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ABSTRACT 
 
Upper reaches of the Neuse River estuary are highly eutrophic and the estuary as a whole is 
noted world wide for declining water quality, seasonal hypoxia (dissolved oxygen concentrations 
< 2 mg/L), and fish kills.  It is also the nursery habitat for many of North Carolina's most 
important commercial and recreational fishery species such as shrimp, blue crabs, and southern 
flounder.  In 1997 the State of North Carolina legislated a 30 % reduction in nitrogen loading to 
the Neuse in response to a public outcry of concern for the estuary.  The Neuse River estuary 
MODeling and MONitoring (MODMON) project has been researching the response of the 
estuary to eutrophication in an effort to aid in the water quality management of  the Neuse and its 
watershed.  This report encompasses the findings for fisheries research from Phase II of the 
monitoring work. 
 
We examined sub-lethal effects of hypoxia in the Neuse River estuary via habitat use and growth 
of fish.  Our objectives were to (1) continue determining the seasonal and spatial dynamics of 
anoxic and hypoxic waters, (2) characterize how fish move in response to these dynamics, and 
(3) investigate the impact of hypoxic events on the feeding and growth of fishes. 
 
The Neuse River estuary experienced extensive hypoxia throughout the estuary in both 1999 and 
2000.  Three hurricanes severely altered the environment in the fall of 1999, turning the estuary 
fresh and creating a physiological challenge to the fishes, many species of which manifested 
disease and others were prematurely evicted from the system.  A legacy of disturbance was 
visible still in the spring of 2000 with low salinities, extensive zones of hypoxia and anoxia 
throughout the summer, and low catches of fish and crabs.   
 
We conducted a telemetry study to look at the response of southern flounder (Paralichthys 
lethostigma) to hypoxia in the river.  Fish experiencing hypoxia, both experimentally and 
through natural encounters, rapidly retreated to shallower, well-oxygenated waters.  Flounder not 
exposed to hypoxia moved less and exhibited non-directional movement, whereas those exposed 
to hypoxia moved greater distances and oriented to shallow water.  Flounder occupied only the 
shallow, near-shore environment and expressed high site fidelity even when deep, mid-river 
habitat was oxygenated.   
 
We also conducted an in situ caging experiment to examine how the effects of intermittent 
hypoxia influence habitat quality and growth.  Juvenile croaker (Micropogonias undulatus) were 
held at different densities and depths in the river during June and August.  Fish grew best at 
lower densities.  In June croaker in the deeper habitat expressed the best growth, but the infaunal 
community changed with exposure to intermittent hypoxia over the summer.  By August growth 
rates of croaker held in deep water were similar to those in shallow water habitat; these croaker 
also suffered greater mortality.  We conclude that although shallow water habitat often provides 
a refuge from hypoxia in the river, as habitat availability declines, habitat quality is diminished.
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SUMMARY AND CONCLUSIONS 
 
Hypoxia is a familiar and dynamic feature of the Neuse River estuary directly related to 
meteorological events.  Concern over the continued declines in water quality in the Neuse has 
resulted in legislation to reduce the input of nutrients into the system.  Furthermore, fish kills 
have raised awareness to the negative impacts of eutrophication in North Carolina estuaries.  
Because many of these fishes may be commercially or recreationally valuable species, Congress 
has recognized the need to identify and protect essential fish habitat and State agencies are 
beginning to incorporate habitat management plans along with fisheries management plans.  In 
an effort to understand how intermittent hypoxia affects fish in estuaries, we must examine the 
fundamental ecology of estuarine communities and how habitat use changes with changes in the 
environment.  Information collected from this study increased our understanding of the dynamics 
of hypoxia and its effects on fish behavior and juvenile fish growth rates. 
 
We documented periodic hypoxia in the Neuse River in both 1999 and in 2000.  In general, 
oxygenated habitat was always available in either the shallow or surface waters and generally 
was more available downstream than upstream of the Cherry Branch-Minnesott Beach ferry 
crossing.  In 2000, we documented more extensive areas of hypoxia and large zones of anoxia 
that we attributed to the nutrient loading caused during the hurricanes and flooding of 1999, a 
wet spring, and mild winds throughout the summer.  Temperature followed normal seasonal 
trends in both years.  The salt wedge approached New Bern in both years, however salinities 
dramatically fell to zero in the fall of 1999 due to hurricane-related flooding and remained fresh 
into the following spring.  Strong pycnoclines facilitated the formation of hypoxia and set up a 
physiological gauntlet for the aquatic biota that resulted in death, disease, and changes not only 
in distribution, but also in emigration schedules.   
 
In general, fish respond to summertime hypoxia in the river by retreating to the edges which are 
more frequently mixed and generally provide a well-oxygenated environment (Eby et al. 2000).    
Some demersal fish may mirror the distribution of hypoxia in the river, expanding and 
contracting throughout the season (Eby et al. 2000).  However, we found that hypoxia may also 
alter the behavior of fish through movement rates and habitat use.  Southern flounder showed 
high site fidelity and low movement rates during well oxygenated conditions.  When exposed to 
hypoxia in the river, both experimentally and during natural encounters, flounder increased 
movement rates, oriented and moved into shallower, well-oxygenated water, and resumed little 
movement and random orientations (McClellan 2001).  The surprise was that flounder chose to 
occupy only the shallow water habitat, which proved to be a more environmentally reliable 
habitat.  The shallow water habitat in the river provides an important refuge to fish during 
periods of hypoxia.   
 
We next examined whether habitat quality changed with extent and duration of hypoxia and how 
crowding in the near-shore habitat may affect fish growth.  We found that low densities of fish 
expressed greater growth than high densities of fish.  Thus restriction of available habitat and 
crowding of fish at higher densities may result in density-dependent reductions in growth rates.  
Croaker held in cages within the river in deepwater grew better than fish in shallow water 
habitats in June, but later in the season croaker grew similarly to those held in the shallow water 
habitat even though the duration of hypoxia was similar during both experimental periods.  Over 



 x 

the summer, hypoxia frequented the deepwater habitat much more consistently than in the 
shallow water habitat.  Data from benthic cores show a dramatic decrease in polychaetes and 
clams in the deepwater habitat between June and August and these trends were reflected in the 
caged croaker diets.  Therefore hypoxia may indirectly affect growth in juvenile estuarine fish 
through decreased availability of prey in areas that are exposed to extended periods of hypoxia.   
 
Hypoxia reduces the quality and availability of habitat for fishes in the Neuse River estuary.  
Through insight into fish behavior, we find the probability for fish to become trapped in zones of 
hypoxia and die is low.  Many estuarine fish possess the physiological ability to acclimate to low 
dissolved oxygen conditions, but more often we see them retreating from areas of hypoxia to 
areas which are more predictably oxygenated.  Even though conditions in the estuary can change 
rapidly, many fish possess several behavioral tools to deal with changing conditions (such as 
surfacing to breathe) and moving to oxygenated refuges which usually exist in the environment.  
We believe that sub-lethal effects of hypoxia may have wider reaching impacts on populations 
and community structure than mortality alone. 
 
These studies have helped us collaborate with Mark Borsuk at Duke University to develop a 
probability network model linking changes in water quality, specifically hypoxia, to changes in 
fish community health and the likelihood of fish kills (Borsuk 2001).  They have also provided 
valuable habitat analyses to fish managers and contributed to the ongoing endeavor to better 
understand how fish species respond  to the dynamics of water quality in the Neuse River. 
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RECOMMENDATIONS 
 
Our overall recommendation is for the continued monitoring of fish populations in the Neuse 
River estuary.  Because of the high intra-annual variability in the system, it is difficult to predict 
the impact of hypoxia on the estuarine community and the response of fish populations from a 
few years of data.  Due to the State's current legislation for a 30% reduction of nutrients, tracking 
of the estuarine conditions and extent of duration of hypoxia in the system is paramount to 
determining the utility of such measures.  To manage the species, we must manage and protect 
its habitat.  Understanding its importance and how alterations to the habitat affect the biotic 
community is the only way we can implement and gauge management plans.  Our research 
begins to clarify how fish are vulnerable to poor water quality.  In addition, the recent extreme 
perturbation caused by the flooding from Hurricane Floyd created an enormous stress to the 
biotic community and as of 2001 its recovery is still under question.  These multiple stresses 
(habitat degradation and hurricanes) may confound our ability to detect the effects of the nutrient 
reduction unless we continue to monitor and know whether the system has recovered from the 
storm disturbance.  Some specific areas that we feel deserve further research include: 
 
• The establishment of recovery periods for fish populations, or at the very least life stages, 

after periods of disturbance would allow for a greater likelihood for strong year classes and 
sustainable fisheries. 

 
• By following the response of fishes after catastrophic events, such as hurricanes and 

flooding, we may better predict the impact of acute disturbances on populations and apply 
them to fisheries management such as maximum sustainable yield (MSY).   

 
• Further examination of the importance of the scale of disturbance is essential to the 

understanding of fisheries response. 
 
• Examination of habitat selection at the scale of the individual will provide valuable 

information on individual variability within species and how this applies to generalizations of 
sampling at the population level. 

 
• Monitoring the fitness (condition, reproductive contribution, growth, disease, and immuno-

competence) of fishes in disturbed habitats provides a useful tool in assessing the state of the 
system and evaluating recovery plans and efforts. 

 
• Understanding the mechanisms (e.g., changes in encounter rates, aggressive interaction, 

density dependence, resource partitioning, feeding rates, movement, and habitat use) that link 
changes in water and habitat quality to fish populations will help us better predict future 
impacts of both water quality declines and improvements in these shallow, estuarine systems. 



1.0  INTRODUCTION  
 
Eutrophication of estuarine waters is one of the major impacts of human population growth in 
coastal areas.  Human activities, including agricultural and animal production, and increases in 
wastewater inputs have contributed to an increase in nutrient loading, associated water quality 
declines, habitat loss, and declining fisheries (National Research Council 2000).  Estuaries are 
important nursery grounds for estuarine-dependent fish species that account for 80-90% of 
commercial landings in North Carolina.  Many of these fish are also sought in valuable 
recreational fisheries.  But recent increases in algal blooms in the Neuse River estuary have led 
to its designation as one of the top 20 most threatened river systems in the U.S. (American 
Rivers Foundation 1997) and public concern over recent fish kills has drawn attention to the 
degradation of essential fish habitat(s).  Poor water quality, particularly zones of no or low 
oxygen, negatively impact critical nursery habitat for fishes.  Past research in these systems has 
focused mainly on nutrients and algae (Paerl 1987, Paerl et al. 1995, Paerl and Pinckney 1996), 
despite major societal concerns regarding fish kills and other impacts on fisheries.  In addition to 
concerns about fish kills, we argue that sub-lethal effects of degraded water quality on fish are 
likely to be widespread and to have profound effects on the role of these estuaries as nursery 
grounds supporting commercial and recreational fisheries. 
 
Recent changes in water quality (particularly hypoxia) may impact the fish community both 
directly and indirectly.  Development of anoxic (< 0.2 mg/L O2) or hypoxic (< 2.0 mg/L O2) 
water and shifting position of bottom waters can trap fish in lethal or physiologically costly 
environments and/or impact the benthic resources (food availability for juvenile fish) in the 
nursery habitat.  Current modeling efforts to synthesize information and understanding of the 
Neuse River estuary include developing NEEM, a process-based 2-D water quality model 
(Bowen and Hieronymus 1998), and a probability model (Borsuk 2001).  The general goal of 
these models is to give managers a tool to explore different policy scenarios (specifically 30% 
nitrogen reduction) and set appropriate expectations (system responses, e.g. chlorophyll a, and 
dissolved oxygen concentrations) for current regulations.  As part of the monitoring effort, we 
are collecting data that will allow us to relate expected changes in dissolved oxygen 
concentrations (results from the model) to potential changes in ecosystem health indices, such as 
fish growth rates, and in the likelihood of fish kills. 
 
To evaluate the probability that fish get trapped in lethal, low oxygen patches, we need to know 
about the spatial and temporal extent of hypoxic zones and how fish respond to those hypoxic 
waters in situ.  For example, if hypoxic waters are widespread or if oxygen conditions change 
rapidly within the estuary, the likelihood of a fish kill is higher.  Fish move in response to 
environmental conditions (temperature, salinity, depth, and dissolved oxygen), prey, and 
predators in the river.  Fish may use the edge of hypoxic zones (exploiting stressed and 
vulnerable prey) potentially putting themselves at risk to predators.  We need to understand how 
fish move in relation to these hypoxic events.  If fish only move shallower in response to 
impinging low dissolved oxygen, then they could get trapped.  But if fish eventually move up 
into the water column to surface waters (above the hypoxic waters), they may be able to swim 
out of the low oxygen waters. 
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Although fish kills are a significant public concern, sub-lethal effects of these hypoxic zones on 
fish may indicate changes in habitat quality for juvenile fish and may be useful as indicators for 
general system health.  In addition, sub-lethal effects of hypoxia (e.g., on individual condition 
and growth) are more likely to have population-level impacts on fisheries yields and fish 
community structure, than losses due to direct fish kills.  We examined the impact hypoxic 
waters have on  short-term growth of juvenile fishes with a simple experiment to evaluate this 
potential.  Hypoxia can affect feeding and growth through density-dependent alterations of 
feeding behavior and/or through impacts on the benthos itself.  If there is an impact on fish 
condition and health, it will be important for North Carolina fisheries and to the public. 
 
The MODeling and MONitoring (MODMON) project has involved a diverse group of 
investigators from several institutions who collaboratively endeavor to better understand the 
ecological response of nutrient loading to the Neuse River estuary.  This report contributes 
fisheries research accomplished for the MONitoring aspect from May 1999 through October 
2000. 
 
The specific objectives of this project were to (1) continue determining the seasonal and spatial 
dynamics of anoxic and hypoxic waters,  (2) characterize how fish move in response to these 
dynamics, and (3) investigate the impact of hypoxic events on the feeding and growth of juvenile 
fishes. 
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2.0  FIELD SETTING 
 
The Neuse River estuary is a shallow wind-driven ecosystem with a mean depth of 3.6 m.  The 
estuary begins near New Bern, NC and flows approximately 70 km before emptying into 
Pamlico Sound, which is a lagoonal water body sheltered from the Atlantic Ocean by a string of 
barrier islands (Figure 2.1).  Water exchange with the ocean occurs through three small inlets: 
Hatteras, Ocracoke, and Drum.  The estimated turnover rates for this estuary is nearly two 
months (Christian et al. 1991).  Because of its hydrology, the estuary traps particulate and 
dissolved organic matter within and retains a large amount of nutrients from upstream sources 
(Hobbie and Smith 1975).   
 
The estuary's watershed is comprised of a variety of agricultural, industrial, urban, and forestry 
land uses which supply nutrients to the system through point and non-point sources.   The effect 
of eutrophication of the system is exacerbated by the physical process of stratification due to 
salinity.  As salty ocean water meets fresh waters from upstream, a density gradient forms and 
creates a boundary layer whereby the saline bottom waters are isolated from the surface waters.  
Biological oxygen demand (BOD) at the sediment-water interface then depletes the oxygen in 
the bottom layer creating zones of hypoxia - usually in the deepest portions of the river.  Winds 
can upset the pycnocline allowing mixing, or push surface waters to one edge of the river, 
upwelling hypoxic water on the opposite shore.  The position of the salt wedge in the estuary is 
determined by the amount of rainfall and run off from upstream, as well as direction and duration 
of winds.  
 
The Neuse River estuary is home to a wide variety of estuarine species and supports more than 
90% of North Carolina's commercial and 60% of recreational finfish and shellfish catch 
(Copeland and Gray 1991).  Due to its dynamic nature, the river is inhabited by freshwater, 
brackish, and marine fishes at various times throughout the year, but is primarily noted as an  
important secondary nursery for juvenile estuarine species.  Despite its ecological and economic 
importance, very little is known about how fish use this estuary, or in what ways declines in 
water quality may be impacting their growth and survival. 
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Figure 2.1  Map of the Neuse River estuary study site located in eastern North Carolina.   

The Neuse River empties into Pamlico Sound which connects to the Atlantic Ocean by three inlets.   
Dots in the bottom panel indicate USGS continuous monitoring stations # 9 and #11. 
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3.0  HYDROGRAPHIC SURVEYS 
 
3.1  Introduction 
 
Water quality in the Neuse River estuary, and therefore habitat quality, is extremely dynamic and 
variable from year to year.  For the past several years, we have monitored the changing habitat 
quality in the Neuse and have been examining the biological response to these changes.   Our 
focus has been on how fish respond to intermittent hypoxia in the estuary.  The extent and 
duration of hypoxia in the system play an important role in how fish may be affected.   If fish get 
trapped in areas of low dissolved oxygen, they may simply die.   However, sub-lethal effects, 
such as reduced growth or condition and changes in habitat use, may have greater impacts on the 
population than occasional fish kills.   

 
Our previous monitoring documented large differences in salinity and dissolved oxygen levels 
between 1997 and 1998.  In 1997, temporary habitat loss due to hypoxia in our upper river study 
area was extensive (mean 25%; range 0-45%).  But despite high spring nutrient loading in 1998, 
the Neuse River estuary experienced less extensive hypoxia, perhaps because low salinity in the 
upper river reduced the probability of stratification and windy weather kept the river well mixed.   
Hypoxic conditions were commonly found in the Neuse River from May through October.  
Although these data have been useful, they underscore both the extensive year-to-year variability 
and the within-system differences that are common in estuaries.  The data also suggest that 
understanding forces that induce and break down stratification will be important to determining 
fish effects. 

 
We used a survey approach to map the water quality conditions of the entire river in order to  
integrate its spatial signature with ongoing research in this system (upstream/downstream, 
shallow/deep).  For example, in previous years MODMON scientists have taken sediment cores 
along the entire river, conducted oyster reef studies in the lower river, conducted caging studies 
of fish in the lower river, monitored the physical and environmental conditions at moored 
platforms upstream, and sampled fish and benthos all over the river.  By identifying the spatial 
nature of water quality river wide, we can better infer large scale response based on manageable 
small scale experiments.  We hydrographically surveyed the whole Neuse River Estuary once a 
month to examine the spatial and seasonal extent of hypoxia. 

 
 

3.2  Methods 
 
We measured water quality in the Neuse River monthly in 1999 and 2000 from May through 
October when possible.  Temperature, salinity and dissolved oxygen were profiled at 0.5 m depth 
intervals along 17 transects from a 7 m research vessel using a HydroLab Data Sonde (Figure 
3.1).  The number and position of profiles along each transect varied with estuarine conditions.  
If the water column was well mixed, we took five profiles along each transect.  If the estuary was 
stratified, we took more profiles, particularly along the transitional zones, to describe the number 
of hypoxic patches (range 3 - 8 profiles per transect).   The HydroLab Data Sonde was calibrated 
each season according to factory specifications and checked monthly for accuracy.  Each month's 
hydrographic mapping was completed in one or two days to maintain spatial and temporal 
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validity of the data.  Figures were usually posted to our web site within ten days of data 
collection.  Data points were interpolated in ArcView GIS with Spatial Analyst (ESRI 1999) 
using the inverse distance weighting subroutine.   We created maps of bottom water conditions 
for temperature, salinity, and dissolved oxygen to examine spatial patterns and extent of hypoxia 
throughout the estuary for each sampling period (see above on web posting).  

 
Hurricanes frequented the North Carolina coast in the fall of 1999 and as such October was not 
sampled by small boat.  Our September 1999 sampling was achieved between the hurricanes 
Dennis and Floyd. 
 
 
3.3  Results 
 
Temperature 
 
Bottom water temperatures ranged from 14 - 31°C over the course of 1999, May through 
September, and averaged 25°C.  Temperatures rose quickly after May, bottom temperatures of 
14 - 18°C to bottom temperatures of 25 - 28°C in June, and peaked in July at 31°C (Figure 3.2).  
September marked the beginning of a decline in temperatures with a minimum of 24°C (Figure 
3.2).  Surface waters are not shown and shallower waters (< 1 meter) could not be sampled 
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Figure 3.1  Map of water quality survey transects across the Neuse River study site. 
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because of the draft of our research vessel, however both are typically warmer due to solar 
radiation. 
 
In 2000, bottom water temperatures averaged 24°C and ranged from 18 - 31°C during May 
through October.   Temperatures already reached 25°C in early May and our highest recorded 
temperatures were in August (range 27 - 31°C; Figure 3.5).  Temperatures began to fall again in 
September, and the coolest recorded temperatures were in October (range 18 - 21°C; Figure 3.5). 
 
Salinity 
 
Salinity in the estuary during 1999 ranged from 1 - 29 psu (average 15 psu).  Low salinity water 
dominated the estuary through June, but rapidly rose pushing the salt wedge upstream near  
Slocum Creek in July (Figure 3.3).  In late August, Hurricane Dennis passed by offshore, then 
turned inland and passed right over the Neuse River estuary on September 4th and 5th producing a 
large amount of precipitation.  Freshening of the system occurred from upstream visibly already 
during our September 13th survey where salinities as low as 1 psu were recorded in the bottom 
waters (Figure 3.3) and 0 psu on the surface.  In the presence of these extreme salinity contrasts, 
strong density gradients formed at about 3 meters depth.  Hurricane Floyd hit shortly after, on 
September 16th, and Hurricane Irene swept the coast on October 17th preventing our survey for 
that month.  The three hurricanes together dropped unprecedented amounts of rainfall in the area, 
creating vast flooding which turned the entire Neuse River estuary fresh (Paerl et al. 2001). 
 
By May of 2000, the average salinity in the Neuse River was 7 psu (range 0 - 14) (Figure 3.6).  
Salt water progressively intruded into the estuary and by July we recorded maximum salinities of 
27 psu and high salinity water pushed upstream past Slocum Creek in early August (Figure 3.6).  
Three storms in late August and early September provided enough runoff that salinities in the 
Neuse dropped to an average of 9 psu (range 1 - 14 psu) in September, but remained stratified 
(Figure 3.6).  Salinities began to rise again by mid October (Figure 3.6).   
  
Dissolved Oxygen 
 
While bottom water hypoxia frequented the Neuse during July through September of 1999, the 
surface waters remained well oxygenated all summer.  During our HydroLab surveys we 
observed patches of low dissolved oxygen and hypoxic water both upstream and downstream of 
the Cherry Branch-Minnesott Beach bend in July and September (Figure 3.3).  The average 
dissolved oxygen for the summer was 6 mg/L but ranged markedly from 0 - 12 mg/L.  Anoxic 
bottom waters were found in the deepest upstream portions of the river during July, while 
hypoxia extended all the way into the shallows (Figure 3.3) and as high in the water column as 
1.5 m from the surface.  
 
In 2000, hypoxia was present during each month of the survey.  Dissolved oxygen concentrations 
in the bottom waters averaged 5 mg/L for the summer and ranged 0 - 13 mg/L.  Hypoxia was 
spatially extensive throughout the estuary July - September, but the August survey revealed the 
worst conditions of the four-year survey (unpublished data) with large areas of
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Figure 3.2  Monthly interpolated Neuse River bottom water temperature conditions recorded during the 1999 
sampling season. 
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Figure 3.3  Monthly interpolated Neuse River bottom water salinity conditions recorded during the 1999 
sampling season. 
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Figure 3.4  Monthly interpolated Neuse River bottom water dissolved oxygen conditions recorded during the 
1999 sampling season. 
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Figure 3.5  Monthly interpolated Neuse River bottom water temperature conditions recorded during the 2000 
sampling season. 
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Figure 3.6  Monthly interpolated Neuse River bottom water salinity conditions recorded during the 2000 
sampling season. 
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Figure 3.7  Monthly interpolated Neuse River bottom water dissolved oxygen conditions recorded during the 
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bottom water anoxia and hypoxic waters reaching to within a meter of the surface (Figure 3.6).  
However the surface waters were oxygenated throughout our surveys. 
 
3.4  Discussion 
 
In the Neuse River estuary, hypoxic conditions are most frequently associated with pycnoclines.  
The spatial extent and location of hypoxic zones in this shallow system are driven by the degree 
of stratification in the water column as well as meteorological forcing.  Strong winds can break 
down stratification, allow mixing, and therefore re-oxygenate hypoxic or anoxic bottom waters.  
However, prevailing winds may alternatively up-well low oxygen bottom water into the shallow 
and near shore waters.  Because these events can happen in minutes, these dynamics are difficult 
to document during monthly surveys.  However the spatial extent and location of hypoxia river 
wide provide useful information in which we can set more detailed and temporally intensive 
studies such as those presented later in this report.  Additionally, we are able to examine and 
compare year-to-year differences in meteorology, hydrography, and habitat quality. 
 
In 1999, we had a relatively dry spring and summer (National Climatic Data Center - NCDC).  
We did not observe hypoxia in our survey before July, but it arrived with higher salinity water as 
the salt wedge moved into the upper reaches of the estuary (Figures 3.2 & 3.3).  Although there 
were extensive areas of dissolved oxygen less than 4 mg/L, hypoxia was patchy and intermittent.  
Zones of hypoxic water commonly reached near shore and extended well up into the water 
column, creating vast areas of unusable habitat within the estuary.  In addition to the chronic 
stress on the system presented by hypoxia, the estuary suffered a catastrophic disturbance near 
the end of our field season.  Three hurricanes hit the North Carolina coast in the September and 
October of 1999 inundating the area with large amounts of precipitation and resulting in 500-
year level flooding (Pearl et al. 2001).  Our survey was only able to capture conditions in the 
system between Hurricanes Dennis and Floyd, but before Floyd there was already an intrusion of 
freshwater making its way downstream into the estuary (Figure 3.2). 
 
In addition to intermittent hypoxia occurring in the Neuse River in 1999, the large amount of 
rainfall and associated flooding from the hurricanes rapidly changed the entire volume of water 
over in only seven days, a tenth of the normal residence time of the system (Pearl et al. 2001).  
Freshening of the system was coupled with massive amounts of runoff, industrial, hog lagoon, 
and wastewater treatment spills, as well as dead livestock, wildlife, and domestic animals that 
drowned in the floodwaters.  Much of the loading to the system eventually washed its way down 
into the estuary.  The Neuse River fish community was subjected to a choice between 0 psu 
water, or hypoxic water at a time in the season when they typically experience salinities in the 
teens and hypoxia normally subsides from the estuary due to mixing and falling temperatures 
(Pearl et al. 2001).  Hurricane Irene re-mixed the water column in mid October, but stratification 
reformed and the large of amounts of organic matter that settled out near the mouth of the Neuse 
prolonged the influence of hypoxia and low salinities.  Although fish kills recorded in the Neuse 
River for 1999 did not exceed previous years (1999:4, 1998:4, 1997:3; NCDENR), we noted an 
unusually large number of diseased fish after the hurricanes (unpublished data) that were 
attributed to systemic bacterial infections (Ed Noga, NC State, personal communication).  
Juvenile fish appeared to be prematurely driven from the system.  Anchovies (Anchoa sp.) 
vanished from trawl catches, croaker (Micropogonias undulatus) and menhaden (Brevoortia 
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tyrannus) catches fell, and large blue crabs (Callinectes sapidus) found before Hurricane Floyd 
were absent just a few weeks later (Eby 2001).  Abnormal amounts of fish were found in hypoxic 
water and catches of southern flounder (Paralichthys lethostigma) and hog chokers (Trinectes 
maculatus) increased notably over all (Eby 2001). 
 
The overwhelming questions were how such a disturbance would affect the estuary in the long 
term and how the biotic populations would respond.  Our survey recommenced in May of 2000 
with expectations of poor water quality associated with the effects of flooding from the previous 
year.  The spring produced wetter conditions than in 1999 (NCDC) and the estuary was still 
fresh, particularly upstream (Figure 3.5).  Hypoxia developed earlier than it had in 1999 and was 
severe in July, August, and September (Figure 3.6).  Hypoxia consumed most of the upper 
estuary and large areas downstream both laterally across the river and vertically in the water 
column.  These events were facilitated by the large amount of fresh water in the system which 
created strong density gradients as high salinity ocean water made its way back into the estuary.  
Additionally, large amounts of organic matter left from the previous years flooding (Larry 
Benninger ECU, personal communication, Clesceri et al. In Prep) likely created an enormous 
biological oxygen demand in the sediments (Buzzelli et al. 2001).  Conditions were particularly 
bad in August of 2000 when we identified extensive areas of anoxic bottom waters along the 
deep channel in the estuary stretching downstream past Adams Creek (Figure 3.6).  Fish catches 
remained low for most of the summer and disease incidences were typical of previous years.  For 
the month of July when our trawl catches usually peak, croaker catches were 88 % lower in 2000 
than in 1999 and 94 % lower than in 1998, while blue crab catches fell by 97 % from 1999 to 
2000 and by 93 % from 1998 to 2000 (unpublished data).  Spot (Leistomus xanthurus) catches 
were slightly lower than the average of 1998 and 1999 accounting for a 41 % increase from 1998 
to 2000 and a 55 % decrease from 1999 to 2000 (unpublished data).  Despite the decline in fish 
catches, whether due to a factor of increased reporting or actual increases in frequency, the North 
Carolina DENR reported a remarkable 15 fish kills in the Neuse River estuary proper and its 
creeks in 2000. 
 
The extensive and repeated disturbances that have frequented the Neuse River estuary could 
have significant impacts on the biotic community.  Sessile organisms cannot escape areas with 
no or low oxygen concentrations or rapid changes in salinity, such as we saw in these two years. 
These organisms probably die (Lenihan and Peterson 1998) and fuel the decomposition cycle.  
Motile organisms typically move away from areas of falling habitat quality if they can, and may 
be displaced into sub-optimal or over-crowded habitat (Pihl et al. 1991, Eby et al. 2000).  They 
may suffer reduced condition or growth due to environmental stresses or loss of resources (Pihl 
et. al 1991).  As in the case of 1999, fish, shrimp, and crabs may have been prematurely pushed 
out the estuary because of adverse conditions (i.e. salinity and oxygen).  This may result in a 
failed year class or affect recruitment.  Furthermore, the influence of multiple stresses may have 
reduced fitness of individuals and increased their vulnerability to disease.  Although we cannot 
prevent natural disasters such as hurricanes, we can make changes to management plans so that 
they explicitly consider hurricanes.  By better understanding how organisms respond to such 
disturbances and at what scale, we will be able to develop better management strategies for both 
fisheries and habitat.  Currently no management objective exists to allow disturbed communities 
to recover from large-scale natural disturbances. 
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4.0 MOVEMENT OF SOUTHERN FLOUNDER IN RESPONSE TO HYPOXIA 
 
4.1 Introduction 
 
Declining habitat quality has become a great concern in estuaries in the southeastern United 
States.  Of particular interest is the effect of hypoxia (dissolved oxygen concentrations < 2 mg/L) 
on fish.  In general researchers believe that fish temporarily abandon areas of low dissolved 
oxygen (Pihl et al. 1991, Eby et al. 2000).  However, massive fish kills question whether fish can 
detect low oxygen or anoxic waters in time to retreat.  Moreover, exposure to environmental 
stressors such as hypoxia has been linked to individuals in poor condition (sores & stunted 
growth).  To date, the effects of hypoxia on fishes are based on the presence or absence of groups 
of fish of like size and composition from trawl data (Eby et al. 2000).  However, no evidence has 
yet been presented on how dissolved oxygen dynamics influence individual habitat use and 
behavior or whether individual variability is important.  Intermittent hypoxia may reduce habitat 
available to fish thereby affecting resources and species interactions.  Changes in habitat use may 
impose an energetic cost to fish by forcing them to occupy a less profitable habitat or by 
increasing effort in movement between habitats.  The direction of effect for predator versus prey 
fish may differ based on interactions like encounter rates and catchability.  Piscivorous fish may 
benefit from species aggregations, while prey fish may suffer from resource depletion.  Areas of 
low dissolved oxygen could potentially become a refuge from predation for more physiologically 
tolerant species.  Fish occupying low oxygen water would have to invest resources into 
acclimation to low oxygen conditions and decide if and when it was imperative to leave.  
Because hypoxia is dynamic both spatially and temporally, individual fish response may be 
diverse. 
 
We examined whether summertime hypoxia in the Neuse River estuary influenced the habitat 
use and behavior of juvenile southern flounder.  Specifically we used a two component telemetry 
study -- experimental manipulation and long-term tracking -- to look at individual response of 
flounders to intermittent hypoxia in the estuary.  Our study was designed to examine how 
exposure to hypoxia, both in an experimental setting and by natural coincidence, influenced the 
movement patterns.  Our hypothesis was that southern flounder would leave or avoid hypoxia by 
moving to shallow, well-oxygenated waters. 
 
 
4.2  Methods 
 
To determine whether summertime hypoxia influenced habitat use of juvenile southern flounder, 
we released individuals into the Neuse River estuary and examined their behavioral response to 
changing environmental conditions.  Our study site was a 48 km2 section of river spanning from 
Slocum Creek across to Beard Creek down to the Cherry Branch - Minnesott Beach Ferry 
crossing (Figure 4.1).  We employed ultrasonic telemetry to track individual fish in the estuary 
during June through August of 1999 to compare movement rates and habitat use with habitat 
quality and availability.  We conducted a two-part field study including an experimental field 
manipulation and a longer term tracking study to examine the immediate response of flounder to 
immersion in hypoxia and to see how they responded when naturally encountering hypoxia in the 
environment.  The release experiment was conducted in situ and locations were dependent upon 
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water quality conditions which changed on any given day.  Previous work in the Neuse River 
estuary has documented the presence of intermittent summertime hypoxia usually occurring at 
the depth of salinity stratification (Pearl et al. 1998, Lenihan and Peterson 1998, Eby et al. 2000, 
Selberg et al. 2001).  To test whether any observed changes in movement behavior could be 
influenced by depth or other environmental parameters (temperature, salinity, water clarity, 
sediment type, shoreline features) rather than hypoxia, we measured hydrographic parameters 
and mapped sediment, depth, and shoreline contours synoptically during surveys.  
 
We tagged 23 southern flounder (Paralichthys lethostigma) externally with ultrasonic 
transmitters 23 mm long x 8 mm diameter, which weighed 1.5 g in air, lasted 21 days, and had  
1-km range (Model IBT-96-1, Sonotronics, Tuscon, AZ).  These were the smallest tags available 
enabling us to tag juvenile fish while not exceeding 2 % of their body weight (Nielson and 
Johnson 1993).  Each tag was coded with different pulse intervals to identify individuals on 
frequencies spanning 71 - 77 kHz.   

 
Flounder were collected by hand, hook and line, and trawl in the upper Neuse River estuary 
during May and June of 1999 and brought back to the Duke University Marine Laboratory in 
aerated coolers for holding and tagging.  We held fish indoors for approximately one month in 
545 L flow-through tanks of filtered seawater and fed them live prey (spot Leiostomus 
xanthurus, croaker Micropogonias undulatus, mummichog Fundulus heteroclitis, and pinfish 
Lagodon rhomboides) to satiation daily.  Results from a pilot study we conducted in 1998 
suggested that holding fish in the lab did not change movement behaviors of flounder as 
compared to fish held in the field or immediately tagged and released.  The night before release, 
flounder were measured, weighed, and tagged.  We anesthetized each flounder individually with 
50 mg MS-222/L seawater before attaching transmitters with monofilament line (4.5 kg breaking 
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Figure 4.1.  The study site is a 48 km2 section of the upper Neuse River estuary (in black), approximately 77 km 
from Ocracoke Inlet and the Atlantic Ocean. 
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strength) by sewing through the epaxial muscle just below the dorsal fin (Szedlemayer and Able 
1993).  To prevent wear on the epidermis we secured a foam backing plate coated with 
Neosporin on the right side of the flounder followed by an application of Betadine around the 
tagging site to minimize the chance of infection and enhance healing. 

 
We transported flounder to the study site in aerated coolers and allowed them to acclimate to 
ambient estuary temperatures and salinities in a flow-through live-well onboard our 7 m research 
boat.  We released southern flounder (232 - 312 mm TL) in pairs (when possible) of similarly-
sized individuals on nine different mornings from June 20th to August 3rd 1999 into depth 
(shallow vs. deep) and dissolved oxygen (high vs. low) treatments (Figure 4.2).  The daily 
estuary conditions dictated which treatments were possible on any given day, but based on 
previous studies we were confident that all treatments could be achieved due to seasonal trends 
and wind driven seiching (Leuttich et al. 2000, Sweet 2000).  To identify appropriate release 
locations, we conducted hydrographic surveys in the study site.  For locations to qualify for a 
low dissolved oxygen treatment, the oxygen concentration of the bottom waters had to be 2 mg/L 
or less.  High dissolved oxygen treatments were confined to bottom waters of 5 mg /L O2 or 
greater.  Shallow treatments were in waters less than 2 m deep and deep treatments were in 
waters greater than 2 m deep.  Upon release we tracked fish for an average of five hours, 
recording locations and environmental variables at hourly intervals to examine habitat use 
between treatments.  The surrounding environment was mapped within the study site as far away 
from the fish as time and weather allowed. 
 
 

We tested the experimental treatments using a 2-way factorial design: depth (shallow < 2 m vs. 
deep > 2 m) and dissolved oxygen concentration (high > 5 mg/L vs. low < 2 mg/L).  Based on 
previous studies (Powell and Schwartz 1977, Burke et al. 1991) we theorized there might be a 
preference for deeper water, muddy bottom habitats, and therefore stratified dissolved oxygen 
treatments by depth also expected an overall retreat from hypoxia (Deubler and Posner 1963, 
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Figure 4.2.  Release locations of southern flounder in the Neuse River study site. 
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Eby et al. 2000).  The total number of fish in the study was determined by the maximum number 
of fish we could track at any given time, the length of the tag life, the cost of the tags, and to 
maximize statistical power.  Analysis of movement data was performed using Arcview 
Geographical Information System (GIS) with Spatial Analyst and Animal Movement extensions 
(ESRI 1999).  Average movement rates were calculated by summing distance (m) traveled and 
dividing by the total number of re-locations for each fish (i.e. hours followed).  We used two 
factor analyses of variance on depth, distance moved, and straightness of travel data (ANOVA 
model: change in depth, distance moved, straightness index ~ ƒ (depth, DO, depth x DO) and an 
analysis of covariance on dissolved oxygen (ANCOVA model: change in dissolved oxygen ~ ƒ 
(depth, DO, depth x DO, hours followed).  Data were examined after the 2-hour mark that 
indicated the greatest change in movement and was presumably not biased by any effect of 
release.  We also examined at the last hour of follow (range 3 - 6 hours) to test for an effect of 
time followed.  We used a Chi-Square analysis to test for orientation of movement grouped by 
dissolved oxygen treatments. 

 
We continued to follow individuals for as long as their transmitters lasted or until they left the 
study area to see if the initial behavioral response of flounder to hypoxia observed during the 
experimental release remained consistent through time and in response to ways they might 
naturally encounter it in the environment.  We surveyed the study site via boat during the 
daytime at 2-day intervals to quantify habitat availability and locate fish.  The survey consisted 
of five transects crossing the study site (Figure 4.3).  At least five stops were made along each 
transect at depth intervals to capture changes in water quality.  Each stop consisted of recording 
latitude and longitude from a differential GPS, taking a hydrographic profile, sediment sample, 
secchi reading, and listening for fish by scanning all possible frequencies.  If we detected a fish, 
we moved toward the signal until the exact position was located by a strong uniform signal in all 
directions.  All environmental data were recorded at fish locations, then we moved back to the 
transect line and continued the survey.  If a fish was not detected, we simply proceeded with the 
transect.  If all flounder were not located during the survey, we searched in transects parallel to 
the shoreline making stops every half kilometer.  We next searched creeks, as well as upstream 
and downstream outside of the study site until we found all the tagged fish or as time, weather, 
and daylight allowed.  We took hydrographic profiles of temperature, salinity, and dissolved 
oxygen at 0.5 m depth intervals along transects and at fish locations using a HydroLab Data 
Sonde.  The number of profiles along each transect varied with estuarine conditions (range of 5 
to 7 profiles per transect with up to two additional transects).  An Eckman grab and secchi disk 
were used to collect sediment samples and quantify water clarity, respectively.  We sub-sampled 
sediment grabs by drawing three replicate cores, 2 cm deep x 2.6 cm in diameter, from the center 
of the sample using a modified syringe.  Sediment samples were frozen upon return to the lab 
and later lyophilized to assess porosity (Erika Clesceri UNC-IMS, personal communication).  
Porosity values were then used to categorize sediment type (Berner 1980).  Information on 
ambient air temperature, sea state, cloud cover and lunar phase, wind direction, and shoreline 
type were noted in the field as well.   

 
Similarly to the release data we used Arcview GIS with Spatial Analyst and Animal Movement 
extensions (ESRI 1999) to examine long-term telemetry and environmental data.  We created 
habitat maps of static (depth and sediment type) and dynamic factors (temperature, salinity, 
dissolved oxygen, and secchi depth) using bottom environmental data to compare with flounder 
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movement data. We used bottom data based on the assumption that flatfish such as southern 
flounder spend the majority of time resting and moving along the bottom.  Average distance 
moved was calculated by summing distance (m) traveled and dividing by the number of days at 
large divided by the total number of re-locations for each fish.  This was done because all fish 
were not found at regularly spaced time intervals (i.e. every other day).  Distance data were log 
transformed. We calculated a utilization distribution (i.e. home range) for each fish to quantify 
spatial distributions and site fidelity of individuals throughout the study using the kernel method 
(Worton 1989).  Only data from consecutive 2-day interval positions of flounder were used for 
subsequent analysis.  Using a t-test, we compared flounder movements to the changing habitat 
availability specifically by looking at fish that experienced hypoxia in their utilization 
distribution versus those that did not. 
 
 
4.3  Results 
 
Telemetry - Release Experiment 
 
We released flounder in depth (shallow vs. deep) and dissolved oxygen (high vs. low) treatments 
in as stratified pattern in space and time as the environmental conditions within the study site 
allowed beginning June 20th and ending August 3rd (Figure 4.2).  The location of depth 
treatments varied in proximity to shore on any given date depending on wind direction during the 
study.  Hypoxia was present in the study site for 31 out of 34 days sampled with associated 
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Figure 4.3.  Habitat survey and search pattern transects in the Neuse River study site. 
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bottom habitat loss ranging from 0% - 64% (average - 33%; Figure 4.4).  Hypoxia frequently 
reached into the shallow waters on both sides of the river and there were two sustained periods of 
hypoxia (the first short, the second long) during the study interrupted only briefly by a storm that 
re-oxygenated the bottom waters.  Bottom dissolved oxygen concentrations averaged 4.5 mg/L 
(range 0.1 - 13.2) during the 34 surveys of the study site (Figure 4.5).  Average bottom 
temperatures were 27.6 °C (range 21.9 - 33.55)(Figure 4.6) and salinities averaged 14.9 psu 
(range 7.9 - 24.8) (Figure 4.7).  Temperature and salinity increased with season, but was not very 
different near-shore versus mid-river within a date.  Differences in dissolved oxygen near-shore 
versus mid-river were dramatic on any given date and as the season progressed oxygenated water 
could only be found in the extreme shallows.  Secchi depth averaged 0.9 m (range 0.2 - 1.7) 
(Figure 4.8). 

 
 
 
 
 

 
Stars indicate dates of zero hypoxia present in the study area. Open bars inicate times where only a 
portion of the study site was mapped and values are % of area mapped on that date. 
 
 
In general, hypoxia in the study site induced differential movement of southern flounder within  
2 hours of release.  On average, southern flounder moved a straight distance of 460 m ranging 
from 44 m to 1502 m in six hours.  A composite of all flounder tracks from the release are shown 
in Figure 4.9. 
 

Figure 4.4.  Two distinct periods (early and late) of extensive hypoxia occurring in the study site.  
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Southern flounder released in low dissolved oxygen treatments (< 2 mg/L) moved into 
significantly higher oxygenated water after two hours relative to fish released in high dissolved 
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Dissolved Oxygen  Map Legend
                     (mg/l)
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Figure 4.5  Interpolated daily bottom water dissolved oxygen conditions in the study site.  Stars indicate 
dates that fish were released in experimental treatments. 
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Figure 4.6  Interpolated daily bottom water temperature conditions in the study site.  Stars indicate dates 
that fish were released in experimental treatments. 
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Figure 4.7  Interpolated daily bottom water salinity conditions in the study site.  Stars indicate dates that 
fish were released in experimental treatments. 
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Figure 4.8  Interpolated daily secchi depth conditions in the study site.  Stars indicate dates that fish were 
released in experimental treatments. 
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Open circles indicate release location.  Dots are hourly re-locations.  Contour lines mark  the generalized 2 meter 
depth isobath, but varied due to wind. 

 
 

oxygen treatments (>5 mg/L) (pδD.O. = 0.016) (Figure 4.10).  There was not a significant effect of 
depth between treatments (pδDepth = 0.841).  At the same time, flounder moved into significantly 
shallower water when released in low dissolved oxygen treatments than flounder released in high 
dissolved oxygen water (pδD.O. = 0.029)(Figure 4.11).  Again there was no depth effect (pδDepth = 
0.593).  These patterns remained consistent until the last hour the fish were followed (dissolved 
oxygen (pδD.O. = 0.001, pδDepth = 0.764,); depth (pδD.O. = 0.0004, pδDepth = 0.132), but there was a 
significant covariate of the number of hours fish were tracked with the oxygen treatment (pHours 

Followed = 0.002).  This indicates that as time progressed, the flounder had reached the highest 
level of oxygen they could attain.  Initially fish released in low dissolved oxygen moved 
significantly farther than those released in well-oxygenated waters (pδD.O. = 0.011, pδDepth = 
0.384), but as they reached normoxic waters, the distances moved became similar to those of fish 
released in high DO (pδD.O. = 0.175, pδDepth = 0.393)(Figure 4.12).   

 
We used orientation analyses of movement to check whether fish were moving non-randomly or 
whether they just happened to find high oxygen water.  Fish released in low dissolved oxygen 
oriented significantly shallower (p = 0.043) and in a significantly more shoreward direction 
(p<0.001) than fish released in high DO.  These data revealed a more direct taxis for fish 
released in low DO relative to those released in high DO (p = 0.060)(Figure 4.13).  All fish 
moved out of hypoxia during the study, and 20 out of 23 fish were in DO's greater than 4 mg/L at 
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Figure 4.9.  Tracks of 23 tagged southern flounder released in the upper Neuse River estuary into experimental 
treatments.   
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the end of the short-term tracking periods.  These results were similar to trends inferred from 
trawling data.  Data show that demersal fish abandon hypoxic areas in the river and are found in 
abundance  
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Figure 4.10.  Results of two-way ANOVAs on 2-hour data show a significant difference in the net change in 
oxygen levels (mg/L) occupied by southern flounder released in low oxygen environments moving to higher 
oxygen waters and flounder released in high oxygen environments exhibiting relatively little movement (p δ D.O. = 
0.016, p δ Depth = 0.841).  Bars are standard errors.  

Figure 4.11.  Results of two-way ANOVAs on 2-hour data show a significant difference in the net change in depth 
(m) occupied by southern flounder released in low oxygen environments moving to shallower waters and flounder 
released in high oxygen environments exhibiting relatively little movement (p δ D.O. = 0.001, p δ Depth = 0.764).  Bars are 
standard errors.  
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Figure 4.12.  Results of two-way ANOVAs on 2-hour data show a significant difference in distance 
moved (m) by southern flounder released in low oxygen environments moving greater distances and 
flounder released in high oxygen environments exhibiting relatively little movement (p δ D.O. = 0.011, p 
δ Depth = 0.384). Lines are polynomial fits to the data. Bars are standard errors. 

Figure 4.13.  Results of two-way ANOVAs on movement and orientation data show a significant trend in 
the straightness index for southern flounder released in low oxygen environments moving in a more direct 
route and flounder released in high oxygen environments exhibiting a more meandering route (p D.O. 0.060, 
p Depth = 0.541).  Bars are standard errors. 
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in the well oxygenated shallows.  However, they are frequently found at all depths when waters 
are well oxygenated (Eby et al. 2000) and catch maximums are often in water > 2 m 
(unpublished data). 

 
Movement rates and orientation reflected in the low oxygen treatments of the release experiment 
show that flounder identify hypoxic conditions rapidly and respond by moving into shallower 
waters and efficiently finding normoxic waters within two hours, regardless of their initial depth.  
Differences in movement rates and orientation between flounder released in low DO versus those 
released in high DO demonstrate how hypoxia within the estuary changes behavior and habitat 
use. 
 
Telemetry - Long Term Tracking 
 
We continued to follow flounder over time letting the environment set up 'natural treatments' 
(Connell 1974) to examine habitat selection.  Hypoxia presided as a constant feature in the study 
site throughout the summer.  Winds blew primarily from the southwest at an average of 7 knots 
(National Climatic Data Center), but were not enough to keep the water column from stratifying.  
The bottom waters in the center of the river were nearly always hypoxic and mesohaline, and 
frequently encroached into the shallow and near-shore waters (Figure 4.5) as mentioned above.  

 
Overall, our tracking efforts were successful as 86 % (20) of the fish were relocated at least once 
during the study and 43 % (10) of the fish were relocated at least five times during the study.  
Three flounder (13 %) were located 11 times, the maximum number of relocations possible 
based on searching every other day for a 21 day tag.  Two fish were caught by commercial 
fishermen and one fish was presumed dead as evidenced by the lack of any movement even 
though it was located in anoxic conditions.  Twelve fish (52 %) either left the study area, were 
caught by fishers, or experienced premature tag failure before the end of the study.  Figure 4.14 
shows a composite of all fish movements during the extended tracking period.   

 
Southern flounder moved an average of 338 m (range 7 - 1860 m) per day primarily in the near-
shore environment (< 2 m).  Three flounder moved into Hancock Creek, but only for short 
periods of time, remaining near the mouth.  Utilization distributions of flounder were small 
(average = 2.7 km2) relative to their swimming ability (max = 1026 m/hr) and were not 
correlated with the number of relocations (p = 0.844) or days at-large (p = 0.853).  These 
analyses indicate strong site fidelity and affirm that the number of relocations adequately 
described the flounder's home ranges during the summer months. 

 
Unfortunately, all fish were not found at regular intervals or for the full duration of the 
transmitter's life, which precluded rigorous parametric statistical analyses.  We only used data 
from flounder found more than five times with consecutive 2-day interval positions to look at 
movements in relation to the changing environmental conditions.  Because individual 
movements rates were so highly variable, we log transformed distance data.  Flounder were 
always in shallow water (~ 2 m), but were occasionally found in low dissolved oxygen.  
Therefore, hypoxia entered the flounder's territory, not vice-versa, and they occupied low 
dissolved oxygen areas only when hypoxia was spatially extensive in the study area.  While no 
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utilization distributions (UDs) were located in the middle of the river, hypoxia infringed on 16 
out of 19 UDs (84 %) and overlapped UDs more than half the days of the study.  Percent hypoxia 

 
 
 

 
 

 
Open circles indicate release location.  Dots are re-locations.  Ambulance indicates death or tag loss.  Plate and 
silverware indicate capture in gill net. 
 
 
within individual UDs was as high as 64 %.  We used the presence versus absence of hypoxia in 
UDs as treatments and looked at movement rates of individual fish as replicates.  Fish that did 
not encounter hypoxia in their UD moved less than fish that did (p log distance moved = 0.099)(Figure 
4.15).  These results mimic our release experiment findings.  However we did not expect 
flounder to use only the shallow water habitat, particularly when oxygenated deep water habitat 
was available, so we inspected this further. 
 
We examined the proportional habitat use data of depth, temperature, salinity, dissolved oxygen, 
secchi depth, and sediment type in relation to its availability at two scales, the study site (48 km2) 
and within the range of average daily movements from flounder in this study (1.7 km2).  The size 
of the large scale (based on our study site) represents the maximum daily movement rates 
determined from a pilot study done in 1998.  The small scale (based on movements) represents 
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Figure 4.14.  Tracks of 23 tagged southern flounder released in the upper Neuse River estuary from June 20th - 
August 16th, plus one date in October when a commercial fisherman reported a tag.   
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the mean + one standard deviation daily movement rates observed in this study.  Although these 
habitat parameters are highly inter-correlated and largely qualitative, we found some interesting 
trends.  Flounder occupied shallow water with sandy sediments at a much higher proportion than 
was available at either the small or large scale (Figure 4.16 B & F) or expected based on 
published literature (Powell and Schwartz 1977, Burke et al. 1991).  Use of low oxygen habitats 

 
 
 

 
did not differ from availability at the small scale, but at the large scale, flounder avoided low DO 
(Figure 4.16 A).  Flounder showed no preference relative to salinity or water clarity (secchi 
depth) at either scale (Figure 4.16 C & E).  Temperature data indicated that flounder appeared to 
avoid low temperatures (occurring only in June), and generally occupied higher temperatures 
than available at the large scale (Figure 4.16 D).  These findings indicate that flounder in this 
study avoided the center of the river and selected shallow habitat.   

 
 

4.4  Discussion 
 
The results of the release experiment and long term tracking study demonstrate that hypoxia can 
alter behavior and habitat use of demersal fishes during their juvenile life stage within the 
estuary.  Flounder moved out of hypoxic areas rather quickly instead of investing time and 
energy into acclimation.  Such behavior significantly reduces the probability of fish getting 
trapped in hypoxic portions of the river.  Although flounder possess the ability to move great 
distances in a short period of time, they rarely show the propensity to do so. Changes in habitat 
availability due to hypoxia, influenced movement behaviors and altered habitat use of southern 
flounder in this study. 
 
Our study demonstrates that hypoxia reduces habitat availability for demersal estuarine fish.  As 
oxygenated habitat spatially contracted away from the mid and deep portions of the river, 
shallow, near-shore habitat emerged as a refuge into which demersal fish retreated.  Habitat use 

Figure 4.15.  Distance moved by fish experiencing hypoxia (29 distances representing 9 fish) vs. no 
hypoxia (35 distances representing 6 fish) in their utilization distribution.  Bars are standard errors. Fish 
move more when they encounter hypoxia in their utilization distribution (p = 0.099). 
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was then concentrated in these areas.  Furthermore, when hypoxia encroached into these refuges, 
movement rates of fish increased as they attempted to escape declining habitat quality 
conditions.  Indirect effects such as density dependence, size-based interactions, and predator- 
prey encounter rates may also be important (Rice et al. 1993, Crowder et al. 1994).  However, 
this study did not address these relationship issues. 
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Figure 4.16.  Each panel represents a different habitat type.  Panel A represents dissolved oxygen habitat, B is 
depth, C is salinity, D is temperature, E is secchi depth, and F represents sediment type.  The solid lines indicate 
the proportion of all flounder locations found in each category per type over the study duration.  The dashed 
lines indicate the proportion of habitat available over the study duration at two scales: small = availability by 
movement data (circle area = 1.715 km2 based on daily movement data as described by Allen (1999)), large = 
availability in the study site (area = 48.120 km2 based on pilot study movement data (unpublished data)).  
Preference is suggested when use by flounder exceeds availability, avoidance when use falls below availability.  
Lines are smoothed fits to the data. 
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In our release experiment, movement rates and orientation were significantly influenced by 
levels of dissolved oxygen between treatments.  The deeper sites were associated with muddy 
bottoms, while the shallow sites were composed of sandy sediments.   However there was no 
movement attributed to depth or sediment.  Fish remained near release locations and showed 
random orientation when released in high dissolved oxygen areas.  On the other hand, all 
flounder released into low dissolved oxygen water, regardless of depth, moved shallow out of 
hypoxic waters and then displayed movement behaviors (rates and orientation) similar to those 
fish, which had been released into well-oxygenated water treatments.  Therefore, acute exposure  
to summertime hypoxia in the river drives demersal fish to rapidly move into shallow, 
oxygenated water, reducing the availability of suitable habitat in the river and probably exerts a 
metabolic cost to individuals through despotic movement. 
 
While flounder released into oxygenated, deep water (> 2 meters) in our release experiment did 
maintain their position during the period they were tracked continuously (3 - 6 hours), flounder 
did not occupy the deeper waters during the longer term tracking study as evidenced by their 
utilization distribution patterns.  Hypoxia persisted in the much of the deeper water throughout 
the study and only affected a direct response from flounder when it encroached upon their 
shallow water habitat, which pushed them even shallower.  While fish moved greater distances 
along the shoreline when hypoxia was extensive, the greatest loss of fish from the study was 
after storms, indicating they either left the study site or were buried sufficiently in the sediment 
that their transmitter's signals were undetectable.  Few flounder were found again after being lost 
for a period of time suggesting emigration from the site, capture, or tag failure.   
 
Our longer term tracking data shows a preference for normoxic, shallow, warm water, over 
sandy bottoms at the scale of the study site based on the proportion of use in relation to 
availability.  However all these parameters are correlated.  When looking at the smaller scale of 
habitat availability, based on movements, the only significantly changing habitat parameter is 
dissolved oxygen.  Flounder chose higher DOs than were generally available at lower 
concentrations, and matched what was available at the higher concentrations.  Therefore, our 
study reveals that flounder were selecting well-oxygenated waters similarly to our release 
experiment.  The major difference is they chose not to occupy the deeper habitat even when it 
was intermittently re-oxygenated.  Only one fish was found venturing into oxygenated deeper 
water  on one occasion, but had retreated near-shore during the next follow when hypoxia 
returned.   

 
We also explored other environmental factors which may also play a role in the habitat use we 
observed, but were not directly tested.  Temperature, prey, sediment type, and day/night 
differences for instance have been shown to be important in previous work on flounder behavior.  
We looked at differences in the shallow versus deep habitat for comparison.  We used an existing 
bioenergetics model (Hanson et al. 1997) parameterized for southern flounder (Burke 1999) with 
our temperature data (Figure 4.6) to examine growth potential based on temperature, but found 
no difference between habitats.  The model is a balanced energy equation where growth equals 
the amount of energy left over from consumption after the costs of egestion, excretion, and 
metabolism are removed.  The predicted mean specific growth rates (g/g/d) produced by the 
model for individual fish are based on consumption rates and temperature.  The optimal 
temperature for growth of southern flounder is 30 °C (Peters 1971, Davis 1998).  We set the 
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model to maximum consumption rates to strictly examine the influence of temperatures we 
observed in the field alone.  We ran the model under two temperature time series which 
represented the average daily temperatures in shallow (< 2 m) and deep (> 2 m) waters from our 
35 days of field measurements. The model showed approximately equal growth in both the 
shallow and deep water habitat.  This is largely because although intuitively it seems as though 
there should have been a shallow water benefit, temperatures in excess of thermal optima may 
reduce growth potential that dip below it (Brett and Groves 1979).  Because consumption was set 
to be equal, if anything, flounder in this study should have occupied the deeper waters during hot 
spells, moving between the shallow and deep waters to maximize growth.  Therefore we did not 
feel that temperature was driving our observed results.   

 
We used a sympatric stratified random trawling study we've been conducting for several years to 
look at differences in prey availability between the two habitats, but also found no difference.  
This is probably because of the highly variable nature in catches from trawl sampling, but during 
the study, there were known prey fish of catchable size relative to the flounder we released 
available in the deeper waters of the study site.   

 
We examined sediment type (sand, mix, mud), however we did not measure the hydrogen sulfide 
content.  We did not find a general preference for sediment type, although because flounder were 
generally found in the shallow water, they were more often associated with sand than not.  
Qualitatively speaking, the mud and mixed sediment we collected was anoxic based on the black 
color, foul smell, and presence of dead and blackened Macoma clam shells found in our samples.  
Hydrogen sulfide in the sediments would likely create an unpleasant surface for flounder to settle 
upon, as well as being associated with low oxygen or oxygen-void bottom waters.  Sediments 
may have influenced the distribution of flounder in our study, but in association with DO levels, 
specifically anoxia.   

 
Finally, fish movements differ frequently day versus night.  Ancectotal reports from fishers 
describe the inshore movement of flounder at night, presumably to feed.  In a pilot study in 1998, 
we did not see differences in movement rates or position in the river day versus night.  So, while 
we do not claim that there are no differences, we confined our time and resources to the daily 
activities of southern flounder and reasoned that if anything, movement rates and exposure to 
hypoxia would be even greater at night due to oxygen minima induced from respiration.  
Therefore, our findings may be conservative estimates of movement rates and distribution.   

 
The overwhelming fidelity to the shallow water habitat suggests that flounder are choosing to 
remain in a more predictably hospitable habitat than were available in the deeper waters.  Such a 
behavior would reduce the amount of effort imposed by repeated forays into and retreats from 
the deeper water habitat.  Flatfish incur a significant cost in movement and are typically 
identified with short periods of movement followed by long periods of rest (Weins 1974, Greer-
Walker et al. 1978, Brett 1979, Priede and Holliday 1980, Duthie 1982, Gibson 1998).  While 
they possess the physiological machinery to acclimate to low dissolved oxygen (Voyer and 
Morrison 1971, Fry 1971, Brett and Groves 1979, Kerstens et al. 1979), they chose movement in 
this study.  This behavior suggests that movement costs them less than acclimation.  The fact that 
so many of the fish remained in the study site, even when hypoxia was extensive also suggests 
that the habitat offered some benefit.   
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These results support findings describing the retreat of demersal fishes from hypoxia (Pihl et al. 
1991, Breitburg 1994, Howell and Simpson 1994, Eby et al. 2000, Lenihan et al. 2001).  They 
also signify the importance of the shallow water habitat to juvenile fishes.  While the near-shore 
environment in the Neuse River estuary stands out as an important refuge, it remains vulnerable 
to the deep-water habitat quality such as when hypoxic bottom waters are frequently advected 
into the shallow and surface waters.  Although we find that fish have the ability to move out of 
these areas rather quickly, they do not have perfect knowledge of the environmental conditions 
throughout the river.  Trawling surveys suggest fish may sample habitat (Eby et al. 2000).  Our 
habitat analyses reveal that flounder, at least, have very refined habitat selection within the 
estuary.  Utilization distributions of fish in this study were influenced by habitat quality in the 
larger river, but flounder responded to environmental gradients at a much smaller scale.  Our 
previous trawling work shows that other demersal fish such as spot, Leiostomus xanthurus, and 
croaker, Micropogonias undulatus, may respond to coarser scales as they occupy different DO 
concentrations based on the extent of hypoxia in the river (Eby 2001).  We do not catch flounder 
or other large predators efficiently enough in trawls to obtain this understanding.  Such 
understanding of the habitat use and behavior of fishes within estuaries can help us to determine 
how poor and declining habitat quality affect individuals.  The obligatory movement induced 
from hypoxia we saw could ultimately reduce the fitness of these juvenile flounder through 
energy expenditure and reduced growth. 

 
Our release locations in the river varied in location and distance from shore as the environment 
dictated over time.  The intent was to reduce the influence of depth and other natural river 
features in our study, yet the site was chosen to obtain a high probability of encounter with 
hypoxia.  A pilot study identified the area around Hancock Creek to be rich in southern flounder, 
yet frequently exposed to hypoxia.  Fish released farther upstream would have experienced less 
habitat heterogeneity because it is shallower, while fish released farther downstream may have 
been prematurely lost due to emigration in Pamlico Sound in the later dates or from difficulties 
in tracking because of search area and sea state conditions influenced by fetch.  Trawling catch 
data indicated that southern flounder are fairly equally caught throughout the Neuse River 
estuary and therefore artifacts of site were unlikely.  The fact that we saw such prominent trends 
in our data with so few individuals suggest that the influence of hypoxia on habitat use on 
flounder was considerable.  However, variability among individuals was sufficient to raise 
caution about making strong generalizations for populations.   

 
Identifying the habitat selection patterns of species provides a significant tool for management.  
As estuaries remain one of the few habitats in a fish's life history that can be managed and are 
central to the persistence of fisheries, they must be protected.  To adequately protect essential 
fish habitat we must understand how fish use it and how they respond to disturbances.  This 
research provides evidence that hypoxia in the Neuse River estuary reduces habitat availability to 
ecologically and economically important fish and changes the way they use it.  The shallow 
water acted not merely as a refuge, but emerged as the only habitat used consistently by the 
southern flounder in this study.  As fishers exploit such refuges (i.e. gill nets, trawls, pots), 
particularly during times of disturbance (i.e. hypoxia) they may quickly impact the population.  
Understanding and acknowledging these implications will make for better management of the 
species and its habitat. 
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5.0 EFFECTS OF HYPOXIA ON HABITAT QUALITY FOR DEMERSAL JUVENILE FISH 
 
5.1 Introduction 
 
The effects of intermittent hypoxic events (scale of days to weeks and 10’s – 1000’s of square 
meters) on motile aquatic species remain uncertain.  Motile aquatic species typically move out of 
hypoxic areas and migrate back once the area is re-oxygenated (Pihl et al. 1991, Breitburg 1994, 
Howell and Simpson 1994, Eby et al. 2000, Lenihan et al. 2001).  Many of the concerns over the 
effects of such disturbances revolve around how intermittent hypoxia affects habitat quality and 
whether the net effect of hypoxia is positive or negative.  Few studies have described how these 
intermittent disturbances may impact short-term predator feeding rates (but see Pihl et al. 1992, 
1994, Nestlerode and Diaz 1998) and no studies have examined the effects of intermittent 
hypoxia on growth rates or condition in estuarine fish.  Intermittent hypoxic zones may stress the 
benthic infauna so that they move up in the sediments to the surface, increasing the availability 
of large benthic infauna to predators (Norkko and Bonsdorff 1996).  This shift may increase 
short-term growth rates of fish that feed on these prey items.  Alternatively, hypoxic zones may 
decrease habitat quality for juvenile fish through three pathways.  First, during a hypoxic episode 
fish distributions may be restricted to less profitable areas, i.e. shallow oxygenated areas that 
possibly have fewer prey resources.  Second, hypoxia may crowd fish into a smaller area 
resulting in density-dependent decreases in growth.  Finally hypoxia may kill sessile, 
invertebrate prey resources, thus decreasing profitability of the area for future use by benthic 
feeding fish until recovery of the prey resources can occur. 

 
We explored whether intermittent hypoxia in the Neuse River estuary alters habitat quality 
leading to detectable differences in growth rates of juvenile demersal fish (Peterson et al. 2000).  
Specifically, we designed in situ caging experiments to evaluate hypotheses on the effects of 
intermittent hypoxia.  Our experiments were designed to evaluate potential mechanisms of any 
change in growth rate, either through decreases in prey resources, density-dependent effects, or 
both.   
 
 
5.2 Methods 
 
To assess whether mid-summer exposure to sustained periods of low dissolved oxygen affect 
habitat quality for demersal juvenile fishes, we established experimental assays of fish growth 
before (June) and after (August) imposition of sustained hypoxia and anoxia.  We conducted in 
situ caging experiments in June and August 1999 to examine effects of croaker density and the 
indirect effects of dissolved oxygen (i.e., prey depletion) on fish growth and survival.  We 
conducted these experiments at two depths: shallow (varying between 0.5 – 1.5 m), an area not 
subjected to sustained low dissolved oxygen concentrations, and deep (varying between 1.0 – 2.5 
m), which periodically experiences low oxygen concentrations.  Previous work in the Neuse 
River estuary has demonstrated the presence of intermittent hypoxia in deeper waters and 
associated mortality of sessile species, such as clams and oysters (Lenihan and Peterson 1998, 
Sullivan and Gaskill 1999).  To test whether any observed effects on fish growth could be 
explained by shifts in benthic prey abundances, we also sampled the benthic prey. 
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We placed juvenile croaker in 1.5 m2 cages constructed from 1 inch PVC pipe and enclosed with 
6.4 mm Vexar mesh on the top and sides and 12.8 mm Vexar mesh on the bottom.  The larger 
mesh on the cage bottom allowed croaker to feed on sediment-dwelling prey through holes in the 
mesh.  Cages effectively excluded large fish and crabs.  In the June experiment every cage 
contained small (~60mm TL) juvenile pinfish (Lagodon rhomboides) that probably entered 
through the bottom mesh during installation.  We placed experimental cages near Hancock Creek 
(Figure 5.1).   

 
 
 
 
 

 
 
Dots across the river represent survey stations that were randomly subsampled for demersal fish since 1997.  The 
circles represent the locations of the USGS continuous monitoring water quality stations.  LT 11 is slightly upstream 
of the survey area and LT 9 is within the study area.  Small squares signify the placement of the in situ cage 
experiment. 
 
 
Four treatments were tested using a two-way factorial design: depth (shallow 0.5 – 1.5 m vs. 
deep 1.5 - 2.5m) and fish density (high 4 or 6 fish vs. low 1 fish).  Based on previous monitoring 
experience in 1997 and 1998 (Selberg et al. 2001), we expected the shallow site to remain well-
oxygenated and the deeper site to experience intermittent hypoxia, but rarely anoxia, over the 

Figure 5.1  Neuse River Estuary study area.   
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summer.  Low-density treatments consisted of 1 fish and high-density treatments included 6 fish 
in June and 4 fish in August (Table 5.1).  The number of croaker stocked in high-density 
treatments was based on densities estimated from summertime trawls adjusted for 25% catch 
efficiency (Kjelson and Johnson 1978). We stocked cages with different densities in June and 
August because of the difference in sizes of fish found in those two months.  Thus, we started the 
experiment with a similar biomass of approximately 65 g in each high density cage. 
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Table 5.1.  Total polychaete and Macoma spp. density and Macoma spp. biomass from fish density and depth 
treatments over our two experimental periods (June and August 1999).  Ambient fish density refers to samples taken 
from within the general area of the cage experiment, but where there was no cage present, as a control.  Invertebrate 
density is number per core (core volume = 1962.5 cm3)  S.E. indicates the standard error around the mean for that 
treatment, N indicates the sample size.  The deep, high density treatment is excluded from this comparison because 
of both cage loss and poor fish survival in the treatment. 
 

  Total polychaete density Macoma spp. density Macoma spp. biomass 
 
Depth 

 
Density 

Mean S.E. N Mean S.E. N Mean S.E. N 

June  
 

          

Shallow Low 6.2 3.1 4 2.3 0.3 4 0.29 0.12 4 
Shallow High 4.8 2.1 5 1 0.4 5 0.12 0.07 5 
Shallow Ambient 7.3 2.5 6 2.3 0.6 6 0.42 0.17 6 
Deep Low  23 2.5 4 17.3 1.5 4 2.78 0.44 4 
Deep High 29.3 4.8 3 22.7 3.8 3 2.85 0.53 3 
Deep Ambient 28.7 3.4 6 22.8 2.8 6 3.21 0.29 6 

           
August           

           
Shallow Low 3.2 1.1 6 1.8 0.6 6 0.01 0.01 6 
Shallow High 6.3 2.6 4 1.8 1.0 4 0.09 0.08 4 
Shallow Ambient 3.5 0.9 4 3.7 1.2 4 0.01 0.01 4 
Deep Low  3.3 1.4 4 2.5 0.5 4 0.15 0.09 4 
Deep Ambient 3.8 1.2 6 1 0.5 6 0.01 0.00 6 
 
 
 
We collected juvenile croaker in the Neuse River estuary with a 3.05 m otter trawl using short (< 
5 min) trawls.  Fish were stored in aerated coolers and observed for two-four hours to ensure that 
there was no injury or acute signs of stress from trawling. We then measured (total length mm), 
fin clipped (pelvic fin), and deployed croaker into the cages.  The fish (total length: range 90-110 
mm, mean 99 mm) were stocked in 18 cages during the first week of June.  Individual cages 
were set out parallel to the shoreline, along the same depth contour.  The coordinates of these 
sites were taken and the boundaries of the shallow and deep site were each marked with buoys.  
Cages were deployed between 20 and 23 days (mean 21.5 days).  During the experiment, 
temperature, salinity, dissolved oxygen, and depth were recorded once daily at the deep and 
shallow sites using a HydroLab DataSonde.  At the end of each experiment, fish were retrieved 
from cages, identified from fin clips, measured (total length, standard length), and euthanized.  
Stomachs were removed in the field and placed in 10% buffered formalin and stained with Rose 
Bengal.  Stomach samples were sieved through a 0.5-mm mesh and transferred into 70% ethanol.  
Stomach contents were examined under 10-100x magnification with a Leica MZ12 microscope 
and frequency of occurrence and number of each type of item present was recorded. 

 
This experimental procedure was repeated in August, with three differences.  First as noted 
above, juvenile croaker were slightly larger in August (total length: range 115-135 mm, mean 
128 mm) so the high density treatment was stocked at four fish per cage.  Second in addition to 
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daily DataSonde measurements, a YSI probe was placed at the deep site to measure temperature, 
salinity, and dissolved oxygen concentration every 15 minutes for the duration of the experiment.  
Third, the experiment was run for only 17 days (range 16-18 days) versus 21 days due to the 
impending arrival of Hurricane Dennis in late August. 

 
Individual fish growth rates of survivors were averaged to obtain growth rate results for the high-
density treatments.  There was only one fish per cage for the low-density treatment, so no 
averaging was necessary.  The growth potential for fish changed between June and August 
because of the different temperatures between the months; therefore, we analyzed each 
experiment separately (June and August) and compared the results. We log transformed the 
growth rate data, checked for homoscedasticity using a Cochran’s test (α <0.05) and analyzed 
growth rate data from each experiment separately with two factor analyses of variance (ANOVA 
model: growth rate ~ ƒ(depth, density, and depth*density).  There were no trends in the 
residuals.  We arcsine transformed the survival data (proportional data), checked for normality, 
and analyzed the survival rates from each experiment separately, and compared the results. 

 
Both before and after the experiment we took benthic cores to measure macrofaunal density and 
composition to estimate prey availability in the different treatment areas.  Before the experiment 
we took six cores within each of the treatment areas (shallow and deep) and after the experiment 
we took one core from underneath each cage and six cores from areas among cages as a 
reference.  SCUBA divers collected macrofauna cores by hand, using aluminum tubes 10-cm-
diameter inserted to a depth of 25 cm.  Each core was emptied into a plastic bag, placed on ice 
and sieved through a 0.5-mm mesh within 24 hours.  After sieving, all material retained was 
preserved in 10% buffered formalin and stained with Rose Bengal.  Benthic samples were 
transferred to 70% ethanol; all invertebrates were picked from the remaining sediment and 
debris. We examined these samples with a dissecting scope (Wild, 6-50x) and identified all 
organisms to the lowest practical taxonomic category.  Most invertebrates were identified to 
family, except bivalves, which were identified to species.  We transformed the density data with 
a square root (x+1) transformation, checked for homoscedasticity with a Cochran’s test (α 
<0.05), and analyzed using a two factor analysis of variance (ANOVA model: invertebrate 
density ~ ƒ(depth, fish density, and depth*fish density). 
 
 
5.3 Results 
 
June cage experiment 
 
In June, we placed cages in the shallow site at a depth of 0.6 m in well-oxygenated (7.8 mg/L) 
water and in the deep site at 1.6 m in water with dissolved oxygen concentrations of 2.0 mg/L 
(on the initial date, Figure 5.1,  5.2).  Throughout the experiment, depths varied by over a  
meter at each site depending on the wind direction, with the shallow site ranging from 0.4 m to 
1.6 m and the deep site ranging from 1.4 m to 2.8 m.  Hypoxic conditions never occurred in daily 
monitoring at the shallow site and occurred only on the first two days of the experiment at the 
deep site (Figure 5.2).  On most days, both shallow (18 of 23 days) and deep (15 of 23 days) sites 
were well-oxygenated with daytime dissolved oxygen concentrations between 5 and 9 mg/L. The 
mean dissolved oxygen concentrations for the shallow and deep sites were 6.6 mg/L and 5.7 
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Figure 5.2.  Daytime temperature, salinity and dissolved oxygen concentration measurements at the deep and 
shallow cage sites.  

0
5

10
15
20
25
30
35

0

2

4

6

8

10

M
ay

 3
1

0

5

10

15

20

Date

D
is

so
lv

ed
 o

xy
ge

n 
(m

g/
L)

Sa
lin

ity
 (

ps
u)

Te
m

pe
ra

tu
re

 (º
C

)

Deep
Shallow

Ju
n 

 2
0

A
ug

 1
9

Se
p 

8

Ju
l  

10

Ju
l  

30

Shaded areas indicate the time periods of the experiments.  Sites were sampled daily during the June 
experiment.  Sites were only occasionally sampled between the experimental periods.  During 
August, in addition to the daily HydroLab measurements, there was a continuously monitoring YSI 
probe placed at the deep site measuring conditions every 15 minutes. 
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mg/L, respectively.  Temperature and salinity were similar at both sites throughout the 
experiment (averaging 25°C and 11.8 psu) except for 3 days when the shallow site was warmer 
by between 1 to 2°C (Figure 5.2). 

 
Overall in June, fish in the cages had high survival.  All fish in the low-density cages survived 
the experiment (100 % in both the shallow and deep sites).  In the high-density, shallow 
treatment 79 % of the fish survived and in the high-density, deep treatment 63 % of the fish 
survived.  There was no significant effect of site (p = 0.1), but fish in the high-density treatment 
had lower survival (p < 0.000, no significant interaction p = 0.1). 

 
Fish growth rates ranged from 0.0 to 1.0 mm/day with the highest growth rates (average 0.59 
mm/day) in the deep, low-density treatment.  Fish in the shallow cages grew significantly less 
(average 0.13 mm/day) than fish in the deeper cages (site effect; p = 0.033) and fish in cages 
with higher densities grew 68 % less than fish caged alone (average high density 0.45 mm/day, 
low density 0.14 mm/day, density effect p = 0.035).  There was no significant interaction effect 
(p = 0.40; Figure 5.3). 
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Figure 5.3.  Growth rates (mm/day, total length) for both the site (deep and shallow) and density (low and 
high) treatments from the June experiment.   

Values are means from a two factor ANOVA of growth rate (mm/day) = f (site, density, site*density).  
Error bars represent one standard error of each mean.  Both site (p = 0.019) and density (p = 0.024) 
effects were significant; there was no interaction (p = 0.73). 
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We examined stomach contents to check whether fish were feeding on known prey items and not 
atypical items that might represent cage artifacts.  Diet composition of croaker in the cage 
experiments was similar to that of croaker collected from the Neuse River estuary in June 1998 
(Thomson 1998, Sullivan and Gaskill 1999).  The only difference between field and caged fish 
diets was the presence of nudibranch larvae in some of the caged fish stomachs.  Although this 
was probably a cage effect, there was no difference between sites in the occurrence of this diet 
item.  Fish caged in the deep site had a wider variety of diet items and a higher abundance of 
crab parts, polychaete tissue, and bivalve tissue and fragments than fish caged in the shallow 
sites. 

 
In June trends in growth rates and stomach contents reflected differences in invertebrate density 
between the sites (Table 5.1).  In all of the June cores, benthic invertebrate densities were 
significantly (p < 0.0001) higher in the deep site than in the shallow site, particularly Macoma 
clams (M. mitchelli and M. bathica; Macoma density depth effect p < 0.0001) and polychaetes 
(polychaete density depth effect p < 0.0001).  Numerically, these taxa made up 80 % of the total 
invertebrate densities in the cores (Table 5.1).  Because of the large body size of Macoma spp., 
these taxa make up an even a greater percent of the total biomass.  There were no significant 
differences in invertebrate densities between cores taken in the experimental area before the 
experiment and those taken from underneath the cages after the experiment.  Even though we did 
see density-dependent growth rates in the cages, there was no detectable evidence of prey 
depletion from the benthic cores.  Total invertebrates, total polychaetes, Macoma spp. density, 
and biomass of M. mitchelli and M. bathica had site effects, but no fish density effects (fish 
density factor p = 0.56, 0.64, 0.46, 0.60, 0.55, respectively). 
 
August cage experiment 
 
Intermittent monitoring between experimental periods demonstrated periodic hypoxia at the deep 
site throughout the summer (Figure 5.2).  The USGS data indicate two periods of hypoxia lasting 
at least seven days in the deeper waters of the study area in July (Figure 5.4).  In August we 
deployed the cages in the same areas that had been marked in the June experiment. 

 
 
 
 

 
 

Gray arrows indicate the timing of the experiments in 1999. 
 

Depths of the shallow site ranged from 0.5 m to 1.2 m and the deep site ranged from 1.1 m to 2.5 
m over the experiment.  Salinity in the two sites was similar, within 0.2 psu on any particular day 
(Figure 5.2).  Similar to the first experiment, temperature at the two sites was similar (27-

1998
1999
2000

June July August

Figure 5.4.  The timeline indicates the frequency and timing of hypoxia presence at the USGS stations (LT 9 and 
LT 11) located in the upper Neuse River Estuary for each year.   
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29.5°C), except on three days when the shallow site was 0.5°C warmer.  At the shallow site, 
dissolved oxygen levels during the experiment were always above 2.0 mg/L (Figure 5.2).  At the 
deep site, we initially examined daytime data to compare with the June experiment.  The daytime 
dissolved oxygen regime between the two experiments was similar with only a few days in each 
experimental period that exhibited hypoxia.  The average (+ standard deviation) daytime 
dissolved oxygen concentration for June was 5.7 + 1.9 mg/L and 6.5 + 1.3 mg/L for the deep and 
shallow site respectively.  Similarly in August the dissolved oxygen concentration was 5.2 + 1.4 
mg/L and 6.1 + 1.1 mg/L for the deep and shallow site, respectively.  The YSI meter (taking 
readings every 15 minutes during the entire August experiment) at the deep site identified nine 
days when diet fluctuations occurred with nighttime or early morning dissolved oxygen 
concentrations falling below 2.0 mg/L for an hour or two.   The mean daytime dissolved oxygen 
concentration for the YSI data series was similar to the HydroLab readings: 5.5 mg/L.  

 
In August, there were no significant treatment effects (site p = 0.26, density p = 0.98) on croaker 
survival.  Low-density treatments had survival rates of 60 % at both the deep and shallow sites.  
High-density treatments had a survival rate of 87.5 % at the shallow site, but only 37.5 % at the 
deep site.  The variability in survival rates between replicate cages was high; there was no 
significant effects of either factor on fish survival during these August experiments.  We did not 
have adequate survival in the high-density treatment at the deep site to use in the comparison of 
growth; in most replicates only two fish per cage survived until the end of the experiment.  So, 
we performed two one-way ANOVAs to separately test effects of site (shallow versus deep for 
low fish density only) and fish density (1 versus 4 fish for the shallow site).  Unfortunately this 
prevented any test for interaction effects.  There was no significant effect of site in the low-
density cages (p = 0.76), but there was a significant effect of density in the shallow site (p = 
0.02; Figure 5.5a).  Fish in the low-density treatments grew at approximately the same rate at 
both depths (Figure 5.5b), 0.30 mm/day in the deep and 0.38 mm/day in the shallow site.  Fish in 
the high-density cages at the shallow site grew only 0.11 mm/day. 

 
Stomach contents from caged fish in August were similar to those of fish from the June 
experiments and those of fish captured in the field in September 1998 (Thomson 1998, Sullivan 
and Gaskill 1999).  The only major difference was the presence of hydroids in the diets of caged 
fish in August.  The deeper sites in August were missing crab carapaces and had less bivalve 
tissue compared with the June diets for the same site.  The shallow site had all of the same diet 
items as in June. 

 
Trends in growth rates corresponded to densities of benthic invertebrate from the cores (Table 
5.1).  In August, the density of benthic invertebrates in all cores taken (beginning and end of 
experiment) did not differ between the deep and shallow sites (p = 0.24).  Macoma spp. and 
polychaetes made up about 86 % of the total invertebrate density from the cores taken at the end 
of the experiment.  These groups did not differ between the sites (polychaetes p = 0.59, Macoma 
p = 0.30).  Polychaete density was 56 % of the total invertebrate density in the cores (Table 5.1).  
Similar to the June experiments, we did not observe consistent changes in invertebrate density 
associated with the different fish density treatments (Table 5.1). 
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Figure 5.5.  Growth data from August experiments data were analyzed with 2 one-way ANOVAs, because the high-
density, deep treatment did not experience sufficient fish survivorship.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are means from ANOVAs and error bars are standard errors of each mean.  5.5a.  Growth rate (mm/day) of 
only the low-density cages as a function of site (p = 0.311).  5.5b.  Growth rate (mm/day) of only the shallow site as 
a function of fish density (p = 0.002). 
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5.4 Discussion 
 
The results of the growth experiment and field data indicate that intermittent hypoxia can affect 
growth rates of juvenile demersal fishes during their estuarine stage.  Given that fish move out of 
hypoxic zones (Pihl et al. 1991, Breitburg 1994, Howell and Simpson 1994, Eby et al. 2000), 
direct effects of hypoxia are probably rare (see Paerl et al. 1998).  Indirect effects of hypoxia can 
be substantial as these juvenile demersal fish primarily feed on benthic infauna, which cannot 
escape hypoxic stress (Hodson et al. 1981, Peterson et al. 2000).  The availability of these prey 
resources will vary with the intensity, duration, and spatial extent of hypoxia. 

 
Our growth experiments demonstrate that intermittent hypoxia decreases habitat quality for 
estuarine fish.  One mechanism for this effect is the restriction of available oxygenated habitat 
for fish to use during hypoxic episodes.  Hypoxia in deep water can restrict fish to oxygenated 
shallows in which feeding is less profitable, thereby decreasing their growth rates.  In addition, 
reduction of oxygenated habitat can increase local fish density in shallow refuge habitat, 
potentially causing density-dependent reductions in growth.  Unfortunately our experiments did 
not elucidate a mechanism for the density-dependent response, such as antagonistic interactions 
or prey depletion. 

 
In our experiments, the differences in juvenile croaker growth rates between the shallow and 
deep sites in June were probably mediated by availability of prey resources.  The deeper site had 
invertebrate densities twice those of the shallow site; temperature and salinity were similar 
between sites.  Thus any habitat restriction in early summer caused by hypoxia in deeper waters 
will force fish into shallow, less profitable areas potentially reducing growth rates (see also 
Lenihan et al. 2001). 

 
Hypoxia not only crowded fish into less profitable habitat, but exposure of the deeper areas to 
periods of hypoxia in July and early August resulted in decreased invertebrate densities by 
August.  Previous coring data has also demonstrated a large seasonal decline in some 
invertebrates, particularly Macoma clams, in the much of the Neuse River estuary (Thomson 
1998, Sullivan and Gaskill 1999).  Thomson’s (1998) cores from within the study area 
demonstrated at least 80% reductions in Macoma clams between June and August 1997, even at 
their shallowest sites (1.5-3.0 m of water), which were at depths similar to our deep cages.  From 
our data, however, we cannot distinguish between direct mortality of benthos from hypoxia and 
hypoxia stressing the benthic fauna resulting in greater vulnerability to predation.  Although 
exposure to hypoxia itself can reduce growth rates in fish (Bedja et al. 1987), it is unlikely that 
this was driving differences between growth rates in the sites.  The deep sites were exposed to 
episodic hypoxia during both June and August 1999.  But growth rates were highest in the deep 
site during June, implying that the effects of prey resources may overwhelm the direct effects of 
low dissolved oxygen on juvenile croaker. 

 
The mechanism associated with the decreases in growth rates of fish in the high-density cages 
could be prey resource depletion or antagonistic interactions.  We did not observe consistent 
trends of fewer invertebrates in the higher fish density treatments.  Although antagonistic 
interactions are often seen among spot in crowded tanks, there were no obvious signs (i.e. torn or 
short fins, damage to the exterior, missing eyes) of antagonistic interactions in the experiment. 
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These results support Breitburg’s (1992) expectations that episodic hypoxic disturbances alter 
ecological interactions, both through increasing the potential for intra- and interspecific 
competition and by altering predator/prey ratios across the season.  In the Neuse River estuary, 
refugee fishes associated with the oyster reefs accumulated at high densities on the reefs in the 
shallow, oxygenated areas where they depleted crustacean prey populations (Lenihan et al. 
2001).  Thus, these hypoxic disturbances (as any physical disturbance) can also impact remote, 
undisturbed refuge habitats through movement and concentration of motile refuge species 
(Lenihan et al. 2001).  These mid-scale disturbances typically impart no direct mortality on the 
juvenile fish population as they are able to leave the hypoxic area, but recolonize quickly.   
Sessile invertebrates, however, can be killed during hypoxic disturbances, and rely on 
recruitment processes to reinvade the disturbed area (Powers et al. 2001).  Consequently, 
predator/prey ratios (of benthic-feeding fish and crabs / invertebrates) increase following such 
disturbances, and as available habitat is restricted, antagonistic interactions and resource 
competition may become more intense.  If resources are limited after the cessation of the 
disturbance, these constraints may also persist as a legacy of the disturbance.  As with other 
disturbances (i.e. acidification), the disturbance affects lower trophic levels (zooplankton and/or 
benthic invertebrates) directly and subsequent effects are propagated up through the food web 
(acidification - Frost et al. 1999, hypoxia - Lenihan et al. 2001).  

 
The deep sites (1.4 - 2.8 m of water) were approximately 50m from the shoreline. Our goal was 
to put the cages in an area that was exposed to intermittent hypoxia during the summer but to 
keep fish alive for three weeks in experimental enclosures.  Fish maintained in even deeper areas 
would most likely not have survived the experimental period.  The fact that we can detect 
differences in habitat quality at these relatively shallow depths, implies that decreases in habitat 
quality would be at least as great in deeper waters that experience hypoxia more often and for 
longer periods.  Decreases in habitat quality may occur over the summer in all water of two 
meters or deeper, which comprises about 70% of the upstream study area. 

 
Habitat alteration and disturbances may also impact the fisheries production potential of an 
estuary.  Sustainability depends on the protection of essential fish habitat, which mandates that 
we functionally connect the relationships between habitat characteristics or anthropogenic 
changes to habitat with fish feeding, growth, development, and sustainability of fishery resources 
(Peterson et al. 2000). 
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APPENDIX A 
 
Beginning in the fall of 1999 we developed a web page which summarized our findings from 
1997 to date, provided monthly updates of estuarine water quality conditions from our survey, 
and listed links to other Neuse River work 
(http://moray.ml.duke.edu/faculty/crowder/research/neuse/).  In addition, we have presented 
results at scientific meetings and submitted manuscripts to scientific journals.  This work also 
contributed to a Ph.D. student's dissertation and a M.S. student's thesis. 
 
Presentations at Scientific Meetings, Symposia, and Seminars: 
 
Crowder, L.B. "Human and environmental impacts of the hurricanes of 1999 in North Carolina"   

Invited talk, U.S. Global Change Research Program Seminar Series, Washington DC,  
December 1999. 

 
Paerl, H.W., C.P. Buzzelli, M. Go, R.A. Luettich, B. L. Peierls, T.L. Richardson, J.S. Ramus,  

L.B. Crowder, L.A. Eby, L. Ausley, J. Overton and J. Bales.  "Short-term impacts of  
Hurricanes Dennis, Floyd and Irene on water quality and fisheries habitat in Pamlico  
Sound, North Carolina" Contributed paper, North Carolina WRRI Conference, March  
2000. 

 
Eby, L.A., and L.B. Crowder. "Effects of hypoxia on habitat quality for juvenile croaker,  

Micropogonias undulatus, in the Neuse River estuary, North Carolina" Contributed  
paper, North Carolina WRRI Conference, March 2000. 
 

Gannon, D.P., L.A. Eby, and A.J. Read. "Effects of hypoxia on habitat quality for  
bottlenose dolphins in the Neuse River estuary, North Carolina"  Contributed paper,  
European Cetacean Society meeting, April 2000.  
 

Eby, L. A. and L. B. Crowder. "Responses of an estuarine fish community to frequent and  
infrequent disturbances" Contributed Paper, Ecological Society of America Annual  
Meeting, Snowbird, UT, August 2000. 

 
McClellan, C. and L. B. Crowder. "Effects of hypoxia on habitat use for juvenile southern  

flounder, Paralichthys lethostigma, in a North Carolina estuary" Contributed Paper,   
American Fisheries Society Annual Meeting, St. Louis, MO, August 2000. 

 
Eby, L.A. and L.B. Crowder.  "Ecological effects of hypoxia on the fish community in the Neuse  

River Estuary, N.C."  Contributed paper, American Society of Limnology and  
Oceanography, Albuquerque, February 2001. 
 

Crowder L.B., L.A. Eby, and C.M. McClellan. "The short- and long-term responses of fishes to  
rapid environmental change: The hurricanes of 1999" Invited paper, North Carolina  
Water Resources Research Institute Annual Meeting, Raleigh, March 2001. 
 

Eby, L.A., L.B. Crowder, and C. McClellan. "Ecological effects of hypoxia on the fish  



 58 

community in the Neuse River estuary NC" Contributed paper, North Carolina WRRI  
Conference, March 2001. 

 
Crowder, L.B., J.K. Craig and L.A. Eby.  "Hypoxia and its impact on fish and fisheries in the  

southeastern US 2001" Invited talk, NOS, Washington D.C., March 2001. 
 
Eby, L.A. and L. B. Crowder. "Population dynamics of estuarine-dependent fishes: the relative  

importance of chronic stressors versus catastrophic disturbances" Contributed Paper,  
Ecological Society of America Annual Meeting, Madison, WI, August 2001. 

 
McClellan, C. and L. B. Crowder. "Responses of juvenile southern flounder to environmental  

variability in estuarine ecosystems" Contributed Paper, Ecological Society of America  
Annual Meeting, Madison, WI, August 2001. 

 
Beardsley, K.E., L.B. Crowder, and C. Bonaventura. "Hemoglobin and hypoxia: Atlantic croaker  

respiratory adaptations to oxygen stress" Contributed paper, Society for Environmental  
Toxicology and Chemistry, North Atlantic Chapter, September 2001. 

 
Paerl, H.W., J.D. Bales, L.W. Ausley, C.P. Buzzelli, L.B. Crowder, L.A. Eby, M. Go, B.L.  

Peierls, T.L. Richardson, and J.S. Ramus. "Ecosystem impacts of the 3 sequential 1999  
hurricanes (Dennis, Floyd and Irene) on North Carolina estuaries and Pamlico Sound: An 
Overview".  Invited paper, "Environmental Impacts of Hurricanes Dennis, Floyd and  
Irene on Coastal North Carolina: A Glimpse into the Effects of Climate Change?", 
Estuarine Research Federation, St. Petersburg, November 2001.   

 
Crowder, L.B.,  L.A. Eby and C.M. McClellan. "The short- and long-term responses of fishes to  

hurricane-related flooding in the Neuse River and Pamlico Sound.  Invited paper, 
"Environmental Impacts of Hurricanes Dennis, Floyd and Irene on Coastal North 
Carolina:  A Glimpse into the Effects of Climate Change?", Estuarine Research 
Federation, St. Petersburg, November 2001. 

 
 
 
Articles Submitted or Published: 
 
Paerl, H.W., J.D. Bales, L.W. Ausley, C.P. Buzzelli, L.B. Crowder, L.A. Eby, M.Go, B.L.  

Peierls, T.L. Richardson and J.S. Ramus. 2000.  Hurricanes' hydrological, ecological  
effects linger in a major U.S. estuary. EOS Transactions, American Geophysical Union  
81(40):457-462. 

 
Paerl, H.W., J.D. Bales, L.W. Ausley, C.P. Buzzelli, L.B. Crowder, L.A. Eby, M.Go, B.L.  

Peierls, T.L. Richardson and J. S. Ramus. 2001.  Ecosystem impacts of three sequential  
hurricanes (Dennis, Floyd and Irene) on US's largest lagoonal estuary, Pamlico Sound,  
NC.  Proceedings of the National Academy of Sciences 98(10):5655-5660. 

 
Eby, L.A., L.B. Crowder, C.M. McClellan, M.J. Powers, and C.H. Peterson. (in review) Effects  



 59 

of habitat degradation from intermittent hypoxic disturbances on juvenile fishes.   
Submitted to Ecology. 

 
Eby, L.A., and L.B. Crowder. (in review) Hypoxia-based habitat compression in the Neuse River  

estuary: context-dependent shifts in behavioral avoidance thresholds.  Submitted to  
Canadian Journal of Fisheries and Aquatic Science. 

 
Goldman, R.L., L.A. Eby, L.B. Crowder, and C.M. McClellan. (in review) The effects of 

alterations in coastal ecosystems on incidence of disease in Atlantic menhaden 
(Brevoortia tyrannus).  Submitted to Journal of Fish Biology. 

 
Noga, E.J., H.A. Callahan, P. Reed and L.B. Crowder. (in prep.) Epidemic disease in estuarine  

fish in the aftermath of Hurricane Floyd.  
 
Reports: 
 
Eby, L., L. Crowder, and C. McClellan. 2000. Neuse River Estuary Modeling and Monitoring  

Project Stage 1: Effects of Water Quality on Distribution and Composition of the Fish  
Community. Report 325C of The University of North Carolina Water Resources  
Research Institute. Raleigh, NC 43 pp. 

 
Theses: 
 
McClellan, C. M.  2001.  Mesoscale habitat use of juvenile southern flounder, Paralichthys  

lethostigma: responses to environmental variability. M.S. Thesis, Nicholas School of the  
Environment, Duke University. 116p. 

 
Eby, L. A.  2001.  Responses of a fish community to frequent and infrequent disturbances in an  

estuarine ecosystem. Ph.D. Dissertation, Ecology, Duke University. 276p 
 


	343D cover
	Report 388-Crowder
	3.1  Introduction
	3.2  Methods
	3.3  Results
	Temperature
	Total polychaete density
	August cage experiment


