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ABSTRACT / Eutrophication is a serious water quality prob-
lem in estuaries receiving increasing anthropogenic nutrient
loads. Managers undertaking nutrient-reduction strategies
aimed at controlling estuarine eutrophication are faced with
the challenge that upstream freshwater segments often are
phosphorus (P)-limited, whereas more saline downstream
segments are nitrogen (N)-limited. Management also must
consider climatic (hydrologic) variability, which affects nutri-
ent delivery and processing. The interactive effects of

selective nutrient input reductions and climatic perturbations
were examined in the Neuse River Estuary (NRE), North
Carolina, a shallow estuary with more than a 30-year history of
accelerated nutrient loading and water quality decline. The
NRE also has experienced a recent increase in Atlantic hur-
ricanes and record flooding, which has affected hydrology
and nutrient loadings. The authors examined the water quality
consequences of selective nutrient (P but not N) reductions in
the 1980s, followed by N reductions in the 1990s and an
increase in hurricane frequency since the mid-1990s.
Selective P reductions decreased upstream phytoplankton
blooms, but increased downstream phytoplankton biomass.
Storms modified these trends. In particular, upstream annual
N and P concentrations have decreased during the elevated
hurricane period. Increased flushing and scouring from
storms and flooding appear to have enhanced nutrient
retention capabilities of the NRE watershed. From a man-
agement perspective, one cannot rely on largely unpredict-
able changes in storm frequency and intensity to negate
anthropogenic nutrient enrichment and eutrophication. To
control eutrophication along the hydrologically variable
freshwater–marine continuum, N and P reductions should be
applied adaptively to reflect point-source–dominated
drought and non–point-source–dominated flood conditions.

The Neuse River Estuary (NRE) typifies many U.S.
estuarine ecosystems that have experienced nutrient
enrichment since a rapid post-World War II increase in
urban, agricultural, and industrial development in
their watersheds (Boesch and others 2001; National
Research Council 2000; Nixon 1995). The most obvi-
ous and problematic result of nutrient enrichment in
this system is accelerated primary production, or
eutrophication, evidenced by increases in nuisance al-
gal blooms, hypoxia and anoxia, finfish and shellfish

kills, altered nutrient cycling and overall declines in
habitat, natural resource values, and the ecologic
condition of the estuary (Christian and others 1991;
Copeland and Gray 1991; Lenihan and Peterson 1998;
Paerl and others 1990, 1995, 1998).

Research conducted over the past several decades in
the NRE has identified increases in phosphorus (P) and
nitrogen (N) loading as key culprits responsible for
eutrophication, with P being problematic in the up-
stream freshwater riverine segment and N being the key
driver in the more saline downstream waters (Boyer and
others 1994; Christian and others 1991; Paerl 1987; Paerl
and others 1995; Rudek and others 1991). Inputs of N
and P to the NRE have, over the past three decades, been
dominated by nonpoint sources (>70%) (Dodd and
others 1993; Lebo and others 2000; North Carolina
Department of Environment and Natural Resources
2002; Stow and others 2001). Changes in watershed
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activities since the 1960s suggest that point-source N and
P inputs to the NRE have increased by 45%, whereas
non–point-source inputs of these nutrients have in-
creased by 135% (Stow and others 2001). These trends
have created a compelling case for nutrient reductions
to stem advancing eutrophication (Copeland and Gray
1991; North Carolina State Senate 1996).

Beginning in the mid-1980s, steps were taken to re-
duce P inputs in the upstream freshwater section of the
river by enhancing P removal in wastewater discharge.
These practices included the implementation of sec-
ondary and tertiary effluent treatments and the estab-
lishment of effluent concentration limits for P. In
addition, a statewide phosphate detergent ban was en-
acted in January 1988 (North Carolina Department of
Environment and Natural Resources 1998). These steps
significantly reduced P loads to the river and estuary
(Copeland and Gray 1991; Lebo and others 2000;
Stanley 1992; Stow and others 2001). These point-
source P control measures may have shifted the source
of P inputs from primarily point to non–point sources.
However, inputs of P from point sources continue to be
an issue because only a few wastewater treatment plants
have adopted tertiary treatment for the removal of P
(Litke 1999). Since simultaneous N input reductions
were lacking during this time, excessive N loading
continued to be problematic, largely because N inputs
controlled algal growth and bloom formation in the
downstream estuarine region (Boyer and others 1994;
Paerl and others 1995, 2004; Rudek and others 1991).

Phytoplankton account for more than 80% of the
organic matter production in the NRE (Paerl and
others 1998). Therefore, phytoplankton production is
essential for controlling eutrophication. In 1996, the
North Carolina State Senate convened a panel of sci-
entists and managers for the purpose of recommend-
ing an N-reduction strategy to reduce phytoplankton
production (chlorophyll a) effectively as a means of
improving water quality (North Carolina State Senate
1996). This panel recommended a 30% reduction in N
loading, based on mean 1991–1995 loads. This rec-
ommendation has since been mandated by the North
Carolina State House (15A NCAC 2B .0232-.0240).

In addition to anthropogenic nutrient enrichment,
the NRE has experienced a pronounced and sustained
increase in tropical storm and hurricane activity, start-
ing in the mid-1990s. Since then, 8 hurricanes and 10
tropical storms have affected the NRE watershed,
causing extensive flooding, sedimentation, and other
large-scale hydrologic and biogeochemical perturba-
tions to this estuary and the downstream Pamlico
Sound (Bales 2003; Paerl and others 2001; Peierls and
others 2003; Burkholder and others 2004).

We examined the long-term nutrient and hydro-
logic record for the upstream portion of the NRE, with
an emphasis on inorganic and total concentrations as
well as the loading rates of the two limiting nutrients, N
and P. We analyzed historical trends and patterns of
nutrient concentration, nutrient loading, and phyto-
plankton biomass levels to determine whether the ef-
fects of the nutrient management efforts could be
detected and discerned from the impacts of the recent
hurricanes that have affected the region. Chlorophyll a
(Chla) was used as an indicator of phytoplankton
community biomass response to nutrient inputs over
time and space. Our analysis used hydrologic and water
quality data collected over the preceding 25 years
(since 1979) by the State of North Carolina (Depart-
ment of Environment and Natural Resources, Division
of Water Quality), university researchers (University of
North Carolina at Chapel Hill, East Carolina Univer-
sity), federal agencies (United States Geological Sur-
vey), and industry (Weyerhaeuser Co.). Our overall
objective was to detect and evaluate the effects of
nutrient management efforts on nutrient concentra-
tions and loading in an estuarine ecosystem experi-
encing climatic change through a predicted increase in
Atlantic hurricane activity (Goldenberg and others
2001).

Methods and Materials

Research Site

The NRE drains 16,000 km2 or approximately 25%

of North Carolina�s central coastal plain and piedmont
region (Figure 1). This shallow estuary is a key tribu-
tary of the Albemarle–Pamlico Estuarine Sound
(APES), the largest coastal lagoonal ecosystem in the
United States and a key fisheries nursery for the mid-
Atlantic coastal region (Copeland and Gray 1991). The
APES�s lagoonal nature is a critical feature promoting
its fertility. The combination of its large size and long
water residence time (�1 year) ensures effective utili-
zation and retention of nutrients entering the system
(Geise and others 1979; Pietrafesa and others 1996).
This characteristic is also thought to be a key reason
why the APES exhibits a high degree of sensitivity to
enhanced nutrient loading, as nutrients entering the
system remain there and are recycled numerous times
to support primary and secondary production (Chris-
tian and others 1991, 2004). The NRE also is heavily
influenced by the lagoonal properties of the APES, as
tidal exchange is greatly dampened and water resi-
dence time is relatively long, ranging from 30 to more
than 90 days (Luettich and others 2000). On the basis
of annual primary production rates (Paerl and others
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1995), the NRE is considered to be a meso- to eutro-
phic estuary (�350 g C/m2/year) (Nixon 1995). The
NRE watershed has undergone rapid agricultural and
urban expansion, accompanied by accelerated N and P
production (Copeland and Gray 1991; Dodd and oth-
ers 1993; Stanley 1992; Stow and others 2001). In the
past two decades, this system has experienced numer-
ous symptoms of accelerated eutrophication, including
increasing frequencies and intensities of phytoplank-
ton blooms (Paerl and others 1995, 1998) as well as
periods of summer and fall hypoxia and anoxia
(Buzzelli and others 2002; Luettich and others 2000;
Paerl and others 1998) accompanied by finfish and
shellfish kills (Lenihan and Peterson 1998; Paerl and
others 1998).

Sources of Data on Nutrient and Water Quality in the
NRE

Since the early 1970s, the NRE has been surveyed
for standard water quality parameters including dis-
solved oxygen, temperature, salinity, pH, transpar-

ency/turbidity, nutrients (dissolved inorganic N
[nitrate/nitrite] and ammonium, dissolved inorganic P
[orthophosphate], total N, and total P), Chla, and
phytoplankton species composition.

Initially, periodic surveys were conducted to sup-
plement particular research projects (Copeland and
Gray 1991; Hobbie and Smith 1975; Kirby-Smith and
Barber 1979; Paerl 1987; Stanley 1988). However, since
the mid-1970s, the State of North Carolina�s Depart-
ment of Environment and Natural Resources, Division
of Water Quality (DENR-DWQ), has monitored water
quality on a monthly basis, with a focus on the more
riverine portions and the mouth of the NRE where it
flows into Pamlico Sound (Harned 1980; Tedder and
others 1980). Since the late 1970s, state, university, and
industrial water quality monitoring efforts have ex-
tended sampling throughout the estuary at monthly
intervals (Boyer and others 1993, 1994; Christian and
others 1991; Lebo and others 2000; Paerl and others
1990, 1995), increasing this to a biweekly frequency in
1994 (Buzzelli and others 2002; Luettich and others
2000; Paerl and others 1998). The number and

Figure 1. Map of the Neuse River Estuary, showing the locations of various monitoring and assessment sampling stations. Of
these, only Streets Ferry Bridge (SFB) or Station 0 was included in this analysis. Shown are the stations occupied by Hobbie and
Smith (1975), the State of North Carolina, Division of Water Quality, and the ModMon Program. Samples collected by the East
Carolina University Group (Christian and others 1991) and Weyerhaeuser Co. (Lebo and others 2000) were from the same sites
occupied by ModMon. The SFB location represented the upstream freshwater nutrient input source to the estuary. Nutrient
concentration and chlorophyll a data from this location are shown in Figures 2, 3, and 6.
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locations of sampling stations have varied over the 30
or more years of monitoring. However, key station
features such as bridges, channel markers, and navi-
gational buoys were continuous sampling sites during
this period (Figure 1). These locations were used to
construct long-term hydrographic (temperature, salin-
ity, turbidity), dissolved oxygen, nutrient concentra-
tion, and biologic (Chla) records for the NRE.

In this study, we focused on nutrient and Chla
measurements from Streets Ferry Bridge (SFB) or Sta-
tion 0, the most upstream long-term continuous sam-
pling location in the NRE. As such, this station
provides the most complete record of nutrient input to
the estuary, before nutrients are assimilated and
incorporated into phytoplankton biomass throughout
the estuary (Figure 1). We also studied the Chla con-
centrations measured at a midestuarine region of the
NRE, stations 60 through 120, to illustrate the response
of phytoplankton biomass located further downstream
of both the nutrient management efforts and the
hydrologic variability that occurred in this system over
the years (Figure 1). These midestuarine Chla con-
centrations were directly compared with the historical
Chla concentrations measured at SFB. Other locations
sampled in the NRE are not addressed in this partic-
ular analysis because of variability in sampling fre-
quency, changes in station location, and lack of
historical data.

The specific N and P forms studied were nitrate
(NO3

)), dissolved inorganic N (DIN), total Kjeldahl N
(TKN), total N (TN), dissolved inorganic P (DIP), total
P (TP), and the N:P molar ratios (DIN:DIP and
TN:TP). Nitrate concentrations represented both
nitrate and nitrite. Dissolved inorganic nitrogen con-
centrations were calculated by summing nitrate, nitrite,
and ammonium. Total Kjeldahl N concentrations were
either measured directly or calculated as total dissolved
N (TDN) – nitrate + nitrite. Total N concentrations
were calculated as either nitrate + nitrite + TKN or as
TDN + particulate N, depending on which parameters
were available.

Nutrient and Chla data were obtained from the
following water quality monitoring activities and pro-
grams: (1) State of North Carolina (DENR-DWQ)
Ambient Water Quality Monitoring Program, 1979–
2002 (North Carolina Department of Environment
and Natural Resources, 1998, 2002; Tedder and others
1980), (2) East Carolina University, 1980–1984 (Boyer
and others 1994; Christian and others 1991), (3)
Weyerhaeuser Co. Water Quality Monitoring Program,
1979–1997 (Lebo and others 2000), and (4) University
of North Carolina–Chapel Hill Institute of Marine
Sciences Neuse River Bloom Project and Neuse River

Estuary Modeling and Monitoring Study (ModMon),
1981, 1986–1988, 1994 to the present (Buzzelli and
others 2002; Luettich and others 2000; Paerl and
others 1998). The nutrient and Chla concentration
data were compiled from the various sources and
sorted by date to obtain a complete record of water
quality at this station. If the station were monitored by
more than one program on the same day, both values
were used to obtain potential diurnal variability of
water quality.

Respective collection and analytical methods,
including detection limits for nutrients and Chla
concentrations, have changed only slightly during the
course of successive monitoring programs with the
advent of more advanced techniques and equipment
used to measure these parameters. These minor
changes in methods did not impact our trend analysis
because the large number of samples masked any
minor deviations in parameter values and detection
limits. Methodologies for nutrient and Chla concen-
trations can be found in Boyer and others (1994),
Christian and others (1991), Mallin and others (1991),
Paerl (1987), Paerl and others (1990, 1995, 1998),
Pinckney and others (2001), Rudek and others (1991).

Sources of Data on Nutrient Loading to the NRE

Nutrient loads to the NRE were estimated from
streamflow and nutrient concentration data collected
at Ft. Barnwell, NC, approximately 20 km upstream of
SFB, below the confluence of the Neuse River and
Contentnea Creek. Streamflow data were obtained
from the U.S. Geological Survey gauging station (No.
02091814). Mean daily streamflow at this location has
been measured only since October 1996. Thus,
streamflow before October 1996 was back-estimated
using a regression model that predicts streamflow at
Fort Barnwell from upstream measurements in Con-
tentnea Creek at Hookerton, NC, and in the Neuse
River at Kinston, NC. Streamflow at these two locations
has been measured, respectively, since December 1928
and March 1930.

Nutrient concentrations at Ft. Barnwell were mea-
sured by the DENR-DWQ approximately monthly
from the late 1970s through 1995. In 1996, the
sampling frequency was increased to almost daily in
response to public and legislative concerns about
eutrophication symptoms in the NRE. Sampling at
this accelerated rate continued until 2003, when the
frequency was reduced to approximately biweekly.
Nutrient concentrations on days when samples were
not collected were estimated using regression models
predicting nutrient concentration from streamflow.
Daily nutrient loading was calculated by multiplying
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mean daily streamflow and nutrient concentration,
then summing the daily calculations to provide an-
nual estimates. Details pertaining to the regression
models used to estimate Ft. Barnwell flow and nutri-
ent concentrations can be found in Stow and Borsuk
(2003).

Statistical Analysis

Annual means of NO3
), TKN, TN, DIP, and TP

concentrations; DIN:DIP and TN:TP molar ratios; and
Chla concentrations were calculated to determine the
long-term temporal trends of N and P as well as the
phytoplankton biomass at the SFB location. In addi-
tion, these data were averaged by three periods corre-
sponding to the specific nutrient management and
climatic events that occurred in the NRE during the 25-
year period: (1) the period before implementation of
the P reductions (1979–1986), (2) the period imme-
diately after initiation of the P reductions (1987–1995),
and (3) the period coinciding with the increased fre-
quency of tropical storms and hurricanes and the
implementation of N reduction practices (1996–2003).
River discharge and nutrient loading rates at the Fort
Barnwell location also were averaged by year and by the
three periods.

All statistical tests were performed using the statis-
tical package SPSS for Windows, version 11.5 (SPSS
Inc., Chicago, IL). Initial assessment for the distribu-
tion of NO3

), TKN, DIN, TN, TP, DIN:DIP, TN:TP,
and Chla within years and within the three periods
indicated that most of the data followed a nonsym-
metric distribution (Shapiro–Wilk test for normality).
Unequal variances and sample sizes also were observed
for all parameters between years and periods (Levene�s
homogeneity of variance test). Normalizing transfor-
mations that have the potential to make the data follow
a more defined Gaussian or normal distribution and
that may reduce the inequality of variances between
groups were unsuccessful, with the exception of the
logarithmic transformation of TN:TP within years. Due
to these violations of the assumptions for parametric
statistical testing, nonparametric statistical analyses
were performed for all parameters to account for the
lack of parameter normality, unequal group variances,
and unequal sample number between groups. For each
parameter, Kruskal–Wallis or Mann–Whitney non-
parametric tests were performed to test for significant
differences between annual means and between the
means of each time period. Nonparametric Spearman
correlations also were performed to relate nutrient
loading to river discharge rates at the Fort Barnwell
location, and to relate Chla concentrations to nutrient

concentrations at SFB. Values were significant at the
95% confidence level.

Results

Nutrient Concentration Dynamics at Streets Ferry
Bridge

1979–1986. During the period before implementa-
tion of the P reductions (1979–1986), mean annual
concentrations of TN, nitrate, TP, and DIP at the SFB
location significantly increased from 1979 to 1986
(Figure 2A and B). Total N concentrations increased
from 74 lM in 1979 to 103 lM in 1986, an increase of
39%, with a peak of 111 lM in 1981, whereas nitrate
concentrations increased by 97%, from 35 to 69 lM.
During the same time, mean annual TP and DIP con-
centrations increased from approximately 6 to more
than 12 lM TP, and during 1979 to 1986, from
approximately 2.5 to 7.5 lM DIP, roughly 100% and
200% increases, respectively. Extreme drought condi-
tions in 1986 led to a somewhat anomalous situation, in
which TP and DIP mean annual concentrations were
elevated relative to either the preceding (1985) or
following (1987) years. Most likely, this reflected a
sudden increase in P-enriched point sources (waste-
water effluent) relative to the normally dominant non–
point sources (agricultural and urban runoff), which
tend to be more enriched by N (North Carolina
Department of Environment and Natural Resources
1998, 2002).

Significant differences in mean annual TN, TP, and
DIP concentrations between consecutive years during
the 1979–1986 period were observed only between
1979 and 1980 and between 1985 and 1986, and
characterized by significant increases in concentration.
Mean annual nitrate concentrations during this period
were significantly different only between the consecu-
tive years of 1982 and 1983, with a significant increase
in concentration, and between 1984 and 1985, with a
significant decrease in concentration.

Concentrations of TKN, which comprise the
ammonium and DIN fractions, did not significantly
change from 1979 to 1986 at the SFB location. How-
ever, there was a significant increase in mean annual
TKN concentration between 1979 and 1980. This in-
crease was masked by the significant decreases in TKN
concentration that occurred between the consecutive
years of 1982, 1983, 1984, and 1985.

The mean annual dissolved inorganic molar N:P
ratio (DIN:DIP) did not change significantly from 1979
to 1986 (Figure 2C). Therefore, DIN and DIP con-
centrations appeared to have increased proportion-
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ately from 1979 to 1986. Mean annual DIN:DIP molar
ratios were significantly different only between the

consecutive years of 1985 and 1986, when the DIN:DIP
ratio significantly decreased. Unlike the mean annual
DIN:DIP ratios, the mean annual TN:TP molar ratio in
1986 was significantly lower than the TN:TP ratio in
1979, indicating that TP increased at a greater rate
than TN from 1979 to 1986 (Figure 2C). Mean annual
TN:TP ratios were not significantly different between
consecutive years during the 1979–1986 period.

1987–1995. During the 1987–1995 period, mean
annual TN and TKN concentrations at the SFB loca-
tion did not change significantly (Figure 2A). How-
ever, mean annual nitrate concentrations did decrease
significantly, by 58%, from approximately 71 lM at the
beginning of this period in 1987 to near 45 lM nitrate
at the end of the period in 1995. All three N forms
(TN, nitrate, and TKN) decreased significantly in mean
annual concentration between the consecutive years of
1993 and 1994. In addition, there was a significant
decrease in mean annual TN concentrations between
the consecutive years of 1988 and 1989. These results
appear to underscore the importance of river dis-
charge as a driver of concentrations, as 1989 proved to
be one of the highest discharge years during the entire
25-year data period. Other consecutive years were not
significantly different from one another with respect to
the mean annual concentration of these three N forms.

The results of the P reduction efforts that began in
the mid- to late-1980s with the reduction of P concen-
trations in wastewater discharge, and in January 1988
with the P detergent ban were observed immediately at
the SFB location during the 1987–1995 period. Mean
annual TP and DIP concentrations at SFB significantly
decreased from 1987 to 1995 (Figure 2B). During this
time, significant decreases in mean annual TP con-
centrations between consecutive years were observed
from 1986 to 1987 and from 1988 to 1989, whereas
mean annual DIP concentrations differed significantly
between the consecutive years of 1987 and 1988 and
between 1988 and 1989. Specifically, mean annual TP
and DIP concentrations dropped rapidly from an an-
nual mean of approximately 12 lM TP in 1986 to 5 lM
TP by 1989, and from 7.5 lM DIP in 1986 to near
1.7 lM DIP by 1989, equivalent to a 140% decrease in
mean annual TP and a 77% decrease in mean annual
DIP concentration. After 1989 and through 1995,
mean annual TP and DIP concentrations did not
change significantly between consecutive years.

The mean annual DIN:DIP molar ratio increased
significantly from 1987 to 1995, indicating that DIP
concentrations decreased to a greater extent than DIN
concentrations (Figure 2C). Significant differences in
the DIN:DIP molar ratio between consecutive years
during the 1987–1995 period were observed only be-

Figure 2. A–C. Mean annual concentrations of total nitro-
gen (TN), nitrate (nitrate plus nitrite), total Kjeldahl nitro-
gen (TKN), total phosphorus (TP), and dissolved inorganic
phosphorus (DIP), as well as the dissolved and total N:P
molar ratios (DIN:DIP and TN:TP) at the upstream Streets
Ferry Bridge location for the 1979–2003 period. Total phos-
phorus and TN:TP data were not available for 2003. Error
bars represent standard error. Each panel is divided into
three periods that correspond to the period before the P
input reductions (1979–1986), the period after the P reduc-
tions (1987–1995), and the period characterized by an in-
crease in the occurrence of tropical storms and hurricanes.
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tween 1988 and 1989, with a significant increase, and
between 1993 and 1994, with a significant decrease.
Unlike mean annual DIN:DIP molar ratios, TN:TP
mean annual ratios were not significantly different
between 1987 and 1995, nor were there significant
differences in the TN:TP ratio between consecutive
years during the 1987–1995 period.

1996–2003. Coinciding with the increased fre-
quency of tropical storms and hurricanes that im-
pacted coastal North Carolina, the 1996–2003 period
demonstrated some interesting patterns in mean an-
nual concentrations and molar ratios of N and P at the
SFB location. Total N, nitrate, TKN, and DIP mean
annual concentrations significantly decreased from
1996 to 2003, whereas a significant decrease in mean
annual TP concentrations was observed from 1996 to
2002 (TP data during 2003 at SFB was not available)
(Figure 2A and B). Significant decreases in mean an-
nual nutrient concentrations between consecutive
years during the 1996–2003 period occurred for TN
during the 1997–1998 period, for nitrate during the
1997–1998 and 1998–1999 periods, for TKN during the
1997–1998 period, and for DIP during the 1996–1997
and 1998–1999 periods. Significant increases, however,
also occurred during this period between consecutive
years. These included a significant increase in mean
annual nitrate between 1996 and 1997 and in mean
annual TKN concentrations between 1998 and 1999.
No other consecutive years demonstrated significant
changes in mean annual concentrations for TN, ni-
trate, TKN, or DIP. Mean annual TP concentrations
were not significantly different between any of the
consecutive years in this period. These results indicate
that significant changes in mean annual nutrient con-
centrations between consecutive years have not been
observed since 1999.

Annual means of the DIN:DIP molar ratio signifi-
cantly increased from the beginning of this period in
1996 to the end of the study period in 2003, from 34 to
44 (29% increase) (Figure 2C). During this period,
however, the mean annual DIN:DIP ratio significantly
peaked in 1997 to 65 DIN:DIP from 34 in 1996, with
another peak of 63 observed in 2000. These years
coincided with reduced river flow rates, as compared
with the other years (1996, 1998, and 1999). Unlike the
mean annual DIN:DIP molar ratio, the TN:TP molar
ratios did not significantly change between 1996 and
2002. However, there was a significant decrease in the
mean annual TN:TP molar ratio between the consec-
utive years of 1997 and 1998.

Period Comparisons. Mean concentrations and molar
ratios of N and P at the SFB location for each period
(period 1: 1979–1986; period 2: 1987–1995; period 3:

1996–2003) were significantly different, demonstrating
the effects of both nutrient management and hydro-
logic variability. Variable trends were observed among
the N forms studied (TN, nitrate, and TKN) between
the three periods (Figure 3A). Whereas the mean TN
concentrations were not significantly different between
periods 1 and 2, the mean TN concentration during
period 3 was significantly lower than that observed
during periods 1 and 2. Mean nitrate concentrations

Figure 3. A–C. Mean total nitrogen (TN), nitrate, total
Kjeldahl N (TKN), total phosphorus (TP), and dissolved
inorganic P (DIP) concentrations as well as the mean dis-
solved inorganic N (DIN):DIP and TN:TP molar ratios.
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were significantly greater in period 2, after the P
reductions, than in periods 1 and 3, whereas the mean

nitrate concentration during period 1 was significantly
greater than that of period 3. Mean TKN concentra-
tions decreased significantly with each successive peri-
od because the mean TKN in period 1 was significantly
greater than the mean TKN concentration in periods 2
and 3, and the TKN mean for period 2 was significantly
greater than for period 3.

Unlike the N forms, both TP and DIP mean con-
centrations for each period demonstrated a similar
trend (Figure 3B). Effects of the P reductions were
clearly evident because mean TP and DIP concentra-
tions significantly decreased with each successive peri-
od, whereas the mean DIN:DIP and TN:TP molar
ratios for each period significantly increased with each
successive period.

Nutrient Loading Dynamics at Fort Barnwell, North
Carolina

Substantial year-to-year variability in mean annual
river discharge and nutrient loading rates were ob-
served at Fort Barnwell. The mean annual river dis-
charge and the mean annual TN, nitrate, TKN, TP, and
TN:TP loading rates were significantly different be-
tween the majority of consecutive years from 1979 to
2003. In fact, the mean annual TN:TP loading ratio was
significantly different between all the consecutive years
studied.

The mean river discharge rate at Fort Barnwell from
1979 through 2003 was 114 m3/s (Figure 4D). In par-
ticular, large peaks in mean annual river discharge
rates (>160 m3/s) were observed in 1984, 1989, 1996,
1998, 1999, and 2003. These years coincided with large
rainfall amounts associated with either spring rains or
the passage of several tropical storms and hurricanes in
the vicinity of coastal North Carolina, specifically
tropical storm Diane in 1984, hurricanes Bertha and
Fran and tropical storm Josephine in 1996, hurricane
Bonnie and tropical storm Earl in 1998, and hurricanes
Dennis, Floyd, and Irene in 1999. Hurricane Isabel,
which impacted coastal North Carolina in the fall of
2003 did not have a significant effect on river discharge
rates because there was relatively little rainfall associ-
ated with this storm. Instead, 2003 proved to be a sig-
nificantly wet year, with high river flow rates observed

Figure 4. A–C. Total nitrogen (TN), nitrate, total Kjeldahl
N (TKN), total phosphorus (TP), and TN:TP loading to the
Neuse River Estuary at the Fort Barnwell location for the
1979–2003 period. D. Freshwater discharge to the Neuse
River Estuary measured at the U.S. Geological Survey gauging
station (No. 02091814) located at Fort Barnwell, NC,
approximately 20 km upstream from Streets Ferry Bridge.
Error bars represent standard error.

b
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throughout the year. At the other extreme, several
years exhibited significantly reduced mean annual river
discharge rates (< 75 m3/s). These dry years included
1981, 1985, 1986, 1988, 2001, and 2002.

Significant differences also were observed for mean
river discharge and TN, nitrate, TP, and TN:TP loading
rates between the three periods studied: period 1
(1979–1986), period 2 (1987–1995), and period 3
(1996–2003) (Figure 5). The mean TN loading rate
was significantly greater in period 2 than in periods 1
and 3. However, there was no significant difference
between periods 1 and 3 with respect to TN loading.
The mean loading rate of nitrate also was significantly
greater during period 2 than during periods 1 and 3.
Nitrate loading also was significantly greater during
period 1 than during period 3. The mean of TP load-
ing significantly decreased with each successive period
from period 1 to period 2, from period 2 to period 3,
and from period 1 to period 3.

The means for both river discharge and TN:TP
loading rates significantly increased with each succes-
sive period from period 1 to period 2 and from period
2 to period 3. River discharge rates and TN:TP loading
rates also were significantly greater during period 3
than during period 1. Mean TKN loading rates were
not significantly different between the three periods.

Streets Ferry Bridge and Midestuarine Chlorophyll a
Concentrations

1980–1986. During the 1980–1986 period, the mean
annual Chla concentrations at the SFB location sig-
nificantly decreased, from 24 lg/l in 1980 to 9.5 lg/l
in 1986, or by 60% (Figure 6A). Significant year-to-year
variability in SFB Chla concentrations during this per-
iod were observed only between the years of 1981 and
1982, 1982, and 1983, and 1983 and 1984. In contrast
to the Chla concentrations at SFB, mean annual Chla
concentrations in the midestuarine segment of the
NRE increased from 1980 to 1986. However, this
increase was not significant. In addition, there was no
significant year-to-year variability in Chla concentra-
tions in the midestuarine segment of the NRE during
this period.

1987–1995. During the period coinciding with and
immediately after the P reductions, mean annual Chla
concentrations at SFB continued to decrease signifi-
cantly, from 13 lg/l in 1987 to 3 lg/l in 1995, a de-
crease of 77% (Figure 6A). These decreases paralleled
decreases in TP and DIP that occurred during this time
(Figure 2B and 6A). In fact, significant positive Spear-
man correlations were observed between Chla con-
centrations and both DIP (0.201) and TP (0.206)
concentrations. Streets Ferry Bridge Chla concentra-

Figure 5. A-C. Mean total nitrogen (TN), nitrate, total
Kjeldahl N (TKN), total phosphorus (TP), and TN:TP load-
ing rates to the Neuse River Estuary at the Fort Barnwell
location for each of the three time periods: 1979–1986, 1987–
1995, and 1996–2003. D. Mean river discharge rates at the
Fort Barnwell location for each of the three time periods.
Error bars represent standard error.
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tions remained reduced (< 4 lg/l) for the remainder
of this period. In effect, SFB Chla concentrations be-
tween consecutive years during this period were not
significantly different, with the exception of the sig-
nificant decrease that occurred between the consecu-
tive years of 1987 and 1988. Although mean annual
Chla concentrations in the midestuarine segment of
the NRE were not significantly different between the
beginning of this period in 1987 and the end of this
period in 1995, a significant increase in mean annual
midestuarine Chla concentration occurred between
the consecutive years of 1988 and 1989. This large in-
crease in mean annual midestuarine Chla concentra-
tions coincided with the decrease in Chla at SFB,
suggesting a reduction of upstream phytoplankton
biomass in response to the P reductions, followed by an
increase in midestuarine Chla concentrations. After
1989, the mean annual Chla in the midestuarine

region began to decrease to pre-1989 levels. In fact,
there was a significant decrease in mean annual Chla in
the midestuarine segment between the consecutive
years of 1992 and 1993. This decrease was followed by
significant increases in Chla between 1993 and 1994
and between 1994 and 1995. No other consecutive
years were significantly different from one another with
respect to mean annual midestuarine Chla concentra-
tions.

1996–2003. In contrast to the previous two periods,
Chla concentrations did not significantly change from
1996 to 2003 at the SFB location. However, year-to-year
variability in SFB Chla concentrations was observed
during this period between the consecutive years of
1997 and 1998, 1999 and 2000, and 2002 and 2003.
Whereas mean Chla concentrations at the SFB location
remained decreased during this period, Chla concen-
trations in the midestuarine region increased signifi-
cantly during this time of increased hurricane
frequency, from 19.8 lg/l in 1996 to near 36 lg/l in
2003, an increase of 82%.

Period comparisons. Mean Chla concentrations at the
SFB location were significantly different between the
three periods studied, as the mean Chla concentration
of period 1 was significantly greater than that of peri-
ods 2 and 3 (Figure 6A). Periods 2 and 3 were not
significantly different with respect to mean Chla con-
centrations. Mean Chla concentrations in the mides-
tuarine segment of the NRE were not significantly
different between the three periods.

Discussion

Chlorophyll a has been used widely as an indicator
of phytoplankton biomass and eutrophication in a
wide range of aquatic ecosystems (Jeffrey and others
1997), including the NRE (Luettich and others 2000;
Pinckney and others 1999). When examined in parallel
with nutrient data for the upstream freshwater segment
of the estuary (SFB), P concentrations were shown to
decline along with Chla concentrations in the late
1980s, and were positively correlated. Therefore,
nutrient reduction has been successful in reducing
upstream freshwater algal biomass. In fact, nuisance
algal (cyanobacterial) blooms that were a regular fea-
ture of this riverine segment in the 1970s and early
1980s (Tedder and others 1980) have been arrested. In
particular, the P reductions associated with the deter-
gent ban and improved wastewater treatment in the
mid- to late-1980s have largely brought this segment of
the estuary below the bloom threshold, defined by the
state of North Carolina as 40 lg/l. This was an out-
come consistent with nutrient dilution bioassays con-

Figure 6. Mean annual chlorophyll a concentrations in
micrograms per liter (lg/l) at the Streets Ferry Bridge loca-
tion and a midestuarine region (stations located in between
ModMon sampling stations 60 and 120 shown in Figure 1)
during the 1980–2003 period. Error bars represent standard
error.
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ducted before the actual reduction (Paerl and Bowles
1987). Sustained P and N reductions throughout the
1990s appear to have been effective at keeping this part
of the system bloom free. However, this cannot be said
for the lower, more mesohaline segments of the NRE,
in which N inputs appear still sufficiently high to sup-
port periodic dinoflagellate and cryptomonad blooms
that supply the ‘‘fuel’’ for extensive hypoxic and an-
oxic events (Paerl and others 1998, 2004).

Hydrologically, the post-1995 period of reduced
nutrient concentrations coincided with a sudden and
sustained increase in tropical storms and hurricanes
that severely impacted the NRE watershed. At least
eight hurricanes, magnitude 2 or greater on the Saffir-
Simpson scale, have affected this system since 1996,
starting with hurricanes Bertha and Fran in the sum-
mer of 1996; and followed by Bonnie in the early fall
of 1998; Dennis, Floyd, and Irene in the summer–fall
of 1999; Isabel in the late summer of 2003; and most
recently, Alex and Charley in the summer of 2004.
These storms have caused large-scale, cumulative
environmental destruction, including downed trees;
washouts of wetlands, swamps, and croplands; and
lengthy periods of flooding. Hurricanes Fran (1996)
and Floyd (1999) left major segments of the NRE
watershed under water for several months (Bales 2003;
Paerl and others 1998, 2001). The record rainfall
associated with hurricanes Dennis, Floyd, and Irene,
which struck within a 6-week period in 1999, triggered
a 100- to 500-year flood event, causing major hydro-
logic and geomorphologic modifications in the NRE
watershed (Bales 2003). There also were large-scale
biogeochemical alterations associated with this event,
including massive washouts of wetlands, swamps, and
forests, causing a large amount of previously stored
organic matter, soils, and vegetation to be washed into
Pamlico Sound and the adjacent coastal ocean (Bales
2003; Paerl and others 2001). The N discharged with
the floodwaters of the 1999 hurricanes equaled the
annual N input for this system (Paerl and others
2001).

The dramatic increase in hurricane frequency and
intensity led to post-1995 decreases in total and soluble
mean annual nutrient concentrations. In particular,
rather sharp decreases in TN, nitrate, TKN, TP, and
DIP concentrations occurred in the wake of hurricane
Fran, which rivaled Floyd in terms of rainfall and flood
potential (Bales 2003)). This was most likely because of
dilution by the large amounts of freshwater discharged
to the NRE and APES after these large storms. Fur-
thermore, although the runoff accompanying these
events transported large amounts of N and P to the
NRE and APES, the total annual loads to these systems

did not dramatically exceed those reported for pre-
hurricane years.

Therefore, despite the large magnitude and in-
creased frequency of these discharge events, no more
N and P appear to have entered the NRE and APES
than in earlier, hurricane-free years. On the contrary, it
appears that N and P loads to the NRE are continuing
to decrease during the current high-frequency hurri-
cane period. To help clarify these results, the following
possibilities were considered: (1) the data collected
were incomplete and did not accurately reflect hydro-
logic and/or nutrient concentrations/loading condi-
tions, including storm-driven discharge, at the
entrance to the NRE (i.e., some nutrient loading
events were missed); (2) the loading of nutrients,
especially N, has been stabilized and potentially re-
duced in the NRE watershed through improved nutri-
ent management practices; and (3) the NRE watershed
nutrient dynamics, specifically nutrient cycling, reten-
tion, and release characteristics, have changed during
the period of elevated hurricane activity and flooding.
These alternative explanations are examined and
evaluated in the following sections.

Critical Event-Scale Data Are Missing

It is possible that biweekly nutrient monitoring
could have missed changes in nutrient concentrations
associated with short-term rainfall events. However, it is
unlikely that larger, more protracted periods of rainfall
and discharge associated with thunderstorm activity,
tropical storms, and hurricanes went undetected and
escaped quantification. Studies have shown these
events to be major, multiweek drivers of nutrient
delivery to the estuary (Paerl and others 1998; Peierls
and others 2003). Furthermore, sampling was not
confined to the SFB location of the NRE, but rather
was distributed among 13 locations spanning the entire
length of the estuary. Thorough examination of the
data sets used for this analysis and in companion
studies (Paerl and others 1995, 1998, 2004) have indi-
cated that, given the length and relatively long travel/
residence time along the axis of the NRE, such events
were not likely to be missed. In addition, Bales (2003)
and Peierls and others (2003) have pointed out that in
the aftermath of hurricanes Fran (1996) and Floyd
(1999), elevated discharge entering the NRE contin-
ued for several months after the event. Finally, the
quantitative ramifications of a few missed events were
insignificant in the context of mean annual values
(Luettich and others 2000; Paerl and others 1995,
1998). Therefore, it seems unlikely that potential
omissions of events explain the observed trends.
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Watershed Nutrient Loading Has Decreased as a
Result of Nutrient-Reduction Strategies

This is a potentially attractive scenario, especially as
nutrient-reduction steps have been mandated for the
NRE watershed since 1998, the successful results of
which have been demonstrated with the particular
decreases in mean annual TN concentrations at SFB
since 1998. In fact, mean annual TN concentrations at
SFB have remained decreased since these N reduction
practices have taken place. In addition, agricultural,
urban, and industrial sectors have increasingly adapted
non–point-source nutrient-reduction strategies,
including control of urban storm water runoff and
agricultural best management practices such as the
construction of riparian buffers zones, more timely and
prudent fertilizer applications, and improved tech-
niques for handling and processing animal wastes
(Osmond and others 1997). Indeed, N and P loadings
in some tributaries of the Neuse River (e.g., Content-
nea Creek) have recently declined (Harned and Caire
2003). However, whereas urban, industrial and agri-
cultural nutrient management have led to nutrient
loading decreases in certain sectors of the NRE basin
(Osmond and others 1997), we note that, on the larger
basin scale, both the human population and livestock
inventories have continued to increase dramatically in
the NRE basin during the 1990s and into the new
millennium. During this time, the NRE basin�s human
population increased by nearly 17%, from 1990 to
2000, and by 14% during the critical 1996–2000 period
(North Carolina Department of Environment and
Natural Resources 1998). Livestock inventory more
than doubled during the 1990s, with numbers of hogs
alone increasing from fewer than 500,000 to more than
1,500,000 head in the NRE basin. Estimates of annual
N sources in the NRE watershed, which included
cropland, animals, and point sources (mostly wastewa-
ter treatment plants), during the 1990–2000 period
indicate continued increases, although the rate of in-
crease has declined since the 1980–1990 period (Stow
and others 2001). In concert, these findings indicate
that an increase rather than a decrease in N loading to
the NRE should have been expected throughout the
1990s, extending well into the post-1996 period of
elevated hurricane activity.

Watershed Nutrient Cycling and Retention
Characteristics Have Changed as a Result of the
Hurricanes

The increased frequency and intensity of hurricanes
has had profound impacts on hydrology and nutrient
cycling in the NRE and its watershed (Bales 2003; Paerl

and others 2001; Peierls and others 2003). These events
have altered the physical and chemical forms of nutri-
ents as well as their mobility, transport, and transfor-
mations. One obvious effect of large storms is their
ability to flush previously deposited and stored nutri-
ents rapidly and effectively from wetlands, swamps,
forests, and agricultural lands (Bales 2003). During
hurricanes Fran and Floyd, the sheer volume and force
of rapidly surging floodwaters dislodged vegetation,
organic debris, and sediment organic matter deposits
that had accumulated since the last major spate of
hurricanes, at least 40 years ago (mid-1950s). Although
these hurricanes scoured sediment organic matter
deposits and transported sediments into downstream
estuarine and sound waters, they also left exposed
wetland, swamp, and soil surfaces free to adsorb, retain,
and process (e.g., denitrification) new nutrient sources.
Mechanistically, we envision this potential nutrient
replacement scenario operating like a giant sponge.
First, the sponge is saturated by floodwaters. Then it is
‘‘wrung out’’ by the flushing and scouring of the more
nutrient-rich organic matter, leaving behind less or-
ganic-rich material that would leach fewer nutrients
and contribute less to the baseline nutrient load. This
also would leave numerous sites on the sponge ready to
adsorb and retain new nutrients from subsequent run-
off and depositional events. The overall effect would be
increased retention of nutrients after storms and a de-
crease in base flow nutrient discharge to the estuary.

In addition, flooding from hurricanes leads to
waterlogged wetlands, swamps, and soils. This tends to
enhance the development of anoxic conditions in
which denitrification can proceed and be stimulated
(Groffman 1994), promoting within-watershed N los-
ses. The net effect is a reduction in dissolved N (mainly
as nitrate) concentrations and N loading to the estuary.
The combined effects of increased nutrient retention
and promotion of denitrification in flooded soils and
wetlands would help to explain how hurricane-prone
periods might enhance within-system retention and
losses of fixed N.

The proposed mechanisms underlying the observed
decreases in N and P concentrations and loading dur-
ing the hurricane-prone years need not be exclusive of
each other. It is conceivable that scenarios 2 and 3
could be operating simultaneously and synergistically.
According to this scenario, increased hurricane activity
helps to accelerate ecosystem recovery in response to a
nutrient management strategy that includes (1) agri-
cultural practices emphasizing best management
practices, (2) simultaneous optimization of nutrient
retention and denitrification by promotion of
vegetative buffers, and (3) maximization of water
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retention times and extension of the beneficial func-
tional roles of wetlands, swamps, and forests. The
promotion and maintenance of these important
hydrologic and nutrient-cycling features represent a
unique ‘‘adaptive’’ nutrient management strategy in
the face of climatic changes, whether they be hurri-
canes or droughts. As such, it is recommended that
wetlands, swamps, riparian buffers, water retention
ponds, and devices (i.e., flashboard risers) be a highly
integrated, functionally important and essential fea-
ture of a long-term nutrient management strategy that
best accommodates elements of climatic change in the
NRE basin and other hydrologically variable coastal
watersheds.

It is imperative that we recognize both the compli-
cations and benefits that large-scale tropical storm and
hurricane events might provide to ecosystems under-
going nutrient reduction strategies aimed at arresting
eutrophication of downstream waters. There are
numerous lessons to be learned from such events.
Among them is the lesson that periodic floods and
flushing of watersheds are not necessarily detrimental
on the longer decadal scale, especially when accom-
panied by long-term nutrient reduction strategies.
Perceptible improvement in the water quality of the
NRE in response to currently formulated nutrient in-
put reductions may require several decades (North
Carolina State Senate 1996). However, the predicted
time frame for recovery and improvement in water
quality conditions may be accelerated significantly in
the presence of an elevated frequency of such storm
events. The key to a successful long-term nutrient
management strategy is to stay the course with dual
nutrient (N and P) reductions, the effects of which can
be either accelerated or retarded by climatic variability
and trends. In this regard, scientists and managers
must educate decision makers, stakeholders, and the
public at large to understand that estuarine ecosystem
responses to nutrient manipulations should be
accompanied by long-term monitoring and modeling
efforts capable of capturing and assessing the impacts
of short-term hydrologic variability and longer-term
climatic change in order to evaluate the effectiveness
and success of these strategies. The lesson learned for
the NRE is that at least a multidecadal monitoring
program that incorporates high temporal and spatial
resolution sampling is needed to assess anthropogenic
and climatic drivers of ecologic change.

Acknowledgments
The authors appreciate the technical assistance and

input of A. Joyner, B. Peierls, and P. Wyrick. This work

was supported by the National Science Foundation
(DEB 9815495 and OCE 9905723), the St. Johns River
Water Management District, the U.S. Department of
Agriculture NRI Project 00)35101-9981, U.S. EPA
STAR Projects R82-5243-010, R82867701, and R83-
0652, the NOAA/North Carolina Sea Grant Program
R/MER-43, and the North Carolina Department of
Natural Resources and Community Development/
UNC Water Resources Research Institute (Neuse River
Estuary Monitoring and Modeling Project, ModMon).

Literature Cited

Bales, J. D. 2003. Effects of hurricane Floyd inland flooding,
September–October 1999, on tributaries to Pamlico Sound,
North Carolina. Estuaries 26:1319–1328.

Boesch, D. F., E. Burreson, W. Dennison, E. Houde, M.
Kemp, V. Kennedy, R. Newell, K. Paynter, R. Orth, and W.
Ulanowicz. 2001. Factors in the decline of coastal ecosys-
tems. Science 293:629–638.

Boyer, J. N., R. R. Christian, and D. W. Stanley. 1993. Patterns
of phytoplankton primary productivity in the Neuse River
Estuary, North Carolina, USA. Marine Ecology Progress Series
97:287–297.

Boyer, J. N., D. W. Stanley, and R. R. Christian. 1994.
Dynamics of NH4

+ and NO3
) uptake in the water column of

the Neuse River estuary, North Carolina. Estuaries 17:361–
371.

Burkholder, J., D. Eggleston, H. Glasgow, C. Brownie, R. Reed,
G. Janowitz, M. Posey, G. Melia, C. Kinder, R. Corbett, D.
Toms, T. Alphin, N. Deamer, J. Spinger. 2004. Comparative
impacts of two major hurricane seasons on the Neuse River
and western Pamlico Sound ecosystems. Proceedings of the
National Academy of Science USA 101:9291–9296.

Buzzelli, C. P., S. P. Powers, R. A. Luettich Jr., J. E McNinch,
C. H. Petereson, J. L. Pinckney, and H. W. Paerl. 2002.
Estimating the spatial extent of bottom water hypoxia and
benthic fishery habitat degradation in the Neuse River
Estuary, NC. Marine Ecology Progress Series 230:103–112.
Available at: www.marine.unc.edu/neuse/modmon.

Christian, R. R., J. N. Boyer, and D. W. Stanley. 1991. Multi-
year distribution patterns of nutrients within the Neuse
River Estuary. Marine Ecology Progress Series 71:259–274.

Christian, R. R., J. D. O�Neal, B. L. Peierls, L. M. Valdes, and
H. W. Paerl. 2004. Episodic nutrient loading impacts on
eutrophication of the Southern Pamlico Sound: The effects
of the 1999 hurricanes. Report. University of North Caro-
lina Water Resources Research Institute, Raleigh, North
Carolina.

Copeland, B. J., and J. Gray. 1991. Status and trends of the
Albemarle–Pamlico estuaries. Albemarle–Pamlico Estua-
rine Study Report 90-01. Department of Environment
Health and Natural Resources, Raleigh, North Carolina.

Dodd, R. C., P. A. Cunningham, R. J. Curry, and S. J. Stichter.
1993. Watershed planning in the Albemarle–Pamlico
Estuarine System, Report No. 93-01. Research Triangle
Institute, Research Triangle Park, North Carolina. Depart-
ment of Environment, Health, and Natural Resources.

434 H. W. Paerl and others



Giese, G. L., H. B. Wilder, and G. G. Parker. 1979. Hydrology
of major estuaries and sounds of North Carolina. Water
Resources Investigations 79-46. United States Geological
Survey, Raleigh, NC.

Goldenberg, S. B., C. W. Landsea, A. M. Mestas-Nuzes, and W.
M. Gray. 2001. The recent increase in Atlantic Hurricane
Activity: Causes and implications. Science 293:474–479.

Groffman, P. 1994. Denitrification in freshwater wetlands.
Current Topics in Freshwater Biogeochemistry 1:5–35.

Harned, D. A. 1980. Water quality of the Neuse River, North
Carolina. Water Resources Investigations No. 80-86. United
States Geological Survey, Raleigh, NC, 88 pp.

Harned, D. A., and M. T. Caire. 2003. Water quality trends in
the Neuse River Basin, NC, 1974–2003. United States
Geological Survey Internal Report. United States Geologi-
cal Survey, Raleigh, North Carolina.

Hobbie, J. E., and N. W. Smith. 1975. Nutrients in the Neuse
River Estuary, NC. Report No. UNC-SG-75-21. University of
North Carolina Sea Grant Program, North Carolina State
University, Raleigh, NC, 183 pp.

Jeffrey S., R. Mantoura, and S. Wright (eds.). 1997. Phyto-
plankton pigments in oceanography: Guidelines to mod-
ern methods. UNESCO, Paris.

Kirby-Smith, W. W., and R. T. Barber. 1979. The water quality
ramifications in estuaries of converting forest to intensive
agriculture. Report No. 148. University of North Carolina
Water Resources Research Institute, Raleigh, North
Carolina.

Lebo, M. E., D. G. McHenry, and J. H. Fromm. 2000. Neuse
River modeling and monitoring project stage 1: Evaluating
historical nutrient and chlorophyll patterns in the Neuse
River Basin. Report No. 325H. University of North Carolina
Water Resources Research Institute, Raleigh, North
Carolina.

Lenihan, H. S., and C. H. Peterson. 1998. How habitat deg-
radation through fishery disturbance enhances impacts of
hypoxia on oyster reefs. Ecological Applications 8(1):128–140.

Litke, D. W. 1999. Review of phosphorus control measures in
the United States and their effects on water quality. Water-
Resources Investigations Report 99-4007. United States
Geological Survey, Denver, Colorado, 38 pp.

Luettich, R., J. McNinch, H. Paerl, C. Peterson, J. Wells, M.
Alperin, C. Martens, and J. Pinckney. 2000. Neuse River
modeling and monitoring project stage 1 (MODMON I):
Hydrography and circulation, water column nutrients and
productivity, sedimentary processes and benthic-pelagic
coupling, and benthic ecology. Report 325-B. University of
North Carolina Water Resources Research Institute, Ra-
leigh, North Carolina. Available at: www.marine.unc.edu/
neuse/modmon.

Mallin, M. A., H. W. Paerl, and J. Rudek. 1991. Seasonal
phytoplankton composition, productivity, and biomass in
the Neuse River estuary, North Carolina. Estuarine Coastal
and Shelf Science 32:609–623.

National Research Council (NRC). 2000. Clean coastal wa-
ters: Understanding and reducing the effects of nutrient
pollution. National Academy Press, Washington, DC.

North Carolina Department of Environment and Natural
Resources. 1998. Neuse River Basin water quality plan.

North Carolina Department of Environment and Natural
Resources, Raleigh, North Carolina. Available at: http://
h2o.enr.state.nc.us/basinwide/Neuse/neuse_wq_manage-
ment_plan.htm .

North Carolina Department of Environment and Natural
Resources, Division of Water Quality. 2002. Basinwide water
quality plan, July 2002. Available at: http://h2o.enr.-
state.nc.us/basinwide/Neuse/2002/plan.

North Carolina State Senate 1996. Senate select committee
on water quality and fish kills. Summary Report, May 1996.
Raleigh, North Carolina.

Nixon, S. W. 1995. Coastal marine eutrophication: A defini-
tion, social causes, and future concerns. Ophelia 41:199–219.

Osmond, D., D. Hardy, L.H. Johnson, W. G. Lord, R. H.
Pleasants, and M. E. Regans. 1997. Agriculture and the
Neuse River Basin. North Carolina Cooperative Extension
Service. North Carolina State University, Raleigh, North
Carolina.

Paerl, H. W. 1987. Dynamics of blue-green algal (Microcystis
aeruginosa) blooms in the lower Neuse River, North Caro-
lina: Causative factors and potential controls. Report No.
229. University of North Carolina Water Resources Re-
search Institute, Raleigh, North Carolina, 164 pp.

Paerl, H. W., J. D. Bales, L. W. Ausley, C. P. Buzzelli, L. B.
Crowder, L. A. Eby, J. M. Fear, M. Go, B. L. Peierls, T. L.
Richardson, and J. S. Ramus. 2001. Ecosystem impacts of
3 sequential hurricanes (Dennis, Floyd, and Irene) on the
U.S.�s largest lagoonal estuary, Pamlico Sound, NC. Pro-
ceedings of the National Academy of Science USA 98:5655–
5660.

Paerl, H. W., and N. D. Bowles. 1987. Dilution bioassays:
Their application to assessments of nutrient limitation in
hypereutrophic waters. Hydrobiologia 146:265–273.

Paerl, H. W., M. A. Mallin, C. A. Donahue, M. Go, and B. L.
Peierls. 1995. Nitrogen loading sources and eutrophication
of the Neuse River Estuary, North Carolina: Direct and
indirect roles of atmospheric deposition. Report 291,
University of North Carolina Water Resources Research
Institute, Raleigh, North Carolina, 119 pp.

Paerl, H. W., J. L. Pinckney, J. M. Fear, and B. L. Peierls. 1998.
Ecosystem response to internal and watershed organic
matter loading: Consequences for hypoxia in the eutro-
phying Neuse River estuary, NC, USA. Marine Ecology Pro-
gress Series 166:17–25.

Paerl, H. W., J. Rudek, and M. A. Mallin. 1990. Stimulation of
phytoplankton production in coastal waters by natural
rainfall inputs: Nutritional and trophic implications. Marine
Biology 107:247–254.

Paerl, H. W., L. M. Valdes, and M. F. Piehler. 2004. Freshwater
phosphorus reductions control nitrogen-limited estuarine
eutrophication in the Neuse River Estuary, NC: Implica-
tions for dual nutrient management along the freshwater-
marine continuum. Environmental Science and Technology
38:3068–3073.

Peierls, B. L., R. R. Christian, and H. W. Paerl. 2003. Water
quality and phytoplankton as indicators of hurricane im-
pacts on large estuarine ecosystems. Estuaries 26:1329–1343.

Pietrafesa L. J., G. S. Janowitz, T.-Y. Chao, R. H. Weisberg, F.
Askari, and E. Noble. 1996. The physical oceanography of

Assessing the Effects of Nutrient Management 435



Pamlico Sound. Publication UNC-WP-86-5. University of
North Carolina Sea Grant, Raleigh, NC, 125 pp.

Pinckney, J.L., T.L. Richardson, D.F. Millie, and M.W. Paerl.
2001. Applications of photopigment biomarkers for quan-
tifying microalga community composition and in situ
growth rates. Organic Geochemistry 30:585–595.

Pinckney, J. L., H. W. Paerl, and M. B. Harrington. 1999.
Responses of the phytoplankton community growth rate to
nutrient pulses in variable estuarine environments. Journal
of Phycology 35:1455–1463.

Rudek, J., H. W. Paerl, M. A. Mallin, and P. W. Bates.
1991. Seasonal and hydrological control of phytoplank-
ton nutrient limitation in the lower Neuse River Estu-
ary, North Carolina. Marine Ecology Progress Series 75:133–
142.

Stanley, D. W. 1988. Historical trends in nutrient loading to
the Neuse River Estuary, NC. Pages 155–164 in W. Lyke and
T. Hoban (eds.), Proceedings of the American Water Re-
sources Association, Symposium on Coastal Water Re-

sources. AWRA Technical Publication Series TPS-88-1.
AWRA, Bethesda, Maryland.

Stanley, D.W. 1992. Historical trends: Water quality and fisher-
ies, Albemarle–Pamlico Sounds, with emphasis on the Pam-
lico River Estuary. University of North Carolina Sea Grant
College Program Publication UNC-SG-92-04, Raleigh, NC.

Stow, C. A., and M. E. Borsuk. 2003. Assessing TMDL effec-
tiveness using flow-adjusted concentrations: A case study of
the Neuse River, North Carolina. Environmental Science and
Technology 37:2043–2050.

Stow, C. A., M. E. Borsuk, and D. W. Stanley. 2001. Long-term
changes in watershed nutrient inputs and riverine exports
in the Neuse River, North Carolina. Water Research 35:1489–
1499.

Tedder, S. W., J. Sauber, J. Ausley, and S. Mitchell. 1980.
Working Paper: Neuse River Investigation 1979. Division of
Environmental Management, North Carolina Department
of Natural Resources and Community Development,
Raleigh, North Carolina.

436 H. W. Paerl and others


