
Abstract 
 

TAYLOR, JAMES CHRISTOPHER.  Distribution, Behavior And Trophic Interactions Of 
Pelagic Planktivores And Copepods In An Intermittently Stratified Estuary 

Hypoxia causes heterogeneity in estuarine habitats and has a documented effect on 

the mortality of sessile benthic organisms, the distribution and abundance of demersal and 

mobile organisms, and trophic interactions in benthic food webs.  Until this study, the 

potential effects hypoxia has on the pelagic species such as the planktivorous bay anchovy 

Anchoa mitchilli were unknown.  Through a combination of field sampling, spatial statistics 

and bioenergetics modeling, we examined the effects of hypoxia on the pelagic fish 

community in the Neuse River Estuary (NRE).   

Our first objective was to determine the degree to which hypoxia structures the 

spatial distribution of juvenile anchovies in the NRE.  Hypoxia directly affected the 

distribution of anchovies by restricting their distribution to oxygenated water greater than 2 

mg O2 l-1.  We explored the consequences for crowding and patchy distributions in 

anchovies in terms of grazing demand and spatial interactions with copepods.  We found 

that early in the summer, copepod production was sufficiently high to meet the demand of 

the anchovies, even under conditions of short-term hypoxia.  During periods of severe 

hypoxia later in the season, anchovies occupied regions of the NRE that supported very low 

copepod biomass and production, at levels insufficient to meet even the basic energetic 

needs of an individual fish.  The result was a significant reduction in the condition of 

individual anchovies that were in this upstream region when compared to anchovies in the 

down stream region supporting higher copepod biomass. 

Our second objective was to examine whether crowding caused by hypoxia coupled 

with reduced availability in prey resources influences the activity and behaviors of 



individual anchovies in the NRE.  We used stationary hydroacoustics to observe the 

movement and activity rates of individual anchovies under various water quality conditions 

in situ.  Under conditions of low fish density or a mixed water column, activity patterns 

were in line with our expectation of a diurnal activity pattern with swim speeds very close to 

expected theoretical values that would maximize net energy gain.  In contrast, under high 

fish density and a stratified water column, high activity rates were sustained at night.  

Furthermore, when the water column was severely hypoxic (>70% of the water column with 

< 2 mg O2 l-1), activity rates were nearly twice those predicted from our bioenergetics 

model.  We hypothesize that this sustained nocturnal activity is a result of continued 

foraging at night and provide a line of evidence that the fish were feeding through the night.  

The consequence to an individual’s performance is a significant increase in the daily 

energetic costs when compared to an individual that adopts a diurnal activity pattern, but this 

behavior may afford an advantage by compensating for a reduced ration achieved by 

anchovies during the day under limiting prey conditions.  Finally, we observed an unusual 

behavior that fish appeared to be using to dive into the prey rich hypoxic bottom waters 

when copepods were in lower abundance in the surface waters.  Taken together, it appears 

that the juvenile bay anchovy adopts a range of behaviors to compensate for the effects of 

increased conspecific density and reduced prey availability in the presence of hypoxia.  

Implications for dynamics of anchovy populations in the Neuse River as well as ecosystem 

process are discussed in terms of nutrient management and eutrophication in intermittently 

mixed estuaries. 

2 



 
 

DISTRIBUTION, BEHAVIOR AND TROPHIC INTERACTIONS OF  
PELAGIC PLANKTIVORES AND COPEPODS IN AN  

INTERMITTENTLY STRATIFIED ESTUARY 
 

By 
 

James Christopher Taylor 
 
 
 
 
 

A dissertation submitted to the Graduate Faculty of  
North Carolina State University 

in partial fulfillment of the 
requirements for the degree of 

Doctor of Philosophy 
 
 
 
 

Department of Zoology 
 
 

Raleigh 
 

2004 
 
 
 

Approved by: 
 

 
 
_________________________________  _____________________________ 
   Dr. David B. Eggleston          Dr. Montserrat Fuentes 
 
 
 
 
_________________________________  ______________________________ 
      Dr. James A. Rice (Co-Chair)       Dr. Peter S. Rand (Co-Chair) 
 



Biography 
 

Chris was born in St. Louis Park, MN in 1972.  He received his Bachelor of Science 

degree in Biology from the University of Wisconsin-Stevens Point in 1995, a Master of 

Science degree in Zoology from North Carolina State University in 1999 and a Doctor of 

Philosophy degree in Zoology from North Carolina State University in 2004.  He currently 

lives in Morehead City, North Carolina with his wife, Dr. Larisa Avens. 

 ii



Acknowledgments 
 

I thank the numerous people who have helped to make this project possible.  I am 

indebted to the many people who volunteered since the early days of our work on the Neuse 

River, especially those that contributed to the long hours on the water and endless days in 

the lab counting copepods and measuring anchovies.  The contribution of each participant is 

acknowledged in each chapter, and the list is far too long to include here.  I thank members 

of my committee: Dr. David Eggleston (NCSU-MEAS), Dr. Monsterrat Fuentes (NCSU-

Statistics), Dr. Jim Rice (NCSU-Zoology), and Dr. Peter Rand (NCSU-Zoology and The 

Wild Salmon Center).  Finally, I thank my wife for her constant love, patience and support 

during my long tenure as a graduate student.  Funding for this research was provided by a 

grant from the North Carolina Sea Grant College program and a US EPA STAR Fellowship.   

 

 iii



Table of Contents page 
 
List of Tables ...............................................................................................................  v 
 
List of Figures ...............................................................................................................  vi 
 
Chapter 1. General Introduction..............................................................................  1 
  References.....................................................................................  9 
 
Chapter 2. Spatial distribution of anchovy Anchoa mitchilli and copepod 

biomass in a shallow, stratified estuary .................................................  15 
  Abstract.........................................................................................  16 
  Introduction...................................................................................  16 
  Methods ........................................................................................  18 
  Results and Discussion .................................................................  22 
  Conclusion ....................................................................................  25 
  Acknowledgements.......................................................................  26 
  References.....................................................................................  27 
 
Chapter 3. Mesoscale distribution of juvenile anchovy Anchoa mitchilli 

grazing demand and prey availability in the intermittently 
stratified Neuse River Estuary ...............................................................  36 

  Abstract.........................................................................................  37 
  Introduction...................................................................................  38 
  Methods ........................................................................................  42 
  Results...........................................................................................  52 
  Discussion.....................................................................................  59 
  Conclusion ....................................................................................  68 
  Acknowledgements.......................................................................  70 
  References.....................................................................................  70 
 
Chapter 4. Activity rates and behavior of juvenile anchovies Anchoa 

mitchilli in an intermittently stratified estuary: implications for 
individual energetics and trophic dynamics ..........................................  95 

  Abstract.........................................................................................  96 
  Introduction...................................................................................  97 
  Methods ........................................................................................  102 
  Results...........................................................................................  111 
  Discussion.....................................................................................  120 
  Conclusion ....................................................................................  129 
  Acknowledgements.......................................................................  131 
  References.....................................................................................  132 
 
Chapter 5. Conclusion .............................................................................................  153 
  References.....................................................................................  163 
 

 iv



List of Tables  page 
 
Chapter 2. 

 Table 1. Summary of fish size and distribution of echo-integrated densities......  29 

 

Chapter 3. 

 Table 1. Sampling events, transect coverage and gear employed for study 
of dissolved oxygen, plankton and anchovy distribution on the 
Neuse River Estuary in 2001 .................................................................  78 

 Table 2. Prey items in stomachs of juvenile bay anchovies summed over 
all stomachs analyzed and presented as percent by number and 
percent by mass for each month ............................................................  78 

 Table 3. Patchiness indices for distribution of anchovy biomass density for 
transects and months in the Neuse.........................................................  79 

 Table 4. Results for partial Mantel’s tests of correlations between anchovy 
consumption and metrics of observed copepod production and 
reconstructed (pre-grazed) copepod production ....................................  79 

 Table 5. Estimates of maintenance consumption rate by anchovies and 
copepod production along 6 transects on 28 August 2001 ....................  80 

 

Chapter 4. 

 Table 1. Dates of stationary hydroacoustic sampling and general 
descriptions of fish density and habitat quality .....................................  138 

 Table 2. Summary of indices of fish abundance (fish m-3) for each of the 
four sampling periods ............................................................................  138 

 Table 3. (a) ANOVA model results for swim speeds for sampling date and 
day/night.  (b) Summary of pairwise comparisons for swim speeds 
over sampling dates and day-night within sampling dates ....................  139 

 Table 4. Comparison of observed swim speeds with theoretical estimates 
of least-cost swimming speed and optimum foraging speeds ...............  139 

 

 v



List of Figures  page 
 
Chapter 1 

 Figure 1. The Neuse River Estuary within the Albemarle-Pamlico Estuarine 
System, NC. ...........................................................................................  14 

 

Chapter 2 

 Figure 1. Sampling transect in the lower Neuse River Estuary, North 
Carolina, USA........................................................................................  30 

 Figure 2. Cross-section of the transect sampled in June and August, 2001..........  32 

 Figure 3. Generalized additive model (GAM) results for June 2001 fish 
density over distance along transect and depth below surface ..............  33 

 Figure 4. Variogram plots from analysis of spatial structure of residuals 
from GAMs for June and August ..........................................................  34 

 Figure 5. GAM results for August 2001 fish density over distance along 
transect and depth below surface...........................................................  35 

 

Chapter 3. 

 Figure 1. Sampling region showing transects and stations on the lower 
Neuse River Estuary (NRE)...................................................................  81 

 Figure 2. Response surface for theoretical maximum consumption as a 
function of temperature and anchovy dry weight ..................................  82 

 Figure 3. Length frequency distribution for bay anchovies captured during 
the surface trawl survey June to October 2001......................................  83 

 Figure 4. Abundance and estimate production of copepod and anchovies 
and proportion of copepod production consumed by anchovies ...........  84 

 Figure 5. Densities of copepods in the 3 sampled depths in relation to 
bottom layer dissolved oxygen (DO).....................................................  85 

 Figure 6. Relationship of fish density to DO ........................................................  86 

 Figure 7. River cross sectional interpolations for DO, zooplankton and fish 
consumption for 21 June and 26 June....................................................  87 

 Figure 8. Cumulative consumption over proportional habitat volume for 
each month.............................................................................................  88 

 Figure 9. River cross sectional interpolations for DO, zooplankton and fish 
consumption for 2 August .....................................................................  89 

 Figure 10. River cross sectional interpolations for DO, zooplankton and fish 
consumption for 28 August ...................................................................  90 

 vi



List of Figures  page 
 

Chapter 3.  (Continued) 

 Figure 11. River cross sectional interpolations for DO, zooplankton and fish 
consumption for 26 September..............................................................  91 

 Figure 12. River cross sectional interpolations for DO, zooplankton and fish 
consumption for 23 October ..................................................................  92 

 Figure 13. Residual weight measures over transects for individual fish 
sampled during a surface trawl survey in June, July and August ..........  93 

 Figure 14. Times series of average and minimum daily bottom DO  recorded 
at stationary platforms near the mid-channel of the NRE June – 
September 2001 .....................................................................................  94 

 

Chapter 4. 

 Figure 1. Location of sampling station on the lower Neuse River Estuary, 
North Carolina, USA .............................................................................  140 

 Figure 2. Water quality and zooplankton depth over time plots for 8-9 
August 2001...........................................................................................  141 

 Figure 3. Water quality and zooplankton depth over time plots for 2-3 July 
2002 .......................................................................................................  142 

 Figure 4. Water quality and zooplankton depth over time plots for 2-3 
September 2002 .....................................................................................  143 

 Figure 5. Water quality and zooplankton depth over time plots for 15-16 
July 2003................................................................................................  144 

 Figure 6. Vertical distributions of fish density for the four sampling periods, 
(a) 8-9 August 2001, (b) 2-3 July 2002, (c) 2-3 September 2002, 
(d) 15-16 July 2003................................................................................  145 

 Figure 7. Box plot of distribution of relative swim speeds for each sampling 
date.........................................................................................................  146 

 Figure 8. Box plot of day-night comparisons for each sampling occasion...........  147 

 Figure 9. Boxplots of hourly swim speeds for the four sampling periods ............  148 

 Figure 10. Cumulative estimated energy costs for the four sampling periods........  149 

 Figure 11. Comparison of stomach contents during from around sunset to 
dawn on (a) 2 July 2002, and (b) 2 September 2002 .............................  150 

 Figure 12. Excerpt of echogram collected on 2 July 2002 showing several 
individual fish tracks..............................................................................  151 

 vii



 viii

 
List of Figures  page 
 

Chapter 4. (Continued) 

 Figure 13. Examples of tracks from individual fish sampled on (a) 2 
September 2002 showing a typical “directed” swimming pattern 
and (b) 2 July 2002 showing a swimming pattern with tight turns .......  152 

 



 

 

 

 

CHAPTER 1 

 

 

General Introduction 
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Coastal estuaries have been significantly impacted from land use and development in 

the watershed resulting in widespread eutrophication.  Public concern over symptoms of 

eutrophication originating from intensive row crop agriculture, animal operations and 

urbanization has spawned several efforts to monitor and model important ecological 

dynamics in coastal ecosystems (Turner et al. 1987; Rabalais & Turner 1998; Cloern 2001; 

Gray et al. 2002).  Recent studies include investigations into relationships between nutrient 

loading and algal bloom dynamics (Boyer et al. 1993; Paerl et al. 1998; Pinckney et al. 

1998), physical and biological factors controlling hypoxia and anoxia (Borsuk et al. 2001; 

Buzzelli et al. 2002), the possible effects on fish and humans from toxic dinoflagellates 

(Burkholder & Glasgow 1997; Burkholder et al. 1999), and the effects of hypoxia on finfish 

and shellfish growth, and population and community dynamics (Pihl et al. 1991; Breitburg 

1992; Howell & Simpson 1994; Pihl 1994; Lenihan & Peterson 1998; Rabalais & Turner 

1998; Keister et al. 2000; Craig 2002; Eby & Crowder 2002).  

Nutrient loading resulting in algal blooms of moderate intensity can enhance 

production of the grazer community through classic bottom-up forcing (Nixon et al. 1986; 

Capriulo et al. 2002).  Conversely, excess nitrogen (N) loading, leading to intensive algal 

blooms, can negatively impact grazers by increasing the presence of undesirable 

cyanobacteria (Paerl et al. 1998; Pinckney et al. 1998) potentially harmful dinoflagellates 

(Burkholder & Glasgow 1997; Pinckney et al. 2000) or by reducing available dissolved 

oxygen (Breitburg 1992; Paerl et al. 1998; Borsuk et al. 2001; Buzzelli et al. 2002; Gray et 

al. 2002).  Concerns over declining water quality from eutrophication have led to 

unprecedented efforts at the local level to better manage N-loading in watersheds (Borsuk et 
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al. 2001).  Wide-scale manipulation of N-loading may lead to significant changes in 

dissolved oxygen dynamics and food web structure and function in estuarine waters 

(Breitburg 2002; Capriulo et al. 2002). 

Hypoxia and anoxia occur naturally in coastal systems of the eastern US; however 

changes in freshwater flow (channelization and diversion), land use (deforestation), and 

increases in nutrient loading have increased its extent, intensity and duration since the 18th 

century (Cooper & Brush 1991; Zimmerman & Canuel 2002).  Hypoxia dynamics vary over 

time and space, depending upon the meteorological, hydrographical, and hydrological 

properties of the system.  Large coastal systems like the coastal shelf of the Gulf of Mexico 

and Chesapeake Bay can experience hypoxia and anoxia that can last for the duration of the 

summer and fall (Breitburg 2002; Rabalais et al. 2002).  The severity of hypoxia in these 

systems is strongly linked to the magnitude of spring rains and nutrient discharge from the 

large watersheds that supply freshwater to these estuaries (Diaz & Rosenberg 1995; Rabalais 

et al. 2002; Justic et al. 2003).   

 

Oxygen dynamics in the Neuse River Estuary 

The Neuse River is one of three major tributaries and sources of freshwater input to 

the Albemarle-Pamlico Estuarine System (APES, Figure 1).  The APES is surrounded by a 

band of barrier islands that restrict the exchange of water between the estuary and the coastal 

ocean.  The restriction between the estuary and coastal ocean also results in little tidal signal 

beyond about 0.5 km from the inlets, and so circulation dynamic in much of the APES and 

rivers are governed primarily by freshwater input (rainfall) and wind (Pietrafesa et al. 1986; 

Luettich Jr et al. 2002). 
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Although oxygen dynamics in the Neuse River Estuary, NC (NRE, Inset of Figure 1) 

are also strongly associated with spring rain events and nutrient loading as in the Gulf of 

Mexico and Chesapeake Bay, the temporal scale of hypoxia and anoxia in the NRE is more 

episodic due to the system’s shallow depth (< 8 m maximum, <4 m average) and wind-aided 

water-column mixing in the summer months (Paerl et al. 1998; Borsuk et al. 2001).  Under 

low wind stress and accelerated rates of organic matter respiration, vertical salinity 

stratification inhibits mixing and helps to stimulate the development of estuarine bottom-

water hypoxia and anoxia, particularly in the summer (Stanley & Nixon 1992; Borsuk et al. 

2001; Buzzelli et al. 2002).  Recent efforts associated with the Neuse River ModMon 

Project have also found significant spatial variability in stratification induced hypoxia in the 

NRE, which can be directly tied to the position and strength of the salt wedge and the 

orientation of the segments of the lower NRE (Paerl et al. 1998; Eby 2001; Buzzelli et al. 

2002).  Winds out of the northeast quadrant can move more saline water from the Pamlico 

Sound into the NRE and enhance the intensity of stratification (Luettich Jr et al. 2002; 

Reynolds-Fleming & Luettich Jr 2004). The orientation of the main channel of the NRE 

follows NW-SE direction, changing at a narrow turn at Minnesot Beach and Cherry Point to 

and following a SW-NE orientation (Figure 1).  This change in orientation subjects these 

two regions of the NRE to different patterns of mixing and stratification depending upon 

wind direction.  It still remains unclear how these two regions respond with respect to 

stability of stratification and mixing to specific magnitude and duration of wind stress (R. 

Luettich, UNC, pers. comm.).   
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Effects of hypoxia on estuarine biota 

While several research efforts are on-going to couple physical estuarine dynamics 

with algal bloom and oxygen dynamics (Borsuk et al. 2001; Buzzelli et al. 2002; Reynolds-

Fleming & Luettich Jr 2004), we still have a limited understanding of how symptoms of 

eutrophication like episodic hypoxia are translated into community effects in these coastal 

systems.  Hypoxia disturbances can modify the distribution and abundance patterns of 

mobile demersal fish.  In general, mobile organisms avoid hypoxic or anoxic water in deep 

areas by moving to shallow habitats where DO concentrations are higher (Pihl et al. 1991; 

Breitburg 1992; Howell & Simpson 1994; Pihl 1994; Lenihan & Peterson 1998; Craig 2002; 

Eby & Crowder 2002).  Hypoxia can limit the available habitat for finfish and some 

crustaceans, causing increase competition for resources, and enhancing predator-prey 

encounter rates (Pihl et al. 1991; Howell & Simpson 1994; Craig 2002; Eby & Crowder 

2002).  Many of these previous studies have only considered the effects of hypoxia in two 

dimensions; that is, the area extent (e.g., km2) of the disturbance and movement of 

organisms in the horizontal dimension (e.g., toward the shallow, oxygenated waters).   

 

Hypoxia and pelagic estuarine fishes 

Most studies to date have not considered the three-dimensions of the water column 

and the potential effects of the vertical extent of hypoxia on organism responses (except see 

Lenihan & Peterson 1998; Keister et al. 2000).  Pelagic fishes, particularly the planktivorous 

anchovies (Anchoa spp.) comprise the bulk of the fish biomass in many estuarine systems 

and are dominant members of the pelagic guild.  The anchovies are a critical link between 

the secondary producers (Baird & Ulanowicz 1989; Friedland et al. 1989; Luo et al. 1996) 
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and in- and off-shore predators that are targeted by recreational and commercial fisheries 

and marine mammals (Reintjes & Pacheco 1966; Hartman & Brandt 1995).  Studies on the 

life-history of the bay anchovies have concentrated on populations within the Chesapeake 

Bay.  Spawning occurs from May to September in the polyhaline regions of the estuary (Luo 

& Musick 1991).  Larvae and early juveniles are transported to the meso- and oligo-haline 

regions of the Bay where they spend the entirety of the juvenile stage (Kimura et al. 2000).  

As juveniles mature in the fall, there is some indication that they make a return migration to 

the polyhaline regions of the Bay or near-shore ocean (Kimura et al. 2000).  Juvenile 

anchovies feed preferentially upon juvenile and adult copepods (Klebasko 1989) and a 

number of field studies have found a strong correlation between large-scale (km) 

distributions of anchovies and specific populations of their plankton prey.  The distribution 

of zooplankton, particularly adult copepods, the primary prey item for juvenile and adult 

anchovies, explained 39% of the pattern of anchovy abundance in the Chesapeake Bay 

(Rilling & Houde 1999).  Furthermore, it seems that spatial associations with prey fields is 

critical in the adult anchovies, in order to increase condition and fecundity of females and 

provide suitable environment for feeding larvae and juveniles (Peebles et al. 1996).   

It may seem unlikely that pelagic fishes like anchovies would be affected by hypoxic 

events occurring in the lower water column.  Field studies have generated limited insights 

into behavioral mechanisms involved in habitat selection of pelagic fishes in shallow 

estuarine ecosystems impacted by hypoxia.  Eby and Crowder (2002) report incidental 

catches of Atlantic menhaden and anchovies in bottom water with DO as low as 2.2 mg O2 

L-1; however, they admit that these pelagic fishes are poorly represented in the bottom trawl 

catches.  Furthermore, the bottom trawl sampled up to 1.5 m from the bottom, which may 
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have included oxygenated portions of the water column.  How distributions of bay 

anchovies are affected by hypoxia in shallow systems like the NRE have not been examined 

prior to this study. 

One factor that may contribute to negative effects of hypoxia on anchovies is the 

apparent differential tolerance for and response to hypoxia by their primary prey, juvenile 

and adult copepods.  Copepods have been shown to tolerate DO levels well below 1.0 mg O2 

L-1 (Roman et al. 1993).  This may result in at least a portion of the zooplankton prey base 

being inaccessible to the anchovies.  This presents a dilemma for estuarine fishes faced with 

satisfying the ecological imperatives of feeding, growth and survival and it is not at all clear 

how fishes cope with the situation.  Two possible behavioral mechanisms may help fish deal 

with this situation.  First, anchovies may graze on the less abundant prey available in the 

well-oxygenated epilimnion.  A restriction of suitable habitat will force the anchovies to 

occupy the oxygenated epilimnion, increasing the local density of conspecific.  Competition 

for the available prey resources may also cause changes in individual behavior in terms of 

foraging behavior, activity rates and movement (Walters & Juanes 1993; Shaw et al. 1995; 

Johansson & Leonardsson 1998).  Alternatively, pelagic species may undergo brief vertical 

movements into the hypoxic hypolimnion to forage.  Rahel and Nutzman (1994) provide 

convincing evidence for a planktivore, the central mudminnow Umbra limi, foraging in the 

hypoxic hypolimnion on Chaoborus, but the fish suffered mortality if maintained in cages at 

equally low DO levels.  Both of the mechanisms described above may have important 

implications for pelagic fish performance and food web efficiency in this ecosystem.   

This dissertation seeks to identify relationships between hypoxic events in the Neuse 

River Estuary and the dominant zooplanktivore, the bay anchovy Anchoa mitchilli, in the 
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mesohaline region of the Neuse River Estuary (NRE).  In chapter 1, I use a spatial intensive, 

mobile hydroacoustic survey coupled with synoptic water quality and plankton samples at 

fixed stations to determine the numerical and biomass distribution of anchovies in relation to 

hypoxia and copepod distributions.  Results from this survey suggested that during hypoxic 

conditions, anchovies are restricted to the oxygenated epilimnion, forming localized patches 

of high biomass.  Chapter 2 explores the possible consequences of the observed distribution 

patterns in Chapter 1 with respect to grazing demand of anchovies on the copepod 

community in the Neuse.  I broadened the scope of the data to a larger study region, 

allowing me to infer patterns of coupling of predator consumption and prey production over 

a continuum of spatial scales (10 m to km).  Results indicate that on the local scale, 

anchovies can exert high levels of grazing pressure upon copepods in the Neuse, especially 

in conditions where availability of copepods are reduced due to hypoxia.  Finally, chapter 3 

explores possible mechanisms that the anchovies may use to cope with hypoxia in terms of 

increasing packing density of conspecifics and reductions in the availability of prey.  I used 

stationary hydroacoustics to observe vertical distribution, behavior and activity rates of 

individuals over time (24 hours) under 4 unique water quality scenarios.  I hypothesized that 

individuals swim at speeds that maximize net energy intake during the day, typical of a 

visual and diurnal forager and will reduce activity rates to minimize activity costs when not 

feeding (at night).  In addition, I report on observations of an unusual diving behavior the 

fish may use to exploit prey rich, but hypoxic waters below the pycnocline.  Finally, chapter 

4 summarizes the findings in this dissertation and includes a discussion on the possible 

implications of trends in Neuse River water quality on the dynamics of anchovy populations 

in estuarine systems of the southeast US. 
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Figure 1.  Study region of the Neuse River Estuary (NRE) within the Albemarle-Pamlico 
Estuarine System, NC. 
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Abstract 

Juvenile pelagic fishes are integral members of many coastal river communities.  

Many of these systems are strongly influenced by variable wind stress and freshwater inputs 

that can increase heterogeneity in estuarine habitat for fishes. We used mobile sonar surveys 

within the Neuse River Estuary System, North Carolina, USA to assess distribution and 

behavioral patterns of juvenile anchovies, Anchoa spp. 25-65 mm TL, at a broad range of 

spatial scales in response to diel and seasonal changes in water quality including 

stratification, hypoxic events and copepod distribution.  Results from our study indicate that 

episodic stratification-induced hypoxic events can reduce suitable habitat volume for 

anchovies by more than 50%.  Furthermore, our sampling suggests hypoxia causes spatial 

separation between plankton and the grazing fishes.  Under stratified oxygen conditions, we 

observed higher densities of copepods in hypoxic bottom water. Finally, we report that 

reductions in available habitat caused an increase in local densities of fishes and have 

resulted in increased competition for resources.  These spatially-explicit data are critical for 

developing trophic dynamic models that predict the response of fish communities to natural 

and anthropogenic impacts on the system. 

 

Introduction 

Estuary-dependent fishes occupy spatially complex and temporally dynamic habitats 

during portions of their life-history.  Juvenile stages of numerous commercially and 

ecologically important fish species rely on the estuarine habitats as a nursery for rapid 

growth and as a refuge from predation (Minello 1999).  Several factors influence the spatial 

distribution of juvenile fishes in estuaries.  These factors can be broadly categorized as 
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abiotic factors, such as salinity, temperature, pH, dissolved oxygen, and benthic structure, 

and biotic factors, such as prey availability and predator abundance.   

Numerous studies have documented relationships between the abundance of juvenile 

estuarine fishes and the presence and complexity of physical structure such oyster reefs, sea 

grasses, and salt marshes (Minello 1999).  Dissolved oxygen (DO) is an additional abiotic 

factor that can structure estuarine fish populations in estuaries (Breitburg 1992, Howell and 

Simpson 1994).  Several studies have focused on the effects of low DO (hypoxia) on the 

distribution of demersal fishes (Pihl et al. 1991, Howell and Simpson 1994).  But only few 

have been devoted to understanding the interactions between hypoxia and predator-prey 

relationships (Pihl et al. 1992, Keister et al. 2000).  We are not aware of any studies that 

have focused on the interactions of dissolved oxygen and prey dynamics on distribution of 

juvenile pelagic fishes in shallow estuaries; however, recent work has documented 

relationships between larval anchovies and zooplankton and bottom-layer DO (Keister et al. 

2000).  Dominant pelagic fishes such as anchovies, Anchoa spp., and menhaden, Brevoortia 

spp., comprise the majority of the fish biomass in many estuaries of eastern North America.  

These species serve important commercial (in the case of menhaden) and ecological roles as 

prey resources for commercially important piscivores.  It may be counter-intuitive to 

suppose that pelagic fish populations would be impacted by hypoxic events that occur in the 

hypolimnion.  Hence, previous studies on the distribution of pelagic fishes in US estuaries 

have primarily focused on their distribution in relation to biotic factors, and more 

specifically prey fields such as zooplankton patchiness and phytoplankton dynamics 

(Peebles et al. 1996, Friedland et al. 1989).   
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The pelagic environment of shallow aquatic systems presents a challenge for 

sampling fish communities.  Previous assessments of the distribution of estuarine fishes in 

relation to habitat quality have primarily used trawls, which are restricted to coarse spatial 

scales and do not adequately sample the near-surface.  Fisheries hydroacoustics provides an 

improved, non-invasive method of collecting information on the distribution of fishes within 

aquatic habitats over a continuum of spatial scales throughout the water column 

(MacLennan and Simmonds 1992).  Furthermore, in shallow aquatic habitats (< 10 m), 

depth-discrete active or passive sampling gear have proven ineffective at determining the 

distribution of small fishes in the vertical dimension (Taylor and Rand unpubl data).  Split-

beam hydroacoustic technology now gives us the ability to describe 3-dimensional 

distribution patterns of estuarine fishes and to better assess the relationship between fish 

populations and the spatially complex, physicochemical environment. 

The aim of this paper is to characterize the spatial structure of fish distribution as a 

function of water column stratification and hypoxia in the lower water column.  

Understanding the spatial structuring of the grazing fishes will lead to better estimates of 

grazing impact and trophic efficiencies in estuarine food webs impacted by adverse water 

quality. 

 

Methods 

Surveys were conducted in the lower Neuse River Estuary (NRE), North Carolina, 

USA (Fig. 1).  The Neuse River is one of two major rivers providing freshwater input into 

the Pamlico Sound, the largest lagoon-type estuary in the Eastern US.  A single transect was 

sampled at night on two dates.  The first date, 26 June 2001, was during a period of severe 
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density stratification and the hypolimnion was hypoxic (DO<2 mg O2 L-1).  The second date, 

2 August 2001, was during a period when the water column was mixed and oxygen was 

nearly homogeneous throughout.   

The survey was conducted between 11h30 and 00h30 on both occasions.  We used a 

200-kHz (HTI Model 241) split-beam echosounder coupled with an elliptical (4o x 10o 

nominal beam dimension) transducer and a circular (15o nominal beam dimension) 

transducer to assess abundance of fish in the vertical and horizontal dimension from the 

surface to within 0.25-m from the bottom.  The elliptical transducer was oriented 

perpendicular and lateral to the vessel path and sampled the top 1.5-m of the water column 

from 10- to 30-m athwart ship.  The circular transducer was oriented vertically and sampled 

from 1-m below the surface to within 0.25 m from the bottom.  Vessel speed was constant at 

about 1.8 m s-1.  A ping rate of 10 pulses s-1 was multiplexed between the two transducers, 

resulting in 5 pulses s-1 to each transducer.  Each sampling occasion was preceded by an in 

situ system calibration using a tungsten-carbide reference sphere of known target strength 

placed greater than 5-m from the transducers.  Gain parameters were adjusted accordingly 

based on calibration results.  Returned acoustic signals were simultaneously adjusted for 

spreading loss by applying 40-logR and 20-logR time-varied gain for split-beam and echo-

integration processing, respectively.  The data were processed in real-time for split-beam 

and echo-integration (HTI DEP v. 3.53, HTI Seattle, WA USA) and stored on a laptop 

computer for later data analyses.   

The acoustic survey coincided with a sampling of water quality using a data logger 

(YSI Model 6600) at 3 to 4 stations along the transect.  The data logger recorded 

temperature, salinity, and dissolved oxygen (DO) at 0.1-m increments through the water 
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column.  All parameters were interpolated along the cross section of the river to provide a 

visualization of the water quality observed during hydroacoustic sampling.  Discrete 

zooplankton samples were taken at 2 or 3 depths at each station using a 30-L Schindler-

Patalis plankton trap fitted with a 63 um mesh net.  Samples were preserved in 2-5% 

buffered formalin and subsamples were counted for juvenile and adult (copepodite) stages in 

the laboratory.  Densities of copepods were calculated and reported in ind. m-3.  To verify 

fish size and species composition in the surveyed area, we sampled 18 stations using a 

surface trawl (1.2m width, 0.7 m height, 3.5 m length, 3.2mm knotted mesh) that was towed 

between two small boats and targeted the top 1 m of the water column. Results from this 

survey indicated that anchovies, Anchoa spp, comprised over 98% of the fishes encountered.   

Acoustic data were processed using split-beam and echo-integration analyses.  Split-

beam analysis was used to determine acoustic size (target strength) of individual fish targets 

in decibels.  Using equations for clupeiform species, target strengths were converted to 

approximate fish size and to wet weight (Foote 1986, Taylor unpubl. data).  Echo-

integration provides a measure of relative density that can be converted to absolute density 

by scaling the integrated acoustic signal within a cell by the average target size within the 

cell.  For this study, down-looking echo-integration data were divided into cells 

approximately 25-m long by 0.5-m deep from 2.0-m below the surface to the bottom. The 

side-looking integration data were divided into cells 25 m long and 1.5-m deep and was 

calculated as the average voltage return from 10 to 30-m athwart ship.  Average target 

strength was calculated for each cell and during each sampling occasion.  Only fish targets 

between –57 and –43 dB (ca. 20 to 100 mm TL) were used for split-beam and echo-

integration analysis, representing the range of fish sizes sampled in the surface trawl 
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samples.  All targets were assumed to be Anchoa spp. based on the surface trawl samples.  

Densities, measured in no. m-3 and g m-3, were calculated for each cell by scaling the mean 

voltage returned from the ensonified volume by the average fish size calculated from split-

beam analysis and verified using the surface trawl survey.   

 

Data Visualization and Statistical analyses 

Summary statistics for fish size and densities were computed for each of the surveys.  

Echo integration data were analyzed for large- (trend) and small-scale (autocorrelation) 

spatial structure.  We used a generalized additive model (GAM) to characterize the spatial 

trend in the data for the transect on each sampling occasion.  Distance-along-transect (in 

meters) and depth in the water column (in meters) were used as covariates to explain the 

variability in root-transformed echo-integrated density.  The root-transformation of the echo 

integration data appeared to best normalize the data since the data were highly skewed and 

there were many zero-densities in the dataset.  A stepwise regression technique was used to 

optimize the degrees of freedom used for each covariate in the smoothing functions of the 

GAM.  Predictions from the GAM and its residuals were plotted to examine them for 

normality.  Approximate r-squares were calculated to determine the amount of variability 

explained by the spatial covariates.  Residuals from the GAMs were then analyzed for 

remaining spatial structure by calculating the semivariance as a function of the distance 

between measures (Cressie 1993).  The behavior of the empirical variogram suggested that a 

Gaussian model would best fit the data.  The range, sill and nugget parameters were 

estimated using non-linear least squares procedures to estimate the spatial extent of 

correlation, the range parameter of the theoretical variogram.  Significant model variogram 

21 



parameters were compared between the two surveys to assess differences in the spatial 

patterns of densities that may be explained by the differences in habitat quality between the 

two sampling occasions.  All statistical analyses were performed using S-plus (v. 6.0, 

Insightful, 2001). 

 

Results and Discussion 

Patterns in water quality were quite different between the two sampling occasions 

with respect to dissolved oxygen and salinity. 

 

June Sampling 

 During the night of 26 June 2001, the transect was stratified with the pycnocline (12 

to 13 ppt) and thermocline (28.0 to 27.0 C) at a depth of 3-meters and >50% of the water 

column under hypoxic conditions (Fig. 2).  Hypoxic events during the late-spring to early-

fall in the Neuse River are strongly correlated with stratification caused by spring freshwater 

input, early spring organic matter decomposition, and the magnitude and direction of wind 

stress (Borsuk et al. 2001, Paerl et al. 1998).  Low wind stress before the June sampling 

contributed to density stratification, caused primarily by salinity differences between the 

intruding high salinity water from the Pamlico Sound and net down-stream flow of the 

freshwater from the Neuse River.  Copepodites, sampled concurrently during the 

hydroacoustic survey indicated higher densities at and below the pycnocline in dissolved 

oxygen concentrations lethal to larval anchovies (Fig. 2, Breitburg 1994).  This pattern is in 

contrast to observations in the Chesapeake Bay where copepodites avoided bottom-layer DO 

< 3 mg O2 L-1 (Keister et al. 2000).  Large copepodites are the preferred prey of the 
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anchovies (Peebles et al. 1996) and represent the majority of the stomach contents of 

anchovies captured during this study (Taylor and Rand unpubl. data).   

Average estimated fish size for June was 33.0 ± 0.6 mm TL (Table 1) and 

corresponded well with our surface trawl sampling in the region, which averaged 35 ± 1 mm 

TL.  The distribution of June density values was highly skewed and contained many zeros.  

Density values along the transect averaged 0.49 fish m-3 (median = 0.035 fish m-3) and 

ranged from 0 to 8.30 fish m-3 (Table 1).  High variability and frequent zeros are common in 

surveys of pelagic species (Freon and Misund 1999). 

The GAM covariates horizontal distance and depth explained 60.5% of the 

variability in density distribution in June.  There was a weak effect of horizontal distance, 

with higher densities toward the middle of the river (Fig. 3).  This pattern may be better 

explained by the effect of depth on the vertical distribution, especially in the middle of the 

river.  The results from the GAM indicated a significant positive relationship of fish density 

and depth from the surface to approximately 3-m depth (Fig 3).  Vertical density 

distributions generally matched the pattern of oxygen stratification with very few fish 

encountered below 3.5-m.  Larval stages of anchovies in the Chesapeake Bay have also been 

observed to avoid hypoxic waters (Breitburg 1994).  Our results also suggest that the fish 

were aggregating near the pycnocline.  In larger ocean and coastal systems, evidence of 

changes in vertical distribution has been attributed to depleted oxygen in the lower water 

column.  Mathisen (1989) reported changes in the maximum depth of anchoveta during 

extreme El Nino events that result in an oxygen depletion closer to shore.  Further work 

needs to be done to better characterize the movements of pelagic fishes that may help 

explain this pattern.   
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Presence of aggregations was further supported by the analysis of the spatial 

structure of the residuals of the GAM.  Small-scale spatial correlation was present in the 

residuals to an estimated range of 400 m (Fig 4).  High degrees of correlation were 

especially evident from 20 to approximately 200-m lag distance.  These small to medium 

sized patches can be seen in the data plotted in figure 1.  We were surprised to see residual 

spatial structure in the data since other pelagic species that have been studied generally show 

disaggregate patterns during the night while shoaling or schooling during the day (reviewed 

in Freon and Misund 1999).  Dense aggregations may indicate that these fish are occupying 

microhabitats with high prey resources.  Such high local densities of grazers, however, may 

lead to increased competition for resources, decreased feeding rates by individuals, and 

possibly increases in activity costs.  Any of these mechanisms can lead to overall decreases 

in growth rates and eventually lower population production. 

 

August Sampling 

Water quality sampling on 2 August 2001 showed a generally mixed water column 

with high dissolved oxygen down to approximately 5.5-meters depth (Fig. 2).  Just prior to 

this period, the NRE experienced moderate wind stress that served to mix the water column 

and bring oxygenated water to the hypolimnion.  Zooplankton abundances were higher than 

observed in June and were also generally homogeneous throughout the water column.   

Average estimated fish size for August was 30 ± 0.3 mm TL, and as with sampling 

in June, corresponded well with our surface trawl samples, which averaged 31.8 ± 0.2 mm 

TL (Taylor and Rand unpubl. data).  The distribution of August density values was not 

nearly as skewed as June values and contained fewer zeros.  Density values along the 
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transect during August averaged 0.66 fish m-3 (median = 0.50 fish m-3) and ranged from 0 to 

3.4 fish m-3 (Table 1).   

The GAM model for the August density distributions explained 48% of the 

variability in the data.  In contrast to June, there was a weak positive effect of distance along 

the transect with more fish present near the end of the transect (Fig. 5).  This pattern was 

opposite to the trend in zooplankton abundances across the transect (Fig 2) and may be a 

result of localized grazing effects on the plankton.  Vertical distribution was also quite 

different from the pattern observed in June with fish generally evenly distributed from 2-m 

to near bottom (6-m). The more uniform distribution of fish in the water column appears to 

be a more typical pattern observed with nighttime acoustic data (reviewed in Freon and 

Misund 1999), and serves as a stark contrast to what we observed in June. 

Unlike the results from the analysis of small-scale spatial structure in the June 

sampling, there was no spatial pattern in the GAM residuals for August (Fig. 4).  The 

empirical variogram indicates a pure nugget effect and neither the sill nor the range 

parameters of the model variogram were significant.  With evidence of only a weak a trend 

in copepod abundance in the horizontal dimension in August (Fig. 2), we may hypothesize 

that under mixed conditions anchovies are maximizing feeding rates and selecting all 

available oxygenated habitats that provide high abundance of prey but may affect copepods 

dynamics through localized grazing. 

 

Conclusion 

Hydroacoustic data analyzed with modern statistical methods provides us with new 

insights into the environmental factors that structure the distribution of pelagic estuary-
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dependent fish populations in shallow systems.  These results represent the first reported 

efforts to quantify the spatial structuring of pelagic fishes in response oxygen stratification 

in a periodically stratified estuary.  Under stratified conditions, we found fish forming dense 

aggregations at night, in conditions when overall prey concentrations in the epilimnion were 

low.  This suggests that fish may be depleting prey concentrations in the epilinmion or 

concentrating in prey patches that we cannot resolve with our current plankton sampling 

methods and argues for an approach where we can more closely match the scale and 

resolution of sampling of both fish and plankton communities.  Future hydroacoustic 

sampling coupled with intense sampling of the zooplankton community will allow us to 

extend the analysis to important biotic processes, particularly in regard to better assessing 

the interactions of abiotic and biotic factors in determining the spatial distribution of pelagic 

fishes in estuaries.  These data are important to developing trophic models that will predict 

population dynamics as a function the habitat quality.  Physical models suggest that 

anthropogenic sources of nutrients increase the propensity of hypoxic events during periods 

of low wind stress (Paerl et al. 1998, Borsuk et al. 2001).  Varying durations and severity of 

stratification and hypoxia will likely result in complex interactions between the zooplankton 

populations and the grazing fish community, the transfer of energy between the two trophic 

levels, and system-wide fish production. 
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Table 1. Summary of fish size and distribution of echo-integrated densities. 
 

Date Estimated TL, 
mm (SE) 

Mean Density, 
no.m-3 (SE) 

Median Density, 
no.m-3 

Density Range,  
no.m-3 

26-June-2001 32.8 (0.6) 0.50 (0.04) 0.04 0 - 8.31 

02-Aug-2001 30.3 (0.3) 0.66 (0.02) 0.50 0 - 3.42  
 
 

 29



 
 
 
 
 

 
 
Figure 1. Sampling transect in the lower Neuse River Estuary, North Carolina, USA. 
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Figure 2. Cross-section of the sampling transect sampled in June and August, 2001. 

Viewing direction is toward the west with the south on the left and north on the right of each 

plot.  Vertical and horizontal dimensions of each plot are according to axes in top right 

panel.  Interpolations of water quality (top panels) are represented by salinity (broken yellow 

lines) and dissolved oxygen (color bar at lower left).  Copepod densities are represented by 

gray bars at sample locations and are proportional to the scale inset.  Echo-integrated fish 

density is represented in the lower panels.  Densities ranged from 0 to 8 fish m-3 represented 

by a color spectrum (lower right). 

 31



 

 32



 

500 1000 1500 2000 2500 3000
Distance (m )

-0
.5
0.
0
0.
5
1.
0
1.
5
2.
0

Ef
fe

ct
 o

n 
D

en
si

ty

1 2 3 4 5 6
Depth  (m )

-0
.5
0.
0
0.
5
1.
0
1.
5
2.
0

Ef
fe

ct
 o

n 
D

en
si

ty

0

2

4

6

8

10

D
O

 (p
pm

)

 
 
Figure 3.  Generalized additive model (GAM) results for June 2001 fish density over 

distance along transect (top panel) and depth below surface (bottom panel).  Closed circles 

represent the residuals of GAM model.  Spline fit (solid line) is bound by 95% confidence 

intervals (dotted lines).  Blue line represents average dissolved oxygen profile according to 

right axis. 
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Figure 4.  Variogram plots from analysis of spatial structure of residuals from GAMs for 

June (closed circles) and August (open squares). Data points represent calculated 

semivariance (gamma) at lag distances along the x-axis.  Dark line is a fitted theoretical 

variogram to the June data with parameters for the Gaussian model, range: 406.32, sill: 0.05, 

nugget: 0.06.  No significant model was found for the August data. 
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igure 5.  Generalized additive model (GAM) results for August 2001 fish density over 
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distance along transect (top panel) and depth below surface (bottom panel).  Closed circle

represent the residuals of GAM model.  Spline fit (solid line) is bound by 95% confidence 

intervals (dotted lines).  Blue line represents average dissolved oxygen profile according to 

right axis. 
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Abstract 

Hypoxia causes an increase in heterogeneity of estuarine habitats.  In the shallow, 

Neuse River Estuary (NRE), NC, hypoxic events are intermittent and occur annually in the 

spring and summer.  Hypoxia can cause a shift in distribution of mobile organisms, 

restricting habitat volume and potentially causing crowding of benthic and demersal species.  

We used mobile fisheries hydroacoustics and synoptic water quality and zooplankton 

sampling to examine the consequences of crowding and patchy distributions in juvenile bay 

anchovies Anchoa mitchilli, in terms of grazing demand and spatial interactions with 

copepods.  We hypothesized that the distribution of anchovies would be spatially related to 

the distribution of copepods biomass.  Initial results were contrary to our predictions.  A 

possible explanation for this lack of spatial coherence could be a result of the timing of our 

observation, which was likely after the anchovies had grazed upon the available copepod 

biomass.  Reconstruction of copepod biomass to pre-grazed conditions improved some of 

the correlations, but only during seasons when copepod biomass was apparently limiting.  

Early in the season, hypoxic events do not appear to adversely affect the anchovy population 

in terms of available food, when averaged over the entire lower NRE.  However, when 

hypoxia restricts habitat volume and separates the anchovies from a portion of the copepod 

biomass, dense aggregations of anchovies may exert a significant grazing pressure on 

copepods remaining in the epilimnion on a local scale.  During periods of severe hypoxia 

later in the season, however, anchovies occupied regions of the NRE that supported very 

low copepod biomass and production, at levels insufficient to meet even the basic energetic 

needs of an individual fish.  The result was a significant reduction in the condition of 

individual anchovies that were in this upstream region when compared to anchovies in the 
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down stream region supporting higher copepod biomass.  The results presented in this thesis 

suggest that summarizing population and trophic level phenomena in the NRE using system-

wide averages over space and time may be inappropriate to understanding ecosystem 

processes in systems that experience intermittent hypoxia.  

 

Introduction 

 The bay anchovy Anchoa mitchilli is the most abundant fish in many coastal bays 

and estuaries along the United States east coast (Hildebrand & Schroeder 1928; Bigelow & 

Schroeder 1953).  The protracted spawning season of the species, lasting from mid-spring to 

early-fall each year (Luo & Musick 1991), results in a nearly continuous presence of larval 

and juvenile anchovies through the summer and fall in many estuarine ecosystems (Rilling 

& Houde 1999).  The ecological importance of the bay anchovy has resulted in numerous 

studies on the ecology of the species throughout much of its range.  Anchovies are the 

primary prey of the top three piscivores in the Chesapeake Bay, and it has been 

hypothesized that dynamics in anchovy populations can affect the production of higher 

predators in coastal systems (Baird & Ulanowicz 1989; Hartman & Brandt 1995; Hartman & 

Brandt 1995). 

Juvenile anchovies (>25 mm TL) feed preferentially on post-nauplier copepodites 

and adult copepods (Vazquez 1989; Klebasko 1991; Newberger & Houde 1995; Peebles et 

al. 1996), although there is some evidence for juvenile and adult anchovies opportunistically 

foraging on other abundance mesozooplankton (Johnson et al. 1990).  This, coupled with 

wide distribution and high local abundance during certain seasons (Luo & Brandt 1993; 

Wang & Houde 1995; Peebles et al. 1996), make the bay anchovy the dominant 
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zooplanktivore in the Chesapeake Bay and elsewhere (Baird & Ulanowicz 1989; Johnson et 

al. 1990; Peebles et al. 1996).  Several studies have reported on estimated zooplankton 

consumption rates by anchovy populations, particularly in the Chesapeake Bay.  In a 

comprehensive, theoretical analysis of the trophic dynamics of the Chesapeake Bay, Baird 

and Ulanowicz (1989) found that the bay anchovy may consume 70-90% of the zooplankton 

consumed by planktivores.  Further studies have also suggested that during certain seasons, 

anchovies may consume up to 100% of the copepod production in some systems (Klebasko 

1991; Luo & Brandt 1993; Rose et al. 1999).  These modeling efforts have also suggested a 

strong link between anchovy population dynamics and limitations in the production of 

copepods in the Chesapeake Bay, particularly in the late summer and early fall as copepod 

production declines likely from a combination of top-down and bottom-up processes (White 

& Roman 1991; Luo & Brandt 1993; Cowan et al. 1999; Rose et al. 1999).   

Analysis of the spatial patterns of anchovies in other systems has indicated a large-

scale association between these fish and their prey.  Rilling & Houde (1999) found 30% of 

the variability in anchovy distribution could be explained by density distributions of 

copepods.  Furthermore, it seems that spatial associations with abundant prey is critical for 

the adult anchovies, in order to increase condition and fecundity of females and provide 

suitable environment for feeding larvae and juveniles (Peebles et al. 1996).  Since anchovies 

represent the dominant zooplanktivores in estuaries, it is important to understand the spatial 

scales over which planktivores and plankton may interact.   

As we have presented in Chapter 2 and in addition to the present work, the 

distribution of anchovies can also be strongly influenced by vertical structuring of dissolved 

oxygen in the water column owing to density stratification in estuarine systems (Taylor & 
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Rand 2003, this study).  Spatially intensive surveys have shown that the anchovies can form 

dense patches as a consequence of a restricted habitat volume caused by hypoxia in the 

hypolimnion (Taylor & Rand 2003).  Patchy distribution of both predators and prey has been 

emphasized in the literature as it can strongly affect trophic interactions over a continuum of 

spatial and temporal scales and influence trophic transfer and ecosystem efficiency (Menge 

& Olson 1990; Persson et al. 1992; Steele & Henderson 1992; Swartzman et al. 1999).   

We have also found that the preferred prey for anchovies, juvenile and adult 

copepods, can tolerate and inhabit oxygen depleted waters in the hypolimnion below 1.0 mg 

O2 l-1 (Taylor & Rand 2003).  This differential tolerance for and response to hypoxia 

disturbances can cause a spatial separation between predators and prey and can effectively 

limit the availability of prey to the anchovies and other zooplanktivores in this system.  

Recent declines in water quality have highlighted the need for a greater understanding of 

processes in coastal systems and how they are affected by adverse water quality.  Of 

particular importance is an apparent increase in the propensity and severity of hypoxia in 

coastal bays and estuaries (Breitburg 2002; Rabalais et al. 2002).  While we are gaining a 

better understanding of how demersal species and benthic food webs respond to hypoxia 

(Pihl et al. 1991; Craig 2002; Eby & Crowder 2002), we still lack an understanding of how 

pelagic species and their interactions with zooplankton may be affected by hypoxia.   

 

Objectives 

We identified three objectives for this chapter.  First, we used a surface trawl survey 

to characterize the pelagic fish community and through a diet analysis of anchovies, we 

determined the importance of copepods as prey for bay anchovies in the NRE.  Second, we 
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used a synoptic fisheries hydroacoustic and water quality survey to assess the seasonal 

trends in the dissolved oxygen and abundance of anchovies and copepods in the NRE.  In 

this chapter we expanded the scope of the data from what we reported in Chapter 2 to 

include a larger region of the NRE allowing us to measure trophic coupling over a 

continuum of spatial scales (m to km) under changing water quality conditions.  Third, we 

determined whether the spatial distribution of anchovy biomass could be explained by the 

distribution of prey (specifically, biomass of post-nauplier copepodites and adult copepods) 

in the lower NRE.  For this objective, we tested the hypothesis that anchovy biomass would 

be distributed in the system in coherence with the spatial distribution of prey abundance.  

Finally, we determined whether there were conditions under which prey availability may fail 

to meet the grazing demand of the anchovy populations over a range of spatial scales.  To 

examine possible links to individual fitness, we tracked length frequency and body condition 

of anchovies in the NRE to determine whether feeding and growth conditions exerted an 

ecological effect on the planktivore population.  

 

Study Site 

The Neuse River is one of three major tributaries and sources of freshwater input to 

the Albemarle-Pamlico Estuarine System (APES, Figure 1).  The system is shallow with an 

average depth of about 3.5 m and maximum depth of 7.5 m.  Barrier islands surround the 

APES restricting estuarine water exchange with the Atlantic Ocean through only 4 major 

inlets.  The system does not experience significant tidal flows beyond about 0.5 km from the 

inlets and so physical dynamics in the Neuse River such as circulation and mixing are 

governed primarily by freshwater input (rainfall) and winds (Pietrafesa et al. 1986).  The 
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dependence upon freshwater flow, nutrient inputs, and wind has resulted in spatially 

complex and temporally dynamic water quality conditions (Paerl et al. 1998; Borsuk et al. 

2001; Buzzelli et al. 2002).  During the spring, rainfall can transport nutrients (N and P) into 

the system resulting in algal blooms of varying productivity (Paerl et al. 1998).  Low wind 

stress and warming summer temperatures can cause water column stratification as a result of 

density gradients between the out-flowing freshwater and counter-flowing estuarine waters 

from Pamlico Sound (Stanley & Nixon 1992; Luettich Jr et al. 2002).  Biologic oxygen 

demand (BOD) in the hypolimnion can rapidly deplete the dissolved oxygen (DO) in the 

water, and as a result, hypoxia (DO < 2 mg l-1) or anoxia (DO < 0.2 mg l-1) can occur 

(Borsuk et al. 2001; Buzzelli et al. 2002).  Increased wind stress can serve to mix the water 

column, bringing oxygen-rich surface water to the bottom.  The direction and strength of 

wind will determine the level of mixing that occurs in each of the regions upstream and 

downstream of a narrow turn at Minnesot Beach and Cherry Point (Reynolds-Fleming & 

Luettich Jr 2004).   

 
Methods 

Sampling design 

We used a combination of continuous mobile hydroacoustic sampling, active fish 

sampling using surface trawls, and synoptic water quality profiles at fixed stations along 6 

transects in a 60 km2 region of the NRE (Figure 1).  Hydroacoustic sampling took place 

monthly from June to October 2001 and each survey took place over the course of a single 

night, except in June, when we surveyed half (3) of the transects on each of two nights 

(Table 1).  We concentrated our efforts on sampling at night since anchovies, like other 

shoaling and schooling species, tend to disaggregate at night, providing an easier means to 
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assess their abundance and distribution.  Furthermore, copepod abundance can be better 

assessed at night, especially for species that can be strongly associated with the benthos 

during the day (Fulton 1984). 

 
Mobile hydroacoustic sampling 

We used a 200-kHz (HTI Model 241) split-beam echosounder coupled with elliptical 

(4o x 10o nominal beam dimension) and circular (15o nominal beam dimension) transducers 

to assess abundance of fish in the vertical and horizontal dimension from the surface to 

within 0.25-m from the bottom.  The elliptical transducer was oriented perpendicular and 

lateral to the vessel path and sampled the top 1.5-m of the water column from 10- to 30-m 

athwart ship.  The circular transducer was oriented vertically and sampled from 1-m below 

the surface to within 0.5 m from the bottom.  Vessel speed was constant at about 1.8 m s-1.  

A ping rate of 10 pulses s-1 was multiplexed between the two transducers, resulting in 5 

pulses s-1 to each transducer.  Each sampling occasion was preceded by an in situ system 

calibration using a tungsten-carbide reference sphere of known target strength placed greater 

than 5-m from the transducers.  Gain parameters were adjusted accordingly based on 

calibration results.  Returned acoustic signals were simultaneously adjusted for spreading 

loss by applying 40-logR and 20-logR time-varied gain for split-beam and echo-integration 

processing, respectively.  The data were processed in real-time for split-beam and echo-

integration (HTI DEP v. 3.53, HTI Seattle, WA USA) and stored on a laptop computer for 

later data analyses.   

Split-beam analysis was used to determine acoustic size (target strength) of 

individual fish targets in decibels.  Using equations for clupeiform species (Foote 1987), 
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target strengths were converted to approximate fish size (TL, mm) according to the 

relationship, 

)10(*10 )048.015.3( TSTL += , (1) 

where TS is the average target strength of each ensonified fish target.  We then converted 

these lengths into approximate wet weight (WW, g) according to the relationship 

2.82-5 TL*1.7x10WW = . (2) 

Echo-integration provides a measure of relative density that can be converted to 

absolute density by scaling the integrated acoustic signal within a discrete volume by the 

average target size within that volume.  For this study, down-looking echo-integration data 

were divided into cells approximately 25-m long by 0.5-m deep from 2.0-m below the 

surface to the bottom. The side-looking integration data were divided into cells 25 m long 

and 1.5-m deep and was calculated as the average voltage return from 10 to 30-m athwart 

ship.  Each cell has a three-dimensional coordinate, two dimensions in the horizontal plane 

and a depth below the surface.  The coordinates for the horizontal dimension were provided 

in real-time by a geographic positioning system (GPS, Lowrance, Inc.), connected to the 

laptop through a NMEA data port.  Average target strength was calculated for each cell and 

during each sampling occasion.  Only fish targets between –57 and –45 dB (ca. 20 to 85 mm 

TL) were used for split-beam and echo-integration analysis, representing the range of fish 

sizes sampled in the surface trawl samples (see below).  Densities, measured in no. m-3 and g 

m-3, were calculated for each cell by scaling the mean voltage returned from the ensonified 

volume by the average fish size (TL and wet weight) calculated from split-beam analysis 

and calibrated with the sizes observed in the surface trawl samples (below).  We determined 
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the level of patchiness in fish density along each transect and within segments of the 

transects by calculating the Lloyd’s index of patchiness (Lloyd 1967; Hurlbert 1990), 
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The distribution of the index has a value less than 1 for a random distribution, while a 

clumped or patchy distribution would have a ratio higher than 1.  We tested whether indices 

were significantly greater than 1 using a chi-square test (Hurlbert 1990).   

 

Water quality  

The acoustic survey coincided with a sampling of water quality using a data logger 

(YSI Model 6600) at 3 stations along each of the transects (Figure 1).  The data logger 

recorded temperature, salinity, and dissolved oxygen (DO) at 0.1-m increments through the 

water column.  All parameters were interpolated along the cross section of the river at each 

transect to provide a visualization of the water quality observed during hydroacoustic 

sampling.  DO interpolations were used to determine the proportion of the water column that 

was hypoxic and the biomass of prey available in the epilimnion when the water column was 

stratified. 

 

Surface trawl sampling 

To verify fish size and species composition in the surveyed area and quantify diet 

and body condition, we sampled 18 stations using a surface trawl within 3 days of each of 

the hydroacoustic surveys.  The surface trawl (1.2m width, 0.7 m height, 3.5 m length, 

3.2mm knotted mesh) is similar to a bottom trawl, except rather than using two weighted 
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doors to keep the net open, the surface trawl is towed between two boats and samples the top 

1 m of the water column.  All fish were identified and a subsample of each species was 

measured.  From the June, July and August samples, a subsample of as many as ten fish 

were taken from each station for stomach content analysis.  Individual fish were weighed 

(wet weight, g), dissected, and the contents of the stomach were identified and counted to 

determine the relative contribution of prey types to the anchovy diet.  We used estimated 

prey dry weights from Durbin and Durbin (1981) and Klebasko (1991) to determine the 

percent contribution by number and weight for each prey category.   

 

Estimating anchovy consumption 

 To assess the potential grazing demand of anchovies on copepods, we simulated 

consumption over a full day (24 h) along each of the sampled transects.  First, we 

determined a reasonable consumption rate of anchovies through the entire season using a 

bioenergetic model.  We then used this consumption rate to scale our grazing demand by 

anchovies in the NRE.  For this simulation we assumed that movement, mortality and 

growth in the anchovies were negligible.  We adopted the basic bioenergetic modeling 

framework of Hewett and Johnson (1992).  The model balances the flow of energy through 

an individual fish among components of consumption (input), energy loss (metabolism, 

egestion and excretion) and growth (somatic) according to the equation, 

)( UFRC
Bdt
dB

++−= ,   (4) 

where B is the weight of the fish, t is time, C is consumption, R is respiration, F is egestion 

and U is excretion.  For C (consumption), we used a temperature- and weight-dependent 
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relationship from Kitchell et al. (1977) as used in Rose et al. (1999) to calculate the 

maximum consumption in dry mg d-1.   

)(*1019.1 727.0
max TfWC dry= ,  (5) 

The function f(T) describes a proportional adjustment (from 0 to 1) that is a non-linear 

relationship of Cmax over temperature.  The function increases exponentially to near the 

optimum temperature and declines rapidly from optimum to maximum temperature (Figure 

2).  The function requires three parameters, the optimum temperature for consumption (28 

oC), the maximum temperature for consumption (37 oC), and a parameter controlling the rate 

of increase in consumption up to the optimum temperature (2.2).  Parameters used for this 

function were taken directly from Vasquez (1989).  We used the average daily temperature 

from a stationary platform in place on the NRE (USGS 2004).  Respiration is also a weight- 

and temperature-dependent function.  Parameters from for this function were taken directly 

from Vazquez (1989).  Excretion and egestion were proportions of consumption as in Rose 

et al. (1999).  The simulated growth model began with the average size of juvenile anchovy 

captured on 25 June 2001 (30 mm) and predicted sizes were generated for each day of the 

monthly trawl survey assuming maximum consumption.  We determined whether this 

theoretical Cmax was a reasonable estimate for feeding rate by the anchovies in the NRE by 

comparing predicted growth rates from the bioenergetics model against our average sizes 

observed from the monthly surface trawl samples.   

We plotted the distribution of fish density (numerical and biomass) for each transect.  

We then used this measure of consumption rate to convert our biomass distribution to a 

spatially-explicit measure of grazing demand.  Sizes used for this determination were taken 

from estimated average lengths of fishes sampled during the hydroacoustic surveys and 
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corroborated from trawl samples.  For each month, we computed the average fish density 

(numerical and biomass) as well as consumption rate for the entire sampling region.   

  

Copepod abundance and estimated production 

Discrete zooplankton samples were taken at 2 or 3 depths at each station using a 30-

L Schindler-Patalis plankton trap fitted with a 63 µm mesh net.  Samples were preserved in 

100 ml of 2-5% buffered formalin in seawater.  Three 10 ml sub-samples were counted for 

juvenile copepodites and adult stages (hereafter referred to as copepods) in the laboratory.  

Densities of copepods were calculated and reported in ind. m-3.  We used the average weight 

of a copepod from Durbin and Durbin (1981) to convert the numerical densities into 

biomass densities (mg m-3).  We determined the proportion of copepods in the bottom water 

as a function of presence and severity of hypoxia by comparing these values to average DO 

concentration in the hypolimnion using a linear regression.  The proportional density (0 to 1) 

was arcsine transformed to normalize the data. 

 Our spatial surveys were conducted over time, with an elapsed time of approximately 

7.5 h between the sampling of the first transect and the last transect.  Therefore, the patterns 

of copepod abundance were affected to some degree by the production in copepods that 

occurred during this intervening period.  Juvenile anchovies are predominantly visual 

foragers, having a diurnal or crepuscular feeding periodicity (Klebasko 1991).  Therefore, 

we assumed that changes in the copepod density were only a result of biomass added due to 

production over the course of the night.  We used our observed biomass densities to estimate 

the production of copepods.  We relied on an exhaustive analysis of production estimates for 

numerous copepod populations was used to develop a model of copepod production as a 
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function of generation time, species-specific adult maximum size, stage duration and 

temperature (Huntley & Lopez 1992).  Temperature explained over 90% of the variability in 

growth rates.  We used their relationship of instantaneous growth rate (G) to temperature (T) 

)111.0(0445.0 TeG = . (6) 

Production (P) is calculated as 

GBP = , (7) 

where B is the observed biomass of copepods sampled at each station or depth.  We 

standardized the copepod biomass to the start-time of each night’s survey by subtracting the 

estimated biomass of copepods that were produced using the time elapsed between the first 

transect and the sampled transect.  We refer to this as the “time-standardized biomass 

estimate”.  We used the temperature-production model above to estimate the accumulation 

of biomass over time and subtracted this from the observed biomass at the time of the 

sample.  The time-standardized biomass estimates were usually within 15% of the biomass 

values observed at the time the sample was taken.  We used these time-standardized biomass 

estimates to calculate the production rates at each station to determine the ratio of anchovy 

grazing demand to available food supply.  We averaged the densities and production rates 

for each month and estimated the proportion of copepod production that was consumed by 

the anchovies. 

 

Assessment of spatial overlap between copepods and anchovies 

 We compared the distribution of fish density and consumption with copepod density 

and production using a partial Mantel test (Smouse et al. 1986).  The partial Mantel test is a 

linear regression technique applied to distance matrices generated from spatially referenced 
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sample locations.  We tested for a significant correlation between metrics of the fish 

community (density and consumption) and the copepod community (density and 

production).  The output of the test includes partial correlation coefficients, which indicate 

the strength of the relationship between two distance matrices (fish density and copepod 

density) after the effect of the other variables have been taken into account, in this case 

spatial position of the samples.  First, it was necessary to reduce the spatial resolution of the 

hydroacoustic data to match the fixed station zooplankton sampling.  We averaged the fish 

density distributions from the hydroacoustic surveys into 3 segments along each transect.  

We used the average anchovy density within segments and compared these to three 

estimates of copepod biomass from 1) the epilimnion (surface), 2) the hypolimnion (bottom) 

and 3) the entire water column (total).   

Initial Mantel tests resulted in no significant relationships between fish and copepods 

using any of the depth-specific copepod metrics.  In several cases, we observed low copepod 

biomass in regions of both high and low fish abundance.  One possible explanation is that 

our observations were made at night after the anchovies had potentially grazed a significant 

proportion of the copepod biomass.  To address this concern, we reconstructed the 

distribution of copepod biomass before the dusk foraging period.  Previous diet studies on 

anchovies on the Chesapeake Bay indicate that feeding occurs over a 2-3 hour period before 

sunset (Klebasko 1991); however, there are some indications from other studies that 

anchovy foraging can also occur throughout the day (Hartman et al. 2004).  We used our 

estimates of average daily consumption (Cmax) by fish within each transect segment.  We 

added this consumed biomass back to the time-corrected copepod biomass.  The result is an 

estimate of the biomass of copepods on each transect segment just prior to the dusk 
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foraging.  We performed a partial Mantel analysis to test for a correlation between the 

distribution of fish density and this new estimate of copepod biomass (hereafter referred to 

as pre-grazed copepod biomass) while accounting for spatial correlation.  Results are 

presented for both the observed and pre-grazed states.   

 

Spatial patterns in anchovy condition 

We suspected that severe limitations in prey availability during our cruises later in 

the season might have affected the anchovies in our sampling region.  To determine the 

degree to which this was occurring, we used our bioenergetics model to determine the 

maintenance level of feeding that would be required to meet the basic metabolic 

requirements.  For this simulation, we applied the same bioenergetics model above, but 

assumed zero growth from the period of 30 July to 30 August, the time period between our 

two trawl surveys.  We solved for the proportion of maximum consumption that would be 

required to meet costs of standard metabolism, excretion, egestion and specific dynamic 

action.  We converted this value to a measure of specific consumption per day (mg prey mg 

fish-1 d-1) and multiplied by the biomass density observed along transects 1 and 2 for the 

late-August hydroacoustic survey.  We compared the average maintenance consumption for 

each transect with the average observed copepod production as well as a pre-grazed copepod 

biomass and production given a grazing pressure equal to maintenance ration. 

To assess whether adverse habitat quality would have a measurable effect on fish 

condition, we used the wet weights and standard lengths to calculate a residual weight for 

individual fish captured.  We constructed a length-weight relationship using least-squares 

regression for all fish captured at the 18 stations on each sampling date.  The residual weight 
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is the difference between the observed wet weight and the predicted weight from the 

regression and is less sensitive to fish length that other measures of condition such as 

Fulton’s K (Cone 1989).  We then compared the residual weight measures across transects 

for each month using a linear regression.   

 

Results 

Composition of the pelagic fish community 

The surface trawl samples contained 92% to 99% bay anchovy by number.  The 

remaining species were comprised of Atlantic silverside (Menidia menidia, <2%), Atlantic 

menhaden (Brevoortia tyranus, <1%), spot (Leistomus xanthurus, <3%), silver perch 

(Bairdiella chrysoura, <1%) and bluefish (Pomatomus saltrix, <1%).  Size distribution of 

anchovies was bimodal during June and unimodal for the remaining months (Figure 3).  The 

larger size class observed in June likely represents migrating adult anchovies that were in 

the region at the beginning of the season.  Size estimates from the bioenergetic growth 

simulations based on the assumption of maximum consumption compared reasonably well 

with observed sizes of fishes captured in the surface trawl survey.  The greatest deviation 

was found between the predicted sizes and the observed sizes in the August (Figure 3). 

 

Anchovy diet stomach content 

 An analysis of the stomach content of juvenile anchovies confirmed that copepods 

were the dominant prey items eaten by anchovies in the NRE.  The content of juvenile 

anchovy stomachs were dominated by copepod nauplii and post-nauplier copepodites by 

number and post-nauplier copepodites by weight (Table 2).  This pattern was consistent 
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across the three months, with the Calanoid Acartia tonsa, occurring with the highest 

frequency in most cases, followed by the Cyclopoid Oithona sp.  Other prey items found in 

the juvenile anchovy stomachs included bivalve larvae, polychaete larvae, cladocerans, and 

barnacle nauplii.   

 

Seasonal trend in copepod abundance and production 

 The copepod community was dominated by Acartia tonsa and Oithona sp., which 

comprised over 95% of the total copepods by number on any sampling date.  Copepod 

densities increased from May to August and then declined through November.  Peak 

observed densities occurred in late-July, with an average system-wide density of 47,378 

copepods m-3 (65 dry mg m-3) and a maximum density of over 197,222 copepods m-3 (273 

dry mg m-3, Figure 4).   

Average temperature in the system increased from 24 oC in May to 27.3 oC in late 

August and then declined to 22.5 oC in September, 21.2 oC in October and 16.9 oC in 

November.  Using the temperature-growth model of Huntley and Lopez (1992), estimated 

average system-wide production peaked in late-July at 58 dry mg m-3 d-1 (Figure 4).  

Production declined rapidly from August to September with estimated production in 

September less than 22% of the production in July.  Using estimates of pre-grazed biomass, 

the trend in production was within 15% of the observed biomass, except for October, which 

were nearly twice the observed rates.   
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Seasonal trend in fish abundance, biomass, and simulated consumption 

 Numerical fish density declined from June through October.  Average densities were 

over 0.7 fish m-3 in June and declined to 0.15 fish m-3 in October (Figure 4).  Biomass 

density of the anchovies increased from June to August with only a marginal increase in 

biomass from July to August, and then declined in September and October (Figure 4).  

Simulated consumption followed a similar pattern to the seasonal trend in biomass density, 

increasing from 13 dry mg m-3 d-1 in June to 20 dry mg m-3 d-1 in August and declining to 7 

dry mg m-3 d-1 in October.  Based on these simulated consumption rates by the anchovies, 

the proportion of estimated copepod production consumed by anchovies varied over the 

season.  Proportion of copepod production consumed by anchovies was less than 40% in 

June and July, increased to 61% in August and declined again in September.  By October, as 

much as 147% of the estimated copepod production as observed at the time of sampling, or 

80% of the pre-grazed copepod production (Figure 4).   

 

Spatial patterns in dissolved oxygen, plankton abundance and planktivory 

 The presence and severity of stratification and hypoxia varied over the course of the 

season and between transects within months.  Stratification and hypoxia were present in 

June, late-August and September, but the volume of the hypolimnion and severity of the 

hypoxia varied across months and between transects.  The water column was generally 

mixed in early-August and October.  Copepod distribution also varied within and between 

transects and over depth.  Depth distribution and densities of copepods varied independently 

of water column DO (R2=0.001, p>0.5, Figure 5).  Distribution of fish biomass ranged from 

nearly uniform to highly localized and dense patches along transects.  The patchy 
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distribution was especially apparent during periods of water column stratification and 

hypoxia.  When the water column was stratified, fish distribution was restricted to the 

oxygenated epilimnion, with DO > 2 mg O2 l-1 (Figure 6).  Trends in density along transects 

varied between transects within sampling months and trends between transects varied over 

the sampling season.   

During the coverage of the six transects over two nights in June, the water column 

was stratified with the pycnocline between 2.5 and 3 m below the surface.  There was a 

noticeable increase in the epilimnion volume between the first and second night of the 

survey as the depth of the pycnocline increased from 21 June to 26 June (Figure 7).  

Copepod densities showed an increasing trend downstream; however, variability within 

transects was also high with highest densities within transects occurring in the middle, or 

closer to either of the two shores (Figure 7).  We also failed to find a consistent pattern with 

respect to density of copepods over depth.  On 21 June, copepods were in higher abundance 

in mid-depth and surface samples.  On 26 June, copepods were in higher abundance in the 

hypolimnion.  Copepod densities and estimated production ranged between 2,100 m-3 (4 dry 

mg m-3 d-1) and 143,000 m-3 (156 dry mg m-3 d-1) over the two nights.  During 21 June, fish 

were more abundant on the north side of the river and abundance was higher on transect 1 

and 5 than on transect 3 (Figure 7).  Fifty percent of the total estimated consumption by fish 

along transects was contained within 4% of the volume sampled and 100% was fully 

contained within 45% of the habitat volume (Figure 8).  By 26 June, due to reduced hypoxia 

in the system, fish distribution was more disaggregated.  Distribution was roughly 

equivalent between transects 2, 4 and 6.  Fifty percent of the total consumption was 

contained within 14% of the habitat volume and 100% was contained within 89% of the 
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habitat (Figure 8).  Trends in density along transects were driven primarily by dense patches, 

as indicated by high indices of patchiness within transects (Table 3).  

The water column was generally mixed during our survey in early-August (Figure 9).  

Only on transect 4 was there evidence of hypoxia below 5 m.  Copepod density ranged from 

4,200 to over 200,000 copepodites m-3 and as with the June survey, there was no consistent 

pattern in abundance along transects, between transects or over depth.  There was also no 

clear trend in fish abundance within or between transects.  Compared to June, the indices of 

patchiness were lower, ranging from 0.2 to 1, indicating a random distribution under these 

mixed water column conditions (Table 3).  Half of the total consumption was found in 14% 

of the habitat volume and all consumption was distributed among 91% of the habitat (Figure 

8).   

 The depth of the pycnocline and the severity of hypoxia varied between the transects 

in late-August.  Pycnocline depth was at 2 m below the surface on transect 1, increased in 

depth to 3 m on transect 4 and was absent on transect 6 (Figure 10).  Copepod densities 

showed a positive trend downstream, increasing from less than 4,000 copepodites m-3 on 

transect 2 to over 60,000 m-3 on transect 6 (Figure 10).  Copepod densities were generally 

higher in the middle or near the north shore of the transects.  Fish abundance was highest in 

the upstream transects (1 and 2), lowest on transects 3 and 4, and increased from transect 5 

to 6.  Very dense patches were observed on transects one and two with indices of patchiness 

nearing 3.  Over all transects, 50% of the total estimated consumption was distributed within 

7% of the habitat volume and 100% was contained within 75% of the sampled volume.  The 

distribution of consumption varied between transects, with a greater concentration of 
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consumption in the first two transects and a more evenly distributed consumption in the two 

downstream transects (Figure 8, Table 3).   

 The pycnocline was deeper than 3 m on all transects in September.  Hypoxic water 

(< 2 mg O2 l-1) was only present below 3.75 m on transect 1 and deeper than 4 m on 

transects 4 and 6 (Figure 11).  Copepod density increased from 10,000 m-3 on transect 1 to 

30,000 m-3 on transect 6 and the south side of the river had the lowest densities for each 

transect (Figure 11).  Fish distribution was highest upstream on transect 1 and low on the 

remaining 5 transects (Figure 11) driven primarily by a dense patch of fishes on transect 1.  

Except for a segment of transect 1, indices of patchiness never exceeded 1, indicating a 

random distribution of fish biomass under these generally mixed water column conditions 

(Table 3).  

 All transects were mixed and the water was well oxygenated in October (Figure 12).  

Copepodite densities were lower than the previous months, ranging from 1,333 copepods m-

3 to 19,778 m-3.  Copepod densities exhibited an increasing trend downstream, and higher 

copepodite densities were found in the middle of the river (Figure 12).  There was no 

apparent trend in fish density upstream or downstream.  As with the September survey, 

indices of patchiness were less than 1 throughout the survey region, indicating a random 

distribution of fish biomass (Table 3).  Half of the total estimated fish consumption was 

contained within 12% of the habitat volume and 100% of the consumption was distributed 

among 93% of the habitat (Figure 8). 
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Correlations between anchovy abundance and copepod biomass 

 Results of the partial Mantel’s test for a correlation between anchovy grazing 

demand and time-standardized copepod production produced no significant results during 

any of the sampling months (Table 4).  Using the estimated pre-grazed copepod production 

rates, the results of the partial Mantel’s test were still not significant for June, early-August 

and October surveys, but were significant and positively correlated for late-August and 

marginally significant for September (Table 4).  For the late-August and late-September 

sampling we recalculated the proportion of that biomass that was consumed by the 

anchovies in the upstream transects, assuming maximum consumption rates by the fish.  

Even after reconstructing the pre-grazed copepod biomass, anchovies were still consuming 

104% of the production in the upstream and stratified regions in late-August and September, 

whereas consumption never exceeded 60% of the copepod production downstream in both 

months. 

 

Anchovy condition 

We used the surface trawl samples to assess whether this apparent limitation in prey 

availability in the upstream region of the river in late-August would have a measurable 

effect on the condition of the fish in this region.  The surface trawl survey took place on 30 

August, two days after our hydroacoustic survey of the region.  There was a significant 

positive trend of residual weight with distance downstream (p < 0.001, R2 = 0.16) indicating 

fish along transects 1 and 2 were in lower condition than those downstream (Figure 13).  We 

performed the same analysis on the surface trawl survey that was conducted on 30 July, 2 

days prior to the 2 August hydroacoustic sampling during a mixed water column, and a 
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sample taken on 25 June, between the two hydroacoustic surveys on 21 and 26 June.  There 

was no trend in residual weight over the transects for either of these two months.  Estimates 

of maintenance consumption were 0.18 g g-1 d-1 for anchovies on 28 August, given the 

temperatures observed from 30 July to 30 August 2001.  Average consumption by the 

anchovies along transects 1 and 2 were 3 and 8 times the observed copepod production and 

82 and 99% of the pre-grazed copepod production reconstructed assuming consumption 

rates by anchovies equivalent to maintenance ration (Table 5). 

 

Discussion 

 

Seasonal patterns in copepod and fish abundance 

The general trend in copepod abundance over the sampling season showed a peak in 

late-July and early August.  This seasonal pattern is very similar to trends in copepod 

abundance that were observed in the NRE in 1988-1989 and in the nearby North and 

Newport River Estuaries, NC in the late-1970s.  In previous studies, copepod concentrations 

also varied by an order of magnitude over the course of a year.  Maximum densities of 

copepods in the NRE in 1988-89 were 180,000 m-3 in August (Mallin 1991).  Maximum 

densities of A. tonsa in the North and Newport River estuaries, 30 km to the south of the 

NRE, were near 100,000 m-3 during July and August (Fulton 1984).  Mallin (1991) and 

Fulton (1984) also reported on a succession of species in the system over the summer, with 

an early dominance of A. tonsa, followed by an increase in the relative abundance of 

Oithona spp. at the end of the summer and into the Fall.  In contrast, monthly maximum 

densities observed in the middle-reach of the Chesapeake Bay from 1976 to 1980 and from 
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1985 to 2000 were 30,000 m-3, less than 10% of the densities that we observed in the NRE 

(Olson 1987; Kimmel & Roman 2004).   

Our estimates of copepod production were higher than those reported from studies in 

the Chesapeake Bay (Heinle 1966; Durbin & Durbin 1981).  Our method of calculating 

production, however, may be oversimplified, as we relied solely on a temperature-dependent 

growth model (Huntley & Lopez 1992).  Previous field studies have found wide-ranging 

secondary productivity rate for the same species of copepods in Atlantic estuaries.  Over 

large spatial scales, this production has been strongly related to seasonal patterns 

phytoplankton standing stock (Durbin and Durbin 1981); but there is limited evidence of 

strong coupling between primary and secondary production over smaller spatial and 

temporal scales (Steele & Henderson 1992; Capriulo et al. 2002; Baird et al. 2004).   

 Our observed fish biomass densities were within the ranges of anchovy densities that 

have been observed during the summer in Atlantic coast estuaries.  A comprehensive 

hydroacoustic and mid-water trawl survey of pelagic fishes the Chesapeake Bay produced 

bimonthly estimates of young-of-year bay anchovy biomass (Luo & Brandt 1993; Wang & 

Houde 1995).  Biomass densities for May and July were 0.22 g m-3, compared with our 

average 0.23 g m-3 during the summer.  Peak biomass densities were found in October and 

November in the Chesapeake Bay, whereas numerical densities in the Chesapeake Bay 

peaked in September (Luo & Brandt 1993; Wang & Houde 1995).  Numerical densities in 

the NRE were highest at the beginning of our sampling season (June) and biomass was 

highest in July and August.  The differences in timing of peak abundance in the NRE may 

be related to timing of spawning and ontogenetic migration patterns of anchovies, with an 

hypothesized down-estuary migration through the juvenile stage (Kimura et al.  2000).   
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Seasonal patterns in anchovy-copepod interactions 

 As with biomass densities, system-wide grazing demand by anchovies peaked in 

late-August at 19 dry mg m-3 d-1.  Our assumption that the estimated anchovy consumption 

rates was near Cmax, based on a temperature- and size-dependent maximum consumption 

model, was reasonable when compared to our observations and field data from anchovies in 

the Chesapeake Bay.  In July and August, when temperatures were in excess of 27oC, we 

estimated a consumption rate of 31% d-1, compared to a daily ration estimate for juvenile 

anchovies in the Chesapeake Bay of 31 and 39% in July and August, respectively (Klebasko 

1991).  An individual-based foraging-bioenergetics model for the bay anchovy in the 

Chesapeake indicated an average maximum consumption realized was 31% d-1 in the 

summer  (Rose et al. 1999).  Using this bioenergetics model, they estimated an average 

growth rate of 0.09 mm d-1, a rate that compares favorably with estimated growth rates in 

the field (Newberger 1989) and indicating that bay anchovies may be feeding at or near the 

theoretical maximum consumption.  Comparisons between predicted sizes from the same 

bioenergetics model compared well with our observed sizes, except during the time between 

July and August.  Our observed changes in sizes should be viewed with caution, however, 

since predation and migration in and out of our sampling region may have biased the size 

distributions on any month.  Anchovies typically move down-estuary through the juvenile 

period, as indicated from otolith microchemistry analyses (Kimura et al. 2000), and so our 

size distributions may have been biased low due to the immigration of the younger juveniles 

into the region.  Below we will provide evidence for poor fish condition and reduced feeding 

as another mechanism for the apparent lack of growth between July and August. 
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 Using these estimates, the proportion of the potential copepod production that was 

consumed increased through the season and was apparently limiting grazing demand of the 

anchovies in October with the anchovies consuming an estimated 147% of the copepod 

production per day.  These initial estimates of proportional consumption, however, were 

calculated using observed copepod biomass, which may have included some effect of past 

grazing pressure.  When we accounted for the reduction in copepod biomass due to grazing 

just prior to our sampling, proportional consumption was never more than 80% of the 

estimated copepod production through the whole season .  The general pattern of increasing 

grazing demand on the copepod production was still evident over the season, which still 

suggests that anchovies are exerting a significant demand on the secondary production in the 

NRE.  It is well documented that anchovies in other systems will tend to be limited by prey 

availability as the fall season progresses due to reduced primary production coupled with an 

increased grazing demand by an increasing anchovy biomass (Luo and Brandt 1993, Wang 

and Houde 1995; Rose et al. 1999).  There is also evidence from the Laurentian Great Lakes 

that consumption by planktivores can exceed prey production on a local or even lake-wide 

scale (O'Gorman et al. 1991; Rand et al. 1995).  The authors of the latter study concede that 

there may have been biases in their estimates that resulted in an underestimate of lake-wide 

zooplankton production.  It is also possible that observed zooplankton biomass might have 

been a result of recent grazing by the planktivores.  Our attempts at reconstructing copepods 

biomass distributions to pre-grazed levels may serve to reconcile this problem. 

 

Patchiness and spatially-explicit planktivory 
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 System-wide averages of fish and copepod dynamics suggest that for the majority of 

the first growing season for juvenile anchovies, available copepod production is adequate to 

support grazing demand.  However, fish biomass distribution as well as grazing demand was 

not uniformly distributed, but rather it was highly variable within and between transects and 

across months.  One clear pattern that emerged was the increased level of patchiness in the 

fish biomass distribution when the water column was stratified.  Bay anchovies, like other 

clupeiform species, are known to form aggregations, shoals or schools during the day as a 

predator avoidance behavior, but also as a means to increase prey finding (Pitcher & 

Magurran 1983; Plaganyi et al. 2000).  This group of fishes is typically observed to 

disaggregate at night (Freon et al. 1996).  There is evidence that clupeids remain in patches 

at night in physicochemically structured water columns (Chapter 1, Taylor and Rand 2003).  

Schael et al. (1995) observed discrete patches of threadfin shad (Dorosoma petenense) at 

night in a thermal and oxygen stratified reservoir in the summer, but fish were more 

uniformly distributed in a mixed water column later in the fall.  It is not clear why these fish 

would remain in dense aggregations at night simply as a response to a reduction in habitat 

volume due to hypoxia.  It has been noted that fish tend to disaggregate more slowly at night 

using more random swimming behavior and rapidly aggregate during the day through 

directed swimming towards a group (Freon et al. 1996).  One possibility is that due to 

habitat volume restrictions, the juvenile anchovies form larger and more extensive 

aggregations during the day, and therefore at night, we are observing residual patterns of the 

daytime aggregations.  It may also be possible that the fish are remaining in areas with high 

food concentrations, as there is evidence that some clupeids are able to forage at night 

(Janssen 1977; Batty et al. 1986).  Juvenile pollock (Theragra chalcogramma) have been 

 63



observed in dense patches in close proximity to zooplankton patches, especially when the 

zooplankton prey are in low abundance (Swartzman et al. 1999).  Unfortunately, the spatial 

resolution of our zooplankton sampling does not permit a closer analysis of the spatial 

proximity of prey patches and patches of fish we observed with hydroacoustics.  The 

magnitude of consumption we calculated from these patchily distributed anchovies suggests 

that the grazing pressure can be highly localized.  Studies on other shoaling clupeiforms 

suggest that even when these fishes are in shoals, together the group can be highly mobile 

and exert this intense grazing over a large spatial extent (O'Gorman et al. 1991; Schael et al. 

1995; Freon et al. 1996).  

 

Spatial correlations between fish and copepods 

 Using our observed biomass of copepods there was no spatial relationship between 

prey distribution and fish biomass at either of the two scales we measured: within a transect 

or over the sampling region.  This result was somewhat unexpected, as previous studies have 

found positive correlations between distributions of planktivores and planktonic prey 

(Kalikhman et al. 1992; Kalikhman et al. 1995; Rilling & Houde 1999; George & Winfield 

2000; Plaganyi et al. 2000).  On the other hand, Atlantic cod (Gadus morhua) exhibit 

varying strengths of spatial coherence with capelin prey (Mallotus villosus), depending upon 

the scale of observation.  Rose and Leggett (1990) found positive correlation at large scale 

(4-20 km), no correlation at moderate scale (3-5 km) and negative correlations at small 

scales (2-3 km).  The positive correlations at large scales were hypothesized to be a result of 

cod congregating near capelin aggregations (Rose & Leggett 1990).  The negative 

relationship at smaller scales was hypothesized to be a result of predator avoidance by the 
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capelin or predation causing local depletions in prey abundance.  For this reason, the timing 

of observation can also play a major role in our ability to detect spatial relationship between 

predators and prey, especially in systems where the time-scale of rates and processes differ 

between the predation and prey production (Carpenter & Turner 2001).  We took this time-

effect into account and reconstructed the biomass of copepods as it may have looked before 

the anchovy foraging took place prior to our sampling.  Outcomes from our spatial 

correspondence tests using these reconstructed densities were still mixed.  Early in the 

season, from June through early August, there were still no significant correlations.  We 

propose two possible reasons for this lack of spatial coherence between the anchovies and 

the copepods in the NRE in the early summer.  First, copepods were occupying low DO 

water, which may serve as a refuge from predation.  This mechanism was observed in cod-

capelin distributions when the capelin occupied thermal environments not suitable for cod 

and resulting in a lack of spatial coherence when a refuge was present (Rose & Leggett 

1990).  Similarly, in an aquatic insect predator-prey system, mosquito prey occupied a 

vegetation refuge to avoid predation by Notonecta resulting in a lack of spatial overlap 

between predator and prey (Sih 1984).  This mechanism seems less plausible in our study as 

we also failed to find a relationship between the distribution of anchovies and the biomass of 

copepods that were only in the oxygenated epilimnion under stratified conditions.  An 

alternative mechanism that could explain our results was that copepod production was high 

in the early season, exceeding anchovy grazing demand.  For this reason, there may not have 

been a growth or fitness benefit to seeking habitats according to abundant prey fields since 

prey were not limiting.  This mechanism may also explain the discrepancy between our 

observations of spatial overlap between copepods and anchovies and previous studies on the 
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same species in the Chesapeake Bay (Rilling & Houde 1999).  Copepod biomass in the 

Chesapeake Bay is on average an order of magnitude lower than we observed in the NRE, 

while juvenile anchovy densities were equivalent to our population in the NRE (Luo & 

Brandt 1993; Wang & Houde 1995).  Therefore, anchovies in the Chesapeake Bay may have 

been afforded an advantage by selecting regions with higher prey abundance.  As the season 

progressed in the NRE, and as copepod abundance declined in late-August and September 

due in part to hypoxia, limiting prey availability prompted fish to select habitats that offered 

sufficient prey to meet the grazing demand. 

 

Prolonged hypoxia results in locally poor fish condition 

Despite a positive relationship between fish abundance and pre-grazed copepod 

biomass in August and September, there were still strong indications of limited prey 

availability in the upstream reaches of the NRE.  Stationary sampling by our research (see 

Chapter 3), showed an extreme hypoxic event on 8-9 August, just 6 days after our mobile 

acoustic sampling during a mixed water column.  Long-term datasets (USGS 2004) show 

that this region upstream of Minnesot Beach was hypoxic for as long as 31 days, whereas 

the downstream region experienced intermittent mixing events (Figure 14).  The USGS 

datalogger samples the dissolved oxygen at 0.5 m above the bottom in a 3.5 m water 

column, so we are not able to determine the vertical extent of the hypolimnion for the 

duration of this time.  Bi-weekly samples taken along the mid-channel of the river indicate 

that the vertical extent of hypoxia may have included as much as 60% of the water column 

(MODMON 2004).  It is reasonable to assume that this extended duration of severe hypoxia 

in this region resulted in mortality in the copepods that were occupying the upstream 
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regions.  Copepod mortality is 100% in 0.5 mg l-1 in 24 hours and egg hatching success is 

also reduced to 10% in DO less than 1 mg O2 l-1 (Roman et al. 1993).  Therefore, it is highly 

likely that the copepod community suffered high mortality due to a combination of extended 

hypoxic exposure and high grazing demand by the anchovies in this region in August.  A 

comparison of the condition of fish sampled 2 days later indicated that the apparent limited 

prey availability had a negative impact on the fishes occupying this region.  This was further 

corroborated by our estimates of maintenance rations for the anchovies in this region, which 

exceeded observed or pre-grazed copepod production estimates in the upstream region.  To 

our knowledge, this observation represents the first indications of hypoxia having a non-

lethal but measurable effect on a pelagic fish population on a local scale in the field.  

Anchovies have rapid growth rates and high metabolic rates (James & Probyn 1989; 

Vazquez 1989), therefore, it is likely that these fish may be more susceptible to prey 

limitation leading to reduced growth and condition over a short time scale.  Surveys in 

September still showed a separated distribution of anchovies above and below the bend 

(transect 4) and a continued low abundance of prey in the upstream region, but we were not 

able to assess the condition of fishes in the system after this extended hypoxic event ended.  

It is unclear how long it may take for these anchovies to recover from the reduced condition 

brought about by a limitation in prey. 

 Models of optimal foraging would predict that an organism would move to a 

different patch or region of higher prey abundance once the local prey patch is depleted 

(Charnov 1976).  Furthermore, there is some indication that fish that feed in shoals or 

schools have enhanced feeding due to an increased ability for a large shoal to find suitable 

prey (Pitcher & Magurran 1983; Plaganyi et al. 2000).  The assumption of these models is 
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that the predator has an ideal knowledge of the distribution of prey resources.  Many models, 

however, have found that most foragers do not necessarily behave as predicted from these 

models because the animals may not be able to judge the level of depletion that is occurring 

in the patch and search for more prey.  Because the copepod density declined as we moved 

from these upstream regions (transects 1 and 2) to transect 4 before it increased again 

downstream on transects 5 and 6, it is reasonable to infer that a fish would not elect to travel 

through this low prey density region in order to find higher copepod densities far 

downstream.  Therefore, the fish that occupied the upstream regions in August, may have 

become “trapped” in this increasingly prey-poor environment as a result of hypoxia.  This 

low condition state may make them more susceptible to mortality. 

 

Conclusion 

Dissolved oxygen has a demonstrated effect on the behavior of individuals, 

distribution of species and predator-prey interactions in benthic and demersal foodwebs in 

the NRE (Lenihan & Peterson 1998; Eby & Crowder 2002).  Until now, there have been 

limited studies on the effects of hypoxia on pelagic species and food webs.  Using 

continuous hydroacoustics, we were able to document spatial patterns in fish distribution at 

broad and fine spatial scales, and in the vertical dimension.  In this paper and our previous 

work, we documented a significant effect of hypoxia on the distribution of pelagic fishes, 

particularly anchovies (Taylor and Rand 2003).  Early in the season, hypoxic events do not 

appear to adversely affect the anchovy population in terms of available food, when averaged 

over the entire lower NRE.  However, when hypoxia restricts habitat volume and separates 

the anchovies from a portion of the copepod biomass, dense aggregations of anchovies may 
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exert a significant grazing pressure on copepods remaining in the epilimnion on a local 

scale.   

Patchiness seems to be an important determinant of trophic relationships between 

copepod production and planktivorous fishes.  This patchiness seems to be driven primarily 

by the presence and severity of hypoxic events.  Grazing pressure in these patches can be an 

order of magnitude higher than average grazing pressure along transects (within a couple of 

km).  It seems clear from our sampling that even these highly localized dense patches can 

have a significant impact on the copepod community over a larger scale, especially under 

conditions of reduced copepod abundance and production.  There was a mis-match in the 

resolution our sampling of the copepod and pelagic fish communities.  Recent advances in 

remote sensing technology such as optical plankton recorders (Stockwell and Sprules 1995) 

are showing great promise in identifying finer-scale spatial distributions of the plankton 

community in shallow estuarine and near-shore coastal systems (D. Kimmel, UM-Horn 

Point Laboratory, pers. comm.).  Using these technologies will enable us to make far greater 

advances in our abilities to assess trophic dynamics at the relevant spatial scales that we 

identified with our hydroacoustic sampling.   

Our mobile survey provided a snapshot of the distribution of anchovies, dissolved 

oxygen patterns and coarse-scale distribution of copepods.  It is not clear how the anchovies 

cope with the effects of reduced prey availability due to hypoxia coupled with an increase in 

local conspecific densities due to a reduction in habitat volume and a more contagious 

distribution.  It has been hypothesized that fishes may alter foraging rates and activity 

patterns in order to optimize energy intake under conditions of competition for resources 

(Walters & Juanes 1993; Shaw et al. 1995; Johansson & Leonardsson 1998).  Avoidance of 
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hypoxia may add an additional level of complexity to the behavioral choices made by 

juvenile anchovies in intermittently stratified estuaries.  From our observations, it appears 

that there are consequences of hypoxia that can cause a measurable effect of hypoxia on the 

anchovy individuals in this system: 1) short-term stratification and hypoxia which separates 

abundant copepods in the hypolimnion from dense patches of anchovies in the epilimnion, 

2) extensive hypoxia that leads to increased mortality in copepods, and/or 3) reduced 

copepod production later in the season coupled with severe hypoxia.   
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Table 1.  Sampling events, transect coverage and gear employed for study of dissolved 
oxygen, plankton and anchovy distribution on the Neuse River Estuary in 2001.  Water 
quality indicates general patterns in hypoxia (DO < 2 mg l-1) along each transect. 
 

Sample Date Gear Transect Water Quality 
21 June Hydroacoustics 1, 3, 5 Hypoxia >2.5 m 
25 June Surface trawl 1 – 6 Hypoxia > 2.5 June 
26 June Hydroacoustics 2, 4, 6 Hypoxia > 3 m 
30 July Surface trawl 1 – 6 Mixed July-August 2 August Hydroacoustics 1 – 6 Mixed 
28 August Hydroacoustics 1 – 6 1 – 4 Hypoxia >2.5 m  

5 – 6 Mixed  August 
30 August Surface trawl 1 – 6 1 – 6 Hypoxia > 3 m 
24 September Surface trawl 1 – 6 Mixed September 26 September Hydroacoustics 1 – 6 Hypoxia > 3.5 m 
22 October Surface trawl 1 – 6 Mixed October 23 October Hydroacoustics 1 – 6 Mixed 

November 17 November Surface trawl 2, 4 Mixed 
 
 
 
 
 
Table 2. Prey items in stomachs of juvenile bay anchovies summed over all stomachs 
analyzed and presented as percent by number and percent by mass for each month. 
 

 June July August 
Prey type % by number % by mass % by number % by mass % by number % by mass
Copepoda       
Acartia tonsa 36.4 87.3 34.3 95.2 71.4 91.2 
Oithona colcarva 0.4 0.2 1.7 1.1 12.1 3.4 
Paracalanus sp. 1.5 1.4 0.3 0.3 2.0 1.0 
Pseudodiaptomus sp. - - - - 2.5 2.6 
Harpacticoida 3.7 3.4 0.6 0.7 3.0 1.5 
Copepod nauplii 35.1 0.7 8.9 0.2 4.5 <0.1 
Other       
Polychaete larvae 3.0 5.4 0.3 0.6 - - 
Cladocerans 0.2 <0.1 <0.1 <0.1 0.5 0.1 
Ostracoda 0.9 0.8 0.7 0.7 - - 
Barnacle nauplii 0.1 0.1 0.4 0.3 1.0 0.3 
Bivalve larvae 2.1 <0.1 2.5 0.1 - - 
Amphipoda 0.1 0.4 0.1 0.3 - - 
Centric diatoms 16.3 0.2 50.2 0.6 3.0 <0.1 
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Table 3.  Patchiness indices for distribution of anchovy biomass density for transects and 
months in the Neuse.  Index values significantly greater than 1 indicate a distribution that 
deviates from random (patchy).  Results of chi-square tests for indices greater than 1 are 
indicated by * for p < 0.05. 
 

Transect June July-August August September October 
1 2.8* 1.2 4.8* 1.1 -0.7 
2 1.5* -0.8 2.1* 0.9 -1.6 
3 0.8  0.9 2.3* -1.4 -1.0 
4 1.8 0.4 -3.0 -1.9 -3.0 
5 1.8* 0.9 0.3 -0.4 -0.1 
6 1.2 0.7 1.0 1.3 1.1 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.  Results for partial Mantel’s tests of correlations between anchovy consumption 
and metrics of observed copepod production (mg m-3 d-1) and reconstructed (pre-grazed) 
copepod production (mg m-3 d-1).  Only significant values are given. 
 

Copepod metric June July-August August September October 
Surface biomass - - - - - 

Bottom biomass - - - - - 

Total biomass - - - - - 

Pregrazed surface 
biomass 

- - R=0.46 
p<0.01 

- - 

Pregrazed total 
biomass 

- - R=0.37 
p<0.002 

R=0.13 
p<0.09 

- 
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Table 5.  Estimates of maintenance consumption rate (C, mg m-3 d-1) by anchovies and 
copepod production (P, mg m-3 d-1) along 6 transects on 28 August. 
 

Transect Average C Observed P % Consumed Pre-grazed P % Consumed 
1 15.1 4.9 304 18.4 82 
2 36.5 4.1 827 36.8 99 
3 46.0 8.9 52 12.8 36 
4 4.8 13.2 36 17.2 28 
5 6.5 42.5 15 47.6 14 
6 15.7 49.3 32 62.5 25 
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Figure 1.  Sampling region on the lower Neuse River Estuary (NRE).  The six transects are 
shown as dotted lines across the river and are numbered above.  Fixed stations for 
physicochemical profiles and zooplankton samples are located at squares along the transect. 

 81



 
 

10 14 18 22 26 30

34

0.
1

0.
2

0.
4

0.
7

0.0

0.1

0.2

0.3

0.4

0.5

0.6

C
on

su
m

pt
io

n 
(g

 g
-1
 d

-1
)

Temperature (C) Wt (g
)

 
Figure 2.  Response surface for theoretical maximum consumption, Cmax (g g-1 d-1) as a 
function of temperature (C) and dry weight (g). 
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Figure 3.  Length frequency distribution for bay anchovies captured during the surface trawl 
survey each month in 2001.  Data from November did not correspond to any hydroacoustic 
survey and only represent a limited number of stations.  Data are presented as percent 
frequency for 1 mm size classes.  Arrows at the top of each panel represent predicted sizes 
from bioenergetic model assuming maximum consumption. 
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Figure 4.  (a) Copepod numerical and biomass density and average monthly temperature 
over the 2001 sampling season.  (b) Anchovy density (numerical and biomass).  Data are 
presented as means (symbols) and 95% confidence intervals (error bars).  (c) Estimated 
monthly average consumption by anchovies.  (d) Estimated average monthly copepod 
production based on observed and pre-grazed values (bars) and percent copepod production 
consumed by anchovies (lines). 
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Figure 5.  Densities of copepods in the 3 sampled depths in relation to bottom layer 
dissolved oxygen. 
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Figure 6.  Relationship of fish density (fish m-3) to dissolved oxygen.  DO values for each 
point was determined by assigning an average DO to the depth of each fish density bin. 
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Figure 7.  River cross sectional interpolations for dissolved oxygen (DO), zooplankton 
(bottom) and fish (consumption and biomass, top) for 21 June (Transects 1, 3, and 5) and 26 
June (Transects 2, 4, and 6).  DO is presented as red-blue color spectrum at right.  
Zooplankton are presented as symbols according to size scale.  Consumption is presented as 
blue-red color spectrum to left. 
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Figure 8.  Cumulative consumption plots over proportional habitat volume for each month. 
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Figure 9.  DO, zooplankton and fish distribution for 2 August 2001.  Zooplankton scales are 
different for each month enhance the distribution of low and high abundance within the six 
transects. 
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Figure 10.  DO, zooplankton and fish distribution for 28 August 2001.  Zooplankton scales 

are different for each month enhance the distribution of low and high abundance within 
the six transects. 
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Figure 11.  DO, zooplankton and fish distribution for 26 September 2001.  Zooplankton 
scales are different for each month to enhance the distribution of low and high abundance 
within the six transects. 
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Figure 12.  DO, zooplankton and fish distribution for 23 October 2001.  Zooplankton scales 
are different for each month to enhance the distribution of low and high abundance within 
the six transects. 
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Figure 13.  Residual weight measures over transects for fish sampled during a surface trawl 
survey in (a) June, (b) July and (c) August 2001.  Model results from regression analysis are 
inset.  
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Figure 14.  Times series of average and minimum daily bottom dissolved oxygen (DO) 
recorded at stationary platforms near the mid-channel of the NRE.  Top panel is a station 
near our transect 3.  Bottom panel is a station near our transect 5.  Gray arrows indicate 
sampling dates for mobile hydroacoustic surveys.  Data from USGS (2004). 
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Activity Rates And Behavior Of Juvenile Anchovies (Anchoa spp.) In An Episodically 

Stratified Estuary: Implications For Individual Energetics And Trophic Dynamics 
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Abstract 

 We used stationary hydroacoustics and synoptic physicochemical and zooplankton 

profiles to observe diel activity rates and behaviors of individual juvenile anchovies (Anchoa 

spp.) during 4 unique water quality scenarios in the Neuse River Estuary, NC, USA.  Three 

of the sampling occasions had a stratified water column with more than 30% of the water 

column hypoxic or anoxic.  The fourth sampling occasion had a mixed water column with 

dissolved oxygen (DO) greater than 3 mg O2 l-1.  Vertical distribution of fish was restricted 

to waters with DO greater than 2.5 mg O2 l-1, except when the water column was 70% 

hypoxic and fish were occupying water with 1 mg O2 l-1.  We predicted that an individual 

fish would select a swim speed that would maximize net energy gain given the abundance 

and availability of prey in the normoxic waters.  During the day, fish generally adopted 

swim speeds between 7 and 8.8 bl s-1 that were near the theoretical optimum speeds between 

7.0 to 8.0 bl s-1 that would maximize the net energy gain given the available prey 

concentration in the system.  An exception was found during the severe hypoxic event, when 

fish were swimming at 60% above the optimum speed (observed speed =  10.6 bl s-1, 

expected = 6.4 bl s-1).  The anchovy is a visual planktivore; therefore, we expected a diel 

activity pattern characteristic of a diurnal species, with quiescence at night to minimize 

energetic costs.  Under stratified and hypoxic conditions with high fish density and limited 

prey availability, the fish sustained high activity at night.  The consequences for these 

patterns are significant as the relationship of energetic demand for a particular activity rate is 

non-linear and increases at exponentially with swim speed.  The sustained nighttime activity 

resulted in estimated daily energy expenditure over 20% greater than the fish that adopted a 

diurnal activity pattern.  We provide a line of evidence that the sustained nighttime activity 
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patterns are a result of foraging at night due to a lower ration achieved during the day.  

During severe hypoxic events, we also observed individual fish making brief forays into the 

hypoxic hypolimnion.  These bottom waters generally contained higher prey concentrations 

than the surface waters.  The bay anchovy, a facultative particle forager, adopts a range of 

behaviors to compensate for the effects of increased conspecific density and reduced prey 

availability in the presence of stratification-induced hypoxia.   

 

Introduction 

A pelagic fish’s activity contributes significantly to its performance in terms of 

determining encounter rates with pelagic prey and directly affecting metabolic costs 

associated with locomotion.  An individual’s activity rate is primarily governed by diel 

patterns of foraging behavior characteristic of the species (Helfman 1993).  

Zooplanktivorous clupeoids, such as herring (Clupea harengus), are facultative particulate 

feeders, requiring minimal light intensity for successful foraging on individual plankters 

(Blaxter 1964).  This diurnal or crepuscular behavior is supported by diet studies that show a 

peak in the stomach contents of anchovies (Anchoa spp.) around dusk (Klebasko 1991).  An 

alternative filter-feeding mode has been observed for several planktivores (Janssen 1977; 

Blaxter and Hunter 1982), and there is some indication from laboratory experiments that this 

mode can be used to forage at night in some species (Janssen 1978; Batty et al 1986), 

however, there is limited evidence that such behaviors are used in the field except under the 

highest prey concentrations (Janssen 1977; Batty et al. 1986; Johnson et al. 1990).   

Prey abundance, feeding behavior, competition for resources, and anti-predation 

behaviors have all been shown to influence the rates of activity, swimming speed and diel 
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behavior of individuals in the field and laboratory (Puckett & Dill 1984; Werner & Anholt 

1993; Shaw et al. 1995; Johansson & Leonardsson 1998; Scharf et al. 2003).  Metabolic 

rates are also governed by physicochemical factors in the environment (Winberg 1956; Fry 

1971).  For estuarine pelagic planktivores, the principle habitat features are spatiotemporal 

dynamics of physicochemical parameters within the water column.  In many aquatic 

systems, salinity and/or temperature can cause density stratification of the water column 

adding further complexity to their environment.  Therefore, there are likely to be strong 

synergistic effects of biotic factors such as forager-prey interactions and the abiotic features 

on activity patterns of estuarine pelagic fishes.  Growth rates are an important component of 

fitness for the individual (Ware 1982; Werner et al. 1983) and factors that affect the net 

energy gain, like activity rates, are likely to be under strong selective pressure.  An 

individual is afforded an advantage if swimming speeds are optimized in foraging and non-

foraging states so that net energy gain is maximized (Ware 1978).   

Investigations on activity rates in pelagic fishes have extrapolated from laboratory 

observations (James & Probyn 1989; Macy et al. 1999) or have drawn upon results from 

theoretical models that derive activity rates from weight- and temperature-dependent 

functions (Stewart et al. 1983).  Bioenergetics and foraging models are known to be 

sensitive to estimates of activity rates (Boisclair & Leggett 1989; Essington 2003), and yet 

few have conducted observations in situ.  One obvious reason for applying theoretical 

models for estimating activity costs is due to the difficulties with observing fish activity in 

situ.  Previous efforts used underwater stereo videography to observe some planktivore 

species in lakes (Trudel & Boisclair 1996); however these techniques are limited by 

underwater visibility and light conditions and so have only been used to sample during 
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daylight hours.  Other studies have used electromyogram telemetry to remotely measure 

activity rates of individuals (e.g., Briggs and Post 1997), but these studies also have limited 

sample sizes and are necessarily restricted to larger fishes.  Furthermore, the effects of the 

tags or tagging procedures on individual behavior are not well known.  In contrast, advances 

in hydroacoustics over the past 15 years are providing a means to collect observations of 

individual behavior under conditions where visual observations would not be possible in low 

visibility conditions due to darkness or high turbidity.  Several investigations have reported 

on the use of split-beam hydroacoustics to document activity rates of individuals in the field.  

For moderately sized pelagic fishes (> ~3 cm TL), split-beam technology has performed 

well in many systems in gathering data on movement rates of individual pelagic fishes 

(Arrhenius et al. 2000; Pedersen 2001; Torgerson & Kaartvedt 2001; Gjelland et al. 2004).  

A few studies have also highlighted the ability to resolve 3-dimensional trajectories by 

individual targets to infer horizontal and vertical movements of individuals (Torgerson & 

Kaartvedt 2001; Gjelland et al. 2004). 

We have previously shown that hypoxia caused by density stratification can 

effectively limit available habitat for pelagic planktivores, causing an increase in the local 

density of pelagic grazers in a eutrophic estuary (Taylor & Rand 2003).  Spatially-extensive 

surveys have also shown that under stratified periods and hypoxia in the hypolimnion, dense 

aggregations of grazers are located near the pycnocline, spatially separated from preferred 

copepodite prey which are able to occupy hypoxic waters below the pycnocline (Taylor & 

Rand 2003).  These mobile surveys provide a snapshot of the spatial distribution of small 

pelagic fishes in heterogeneous estuarine environments.  We still lack an understanding of 

how these dense aggregations influence the diel interactions between anchovies and the 
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copepod community and behavior patterns of these pelagic fishes in a vertically structured, 

abiotic environment.   

 

Objectives 

 For this paper, we report on field observations of individual behavior and activity 

patterns of pelagic zooplanktivores in a eutrophic estuary that experiences periodic density 

stratification that results in hypoxia.  Specifically, we set out to determine the salient 

features of a juvenile anchovy’s (Anchoa spp.) environment that would contribute to an 

individual’s activity pattern.  Under this objective we tested the following hypotheses: 1) 

Juvenile anchovies swim at speeds during the day that would maximize growth rate for a 

visual pelagic forager, and 2) Juvenile anchovies are quiescent at night to minimize 

energetic costs (Klebasko 1991; Helfman 1993).  To address these two hypotheses, we used 

stationary split-beam hydroacoustics to observe the activity and behavior of juvenile 

anchovies in the Neuse River Estuary (NRE) during 4 sampling periods representing 

contrasting habitat quality conditions characterized by varying availability of copepodite 

prey and presence of hypoxia.  These observations were then compared to theoretical 

energetic models that predict metabolic costs as a function of activity rates. 

 

Study area and pelagic fish community 

The Neuse River is one of three major tributaries and sources of freshwater input to 

the Albemarle-Pamlico Estuarine System (APES, Figure 1).  The APES serves as nursery 

grounds for a purported 90% of the commercially important fishes in North Carolina.  

Barrier islands surround the APES, restricting estuarine water exchange with the Atlantic 
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Ocean through only 4 major inlets.  Therefore, nutrient transport and processing is more 

dependent upon biological processes than physical controls such as tidal flushing (Paerl et 

al. 1999).  The system does not experience significant tidal flows beyond about 0.5 km from 

the inlets and so physical dynamics such as circulation and mixing are governed primarily 

by freshwater input (rainfall) and winds (Pietrafesa et al. 1986).  The dependence upon 

freshwater flow, nutrient inputs and wind has resulted in spatially complex and temporally 

dynamic water quality conditions (Paerl et al. 1999; Borsuk et al. 2001; Buzzelli et al. 2002).  

During the spring, rainfall can transport nutrients (N and P) into the system resulting in algal 

blooms of varying degrees (Paerl et al. 1999).  Low wind stress and warming summer 

temperatures can cause water column stratification as a result of density gradients between 

the out-flowing freshwater and counter-flowing estuarine waters from Pamlico Sound 

(Stanley & Nixon 1992; Luettich Jr et al. 2002).  Biologic oxygen demand (BOD) in the 

hypolimnion can rapidly deplete the dissolved oxygen (DO) in the water, and as a result, 

hypoxia (DO < 2 mg L) or anoxia (DO < 0.2 mg L) can occur (Borsuk et al. 2001; Buzzelli 

et al. 2002).  Increased wind stress can serve to mix the water column, bringing oxygen-rich 

surface water to the bottom. 

The anchovies, Anchoa spp., are abundant pelagic zooplanktivores in the APES as 

well as other Atlantic US estuaries from Maine to Florida.  These species serves both as 

major grazers on the zooplankton community and as important links between the plankton 

community and higher predators in the system (Baird & Ulanowicz 1989; Hartman & 

Brandt 1995).  The bay anchovy has a protracted spawning season lasting from May to 

October (Luo & Musick 1991) resulting in wide distribution of juvenile bay anchovies in the 

NRE through the summer and into the fall (JCT unpubl. data, L. Eby, unpubl. data).  
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Methods 

Sampling took place on 4 occasions during the summers of 2001 to 2003 (Table 1).  

Data were collected for 18 hours on 8 August 2001 and for 24 hours on 2 July 2002, 2 

September 2002 and 15 July 2003.  The sampling platform was an 8 m research vessel 

moored at a location on the NRE, in the deepest part of the main channel of the river (Figure 

1).  Depth of the location was about 7 m, but varied due to water levels each year and the 

exact boat position during each sampling event.  Each sampling period represented a unique 

water quality condition as well as differing fish density and zooplankton concentrations.  

Since prior weather conditions largely dictated the water quality conditions on any given 

occasion, our sampling was considered to be opportunistic, although we attempted to target 

periods of contrasting conditions.   

 

WQ and Zooplankton Sampling 

Water column physicochemical values were measured using a CTD (YSI Model 

6600) fitted with dissolved oxygen (DO), turbidity and fluorescence probes.  Every 2 hours, 

the CTD was lowered through the water column at about 0.05 m s-1 and recorded parameters 

every 2 seconds.  Depth-time interpolations were constructed for DO, temperature, and 

salinity using Surfer (v. 8.0, Golden Software, Golden, CO).   

Depth-discrete zooplankton samples were taken every two hours using a 30 l 

Schindler-Patalas plankton box fitted with a 63 um met and collection bucket.  A single 

sample was taken at 3 depths on 8 August 2001 and 2 July 2002, and 4 depths on 2 

September 2002 and 15 July 2003.  Samples were filtered through a 63 um sieve and 
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transferred to a sample container filled with 100 ml of 1 – 2 % buffered formalin.  Three 10 

ml subsamples were drawn using a Hensen-Stempel pipette and individual copepodites were 

counted in the laboratory using a dissecting microscope.  Zooplankton densities were 

calculated to determine number of individual copepodites per m3.   

 

Pushnet samples 

To verify the species and sizes of the hydroacoustic targets we sampled the pelagic 

community using a pushnet either concurrent with the sampling period (2002 and 2003) or 

within 2 days of the sampling (2001).  The pushnet is comprised of a 1.5 m square rigid 

frame mounted on the front of a 5.5 m research vessel.  The net is 5 m long and consists of 

19 mm stretch mesh in the body, 12.7 mm in the codend and 6 mm stretch mesh in the 

codend liner.  The frame is lowered to the water column and samples the top 1.5 m of the 

water column.  Since the objective of the pushnet sampling was to provide species 

composition of the pelagic community and not a measure of density, several samples were 

taken of varying duration and direction in the river.  Samples were generally taken within 

0.5 km of the stationary acoustic sampling.  Fish were identified to species, counted and 

measured to the nearest 1 mm standard length.   

 

Hydroacoustic data collection 

We used a 200 kHz scientific echosounder (HTI, Model 241) coupled with a circular, 

split-beam transducer (15-degree nominal beam width).  The transducer was mounted on a 

stand, facing upward, and lowered to the river bottom from the research platform.  The 

transducer transmitted a 0.2 ms pulse at a rate of 5 pulses s-1.  Returning echoes > -70 dB 
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were accepted from 1 m from the bottom to within 0.3 – 0.5 m from the surface, depending 

upon surface conditions resulting in a total sampling volume of about 6 m3.  Prior to each 

sampling occasion, the system was calibrated in situ using a tungsten carbide sphere of 

known target strength.  The acoustic beam extends from the face of the transducer and 

spreads as a cone.  Returning signals were corrected for 20logR and 40logR spreading 

simultaneously.   

 

Fish density 

High densities of individuals during most situations precluded us from making 

accurate counts of individual targets to determine the density of targets in the water column.  

Therefore, we used the total energy that returned from the ensonified volume, the volume 

backscatter (Sv in dB), as an index of density of individuals in the water column.  The 

volume backscatter was collected every 0.2 s and integrated over 2 min by 0.5 m depth bins 

from 1-m from the bottom to within 0.5 m from the surface.  We used this index of 

abundance to infer possible effects of forager density on the activity rates of individual 

foragers.  We determined the maximum depth that the fish were found in the water column 

as related to dissolved oxygen and the degree of overlap between the zooplankton and the 

fish density.  We integrated the volume backscatter data to 2-hour blocks and determined the 

depth limits of 100% and 90% of the fish density and determined the DO concentration at 

this depth and the density of copepods within this depth range that would represent prey 

densities available to the anchovies.  We compared the densities of available prey between 

sampling occasions using a median test. 
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Individual movement, behavior and activity rates 

When individual echoes were discernable, the position of each echo was determined 

using real-time split-beam techniques during data collection (Ehrenberg & Torkelson 1996).  

Groups of echoes that represented an individual fish passing through the beam were 

accumulated using tracking algorithms and verified visually (Echoscape, v.2.11, HTI, 

Seattle, WA).  Echo traces had to meet strict criteria to be considered a fish.  Each trace 

represented a single track, that is, there was no indication of diversions or conversions of 

two or more traces; target strength (TS) of echoes in the trace were within 5 dB; and target 

strengths for each echo were between –60 and –46 dB, a reasonable range of TS for juvenile 

and adult anchovies, Anchoa spp., in this system (Taylor, unpubl. data).  The target strength 

of fish is most strongly influenced by the size (cross-sectional area) of the swimbladder.  

Orientation of the swimbladder, however, can strongly influence the TS of the fish.  In most 

species, the dorsal aspect TS is the strongest.  Our transducer orientation resulted in 

predominantly ventral aspect echo returns.  It is unlikely that the ventral aspect TS is 

different from the dorsal aspect (Love 1977), so we used the same TS-length relationship to 

convert average TS for a tracked individual to an estimated total length (TL, in mm) using 

the relationship,  

)10(10 )048.015.3( TSTL +=   (2) 

The tracking algorithm outputs the speed of the target given the first and last 

coordinates.  We extracted the coordinates of each echo within each trace and calculated the 

ping-to-ping speed, since most of the traces were not a straight line.  We determined the 

distance moved between pings in the vertical and horizontal dimensions.  Split-beam data 

output includes the time the echo was detected in the beam, a measure of the range of the 
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target from the transducer face, and the horizontal position (in meters) of each echo relative 

to the origin of the acoustic axis.  To calculate the 3-dimensional change in position and 

speed, first the vertical distance is calculated as 

12 zzDv −=   (3) 

where z1 and z2 are the range (depth) of the target at time 2 and 1, respectively.  The distance 

moved in the horizontal dimension is calculated by, 

2/12
12

2
12 ))()(( yyxxDh −+−= , (4) 

where x1 and x2 and y1 and y2 are coordinates at time 1 and 2, respectively.  The total 

distance moved is calculated as 

2/122 )( vh DDD += .  (5) 

Finally, the velocity between consecutive echoes was calculated as 

r
DpV = ,  (6) 

where D is the distance moved as in (4), p is the number of pulses between echoes and r is 

the pulse rate during data collection (5 pulses s-1).  We calculated the average swim speed 

(m s-1) for each fish from the ping-to-ping speeds.  Using the estimated fish size, we 

converted the absolute swim speed to relative speed (body lengths, bl s-1).  Swim speeds 

were log-transformed for all statistical analyses.  We used an ANCOVA to test for a 

relationship between relative swim speed and depth and fish size (TL) and water column 

fish density (volume backscatter, from above).  We also compared log-transformed relative 

swim speeds between each sampling period and between day and night within and between 

each sampling period using a two-factor ANOVA and the Dunn-Sidak multiple comparison 

test.   
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 To determine if our observed swim speed were within the range expected for a fish 

of the size of our juvenile anchovies, we compared our speeds to a theoretical least-cost 

swimming speed (Wakeman and Wohlschlag 1982).  The least-cost transport model uses 

theoretical estimates of size-dependent costs of propulsion in an aquatic medium to 

determine the theoretical optimum speed that minimizes costs of propulsion as they relate 

only to hydrodynamics.  Input parameters include the size of the individual fish that would 

determine energy output and propulsive force and abiotic factors in the environment that 

would determine the viscosity of the medium.  We directly applied the least-cost transport 

model of Wakeman and Wohlschlag to a 37 mm juvenile anchovy.   

 

Energetic costs of activity 

To estimate the energetic costs of the fishes during our observed habitat quality 

scenarios, we used a two-stage modeling approach.  First, we used median swim speeds 

collected for each hour of sampling.  We used a generalized additive model (GAM) to 

estimate the swim speed continuously over time using absolute speed (cm s-1) as the 

response and time of observation (hour) as the explanatory variable.  The GAM uses a 

backfitting algorithm and a cubic spline to smooth the data (Hastie & Tibshirani 1990).  We 

restricted the degrees of freedom to 3 in each model to avoid “oversmoothing” the data.  The 

output of the model is an estimate of swim speed (in cm s-1) each hour.  In cases where 

sampling did not occur for a full 24 hours, or when targets were not observed during an hour 

segment, we extended the prediction of the model to output estimated swim speeds for the 

full 24 hours (e.g., 8 August 2001 sampling period).  The second stage of the model used an 

energetic cost model to estimate the metabolic demand as a function of activity rate (in our 
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case, swim speed).  Numerous models of the metabolic costs of swimming have been 

developed for several pelagic planktivorous fishes, but none have been developed 

specifically for the bay anchovy.  We drew upon previous models of other closely related 

planktivores.  We began with a generalized, weight-, temperature and activity-dependent 

respiration model of Stewart et al. (1983),   

SSTPPTP eeWR )*( 321 −= βα , (7) 

where α is the intercept for the weight- and temperature-dependent respiration rate, or the 

respiration of a 1 g wet fish at 1oC, W is the wet weight of the fish, converted from estimated 

length using the relationship W=0.000017L2.82, β is the weight-dependent exponent, P1 is the 

temperature-dependent exponent, T is the average water temperature in the epilimnion each 

hour, P2 is the speed-dependent exponent, P3 is the temperature-dependent effect of swim 

speed costs, and SS is the absolute swim speed (cm s-1). 

Weight- and temperature-dependence of standard respiration in the bay anchovy was 

previously estimated in the laboratory by Vazquez (1989).  We estimated the intercept α 

from Vazquez (1989) to be 0.06 g O2/g wet/hr, and the weight-dependent exponent, β as –

0.31.  Three separate experiments were conducted at 19, 23 and 27 oC.  From the trials at 19 

and 27 oC, we calculated the temperature-dependence of respiration, Q10, at 2.23, resulting 

in an estimate of 0.0802 for P1. 

Several empirical measures of the metabolic costs of swim speed have been made for 

pelagic planktivores.  James and Probyn (1989) related respiration rates to swim speeds for 

Cape Anchovy (Engraulis capensis) during both feeding and non-feeding activities at a 

single temperature (16 oC).  The relationship between particle feeding and non-feeding 

routine activity were not significantly different with respect to the slope of the relationship, 
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but the particle feeding activity rates extended to 2- 3-times the swimming speeds achieved 

during non-feeding periods.  There was only a marginal increase in the intercept of the two 

relationships and this may be attributed to other metabolic processes such as specific 

dynamic action (SDA), which would be related to prey consumption during particle feeding 

on zooplankton.  As with the Cape anchovy, observations of bay anchovy feeding have 

indicated that they are predominantly particle feeders (J. Buckel pers. comm.).  Since our 

goal was to estimate the costs of activity, we combined the data on particle feeding and non-

feeding swim speeds to include the broadest range of swim speeds.  Macy et al. (1999) also 

conducted laboratory experiments to estimate the costs of swimming in Atlantic menhaden, 

Brevoortia tyrannus, over a range of speeds and under three temperatures.  As was 

demonstrated through Brett’s (1964) experiments with sockeye salmon, Macy et al. (1999) 

found a decreasing effect of swim speed on respiration rate with increasing temperature.  We 

used the data from Macy et al. (1999) to fit the two model parameters associated with swim 

speed, P2 and P3.  We derived the speed-dependent exponent, P2 in (7), to be 0.04 and the 

temperature modifier P3 to be 0.001 for SS in units of cm/s.  We used data from James and 

Probyn to corroborate these estimates and found them to be in very good agreement.  For the 

Cape anchovy swimming at 160C, the resulting exponent for swim speed was estimated in 

our model to be 0.025 compared to 0.024 for James and Probyn’s analysis of routine 

swimming in the cape anchovy.  The model predictions were also corroborated by data from 

Vazquez (1989) assuming “routine activity” to mean swim speeds around 1-2 bl s-1.  We 

converted hourly swim speeds for an average juvenile anchovy (40 mm TL, 0.57 g wet 

weight) estimated from the GAM to hourly energy expenditures (in mg O2 g-1 h-1 and g g-1 h-
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1) using Eq. (7).  We summed these hourly estimates over 24 hours to estimate total energy 

lost due to activity during our four sampling scenarios. 

 We then used our cost of activity model combined with a simple foraging model to 

estimate the theoretical optimum swimming speeds during foraging (Ware 1978) The model 

of Ware (1978) uses generalized size-dependent estimates of prey concentration for a 

pelagic planktivore as well as size- and activity-dependent metabolic costs.  The output of 

the model is a swim speed that maximizes the growth rate according to the following 

equation: 

MI
T
G

−=
∆
∆   (8) 

where G is the change in growth over time T, I is the rate of food intake, and M is the energy 

loss due to metabolism.  We modified the original model of Ware (1978) in two ways.  First, 

rather than approximating the prey concentration as a function of predator size (Eq 9 in 

Ware 1978), we used our empirical measures of average copepodite densities in the 

epilimnion during the day for each sampling period, converted to caloric density of the water 

(cal m-3, Hewett and Johnson 1997).  This results in a simple foraging model as found in 

Ware (1975), 

h
I

γυρ
γυρ

+
=

1
7.0   (9), 

where 0.7 is the proportion of ingested energy available for growth and metabolism after 

accounting for SDA and excretion, γ is the cross-section area of prey capture, ν is the 

swimming speed (cm s-1), ρ is the density of food in the water (cal cm-3), and h is the time 

required to capture and consume one calorie of food.  We assumed γ from Ware (1978) as 

proportional to fish weight according to W0.69.  Handling time was estimated from previous 
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results of Gibson and Ezzi (1990), which showed that the number of bites per second was 

limited to 1 for a juvenile herring particle feeding on Artemia.  We assumed that the average 

copepodite is approximately 0.004 cal.  The handling time would then be 0.004-1, or 250 s 

cal-1.  For M, we used our activity costs model above (Eq. 7) to estimate the costs of 

standard respiration and respiration as a function of swimming speed.   

 

Vertical movements into hypoxia 

 During the 8 August 2001 and 2 July 2002 sampling we observed numerous fishes 

exhibiting a diving behavior, with some target’s maximum depth in the water column 

equivalent to occupying hypoxic or anoxic water below the pycnocline.  We collected these 

observations and characterized the behaviors of these divers to make inferences on their time 

spent in hypoxia, maximum depth achieved, and acoustic properties that could lend 

information to the orientation and behavior in the water column. 

 

Results 

WQ and zooplankton 

The four sampling periods represented contrasting conditions in the Neuse River 

Estuary with respect to water quality, anchovy abundance, and abundance of copepod prey.  

Water column conditions were stratified on three of the sampling periods (8 August 2001, 2 

July 2002, and 15 July 2003) and mixed during 2 September 2002.  Anchovy density was 

generally higher during 2001 and 2002 than in 2003.  Copepod abundance also varied 

between years; the abundance observed during our sampling days trended down during 

2001-2003. 
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On 8 August 2001, the water column was stratified owing to a steep vertical density 

gradient, with a 9-psu and 4 oC difference between the surface and bottom salinity and 

temperature, respectively (Figure 2a).  Surface temperature averaged 29.8 oC and salinity 

averaged 8 psu.  The pycnocline was generally stable over the 18 hours of sampling, though 

it showed a slight rise towards the surface during the early morning hours.  The low 

dissolved oxygen followed the same general pattern as the density gradient with an oxycline 

at <2 m depth (Figure 2b).  The hypolimnion comprised as much as 70% of the water 

column and the entire hypolimnion was hypoxic (<2 mg O2 l-1) or anoxic (<0.2 mg O2 l-1).  

Zooplankton abundance throughout the water column was lowest during afternoon hours, 

increased over the course of the night, and declined again after sunrise (Figure 2c).  Except 

for the first and final samples, copepodite density was higher below the pycnocline.  Only 

28% of the copepodites were above the pycnocline, on average, with an average epilimnetic 

density of 86,611 m-3. 

The water column was stratified again on 2 July 2002, though the depth of the 

pycnocline was deeper than observed on 8 August 2001 (Figure 3a).  Salinity and 

temperature differences between the surface and the bottom were 5 psu and 2.2 oC, 

respectively.  Surface temperature averaged 28.90C, while surface salinity averaged 18 psu.  

The density stratification was primarily driven by a temperature gradient during this 

sampling period.  The pycnocline was relatively stable, except during a period near early 

afternoon, when a brief increase in wind destabilized the water column (pers. obs.).  The 

hypolimnion represented about 50% of the water column and was less than 2.5 mg O2 l-1 

(Figure 3b).  Zooplankton abundance was variable throughout the sampling period and 

showed no pattern with respect to day and night (Figure 3c).  The majority of the 
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copepodites were below the pycnocline with an average of 35% of the copepods above the 

pycnocline.  Overall abundance of copepodites in the water column was significantly lower 

than on 8 August 2001.  In the epilimnion, concentrations of copepodites were 31,000 m-3, 

35% of the densities observed on 8 August 2001. 

The water column was mixed during our sampling on 2 September 2002 with no 

apparent structure in water density.  Salinity ranged from 21 to 23 psu and temperature 

ranged from 26 to 27 oC (Figure 4a).  Dissolved oxygen was > 4 mg O2 l-1 through the 

majority of the water column and was never below 3.5 mg O2 l-1 (Figure 4b).  Copepodite 

densities were always higher in the lower water column, but overall densities throughout the 

water column were higher at night.  Since the water column was mixed, the average 

copepodite density was calculated from all four depth samples and found to be about 37,000 

m-3, roughly similar to the densities found in July 2002 (Figure 4c). 

We encountered a stratified water column on 15 July 2003.  The pycnocline depth 

was about 4 m below the surface.  The salinity throughout the NRE was much lower in 2003 

than previous years (Figure 5a).  Average salinity 3 psu and 12 psu at the surface and at the 

bottom, respectively.  Temperatures in the system were 29.0 oC on the surface and 27.7 oC 

on the bottom.  Roughly 40% of the water column was hypoxic during this period (Figure 

5b).  Copepodite densities were between those observed in 2002 and 2001, averaging 91,560 

m-3; however, not more than 40% of the copepodites were above the pycnocline, with the 

majority in hypoxic water during each sample (Figure 5c).  Taking the average of the top 

two depth samples in the epilimnion, there were 61,884 m-3 that were available to the 

anchovies.   
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Fish community and vertical distribution 

Pushnet samples for all four sampling periods contained 94 to 99% bay anchovies 

with the remainder of each sampling occasion made up of <4% silversides (Menidia spp.) 

and <1% spot (Leiostomus xanthurus), by number.  Size distributions of the anchovies 

captured did not differ between sampling periods (Mann-Whitney U-test, p>0.1), and ranged 

from 25 to 85 mm TL.   

Plots of the volume backscatter indicated a strong avoidance of the hypoxic waters 

when the water column was stratified (Figure 6).  Under severely stratified conditions, fish 

were also more concentrated near the pycnocline on 8 August 2001 (Figure 6a).  Fish were 

more uniformly distributed in the water column during the single mixed condition sampled 

in September 2002 (Figure 6c).  There were slight differences in the vertical distribution 

with respect to minimum DO where fish were observed.  On 2 July 2002 and 15 July 2003, 

fish density declined significantly in correspondence with the 2.5 mg O2 l-1 contour (Figure 

6b and d).  Even when the pycnocline depth changed over the course of sampling, the 

maximum observed fish depth followed a similar pattern (Figure 6a and c).  On 8 August 

2001, high fish densities were observed at depths with DO less than 2.5 mg O2 l-1 and as low 

as 1.0 mg O2 l-1 (Figure 6a).  As with 2002 and 2003, the maximum depth also followed the 

rise of the pycnocline that was apparent early in the morning (Figure 6a).   

Average water column fish densities were significantly higher from dusk to dawn 

than during daylight hours on all four sampling occasions (p<0.01).  Average water column 

densities were highest on 8 August, followed by 2 July, 2 September and finally 15 July 

2003 (Table 2).  July 2003 water column fish densities were less than 20% of the densities 

observed in August 2001 and about 24% of the densities observed in July 2002.  Densities in 
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July 2002 were nearly twice those observed in September 2002; however, the fish were 

occupying roughly half the water column during July owing to the stratification and hypoxia 

in the hypolimnion. 

  

Individual activity rates and behavior 

More fish tracks were collected between dusk and dawn than during daylight hours 

on all four sampling occasions and we failed to find tracks during the mid-day on several 

sampling occasions.  Average target strengths ranged from –60 dB to -43 dB, roughly 

corresponding to lengths ranging from 25 mm to 150 mm TL, though the majority of the 

fishes observed were within 25 to 80 mm TL.  We restricted our analyses of activity rates 

and behavior to these fishes that were within the range of sizes observed during our pushnet 

surveys.  There was no effect of depth in the water column on relative swim speed.  We also 

failed to find an effect of depth or time of day on fish size, indicating similar sized fish were 

observed throughout the water column and over the 18 to 24 hour observation periods.  

There was a negative effect of fish size on the relative swim speed for all four sampling 

occasions, indicating higher relative speeds achieved by smaller fish.   

Swim speeds varied across sampling periods and there was a significant interaction 

between sampling period and time of day (Table 3).  Average swim speeds were highest 

during the stratified periods with high average fish density on 8 August (10.7 bl s-1), 

followed by the second highest average fish density and a stratified water column on 2 July 

(8.5 bl s-1), followed by the mixed period on 2 September (5.1 bl s-1) and lowest during the 

stratified period with low fish density on 15 July (4.9 bl s-1, Figure 7).  All pair wise 

comparisons of sampling dates were significantly different, except when comparing the 
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average swim speeds on 2 July and 2 September 2002 (Table 3).  During 8 August and 2 

July sampling, swim speeds were high during both day and night sampling with no 

significant difference between day and night activity rates (p>0.1, Figure 8, Table 3).  On 2 

July, the swim speed increased well before sunrise (Figure 9).  In contrast, during 2 

September and 15 July sampling, swim speeds were significantly higher during the day 

when compared to night (p<0.01, Figure 8).   

We further analyzed the data for each sampling period to determine if there was a 

proximate effect of fish density or zooplankton abundance on the swimming activity of 

individuals.  We compared the swim speeds during each 2 min interval with the index of fish 

density (volume backscatter) and also averaged the swim speed and water-column density 

data into 2 h bins, corresponding to the frequency of the zooplankton samples.  There was 

no apparent relationship between the swim speed and water column density at either of the 

two time scales.  Nor was there a significant relationship between copepodite density and 

swim speeds at these two time scales.  Finally, we calculated the per-capita abundance of 

copepodites by dividing the available copepodite density by fish density.  There was no 

relationship between the per-capita copepodite abundance and swim speeds of individuals at 

any time scale.   

 

Estimated energy expenditure 

 Swimming speeds during high fish density and hypoxia (2 July 2002, and 8 August 

2001) were consistently above 6 bl s-1 for the duration of the sampling (Figure 9a and b).  In 

contrast, after sunset, the swim speeds dramatically decreased during the period of moderate 

fish density (2 September 2002) and low density (15 July 2003).  This was followed by an 
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equal increase in speed at dawn on the following day (Figure 9c and d).  Energy costs mirror 

these patterns, with declines in hourly energy costs at night for 2 September 2002 and 15 

July 2003 sampling (Figure 10).  Cumulative daily energy costs for the four sampling 

periods show the highest daily energy costs were found on 8 August sampling followed by 2 

July.  September 2002 and 15 July 2003 sampling had the lowest cumulative energy costs.  

Deviations between the two groups were most evident after sunset.  Despite an increase in 

the swim speed during the 15 July 2003 sampling at sunrise, the cumulative energy costs 

were still lower than those found during 8 August and 2 July (Figure 10). 

 We hypothesized that the sustained activity at night on 8 August and 2 July were a 

result of continued foraging at night.  We were able to collect a limited number of juvenile 

anchovies from just prior to sunset to early morning the following day on 2 July (hypoxic) 

and 2 September (mixed) 2002.  Three to 15 fish were subsampled from the pushnet samples 

approximately every 3 hours.  Each fish was dissected and the contents of the stomach were 

removed, counted, and placed in a tared pan.  The fish and stomach contents were dried at 

60oC for 24 hours and weighed to the nearest 0.01 mg.  We graphed the weight of each 

stomach over time to visualize the distribution of stomach weights between the two 

sampling periods (Figure 11).  The pattern in the data suggests a cessation of feeding at 

sunset on 2 September, whereas during 2 July, sustained high stomach content was observed 

well past midnight. 

 

Comparison with theoretical optimum speeds 

Wakeman and Wohlschlag (1982) estimated a least-cost swimming speed of 4.7 bl/s 

for a 100 mm fish.  We extended their model and calculated a least-cost speed of 8.3 bl s-1 

 117



for a 37 mm anchovy in the NRE, which compared favorably with some of the fast speeds 

we observed (Table 4).  This indicates that our observed swim speeds were within a 

reasonable range given the size of juvenile anchovies.  The Ware (1978) optimum foraging 

speed ranged from 6.4 in conditions with high prey concentration on 8 August 2001 to 8.0 bl 

s-1 in conditions with moderate prey concentrations and hypoxic water column on 2 July 

2002.  The theoretical speeds were quite close on two of the four sampling occasions (2 July 

2002 and 15 July 2003) and within reason of a third (2 September 2002).  The observed 

average daytime speed on 8 August (10.6 bl s-1), however, was 67% higher than the 

predicted speed of 6.4 bl s-1.   

 

Vertical movements into hypoxia 

We observed unique swimming behaviors on 8 August 2001 and July 2002 that 

consisted of numerous fish making brief vertical movements into the hypoxic hypolimnion.  

The average total vertical change in fish tracks was 1.4 cm.  Those fish observed diving 

traveled as much as 30 cm in the vertical dimension when passing through the beam.  Due to 

limited sampling diameter of the acoustic beam, some of the fish tracks were only observed 

moving downward or upward through the pycnocline, but some individuals were observed 

making a j-shape dive or a v-shape dive and return (Figure 12).  On 8 August, we observed 

82 fish tracks that had a maximum depth of greater than 2.75 m below the surface, and 15 

that achieved depths greater than 3 m.  Swimming at depths greater than 3 m on that date 

would be equivalent to occupying DO conditions less than 1.0 mg O2 l-1.  On 2 July 2002, 

we observed 162 that achieved depths greater than 3.75 m and 59 that were deeper than 4 m.  
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Fish swimming at depths greater than 4 m on that date would experience DO conditions less 

than 2.0 mg O2 l-1.   

We selected the tracks that exhibited a v-shape vertical movement and estimated the 

amount of time each diver spent in hypoxia (<2.0 mg O2 l-1) for each track by overlaying the 

fish tracks on the DO contour plots and subtracting the time of the final ping in hypoxia 

from the time of the first recorded ping of the track that was in hypoxia.  In some cases, the 

entire track was in hypoxic water while it was in the acoustic beam.  In these cases, we 

extrapolated the trajectories by eye and determined the total amount of time spent in hypoxic 

water.  On 8 August, we identified tracks of 12 fish that met our criteria.  Time spent in 

hypoxia ranged from 1 to 6 seconds. On 2 July, 30 fish were identified that exhibited a v-

shape vertical swimming pattern.  Time spent in hypoxic water ranged from 1 to 10 seconds. 

There was not a difference between the overall swim speeds of the fish that achieved 

hypoxic depths and those in the epilimnion (Mann-Whitney-U Test, p>0.2); however other 

characteristics of the fish traces permitted further inferences on the behavior of the fishes 

making these dives.  Several fish traces that made a v-shape dive into hypoxic water 

gradually increased TS as they moved downward followed by a sharp decrease in TS and 

concomitant rapid ascent toward the pycnocline (Figure 11).  Since TS is related primarily to 

the cross-section of the swim-bladder, a decline in TS is indicative of a change in the tilt-

angle of the fish in the water column.  In other words, the decline in TS we observed in the 

rapid rise following a dive into hypoxia would be indicative of a fish orienting upward while 

swimming toward the surface. 
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Discussion 

Habitat quality and vertical habitat selection 

We encountered four unique habitat quality conditions on each of our sampling 

occasions.  Stratification-induced hypoxia reduced the available habitat volume for the 

pelagic fish community by as much as 70%.  The vertical gradient of DO during each cruise 

corresponded to the water density gradient in the water column and varied significantly from 

year to year.  2001 and 2002 represented the end of a 5-year drought in the APES 

(http://www.ncdc.noaa.gov).  2003 brought significant rainfall to the watershed, reducing 

salinities by as much as 15 psu (C. Taylor, unpubl. data).   

Our observations during this study indicate that during 2 of our 3 stratified periods, 

juvenile bay anchovies avoided water less than about 2.0 mg O2 l-1.  This corroborates 

previous observations of the vertical distribution of small pelagic fishes in this system 

(Taylor & Rand 2003), and data from bottom trawl surveys in the same region (L. Eby, pers. 

comm.).  Restrictions of habitat volume caused by hypoxia can result in increased packing 

density.  As densities increase, biological processes such as competition for resources or 

increased predation can force individuals to occupy suboptimal habitats (Eby & Crowder 

2002).  We found evidence for this context-dependent DO avoidance during our sampling 

on 8 August 2001.  The habitat available to pelagic planktivores during this period was 

reduced to less than 40% of the entire water column.  The year 2001 also had the highest 

fish density.  The result was a decline in the minimum DO that fish occupied from about 2.5 

mg O2 l-1 to lower than 1.0 mg O2 l-1.  If individuals are occupying these habitats for 

extended periods of time, physiological stress may lead to reduced growth.  It is not known 

how long a juvenile anchovy would have to remain in a hypoxic environment to realize 
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reduce growth or death.  Larval anchovies suffer mortality at DO < 1.0 mg O2 l-1 in less than 

24 h (Breitburg 1994).  Previous work on another estuarine pelagic planktivore that inhabits 

the NRE, the Atlantic menhaden (Brevoortia tyrannus), indicate that it could take as long as 

96 hours for mortality to occur in 1.0 mg O2 l-1 (Burton et al. 1980), and growth can be 

reduced by 60% after 1 week of exposure to 1.5 mg O2 l-1 and by 30% at 2.5 mg O2 l-1 

(McNatt and Rice in press).  Since we were sampling for only 24 h on each cruise, we are 

not sure how long these hypoxic events lasted.  It is not typical for a significant portion of 

the water column to remain hypoxic for longer than a week (MODMON 2004; USGS 2004).  

Therefore, individual growth and performance may not be responding to a constant hypoxia 

exposure, but rather episodic exposures of varying duration and severity.  In other estuarine 

species, there are conflicting results when assessing the effect of repeated hypoxic exposure 

on the growth of individuals in the laboratory (Phelan et al. 1994; Taylor and Miller 2001; 

McNatt and Rice in press).  Factors that directly influence the metabolic scope for growth 

such as food availability and activity rates of individuals can also play a significant role in 

the magnitude of performance effects due to hypoxic exposure (Fry 1971, Neill et al. 1994). 

The availability of copepods to the anchovies varied significantly between sampling 

periods, driven primarily by stratification and hypoxia and interannual variability in copepod 

abundance in the NRE.  We expected to find evidence of diel vertical migration, with more 

copepods in the epilimnion at night, regardless of water quality conditions.  While more 

copepods were typically sampled at night than during the day, patterns in vertical 

distribution over the sampling periods were less consistent and seemed to be mediated by 

stratification and hypoxia.  During 8 August 2001 and 15 July 2003, the majority of the 

copepodites were below the pycnocline.  During 2 July 2002, there were several samples 
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taken at night when the copepodites were in higher abundance in the epilimnion; however, 

even during these instances, the densities of copepods available to the anchovies were 

significantly less than were available (or even present) during 2001 and 2003.  The presence 

of copepodites in the hypoxic hypolimnion for many of the samples taken during stratified 

conditions matches the previous results of Taylor and Rand (2003), but is in stark contrast to 

previous work on copepodite distribution and hypoxia in other estuarine systems (Keister et 

al. 2001, Roman et al. 1993, Decker et al., 2003).  Vertical separation of grazers and prey 

has been found in other freshwater systems that experience stratification and hypoxia 

(Luecke & Teuscher 1994; Rahel & Nuntzman 1994).  Possible behaviors that our anchovies 

use to deal with the tradeoff between prey availability and hypoxia will be discussed in more 

detail below.   

 

Behavior and activity rates 

A greater number of tracks were observed during nighttime on all four sampling 

occasions.  This is to be expected for a clupeoid, as many species in this group form dense 

shoals or schools during the day and disaggregate at night (Schael et al. 1995; Freon & 

Misund 1999; Arrhenius et al. 2000; Taylor & Rand 2003).  Our technique employed a 

single, upward facing transducer, similar to previous efforts (Arrhenius et al. 2000; Pedersen 

2001; Gjelland et al. 2004).  Our abilities to collect fish tracks during the day was clearly 

limited by low abundance of fishes in the water column at our sampling station coupled with 

our limited sampling volume due to the shallow water column (< 8 m).  Employing an 

additional transducer in a side-looking (horizontal) orientation could increase the sampling 

volume.   
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Our observed swim speeds were within the range of speeds achievable in a juvenile 

pelagic fish (Wardle & He 1988; Videler 1993).  The bulk of the swim speeds we observed 

(2 to 9 bl s–1) could be classified as sustained and prolonged speeds, likely used in routine 

cruising and foraging (Videler 1993), though they are at the higher end of the range of 

speeds observed by other pelagic planktivores in the field and laboratory.  The least-cost 

swimming speed we calculated from the Wakeman and Wohlschlag (1982) model provides 

some evidence that the fast speeds we observed are still relatively hydrodynamically 

efficient given the environmental conditions and sizes of the juvenile anchovies we 

observed.  Hybrid daces achieved average speeds ranging from 6.7 to 12.2 cm s-1 (c.a.  1 to 3 

bl s-1, (Trudel & Boisclair 1996).  Pelagic saithe (Pollachius virens) in the North Sea were 

tracked using a split-beam echosounder and it was found that average speeds for fish greater 

than 25 cm TL were 93 cm s-1 (c.a. 2 to 4 bl s-1, (Pedersen 2001).  Arrhenius et al (2000) 

also used split-beam hydroacoustics to measure the swim speeds of yellow perch (Perca 

flavescens) and alewives (Alosa pseudoharengus).  They were not able to assign speeds to 

species, but observed a range of relative speeds from 0.5 to 6 bl s-1. 

The distribution of our swim speeds did indicate a moderate degree of skewness, 

with some speeds exceeding 20 bl s-1.  Other studies have reported on unusually high and 

possibly unrealistic swim speeds of smaller fishes when observed in situ using split-beam 

acoustics (Arrhenius et al. 2000); however, recent studies have corroborated such high 

speeds in laboratory conditions using high-speed video.  When under threat of attack by 

predators, juvenile bay anchovy (32-72 mm TL) achieved burst speeds over 30 bl s-1 (Scharf 

et al. 2003).  While these speeds were maintained for less than 2 seconds (likely only a few 

tail beats), it is reasonable to infer a similar behavior being used by our fishes to achieve the 
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high speeds in the NRE.  There were indications of very large targets in the acoustic beam at 

various times throughout our sampling, but we were unable to estimate swim speeds of 

smaller targets in the vicinity due to high fish density and target overlap.  We recognize that 

due to our limited sampling volume, our fast speeds may have been a result of avoidance 

and escape behaviors from predators that were not within our hydroacoustic sampling 

volume.  Higher speeds may have also been related to foraging by the anchovy on individual 

copepodite prey (Gibson and Ezzi 1990).  Due to their very low representation in the 

distribution of swim speeds on each sampling occasion, it seems clear that these speeds 

make up a very small portion of the total daily activity for an individual, and likely do not 

significantly affect the overall daily metabolic costs (Puckett & Dill 1984).   

 

Are they swimming optimally? 

Because of it’s strong connection between energy intake and loss, swim speeds are 

under strong selective pressure, and so an individual fish likely selects a speed that 

optimizes the net energy gained (Ware 1978).  We used the generalized model for a pelagic 

planktivore of Ware (1978) to compare our observed average daily swim speeds to 

theoretically optimum values.  The theoretical optimum foraging speeds from the modified 

Ware model were surprisingly close to the average speeds observed during a mixed water 

column (2 September 2002) or low fish density (15 July 2003) and even during the day for 2 

July 2002, but were about 60% of the diurnal average speeds observed during periods of 

stratification and high fish density (8 August).  The theoretical model of Ware (1978) 

assumes homogeneous prey availability and no competition for resources between 

conspecifics.  Activity rates can also be mediated by increased density of conspecifics and 
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availability of prey.  Models based in game theory have predicted an increase in average 

individual swim speed in situations where conspecific density increases in a food-limited 

environment (Shaw et al. 1995; Johansson & Leonardsson 1998).  In a competitive scramble 

for resources between equal competitors, it may pay for an individual to make small 

sacrifices in energy expenditure to gain a greater relative share of the resources in a food-

limited patch.  While we did not find a significant effect of proximate fish density (measured 

within a 2-minute or 2-hour period), copepodite abundance or per-capita prey availability 

within the water column on swim speeds of individuals, it is still possible that some 

combination of packing density, overall prey availability in the epilimnion, and behavioral 

avoidance of hypoxia contribute to the activity rates of anchovies in the NRE.   

 

Diel activity and energetic consequences 

While it has been extensively discussed and reviewed in the literature (e.g., Helfman 

1993; Reebs 2002), few studies have been able to document diel activity patterns in situ due 

to difficulties with making such observations at night.  Those field studies that have looked 

for a diel pattern in activity rates have had mixed results.  Briggs and Post (1997) used 

electromyogram telemetry to remotely monitor the activity patterns of rainbow trout 

(Oncorhynchus mykiss) in a pond.  They found an increase in relative activity from dawn to 

dusk followed by gradual decline in activity rates after dusk, but noted that this pattern was 

mediated to some degree by temperature (Briggs & Post 1997).  A split-beam hydroacoustic 

assessment of the activity patterns of Coregonids that inhabit arctic lakes found an effect of 

light levels, with high activity rates at low incident light levels, either during crepuscular 

periods or during continuous low-light conditions during arctic summer (Gjelland et al. 
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2004).  The diel pattern was not maintained during seasons of continuous darkness, 

indicating a strong association with light levels rather than an endogenous rhythm in either 

of these species (Gjelland et al. 2004).  Other studies have inferred a diurnal or crepuscular 

activity patterns from an analysis of stomach contents (Klebasko 1991; Helfman 1993) or 

semi-continuous measures of oxygen respiration by individuals or groups of fish (Hettler 

1976; Thetmeyer 1997).  The preferred feeding mode of several planktivorous fishes 

involves particle feeding through biting or gulping (Janssen 1977; Blaxter & Hunter 1982; 

Gibson & Ezzi 1985) and is likely dependent upon favorable light conditions during 

crepuscular and daylight periods (Blaxter 1964).  We did find that sampling periods where a 

diurnal activity patterns was exhibited matched this general pattern for clupeids.  We did not 

have enough samples during mid-day periods to make comparisons of activity rates over 

finer time scales, so it may be possible that our higher diurnal activity patterns may 

represent crepuscular foraging behaviors.  As we found with our estimates of total daily 

activity costs, an obvious result of a diel pattern of activity patterns is lower total daily 

activity costs and likely higher net energy gain due to increased efficiency in particulate 

feeding versus filter feeding at moderate food concentrations (Crowder 1985; Gibson & Ezzi 

1990).   

An important and surprising observation during our study was the consistently high 

activity pattern in the presence of hypoxia and high fish densities in the epilimnion.  We 

hypothesize that the sustained activity at night may be a result of continued foraging.  

During the 2 July and 2 September sampling periods, we were able to collect a limited 

number of fish over the 24-hour sampling.  Diet analysis of these two contrasting periods 

suggests a cessation of feeding at sunset on 2 September, whereas during 2 July, sustained 
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high stomach content was observed well into the night (Figure 11).  According to laboratory 

experiments by Vasquez (1989), the gut evacuation at 27OC was 1.2 to 1.5 hours for juvenile 

anchovies fed Artemia, which explains the decline in stomach content weight we observed 

in the 2 September samples.  The gut was nearly evacuated by 2330h on 2 September, 

roughly 2.5 h after sunset, whereas there were still measurable contents in the 2 July 

stomachs well after midnight following a noticeably lower distribution of stomach content 

weights before sunset. 

There is evidence that other clupieforms are able to feed at night.  Both the herring 

(Clupea harengus) and the alewife (Alosa pseudoharengus) fed on Artemia and Daphnia, 

respectively, when held in darkness (Janssen 1977; Batty et al. 1986).  Low-light video 

observations showed that the mode of feeding used by herring was by filter-feeding (Batty et 

al. 1986).  Janssen (1977) also inferred filtering as the mode of feeding in alewives based on 

a lack of size selectivity in the diet of dark-fed fish.  Some behaviors observed previously by 

Batty et al. (1986), namely tight turns and non-directed swimming by filter-feeding fish, 

were also observed during our observations on 2 July and 8 August (Figure 13).  Laboratory 

work conducted on Atlantic menhaden and Cape anchovy indicate that filter feeding is 

significantly more expensive in terms of energetic costs due to increased resistance while 

swimming with an open mouth (James & Probyn 1989; Macy et al. 1999).  Therefore, if our 

anchovies were foraging by filter-feeding at night during our observations on 2 July and 8 

August, predictions of activity costs during sustained night-time activity are likely 

underestimating the actual costs. 

Average swim speeds were not significantly different between 2 July and 2 

September; however the diurnal activity pattern afforded lower predicted total daily activity 
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cost.  Temperature obviously has an effect on our estimates of activity costs and likely 

explains at least part of the difference in the total estimated energy expenditure for the two 

activity patterns.  When correcting for the temperature differences between 2 September and 

2 July 2002, the cumulative energy costs for the diurnal activity patterns versus the sustained 

activity were still 17% lower.  The reason for this remaining difference can be explained by 

the non-linear relationship between respiration rate and swimming speed, which results in 

increasingly higher costs at faster speeds (Brett 1964). 

 

Foraging in a lethal environment 

 We observed a number of fish making brief movements into hypoxic waters below 

the pycnocline when the water column was significantly stratified; however, these behaviors 

were only observed during two of our three stratified water quality conditions, on 2 July 

2002 and 8 August 2001.  These two periods corresponded to scenarios when fish densities 

were higher when compared to the third hypoxic period sampled on 15 July 2003.  

Furthermore, we observed fewer dives on 8 August than 2 July.  Given the absence of large 

targets that could represent predators in the sampling volume, we hypothesize that the 

anchovies are using this diving behavior for feeding rather than predator avoidance.  Two 

possible factors could explain the differences between the two years when the diving 

behavior was observed.  First, copepodite densities were higher in the epilimnion during 

2001 and 2002; however both years had similar fish densities.  Encounter rates and foraging 

success could have been relatively higher in the epilimnion 2001 and fish were not electing 

to forage in the hypoxic hypolimnion.  Second, the oxygen gradient in 2001 was steeper than 

what we observed in 2002 and so DO levels could be below tolerable levels.  The sensitivity 
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to and tolerance of very short exposures to hypoxia by juvenile anchovies is not known.  

Juvenile Atlantic menhaden suffer mortality in less than 2 h at DO concentrations of about 

0.6 mg O2 l-1 (Burton et al. 1980; Shimps 2003) and larvae of bay anchovies die in less than 

24 hours at 1.0 mg O2 l-1 (Breitburg et al. 1994). 

 The diving behavior we observed is not unique to the anchovy and has been 

observed in other planktivorous fishes.  Juvenile mud minnows (Umbra limi) were captured 

in a Wisconsin lake that experienced severe hypoxia during the summer.  The stomachs of 

these fishes contained large numbers of Chaobrus that were only found in the hypolimnion 

(Rahel & Nuntzman 1994), providing indirect evidence that these fish were feeding in 

hypoxic bottom water.  Further field tests found that the fish were suffered rapid mortality 

when held in cages at these hypoxic depths (Rahel & Nuntzman 1994).  Using 

hydroacoustics, Leucke and Teuscher (1994) observed juvenile rainbow trout occupying 

waters just above the oxy-thermocline in Castle Lake, CA.  They found that prey abundance 

was low just above the thermocline, however the prey abundance was much higher in the 

hypolimnion.  They suggest that the vertical distribution of the trout was best explained by a 

tradeoff between the thermal habitat and close proximity to the prey rich hypoxic 

hypolimnion.  Brief forays into these potentially lethal waters would afford potentially 

higher consumptions rates than would be allowed in the rest of the water column (Luecke & 

Teuscher 1994).   

 

Conclusion 

Using stationary split-beam hydroacoustics, we were able to characterize the activity 

patterns of pelagic planktivorous fishes in a shallow, episodically stratified estuary over an 
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entire day.  We used theoretical models of optimum activity patterns to estimate the swim 

speeds that should be used by our anchovies in this system.  The elevated activity rates that 

we observed when compared to the model output, particularly the sustained high nighttime 

activity, suggest other factors may be playing important roles in individual activity patterns.   

Under daylight or crepuscular periods, most pelagic planktivores particulate feed 

during the day to maximize energy intake; choosing an optimum speed that maximizes net 

energy gain while foraging and minimizing their activity rates at night while not feeding.  

We documented two scenarios where this diurnal activity pattern characteristic of a visual 

feeder was modified under conditions of low prey abundance or elevated conspecific 

densities and competition for resources.  Under these situations, foraging may be mediated 

by a satiation-dependent response as a result of low food ration achieved during the day.  In 

these cases, it seems plausible that the feeding changes to a non-visual (likely filtering) 

mode and foraging continues during the nighttime to meet the daily food requirements.  

Finally, fish feed preferentially in the epilimnion during hypoxic events; however, under 

severe stratification and hypoxia or significant limitation in per capita prey availability, 

individuals trade off energy intake with potential physiological stress induced by hypoxia by 

occupying hypoxic waters or making brief forays into prey-rich hypoxic waters in the 

hypolimnion.   

The duration and severity of stratification-induced hypoxia will clearly determine 

whether these events will have a detectible affect on anchovy populations over seasons and 

food web dynamics in this system.  Data collected from long-term monitoring stations in the 

NRE indicate that these stratification events can evolve in a matter of hours and last for 

hours to weeks (Paerl et al. 1998; USGS 2004).  Environmental conditions that would result 
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in prolonged high activity rates by anchovies throughout the day and night, could have a 

detrimental effect on the individual growth rates and population production (Aubin-Horth et 

al. 1999).  Persistent stratification in this system can effectively separate the bulk of copepod 

biomass from the pelagic community, resulting in a reduction in trophic efficiency, possibly 

exacerbating adverse water quality conditions in the system.   
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Table 1.  Dates of stationary hydroacoustic sampling and general descriptions of fish 
density and habitat quality.   
 

Date Fish Density Water Quality 
8-9 August 2001 High  Stratified, hypoxic 
2-3 July 2002 High  Stratified, hypoxic 
2-3 September 2002 High  Mixed 
15-16 July 2003 Low  Stratified, hypoxic 

 
 
 
 
 
 
 
 
 
 
 
 
Table 2.  Summary of indices of fish abundance (fish m-3) for each of the four sampling 
periods.   
 

 Densities  
Date Mean(Median) Range Paired Comparison 
8-9 August 2001 1.52(0.51) 0.01 – 19.15 A 
2-3 July 2002 0.92 (0.67) 0.009 – 17.75 A 
2-3 September 2002 0.51 (0.52) .001 – 4.44    B 
15 July 2003 0.27/0.25 0.003 – 3.61      C 
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Table 3. 
A.  ANOVA model results for swim speeds for sampling date and day/night. 

Parameter DF SS MS F p-value 
Time 1 937 937 123 0 
Sample Date 3 2662 887 117 0 
Time x Sample Date 3 537 179 23 0 
Residuals 5326 40376 8   

 
 
 

B.  Summary of pairwise comparisons for swim speeds over sampling dates and day-
night within sampling dates.  Sample date pairwise results are not significantly different 
if they have the same letter (p<0.05).  Significant difference between day and night 
within sampling period is indicated by * (p<0.05).   

 Overall Day versus Night 
Date Average Pairwise Day Night 
8-9 August 2001 10.7 A 10.6 10.7 
2-3 July 2002 8.5 AB 7.6 8.5 
2-3 September 2002 5.1    B 8.8 4.7 * 
15 July 2003 4.9      C 7.0 4.3 * 

 
 
 
 
 
 
 
 
 
 
Table 4.  Comparison of observed swim speeds with theoretical estimates of least-cost 
swimming speed (Wakeman and Wohlschlag 1982) and optimum foraging speeds (Ware 
1978), given in relative speeds (bl s-1) for a 37 mm anchovy. 
 

 
Date 

Observed Day  
Average 

Wakeman & 
Wohlschlag 

Ware  
Foraging  

8 Aug 2001 10.6 8.3 6.4 
2 Jul 2002 7.6 8.3 8.0 
2 Sept 2002 8.8 8.3 7.7 
15 Jul 2003 7.0 8.3 7.0 
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Figure 1.  Location of sampling station (white cross) on the lower Neuse River Estuary, 
North Carolina, USA.   
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Figure 2.  Water quality and zooplankton plots for 8-9 August 2001.  Data are represented 
as depth (y-axis, m) over time of day (x-axis).  (a) Dissolved oxygen, (b) Temperature 
(color) and salinity (contours), (c) zooplankton density at depths denoted by position of 
symbol.  Legends for each are at bottom. 
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Figure 3.  Water quality and zooplankton plots for 2-3 July 2002.  Data are represented as in 
Figure 2.   
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Figure 4.  Water quality and zooplankton plots for 2-3 September 2002.  Data are 
represented as in Figure 2.   
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Figure 5.  Water quality and zooplankton plots for 15-16 July 2003.  Data are represented as 
in Figure 2.   
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Figure 6.  Vertical distributions of fish density (volume backscatter, dB) for the four 
sampling periods, (a) 8-9 August 2001, (b) 2-3 July 2002, (c) 2-3 September 2002, (d) 15-16 
July 2003 represented by color spectrum image by depth (m, y-axis) over time (hh:mm, x-
axis).  Constant red bar at top of a, and to a lesser extent in b and c includes interference 
backscatter from water surface.  Breaks in the plots indicate equipment errors.  Density is 
proportional to log color scale below.  Labeled lines represent DO contours of 2.5 mg O2 l-1 
(and 1.0 mg O2 l-1 for 8 August 2001).   
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Figure 7.  Box plot of distribution of relative swim speeds for each sampling date.  Data are 
presented as median (horizontal line), upper and lower quartiles (boxes) and range 
(whiskers).   
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Figure 8.  Box plot of day-night comparisons for each sampling occasion.  Data are 
presented as in Figure 8.
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Figure 9.  Boxplots of hourly swim speeds for the four sampling periods.  Data are 
presented as median (horizontal lines), upper and lower quartiles (boxes) and 95% of data 
range (whisker).  X-axis for each plot represents time of day for each period, A) 8-9 August 
2001, B) 2 July 2002, C) 2 September 2002, D) 15 July 2003 with the dark bar at base 
indicating night. 
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Figure 10.  Cumulative estimated energy costs for the four sampling periods.  X-Axis 
represents hour of observation since start of sampling.
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Figure 11.  Comparison of stomach contents during from around sunset to dawn on A) 2 
July 2002, and B) 2 September 2002.  Time on x-axis corresponds to time of day for each 
date.  Y-axis in dry weight of stomach contents.  Each dot represents a single fish.  All fish 
were similar in size (30-40 mm TL). 
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Figure 12.  Excerpt of echogram collected on 2 July 2002 showing several tracks below the 
2.0 mg O2 l-1 contour line (dashed line).  Echogram is represented as depth (y-axis, m from 
bottom) and ping number (x-axis).  Echoes target strength (dB) is represented by color scale.  
Dark red echoes at top represent interference from surface.  Time scale represents 4 s or 20 
pings along a-axis. 
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Figure 13.  Examples of tracks from individual fish sampled on (A) 2 September 2002 
showing a typical “directed” swimming pattern and (B) 2 July 2002 showing a swimming 
pattern with tight turns.  Each mark represents a sequential ping location (0.2 s).  Axes are 
given in m from acoustic beam axis (0).  Empty symbol represents starting point and 
enlarged filled symbol represents end of track. 
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Summary 

Hypoxia causes heterogeneity in estuarine systems and has a documented effect on 

the mortality of sessile benthic organisms, the distribution and abundance of demersal and 

mobile organisms, and trophic interactions in benthic food webs (Pihl et al. 1991; Howell & 

Simpson 1994; Eby 2001; Craig 2002; Eby & Crowder 2002).  Until this study, the potential 

effects hypoxia has on the pelagic species such as the planktivorous bay anchovy Anchoa 

mitchilli were unknown. 

Our first objective was to determine the degree to which hypoxia spatially structures 

the distribution patterns of juvenile anchovies in the Neuse River Estuary (NRE).  In 

Chapter 2, we showed that when the water column is stratified, juvenile anchovies avoid 

hypoxic bottom-waters less than 2 mg O2 l-1.  Furthermore, anchovies remained in dense 

aggregations under stratified conditions at night.  In Chapter 3, we explored the 

consequences for crowding and patchy distributions in anchovies in terms of grazing 

demand and spatial interactions with copepods.  We found that early in the summer, 

copepod production was sufficiently high to meet the demand of the anchovies, even under 

conditions of short-term hypoxia.  We hypothesized that anchovy biomass would be 

distributed in coherence with copepod biomass, to maximize anchovy production.  Results 

from our analyses were contrary to our expectation during much of the season.  In fact, 

during the later season, there were strong indications of anchovies occupying regions of the 

NRE that supported very low copepod biomass and production, at levels insufficient to meet 

even the basic energetic needs of an individual fish.  The result was a significant reduction 

in the condition of individual anchovies that were in this upstream region when compared to 

anchovies in the down stream region supporting higher copepod biomass. 
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Our second objective was to examine whether crowding caused by hypoxia coupled 

with reduced availability in prey resources influences the activity and behaviors of 

individual anchovies in the NRE.  In Chapter 4, we used stationary hydroacoustics to 

observe the movement and activity rates of individual anchovies in the field under four 

unique water quality scenarios ranging from a mixed and oxygenated water column to a 

stratified and hypoxic to anoxic water column.  As an obligatory visual forager, we expected 

activity rates to be highest during the day and lowest at night.  Furthermore, since activity 

rates are strongly tied to growth, we expected fishes to adopt a swim speed that would 

maximize net energy gain.  Under conditions of low fish density or a mixed water column, 

activity patterns were in line with our expectation of a diurnal activity pattern with swim 

speeds very close to expected theoretical values that would maximize net energy gain.  In 

contrast, under high fish density and a stratified water column, high activity rates were 

sustained at night.  Furthermore, when the water column was severely hypoxic (>70% of the 

water column with < 2 mg O2 l-1), activity rates were nearly twice those predicted from our 

bioenergetics model.  Furthermore, under these conditions, vertical distribution of anchovies 

extended into water with DO as low as 1.0 mg O2 l-1.  We hypothesize that this sustained 

nocturnal activity is a result of continued foraging at night and provide a line of evidence 

that the fish were feeding through the night.  The consequence to an individual’s 

performance is a significant increase in the daily energetic costs when compared to an 

individual that adopts a diurnal activity pattern, but this behavior may afford an advantage 

by compensating for a reduced ration achieved by anchovies during the day under limiting 

prey conditions.  Finally, we observed an unusual behavior that fish appeared to be using to 

dive into the prey rich hypoxic bottom waters when copepods were in lower abundance in 
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the surface waters.  Taken together, it appears that the juvenile bay anchovy adopts a range 

of behaviors to compensate for the effects of increased conspecific density and reduced prey 

availability in the presence of hypoxia. 

 

Implications for bay anchovy population dynamics 

This research focused exclusively on the juvenile stage of anchovies and how 

hypoxia may affect this life stage through direct (avoidance of hypoxia) and indirect 

pathways (separating grazers from prey and crowding leading to competition for resources).  

In 2001, during a period of severe and extensive hypoxia, we observed two important 

patterns that may contribute to the population dynamics of anchovies in the NRE.  First, 

growth was reduced in juveniles that occupied an upstream region of the NRE.  We do not 

know the capacity for compensatory growth in anchovies, but since copepod production 

continued to decline as the fall season progresses, it seems unlikely that fishes that we 

observed in the upstream reaches of the NRE would benefit from increased foraging in the 

fall.  Slow growth during the juvenile stage can be significant for a species like that bay 

anchovy that has a one-year generation period (Zastrow et al. 1991).  An inability to attain 

sufficient size and condition at the end of the year may increase the potential for over-

wintering mortality and reduced the recruitment to the spawning stock in the NRE for that 

year-class (Zastrow et al. 1991; Jung & Houde 2004).  Our second observation was an 

apparent separation in abundance between the upstream reaches of the NRE (above the 

bend) and the downstream reaches.  It seems that the down-stream ontogenetic migration 

that we may have witnessed earlier in the season, and is well documented in the Chesapeake 

Bay (Kimura et al. 2000), may have been disrupted during August as the anchovies were 
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“trapped” in a prey poor environment.  This, too, may contribute to reduced recruitment to 

the spawning stock in that year.   

Hypoxia may differentially affect other life stages of anchovies.  The bay anchovy 

spawns at the mouth of estuaries from early summer to fall.  Research on anchovy 

population dynamics in the Chesapeake Bay has suggested that interannual variability in 

salinity and hypoxia explains an appreciable portion of the variability in the stock-

recruitment relationship, with an inverse relationship between mean annual DO level and 

recruitment (Jung & Houde 2004).  The authors hypothesize that during years of high 

freshwater input and nutrient loading, hypoxia in the middle region of the Bay limits the 

spatial distribution of the spawning stock to the lower-Bay regions where successful 

spawning can occur due to egg and larval mortality in the hypoxic mid-Bay region.  They 

further hypothesize that during years of high nutrient loading, secondary production is 

enhanced, providing abundant prey resources for larval and early-juvenile anchovies and 

promoting high recruitment; however, the authors did not provide evidence for the links 

between nutrient loading, hypoxia and secondary production in the Chesapeake Bay.  The 

hypoxia dynamics in the Neuse River Estuary are much more dynamic and episodic than in 

the Chesapeake Bay.  During years of high rainfall and nutrient loading into the Bay, 

stratification and hypoxia can become established as early as May and continue through the 

summer (Officer et al. 1984; Breitburg 2002).  In contrast, years of high rainfall and nutrient 

loading in the NRE may increase the potential for hypoxia to occur (Paerl et al. 1998; 

Borsuk et al. 2001), but episodic wind events during the summer could regularly mix the 

water column, reducing stratification and the chance of hypoxia to occur, especially near the 
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mouth of the NRE.  It is unclear whether spawning habitat selection by anchovies in the 

NRE would therefore be as strongly influenced by hypoxia dynamics as in the Chesapeake.   

Up-estuary migration of late-larvae and early-juveniles places individuals in regions 

that may experience severe hypoxia in the NRE.  Older larvae of anchovies are known to 

migrate vertically to avoid hypoxic bottom waters (Breitburg 1992).  This behavioral 

response concentrates larvae as well as potential larval predators such as juvenile fish and 

gelatinous predators, which increase the potential encounter rates between predators and 

prey (Breitburg et al. 1999).  There has been speculation that during years of increased 

hypoxia, gelatinous invertebrates such as lobate ctenophores Mnemiopsis leidyi and 

scyphomedusa Chrysaora sp. may be more abundant as the species can tolerate lower 

dissolved oxygen conditions and may benefit from foraging in the copepod rich hypoxic 

waters (Breitburg et al. 1999).  These organisms can serve as important predators on 

anchovy larvae (Houde et al. 1994; Breitburg et al. 1999) as well as competitors with 

juvenile and adult anchovy for prey resources.   

Taken together with our research, these studies illustrate that the effects of hypoxia 

on the population dynamics of anchovies may be complex and difficult to predict.  It could 

be hypothesized that years of high nutrient loading could enhance secondary production and 

high copepod abundance which, in turn would provide abundant prey and promote high 

fecundity in spawning females.  Egg and larval production would then be high in the early 

season.  But as the season progressed, low wind stress years may subject juvenile anchovies 

to severe and extensive hypoxia, separating them from copepods or reducing copepod 

biomass due to mortality from hypoxic exposure.  Interannual variability in the duration and 

severity of hypoxic events in the NRE is very high (MODMON 2004).  While it is strongly 
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related to the amount of rainfall and nutrient loading in the early spring, climatic forcing and 

wind stress in the summer ultimately determines the potential for stratification and hence the 

evolution of hypoxia in the hypolimnion.  Previous years have experienced hypoxic events 

as long as and as severe as the pattern we observed in 2001.  A brief perusal of the long-term 

dataset available from USGS water quality platforms indicate that in the past seven years 

(since 1997), four of those years witnessed at least one hypoxic event that lasted greater than 

20 days.  As we documented in Chapter 3, this duration may be long enough to affect both 

the copepod community and the anchovy population on a local scale. 

 

Implications for ecosystem dynamics 

Although there is accumulating evidence for a connection between over-enrichment 

and secondary production in estuaries (Kemp et al. 2001; Capriulo et al. 2002), some models 

predict that over-enrichment can cause a shift from large size phytoplankton to small, less 

desirable species that are not consumed by herbivores (Pinckney et al. 1998; Kemp et al. 

2001)  Therefore, extending this connection between eutrophication to the consumers such 

as pelagic and demersal fishes has been tenuous at best (Micheli 1999).  We hypothesize 

that the reason for this disconnect between secondary producers and planktivorous fishes 

can be attributed, in part, to the differential tolerance of and response to hypoxia by 

copepods and consumers that we observed in the NRE.  Furthermore, we found a lack of 

correspondence between the distribution of available copepod production and anchovy 

predation demand over space.  This suggests that the anchovies are not distributing 

themselves in such a way to maximize fish production, and hence not optimizing energy 

transfer between copepods and consumers in this system.  The consequence of this lack of 
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spatial overlap between predation and production results in a reduction in the transfer of 

energy from the copepods to the pelagic fishes and on to higher trophic levels.  The fate of 

the ungrazed copepod energy contributes to microbial loops of estuarine food webs 

(Capriulo et al. 2002; Baird et al. 2004).  Enhanced microbial loops have been implicated as 

significant cause for the perpetuation of hypoxia in estuarine systems (Borsuk et al. 2001; 

Breitburg 2002; Capriulo et al. 2002; Baird et al. 2004).  The results presented in this thesis 

suggest that summarizing population and trophic level phenomena in the NRE using system-

wide averages over space and time may be inappropriate to understanding ecosystem 

processes in this system.  The patterns we observed could only have been resolved using our 

spatially-explicit sampling approach.   

 

Future research 

Our ability to fully resolve the spatially- and temporally-explicit processes in 

estuarine ecosystems affected by eutrophication and hypoxia will require advances in 

sampling technology, particularly with regards to characterizing the zooplankton 

community.  Remote sensing technology is providing us with increasing power to monitor 

and understand physical characteristics of estuaries in terms of circulation and water quality 

dynamics such as hypoxia at multiple spatial and temporal scales.  Stationary and profiling 

water quality instruments are generating water quality data at the second time-scale and 

centimeter spatial scale in the vertical dimension (Glasgow et al. 2004).  Measurements of 

phytoplankton dynamics are also now closely coupled to water quality monitoring with in 

situ fluorometers providing real-time data on chlorophyll abundance and nutrient dynamics 

that can lead to measures of primary productivity (Paerl et al. 1998; Glasgow et al. 2004; 
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MODMON 2004).  There has been far less effort devorted to matching the temporal 

resolution of water quality monitoring in terms of small scale spatial patterns of physical 

features such as stratification and hypoxia (except see Reynolds-Flemming et al. 2004).  As 

demonstrated in this study and in previous work (Luo & Brandt 1993), advances in fisheries 

hydroacoustics are permitting us to develop a better understanding of the spatial dynamics of 

small pelagic species in estuarine systems through continuous measures of the distribution 

and abundance of organisms in three-dimensions over a range of spatial scales.  Other 

remote sensing technologies such as telemetry are also providing important insight into 

small and large scale behaviors of larger individual finfish and crustaceans in heterogeneous 

estuarine environments (McClellan 2001; Bell et al. 2004).  A noticeable gap in our 

understanding is the spatial and temporal dynamics of processes associated with the 

zooplankton community.  Until recently, zooplankton sampling has been limited to discrete 

samples at limited stations (as in this study) or net tows that integrate over longer spatial 

dimensions.  During the past 3 years, technologies that have been restricted to use in 

oligotrophic systems like the Great Lakes and oceanic environments have been applied to 

estuarine environments.  Multi-frequency acoustic profilers that detect and measure 

abundance of plankton are being used in estuarine systems like the Chesapeake Bay to 

identify sub-meter scale distribution patterns of zooplankton within the water column in 

relation to mesoscale estuarine features like the estuarine turbidity maximum (Roman et al. 

2001).  The results of these studies are providing valuable insights to the unique 

contributions that these mesoscale features have on entire ecosystems.  Towed optical 

plankton counters are also showing promise in continuously measuring the distribution of 

zooplankters on at sub-meter resolutions over large spatial scales (D. Kimmel, University of 
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Maryland, pers. comm.).  Expanding use of these technologies will enable us to make far 

greater advances in our abilities to assess trophic dynamics at the relevant spatial scales that 

we identified with our hydroacoustic and water quality sampling. 

 Management agencies are making efforts to curb the magnitude of nutrient loading 

into coastal systems.  Recent legislation has mandated a reduction in nitrogen loading in the 

Neuse River Estuary by 30%.  Due to the high interannual variability in meteorological 

forces that determine water quality in coastal systems, it may be difficult to detect a 

noticeable trend in the response of the system to any reduction in nutrient input.  

Furthermore, the shallow depth of the Neuse River also means that there is a strong coupling 

between benthic and pelagic components and it has been hypothesized that nutrients that 

have entered the microbial loop may be stored in the benthos and may compensate for any 

reductions in external input of nutrients for a period of a few to several years (Luettich et al. 

2000).  Continued monitoring and modeling efforts are required for scientists to be able to 

judge whether nutrient managements efforts have been successful at improving ecosystem 

health. 
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