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Impacts and Recovery from 

Multiple Hurricanes in a 

Piedmont-Coastal Plain 

River System 

MICHAEL A. MALLIN, MARTIN H. POSEY, MATTHEW R. McIVER, 
DOUGLAS C. PARSONS, SCOTT H. ENSIGN, AND TROY D. ALPHIN 

Few events in modern society are as frightening and 
unpredictable as a hurricane. A hurricane's strength, its 

duration, and the location of its landfall are often uncertain 
until mere hours before it strikes land. Disruptions from 
hurricanes-including property loss, infrastructure damage, 
and human misery-can last weeks or months, and the toll 
in lives lost can be catastrophic in less developed countries. 

However, hurricanes are normal disturbances that nat- 
ural ecosystems have been affected by and recovered from for 
millennia. One such ecosystem, the Cape Fear River system 
in North Carolina, has been struck repeatedly by hurricanes 
in recent years. The ecosystem-level effects of this recent 
spate of hurricanes are evident in the severe degradation of 
water quality, benthic community displacement and mortality, 
and large-scale fish kills. Since the Atlantic basin is predicted 
to have above average hurricane activity for the next 10 to 40 
years (Goldberg et al. 2000), such environmental degradation 
is likely to continue. 

In recent decades, the lower Cape Fear watershed has un- 

dergone extensive transformation, caused mainly by agri- 
culture. Shifts in land use can substantially alter the effects of 
natural disturbances (Naiman and Turner 2000) and cause ex- 
tensive alterations to ecosystems distant from those where the 
land use changes occurred (Dale et al. 2000). Our objectives 
in this article are to describe the effects of hurricanes on wa- 
ter quality, benthic faunal communities, and fish; discuss 
how human landscape changes amplify the effects of distur- 
bances; and examine the ways in which this diverse river- 
estuarine system has responded to and recovered from var- 
ious characteristics of hurricanes. 

The lower Cape Fear watershed 
The lower Cape Fear River system lies in southeastern North 
Carolina at approximately 37? north, 77*57' west. Its princi- 
pal channel is the Cape Fear River, a sixth-order stream (on 
a scale from first-order small tributaries to twelfth-order 

HUMAN DEVELOPMENT OF FLOODPLAINS 

GREATLY COMPOUNDS THE IMPACTS OF 

HURRICANES ON WATER QUALITY AND 

AQUATIC LIFE 

large rivers) that arises near Greensboro, North Carolina, in 
the Piedmont. The lower river is joined by two fifth-order 
blackwater tributaries, the Black and the Northeast Cape 
Fear Rivers, which originate in the coastal plain (figure 1). 
These systems feed the Cape Fear estuary, a system 72 kilo- 
meters (km) long that flows unimpeded into the Atlantic 
Ocean. This region features one major municipality (the city 
of Wilmington, population 95,000) and several smaller mu- 

nicipalities. Land coverage in the lower watershed is approx- 
imately 63% forest, 25% cultivated crop and pastureland, 
4% urbanized, and 8% other uses. 

A major use of the landscape in the lower watershed is in- 
dustrial-scale swine and poultry production, especially in 
the basins of the Black and Northeast Cape Fear Rivers 
(Cahoon et al. 1999, Mallin et al. 1999a). Statewide, intensive 
swine production has grown rapidly in recent years, increas- 

ing from 2.7 million in 1990 to approximately 10 million by 
1998, with some 51% of North Carolina's swine population 
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Figure 1. Map of the lower Cape Fear watershed, showing 
sampling stations. 

concentrated in the Cape Fear River basin (Cahoon et al. 
1999, Mallin 2000). The concentrated animal feeding oper- 
ations (CAFOs) feature a system in which hundreds to thou- 
sands of swine are raised indoors in close quarters, with their 
urine and feces flushed by a series of pipes and ditches to out- 
door open pools called waste lagoons (Burkholder et al. 1997, 
Mallin 2000). Although some microbial breakdown occurs in 
these anaerobic ponds, nutrient-rich liquid from these ponds 
is sprayed on nearby fields planted with a cover crop such as 
bermudagrass (figure 2). 

The University of North Carolina at Wilmington's Lower 
Cape Fear River Program operates a network of 35 water- 
quality sampling stations located throughout the streams, 
rivers, and estuary in the lower watershed (figure 1). The 
program, which began in February 1996, includes sampling 
of the benthic community at several sites. During the course 
of our study, the lower Cape Fear estuary region was hit by 
Hurricanes Bertha (12 July) and Fran (5 September) in 1996; 
by Hurricane Bonnie (26 August) in 1998; and by Hurricanes 
Dennis (30 August), Floyd (15 September), and Irene (17 Oc- 
tober) in 1999. Three of these storms, Fran, Bonnie, and 
Floyd, had major, long-lasting effects on the area's aquatic re- 
sources; the hydrological and ecological effects of these three 
hurricanes varied considerably, however, a point that we will 
highlight. 

Samplingprogram 
Water quality samples were normally collected monthly, with 
all 35 sites collected within a 4-day period. Multiparameter 
field instruments for assessing water quality were used to 
obtain vertical profiles of water temperature, salinity, con- 
ductivity, pH, dissolved oxygen, and turbidity. In the summer, 
these vertical profiles were obtained more frequently, every 
1 or 2 weeks. Water samples were collected and analyzed for 
total nitrogen (TN), nitrate-N, ammonium-N, total phos- 
phorus (TP), orthophosphate-P, suspended sediments, chloro- 
phyll a, fecal coliform bacteria, and, at several stations, bio- 
chemical oxygen demand (BOD). After a hurricane, extra 
samples were collected weekly or biweekly, and extra sta- 
tions were sampled as well. 

Benthic infauna were sampled at four sites in the Cape Fear 
River system: station NCF6, a low-salinity site in the North- 
east Cape Fear River; station NAV, a low-salinity site in the 
Cape Fear River; station M54, an upper- to midsalinity site 
below the city of Wilmington; and station M31, a lower es- 
tuary, midsalinity site that experiences saltwater intrusions 
from the adjacent Snow's Cut (figure 1). Benthic samples 
were taken quarterly from winter 1996 through spring 2000 
(as in Mallin et al. 1999a). Hurricanes Fran, Bonnie, and 
Floyd occurred before regular fall sampling, so monthly sam- 
ples of sediments were taken (using a Ponar grab sampler) 
for 3 months after each hurricane to monitor recovery of the 
benthic community in 1996, 1998, and 1999. Five grab sam- 
ples were taken at each station on each sampling date. Species 
richness was measured as number of taxa (species or genus 
for most taxa; higher taxa for oligochaetes, nemertea, and 
platyhelminthes). We used the Shannon-Weiner Index to 
measure diversity (Brower et al. 1998). 

Different storms, different impacts 
Storm impacts were variable across the Cape Fear water- 
shed. Hurricane Bertha arrived at Wilmington, then pro- 
ceeded due north up the coast (figure 1). Whereas Bertha 
caused considerable infrastructure damage in the Wilming- 
ton area and had some localized effects on water quality, the 
hurricane had little inland impact in the Cape Fear River 
basin. In contrast, after making landfall at Wilmington, Fran 
followed the Cape Fear River northwest and had severe im- 

pacts on cities far upstream, such as Raleigh and Greens- 
boro in the Piedmont. The impact of Hurricane Fran on all 
three main tributaries was exceptional (figure 3). In fact, this 
hurricane caused record peak 1-day flow levels in the Cape 
Fear River (Bales et al. 2000). Heavy infrastructure damage and 
power outages occurred basinwide. Hurricane Bonnie made 
landfall just north of Wilmington and moved north through 
the Northeast Cape Fear River watershed toward the New and 
Neuse Rivers (figure 1), causing most structural damage, 
flooding (figure 3), and water-quality impacts in the Black 
River and Northeast Cape Fear River basins. 

Dennis stayed 90 km offshore of Cape Fear and did not 
cause major damage to infrastructure in this region; its pri- 
mary impacts were in the Neuse River area. The principal im- 
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Figure 2. Industrial-scale swine farm (CAFO, or concentrated animal feeding operations) in the Cape Fear watershed, show- 
ing hog houses, waste lagoon, spray field, and runoff path from waste draining into a nearby eutrophic pond. 

pacts of Dennis in the Cape Fear basin were attributable to 
heavy rainfall and saturation of the ground. Hurricane Floyd 
was a vast storm in area. It landed at Wilmington and moved 
northwest along the upper coastal plain, east of Raleigh but 
upstream of the New, Neuse, and Pamlico estuaries (figure 1). 
Heavy rains from Floyd led to the maximum recorded daily 
water levels at gauging stations on the Black and Northeast 
Cape Fear Rivers (Bales et al. 2000) and to levels approach- 
ing those generated by Hurricane Fran in the Cape Fear River 
(figure 3). Hurricane Irene remained 65 km offshore of Cape 
Fear and did not make landfall, but delivered even more rain- 
fall to the already saturated coastal area (Bales et al. 2000). 

Flooding, water color, 
and phytoplankton 
The geographic impact of the storms is reflected well by the 
light attenuation coefficient k, a measure accounting for pa- 
rameters that absorb or reflect solar irradiance in the water 
column. In the Cape Fear watershed, principal factors atten- 
uating light are turbidity from the Piedmont in the Cape 
Fear River and elevated water color from dissolved organic ma- 
terials leached from swamp vegetation in the Black River 
and Northeast Cape Fear River basins (figure 4). Figure 5 com- 
pares post-hurricane k values with long-term average k val- 
ues at a series of stations ranging from the uppermost main- 

stem station, station NC11, downstream to station IC (which 
includes influence from the Black River), to station NAV in 
the upper estuary (figure 1). The Northeast Cape Fear River 
is represented by station NCF6. Stations M61, M35, and M18 
are located in the estuary proper. The elevated k valuesat sta- 
tion NC11 after Hurricanes Fran and Floyd show how the two 
storms caused extensive Piedmont runoff, while Hurricane 
Bonnie missed the Piedmont and affected only the coastal 
plain. The overall impact of basinwide runoff caused by Hur- 
ricanes Fran and Floyd far exceeded that caused by Hurricane 
Bonnie (figure 5). 
The combined impacts of the three storms greatly increased 
light attenuation in summer and fall 1999. Median k for the 
river and estuary before Dennis was 2.68 per meter (m), 
while after Dennis, Floyd, and Irene, it was 4.35,4.46, and 4.34 
per m, respectively. The darkly colored water in the river 
plume following Hurricane Floyd was traced by oceanogra- 
phers on a ship far to the southwest, along the South Carolina 
coast (Cahoon et al. 2001). 

In the lower estuary and coastal ocean, the principal im- 
plication of such elevated light attenuation values was de- 
creased phytoplankton production. Our monthly chloro- 
phyll a data show large post-hurricane decreases compared 
with nonhurricane years (table 1). Inputs of swamp water rich 
in dissolved organic materials led to more intense offshore 
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Table 1. Chlorophyll a concentrations (micrograms per liter) 
before and after major hurricanes at channel marker 23 in 
the lower Cape Fear estuary, compared with September 
data in years with no hurricanes. 

Year Prehurricane Post-hurricane 

1996 (Fran) 10.3 (August) 0.9 (September) 
1998 (Bonnie) 5.5 (August) 1.8 (September) 
1999 (Floyd) 1.7 (September) 0.2 (October) 
1995 (no hurricane) 15.4 (August) 11.3 (September) 
1997 (no hurricane) 9.8 (August) 6.5 (September) 

water color; they also probably led to increased offshore res- 
piration rates in the plankton. An example of this factor 
came from a report from a researcher in South Carolina who 
regularly takes classes offshore to conduct phytoplankton 
productivity experiments using the light-dark bottle incu- 
bation method (Eric T. Koepfler, Coastal 
Carolina University, Conway, SC, personal 
communication, 1999). He reported that 
3 weeks after the landfall of Hurricane 
Floyd, South Carolina's coastal waters were 
unusually darkly stained, salinities were 3 
to 5 parts per thousand lower than normal, 
and planktonic respiration rates were 10 to 
50 times greater than the previous year's 
levels. 

Storms and nutrient 
loading to downstream 
waters 
Heavy flooding can lead to elevated nu- 
trient concentrations in downstream es- 
tuarine waters (Rabalais et al. 1998). Our 
data indicate that some hurricanes caused 
increased nutrient inputs to the Cape Fear 

estuary. 
Hurricane Bertha did not go inland into 

the Cape Fear watershed, and thus caused 
no increases in river or estuary nutrient lev- 
els. Hurricane Fran caused greatly in- 
creased concentrations of TN to enter the 

system, particularly in the blackwater trib- 
utaries (table 2). Hurricane Bonnie caused 
elevated TN in the upper Northeast Cape 
Fear River at station SAR (figure 1), a 
CAFO-rich area; however, river TN con- 
centrations following Hurricanes Floyd 
(table 2) and Irene were no greater than av- 

erage and were considerably lower than 

average in the estuarine stations. Because 
of the extensive and prolonged flooding of 
lowland areas in the Cape Fear basin, it is 

likely that a considerable amount of den- 
itrification occurred on the floodplain, 
helping to explain the comparatively low 

TN concentrations. Ammonium-N concentrations were un- 
remarkable at most stations following all six hurricanes. The 
exceptions were stations along the Northeast Cape Fear River 
(SAR, NCF117, NCF6-see figure 1), where ammonium-N 
concentrations were particularly elevated on occasion (table 
2). Nitrate-N concentrations, however, were unusually low 
following the hurricanes (table 2). It is likely that the hy- 
poxic-to-anoxic conditions caused inorganic N to be in the 
reduced ammonium form rather than in the oxidized nitrate 
form. 

Total phosphorus concentrations were considerably in- 
creased after Fran, Bonnie, and Floyd, especially so in the 
Northeast Cape Fear River (table 2). The peak concentration 
of 540 micrograms per liter (pg per L) occurred at station SAR 
after Hurricane Bonnie, with 380 [ig per L occurring at sta- 
tion NCF117 after Hurricane Fran. Riverine orthophosphate- 
P concentrations were increased by two- or threefold after ma- 

2500 Cape Fear River flow at Lock and Dam #1 
C 

S2000- 
0 

S1500 

E 1000 

1996 1997 1998 1999 

1200 
Northeast Cape Fear River flow at Chinquapin 0 

1000 
- oo 0 o 800 

E 400 

.0 C 0 0 .0L-. C M U .0 L-. C 0)t 0 .0 CU 

100 

600 -B 

EC 

E 400- 

200 - 

0- ~ U .0 

u 
< 00o u < < o 

L 
< < < o0 LL < OL 

1996 1997 1998 1999 

1200- Black River flow at Tomahawk 

1000 E 

800 

CL 800- 

E 400- 

200- 

0 
U- --) < 0 < -< UQ < ~< 0 <-~O 

1996 1997 1998 1999 
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Cape Fear tributaries, February 1996 through February 2000 (data courtesy of 
US Geological Survey, Raleigh, NC). 
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Table 2. Maximum post-hurricane nutrient concentrations 
(micrograms per liter) at selected Cape Fear River and 
estuary stations, compared with long-term (May 1995-May 
2000) averages. 
Station Average Ran Bonnie Floyd 

Total nitrogen 
SAR 1389 1960 2230 1050 
NCF117 1193 2360 870 1250 
NCF6 1122 2100 870 1250 
B210 1018 1750 810 860 
NAV 1295 970 860 480 
M54 1153 1670 860 540 

Ammonium-N 
SAR 108 50 210 100 
NCF117 56 140 67 240 
NCF6 64 60 165 230 
B210 45 80 10 80 
NAV 79 40 40 80 
M54 93 50 20 160 

Nitrate-N 
SAR 484 60 10 30 
NCF117 262 60 40 10 
NCF6 299 25 10 10 
B210 220 50 30 10 
NAV 454 80 5 60 
M54 361 70 60 30 

Total phosphorus 
SAR 211 250 540 170 
NCF117 100 380 170 190 
NCF6 106 360 200 190 
B210 79 200 100 190 
NAV 152 150 150 130 
M54 138 230 110 170 

Orthophosphate-P 
SAR 93 96 215 100 
NCF117 41 88 133 100 
NCF6 39 81 41 80 
B210 26 84 50 50 
NAV 54 56 41 40 
M54 44 66 69 40 

jor hurricane events, but estuarine concentrations were not 
notably affected (table 2). 

Researchers from the US Geological Survey es- 
timated that the total load of N carried by the 
Cape Fear River after Hurricane Fran was sim- 
ilar to that carried after Hurricane Floyd (Bales 
et al. 2000). Although nutrient concentrations 
were lower following Floyd, the prolonged high 
volume of water equalized the load. Bales and 
colleagues (2000) also found that total N and P 
yields (amount delivered per area of drainage 
basin) were highest in the Northeast Cape Fear 
River, compared with all of the rivers sampled in 
North Carolina after Floyd. We note that the 
Northeast Cape Fear River basin contains among 
the highest concentrations in the country of 
CAFOs per watershed (Mallin 2000). 

Sparks and colleagues (1990) noted that in- 
organic nutrients originating from upper river 
drainage basins accumulate in sediments during 
floods and are recycled within floodplains. This 
evidently occurred during Hurricane Floyd, but 

not noticeably so during Hurricanes Fran and Bonnie. From 
stream stations that drain subwatersheds rich in CAFOs (sta- 
tions SAR, GS, 6RC, LCO, GCO-see figure 1), our February 
2000 samples yielded the highest nitrate concentrations we 
had seen in 5 years of sample collection at those sites (1200 
to 1500 pg N per L). River flow levels had decreased from Oc- 
tober 1999 to generally low levels in November and Decem- 
ber 1999 and early January 2000 (figure 3). Rainfall-driven 
flows increased dramatically in late January and remained high 
in early February 2000 (figure 3), when we took samples. We 
suspect that the massive flooding from Floyd deposited nu- 
trient-rich animal waste on upper floodplain areas during Sep- 
tember and early October 1999, where it remained until Jan- 
uary and February 2000 rains carried it back into the lotic 
system. 

Hurricane impacts on 
river dissolved oxygen 
Biochemical oxygen demand is often used as a measure of the 
organic inputs to a water body. Respiration by the resident bac- 
teria that process this organic material can use up large quan- 
tities of dissolved oxygen when the BOD load is excessive. Dis- 
solved oxygen (DO) in the lower Cape Fear watershed is 
normally at or just below the North Carolina State water 
quality standard of 5 mg per L during summer (Mallin et al 
1999b, Mallin 2000). Thus, any further additions of BOD can 
drive the DO concentrations downward to levels stressful to 
aquatic fauna. The hurricanes have repeatedly done so in 
the Cape Fear River system. A general pattern has emerged, 
with hurricane-to-hurricane variability controlling the sever- 
ity of DO reduction (figure 6). DO at station NC11, the up- 
permost station of the Piedmont-derived Cape Fear River, has 
been affected the least by hurricanes. The coastal plain- 
derived Black River enters the Cape Fear River above station 
IC (figure 2), lowering DO levels there. DO at Station IC is also 

Figure 4. Aerial view of the turbid Cape Fear River joining the blackwater 
Black River on the North Carolina coastal plain. 
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normally depressed by BOD loading from a large pulp and 

paper mill downstream of station NCl1 (figure 6). The 
Northeast Cape Fear River has been the most affected system 
(figure 6), with impacts ranging from severe hypoxia to pro- 
longed anoxia. The water at stations NCF6 and NCF117 is 
fresh to slightly brackish, but its downstream movement is 
slowed by incoming tides. Thus, natural hydrology may play 
a role in retaining waters with low DO for extended periods. 
Impacts on DO at the estuarine stations (M61 and stations 
downstream) have been quite severe in the upper-to-middle 
estuary, with notable recovery close to the ocean's influence 

(figure 6). Hurricane Floyd affected estuarine DO less than 
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Figure 6. Surface dissolved oxygen concentrations at selected Cape Fear 
River and estuary stations following three major hurricanes, compared 
with September 1997, a nondisturbance year. 

did Hurricanes Fran and Bonnie. Hurricanes 
Bertha and Dennis caused some reductions in 
DO, but Hurricane Irene, which occurred during 
late fall when cooler waters were present, caused 
no stressful DO levels. 

We used in situ continuous monitors to com- 

pare DO levels in the hardest-hit tributary, the 
Northeast Cape Fear River, after Hurricanes Bon- 
nie and Floyd (figure 7). Prehurricane DO levels 
in 1998 were measured at 5.9 mg per L, 3 weeks 
before Hurricane Bonnie's landfall. Six days be- 
fore Hurricane's Floyd's landfall, DO levels were 
3.2 mg per L, reflecting the influence of Hurricane 
Dennis in August 1999 (figure 7). Our post- 
hurricane samples indicated that conditions were 
near anoxic within 6 days after Hurricane Bon- 
nie's landfall and remained that way for approx- 
imately 3 weeks (figure 7). In contrast, 6 days af- 
ter Hurricane Floyd's landfall, DO levels were 
2.1 mg per L, and DO concentrations did not de- 
crease to near-anoxia until about 17 days after 
landfall. Recovery to levels exceeding 2.0 mg per 
L occurred for both hurricanes by 30 days after 

landfall; recovery to 4.0 mg per L was achieved more rapidly 
after Hurricane Floyd than after Bonnie (figure 7). Thus, 
DO concentrations decreased much more rapidly after Hur- 
ricane Bonnie than after Hurricane Floyd and recovered 
more slowly, with the organisms exposed to near-anoxic con- 
ditions for a longer period. In terms of reduced DO, the ex- 
tensive flooding associated with Hurricane Floyd had less 

impact on fish habitat than did the effects of Fran or Bonnie. 

Hog waste, human sewage, and other 
sources of biochemical oxygen demand 
What drives the severe post-hurricane anoxia and hypoxia 

episodes? One cause that can be considered nat- 
ural is swamp water flooding into streams and 
rivers. In blackwater systems, low DO in swamp 
water is considered a result of extended contact 
with the organic-rich swamp floor and the het- 

erotrophic microbial activity occurring there 

(Meyer 1992). Hurricane-induced rainfall and 

flooding flush hypoxic water out of the riparian 
swamp forest and into the lotic systems that drain 
these areas. Storm water runoff from swamps is 
somewhat elevated in BOD, but less so than storm 
water that drains areas of heavy anthropogenic in- 
fluence (Mallin 2000). 

The principal anthropogenic sources con- 

tributing to anoxia and hypoxia in the Cape Fear 
watershed are human sewage and swine waste 
(Mallin et al. 1999a, Mallin 2000). These are 

highly labile sources of BOD; unlike swamp wa- 
ter, they also contain high numbers of poten- 
tially pathogenic enteric microbes. Hog waste is 
also an extremely concentrated source of nutri- 
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Table 3. Comparison of post-hurricane biochemical oxygen demand (mg per L) 
with long-term (1996-1999) averages at stations in the Cape Fear, Black, and 
Northeast Cape Fear Rivers. 

BOD5 
Station Average Post-Fran Post-Bonnie Post-Floyd 

Cape Fear River 
NC11 1.0 1.6 1.7 1.7 
AC 1.5 1.6 6.0 1.1 
Black River 
B210 0.9 1.5 2.8 0.6 
BBT 1.3 1.2 6.0 1.0 
Northeast Cape Fear River 
SAR NA NA 8.7 1.2 
NCF41 NA NA 8.4 NA 
NCF53 NA NA 3.6 NA 
NCF117 1.1 8.2 4.2 2.4 
NCF6 NA NA 3.6 1.7 

NA, no data available. 

ents, and there are lesser but still elevated amounts in human 
sewage (Burkholder et al. 1997, Cahoon et al. 1999, Mallin 
2000). 

Problems with human sewage treatment facilities are 
twofold. Hurricanes often cause widespread loss of electri- 
cal power. If sewage treatment plants and pump stations 
have no independent backup generating systems, they are of- 
ten forced to reroute untreated or partially treated sewage into 
receiving waters (Mallin et al. 1999a). In the Cape Fear wa- 
tershed, approximately 287 million liters of sewage were so 
rerouted after Hurricane Fran; approximately 43.7 million 
liters were rerouted after Hurricane Bonnie, mostly in the 
Northeast Cape Fear watershed. Strength of the rerouted 

sewage can vary considerably. For instance, the town of Bur- 

gaw rerouted 3.8 million liters of untreated waste (BOD 
undetermined) into a tributary of the Northeast Cape Fear 
River; and the city of Wilmington had to reroute approxi- 
mately 38 million liters of partially treated sewage (BOD = 
36 mg per L) into the lower Northeast Cape Fear River. A sec- 
ond major problem stems from siting facil- 
ities on river floodplains, where they are vul- 
nerable to inundation by floodwaters. This 
was a particular problem after Hurricane 

Floyd, when some 24 municipal treatment 

plants were flooded; the damage was com- 

pounded by flooding in many municipal 
collection systems as well. The amount of 

sewage contacting the environment could 
not be estimated. The impact of sewage that 
is rerouted or otherwise released depends 
upon the degree of treatment, the physical 
characteristics of the receiving waters, and the 
amount of flow and subsequent dilution. 
Flooded septic systems may also contribute 
to river BOD. This problem, largely un- 

quantifiable, is caused primarily by siting 
such systems on river floodplains. 

The siting of CAFOs on river flood- 
plains also poses major environmental 
problems. Large quantities of concen- 
trated waste can enter nearby water 
bodies through lagoon breaches and 
floodwater inundation. After Hurricane 
Fran, there were four such major inci- 
dents in the Northeast Cape Fear River 
and one incident in the Black River 
basin (Mallin et al. 1999a). Only one 
major incident was reported after Hur- 
ricane Bonnie (a lagoon inundation) 
in the Northeast Cape Fear River basin. 
However, after Hurricane Floyd, there 
were 13 reported lagoon floodings or la- 
goon breaches in this watershed, mostly 
in the Northeast Cape Fear River basin. 
According to a study that compared the 
geographic coordinates of coastal plain 

CAFOs with satellite images of the area a week after Hurri- 
cane Floyd, the number of flooded CAFOs may have been 
much higher (Wing et al. 2002). An analysis that we conducted 
after Hurricane Fran indicated that the contributions of 
swine waste to anoxia and hypoxia well exceeded that of hu- 
man wastewater, most likely because swine waste is much more 
concentrated than human sewage (Mallin et al. 1999a). 

A highly polluting but legal practice performed after ma- 

jor weather incidents by swine farm operators is spraying liq- 
uid waste on rain-saturated fields. This occurred after Hur- 
ricanes Fran and Bonnie to prevent rain-swollen waste lagoons 
from overtopping. One week after Hurricane Bonnie, in the 

upper Northeast Cape Fear River near the town of Sarecta (sta- 
tion SAR; figure 1) our field sampling crews reported heavy 
spraying on saturated fields that were subsequently deluged 
by rains from Tropical Storm Earl. We collected BOD sam- 

ples all along the river, finding the highest BOD levels (8 to 
9 mg per L) just downstream of the reported spraying and 
lower BOD farther downstream, where sewage had been 
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Figure 7. Surface dissolved oxygen concentrations before and after Hurricanes 
Bonnie and Floyd at a fixed location on the Northeast Cape Fear River (station 
NCF117). 
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rerouted (table 3). The high nutrient concentrations at sta- 
tion SAR after Hurricane Bonnie (table 2) also very likely re- 
flect the effects of swine waste spraying. 

The benthic fauna: 
Impacts and recovery 
Benthic infauna, the animals living on or in river sediments, 
are an important trophic link between production (mi- 
croalgae, detritus) and higher animals (fish, crabs, shrimp, 
birds). Changes in this group may reflect long-term envi- 
ronmental changes, including changes in the ecosystem 
brought about by disturbances such as hurricanes. Benthos 
are relatively sedentary after settlement, often constrained to 
an area of only a few meters throughout their life, and they 
can be relatively long-lived, with lifespans of several months 
to a year for some species. This site-specificity and longevity 
makes this group particularly susceptible to environmental 
fluctuations in the estuary: They do not escape extreme con- 
ditions, as many fish do, yet they are sufficiently long-lived to 
be exposed to variations in environmental conditions over 
time. Factors that may be particularly important influences 
on survival and growth of benthos include DO levels (Boesch 
et al. 1976, Dauer 1984, Aschan and Skullerud 1990, Mallin 
et al. 1999a), inputs of nutrients (Beukema 1991, Posey et al. 
1995, 1999), changes in productivity on the scale of weeks or 
more (Posey et al. 1999), increased sedimentation, changes in 
sediment characteristics (Wilson 1991), and increased tur- 
bidity (Rhoads and Young 1970). As indicated above, there 
were significant changes in many of these physical parame- 
ters associated with the multiple hurricane events in the 
Cape Fear system. One might expect concordant changes in 
the benthic community as well. 
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Figure 8. Patterns of benthic diversity (H'), species richness (number of 
taxa), and total faunal abundance (number per 225 cm2) at four sites 
sampled in the Cape Fear estuary. Arrows indicate timing of Hurricanes 
Bertha and Fran in 1996, Hurricane Bonnie in 1998, and Hurricane Floyd 
in 1999. 

As in most estuarine systems, density, diversity, and num- 
ber of species (species richness) show some fluctuations over 
time in the Cape Fear estuary (figure 8) reflecting interannual 
variations in recruitment patterns and seasonal variations in 
physical conditions and predators (Boesch et al. 1976, Dauer 
1984). In the Cape Fear estuary, the most noticeable variations 
have been in seasonal peaks in benthos density and diversity 
(density normally peaks after the late winter recruitment pe- 
riod, and diversity is greatest in spring or summer for most 
years; figure 8). After Hurricane Fran, there was a trend to- 
ward lower species richness and diversity, but there was no long 
term, estuarine-wide trend for either species richness or di- 
versity over time with successive hurricanes. However, when 
sites are examined separately, there was a steady decline in 
species richness at the lowest estuarine site, station M31, 
over the 4-year period (figure 9). This site-the only one 
where a consistent decline was observed-is, unlike the other 
three sites, dominated primarily by mesohaline polychaetes 
such as Mediomastus, Streblospio, Nereis, and Laeonereis, with 
many rarer polychaetes present on some sampling dates. 
Many of these polychaetes (especially some of the rarer taxa) 
cannot maintain populations with prolonged freshwater ex- 
posure. We believe the decline in species richness over time 
at station M31 reflects loss of some of the more marine-ori- 
ented taxa with repeated freshwater events, combined with 
possible stress from hypoxia. Although recovery may even- 
tually take place if disturbances are removed, the repeated oc- 
currence of hurricanes in this region has been sufficiently fre- 
quent to prevent reestablishment of these populations. If 
land development (including addition of more CAFOs) in- 
creases in the Cape Fear River drainage basin, the magnitude 
of rain events needed to affect lower estuarine populations may 
also be expected to decline, leading to greater frequency of dis- 

turbance and possibly to more persistent effects 
on the community. 

Total faunal abundance varied strongly over 
time and exhibited different magnitudes of re- 
sponse with different hurricane events. Declines 
in total density normally occur within this system 
during late summer and fall. Declines beyond 
these seasonal fluctuations occurred after Hur- 
ricanes Fran and Bertha and Bonnie, but were not 

strongly evident after Hurricane Floyd (figure 
8). However, declines were not extreme, given 
background variability, and recovery of abun- 
dance to prehurricane levels occurred within 
weeks to months (figure 8). Quick recovery may 
have obscured more dramatic, acute declines at 
some sites, as post-hurricane sampling at some 
sites took place several weeks after the passage of 
Hurricanes Fran and Bonnie. In general, abun- 
dance was least affected at station NAV; the 

sharpest declines were at stations NCF6 and M54, 
perhaps because of the the severe decreases in 
DO decreases at those stations (figure 6). The in- 
dividual dominant taxa showed some variability 
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in responses to hurricanes, with insects and am- 
phipods exhibiting some increases after hurri- 
canes in the upper sites relative to the nonhur- 
ricane year and to summer patterns. Both groups 
are able to exhibit quick population responses to 
disturbance events because of their direct de- 
velopment (amphipods) or dispersal by winged 
adults (insects; Mallin et al. 1999a), both of which 
may allow initiation of recovery before the spring 
larval recruitment period of polychaetes or many 
estuarine dams. The most obvious effect at lower 
sites was the loss of selected taxa after hurri- 
canes, especially the polychaete Streblospio and ju- 
venile clams. Only one site, the upper estuarine 
site in the mainstem Cape Fear River (station 
NAV), showed consistency over time in domi- 
nance patterns, with oligochaetes being the most 
common taxa during all seasons. 

To summarize, responses by the benthic com- 
munity to multiple hurricanes in the Cape Fear 
River system included long-term declines in 
species richness at the most saline site (station 
M31) and short-term decreases in abundance 
and changes in species composition at most sites. 
However, the benthic community appeared remarkably re- 
silient to repeated hurricane events-few major long-term 
changes were apparent, probably because of the opportunistic 
lifestyle of the dominant species found in this estuary (Dauer 
1984, Mallin et al. 1999a, Posey et al. 1999). The polychaetes 
Maranzellaria and Mediomastus, the dominant insect lar- 
vae, and oligochaetes are opportunistic taxa that exhibit rapid 
recovery in population numbers and can quickly colonize an 
area after a disturbance (Boesch et al. 1976, Aschan and 
Skullerud 1990, Whitehurst and Lindsay 1990, Posey et al. 
1999). The dominance of these taxa in the Cape Fear estuary 
is typical of many river-dominated estuarine systems, but may 
also reflect the area's long history of disturbance from chan- 
nelization, dredging, and upstream development and agri- 
cultural runoff. The benthic community in the Cape Fear es- 
tuary may reflect those taxa that have already undergone 
selection for periodic, strong disturbance events. However, the 
reduction of taxa in the estuary may reflect cumulative im- 
pacts from repeated hurricane disturbances. 

Fish kills: The visible 
evidence of pollution 
The most visible effects of storm-induced anoxia and hypoxia 
on aquatic biota are the carcasses of dead fish. Fish kills have 
been reported anecdotally or recorded by professionals af- 
ter various storms in the past (Tabb and Jones 1962, Knott and 
Martore 1991). Hurricane Bertha did not cause any major fish 
kills. Following Hurricane Fran, there were reports of fish kills 
throughout the Cape Fear system, as there were in other 
large coastal rivers such as the Neuse (Burkholder et al. 1999). 
The Northeast Cape Fear River hosted a particularly large kill 
numbering in the thousands. This kill was centered at station 
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Figure 9. Annual patterns of benthic species richness at the lower estuar- 
ine site M31. Bars indicate mean annual number of species sampled, 
based on equal numbers of samples for each year. Analysis of variance 
indicates a marginally significant difference in species richness among 
years (p < 0.06) and bars labeled with the same letter (a or b) do not 
differ significantly (Duncan's Multiple Range Test, p < 0.05). 

NCF117, where we recorded prolonged and severe hypoxia 
(Mallin et al. 1999a). In the aftermath of Hurricane Bonnie, 
another massive fish kill, conservatively estimated at 10,000 
fish, occurred at the NCF117 location. A wide variety of 
species were affected (Mallin 2000), including largemouth bass 
(Micropterus salmoides), catfish (Ictalurus spp.), chain pick- 
erel (Esox niger), various sunfish (Lepomis spp.), and the 
low-DO tolerant hogchoker (Trinectes maculates), as well as 
invertebrates, including blue crabs (Callinectes sapidus), 
shrimp (Peneaus spp.), and crayfish (Procambarus spp). 
Smaller kills occurred elsewhere, including one in the upper 
Northeast Cape Fear River (station SAR; see figure 1), where 
high BOD was recorded after swine lagoon waste was sprayed 
on rain-saturated fields (table 3; Mallin 2000). 

North Carolina Division of Water Quality records indicated 
that no large fish kills attributed to Hurricanes Dennis, Floyd, 
and Irene occurred statewide (NCDENR 1999). In contrast 
to Bonnie and Fran, Floyd produced only a small kill at sta- 
tion NCF117, which occurred 21 days after landfall of the hur- 
ricane, when DO concentrations in that area were the low- 
est (figure 7). At the peak of the kill, we counted only 18 
carcasses at the site where thousands had died after Bonnie. 
Interestingly, the post-Floyd carcasses all appeared to be 
adults rather than juveniles and small fish, which were abun- 
dant on the shores after Fran and Bonnie. 

Recent theory (Junk et al. 1989) suggests that regular 
flooding is good for riverine fish production, in part because 
it allows fish access to the rich food sources of the floodplain. 
The inundated floodplain serves as an excellent nursery 
ground for young fish, providing vegetative cover and sub- 
strate (Bayley 1995). The limited fish kill after Floyd consisted 
only of large individuals that are likely to have been confined 
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Table 4. Comparison of long-term (May 1995-May 2000) geometric 
mean fecal coliform bacterial counts (colony-forming units per 100 
milliliters) at selected lower Cape Fear watershed stations. 

Station Geometric mean Post-Fran Post-Bonnie Post-Floyd 
NC11 20 44 131 26 
AC 22 29 3,783 27 
NAV 53 11 4,453 10 
M54 31 228 199 11 
SAR 48 38 2,588 23 
NCF117 29 34 1,355 16 
NCF6 41 112 2,075 7 
GS 68 20 23,400 19 
ROC 91 21 10,530 16 
BC117 189 51 16,900 420 
COL 31 9 9 9 

Note: Samples were collected 11 to 14 days after Hurricane Fran, 5 to 8 days after 
Hurricane Bonnie, and 19 to 22 days after Hurricane Floyd. 

to the channel. We suspect that, after Floyd, the smaller fish 
utilized the floodplain, where they had greater protection 
from large piscine predators that remained confined to river 
channels, and they also had a refuge from BOD-inducing 
wastes that flowed down the channels. This situation, coupled 
with dilution of the BOD-inducing pollutants by massive 
flooding upstream, kept fish kills after Hurricane Floyd to a 
minimum. 

Thus, rain and runoff differences among the hurricanes 
produced varying effects on the fishery. Runoff from Fran and 
Bonnie concentrated hog waste, human sewage, and other pol- 
lutants in the river channels, which led to inescapable DO sags 
and massive fish kills. In contrast, the floodplain flooding pro- 
duced by Floyd provided refuges for small and juvenile fishes, 
limiting mortality in this community. 

The Black River and Northeast Cape Fear River systems 
have been restocked with hatchery-raised freshwater species 
after each hurricane, which helps the recovery process of this 
community. Estuarine species whose populations are affected 
by hurricane activity must depend on immigration from 
marine waters to repopulate affected areas. If benthic food 
supplies diminish because of repeated anoxia episodes, re- 
population may take longer. 

The microbial threat to human health 
The combination of power outages, flooding, hog waste, and 
human sewage leads to an increased risk of human illness 
through contact with potentially pathogenic microbes. Hu- 
man and animal wastes are rich in bacteria, viruses, and 
pathogens that have the potential to cause disease (Crane et 
al. 1983, Hill and Sobsey 1998). We were unable to collect sam- 
ples for the indicator microbes (fecal coliform bacteria) un- 
til 2 to 3 weeks after Hurricanes Bertha and Fran. Concen- 
trations (table 4) were unremarkable, suggesting that these 
bacteria largely settled to the sediments or were deactivated 
within that 2- to 3-week period, or that dilution from high 
flows occurred. After Hurricane Bonnie, however, we con- 
ducted extensive fecal coliform sampling within 1 week of 

landfall. The results indicated high concentrations 
in many locations, well in excess of the North Car- 
olina water standard for human contact of 200 
colony-forming units (CFU) per 100 milliliters 
(ml) water (table 4). Concentrations were particu- 
larly high in the Cape Fear River downstream of sta- 
tion NC11, at stations in the Northeast Cape Fear 
River, and at certain stations near sewage bypasses, 
such as downstream of the Burgaw Wastewater 
Treatment Plant at station BC117 (table 4; figure 1). 
Fecal coliform counts were very low at Colly Creek 
(station COL) a near-pristine blackwater swamp sta- 
tion; they were high at stations that drained areas 
with large numbers of CAFOs, such as Goshen 
Swamp (station GS), Rockfish Creek (station ROC), 
and station SAR (table 4). In general, fecal coliform 
levels were high in areas where human waste was 
rerouted or swine waste entered the system through 

breaches, inundations, or spray field runoff. 
We were able to sample within 10 days after Hurricane Den- 

nis. There were no power outage problems or CAFO dis- 
charges, and fecal coliform levels were unremarkable. Our 
sampling after Hurricanes Floyd and Irene also found only 
background levels of enteric pathogen indicators in the lower 
Cape Fear system (table 4); we were unable to sample for 
nearly 3 weeks after landfall of these two storms, again show- 
ing the likelihood of bacterial settling, deactivation, or dilu- 
tion within that time frame. Sampling conducted by the 
North Carolina Division of Water Quality within 5 days of 

Floyd's landfall found fecal coliform counts exceeding 2500 
CFU per 100 ml in upper Northeast Cape Fear River areas 
(Wrenn 1999). As noted, several swine waste lagoon inun- 
dations and overflows occurred in the Northeast Cape Fear 
River watershed; however, the floodwaters appeared to have 
spread out over the floodplain and deposited waste material 
there. Fecal coliforms and other pollutants were largely diluted 
in the floodwaters reaching the estuary. Elevated microbial 

pathogen abundances caused by floodwaters in the upstream 
areas had a deleterious effect on human health. In a survey 
conducted 1 month after Floyd, hospital-reported micro- 
bial-induced illnesses, including diarrhea and asthma, in 
flooded areas were significantly higher than in the same pe- 
riod in 1998 (CDC 2000). Besides spreading pathogenic mi- 
crobes, floodwaters promote the growth of mold and mildew, 
which exacerbate symptoms of asthma (CDC 2000). Public 
health workers reported outbreaks of gastrointestinal and 

respiratory disease in residents of shelters for displaced flood 
victims (CDC 2000). 

Post-Floyd water contamination was a different story in the 

Wilmington metropolitan region. Flooding led to sanitary 
sewer overflows (David Mayes, Wilmington Stormwater Ser- 
vices Department, NC, personal communication, 2000); 
moreover, extensive runoff probably carried bacteria-con- 

taining materials such as pet waste into urban streams. As part 
of another research program, we regularly sampled urban 
streams throughout the city for the 24-month period before 

1008 BioScience * November 2002 / Vol. 52 No. I 



Articles 

Hurricane Floyd. Our samples (collected 1 week after land- 
fall) showed that fecal coliform counts in city watersheds 
reached maximum 2-year concentrations after Hurricane 

Table 5. Comparison of geometric mean fecal coliform counts 
(colony-forming units per 100 milliliters) from October 1997 through 
July 1999 in Wilmington urban watersheds. 

Watershed Geometric mean Post-Floyd Post-Irene 

Greenfield Lake 210 10,914 3138 
Burnt Mill Creek 315 12,250 3643 
Barnards Creek 132 2440 466 
Smith Creek 129 1080 450 

Floyd, with elevated counts a month later following rains from 
Irene (table 5). 

What can we expect from hurricanes? 
Predicting the effects of a hurricane on an ecosystem with any 
degree of accuracy is tricky, especially when based on only one 
or even two previous events. Long-term data sets are essen- 
tial for the detection and analysis of disturbance and recov- 
ery in lotic systems (Sparks et al. 1990). Our long-term data 
have provided us with a number of insights about the re- 
sponses this anthropogenically influenced system have to 
hurricanes. A hurricane's direction after landfall controls not 
only the magnitude of river flow but also the input of light- 
attenuating materials (suspended sediments or organic color, 
or both) to the coastal ocean. If a hurricane does not di- 

rectly affect developed areas, its effect on the aquatic envi- 
ronment will most likely be limited to somewhat greater nu- 
trient and organic color loading and reduced river DO from 

swamp water inputs. 
Human land use magnifies the impacts of major distur- 

bances, such as hurricanes, on an ecosystem (Van Dolah and 
Anderson 1991, Tilmant et al. 1994, Mallin et al. 1999a, Gold- 

berg et al. 2000, Naiman and Turner 2000). If a hurricane's 

path takes it into an area of extensive human infrastructure, 
a predictable effect of hurricanes is loss of electrical power, 
which leads to rerouting of partially treated or untreated hu- 
man sewage into streams from pump stations and treatment 

plants. Location of CAFOs, including waste lagoons and 

spray fields, on river floodplains has proved to lead to exces- 
sive nutrient, BOD, and pathogen loading to watercourses 

draining these areas. Even in circumstances in which breaches 
in waste lagoons do not occur, lagoons become inundated by 
floodwaters and operators spray hog waste onto rain-saturated 
fields located on floodplains. In the Northeast Cape Fear 
River basin, sewage rerouting and inputs of swine waste led 
to high nutrient, fecal coliform, and BOD loading and severe 

hypoxia. Sharp decreases in benthic organism abundances and 
the preponderance of hurricane-induced fish kills in this 

tributary are the result. 
The fish community appeared to be unharmed by the 

flooding after Hurricanes Dennis, Floyd, and Irene. Floods are 

a natural disturbance to which fish communities are adapted, 
and such disturbances may in fact be necessary for healthy 
community development (Junk et al. 1989, Sparks et al. 1990, 
Naiman and Turner 2000). However, hurricanes that cause 

structural damage but not extensive flooding (such 
as Hurricanes Fran and Bonnie) caused large fish 
kills, which clearly demonstrates the ecologically 
damaging effects a natural disturbance coupled with 
large-scale human alterations of a watershed. 

Recommendations 
Hurricanes that cause infrastructure damage lead to 
microbiologically unsafe conditions in water bodies 
for a period of days or weeks. This appears to be the 
case for both large river systems and smaller drainages 

associated with urban areas. Peak abundances of fecal 
pathogen indicators are most likely to be detected in samples 
collected within a week of hurricane landfall. We recom- 
mend that, after hurricanes, civic health authorities imme- 
diately post signs at water access points to alert citizens that 
contact with the water can lead to microbe-related health 
problems. Warning citizens away from potentially contami- 
nated waters for at least 3 weeks after hurricanes may be a rea- 
sonable approach to mitigate the threat to human health. 

The loss of electrical power associated with hurricanes 
demonstrates that mandatory independent backup generat- 
ing systems, at least for waste treatment plants, would help al- 
leviate loading of nutrients, BOD, and microbial pathogens 
into the environment. Finally, these hurricanes demonstrate 
the risks that human habitation of floodplains entails, with 

consequent destruction of property and release of pollu- 
tants from flooded septic systems. The construction of CAFOs 
and their spray fields on floodplains creates the potential for 
large-scale damage to aquatic systems. 

Acknowledgments 
For funding, we thank the Lower Cape Fear River Program, 
the Water Resources Research Institute of the University of 
North Carolina (Projects 70136, 70156, and 70171), and the 
Z. Smith Reynolds Foundation. For field and laboratory help, 
we thank Jesse Cook, Virginia Johnson, Christian Preziosi, 
Chris Shank, Ashley Skeen, and Bouty Baldridge. For infor- 
mation, we thank Jimmie Overton, Stephanie Petter, Rick 
Shiver, Kent Wiggins and Brian Wrenn of the North Carolina 
Division of Water Quality. River flow data were provided by 
the US Geological Survey in Raleigh, NC. Rainfall data were 
provided by the State Climate Office, North Carolina State 
University, Raleigh. 

References cited 
Aschan MM, Skullerud AM. 1990. Effects of changes in sewage pollution on 

soft-bottom macrofauna communities in the inner Oslofjord, Norway. 
Sarsia 75: 169-190. 

Bales JD, Oblinger CJ, Sallenger AH Jr. 2000. Two Months of Flooding in East- 

ern North Carolina, September-October 1999. Raleigh (NC): US Geo- 

logical Survey. Water-Resources Investigations Report 00-4093. 

November 2002 / Vol. 52 No. I BioScience 1009 



Articles 4 

Bayley PB. 1995. Understanding large river-floodplain ecosystems. Bio- 

Science 45:153-158. 

Beukema J. 1991. Changes in composition of bottom fauna of a tidal-flat area 

during a period of eutrophication. Marine Biology 111: 292-301. 

Boesch DF, Diaz RJ, Virnstein RW. 1976. Effects of Tropical Storm Agnes on 

soft-bottom macrobenthic communities of the James and York Estuar- 

ies and the lower Chesapeake Bay. Chesapeake Science 17: 246-259. 

Brower JE, Zar JH, von Ende CN. 1998. Field and laboratory methods for gen- 
eral ecology. 4th ed. Boston: McGraw-Hill. 

Burkholder JM, et al. 1997. Impacts to a coastal river and estuary from rup- 
ture of a swine waste holding lagoon. Journal of Environmental Qual- 

ity 26: 1451-1466. 

Burkholder JM, Mallin MA, Glasgow HB Jr. 1999. Fish kills, bottom-water 

hypoxia, and the toxic Pfiesteria complex in the Neuse River and estu- 

ary. Marine Ecology Progress Series 179: 301-310. 

Cahoon LB, Mickucki JA, Mallin MA. 1999. Nutrient imports to the Cape 
Fear and Neuse River basins to support animal production. Environmental 

Science and Technology 33: 410-415. 

Cahoon LB, Mallin MA, Bingham FM, Kissling SA, Nearhoof JE. 2001. 

Monitoring the coastal ocean: Responses to Hurricane Floyd. Pages 
247-253 in Maiolo JR, Whitehead JC, McGee M, King L, Johnson J, Stone 

H, eds. Facing Our Future: Hurricane Floyd and Recovery in the Coastal 

Plain. Wilmington (NC): Coastal Carolina Press. 

tCDC] Centers for Disease Control and Prevention. 2000. Morbidity and mor- 

tality associated with Hurricane Floyd-North Carolina, Septem- 
ber-October 1999. CDC Morbidity and Mortality Weekly Report 49: 

369-372. 

Crane SR, Moore JA, Grismer ME, Miner JR. 1983. Bacterial pollution from 

agricultural sources: A review. Transactions of the American Society 
for Agricultural Engineering 26: 858-872. 

Dale VH, Brown S, Haeuber RA, Hobbs NT, Huntley N, Naiman RJ, Rieb- 

same WE, Turner MG, Valone TJ. 2000. Ecological principals and guide- 
lines for managing the use of land. Ecological Applications 10: 639-670. 

Dauer DM. 1984. High resilience to disturbance of an estuarine polychaete 

community. Bulletin of Marine Science 34: 170-174. 

Goldberg SB, Landsea CM, Mestas-Nunez AM, Gray WM. 2000. The recent 

increase in Atlantic hurricane activity: Causes and implications. Sci- 

ence 293: 474-479. 

Hill VR, Sobsey MD. 1998. Microbial indicator reductions in alternative treat- 

ment systems for swine wastewater. Water Science and Technology 38: 

119-122. 

Junk WK, Bayley PB, Sparks RE. 1989. The flood-pulse concept in river-flood- 

plain systems. Canadian Special Publication of Fisheries and Aquatic Sci- 

ences 106:110-127. 

Knott DM, Martore RM. 1991. The short term effects of Hurricane Hugo on 

fishes and decapod crustaceans in the Ashley River and adjacent marsh 

creeks, South Carolina. Journal of Coastal Research 8: 335-356. 

Mallin MA. 2000. Impacts of industrial-scale swine and poultry production 
on rivers and estuaries. American Scientist 88: 26-37. 

Mallin MA, Posey MH, Shank GC, Mclver MR, Ensign SH, Alphin TD. 

1999a. Hurricane effects on water quality and benthos in the Cape Fear 

watershed: Natural and anthropogenic impacts. Ecological Applications 
9: 350-362. 

Mallin MA, Cahoon LB, Mclver MR, Parsons DC, Shank GC. 1999b. Alter- 

nation of factors limiting phytoplankton production in the Cape Fear es- 

tuary. Estuaries 22: 825-836. 

Meyer JL. 1992. Seasonal patterns of water quality in blackwater rivers of the 

coastal plain, southeastern United States. Pages 250-275 in Becker CD, 

Neitzel DA, eds. Water Quality in North American River Systems. Colum- 

bus (OH): Battelle Press. 

Naiman RJ, Turner, MG. 2000. A future perspective on North America's fresh- 

water ecosystems. Ecological Applications 10: 958-970. 

[NCDENR] North Carolina Department of Environment and Natural Re- 

sources. 1999. North Carolina Division of Water Quality Annual Report 
of Fish Kill Events 1999. Raleigh (NC): NCDENR, Water Quality Section, 

Environmental Sciences Branch. 

Posey MH, Powell C, Cahoon LB, Lindquist D. 1995. Top-down vs. bottom- 

up control of benthic community composition on an intertidal tide 

flat. Journal of Experimental Marine Biology and Ecology 185: 19-31. 

Posey MH, Alphin TD, Cahoon LB, Lindquist D, Becker ME. 1999. Interac- 

tive effects of nutrient additions and predation on infaunal communi- 

ties. Estuaries 22: 785-792. 

Rabalais NN, Turner RE, Wiseman WJ, Dortch Q. 1998. Consequences of the 

1993 Mississippi River flood in the Gulf of Mexico. Regulated Rivers: Re- 

search and Management 14: 161-177. 

Rhoads DC, Young, DK. 1970. The influence of deposit feeding organisms 
on sediment stability and community structure. Journal of Marine Re- 

search 28: 150-178. 

Sparks RE, Bayley PB, Kohler SL,Osborne LL. 1990. Disturbance and recovery 
of large floodplain rivers. Environmental Management 14: 699-709. 

Tabb DC, Jones AC. 1962. Effect of Hurricane Donna on aquatic fauna of 

North Florida Bay. Transactions of the American Fisheries Society 91: 

375-378. 

Tilmant JT, Curry RW, Jones R, Szmant A, Zieman JC, Flora M, Robblee MB, 

Smith D, Snow RW, Wanless H. 1994. Hurricane Andrew's effects on ma- 

rine resources. BioScience 44: 230-237. 

Van Dolah RF, Anderson GS. 1991. Effects of Hurricane Hugo on salinity and 

dissolved oxygen conditions in the Charleston Harbor estuary. Journal 

of Coastal Research 8: 83-94. 

Whitehurst LT, Lindsey BI. 1990. The impact of organic enrichment on the 

benthic macroinvertebrate community of a lowland river. Water Research 

24:625-630. 

Wilson WH Jr. 1991. Competition and predation in marine soft-sediment 

communities. Annual Review of Ecology and Systematics 21: 221-241. 

Wing S, Freedman S, Band L. 2002. The potential impact of flooding on con- 

fined animal feeding operations in eastern North Carolina. Environmental 

Health Perspectives 110: 387-391. 

Wrenn BL. 1999. Water Quality Monitoring-Post Hurricane Floyd. Wilm- 

ington (NC): North Carolina Department of Environment and Natural 

Resources, Division of Water Quality. 

1010 BioScience * November 2002 / Vol. 52 No. 11 


	Article Contents
	p.999
	p.1000
	p.1001
	p.1002
	p.1003
	p.1004
	p.1005
	p.1006
	p.1007
	p.1008
	p.1009
	p.1010

	Issue Table of Contents
	BioScience, Vol. 52, No. 11 (Nov., 2002), pp. 961-1056
	Front Matter [pp.961-1055]
	Editorial: Keeping Track of Complexity [p.963]
	News & Features
	Charting New Territory: Alaska's Seamounts [pp.968-976]
	Washington Watch: Heinz Center Report Says We Do Need More Data [p.978]

	Viewpoint
	The Imperative of Macroeconomics for Ecologists [pp.964-966]

	Rain and Rodents: Complex Dynamics of Desert Consumers [pp.979-987]
	The Ecology and Evolutionary History of an Emergent Disease: Hantavirus Pulmonary Syndrome [pp.989-998]
	Impacts and Recovery from Multiple Hurricanes in a Piedmont-Coastal Plain River System [pp.999-1010]
	Aspen, Elk, and Fire: The Effects of Human Institutions on Ecosystem Processes [pp.1011-1022]
	Education
	Genetics Content in Introductory Biology Courses for Non-Science Majors: Theory and Practice [pp.1024-1035]
	Do Graduate Teaching Assistants Benefit from Teaching Inquiry-Based Laboratories? [pp.1036-1041]

	Books
	Thinking about Developmental Evolution [pp.1043-1044]
	Scientists at the Federal Trough [pp.1044-1045]
	Nature out of Control [pp.1045-1046]
	New Titles [p.1046]

	News & Features
	AIBS News [pp.1047-1050]

	BioBriefs [p.1056]
	Back Matter



