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ABSTRACT: Seasonal, summertime hypoxia (dissolved oxygen < 2 mg 1"!) has occurred over large
areas (~1000 to 20 000 km?) of the northwestern Gulf of Mexico shelf during several years since at
least the mid-1980s, resulting in habitat loss for demersal species. To evaluate the effects of hypoxia-
induced habitat loss on Atlantic croaker Micropogonias undulatus and brown shrimp Farfante-
penaeus aztecus, we compared species’ spatial distributions and relationships to abiotic factors (tem-
perature, dissolved oxygen, salinity) across years differing in the spatial extent of hypoxia. Analysis
of 14 yr of fishery-independent research trawl and environmental data (July) indicated that hypoxia-
induced shifts in spatial distribution result in considerable shifts in the temperature and oxygen con-
ditions that croaker and brown shrimp experience. Croaker, which typically occupy relatively warm,
inshore waters, remain in the warmest waters inshore of the hypoxic region but also are displaced to
cooler offshore waters. Brown shrimp, which are typically distributed more broadly and further off-
shore, shift to relatively warm inshore waters as well as cooler waters near the offshore hypoxic edge.
These shifts in the species’ spatial distribution are reflected in long-term decreases and increases in
the mean temperatures occupied by croaker and brown shrimp, respectively, as well as increases in
the variance in occupied temperatures for both species. Despite avoidance of the lowest oxygen
waters, high densities of croaker and brown shrimp occur in areas of moderately low oxygen concen-
tration (35 to 60 % air saturation, 1.6 to 3.7 mg I"!) near the offshore hypoxic edge. Because tempera-
ture and dissolved oxygen are important abiotic factors that impact metabolic scope, these shifts in
spatial distribution during severe hypoxia may impact organism energy budgets. High croaker and
shrimp densities near the hypoxic edge likely have implications for trophic interactions as well as the
harvest of both target (brown shrimp) and nontarget (croaker) species by the commercial shrimp
fishery.
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INTRODUCTION

Low dissolved oxygen (hypoxia, <2 mg 1"!; anoxia,
<1 mg I"!) associated with eutrophication arising from
altered coastal nutrient budgets is an important stressor
of aquatic ecosystems (Caddy 1993, Diaz & Rosenberg
1995, NRC 2000). The northwestern Gulf of Mexico
continental shelf currently experiences one of the
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largest seasonal hypoxic regions in the world (Rabalais
et al. 2002). Bottom oxygen deficits arise from physical
and biological processes associated with nutrient and
freshwater loading from the Mississippi—Atchafalaya
River system, which ranks among the top 10 rivers in
the world in freshwater and sediment discharge, as
well as drainage basin area (Rabalais & Turner 2001,
Rabalais et al. 2002). Hypoxic bottom waters typically
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occur from 5 to 30 km from shore at depths of 5 to 30 m.
The vertical extent of hypoxia in the water column is
generally restricted to the bottom few meters, but at
times may occupy as much as 50 to 80 % of the water
column (Rabalais & Turner 2001). Hypoxia is most
intense from June to August but has been detected as
early as February and as late as October. Though the
spatial and temporal dynamics of the hypoxic region
over the summer months is not well known, large areas
are believed to remain hypoxic for extended periods in
the absence of storm-induced mixing events (Rabalais
et al. 2002, Craig et al. 2005). Since mapping began in
the early-mid-1980s, the estimated area of hypoxia has
varied from effectively zero to >21000 km?, with
several years of normoxia or moderate hypoxia dur-
ing the 1980s to early 1990s (mean area ~7000 km?,
range ~0 to ~12000 km?), several consecutive years
of severe hypoxia in the mid- to late 1990s (mean
area ~16 000 km?, range ~13 000 to ~17 000 km?), and
considerable annual variation in the area of hypoxia
in more recent years (range ~4000 to ~21000 km?)
(Rabalais et al. 2002, Craig et al. 2005).

Low dissolved oxygen can have a variety of physio-
logical and ecological effects on aquatic organisms.
While laboratory studies indicate low oxygen impacts
individual movement, growth, and mortality (Wanna-
maker & Rice 2000, Taylor & Miller 2001, Wu 2002),
effects at the cohort or population level have been
difficult to demonstrate. In part, this is because expo-
sure to low oxygen is often ephemeral for mobile
species due to avoidance behavior, so that hypoxia
effects are likely indirect and associated with habitat
loss and shifts in spatial distribution (Coutant 1985,
Pihl et al. 1991, Brandt & Mason 2003). Indirect effects
of hypoxia on trophic interactions can be positive or
negative depending on trophic level and species-
specific details of foraging and predation processes
(e.g. Breitburg et al. 1999, Taylor & Eggleston 2000,
Seitz et al. 2003). Finally, hypoxia effects may co-occur
with other effects of eutrophication (e.g. increased pro-
ductivity) and environmental change that potentially
induce tradeoffs that occur across life history stages
(Micheli 1999, Grimes 2001, Breitburg 2002).

Dissolved oxygen and temperature have important
effects on the energy budgets of aquatic organisms.
Ambient dissolved oxygen sets the maximum rate at
which oxygen can be supplied to tissues in support of
functions above standard metabolism, limiting meta-
bolic scope and the performance of aquatic organisms
(Fry 1971, Priede 1985). For most organisms, a mini-
mum level of dissolved oxygen exists below which
metabolism is dependent on ambient oxygen con-
centration (incipient limiting level; Fry 1971, Bridges &
Brand 1980). When ambient oxygen levels decline,
oxygen consumption can be maintained by a variety of

compensatory processes, though these presumably
entail some energetic costs (Wu 2002). At some low
level of dissolved oxygen, however, metabolic path-
ways associated with the production or use of energy
are suppressed, leading to a reduction in metabolic
scope and energy available for growth and other activ-
ities (Claireaux et al. 2000, Lefrancois & Claireaux
2003).

Within the limits imposed by dissolved oxygen, tem-
perature controls the metabolic rate and, hence, the
energy available after standard metabolic costs have
been met (Fry 1971). Fish can discriminate small differ-
ences in temperature and generally have well-defined
temperature preferences (Brett 1971, Magnuson et al.
1979), often near those that maximize one or more
components of fitness such as growth rate (Jobling
1981) or swimming ability (Brett 1971, Bryan et al.
1990). Temperature may influence reproduction directly
through the rate of gonadal maturation and synthesis
(Bergstrom 1991), or indirectly via effects on somatic
growth and associated body size and maturation
(Cripe 1994, Hutchings & Myers 1994). Likewise, tem-
perature may impact foraging rates and, hence, prey
mortality rates, particularly if predation is size-
dependent (Taylor & Collie 2003).

Based on fishery landings and effort data, Diaz &
Solow (1999) found a negative relationship between
annual brown shrimp Farfantepenaeus aztecus
catch-per-unit-effort (landed weight d~! fished) and an
index of hypoxia in the Gulf of Mexico suggestive of a
negative effect of hypoxia on shrimp production. The
mechanism(s) underlying the observed correlation are
unknown but may include decreases in growth, in-
creases in mortality, or changes in fishing patterns asso-
ciated with hypoxia. They cautioned against assuming
this correlative relationship was caused by hypoxia,
however, due to secular trends in the time series, the
weakness of the correlation, and other data issues.

Hypoxia on the Louisiana shelf typically occurs in
regions of historically high demersal fish and crus-
tacean biomass (Moore et al. 1970, Darnell et al. 1983).
Based on data from the 1960s, when hypoxia was likely
nonexistent or more limited in spatial extent, juvenile
Atlantic croaker Micropogonias undulatus were found
primarily in shallow water (within the 20 m depth
contour) while sub-adult brown shrimp were broadly
distributed with peak densities slightly further offshore
(~20 to 30 m depth) (Darnell et al. 1983). Areas of
historically high density for both species, however, are
well within the recent spatial extent of hypoxia. We
have previously shown that hypoxia results in exten-
sive habitat loss and shifts in spatial distribution for
both species (Craig 2001, Craig et al. 2001, 2005). In
this paper we use data from fishery-independent
research trawl surveys from 1987 to 2000 to test the
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Fig. 1. Micropogonias undulatus
and Farfantepenaeus aztecus.
Examples of the distribution of
croaker and brown shrimp dur-
ing (A,B) moderate hypoxia and
(C,D) severe hypoxia. Heavy
lines encompass area where
bottom dissolved oxygen <2.0 mg
1. Crosses are stations where no
croaker (or brown shrimp) were
caught. Circle sizes are pro-
portional to the magnitude of
croaker (or brown shrimp) catch
rates and represent the quartiles
of the catch rate distribution

hypothesis that hypoxia-induced habitat loss results in
shifts in energetically important abiotic conditions (e.g.
temperature, dissolved oxygen, salinity) experienced
by croaker and brown shrimp as a consequence of low
oxygen avoidance behavior and movement to alterna-
tive habitats on the shelf (Fig. 1). We also test the
hypothesis that croaker and brown shrimp are associ-
ated with the edge of the hypoxic region, either due to
preferential use of the edge or a herding effect associ-
ated with low oxygen avoidance, and evaluate 3 alter-
native models describing changes in abundance with
increasing distance from the hypoxic edge. Given that
croaker and brown shrimp are displaced both inshore
and offshore of the hypoxic region (Craig et al. 2005),
we also characterize the temperature and oxygen con-
ditions occupied by organisms restricted to inshore
habitats, those near the offshore edge of the hypoxic
region, and those further offshore beyond the influ-
ence of hypoxia. We compare these conditions with
those within the hypoxic region where neither species
occurs to quantify the magnitude of potential shifts in
temperature and oxygen distributions during years of
severe hypoxia. We discuss these results in terms of the
potential for hypoxia-induced habitat loss and shifts in
spatial distribution to impact processes (i.e. growth and
mortality) important for croaker and brown shrimp
production.

MATERIALS AND METHODS

Bottom trawl surveys. An annual bottom trawl sur-
vey has been conducted during June-July in the
northwestern Gulf of Mexico since 1982 and survey
procedures were standardized in 1987 (Mississippi to
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Texas—Mexico Border; Southeast Area Monitoring and
Assessment Program, SEAMAP; Eldridge 1988). Sur-
veys used a stratified random design based on depth
and geographic location (Patella 1975). We confined
analyses described below to the Louisiana continental
shelf west of the Mississippi River where hypoxia typi-
cally occurs (Fig. 1, 89 to 94° west longitude). Sampling
in this region was typically conducted in a west to east
direction over a 14 to 17 d period during July of each
year. Surveys used a 12.8 m shrimp trawl with mud
rollers and 2.4 x 1 m wooden chained doors. The
sampling objective was 1 day and 1 night tow perpen-
dicular to the depth contours defining each stratum at
a speed of 3 knots (10 to 60 min tow duration). No
sampling was conducted inshore of 4 m due to depth
limitations of the survey vessels. Bottom measure-
ments of temperature, salinity, and dissolved oxygen
were taken at the beginning location of each trawl
with a conductivity, temperature, depth (CTD) probe.
All croaker were counted and 20 per station measured
(total length, TL, mm). All brown shrimp were sexed,
counted, and 200 per station measured (TL, tip of
rostrum to end of telson). Croaker were late juveniles
(100 to 200 mm TL, Barger 1985) while brown shrimp
were subadults (100 to 140 mm TL) prior to the
fall-winter spawning period. Differences between
spatial distributions of female and male brown shrimp
were small and sex ratios were similar over years
(Craig et al. 2005), so sexes were pooled. Catches were
adjusted to a standard tow length of 2.8 km (~1.5 nau-
tical miles) prior to analysis. The number of stations
sampled on the Louisiana shelf ranged from 112 to
125 per survey year. Additional details regarding the
survey can be found in Craig et al. (2005) and the
annual SEAMAP atlases (e.g. Rester et al. 2004).
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Analyses. Spatial distribution and relationship to
abiotic factors: Hypoxia has occurred on the shelf in
nearly every year since surveys began in the mid-
1980s (Rabalais et al. 2002, Craig et al. 2005). We
pooled data from 5 years (1987 to 1989, 1998, and 2000)
when hypoxia extended over relatively small areas
(~0 to —7700 km?) as the ‘moderate hypoxia regime’
and compared them to 5 years (1993 to 1997) of exten-
sive hypoxia (~13400 to —17 000 km?) pooled as the
‘'severe hypoxia regime.’ We used generalized additive
models (GAM) to characterize the relationship be-
tween the spatial distribution of croaker and brown
shrimp and environmental conditions on the Louisiana
shelf. A GAM is a nonparametric partial regression
technique that generates smoothed curves of the rela-
tionship between the response variable and each
explanatory variable (Hastie & Tibshirani 1990). We
constructed separate models for each species with
presence or absence as the response variable assum-
ing a binomial error distribution. Explanatory variables
included temporal (day of the survey, time of day),
geographic (latitude, longitude, depth, distance from
shore) and abiotic (bottom temperature, salinity, and
dissolved oxygen) factors. Distance from shore was
estimated as the minimum distance of each station
from a continuous line overlaying the coastline and
was measured in Arcview 3.2 using an equidistant
conic projection (ESRI). We applied a cubic spline
smoother with 4 degrees of freedom to each explana-
tory variable in the GAM analysis. We included year
as a categorical (nonsmoothed) variable in models
for each hypoxia regime to account for annual effects.

We used a backward stepwise selection procedure
to compare alternative forms of each variable and
eliminate those that did not contribute significantly to
the model fit (app=roximate F-ratio statistic, p < 0.05;
Venables & Ripley 1999). We allowed each term to
enter the model as a nonlinear smoothed effect, a
linear (parametric) effect, or be excluded from the
model. The only exception was ‘year’, which could
only enter as a categorical variable or be excluded.
We selected the model that minimized the Akaike
Information Criterion (AIC), a statistic that considers
the amount of variation explained by the variable
penalized by the degrees of freedom used (Akaike
1973). We tested the significance of the linear and
nonlinear (in the case of smoothed terms) components
of each explanatory variable using an F-ratio statistic
(Hastie & Tibshirani 1990). All models were fit using
the gam and stepgam procedures in Splus 2000
(Mathsoft).

Relationship to the hypoxic edge: We tested 3 alter-
native models describing the association of croaker
and brown shrimp with the hypoxic edge. To quantify
distance from the edge we estimated the 2.0 mg 1! bot-

tom dissolved oxygen contour using an equidistant
conic projection as above and calculated the minimum
distance of each station where croaker or brown
shrimp were present from this contour line for the
years comprising the severe hypoxia regime (1993 to
1997). These calculations were restricted to the off-
shore edge of the hypoxic region because limited
sample sizes precluded a similar analysis of the inshore
edge. Also, we only used stations in the ‘'middle’ of the
Louisiana shelf (90 to 93° west longitude, Fig. 1) where
interpolation indicated the hypoxic edge to be continu-
ous and equivalent areas of offshore habitat were sur-
veyed. Because environmental measurements were
limited to the beginning location of the trawl, and trawl
distances were relatively long (mean 2.8 km) and per-
pendicular to depth contours, there is some uncertainty
as to where croaker and brown shrimp occurred rela-
tive to the hypoxic edge. To address this, we created a
3 km buffer around the 2.0 mg I"! oxygen contour and
considered the distance to the edge of the hypoxic
region to be zero for stations within this buffer. We
then binned the remaining data into distance bins of
5 km from the offshore edge of the hypoxic region to
100 km, the seaward limit of the survey. We adjusted
croaker and brown shrimp catch rates for diel variation
in catch efficiencies using species-specific correction
factors (Craig 2001), and annual effects by multiplying
each catch by the stratified mean catch rate in that
particular year divided by the average stratified mean
catch rate over the 5 severe hypoxia years (1993
to 1997). All catches were log-transformed prior to
statistical analysis.

We used simple and partial Mantel regressions
(Mantel 1967) to test the hypothesis that croaker and
brown shrimp abundance was highest nearest the
edge of the hypoxic region. Mantel regressions are a
nonparametric partial regression technique based on
dissimilarity (or distance) matrices that test whether
stations that are similar in geographic location or
environmental factors are also similar in croaker (or
brown shrimp) abundance, after accounting for the
effects of spatial autocorrelation within, as well as
intercorrelation among (in the case of partial Mantel's),
variables in the model. Variables included in the
regressions were distance to the edge of the hypoxic
region, temperature, dissolved oxygen, salinity, depth,
and space (latitude, longitude). We computed dissimi-
larity matrices for each independent and dependent
variable based on Euclidean distance. Statistical sig-
nificance was assessed by randomly permuting the
rows and columns of the dissimilarity matrices 10000
times, re-computing the Mantel test statistic for each
permutation, and calculating the proportion of test
statistics from the permuted matrices that were greater
than that observed (Manly 1991).
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We considered linear, nonlinear,
and threshold responses as 3 alter-
native models describing the asso-
ciation of croaker and brown shrimp
with the hypoxic edge (Schick &
Urban 2000). The linear model was
represented by absolute distance from

Table 1. Micropogonias undulatus. Results of generalized additive model (GAM)
regressions on the occurrence (presence or absence) of croaker as a function of
environmental variables during moderate (1987-1989, 1998, 2000) and severe
(1993-1997) hypoxia. Terms shown are those of the best fit models based on a
backward stepwise selection procedure (see ‘Materials and methods; Analyses’
for details). Linear and nonlinear effects refer to the 2 components of the
smoothed fit. Where only results for the linear effect are reported, a linear term
entered the best fit model; otherwise, the smoothed term entered the model. Year
could only enter as a categorical (nonsmoothed) variable. ns = nonsignificant

the hypoxic edge, and is consistent

with a monotonic decline in abun-
dance with increasing distance. The
nonlinear model was represented by

Parameter

the log of distance to the hypoxic

edge. This model emphasizes shorter Day
distances and de-emphasizes longer Time

. . . . Longitude
distances, and is consistent with an Denth
exponential decline in abundance Ter?lperature
with increasing distance from the Oxygen

edge. The threshold model represents
a binary, rather than continuous, Year
response with high abundance within

some distance of the edge and low Time
) 2 Latitude
abundance beyond this distance. We Depth
used a classification and regression Salinity
tree (CART, Breiman et al. 1984) with Oxygen
Year

catch rate as the response variable and

Moderate hypoxia: R? = 0.35

Distance from shore

Severe hypoxia: R? = 0.20

Linear effects Nonlinear effects
df F Pr(F) df F Pr(F)
1 1.50 0.22 ns 29 234 0.074 ns
1 0.072 0.79 ns 29 112 <0.001
1 8.70 0.003 3.0 3.89 0.010
1 24.2 <0.001 2.9 4.40 0.005
1 60.7 <0.001
1 2.80 0.09 ns 29 595 <0.001
1 37.1 <0.001 2.9 3.26 0.022
4 5.55 <0.001
1 2.74 0.099 ns 3 742 <0.001
1 2.59 0.11 ns 3 5.29 0.001
1 10.4 0.001
1 30.3 <0.001 2.9 3.30 0.021
1 27.6 <0.001 3.0 7.28 <0.001
4 6.24 <0.001

dissolved oxygen as the independent
variable to determine an appropriate
threshold distance for croaker and
brown shrimp for this model.

Spatial and temporal variation in temperature and
oxygen distributions: To characterize regional and
annual variation in the average temperature and
oxygen conditions that croaker and brown shrimp
experience, we calculated catch-weighted means
and standard deviations (SD) of temperature and
oxygen as:

_ 2 (fi x;)
Mean = > (1)

SD = \/E(fjxf)—(zfj)l\/leanz (2)

(Zf)-1

where f; is the number of croaker (or brown shrimp)
per standard tow at Stn i and x; is the temperature or
oxygen measured at Stn 1 (Murawski & Finn 1988). To
characterize shifts in temperature and oxygen distribu-
tions during severe hypoxia (1993 to 1997), we calcu-
lated these values for areas inshore, on the offshore
hypoxic edge (defined by the CART and Mantel
regressions above), and further offshore, presumably
beyond the influence of hypoxia. To characterize
annual variation in temperature and oxygen distribu-
tions we also calculated these values for the entire
western Louisiana shelf (89 to 94° west longitude) from
1987 to 2000.

RESULTS

Relationship to abiotic factors during moderate and
severe hypoxia

The GAM regressions explained 35 and 20 % of the
variation in croaker occurrence (presence or absence)
during moderate and severe hypoxia, respectively
(Table 1). Dissolved oxygen had a significant nonlinear
effect (p < 0.001) on the distribution of croaker, with a
sharp decline in frequency of occurrence at <2 mg 1"}
during both hypoxia periods (Figs. 2 & 3). The proba-
bility that croaker were present was relatively constant
above ~2 mg 17!, though there was some suggestion of
an increase between 2 and 3 mg 1! (moderate hypoxia)
or 2 and 5 mg I"! (severe hypoxia), possibly as a result
of increased abundance near the hypoxic edge (see
‘Relationship to the hypoxic edge’ below). The effect of
this avoidance behavior on the distribution of croaker
with respect to temperature, however, differed be-
tween periods of moderate and severe hypoxia. During
moderate hypoxia the probability that croaker were
present increased with increasing temperature, and
this effect was best represented by a linear term in the
GAM regression (Table 1, Fig. 2), reflecting the ten-
dency of croaker to occupy relatively warm (~26 to
30°C) nearshore waters. This nearshore distribution is
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Fig. 2. Micropogonias undu-
latus. Cubic spline smoothed
generalized additive model
(GAM) plots of the distribu-
tion of croaker (presence, ab-
sence) during the moderate
hypoxia regime relative
to environmental variables.
Variables that were not
significant (ns) or entered
only as a linear term are
noted. Tick marks on x-axis
indicate sampling intensity.
Dashed curves are twice the
standard error

Fig. 3. Micropogonias undu-
latus. Cubic spline smoothed
GAM plots of the distribution
of croaker (presence, ab-
sence) during the severe
hypoxia regime relative to
environmental  variables.
Variables that were not sig-
nificant (ns) or entered only
as a linear term are noted.
Tick marks on x-axis indicate
sampling intensity. Dashed
curves are twice the stan-
dard error
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Table 2. Farfantepenaeus aztecus. Results of GAM regressions on the occur-
rence (presence or absence) of brown shrimp as a function of environmental
variables during moderate (1987-1989, 1998, 2000) and severe (1993-1997)
hypoxia. Terms shown are those of the best fit models based on a backward
stepwise selection procedure (see ‘Materials and methods; Analyses' for details).
Linear and nonlinear effects refer to the 2 components of the smoothed fit.
Where only results for the linear effect are reported, a linear term entered the
best fit model; otherwise, the smoothed term entered the model. Year could only
enter as a categorical (nonsmoothed) variable. ns = nonsignificant

of oxygen was similar to that of
croaker, with a sharp decline in occur-
rence below ~2 mg 1!, and nearly
constant occurrence above this level
during moderate hypoxia (Fig. 4) or
peaked occurrence at intermediate
oxygen levels (i.e. ~2 to 5 mg I"!) dur-
ing severe hypoxia (Fig. 5). Avoidance

] . of low oxygen water was also evident
Parameter Linear effects Nonlinear effects in more peaked brown shrimp distrib-
dt F Pr(F) df F Pr(F) . . .
utions with respect to latitude and
Moderate hypoxia: depth during severe (Fig. 5) compared
R%*=0.36 to moderate (Fig. 4) hypoxia. Low oxy-
Day 1 433  0.038 3.0 284 0.038 gen avoidance and associated habitat
Time 1 0418 —0.52ns 28 135 <0.001 loss altered the temperature distribu-
Latitude 1 0.002  0.96 ns 3.0 6.24 <0.001 . . p
Longitude 1 193 017ns 28 7.96 <0.001 tion of brown shrimp as well, but the
Depth 1 184  <0.001 2.8 10.6 <0.001 effect was opposite to that for croaker.
Salinity 1 1.86 0.17 ns 3.0 4.91 0.0023 When hyp0x1a was not extensive,
Oxygen 1182 <0.001 3.0 14.0  <0.001 brown shrimp occurred across nearly
Distance from shore 1 6.95 <0.001 2.8 10.8  <0.001 .
the full range of available tempera-
Severe hypoxia: R? = 0.53 ¢ ith th i £ th
Day 1 408  0.044 3.0 49  0.002 ures  wil € exception ol 1he
Time 1 1.86 0.173 ns 3.0 8.5 <0.001 warmest inshore waters (28 to 32°C),
Latitude 1 1190 <0.001 3.0 122 <0.001 and a small peak occurred at inter-
Longitude 1 10.6 0.0012 2.8 3.96 0.010 mediate temperatures (~24 to 26°C)
Depth 1 47.5 <0.001 3.0 346 <0.001 : :
Temperature 1 220 <0001 3.0 224 0.082 (Fig. 4). In confrast, during severe
Salinity 1 451 <0001 30 106 <0.001 hypoxia brown shrimp were most
Oxygen 1 82.2 <0.001 3.0 16.0 <0.001 prevalent in the warmest inshore
Distance from shore 4 10.7 <0.001 waters (~28 to 31°C) and occurrence

also reflected in GAM plots showing a higher probabil-
ity that croaker were present closer to shore (Fig. 2).
Distance to shore and water depth are not necessarily
correlated across the Louisiana shelf, however, as the
shelf broadens toward the west and has a sharper
slope with depth in the east, so that relatively deep
water can occur both short and long distances from
shore. This likely accounts for the different relation-
ships with depth and distance to shore (Figs. 1 & 2). In
contrast, during severe hypoxia temperature did not
enter the best fit model for croaker although there was
some suggestion of increases in frequency of occur-
rence at both high (28 to 30°C) and low (<22°C) tem-
peratures (Fig. 3). This temperature distribution during
severe hypoxia is consistent with displacement of some
croaker offshore of the hypoxic region to lower tem-
peratures while some fish are displaced to, or remain
in, relatively warm inshore waters. The offshore shift
in the distribution of croaker during severe hypoxia is
also reflected in GAM plots showing a peak in fre-
quency of occurrence at lower latitudes compared to
moderate hypoxia (Figs. 2 & 3).

The GAM regressions explained 36 and 53 % of the
variation in brown shrimp occurrence during moderate
and severe hypoxia, respectively (Table 2). The effect

declined with decreasing temperature
(Fig. 5). In contrast to croaker, tem-
perature was not significant (p > 0.05) in models of
brown shrimp during moderate hypoxia but was signif-
icant during severe hypoxia (compare Tables 1 & 2).
The different patterns in the temperatures occupied
by croaker and brown shrimp during severe and mod-
erate hypoxia suggest an interaction effect between
these factors on the distribution of both species. To
further evaluate this possibility, we fit a generalized
linear model with terms for hypoxia regime, year
nested within hypoxia regime (random effect), temper-
ature, and temperature x hypoxia regime interaction.
The interaction between temperature and hypoxia
regime was highly significant for croaker and ex-
plained ~39% of the model R? (Table 3). For brown
shrimp this interaction was also significant but was less
important, explaining only 5.3 % of the model R,

Relationship to the hypoxic edge

Densities of croaker and brown shrimp were high on
the offshore hypoxic edge and declined rapidly with
increasing distance from the edge (Fig. 6). The thresh-
old distance from the CART model that maximized the
difference in catch rates with distance from the edge
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Table 3. Micropogonias undulatus and Farfantepenaeus aztecus. Results of generalized linear models for croaker and brown
shrimp testing for an interaction between temperature and hypoxia regime (moderate, severe). Values are the percentage of the
model R? accounted for by each term. p-values given in parentheses. Sample size = 1076

Presence/absence Hypoxia regime Year in hypoxia regime Temperature Hypoxia regime x Temperature
Croaker 5.7 40.0 15.2 39.0

(0.013) (<0.0001) (<0.0001) (<0.0001)
Shrimp 14.6 16.4 63.7 5.3

(0.0001) (0.038) (<0.0001) (0.021)

was 5 km for croaker and 20 km for brown shrimp.
Sixty-eight percent of croaker and 62% of brown
shrimp offshore of the hypoxic region were within
5 km of the edge. Eighty-two percent of brown shrimp
were within the 20 km threshold identified by the
CART model.

In Mantel regressions, there was no spatial auto-
correlation in croaker catch rates while environmental
variables were generally spatially autocorrelated
(Table 4). Even so, simple (Column 1) and partial
(Column 4) regressions gave similar results, with only
dissolved oxygen and distance to the hypoxic edge
significant. Both the nonlinear and threshold models
of distance to the edge were significant while the

(A

N’

0.8 threshold (68%)

Croaker catch rate

,\
Z

Shrimp catch rate

0 20 40 60 80 100
Distance from edge (km)

Fig. 6. Micropogonias undulatus and Farfantepenaeus

aztecus. Relationship between (A) croaker and (B) brown

shrimp scaled catch rates and distance to the offshore edge of

the hypoxic region (5 km distance bins). Arrows denote

thresholds of distance from the edge based on classification

and regression tree (CART) models (see 'Materials and
methods; Analyses')

linear model was not. The nonlinear model, however,
explained 26.8 and 41.4% more of the variation in
croaker catch rates than the threshold model in simple
and partial regressions, respectively.

In contrast to croaker, depth, temperature and dis-
tance to the hypoxic edge were all significant in simple
Mantel regressions for brown shrimp while oxygen
was not (Table 5, Column 1). All 3 models of distance to
the edge were significant, though the nonlinear model
explained ~40% more of the variation than the linear
model and ~58% more than the threshold model in
both simple and partial regressions accounting for
spatial autocorrelation (Table 5, Columns 1 and 3). For
partial regressions accounting for both spatial auto-

Table 4. Micropogonias undulatus. Mantel r coefficients and
p-values (ns = nonsignificant) for simple and partial Mantel
regressions on croaker catch rates offshore of the hypoxic
region, 1993-1997. Column 1: simple regression of croaker
on each variable (env = environmental). Column 2: simple
regression of each variable on space. Column 3: partial
regression of croaker on each variable controlling for spatial
autocorrelation. Column 4: partial regression of croaker on
each variable controlling for spatial autocorrelation and inter-
correlation among variables. p-values are 1-tailed and are
based on 10 000 permutations of the distance matrices. The
range of values (Column 4) are for separate regressions with
each of the 3 models of distance to the hypoxic edge

Simple Simple Partial Partial
(env) (space) (space) (space/env)
Croaker ns ns
Depth ns ns ns ns
Salinity ns 0.149 ns ns
(<0.001)
Temperature ns 0.079 ns ns
(<0.001)
Oxygen 0.101 0.058 0.101  0.064-0.100
(0.002) (<0.001) (<0.001) (0.003-0.025)
Distance edge ns 0.358 ns ns
(linear) (<0.001)
Distance edge 0.104 0.299 0.110 0.082
(nonlinear) (0.001) (<0.001) (<0.001) (0.003)
Distance edge 0.082 0.105 0.082 0.058
(threshold) (0.005) (<0.001) (0.004) (0.022)
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Table 5. Farfantepenaeus aztecus. Mantel r coefficients and
p-values (ns = nonsignificant) for results of simple and partial
Mantel regressions on brown shrimp catch rates offshore of the
hypoxic region, 1993-1997. Column 1: simple regression of
brown shrimp on each variable (env = environmental). Column
2: simple regression of each variable on space. Column 3: par-
tial regression of brown shrimp on each variable controlling for
spatial autocorrelation. Column 4: partial regression of brown
shrimp on each variable controlling for spatial autocorrelation
and intercorrelation among variables. p-values are 1-tailed and
are based on 10 000 permutations of the distance matrices. The
range of values (Column 4) are for separate regressions with
each of the 3 models of distance to the hypoxic edge

Simple Simple Partial Partial
(env) (space) (space) (space/env)
Shrimp 0.067 0.038-0.051
(0.004) (0.002-0.029)
Depth 0.147  0.119 0.141 0.0790.099
(<0.001) (<0.001) (<0.001) (0.001)
Salinity ns 0.138 ns ns
(<0.001)
Temperature 0.103 0.071 0.098 ns
(<0.001) (<0.001) (0.001)
Oxygen ns 0.177 ns ns
(<0.001)
Distance edge 0.090  0.281 0.074 ns
(linear) (0.001) (<0.001) (0.008)
Distance edge 0.126  0.227 0.114 0.057
(nonlinear) (0.001) (<0.001) (<0.001) (0.006)
Distance edge 0.080 0.230 0.066 ns
(threshold) (0.001) (<0.001) (0.001)

correlation and intercorrelations among variables, only
depth and the nonlinear model of distance to the
hypoxic edge were significant (Table 5, Column 4).
These results indicate that brown shrimp are strongly
associated with the offshore hypoxic edge as well, but
at greater distances than croaker (within ~20 km)
given their typically broader spatial distribution. In
contrast to croaker, brown shrimp catch rates varied
with depth and were still spatially autocorrelated even
after accounting for environmental variables (Table 5,
Columns 2 and 4), indicating other unmeasured factors
are important in brown shrimp distribution.

Spatial and temporal variation in temperature and
oxygen distributions

On average, croaker and brown shrimp occupied a
7 to 9°C temperature range during severe hypoxia, de-
creasing from ~29-31°C inshore to ~21-23°C offshore
(Fig. 7A,B). Mean temperatures occupied on the off-
shore edge of the hypoxic region (~23 to 24°C), as well
as those within the hypoxic region that were presum-

ably unavailable (~25 to 27°C), were intermediate to
these extremes. The minimum shift in temperature of
croaker displaced inshore of the hypoxia region (mean
inshore temperature — mean hypoxic temperature) was
approximately +3.6°C and those displaced offshore
(mean offshore edge — mean hypoxic) was —-1.9°C,
while that for brown shrimp was +4.0°C inshore and
—2.4°C offshore (averaged from 1993 to 1997). The
difference in temperatures occupied inshore and on
the offshore edge of the hypoxic region were ~5 to 6°C
for croaker (<5 km) and ~4 to 9°C for brown shrimp
(<20 km).

These shifts in spatial distribution and associated
temperature were reflected in changes in the mean
annual temperatures occupied by croaker and brown
shrimp on the western Louisiana shelf (Fig. 7A,B).
Mean temperatures occupied by croaker declined by
~1 to 2°C from ~27 to 28°C during the mid-1980s and
early 1990s to ~26°C during the mid- to late 1990s
(Fig. 7A). In contrast, mean temperatures occupied by
brown shrimp increased by ~1°C from ~25 to ~26°C
over the same period (Fig. 7B). The mean annual tem-
peratures occupied by croaker were positively corre-
lated with mean bottom oxygen concentrations (r =
0.85, p < 0.001, n = 13) and negatively correlated with
the area of hypoxia (r = -0.83, p < 0.001, n = 13),
reflecting the lower occupied temperatures that result
from offshore shifts in distribution due to hypoxia. The
opposite occurred for brown shrimp (mean oxygen:
r =-0.66, p = 0.01; area hypoxia: r = 0.76, p = 0.003;
n = 13), reflecting high abundance in warm waters
inshore of extensive hypoxic regions.

Despite avoidance of the lowest oxygen waters on
the shelf and associated shifts in distribution both
inshore and offshore, oxygen levels occupied by
croaker and brown shrimp varied spatially in relation
to the hypoxic region (Fig. 7C,D). The highest oxygen
levels occupied by both species (~5 to 6 mg 1"?, ~90 %
saturation) were inshore of the hypoxic region, likely
due to wind mixing and tidal influences that inhibit
stratification and low oxygen in shallow water. Well
offshore of the hypoxic region beyond the influence of
hypoxia (>5 and >20 km for croaker and brown
shrimp, respectively), mean oxygen levels occupied
were also relatively high (~3 to 4 mg 17! for croaker,
~4 to 5 mg 17! for brown shrimp; ~65 to 85 % saturation).
The lowest oxygen levels occupied by both species
were on the offshore edge of the hypoxic region and
averaged ~2.1 mg I"! (~45 % saturation) for croaker and
~2.8 mg I"! (~60% saturation) for brown shrimp over
the 5 years of severe hypoxia (1993 to 1997). Mean
oxygen levels within the hypoxic region during these
years where neither species occurred ranged from
0.5to 1.4 mg I"! on average (11 to 30 % saturation). The
mean oxygen levels occupied by croaker were posi-
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tively correlated with mean bottom oxygen concentra-
tions on the shelf (r = 0.77, p < 0.003, n = 13) and nega-
tively correlated with the area of hypoxia (r = -0.53,
p = 0.06, n = 13), reflecting the lower oxygen levels
occupied when hypoxia was severe. Similar patterns
were evident for brown shrimp though correlations
were weaker and not significant (mean oxygen: r =
0.40, p =0.17; area hypoxia: r =-0.25, p=0.42; n = 13).

As a result of the disjunct distribution of both species
inshore and offshore of the hypoxic region, variation in
temperature and oxygen conditions experienced by
croaker and brown shrimp was greater in years of
severe hypoxia (Fig. 8). The coefficient of variation of
the annual temperatures occupied by croaker nearly
doubled and those occupied by brown shrimp in-
creased by ~50% from the 1980s and early 1990s,
when hypoxia was moderate, to the mid-late 1990s,
when hypoxia was severe (Fig. 8A). Temperature vari-
ation was positively correlated with the area of hy-
poxia (croaker: r = 0.62, p = 0.02; shrimp: r = 0.51, p =
0.07; n = 13) and negatively correlated with mean oxy-
gen levels on the shelf (croaker: r = -0.65, p = 0.02;
shrimp: r =-0.34, p = 0.26; n = 13), though correlations
were stronger for croaker than for brown shrimp. Sim-
ilarly, variation in annual oxygen levels occupied by
croaker increased as mean oxygen levels on the shelf
declined and the area of hypoxia increased (Fig. 8B;
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Fig. 8. Micropogonias undulatus and Farfantepenaeus

aztecus. Annual coefficients of variation (CV) in (A) tempera-

ture and (B) oxygen levels occupied by croaker and brown

shrimp on the Louisiana shelf, 1987-2000. The high CV for

croaker in 1997 was the result of a few extremely high catch
rates in the vicinity of the hypoxic edge
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mean oxygen: r = —0.65, p = 0.02; area hypoxia: r =
0.62, p =0.02; n = 13), reflecting the large difference in
available oxygen conditions inshore and on the off-
shore edge of the hypoxic region. Similar patterns
were evident for brown shrimp though correlations
were not significant (Fig. 8B; mean oxygen: r = —0.34,
p = 0.26; area hypoxia: r = 0.49, p = 0.09; n = 13).

DISCUSSION

We have previously shown that habitat loss due to
hypoxia can be extensive for demersal species on the
western Louisiana shelf, approaching ~50 and ~25%
for Atlantic croaker and brown shrimp, respectively
(Craig et al. 2001, 2005). While avoidance of low oxy-
gen has been documented in the laboratory (Wanna-
maker & Rice 2000) and the field (Eby & Crowder
2002), studies have not typically examined the conse-
quences of avoidance behavior for the abiotic condi-
tions that organisms experience beyond the margins
of hypoxic regions. In systems where hypoxic regions
are particularly large, such as the northwestern Gulf
of Mexico, or gradients in abiotic conditions are
strong, avoidance of low oxygen may result in shifts in
the abiotic conditions that organisms experience.
Here we have shown that one consequence of
hypoxia is a shift in the temperature and dissolved
oxygen conditions that croaker and brown shrimp
experience when displaced from hypoxic regions to
other habitats. Because temperature and dissolved
oxygen are 2 abiotic factors that influence the meta-
bolic scope of organisms, one potential effect of
hypoxia-induced shifts in spatial distribution is a
decrease in the energy available for growth and other
fitness-related activities that result from occupying
suboptimal abiotic conditions. Similar vertical avoid-
ance of bottom water hypoxia has been shown to
force pelagic fishes into warmer, suboptimal surface
waters, decreasing fish growth potential (i.e. Coutant
1985, Brandt & Mason 2003). Habitat loss and associ-
ated high densities of croaker and brown shrimp near
hypoxic edges also suggests the potential for a variety
of effects on biotic interactions (foraging, competition,
predation) that may interact with changes in abiotic
conditions to impact growth and mortality. In particu-
lar low oxygen avoidance can have large and often
unexpected effects on foraging success (Rahel &
Nutzman 1994) and predation mortality (Breitburg et
al. 1999), though these are not well known for the
Gulf of Mexico. For mobile species, it is the integra-
tion of these indirect effects on growth and mortality
processes resulting from avoidance behavior and
shifts in spatial distribution that will determine the
population level consequences of hypoxia.

Shiifts in temperature distribution in relation
to hypoxia

Metabolic scope is typically maximized at tempera-
tures a few degrees below lethal temperatures and
generally decreases more rapidly above than below
this optimum (Brett 1979, Jobling 1994). Croaker,
which typically occupy warm, inshore waters (Darnell
et al. 1983, Craig 2001) occurred inshore (~29 to 31°C)
but were also displaced to cooler offshore waters (~23
to 25°C) when hypoxia was severe. The relationship
between metabolic scope of croaker and temperature
is unknown. Laboratory studies with juvenile croaker
and other sciaenid fishes suggest relatively high opti-
mal temperatures for growth (27 to 31°C; Pendleton
1973, Jones & Strawn 1986, Wang et al. 1997). Indirect
estimates of optimal temperatures based on critical
thermal maxima, upper avoidance levels, and final
preferendum range from 28 to 31°C for several sci-
aenids (Coutant 1977, Hodson et al. 1981, Jobling
1981, Ward 1993). The relatively low temperatures that
croaker experience on the offshore edge of the hypoxic
region (~23 to 24°C) in conjunction with their typical
nearshore distribution in the warmest available waters
(Darnell et al. 1983, Craig et al. 2005) suggest low tem-
perature may reduce energy available for growth and
other activities for croaker displaced offshore due to
hypoxia.

While brown shrimp are more broadly distributed
than croaker and, hence, occupy a broader range of
temperatures (~21 to 29°C), the highest densities his-
torically occurred in regions now subject to hypoxia
(Darnell et al. 1983, Craig et al. 2005). The difference
in temperatures occupied by brown shrimp inshore
(~29 to 31°C) versus offshore (~22 to 25°C) of the
hypoxic region encompasses those where growth of
other subadult penaeids (100 to 140 mm TL) is sensi-
tive to temperature (~23 to 27°C; Villarreal & Ocampo
1993, Wyban et al. 1995). Optimal temperatures for
brown shrimp may be lower than for croaker, with esti-
mates for congeneric species ranging from ~26 to 28°C
based on laboratory studies (Wyban et al. 1995, Coman
et al. 2002), temperature tolerances and general
relationships with temperature optima (Zein-Eldin &
Griffith 1969, Jobling 1981), and field studies (L6pez-
Martinez et al. 2003). In addition, at temperatures
>30°C several studies report thermal stress (Bishop et
al. 1980, Villarreal & Ocampo 1993) or little growth
(Wyban et al. 1995, Ponce-Palafox et al. 1997, Coman
et al. 2002). This suggests that brown shrimp restricted
to warm inshore waters during severe hypoxia may
experience increased metabolic costs and decreases in
metabolic scope, particularly during warm years (e.g.
Fig. 7B, 1996, mean temperature = 31°C). Similarly,
the above studies generally report declines in growth
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at temperatures <24 to 25°C, suggesting brown shrimp
near the offshore hypoxic edge may experience
decreases in metabolic scope as well.

Whether hypoxia-induced shifts in temperature dis-
tribution result in realized declines in croaker and
brown shrimp growth is unknown. Temperature effects
on growth energetics are complicated because temper-
ature impacts both consumption and metabolic costs in
different ways (Railsback & Rose 1999), and tempera-
ture optima scale with ration (Elliott 1975) as well as
body size (Imsland et al. 1996). Further, the magnitude
of these effects will depend on the spatio-temporal dy-
namics of hypoxia as well as on food availability and
quality, both of which are not well known in the Gulf of
Mexico. Even so, preliminary estimates suggest poten-
tial decreases in individual croaker and shrimp weight
of 5 to 15% at the end of the growing season strictly
from occupying suboptimal temperatures inshore and
offshore of the hypoxic region (authors' unpubl. data).
Croaker length distributions have remained relatively
constant over the last 20 yr (Craig 2001), suggesting
little or only localized effects of hypoxia on growth,
however, or possibly the presence of some compen-
satory processes. Brown shrimp sizes have declined
over the same time frame (Diaz & Solow 1999, Craig
2001), and possibly earlier (Caillouet et al. 1980),
suggesting habitat loss due to hypoxia and associated
effects on growth as a potential contributing factor.

Shiifts in oxygen distribution in relation to hypoxia

While temperature effects on growth energetics have
received considerable attention, the effects of oxygen
are not as well known. Clearly, oxygen can impose lim-
its on the metabolic scope of organisms, as most species
exhibit a minimum level of dissolved oxygen below
which metabolism depends on ambient oxygen con-
centration (Fry 1971, Bridges & Brand 1980). Despite
avoidance of the lowest oxygen waters on the shelf,
croaker and brown shrimp near the offshore hypoxic
edge occupied waters of moderately low dissolved oxy-
gen (35 to 60 % air saturation, 1.6 to 3.7 mg I"!) with the
highest densities occurring at the lowest oxygen levels
nearest the hypoxic edge. In contrast, oxygen levels in-
shore of the hypoxic region were relatively high (>90 %
saturation, 4.7 to 6.4 mg I"!), suggesting that movement
inshore versus offshore to avoid low oxygen water has
different implications for the oxygen levels that organ-
isms ultimately experience.

Similar to the shifts in temperature distribution, oxy-
gen levels near the offshore hypoxic edge are within
the range where metabolism and growth are depen-
dent on ambient oxygen concentration in other
species. While the incipient limiting level of dissolved

oxygen for routine metabolism differs considerably
among fishes, limiting levels typically range from 20
to 50% air saturation (Hughes et al. 1983, van den
Thillart et al. 1994, Maxime et al. 2000). Laboratory
studies with shrimp suggest oxygen consumption is
dependent on ambient concentration at ~40 to 80 % air
saturation, though these studies have generally been
conducted with smaller postlarval and early juvenile
stages rather than the larger subadults typically found
on the shelf (% air saturation where metabolism oxy-
gen-dependent: Penaeus setiferus ~73 %, P. schmitti
~82%, Rosas et al. 1997; P. monodon ~44 %, Salvato
et al. 2001). Incipient limiting oxygen levels will in-
crease with any activity (e.g. feeding, swimming) that
increases oxygen demand (van den Thillart et al. 1994,
Maxime et al. 2000, Pichavant et al. 2000). The few
studies that have quantified the effect of ambient dis-
solved oxygen on metabolic scope in fishes and shrimp
report decline in scope at ~40 to 90 % air saturation
(van den Thillart et al. 1994, Rosas et al. 1999,
Claireaux et al. 2000, Lefrancois & Claireaux 2003).
These results suggest that ambient oxygen may
impose limits on available energy for croaker and
brown shrimp even though organisms avoid the lowest
oxygen levels on the shelf.

Hypoxia on the Louisiana shelf is most widespread
from June to August with evidence that large hypoxicre-
gions persist for at least 1 to 2 mo or longer (Rabalais et
al. 2002, Craig et al. 2005). Hence, metabolic costs asso-
ciated with altered temperature and oxygen distribu-
tions may persist for large portions of the growing sea-
son. The magnitude of these effects will depend on the
sensitivity of metabolic scope to variation in ambient
temperature and oxygen, the potential for metabolic and
growth acclimation, and other factors that impact organ-
ism energy budgets (i.e. food consumption). For exam-
ple, short-term increases in feeding rates associated with
the emergence and impaired escape responses of
hypoxia-stressed benthic prey have been reported in
several systems (Rahel & Nutzman 1994, Nestlerode &
Diaz 1998, Seitz et al. 2003), as have longer-term
changes in diet and benthic community structure associ-
ated with low dissolved oxygen (Pihl 1994, Diaz & Rosen-
berg 1995). Hence, changes in food availability and
quality may exacerbate or compensate for the metabolic
effects of shifts in temperature and oxygen reported
here. Nonetheless, even small changes in abiotic condi-
tions can have large cumulative effects over the growing
season (Whitledge et al. 2002).

Relationship to the hypoxic edge

We found extremely high densities of croaker and
brown shrimp near the offshore edge of the hypoxic
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region. The pattern in abundance was best character-
ized as an exponential decline with increasing dis-
tance from the edge (the most extreme model tested).
These results suggest croaker and brown shrimp may
only avoid some minimal level of dissolved oxygen
resulting in the ‘packing’ of organisms near the
hypoxic edge. Alternatively, organisms may aggregate
to the edge, perhaps to take advantage of increased
foraging opportunities as noted above. Whatever the
case, such high densities near the hypoxic edge likely
have implications for trophic interactions. If small-
scale movements (m to km) of the hypoxic edge period-
ically increase the availability of benthic prey (via
emergence from sediments), then these edges may be
areas of enhanced foraging and growth. Alternatively,
density-dependent effects or eventual prey declines
(due to direct mortality from low oxygen or high
foraging rates by benthic predators) may decrease
the foraging value of edge habitats. Likewise, croaker
and brown shrimp are prey for other upper trophic
level species so that hypoxic edges may also be areas
of high predation mortality, or perhaps predation
refuges depending on species-specific tolerances of
predators and prey to low oxygen (Breitburg et al.
1997). Similarly, brown shrimp are the target of an
intense commercial fishery with peak shrimping effort
during July when hypoxia is typically most severe, and
croaker are an important component of the bycatch of
this fishery (Diamond et al. 2000). Whether the shrimp
fishery targets the high densities of shrimp on the
edges of hypoxic regions is currently unknown. If so,
then hypoxic edges may also be areas of intense fish-
ery interactions with implications for both the harvest
of target (shrimp) and nontarget (croaker) species. The
effects of hypoxia on trophic and fishery interactions
on the northwestern Gulf of Mexico shelf are the sub-
ject of ongoing investigations.
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