoxia exposure indices
(Fig. 7). Nitrogen and carbon tissue isotope values
showed similar patterns between estuarine and
coastal groups, with LEM and EEM exhibiting signifi-
cantly lower values of both δ15N and δ13C compared to
NCR (Fig. 7). HCR displayed intermediate values be-
tween other groups, although NCR was statistically
similar to HCR for both δ15N and δ13C values (Fig. 7).

Seasonal and spatial patterns in the occurrence of
each group type were also apparent (Fig. 8). NCR
was the most common type found at each location,
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Fig. 5. Relationship between bottom-water dissolved Ba:Ca
ratios and salinity and dissolved Mn:Ca ratios and dissolved
oxygen during the fall (circles) and summer (squares).
Data from opportunistic samples in June and August 2012,
when no fish were collected, is included. Freshwater Ba:Ca
endmember of the Mississippi River estimated from Shim 

et al. (2012) (see also Appendix 1)

1000 2000 3000 4000 0 

LEM 

EEM 

Distance 

NCR 

HCR 

estuarine 
hyp

oxic 

Fig. 6. Cluster tree produced using Ward’s method and re-
cent hypoxia index (last 1000 µm of otolith edge) and recent
salinity index of age-0 and age-1 Atlantic croaker Microp-
ogonias undulatus to classify individuals into groups. LEM:
late estuarine migrants; EEM: early estuarine migrants; NCR:
normoxic coastal residents; HCR: hypoxic coastal residents
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except in the eastern region during the summer,
when HCR was most prevalent (Fig. 8). There was an
even distribution in the occurrence of group EEM
and HCR (n = 8) between the fall and summer. The
LEM that displayed the highest estuarine index
showed the highest occurrence (n = 5) in the eastern
region during the fall.

Isotope niche

Isotopic niche width was different between estuar-
ine migrants (LEM and EEM) and coastal residents

(NCR and HCR) based on a muscle
tissue δ13C and δ15N biplot and stan-
dard ellipse area calculations (Jack-
son et al. 2011). Standard ellipse
niche area point estimates were 10, 7,
3, and 2‰2 for LEM, EEM, NCR, and
HCR, respectively. Bayesian-esti-
mated 99% credible intervals re -
vealed that LEM and EEM were sig-
nificantly larger than NCR and HCR,
and there was no significant differ-
ence between LEM and EEM or
between NCR and HCR (Fig. 9).

DISCUSSION

This study links migration and
environmental ex posure histories to
trophic dynamics in the seasonally
hypoxic nGoM. There were 2 major
findings of this study. First, LEMs had
decreased δ13C and δ15N values, indi-
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Fig. 7. Recent otolith hypoxia and salinity indices (top panels) and muscle tissue
nitrogen and carbon isotope values (bottom panels) for each cluster (environ-
mental exposure group) of Atlantic croaker Micropogonias undulatus. Lower-
case letters indicate significant difference detected with Kruskal-Wallace and
Dunn’s multiple comparison statistics. Box = interquartile range; line = median;
whiskers = minimum and maximum values. See Fig. 6 for cluster abbreviations

Fig. 8. Frequency of each environmental exposure group
of Atlantic croaker Micropogonias undulatus during the fall
(left) and summer (right) in each region. See Table 2 and
Fig. 6 for abbreviations of region and cluster, respectively
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cating greater contributions of terrestrially derived
production to diets consumed in the months prior to
capture offshore. Further, the isotope niche areas of
LEMs were significantly larger than those of NCRs
and HCRs, driven by greater individual variation in
isotope values likely caused by variable emigration
timings within these clusters. This result highlights
the importance of migrating fish as conduits trans-
porting terrestrial and estuarine-derived production
to offshore ecosystems, and emphasizes that individ-
ual differences in migratory timing contribute to
observed trophic diversity as measured by tissue iso-
topes. The second major finding was that HCRs dis-
played no significant differences in δ13C and δ15N
values compared to NCRs. This result implies contin-
ued benthic foraging and therefore trophic resilience
of croaker exposed to sublethal seasonal hypoxia. In
addition, isotope niche areas were similar between
HCRs and NCRs, meaning that trophic re silience was
consistent among individual hypoxic fish. These
insights were only possible through the combined
analysis of life history recorders (otolith chemistry)
and trophic indicators (tissue isotope values) that
provide novel windows into the response of food web
dy namics to environmental stressors.

Demersal croaker have demonstrated shifts in habi-
tat use in re sponse to hypoxia, occupying shallow wa-
ters and exhibiting  density-dependent reductions in
growth due to decreased prey availability (Eby et al.
2005) and altered energy budgets due to increased
variance in occupied temperature (Craig & Crowder
2005). Although these aforementioned studies have
demonstrated that fish escape and move away from
hypoxic areas, croaker exhibited low avoidance
thresholds to hypoxia (1−3 mg l−1) in field surveys
(Craig 2012) and remained in low oxygen waters
(1 mg l−1) to avoid predation in laboratory experiments
(Froeschke & Stunz 2012). Baustian et al. (2009)
found that benthic infaunal prey densities did not dif-
fer between in shore, hypoxic, and offshore regions in
the nGoM. Hypoxic sites were devoid of oxygen-sen-
sitive crustacean species, resulting in decreased prey
community diversity compared to offshore sites; how-
ever, no difference in croaker prey selectivity was de-
tected at any location using stomach content analysis
(Baustian et al. 2009). Other studies have documented
dietary changes due to hypoxia, including optimal
 foraging on larger, weak prey (Pihl et al. 1992), and
shifts from bivalves to less nutritious plant and
detrital ma terial diets (Powers et al. 2005). However,
these studies have used stomach content analysis,
which is limited to recent feeding history. Stable
 isotopes represent a time-integrated signal of diet,

and croaker muscle tissues assimilate dietary changes
over monthly time scales (Mohan et al. 2016). If croak-
ers continue to strategically feed on stressed benthic
prey during or immediately following hypoxia (Pihl et
al. 1992), then isotope tissue  signatures would not be
expected to change, as reported in the present study.
We did not find evidence to support the hypothesis
that croaker shift to pelagic food webs in response to
summer hypoxia (Hazen et al. 2009, Nye et al. 2011).
Enhanced foraging on stressed benthic prey on the
edges of hypoxic zones in a Chesapeake Bay estuary
has been demonstrated in croaker (Long & Seitz
2008). Lake Erie yellow perch have been shown to
make brief forays into hypoxic water to forage on
benthic prey, without exhibiting negative energetic
consequences (Roberts et al. 2012). Anchovies will
also make foraging dives into hypoxic hypolimnion to
encounter higher prey densities (Taylor et al. 2007).
Results of these studies have demonstrated that low-
oxygen tolerant species may capitalize on lower
trophic level benthic species that become vulnerable
to predation during hypoxia, which lends support to
the PSM; fish potentially experience an energetic
tradeoff between increased consumption rates and
suboptimal oxygen conditions (Brady & Targett 2013).
Atlantic croaker collected from hypoxic regions in the
Chesapeake Bay exhibited reduced ovarian lipid
content, but no change in diet compared to normoxic
sites (Tuckey & Fabrizio 2016). Thus croaker seem to
tolerate low-oxygen conditions in order to continue
benthic foraging, but may suffer the cost of impaired
reproductive output, which could have consequences
for population  productivity (Thomas & Rahman 2012,
Tuckey & Fabrizio 2016).

Laboratory experiments have demonstrated re duced
feeding and growth under constant hypoxia deter-
mined from both physiological and molecular re -
sponses (reviewed by Wu 2002), but field studies
suggest complex behaviors including avoidance but
also enhanced foraging (Long & Seitz 2008, Roberts
et al. 2012, Brady & Targett 2013). Physiological
effects of hypoxic stress on reproduction as indicated
by increased HIF expression occurred on a scale of
2 to 4 wk in laboratory Atlantic croaker (Thomas &
Rahman 2009b). Exposing fish to periodic alternating
hypoxic conditions is more stressful than constant
exposure (Mohan et al. 2014), probably related to
constant up- and down-regulation of molecular path-
ways that have evolved as adaptations to hypoxia
(Wu 2002). The tissue stable isotope trophic markers
record diet on the order of 3 mo, much longer than
molecular markers or stomach contents, and thus
may explain the lack of observed effects of hypoxia

216



Mohan & Walther: Trophic resilience to hypoxia exposure

on trophic dynamics on the time scales investigated
in this study. If croaker were diet switching in re -
sponse to hypoxia between benthic and pelagic food
webs at high frequency (i.e. weeks instead of months),
then muscle tissue stable isotopes would not capture
that variability.

Fish that exhibited high levels of estuarine habitat
residence (LEM and EEM groups) had larger isotopic
niche areas compared to coastal croaker (NCR and
HCR groups). The increased niche area was prima-
rily driven by decreased δ13C values that ranged from
−20 to −25‰. Bianchi et al. (2002) reported that sedi-
ments from the lower Mississippi River were more
13C depleted (range: −21.9 to −24.6‰) compared to
sediments collected off the Louisiana shelf (range:
−21 to −22 ‰), supporting the observation of more
terrestrial-derived organic carbon at lower salinity, in
congruence with this study. Fry (1983) examined fish
and shrimp migration patterns in the nGoM using
muscle carbon isotopes. A less marked convergence
of tissue isotopes to offshore values indicated a con-
tinued reliance of adult croaker on estuarine foods
due to close proximity with estuarine habitats. In
contrast, pink and brown shrimp that migrate off-
shore as early juveniles and remain  resident offshore
during fast early growth displayed sharp isotope con-
vergence curves (Fry 1983). We found that 29% of
croaker collected offshore recently occupied the
inshore estuary. A strong relationship between mus-
cle δ13C and otolith Ba:Ca ratios (data not shown)
reveals that the inshore estuarine proxies agreed,
providing evidence that both the diet (isotopes) and
water (otoliths) proxies were responding to low-salin-
ity estuarine residency. Additionally, lower δ15N was
detected in the youngest fish (mostly age-0) collected
closest inshore in the summer, whereas higher δ15N
was measured in the older fish age-1+ farthest off-
shore in the fall, indicating progressive offshore
migration with age (Yakupzack et al. 1977).

There were spatial differences in the distribution of
dissolved Mn:Ca and Ba:Ca ratios, potentially related
to the different riverine influence between the cen-
tral and eastern regions. The central regions are
strongly influenced by the Mississippi and Atcha -
falaya River outflows, which have well-characterized
dissolved Ba and Mn endmembers (Hanor & Chan
1977, Shim et al. 2012, Joung & Shiller 2014). In con-
trast, the eastern region is more influenced by the
Pearl River, which exports twice the amount of
organic carbon (Duan et al. 2007) and 2 to 8 times
more dissolved and colloidal Mn (Stolpe et al. 2010)
compared to the Mississippi or Atchafalaya Rivers.
We found that the majority of the hypoxic groups

occurred in the central and eastern regions. Interest-
ingly, hypoxia commonly occurs in the eastern
regions comprising the Mississippi Sound, and
foraminiferal hypoxia proxies suggest that hypoxia
has been reoccurring in the eastern sites <30 m deep
for decades (Brunner et al. 2006). We detected more
hypoxia-exposed fish in the eastern regions, where
there is high delivery of Mn from the Pearl River
(Stolpe et al. 2010), and historical records of reoccur-
ring hypoxia (Brunner et al. 2006).

The precise mechanism of Mn incorporation into
fish otoliths is unclear. Some early experimental
work has demonstrated that diet constitutes the
major pathway of Mn accumulation in plaice Pleuro -
nectes platessa soft tissue and bone, with minor
uptake from water (Pentreath 1973, 1976). The lack
of relationships between dissolved Mn in water and
otolith Mn from laboratory experiments (Elsdon &
Gillanders 2003, Miller 2009) further supports the
hypothesis of dietary Mn transfer. If stressed benthic
prey becomes enriched with dissolved Mn from sedi-
mentary pore waters during hypoxia, then fish pre-
dation and dietary transfer could represent a signifi-
cant portion of otolith Mn variability. Croaker
collected from the nGoM in 2010 that displayed high
otolith Mn:Ca ratios also exhibited otolith sulfur
 stable isotope  patterns, suggesting feeding in redox
zones (Limburg et al. 2015). Benthic-feeding fish
have displayed in creased otolith Mn that was corre-
lated to enriched Mn levels in seagrass and detrital
prey items (Sanchez-Jerez et al. 2002). However, lab-
oratory experiments have demonstrated that dis-
solved Mn uptake in crustaceans primarily occurs
from the water (Baden et al. 1995, 1999) and that lob-
ster tissue Mn levels could be used as biomarkers of
hypoxia exposure (Baden & Neil 2003). Laboratory
experiments with Atlantic croaker have demon-
strated that physiological stress associated with
hypoxia exposure has a minor influence on otolith
chemistry, with environmental processes dominating
otolith Mn patterns (Mohan et al. 2014). Thus the
otolith Mn:Ca ratio serves as a reliable proxy of
hypoxic redox conditions, but the relative contribu-
tion of water versus diet to otolith Mn incorporation
has yet to be resolved.

Environmental stress models attempt to predict the
outcome of local-scale processes such as competition
and predation between consumers and prey under
gradients of environmental stress (Menge & Olson
1990). Hypoxia exposure may cause physiological
stress and avoidance behavior in mobile consumers,
offering benthic infaunal prey a refuge from preda-
tion. Under the expectations of a consumer stress
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model (CSM), vertical avoidance behavior of croaker
to hypoxia would result in shifts to pelagic food webs
and resulting widening of isotope niche areas. Tissue
stable isotope niche width analysis revealed no prey
switching from benthic to pelagic food webs, sug-
gesting continued consumption of benthic prey in
spite of hypoxia exposure supporting a PSM under
environmental stress. The similar isotopic niche area
estimates for hypoxic and normoxic coastal fish clus-
ters also suggests a more uniform trophic response
under environmental stress. However, the expecta-
tions of a PSM includes increased consumption rates
of hypoxia-stressed prey, which was not quantified in
this study and would further support a PSM under
hypoxia exposure in the nGoM similar to other stud-
ies (Pihl et al. 1992, Long & Seitz 2008). Stomach con-
tents were not examined in the croaker studied here,
but previous work (Baustian et al. 2009) indicate that
most croaker collected in the northern gulf (40−70%,
M. Altenritten pers. comm.) exhibit empty stomachs,
potentially due to regurgitation of prey during col -
lection by bottom trawl. Stomach contents therefore
provide uninformative or limited information com-
pared to stable isotope dietary tracers, for benthic
croaker collected at depth in the nGoM.

CONCLUSIONS

A novel multi-proxy approach was used to examine
the effects of recent (several months) hypoxia expo-
sure on trophic diversity of a common demersal mar-
ine fish. Trophic diversity, as represented by isotope
niche area, was small between NCR and HCR fish,
suggesting no change in feeding behavior. The natu-
ral tags used here integrate water and diet on the
scales of months, suggesting no long-term seasonal
effects of hypoxia exposure on the trophic dynamics
of nGoM croaker. Fish that more recently migrated
from the estuary to coastal habitats displayed larger
trophic niche areas, suggesting a larger diversity of
prey types consumed. These results suggest trophic
resilience of demersal croaker to hypoxia in the
nGoM and increase our knowledge of the ecological
effects of seasonal hypoxia on fish populations.
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Appendix 1. Predicted mixing curve for dissolved Ba:Ca ratios in the Mississippi River based on data adapted from Shim et
al. (2012) and Cai (2003). (A) Dissolved [Ba] across a salinity gradient in the Mississippi River; dissolved [Ca] estimated us-
ing salinity (s) and the equation: [Ca2+] µM = 261.3 × S + 1138.7 adapted from Cai (2003). (B) Predicted dissolved Ba:Ca ratio 

mixing curves. (C)  Comparison of the Ba:Ca ratio−salinity relationship found in this study and Shim et al. (2012)
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