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Abstract 

One of the major impacts of human population growth in coastal areas is the eutrophication of estuarine 

waters. Human activities have contributed to increases in nutrient loading, associated water quality declines, 

habitat loss, and declining fisheries. To quantify habitat loss and examine possible impacts on the fish 

community, we have been examining how the distribution and composition of the fish community in the Neuse 

River estuary changes in relation to spatial and temporal dynamics of water quality parameters, specifically 

dissolved oxygen. We trawled biweekly from June through October 1997 using a stratified random design, 

sampling across a dissolved oxygen gradient. Blue crabs (Callinectes sapidus) were not typically captured in 

waters with dissolved oxygen concentrations below 6.5 mgn. Fish distributions were very responsive to changes 

in dissolved oxygen. Fish catches were highest in waters > 5.0 mgA, moderate in waters 2.0 - 5.0 mgA, and low in 

water below 2 mgn. Both average catch per unit effort and species richness were substantially higher in the 

hypoxic and oxygenated waters than in anoxic water. Combining knowledge of fish distributions with our 

concurrent maps of dissolved oxygen concentrations, we made estimates of short-term habitat loss. On average 

50% of the habitat was below 4 mg/l and 25% of the habitat had dissolved oxygen concentrations of less than 2 

@. A substantial portion of the bottom habitat was temporarily lost, due to poor water quality, concentrating 

the mobile organisms in the shallower, more oxygenated waters. Similar sampling conducted from April-October 

1998 encountered better habitat conditions despite high spring loading of nutrients. It seems likely that summer 

and fall winds combined with reduced rainfall were able to keep the system better mixed in 1998 than in 1997. 

Loss in habitat and change in distribution of fishes resulting from areas of low oxygen may have effects on 

species interactions, such as predatorlprey overlap and degree of species aggregation, impacting growth and 

survival. 
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Community composition varied depending on dissolved oxygen concentration. In lower concentrations, 

pelagic species made up a larger part of the assemblage. Areas with mid and high dissolved oxygen 

concentrations epibenthic species (bottomdwelling) species were more common. Both the average number of 

species per trawl and the Shannon-Weaver diversity index were higher in oxygenated waters. 

The following statements summarize our findings. 

0 The Neuse River estuary is a winddriven system with hypoxic zones expanding, decreasing, and laterally 

tilting dependent on wind speed and direction. This makes reconstructing the extent of hypoxia difficult from 

previous monitoring which has only involved mid-river profiles. 
y ' 7 . . .~; . ..6-f" li.fry.I ; "" : - . 

; .j. .. 

0 On average 25% of the habitat (maximum 45%) was below 2 mgA and uninhabitable by fish and crabs. 

0 Fish return and utilize areas that have previously been hypoxic for days to weeks, although the quality of this 

habitat is unknown. 

0 Predatorlprey ratios and level of aggregation are highest in shallow, well-oxygenated waters. 

In the Neuse River, many of the water quality impacts on fish populations are related to the spatial and 

temporal extent of hypoxic zones. Thus, the expected fish population response due to a reduction in nitrogen 

loading will be a function of projected changes in dissolved oxygen. If a 30% reduction in nitrogen loading 

produces only small improvements in dissolved oxygen concentrations, we would expect that responses of the 

fish community would be minor and would be difficult to detect against the natural variability of the system. 

We recommend evaluating the importance of hydrology and time lags between achieving reduction goals and 

seeing a difference in hypoxic zone. Much of the hypoxia that we measured was linked to the hydrology of the 

system. This may result in decreased nutrient loading having less of an impact on the extent of hypoxia than 

might initially have been expected. Currently habitat loss can be spatially extensive, but is temporary (days to 

weeks). Long periods of hypxia (weeks to months) can have substantial effects (impacting diets, growth, and 

species assemblages). Rehabilitation measures, specifically nutrient reduction, should happen now before further 

degradation of the ecosystem occurs. We recommend continuing to monitor the fish community. Fish utilize and 

integrate many aspects of the entire estuary, thus may be a good indicator of the state of the system To this end, 

we are currently working on further examination of the effects of periodic oxygen on habitat quality and growth 

rates of juvenile fishes. 



Introduction 

One of the major impacts of increasing human populations in coastal areas is the eutrophication 

of estuarine waters. Human activities, including fossil fuel burning, agricultural and animal production, 

and increases in wastewater inputs have contributed to an increase in nutrient loading and associated 

water quality declines. The links between anthropogenic nutrient loading and cultural eutrophication 

have been demonstrated in freshwater ecosystems, with both phosphorus and nitrogen additions 

(Vollenweider 1976,1982, Schindler 1977). Even in very large lakes or reservoirs (e.g. Lake Erie) 

increased productivitylalgal blooms have lead to high decomposition rates (organic loading) and hypoxic 

(dissolved oxygen c 2 mgn) or anoxic conditions (no detectable dissolved oxygen). Trends in several 

North Carolina estuaries, including the Neuse River Estuary, are similk to the rest of the nation with 

increased activity around the coast, increased nutrient loading, and recurrent problems with algal blooms, 

and hypoxic zones. 

The Neuse River Estuary is fairly typical of the nutrient-sensitive estuaries of the southeast 

United States. The lower Neuse has a lengthy water residence time, so nutrients entering the system 

remain there for relatively long periods (Knowles 1975, Luettich et al. 1996, Christian et al. 1991). In 

this shallow system, nutrients are able to cycle effectively between the water column and sediments, 

making them readily available for algal growth. In addition, the transition from freshwater to salt water 

creates a "salt-wedge9* or strong stratification where denser, saltier water sits on the bottom while less 

dense freshwater remains on top. This density stratification isolates the bottom waters from cBe smfslce 

oxygen source. It is in these isolated bottom waters with high rates of decomposition that hypoxia 

typically becomes an issue. High residence time, efficient nutrient cycling, and common strong 

stratification of the water column make the Neuse River Estuary particularly susceptible to hypo* and 

anoxia. 

North Carolina estuaries are important nursery grounds for fish. For example, 80-9M of &e 

commercial landings are from estuarine dependat species. Public concerns over water quality wem 

heightened by recent fish kills in North Carolina, but zones of no or low oxygen also negatively 
. 

critical fisheries habitat. Past research in these id estwine system has focused maiaSy 

and algae, despite major societal concerns regirding *~prtcts on fish populations and f i skrh  ( e a  B d  

1987, Paerl et al. 1995, Paerl and Pinckney 1996). Although fish ldlls are troublesome and 

substantial media attention, we argue that subfethal effects of degraded water quality on %h am ~Sikcky b 

have much more profound effects on fisheries. Currently, scientists and managers sh@y ~ Q Y  not know 



the full impacts of dynamic hypoxic/anoxic events in the coastal rivers on the fish community of North 

Caroliina estuaries. 

Potential importance of hypoxia on fish 

Hypoxia may affect aquatic organisms both directly and indirectly. Although low dissolved 

oxygen was likely responsible for some fish kills (Paerl et al. 1998), sublethal effects (e.g. on condition, 

growth, predation) of hypoxia on the fish community may be more likely to have population-level 

impacts than losses due to direct fish kills. Hypoxic events in the Chesapeake Bay have both population 

and community level impacts through high mortality of new recruits and differences in recolonization 

rates between mobile and sessile organisms (Breitburg 1992). In a d d i h  Breitburg et al. (1994) 

demonstrated that exposure to hypoxic waters increased predation rates on larval fish from invertebrate 

predators, while it decreased predation rates from fish predators. Thus, hypoxia can reduce usable 

habitat volume and so alter fish distribution and species composition as well as aggregation and overlap. 

Not only can exposure to hypoxic waters alter species interactions, but the changes in distribution, 

aggregation, and overlap may also have an effect on the outcome of these interactions. 

The severity of the impact of the hypoxic zone on habitat loss depends on its spatial and temporal 

extent. If the hypoxic zone is small and short-lived, then effects will be minimal and no habitat will be 

lost. In large, long-term hypoxic events, sessile animals will die and mobile animals will move, resulting 

in long term changes in community structure and potential habitat loss. Observations in Chesapeake Bay 

show substantial effects of periods of prolonged low dissolved oxygen, including decreases in species 

diversity, biomass, percent of deepdwelling biomass, and changes in community composition (Dauer et 

al. 1992). Studies of benthic infaunal response to hypoxia show that impacts depend on the temporal and 

spatial scale of the low dissolved oxygen zone. The responses of benthic infama to hypoxia range from 

a shift toward highly productive, shallowdwelling benthic invertebrates (= increase in benefit of benthic 

resource to fish, no habitat loss) to a complete defamation with a slow recovery time (=habitat loss/ 

benthic resource loss) (Diaz et al. 1992, Stachowitsch 1992). For example, Stuntz et al. (1983) 

speculated that pelagic fishes may congregate near hypoxic bottom water to take advantage of benthic 

organisms that are vulnerable to predation by low oxygen stress. Pihl et al. (1991) also observed 

demersal species in the Chesapeake using vulnerable benthic prey. Fish may not recolonize an area even 

after the dissolved oxygen concentration increases if severe resource depletion (defamtion) has 

occurred. In Chesapeake Bay, fish responded to low oxygen by moving out of areas with the lowest 



oxygen concentrations (Pihl et al. 1991). The extent of the movement and the time to recolonization was 

species specific. 

Common observations in eutrophic systems include aggregation or crowding of fishes along the 

shores (May 1973) and sometimes unusually large catches of fish not normally found together in shallow 

waters (Stefanon and Boldrin 1982). Such dynamics actually may enhance short-term blue crab catches 

in shallow crab pots and explain ''jubilees" of flounder (Paralichthys sp.) and other benthic fishes. In 

multiple systems including the Chesapeake Bay (Pihl et al. 1991), Long Island Sound (Howell and 

Simpson 1994). and the Gulf of Mexico (Stuntz et al. 1983), hypoxia has substantially impacted species 

distributions and movement patterns. Although these observations are common, scientists have not 

evaluated these changing distributions in the context of other key enviro~lental variables in the system. 

In addition, little work has been done to evaluate these changes on spe&es spatial aggregation, owlap, 

and species interactions. Declining water quality may result in large hypoxic areas that force fish into 

suboptimal habitat, increasing overlap with predators, reducing per capita prey availability and depleting 

local resources, or by creating refuges for low oxygen tolerant species. All of these potential mechanisms 

can alter both growth and survival rates and so productivity of fisheries. This study is the first step in 

describiig some of these changes. 

In the Neuse River, the spatial extent of the hypoxic zone can be very dynamic. The Neuse River 

estuary is shallow and wind-driven resulting in very dynamic stratification. It is the impacts of these 

meso-scale hypoxic events (hypoxic zones enlarging over days to weeks) that may severely impact the 

fisheries resource. We examined the distribution and composition of the fish community in the Neuse 

River Estuary, in relation to spatial and temporal dynamics of key water quality parameters. If North 

Carolii resource managers are going to understand the potential impact of these hypoxic events on 

fisheries, we must evaluate the extent of the habitat loss, demonstrate changes in the fish distribution, and 

begin to examine the potential impacts on estuarine fish community. 





Materials and Methods 

Study area 

The Neuse River Estuary is the major southern tributary of North Carolina's Pamlico Sound It 

drains a watershed of about 16,000 km2 and is a recipient of substantial nutrient loading h m  a number 

of sources, including agricultural run-off, industrial discharge, wastewater from munidipal tmtmnt 

plants and atmospheric inputs. Nutrients are delivered to the estuary by water discharge h m  the Muse 

River, its tributaries, streams, rainfall, and groundwater. Annually, about 70% of nutrient input c a w  

from diffuse, non-point sources such as surface runoff, rainfall, and grounadwaoer. Point sources, 

attributed to wastewater treatment plants, industrial, and municipal &harges, accomt fm the rema@g 

30% (Paerl and Pinckney 1996). These high loadiing rates &nitrogen promote high qtes of algal 

production. When production exceeds consunaption by animal pmxs, plant matter (biomass) 

accumulates in the estuary. This imbabce leads to massive blooms of phytoplankton. Blooms are 

malodorous, release toxins, foul waters and shorelines, and lead to oxygen depletion of affected 

Although these estuaries are critical nursery habitat for juvenile and adult fish, littie is b w n  

about the dynamics of the spatial distribution of this estuarine community. The Neuw, River fish 

community is composed of many commercM&y and ecologically important species, ineluding spat 
' 

(Leiostomus xanthw), croaker (Micropogonias mddatus), menhaden (Brevoortia gramas), b y  

anchovy (Anchoa mitchilli), alewife (Aha psewfoharengus), blueback herring (Alosa~(z&stivdk~, striped 

mullet (Mugil cephalus), pinfish (Lugodott M i d e s ) ,  Southern flounder (Paralichtljrs lethos$gma). 

sheepshead minnow (Cyprinodon variegatus), mummichog ( F d w  heteroclitus), and Atlantic 

silversides (Menidia sp.) (Nelson et al. 1991). 

Field sampling 

We mapped a fixed grid across the sampling area (Figurel) that was subsampled th rou~Lthe  
P 

season. Our goal was to saorple over a grid fine enough to resolve transitional areas, but to subsarapk 

dacating our effort across the entire range of dissolved oxygen in the system. For example, we QieB to 

ample more frequently in the transitional hypoxic zones than the homogenous zones (oxygenated clt 

completely anoxic). Therefore, as we sampled and gained information about the state of the system, 

location of fish samples were adjusted based on the distribution of dissolved oxygen. 





We trawled the upper Neuse River study area from the RNSmait HudPon, biweekly in 1997, for 

two consecutive days to cover and map the sampling area. Our sampling included June 20'and 21: July 

7& and 8: July 18: August 1" and 2d, August 15*and 16&, August 24hand 25: September 1 1' and 12: 

September 2lSand 22: October 9&and 107 and October 23dand 24&. The data from each twoday 

sampling period were combined for analyses. We towed (3 minutes, 2.5-3.5 knots) using a 9 rn heoldrope 

mongoose trawl. Depth profiles of water quality parameters (temperature, salinity, depth, aad.dissalred 

oxygen) were taken at the beginning and end of each trawl with a SBE-25-03 CTD. The SBE 3 8 3  CII) 

measures temperature, conductivity, salinity (calculated), and dissolved oxygen, with an accuracy of 

0.004T, 0.0003 Seimens/meter/month, and 0.1 mW1, respectively. Bottom oxygen conditions were 

chanrcterizcd at about 10 cm from the bottom based on placement of the sensor. The CTD resides on the 

RWSusmr Hudron; the entire unit is calibrated mually at the factory. Before each sampling we 

cheeked the cal~htion of the dissolved oxygen sensor in large water baths at Duke Marine Lab. If the 

'mxlbgs were inaccurate, we cleaned the oqaip&ent, changed membranes, and recalibrated as 

Ourposition was d c t e d t d  with a Oandrin OfS unit at each station. 

Tmwliig at each station gave us idonnation on fish species composition, relative 

(catch per unit effort, CPU~$, and total lmgths. Thcse samples were used to characterize fish 

distribatim throughout the season as a W&cm of temperature, salinity, depth, and dissolved oxygen. 

This sampling also allowed us to &scribe e*ne fish distribution and measure changes in distribution, 

a m t i a n ,  and werlap in the fish community as hypoxic areas develop (and recede) in the summer 

d. Baabe tke trawl samples fish ih the bottom meter of the water column, we elate these 

distributions to the avetage of condition* fn the *bottom meter rather than to bottom readings per se. 

Dau analysis 

Our data are not spatially indepehdent, so analysis techniques must explicitly address the 

potential for autocornlation among sites. The dfect of positive a u t ~ ~ a t i o n  in spatial data is to 

exaggerate the confidence interval and level of significance assigned to a tested relationship (Legendre 

1993). In addition our catch data is sigma distributed, thus making transformation into a normal 

distribution impossible. Thus, rigorous d y s i s  of the expected environment-fish relationship must use 

non-paramettic techniques that control for the spatial dependency and non-normal distribution. 

Our hypothesis is that the distribution of fish communities will respond to spatial and temporrll 

changes in the extent of hypoxia in the Neuse estuary. A particular fish species may regpond to several 

abiotic factors, including, depth, salinity, temperature, and dissolved oxygen within the estuary. In our 
- 



analysis, we considered all of these factors. Hypothesis testing of the unique contribution of independent 

variables (depth, temperature, salinity, dissolved oxygen) to the spatial pattern of a dependent variable 

(fish) can be performed using a Partial Mantel's test (Legendre and Fortin 1989, Manly 1991). A Partial 

Mantel's test examines the strength of correlation between dependent and independent spatial variables, 

explicitly controlling for spatial autocorrelation by incorporating distance between two samples. The 

null hypothesis is that no relationship exists between these environmental variables and fish distribution. 

For the spatial variable a distance matrix (the Euclidean distance between two points) is created, while a 

difference matrix is created for the other variables (Legendre and Forth 1989). The Mantel's test 

computes the correlations between all of the distance and difference matrices. Confidence intewals can 

be assigned from repeated (5000 times for 0.5 significance level) randomization tests by reassigning the 

distribution of values in the spatial matrix and retesting the correlation. When the value of the actual 

matrix correlation falls to either extreme of the distribution, the test case is significant. 

Latitudes and longitudes were converted to the Universe Transverse Mercator (UTM) coordinate 

system in ArcInfo's projection subroutine, and data were subsequently analyzed using both a differencing 

program (Euclid) and a correlation program (Mantel) as described above. Significance at the 0.05 level 

was used for the correlation of the environmental variables. Limits of fish distributions in catch dah 

versus dissolved oxygen levels were determined using categorical and regression trees (CART). We 

transformed CPUE data into categorical data (presencdabsence) for initial tests to examine at what 

dissolved oxygen level individual species are no longer captured. 

Neuse River maps were created in ESRI's ArcView using their spatial anayst extension ror 

interpolation. We interpolated using the inverse distance weighted subroutine. This method assumes 

that each point has a local influence that diminishes with distance, weighing points closer to the 

processing cell greater than those further away. The percent of total area within a particular range (e.g. 

2.0 mgn) was calculated from these interpolated maps in ArcView as well. We mapped both the bottom 

measurements (to describe the benthic habitat condition) and the average of the bottom meter of the 

water column (to define average enviro~~ental conditions experienced by the fish). 



Results and Discusdon 

Hydrographic characteristics 

Temperature: Water tempem;tune over the COUI?B ~f the 1997 field swtson mged from 16-30% and 

averaged 249°C. Temperatures progtessively i n d  from the end of June (bottom of 22- 

24OC) until the end of August when the b&&m tenpmtufes were between 226-2'C 2 - ll), 

By the end of October, the bottam waters w&e between 16-2006: ( E i p  11). Warmer wata 

temperatures were found in the surface waters, not shorn, and shallower waters thett not MUtfBBly 

sampled- 

Salinity: Our study area was mesohaline. During the sampling period the mean bottom saliity was 13.6 

parts per thousand @pt) with a range of 5 ppt to 20 ppt. In June (6/2W97) the bottom salinity was 

generally below 10 ppt; in August bottom salinities were between 11 - 17 ppt. In September and October 

the bottom salinity ranges were 1 1-20 ppt and 1 1- 17 ppt, respectively. The highest bottom salinities were 

seen in September (Figures 8,9). Surface and shallow waters were commonly fresher than the bottom 

waters. 

Dissolved Oxygen: Throughout the summer, the sampling area had well-oxygenated surface waters. 

However, the bottom waters periodically displayed low oxygen zones. Anoxia (or no detectable 

dissolved oxygen) was rarely found. Hypoxic waters, below 2.0 mg/l, were seen on all sampling cruises 

until the end of October. Hypoxic waters (< 2.0 @) rangal && 0% to 45% of the bottom 6 

Bottom waters below 4.0 mg/l were also seen on all sampling &ises until the end of October andCb8ed 

from 0% to 72% of the bottom area dependiBg on the sampling date. 

Hypoxic conditions were usually associated with stratification (saliity and temperature). The 

extent of the hypoxic zone varied extensively based on water temperature, degree of stratification, and 

wind speed and direction. The Neuse River is a shallow system, so winds strongly influence the 

hydrodynamics. A strong enough wind cantini.?t 'the water column, destratifying the system, s~bsequentlY 

allow& atmospheric oxygen to be incorpora&ho the bottom waters. In addition, wind dii t ion add 

speed can have an influence on the size and podon of the hypoxic zone. Wind may push the surface 
i '. 

waters to one side of the river, facing the boqom, ' p r l y  oxygenated waters into the shallows of the 
, : 

opposing side. This seiche in the river bas been seen on several occasions where one side of the river is 

well oxygenated while the other side is hrpbaic hto the shallowest water we can sample (1 to 1.5 m). 

The September 11.12 dates were calm, warm'days, and the river stratified with anoxic conditions in the 

middle and oxygenated zones along the edge of the river (Figure 8). By contrast, September 21,22 were 



windy days, with the prevailing wind pushing the water up the estuary resulting in a tilt (Figure 9). 

Throughout the season, wind speed and di i t ion had large impacts on degree of stratification (how deep 

the stratification occurred) and subsequent dissolved oxygen dynamics. 

During stratification, deeper bottom waters are denser, cooler, and more saline resulting in a 

fairly high correlation of these environmental variables. The highest correlations were between depth, 

salinity, and dissolved oxygen. For the combined June and July data, salinityldepth and depthldissolved 

oxygen were both correlated (r = 0.74 and -0.68, respectively). In August, salinityldepth, 

salinity/dissolved oxygen, and depthldissolved oxygen were all correlated (r = 0.79, -0.80, and -0.68, 

respectively). During September, salinityldissolved oxygen were correlated (r = -0.87), while in October, 

salinity and depth were correlated (r = 0.66). These correlations made it difficult to determine what 

variables explained fish distributions best. 

Fish distributions 

In conjunction with these hydrographic measurements, bottom trawls were used to collect fish 

distribution information. Thirty species of finfish and shellfish were caught during the 1997 field season. 

The most common fish species captured were Atlantic croaker (Micropogonias undulatus), spot 

(Leiostomus xanthurus). bay anchovy (Anchoa mitchilli), blue crab (Callinectes sapidus), and Atlantic 

menhaden (Brevortia tyrannus) (Table 1). There was a seasonal trend in both abundance (demonstrated 

in changes in CPUE) and species diversity. Catches (total CPUE) were driven by the abundance of 

young of the year fish, primarily spot and croaker. During the field season. catches increased until 

August. Diversity of our catches generally increased until mid-August after which time diversity was 

constant. Below, we relate fish distributions to environmental conditions averaged for the bottom meter 

of the water column as this is the zone the trawl samples. 

Based on preference tests in laboratory experiments and previous field studies, we expect species 

to have different sensitivities to oxygen levels. In the Chesapeake Bay, Pihl et al. (1991) found croaker 

(M. undulatus) to be the most sensitive species to low oxygen, followed by spot (L xanthurus) and blue 

crab (C. sapidus). Similar to field studies, fsh examined chose dissolved oxygen concentrations above 2 

mgfl in laboratory choice experiments (Wannamaker 1998). Contrary to the previous field work (i.e. Pihl 

et al. 1991), laboratory choice experiments demonstrated that pinfish and spot preferred higher levels of 

dissolved oxygen (4 mg/l preferred over 2 mgA and 6 mgA preferred over 4 mgA), while croaker, 

menhaden, and shrimp did not demonstrate a preference when both choices were above 2 mgfl 

(Wannamaker 1998). 
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Table 1. Total number of fish trawled on our sampling dates between 6/20/97 and 10123197. 

Common Name Scientific Name Total Nu*] 

Atlantic croaker 

spot 

Bay Anchovy 

Blue crab 

Atlantic menhaden 

shrimp 

Silver perch 

Weakfish 

Harvest fish 

Southern flounder 

Alewife 

Pinfish 

Bluefish 

Atlantic threadfin herring 

Striped mullet 

Summer flounder 

Cownose ray 

Spanish mackerel 

Spadefish 

Gizzard shad 

Blueback herring 

Spotfin mojarra 

Lizard fish 

Hogchoker 

Sea robin 

Lookdown 

Yanehead filefish 

9orida pompano 

Spotted seatrout 

Micropogonias undulatus 

Leiostomus xanthurus 

Anchoa mitchilli 

Callinectes sapidus 

Brevortia vrannus 

2 species 

Bairdiella chrysoura 

Cynoscion regalis 

Peprilus alepidotus 

Paralichthys lethostigma 

Alosa pseudoharengus 

Lagodon rhomboides 

Pomutomus saltatrix 

Upisthonema oglinum 

Mugil cephalus 

Paralichthys dentatus 

Rhinoptera bonasus 

Scomberomorus maculahr~ 

Chaetodipterus faber 

Dorosoma cepedianum 

Alosa aestivalis 

Eucinostomus argenteus 

Synodus sp. 

Trinectes maculatus 

Prionotus sp. 

Selene vomer 

Monacanthus hispidus 

Trachinotus carolinus 

Cynoscwn nebulosus 



Categorical and regression trees were run with presencdabsence data and dissolved oxygen 

concentration for several species captured in the upper Neuse River study area in 1997. Blue crabs had 

the highest dissolved oxygen thresholds and were not typically caught in waters with dissolved oxygen 

concentrations below 6.5 mgA (Figure 12). Similar to recent laboratory studies (i.e. Wannmaker 1998), 

shrimp were not captured when bottom waters were below 1.9 mgA, but appeared to be evenly distributed 

beyond that threshold (Figure 13). Although fish were not caught below 2.0 mg/l, they varied in their 

distributions above that concentration. Again similar to laboratory experiments (Wannamaker 1998), we 

consistently found pinfish in waters with higher dissolved oxygen concentrations w i s h :  6.5 mg/l). 

Dissolved oxygen levels where spot and croaker were excluded were 4.5 mgA and 1.5 mgA, respectively 

(Figure 14,15). The major predators in the system, summer and southern flounder and weakfish, also 

demonstrated the 2.0 mg/l limit, but did not appear to have any trends beyond that dissolved oxygen 

concentration (Figures 16,17). Even the pelagic species trawled (e.g. Atlantic menhaden and bay 

anchovy) showed the 2.0 mg/l limit, but did not show any other trends (Figures 18,19). 

We grouped species into three categories for additonal analyses: epibenthic; demersal; and 

pelagic. Epibenthic species, such as southern and summer flounder, and blue crab, are tied closely to the 

bottom. Demersal species included species such as, spot, croaker, silver perch, weakfish, and pinfish. 

Pelagic species, such as the bay anchovy, Atlantic menhaden, and other herring species, spend their time 

in the upper parts of the water column. These different types of species had slightly different responses 

to dissolved oxygen. Epibenthic species (primarily blue crabs) were not caught in high abundances until 

waters reached above 5.0 d. Demersal species showed a stepwise progression; few fish were caught 

below 2.0 mgA, catches remained low until 4.0 mg/l and then increased with levels of dissolved oxygen. 

Pelagic species were rarely caught below 2.0 mg/l, but once that threshold was achieved, there was no 

further trend in the data (Figure 20). Community composition varied depending on the dissolved oxygen 

concentrations. In lower dissolved oxygen zones, pelagic species made up a larger part of the 

assemblage. Areas with mid and high dissolved oxygen concentrations, demersal fish dominated the 

assemblage. At the higher dissolved oxygen concentrations, epibenthic species became common. 

A Partial Mantel's test was run with all environmental variables (dissolved oxygen, temperature, 

depth, and salinity) to examine which of these, if any, accounts for the variance in the fish distribution 

data. From previous work, we may expect temperature and/or depth to be significant. The estuarine fish 

species collected during the summer were primarily euryhaline species; therefore, we would expect 

salinity (in the range experienced) to be of little importance as a driving factor in fish distributions. In 

addition, remaining in low dissolved oxygen has a high physiological cost to fish; therefore, we would 



expect fish to leave the area and only when low dissolved oxygen occurred for it to play a role in fish 

distributions. 

We analyzed data from August and September, where we had a consistent and fairly high (at 

least 25) number of trawls for the sampling period. Variables that significantly correlated with fish 

distribution changed throughout the summaa and with extent of the hypoxic zone. Results from the 

Partial Mantel's test demonstrated that blue crabs were the species that most often had distributions 

significantly correlated with dissolved oxygen concentrations (Table 2). Dissolved oxygen concentration 

was significant in the analyses of blue ckb distributions when 30% or more of the bottom area was 

below 2 I@. Otherwise, depth, temperature, abd salinity occasionally fell out as significant. Spot 

distributions were significantly correlated with &solved oxygen concentrations when 38% or more of 

the bottom of the study area was below 3 a@, while depth and temperature also explained a significant 

amount of variance on some sampling da*. Croaker distributions were occasionally correlated with 

dissolved oxygen (and temperature) during the dates of higher habitat loss ( T a b  2). It appears that 

dissolved oxygen bounds the usable habitrtt, whereas temperature or depth influences distributions within 

those bounds. 

Table 2. Results from Partial Mantel's &&s. All environmental variables (dissolved oxygen, 
temperature, depth, and salinity) were included in analyses. Table includes only significant 
(0.05) variables. Variables that carrelate with fish distribution change throughout the mrrimer 
and with extent of habitat loss. 

Habitat Loss 
( P e m t  of 6% 30% 38% 42% 19% 
study area with 
D.O. c 2 mg/) 

Blue crab Depth D.O. D.O. 
Temp 

NS* Depth D.O. 

D.O. 
Temp 

D.O. 
Temp 

NS* 

Croaker NS* D.O. NS* D.O. NS* 
Temp 

not significant to the level. 







CPUE ( # 1 106 m trawleu) 





Figure 16. Summer and Southern Flounder catch per unit effort, in number of fish per 100 m trawled, versus dissolved oxygen 
concentrations over the 1997 field season. Triangles represent data for summer flounder and squares represent data for southern 
flounder. 
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Figure 20. Catch per unit effort of epibenthic, demersal, and pelagic fish versus dissolved oxygen 
concentrations for the 1997 field season. 
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We grouped trawls into three dissolved oxygen categories < 2 mg/l, 2.0 - 5.0 mg/l, and > 5.0 mg/l 

to examine general trends in our data. We found higher average catches in the oxygenated waters (from 

previous scatterplots). In addition, the average number of species caught per trawl increased with 

dissolved oxygen (Figure 21). Many diversity indices incorporate both evenness and species richness 

into their calculations. The Shannon-Weaver hdm iaP cllfculated from the proportion (pis) of the species 
* ,  

( i )  in the total sample of individaals ushg tb (Shannon and Weaver 1949): 

H= - E @Jog& 

Both the average number of spsisa aught ptk trawl rmd the Shannon-Weaver Diversity Index 

were substantially higher in the oxygenated waters (Figures 21.22). 

Habitat Loss 

Combining knowledge of fish distributions from our sampling efforts with our concurrent maps of 

dissolved oxygen concentrations, we made e&mtm of short-term habitat loss. Hsh were not found in 

waters with dissolved oxygen concentrations (.LO ntgfl, We used the inverse distance weighted spatial 

analyst subroutine in Arcview ta calm& the percat of our study area that was c 2.0 mgh from our 

interpolated maps. On average for the e n h  season, 2 x 4 s  of the habitat had dissolved oxygen 

values less than 2 mg/l, the maximum habitat lost (c 2.0 mg/l, June 20,1997) was 45% for a given 

sampling two-day period (Figure 23). For species with lower tolerances for low oxygen, like blue crab 

and spot, habitat losses were even more severe. In some cases, low oxygen conditions were ameliorated 

just above the bottom, so that average conditions in the bottom meter were not as severe as that at 10 cm 

above the bottom. Overall, a substantial portion of the bottom habitat was lost, at least temporarily, due 

to poor water quality, concentrating the fish into other areas (shallows, creeks, up- or downstream of the 

sampling area). 
Maps of dissolved oxygen concentrations overlaid with fish abundance data demonstrate the 

changes in distribution of fish tts tho hypoxic zone moves around. For example, on August 154 the 

hypoxic zone enconqkses the mouth of Hancock Creek (Figure 24) and low catches occurred in these 

areas. Less than two weeks later when the hypoxic zone had shifted around, fish returned to the 

oxygenated waters near the mouth of Hancock creek in high abundances and out of the center of the river 

which was then hypoxic (Figure 24). The return of the fish to previously hypoxic areas implies that the 

habitat loss was temporary. How these short-term hypoxic episodes influence the benthic community 

will determine what impact these events have on habitat quality. 













Brief comparison with 1998 data 

In 1998, we sampled the same sites as in 1997, as well as adding downstream sampling sites 

(Figure 1). The second sampling grid (between Adams Creek and the mouth of the Pamlico Sound) was 

added to make our sampling more representative of the entire system. The summer of 1998 was very 

different from 1997. Comparing our sampling dates between years within the upper study site, 1998 was 

less saline and more often well mixed than the 1997 field season. Consequently there was less bottom 

hypoxia in July, August, and September in 1998. Although the maximum percent of bottom habitat 

below 2 mgA for 1998 was similar to 1997, the average bottom habitat below 2.0 mg/I was only 6.2% of 

the study area (Table 3). 

Table 3. Percent of bottom habitat below 2 mgA and below 4 mgA. 

1997 Upper Site 1998 Upper Site 1938 Lower Site 
Bottom waters c 2.0 mg/l 
Average 25.4% 6.2% 2.7% 

0% 0% 0% 
Maximum 45.5% 51.6% 14.8% 

. Bottom waters c 4.0 mg/l 
Average 49.1% 28.4% 16.1% 
Minimum 0% 1% 0%. 
Maximum 72.1 % 64.0% 30.3% 

Comparing our sampling sites in 1998. the upstream site was more often stratified Jlowiqe % , 
I r 4  

bottom waters to become hypoxic. Data fbm the days we sampled show patchy low oxygen with a .> 

w u n t  of hypoxic waters present from May through the end of September. The lower sampling dtc: was 
I I .  

well oxygenatqi ytil midSeptember. The Thecanes at the end of August and the first part of 

September intraduced nutrients and o r p i c  mattier (macrophytes, woody debris, etc.). After thew 

events, we recorded hypoxia in the downstnesm sampling area. 

With the qdier start to our 1998 field season (April versus June) and the addition of the lower 

Neuse sampling site, we caught a wider variety of species (total 51). The most common species were 

similar at both sites and over both years. The total CPUEs were also higher in 1998 than in 1997, ,, 
.I /, , 

particularly croaker CPUE. Similar to 1997, we found that fish.were captured less often in waters with 

dissolved oxygen concentrations of c 2.0 mgA. 



Implications 

Hypoxia (C 2.0 mgA) did influence distribution of fishes. During periods of high habitat loss, we 

expect fish to be highly aggregated. We examined the implications of these changes in distribution on 

overlap between competitors (intraspecific - croaker, and interspecific - spot and croaker,) as well as 

predator and prey. The two most common piscivorous species caught in our trawls were southern 

flounder and wdsh. Ratios of the abundance of predators to prey were highest in the shallow waters 

with oxygen concentrations above 5.0 mg/l. Seasonal changes in species abundance and diversity did not 

allow us to detect differences in overlap among sampling dates with more or less habitat loss. Although 

in September, when there were two sampling dates with approximately the same species available and 

substantially different habitat loss, trends indicated greater frequency of encounter and higher 

predatorlprey ratios during sampling periods with less available habitat. 

In 1997, the highest levels of aggregation were seen in August and September when juvenile spot 

and croaker moved from the primary nursery areas into the river. These aggregations are typically found 

in shallow waters with dissolved oxygen levels above 4-5 mg/l. These young of the year fish are 

sometimes forced into a small portion of the river. Indications of feeding (stomach fullness) in croaker, 

appeared to be positively correlated with depth and dissolved oxygen concentrations until mid- to late 

August after which time there is either no or a negative correlation possibly indicating resource depletion 

in these areas. To better understand the influence of both periodic hypoxia and high levels of 

aggregation on feeding and diets, we will be continuing this study to examine changes in diets during 

specific events across the summer. 

Not only do these changes in the system impact the fish populations, but also could potentially 

influence local fisheries. The biggest fishery on the Neuse River estuary and in North Carolina is the 

blue crab fishery. In 1998, North Carolina's total hard crab landings were 60 million pounds and were 

valued at $40.5 million. According to our 1997 and 1998 catch data, blue crabs tend to be sensitive to 

and move out of hypoxic zones into the shallow waters. Preliminary results from a survey of blue crab 

fishers on the Neuse River indicate that crabbers consider water quality a threat to the fishery and are 

forced to fish adaptively (i.e. move their pots) out of the deeper, hypoxic waters. At least a few fishers 

mentioned that they capitalize upon the aggregation of crabs during periods of high habitat loss to 

increase their catch per unit effort. We are still examining the extent to which this occurs and what the 

impacts may be. 
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