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ABSTRACT

Phytoplankton nutrient limitation experiments were performed from 1994-1996 in
both the Cape Fear River Estuary, a riverine system originating in the North Carolina
Piedmont, and the New River Estuary, a Coastal Plain lagoon system. Bioassay
experiments consisted of spiking triplicate 4-liter (L) samples in cubitainers with various
nutrient combinations and incubating the cubitainers in circulating pools for three days.
Daily subsamples were collected and nutrient response was determined by analyzing
both chlorophyll a production and 14C uptake. Ambient chiorophyll a and nutrient
concentration data were collected on station, as well as associated physical data.

Nutrient limitation results varied among the Cape Fear Estuary stations. At NAV,
an oligohaline riverine station characterized by nutrient-rich, turbid waters, no
significant response to nutrient additions were observed with the exception of a low-
flow spring period. It is likely that light was the principal factor limiting phytoplankton
production at NAV. A downstream mesohaline station (M54) showed a seasonally
differing response. In summer the phytoplankton community displayed significant
nitrogen (N) limitation, while phosphorus (P) was occasionally limiting in early spring
with some N colimitation. Light was apparently limiting during fall and winter when the
water was turbid and nutrient-rich. During May and June 1996 (and other months of
heavy rainfall) there was no significant nutrient limitation. Channel Marker 23 (M23), a
polyhaline station located between Snow’s Cut and Southport had clearer water and
displayed significant response to nutrient additions during all bioassay experiments.
Bioassays demonstrated that nitrogen limitation occurred in summer and fall and
phosphorus limitation (with strong N+P colimitation) occurred in winter and spring. The
data suggest that in the Cape Fear system in general, when high turbidity from
increased rainfall and runoff or from local dredging occurs, light limitation dominates
and the waters become more nutrient enriched. Further results indicate that water
quality in the system is strongly linked to upstream precipitation events and subsequent
sediment and nutrient non-point source ioading from the middie and upper basins. Low
flow periods led to less turbidity, higher chlorophyll a, lower nutrients, and more
pronounced nutrient limitation. The tendency toward nutrient limitation rather than light
limitation of phytoplankton productivity increased along with distance from the head of
the estuary. Overall, the Cape Fear is more sensitive to phosphorus loading than any
of the other North Carolina estuaries previously analyzed.

The New River Estuary is affected by considerable sewage treatment plant
effluent loading. It maintains generally high phytoplankton biomass, and cell counts



are high relative to other North Carolina estuaries. The low inorganic N/P molar ratio is
suggestive of waters sensitive to nitrogen loading. Bioassay experiments
demonstrated that significant nitrogen limitation occurred year-round at a polyhaline
sampling station. Additionally, silica (Si) limitation occurred on occasion in spring, and
secondary silica limitation occurred in summer as well. This is a system in an
advanced state of eutrophication. The phytoplankton community was dominated by
flagellates (especially cryptomonads and dinoflagellates) which may be partly a result
of periodic silica limitation of the diatom population.

Nutrient inputs to this estuary are dominated by point-source discharges.
Reduction of nitrogen inputs will likely restrict further phytoplankton increases.
However, this estuary is already in an advanced state of eutrophication and reduction
of point-source discharges of both nitrogen and phosphorus are required to
significantly improve water quality.

keywords - estuary, eutrophication, phytoplankton, nutrients, nutrient limitation,
' bioassay, light, turbidity
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Phytoplankton nutrient limitation investigations were carried out at three
locations in the Cape Fear Estuary from July 1994 through June 1996. Nutrient
addition cubitainer bioassays were conducted on water from oligohaline, mesohaline,
and polyhaline locations, along with sampling a range of physical, chemical, and
biological parameters. Concurrently with these investigations, a polyhaline location in
the New River Estuary was also investigated using identical techniques. Sampling in
both estuaries was conducted in all seasons.

The fresh to oligohaline portion of the Cape Fear River and Estuary was
sampled at the railroad bridge near Navassa (NAV). The water here is deep, well-
mixed, highly colored and turbid. Dissolved oxygen concentrations were substandard
throughout the water column from July through October 1995. Nutrient levels were
high and average chlorophyll biomass low (4.4 micrograms per liter (ug I"})). Bioassays
rarely showed any significant responses to nutrient additions over controls, and
phytoplankton productivity in these regions appears to be light limited. The average
turbidity at Navassa of 27.7 nephelometric turbidity units (NTU) exceeded the North
Carolina state standard of 25 NTU, and the light attenuation coefficient k was high,
averaging 4.04 per meter (m™).

The mesohaline estuary represented by Channel Marker 54 (M54) is well mixed,
more shallow, less colored, and quite turbid during dredging operations and during
periods of elevated river flow. Inorganic nutrient concentrations can be high, and
phytoplankton biomass is low in winter and can be high in summer. There is seasonal
switching of factors controlling phytoplankton productivity. In mid to late summer,
bioassay experiments demonstrated nitrogen limitation of phytoplankton productivity.
Orthophosphate concentrations are at their yearly maximum, biological p.roductivity is
at its highest, and flow is reduced. In winter, there is high flow and turbidity, high
nutrient levels and low phytoplankton biomass, and light limitation predominates. In
early spring, increased N/P ratios caused by winter/spring nitrogen loading caused
occasional phosphorus limitation. This region of the estuary also contains the turbidity
maximum, or the principal area of flocculation and sedimentation of clay turbidity.
Turbidity was related to both ammonia and phosphate concentrations in the estuary.
Thus, high flows and anthropogenic turbidity loading, dredging activities, and the
physical/chemical turbidity maximum all serve to cause periodic light limitation and
alleviate nutrient limitation of phytoplankton productivity. Average monthly turbidity at
this station (30.7 NTU) well exceeded the state water quality standard of 25 NTU, and
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the average light attenuation coefficient k exceeded 4 m™. Bioassays demonstrated
significant responses to nutrient additions over controls during 58% (11/19) of the
experiments at this station.

The polyhaline station at Channel Marker 23 (M23) between Snow’s Cut and
Southport is characterized by clearer water, with an average turbidity concentration of
18.4 NTU and average k of 2.1 m™. Inorganic nutrient concentrations were much lower
and chlorophyll a higher at this station than at M54. Significant nutrient limitation was
found at this location during nearly all months that experiments were conducted.
Nitrogen limitation was experimentally demonstrated during July, August, September
and November of 1995 and May and June of 1996. Phosphorus limitation was
demonstrated during January, February, March, and May of 1996. The nitrogen plus
phosphorus combination treatment yielded particularly strong chlorophyll a stimulation
thoughout winter and spring.

The middle portion of the estuary can be characterized as a transition zone
between light and nutrient limitation of phytoplankton productivity in the Cape Fear
Estuary. Inorganic nutrient concentrations are generally high, but so is light
attenuation. It is likely that nutrients become limiting when the proper physical
conditions allow for phytoplankton growth (lower flow and turbidity and lack of
dredging). The lower estuary maintains clearer water, lower inorganic nutrients, higher
phytoplankton biomass, and is frequently nutrient limited. There is pronounced
seasonal shifting between limiting nutrients, with nitrogen limitation in summer and fall
but phosphorus limitation in late winter and spring. The response to phosphorus
additions in the lower Cape Fear Estuary is stronger than that for similar salinity
regions in the Neuse and Pamlico Estuaries.

Future increases of either nitrogen or phosphorus loading to the Cape Fear
Estuary are likely to cause increases in phytoplankton biomass, particularly in the lower
estuary. However, the potential for these increases is also dependent upon physical
factors such as river flow rate and degree of light attenuation. The lower river and -
upper to middle estuary already suffer from low dissolved oxygen problems in summer
and fall: thus, increases in algal biomass (or bacteria) have the potential for increasing
biochemical oxygen demand (BOD) loading to exacerbate this problem.

Statistical analysis demonstrated that the estuary is strongly linked to the middle
and upper Cape Fear watershed. Rainfall in Greensboro (after a lag period) was highly
correlated with river flow in the lower basin. Watershed rainfall and river flow
demonstrated positive correlations with estuarine phosphate, nitrogen and silica
concentrations. This, in addition to the high turbidity levels in the upper estuary
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following rain events, indicates that non-point source runoff is a major pollutant
pathway to the lower Cape Fear watershed. Non-point sources in the basin include
agricultural fields, swine waste spray fields, silviculture, construction sites, suburban
lawns and gardens, and urban areas. Controlling inputs of nutrients and other
pollutants to the watercourses in this basin will require mandated use of various Best
Management Practices (BMP’s) such as vegetated stream buffer zones, grassed runoff
ditches, properly designed detention ponds, constructed wetlands and other controls.
Preservation of existing wetland areas, which are natural pollutant filters, is a priority
for the Cape Fear watershed.

The New River Estuary is poorly flushed, is not light limited, and maintains
generally good conditions for phytoplankton growth. The polyhaline area of the New
River Estuary exhibits significant nitrogen limitation year-round, most severely in
summer. The considerable amount of sewage treatment plant effluent loading, with its
low N/P ratio likely is a primary cause of this. There is also secondary silica limitation
in this system, which periodically occurs in spring. This is probably a result of high N
and P loading to the system causing large phytoplankton blooms, which subsequently
use up nutrients rapidly. Since N and P are recycled more rapidly than Si, this causes
replacement of diatoms by flagellates.

Phytoplankton abundance in the polyhaline New River Estuary is higher than in
other North Carolina estuaries such as the Cape Fear, the Neuse, and Bogue Sound,
but not as high as in the Pamlico Estuary. The phytoplankton community is dominated
by flagellates, including cryptomonads, dinoflagellates, chlorophytes, chrysophytes and
euglenoids. Elevated numbers of centric diatoms occur periodically, especially in
spring. The high phytoplankton biomass, occasional silica limitation of phytoplankton
production, and présence of large numbers of flagellates indicate this estuary is in an
advanced state of eutrophication. Our experiments demonstrated that any additions of
inorganic nitrogen to the New River Estuary will rapidly be incorporated into
phytoplankton biomass, leading to further eutrophication problems.

Reduction of further nitrogen loading will prevent future phytoplankton increases;
however, the estuary is already in a eutrophic state. To significantly improve water
guality the heavy phosphate load (which sets the stage for the rapid response to
nitrogen inputs) must also be reduced. The North Carolina Department of
Environment, Health and Natural Resources has determined that 60% of the
phosphorus and 50% of the nitrogen loading to the estuary comes from point-source
discharges, which are regulated by the State as to the amount of N and P which can be



legally discharged. Reduction of point-source N and P discharges into the system is
critical to obtain actual water quality improvements in this nutrient-sensitive estuary.
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INTRODUCTION

The economy of southeastern North Carolina is heavily dependent upon surface
water resources for the support of agficulture, silviculture, industry, tourism, and sport
and commercial fishing. Heavy use of surface water resources has led to a
considerable amount of water quality degradation in this region. For instance, the
Cape Fear River basin, encompassing 23,310 square kilometers (km2), is the largest
river basin in North Carolina, containing 27% of the state's population (NCDNR 1983;
Pietrafesa and Janowitz 1988). This system also has a greater number of stream miles
which are currently not supporting their designated uses than any other river system in
the State (NCDEHNR 1994). Agricultural runoff and urban runoff from the increasing
population are the two primary causes of stream degradation in this system
(NCDEHNR 1994; 1996). According to the North Carolina Department of Environment,
Health, and Natural Resources (NCDEHNR 1994) 870 stream miles in the Cape Fear
basin are impaired by non-point source pollution, of which 462 miles are impaired by
agricultural runoff and 350 miles by urban runoff or construction.

The Cape Fear is also the most heavily industrialized river basin in the state,
with a major harbor and state port in Wilmington (EA Engineering 1991). Plans are
currently underway to expand the port capacity and construct new marina facilities for
pleasure craft in downtown Wilmington. Thus, there is considerable municipal,
agricultural, and industrial water usage in the basin, much of which eventually enters
the river as wastewater or nutrient-laden runoff. The ultimate receiving area for this
effluent is the Cape Fear tidal basin, a 45-km-long stretch of the lower river and estuary
ranging from the freshwater river upstream of Wilmington to the polyhaline estuary
mouth (Fig. 1). This tidal basin is fed by the piedmont-derived mainstem Cape Fear
River, and also by the Black and Northeast Cape Fear Rivers, both coastal blackwater
systems (Mallin et al. 1996). Increased use of the Cape Fear River and Estuary
(CFRE) will further stress an already highly anthropogenically stressed system.

The New River Estuary is a large system of lagoons 65 km north of Wilmington,
with the head of the estuary located at the city of Jacksonville. Most of the estuary's
shoreline (95%) lies within the borders of Camp Lejeune Marine Corps Base. Camp
Lejeune, along with Jacksonville, provides a heavy sewage plant effluent load to the
system, and there are a total of 43 point-source discharges permitted by NCDEHNR
within the New River basin (NCDEHNR 1990). Many of the treatment facilities have
been subject to malfunction in recent years, algal blooms have become a frequent
phenomenon, and a once-rich fishery has declined (NCDNR 1989; NCDEHNR 1990).



This system has also hosted blooms of the toxic dinoflagellate Pfiesteria piscicida, and
the potentially toxic Phaeocystis pouchetti (Burkholder et al. In press). Algal growth
potential tests conducted by the U.S. Environmental Protection Agency in June 1989
showed that additions of nitrogen to test algae in New River Estuary water greatly
increased algal biomass (NCDEHNR 1990). The eutrophic characteristics of this
estuary, along with increasing population growth in Onslow County, make
investigations of the effects of additional nutrient loading to this system critical.

Nutrient limitation studies using proven bioassay techniques were initiated in
both of these systems during July of 1994. These studies have yielded intriguing data
concerning the relationships among nutrients, primary productivity, and eutrophication
parameters in these large, but very different, estuarine systems.

UTILITY OF NUTRIENT LIMITATION STUDIES

A large portion of the anthropogenic nutrient loading into North Carolina
estuarine waters comes from non-point sources, both rural (agriculture, silviculture) and
urban (lawn fertilizers, golf course runoff, etc.). Management of non-point source
nutrient loading is critical in North Carolina, a heavily agriculturalized state. An
essential first step for any basinwide management plan is to understand the effect of
nutrients and their ratios on the receiving waters. This can be accomplished by
determining the nutrient, or nutrients, that limit phytoplankton growth in the receiving
waters (Howarth 1988). Knowledge of limiting nutrients and management efforts based
on that knowledge have led to many successful water quality improvement efforts in
freshwater systems (Cooke et al. 1986).

The phytoplankton community is highly reflective of anthropogenic impacts to
water bodies, particularly regarding nutrient loading and nutrient ratios, and
phytoplankton community composition can determine the water's aesthetic value,
physical structure, and food chain efficiency (Smayda 1989; 1990). Phytoplankton
community structure is a key trophic factor controlling an ecosystem's health, for
several reasons. In freshwater and oligohaline systems in North Carolina, cultural
eutrophication has resulted in noxious blue-green algal blooms, often leading to anoxia
problems (Kuenzler et al. 1982; Paerl 1982; Stanley 1983, Paerl 1987). Blue-green
algal blooms also affect the food chain by interfering with zooplankton grazing
efficiency (Fulton and Paerl 1987; Fulton and Paerl 1988; de Bernardi and Giussani
1990; Vasconcelos 1990). Ambient nitrogen and phosphorus, and their ratios, affect



the taxonomic composition of both fresh and brackish waters (Smith 1983; Hecky and
Kilham 1988; Smayda 1989).

In brackish and marine water the community structure of the phytoplankton can
also help regulate zooplankton grazing and trophic transfer, with centric diatom
abundance often related to enhanced zooplankton grazing (Ryther and Sanders 1980;
Bautista et al. 1992; Mallin and Paerl 1994). Diatom abundance has also been shown
to stimulate trophic transfer into the fish community (Doering et al. 1989). The
approximate molar ratios of nutrients in diatom structure is 16(N):16(Si):(1)P (Conley
and Malone 1992). However, when excessive N and P loading occurs in coastal
waters, ambient ratios of N/Si and P/Si increase and may drive phytoplankton
community structure from a diatom-dominated system to a flagellate-dominated system
(Ryther and Officer 1981; Hecky and Kilham 1988; Smayda 1989). In contrast to
diatoms, there are many toxic bloom-forming species of dinoflagellates and flagellated
chrysophytes, and these can be stimulated by increased N and P loading, particularly if
the more benign diatom community becomes limited by Si (Ryther and Officer 1981). In
research elsewhere, suspected Si limitation in estuaries has always been associated
with the demise of the spring diatom bloom, and assumed through nutrient molar ratio
changes and phytoplankton community alterations (Ryther and Officer 1981; D'Elia et
al. 1983; Fisher et al. 1992; Conley and Malone 1992; Conley et al. 1993).

Surveys of nutrient limitation studies have indicated that nitrogen is the primary
limiting nutrient in coastal systems, both in North Carolina (Mallin 1994) and elsewhere
(Howarth 1988). In North Carolina, the Pamlico Estuary receives phosphate mining
effluent, and is strongly N limited (Kuenzler et al. 1979). The Beaufort/Morehead City
area is mainly N limited with some P limitation as well (Thayer 1974). The lower Neuse
Estuary is mainly N limited, but has springtime P colimitation as well (Paerl et al.
1990a; Rudek et al. 1991), and the oligohaline Neuse near New Bern is often P limited
(Paerl et al. 1995). Heavy winter rains tend to deliver elevated quantities of nitrogen to
the estuaries in early spring (Mallin 1994). Agricultural fertilization delivers the
heaviest load of N (relative to P) to coastal North Carolina rivers during springtime
(Rudek et al. 1991; Mallin 1994), thus, spring is the period when P limitation is most
probable in the Cape Fear and other estuaries.

OBJECTIVES

1) Experimentally determine the principal nutrients limiting the growth of phytoplankton
in three key areas of the Cape Fear River and Estuary (CFRE). Use bioassay data,



nutrient concentrations, and light attenuation data to assess the relationship between
light and nutrient limitation along the longitudinal axis of the estuary and determine if it
remains constant or changes on a seasonal basis.

2) Experimentally determine the principal nutrients limiting the growth of phytoplankton
in the New River Estuary (NRE). Determine if limiting nutrients remain constant or
change on a seasonal basis.

3) Assay the sample water for ambient nutrient concentrations (total nitrogen, nitrate,
ammonium, total phosphorus, orthophosphate, silica) and chlorophyli a.

3) Coincident with water collection, collect pertinent water quality data while on station,
including water temperature, dissolved oxygen, salinity/conductivity, turbidity, and solar
irradiance for light attenuation data.



MATERIALS AND METHODS
SAMPLING STATIONS

From July 1994 to June 1995 water for the experiments was collected at one to
two month intervals at 2 stations covering the region of the tidal basin from the fresh to
oligohaline area near Navassa (NAV - 5 km upstream of Wilmington) to Channel
Marker 54 (M54), the mesohaline area just downstream of Wilmington (Fig.1). Channel
Marker 54 was formerly designated Channel Marker 50 by the U.S. Coast Guard until
fall 1995. The North Carolina Division of Water Quality (NC DWQ) maintains an
ambient water quality station at Navassa, where the river is approximately 11 m deep.
Marker 54 is the farthest downstream NC DWQ sampling station, located below the
juncture of the Cape Fear and Brunswick Rivers, about 5 km downstream of
Wilmington. Depth at this sampling station is approximately 3.5 meters (m). After June
1995, experiments at NAV were ceased and water for bioassays was instead collected
at Channel Marker 23 (M23), a polyhaline station between Snow’s Cut and Southport
(Fig. 1). Water quality data were also collected at Channel Marker 61 (M61), located
between the two collection stations at the Port of Wilmington (Fig. 1). Until fall 1995
this station was designated Channel Marker 55. Depth at M61 is about 12 m. To
facilitate information transfer and strengthen interpretations about the CFRE, stations
were selected to coincide with past or current water quality sampling stations included
in NC DEM or other assessment and monitoring programs. The New River Estuary was
sampled near the Highway 172 bridge at Sneads Ferry (Fig. 2). At this location the
estuary narrows, funneling the water from the broad upstream areas into a concise,
well-mixed area. This provides an excellent location to assess integrated conditions of
the system. For consistency, all stations were sampled on the outgoing tide between
10:00 AM and 2:00 PM .

NUTRIENT LIMITATION EXPERIMENTS

We tested the hypothesis that phosphorus is the principal limiting nutrient in
Cape Fear Estuary water by the use of nutrient limitation bioassays. Similarly, we
tested the hypothesis that nitrogen is the key limiting nutrient in the New River Estuary.
The basis of these experiments is to add the suspected limiting nutrient in excess to
replicated estuarine water samples and determine if the phytoplankton community in
the samples shows a positive response (i.e., a chlorophyll or carbon uptake increase).



Figure 1. The Cape Fear River Estuary.

NS

61

NAV

© Wilmington

Atlantic Ocean

Cape Fear

6



Figure 2. The New River Estuary.
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Other possible limiting nutrients (treatments) were tested as well, with a replicated set
of control samples incubated to serve as a baseline. The specific design was as
follows: water was collected on station in 25-L carboys, returned to the laboratory, and
dispensed into 1 gallon cubitainers (3 L per cubitainer). Nutrient treatments were
added as follows (expressed as final concentration): no additions (controls), phosphate
alone (100 micrograms per liter (ug/L) or 3.2 micromolar (uM) as P), nitrate alone (200
ug/L or 14.3 uM as N), combination (200 ug/L nitrate and 100 ug/L phosphate), and
silica alone (200 ug/L or 7.1 uM as Si). All treatments were conducted in triplicate.
After nutrient addition, a 10 microCurie (uCi) aliquot of 14C-NaHCO5; was added to
each cubitainer to allow measurement of photosynthetic 14C assimilation as an
estimate of algal growth (Paerl et al. 1990a,b; Rudek et al. 1991; Fisher et al. 1992).
Cubitainers were floated on a flow-through ponds near the Department of
Biological Sciences at the University of North Carolina at Wilmington (UNCW) at
ambient seawater temperatures. The cubitainers were covered by 2 layers of neutral
density screening to allow solar irradiance penetration of about 30% of that reaching
the water surface, to prevent photostress to the phytoplankton (Mallin and Paerl 1992).
The cubitainers were kept in motion by constant circular agitation of the pond water
using a submerged bilge pump. The cubitainers were sampled daily for 3 days for 14C
uptake as follows: a 50 milliliter (ml) aliquot was filtered through Whatman 934 AH
glass fiber filters. Filters were fumed with hydrochloric acid (HCI) vapors for 30 minutes
(min) to remove abiotically precipitated 14C, dried, and treated with Ecolume
scintillation cocktail. Carbon uptake (14C activity) was assayed on a Wallac LKB 1214
Rackbeta liquid scintillation counter. The cubitainers were also sampled daily for
chlorophyll a content (50 ml samples measured by the fluorometry method of Parsons
et al. 1984). A Turner Model 10-AU fluorometer was used for chlorophyll a analysis.
Bioassays for nutrient limitation have great diagnostic value but there is no
standard procedure for these experiments, reflecting the varied nature of approaches
and aquatic communities. Hecky and Kilham (1988) reviewed various levels of
bioassay, ranging from the use of algal monocultures to whole system experiments.
The cubitainer bioassays we used represented a compromise between extremes. A
higher degree of manipulation would have necessarily failed to represent some of the
variability inherent in the estuarine ecosystems we studied, while a larger scale
manipulation would have involved mesocosms or whole system manipulations,
impractical for the temporal scales we proposed. The cubitainer bioassay incorporates
a representative portion of the plankton community with a proportionate amount of
nutrients in the water. It does neglect inputs from rainfall, new inputs, and sediment



regeneration and thus in time alters biotic community conditions (bottle effects). It does
provide a feasible “snapshot” of nutrient availability conditions and provides the
advantage of assessing effects of nutrient loading on natural phytoplankton
communities under outdoor conditions at ambient water temperatures. Estuarine water
tends to respond rapidly to nutrient inputs, thus we attempt to minimize bottle effects by
restricting the length of the bioassays to three days. This length of time was chosen to
be appropriate for meaningful statistical comparisons based on our previous bioassay
experiences.

From July 1994 through June 1995 nutrient limitation bioassays were conducted
during July, August, September, November, January, February, March, April, May, and
June using Cape Fear River water and during August, November, February, April, May,
and June using New River Estuary water. From July 1995 through June 1996
bioassays were conducted during July, August, September, November, January,
February, March, April, May, and June using Cape Fear Estuary water, and during
these same months, except for January, using New River Estuary water. A suite of
biological, chemical, and physical water quality parameters were also measured to
maintain a seasonal data base.

WATER QUALITY

While on site, water temperature, dissolved oxygen, turbidity, and
salinity/conductivity vertical profiles were collected at each station using a Solomat
WP803 water quality monitor. Secchi depth was also recorded at each station.
Vertical solar irradiance data were collected at 0.5 m depths using a Li-Cor LI-1000
integrator interfaced with a LiCor LI-193S spherical quantum sensor, and the light
attenuation coefficient k was determined from these data following the procedure in
Mallin and Paerl (1992).

-

NUTRIENTS AND CHLOROPHYLL A

Water samples were collected on site in amber bottles, stored on ice, and
returned to the laboratory for analyses of a suite of nutrient parameters including total
nitrogen (TN), nitrate, ammonium, total phosphorus (TP), orthophosphate, and
dissolved silica. Surface and bottom samples were collected until November 1995,
after which only surface samples were collected. Statistical analyses demonstrated
that, with the exception of TP, there were few significant differences between surface



and bottom nutrients and chlorophyll a (Mallin et al. 1996). Total N and P were
measured by the persulfate digestion method of Valderrama (1981). Triplicate water
samples were filtered through previously combusted glass fiber filters (Gelman AJE,
nominal pore size = 1 um). Chlorophyll a analyses were conducted in triplicate using
this filtered material, using the method outlined above. Filtered samples, digested
samples, standards, and blanks were analyzed for nitrate-nitrite and orthophosphate on
an Technicon AutoAnalyzer at the UNCW Center for Marine Science Research using
approved techniques (U.S. EPA 1992). Ammonium was determined using the phenol-
hypochlorite technique (Parsons et al. 1984), modified by Burkholder and Sheath

(1985). Dissolved silica was measured using the method described in Parsons et al.
(1984).

PHYTOPLANKTON

On station, duplicate samples were collected for phytoplankton examination in
125 ml amber bottles and preserved with Lugol’s solution. Taxonomic examinations of
New River samples were performed using an Olympus BX50 phase-contrast
microscope. Phytoplankton counts were accomplished by placing 0.1 ml of sample into
a Palmer-Malony cell and examining the entire slide at 300X.

STATISTICAL ANALYSIS

Statistical analysis of nutrient limitation test results was accomplished using the
SAS procedure of Analysis of Variance (ANOVA). This test utilizes the means and
standard deviations of the response data (chlorophyll concentrations and 14c uptake)
and determines if there exists a significant difference (p < 0.05) between the response
means of the various nutrient treatments. We used the mean responses for each
cubitainer over the three-day tests for the analyses. If a difference in response means
exists among the treatments, the ANOVA test is followed by treatment ranking by the
LSD procedure. This statistical test compares each treatment response mean with the
others, shows which of the different treatments (nutrient additions) elicited the greatest
algal response, and ranks the treatment responses in descending order. This provides
a sound statistical basis for reporting which nutrients are most limiting to phytoplankton
growth in the system being tested (i.e., which nutrient additions evoked the greatest
phytoplankton response and in which months this occurred). This statistical treatment
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is recommended in Day and Quinn (1989), and examples in similar studies in North
Carolina are provided in Paerl et al. (1990a) and Rudek et al. (1991).

In an attempt to further understand the relationship between meteorological
physical forcing, estuarine water quality data and bioassay results, correlation analysis
were conducted for the Cape Fear data. In addition to our measured water quality
parameters, we added several physical parameters to our matrix. Effect of river flow
was assessed by taking the average daily flow (CFS) for the seven-day period
preceding the bioassay measured at Lock and Dam #1, about 65 km upstream of the
estuary. Effect of rain was measured in two ways: total rainfall at Fayetteville
(approximately 140 km upstream of the estuary) for the 14 day period preceding the
bioassay, and total rainfall at Greensboro (approximately 300 km upstream of the
estuary) for the 28 day period preceding the bioassay. Degree of nutrient limitation
was assessed by determining the percent increase in chlorophyll a production or "*C
incorporation over control for each treatment in each bioassay, and including these
data in the correlation matrix. For example, the August 1994 N treatment yield of 124
ug I divided by the control yield of 98 ug | gives a 27% increase. Yields less than the
control were assigned a zero. Correlations were run using SAS, based on 19
bioassays at M54 and 10 bioassays at M23.






RESULTS

THE CAPE FEAR RIVER AND ESTUARY

PHYSICAL PARAMETERS

Rainfall and River Flow - Rainfall in the upper and middle watershed has an evident
impact on flow rates in the river proper (Fig. 3). This effect appears to be more
significant during winter than summer however (Fig. 3). During summer, high
temperatures cause enhanced evotranspiration from water bodies and through
vegetation, reducing the amount of water entering the river. In winter, however, peaks

in river flow rates at Lock and Dam #1 are visibly associated with rain events upstream
(Fig. 3). River flow was strongly correlated with total rainfall in the headwaters near
Greensboro for the 28 day period preceding the bioassays (Tables 1, 2).

Water Temperature - Water temperature at NAV ranged from 5.4 to 29.0 °C (Fig. 4),
with no values exceeding levels considered too warm for aquatic life (35 °C).
Temperatures were similar downstream at Stations M61, M54 and M23 (Fig. 4). The
system generally appeared to be well mixed, as there was little evidence of a
thermocline (Figs. 4). In a related study (Mallin et al. 1996) there was no statistical
difference between surface and bottom water temperatures (a = 0.05).

Salinity - Surface salinity at NAV ranged from freshwater to 10 parts per thousand (ppt),
with highest salinities in fall 1994 and spring 1995 (Fig. 5). NAV and M61 can be
considered oligohaline, with mean salinities of 1.6 and 4.3 ppt, respectively. Salinities
at M54 can be considered mesohaline, with a mean salinity of 6.9 ppt, ranging from
freshwater to 23 ppt (Fig. 5). Somewhat higher salinities were detected in bottom
samples, demonstrating an occasional salinity wedge in this estuary (Fig. 5). Highest
salinities were in the fall of 1994 and late spring of 1995, while lowest were found in
late winter and summer of 1995 (Fig. 5). A sharp salinity decrease was noted estuary-
wide in July 1995, following heavy rains. Marker 23 lies in polyhaline waters, with an
average salinity of 18.6 ppt and a range from 4.6 to 27 ppt (Table 3). Salinity at both
M54 and M23 was inversely correlated with average river flow at Lock and Dam #1 for
the week previous to the bioassay (Table 2). Salinity at M54 was inversely correlated
with total rainfall at Fayetteville for the preceding two weeks, and also with total rainfall
at Greensboro for the preceding month (Table 1). It is thus evident that rainfall and
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Table 1. Significant and near-significant correlations between physical, chemical and
biological parameters during nutrient limitation bioassay study at Marker 54, Cape Fear
Estuary, July 1994-June 1996. Upper number=correlation coefficient (r), lower number
= probability (p); a = 0.05, n = 19 bioassays. X means p>0.1.

TEMP  SAL  TURB FLOW7  RNFY14  RNGB28
SAL X 1.000 X -0.921 -0.519 0.675
X 0.000 X 0.001 0.019 0.001
FLOW7  -0.424 -0.921 X 1.000 0.404 0.654
0083  0.001 X 0.000 0.077 0.001
CHLA 0.471 X X -0.630 X X
0.020 X X 0.003 X X
AMON -0.427 X 0516 X -0.627 X
0.077 X 0.086 X 0.009 X
PHOS 0357 -0.360 X X 0.423 0.455
0086  0.084 X X 0.063 0.044
TP X 0.387 0673 X X X
X 0.068 0.023 X X X
SIL 0542 -0.592 X 0.709 X 0.504
0.009  0.004 X 0.001 X 0.033
N/CCHLA  0.513 X X X X X
0.025 X X X X X
NP/CCHLA 0.655 X X X X X
0.002 X X X X X

TEMP=water temperature; SAL=salinity; TURB=turbidity; CHLA=chlorophyll a;
FLOW?7=average river flow (CF/S) at Lock and Dam #1 for 7-day period preceding
bioassay; AMON=ammonium; PHOS=orthophosphate; TP=total phosphorus;
SlL=silica; RNFY14=total rainfall at Fayetteville for 14-day period preceding bioassay:
RNGB28=total rainfall at Greensboro for 28-day period preceding bioassay;
N/CCHLA=bioassay chlorophyll response as % increase over control for nitrogen
addition; NP/CCHLA=same for N+P addition. Parameters tested for normal distribution
by Shapiro-Wilk test. Non-normally distributed populations were log-transformed (SAL.
TURB,Chla, Amon, TP, FLOW7, RNFY14, RNGB28).
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Table 2. Significant and near-significant correlations between physical, chemical and
biological parameters during nutrient limitation bioassay study at Marker 23, Cape Fear
Estuary, July 1995-June 1996. Upper number=correlation coefficient (r), lower number
= probability (p); @ = 0.05, n = 10 bioassays. X means p>0.1.

TEMP SAL TURB LIGHT FLOW7 RNFY14 RNGB28

SAL X 1.000 X -0.830 -0.791 X X
X 0.000 X 0.002 0.006 X X
FLOW? X -0.791 X 0686 1.000 X 0.698
X 0.006 X 0.041  0.000 X 0.025
AMON -0.557 X 0.556 X X -0.567 X
0.060 X 0.060 X X 0.087 X
TN X -0.715 X X 0.782 X X
X 0.013 X X 0.013 X X
PHOS 0571 -0.627 X X 0.556 0.872 0.580
0.052  0.029 X X 0.096 0.001 0.079
TP X X 0.547 X X X X
X X 0.082 X X X X
N/CCHLA  0.715 X  -0.554 -0.685 -0.553 X X
0.020 X 0.097 0.042 0.098 X X
N/CC14 0.555 X X X  -0.601 X X
0.095 X X X 0.066 X X
NP/CC14 X X X -0.657 X X X
X X X 0.054 X X X

TEMP=water temperature; SAL=salinity; TURB=turbidity; LIGHT=attenuation coefficient
k, FLOW7=average river flow (CF/S) at Lock and Dam #1 for 7-day period preceding
bioassay; AMON=ammonium; TN=total nitrogen, PHOS=orthophosphate; TP=total
phosphorus; RNFY14=total rainfall at Fayetteville for 14-day period preceding
bioassay; RNGB28=total rainfall at Greensboro for 28-day period preceding bioassay;
N/CCHLA=bioassay chlorophyll response as % increase over control for nitrogen
addition; N/CC14=same for "“C response with N addition; NP/CC14=same for '*C
response with N+P addition. Parameters tested for normal distribution by Shapiro-Wilk
test. Non-normally distributed populations were log-transformed (FLOW7, RNFY14,
RNGB28).

16



Figure 4. Surface and bottom water temperature at four stations on the Cape
Fear Estuary 1994-1996.
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Figure 5. Surface and bottom water salinity at four stations on the Cape Fear
Estuary 1994-1996.
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Table 3A. Surface water quality parameters in the Cape Fear and New River Estuaries,
July 1994-June 1995. Results are annual means (salinity = ppt; all other parameters in
ug I-1). *M23 for Year 2 only

Station Sal. Chla TN NO3- NH4+ TP PO4- Si

NAV 30 45 9808 5141 580 970 483 2035.0
M61 65 81 9262 4711 610 750 342 1674.0
M54 95 94 8574 4392 6570 747 272 1506.0

NRE-172 234 154 4221 56 101 54.3 52 652.3

Table 3B. Mean surface water quality parameters July 1995-June 1996.

NAV 02 42 12335 5344 876 99.5 559 28826
Moe1 21 58 11841 4536 826 745 46,6 24943
M54 42 81 12264 4476 986 948 495 23805
M23 186 106 6020 2494 50.2 547 220 1583.1

NRE-172 228 122 4016 1.8 126 36.6 5.2 831.4

Table 3C. Project mean surface water quality parameters (July 1994-June 1996).

NAV 16 44 11074 5240 777 97.8 526 2497 1
M61 43 70 10619 4622 754 749 404 2121.5
M54 69 88 10416 4432 849 83.2 384 1988.6
M23* 186 106 6020 2494 50.2 547 220 1583.1

NRE-172 231 138 4114 3.7 17 451 52 754.6
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rainfall and river flow can be potentially important physical forcing mechanisms in this
system. Average salinities in Year 2 were several ppt lower than in Year 1 (Table 3).

Dissolved Oxygen - Surface dissolved oxygen (DO) concentrations averaged 7.0, 7.4,
7.5and 7.8 mg I-1 at Stations NAV, M61, M54 and M23, respectively. Surface levels
remained at or above the North Carolina state standard of 5.0 mg I-1 on all sampling
occasions in Year 1. However, the period of July-October 1995 exhibited substandard
DO levels estuary-wide, and particularly so at NAV and M61 (Fig. 6). Samples were
collected during mid-day, when DO concentrations should be highest. Bottom water
DO levels were slightly lower overall and maintained a similar temporal pattern (Fig. 6).
On average, DO increased in both surface and bottom waters from the upper to the
lower estuary.

Turbidity - Surface water turbidity exceeded the North Carolina state tidal water
standard of 25 NTU during periodic high flow periods, and at Stations M61 and M54
during winter dredging activities near the Port of Wilmington (Fig. 7). Dredging is
permitted near the port from October through March (R. Carpenter, NC Division of
Marine Fisheries, pers. com.). While dredging was not ongoing during all of our winter
field trips, field notations of dredging indicated that when dredging was occurring high
turbidity and/or light attenuation also was measured (i.e. January-March 1995, March-
April 1996). Bottom-water turbidity was usually higher than surface turbidity (Fig. 7).
Marker 54 averaged the highest turbidity values overall, possibly due to a salinity-
induced turbidity maximum forming in this region of the estuary (Mallin et al. 1996) and
dredging near the port. Turbidity was lowest downstream at M23, but on occasion still
exceeded the state standard (Fig. 7).

Light Attenuation - Light can be attenuated in an aquatic system through absorption by
phytoplankton and dissolved organic material, and also by scattering by particulate
matter (Paerl et al. 1995). Light attenuation was quite variable in the system, with a
slight trend of decreasing attenuation with increasing downstream salinity. Attenuation
values (k) were normally > 3.0 m-1 at Navassa, due both to turbidity and water color. A
considerable amount of blackwater enters the system via the Black and Northeast Cape
Fear Rivers, contributing to the high light attenuation in the upper estuary. At M54 and
M61 there was a marked effect of dredging on light attenuation. During fall and winter,
periodic dredging activities near the Port of Wilmington strongly attenuated light
penetration downstream (k > 4.0 m-1): however, under non-dredging circumstances k
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Figure 6. Surface and bottom water dissolved oxygen at four stations on the
Cape Fear Estuary 1994-1996.
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Figure 7. Surface and bottom turbidity at four stations on the Cape Fear
Estuary 1994-1996.
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usually was near 3.0 m-1 (Fig. 8). Light attenuation was sometimes stronger at M54
than M61, possibly due to the shallowness of the site and subsequent greater
resuspension of particulate matter. Also, upper to mid-estuary regions such as this are
locations where clay-flocculation based turbidity maxima form (Wells and Kim 1991).
Thus, both anthropogenic (dredging) and physical sources (high flow) and water color
contribute to high turbidity and strong light attenuation in the upper and middle estuary.
At M23 there was a significant correlation between light attenuation and river flow, and
an inverse correlation between light attenuation and salinity (Table 2). Light
attenuation at M23 averaged much less than the other stations (2.1), and the temporal
variability was less as well, ranging from 1.1-2.6 m™. As a comparison, light attenuation
in Bogue Sound is approximately 1.5 m™ (Thayer 1974), and In the mesohaline lower
Neuse Estuary it is approximately 1.1 m” (Mallin and Paerl 1992), and in the
oligohaline Neuse at New Bern it is approximately 1.8 m™ (Paerl et al. 1995). Light
attenuation coefficients less than 2.0 m™ are considered to be necessary for survival of
submersed aquatic vegetation in Chesapeake Bay (Dennison et al. 1993; Stevenson et
al. 1993).

NUTRIENTS

Nitrate - Nitrate concentrations were high in the Cape Fear system (Table 3). Bottom
concentrations were consistent over time with surface concentrations except for
unusually high bottom peaks in late summer 1994 (Fig. 9). There was a general trend
of decreasing nitrate along with increasing salinity along the longitudinal axis of the
estuary, with nitrate downstream at M23 showing lowest concentrations (Table 3).
Seasonally, surface nitrate was elevated during high flow months of January and
February of both 1995 and 1996 (Fig. 9); also, high rainfall and runoff in June of 1995
and 1996 appeared to increase nitrate loading substantially.

Ammonium - Ammonium concentrations varied little among the upper three stations,
but decreased considerably at M23 (Table 3). Surface concentrations ranged from
approximately 30.0 ug I-1 to 280.0 ug I-1 for the three upper stations (Fig. 10). Bottom
concentrations were somewhat greater (Fig. 10). There was no discernible seasonal
trend, except for an increase in early spring of 1996 (Fig. 10). The nitrate fraction of
total dissolved inorganic nitrogen (DIN) was much larger than the ammonium fraction,
again suggesting considerable non-point source loading. Ammonium concentrations
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Figure 9. Surface and bottom water nitrate + nitrite at four stations on the
Cape Fear Estuary 1994-1996.
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Figure 10. Surface and bottom water ammonium at four stations on the Cape
Fear Estuary 1995-1996.
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showed a near-significant inverse correlation with water temperature at both M54 and
M23, and a near-significant positive correlation with turbidity (Tables 1, 2).

Total Nitrogen - Total nitrogen (TN) concentrations showed a slight decrease from NAV
to M54, with a sharper decline to M23 (Table 3). Temporally, there were generally
lower TN values in the fall and increases during late winter-early spring and the high-
flow months of June 1995 and 1996 (Fig. 11). At M23 there was an inverse correlation
with salinity and a positive correlation with river flow (Table 2). Greater than 50% of
the total nitrogen was in the inorganic forms (Table 3). There were very few differences
between surface and bottom concentrations (Figs. 11; see also Mallin et al. 1996).

Orthophosphate - Orthophosphate concentrations varied considerably over the
sampling period, from very high to below the detection limit (Fig. 12). Concentrations
declined downstream concurrently with salinity increases (Table 3), and there was an
inverse relationship between salinity at both M54 and M23 (Tables 1, 2). An evident
temporal pattern was a summer-early fall increase (Fig. 12), which is common among
North Carolina estuaries (Mallin 1994), and low values in early spring. there were
near-significant positive correlations between water temperature and orthophosphate at
M54 and M23 (Tables 1, 2). Increases during certain high-flow months, such as June
of both 1995 and 1996 were also evident and orthophosphate concentrations were
significantly related to watershed rainfall (Tables 1, 2). Surface and bottom
concentrations were generally similar (Figs. 12).

iotal Phosphorus - Total phosphorus (TP) concentrations showed a general spatial
pattern of declining levels concurrent with increasing salinities (Table 3; Fig. 13).
Temporal patterns were not particularly evident, with the exception of lowest values in
late winter-early spring (Fig. 13; see also Mallin et al. 1996). Highest overall levels
were found in June 1995, possibly as a result of increased flow in the river. Bottom
water TP concentrations were generally higher than surface concentrations, possibly
because of resuspension of sedimented materials (Figs. 13). There was a significant
correlation between TP and turbidity at M54 and nearly so at M23 (Tables 1, 2).
Orthophosphate (inorganic P) comprised a large percentage of the total phosphorus in
the Cape Fear, ranging from 54% at NAV to 40% at M23 (Table 3).
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Figure 11. Surface and bottom water total nitrogen at four stations on the Cape
Fear Estuary 1994-1996.
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Figure 12. Surface and bottom water orthophosphate at four stations on th«
Cape Fear Estuary 1994-1996.
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Figure 13. Surface and bottom water total phosphorus at four stations on the
Cape Fear Estuary 1994-1996.
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Silica - Silica concentrations were generally high in the Cape Fear (Table 3; Fig. 14).
There was a pronounced spatial pattern of decreasing concentrations with increasing
salinity, and silica concentration at M54 was inversely correlated with salinity and
positively correlated with flow and rainfall (Table 1). Temporally, Si concentrations
were highest during the period late fall-early winter, silica decreased to minimum
values in May of both years (Fig. 14), and there was a significant inverse relationship
between silica and water temperature at M54 (Table 1). May showed a marked
increase in phytoplankton biomass as chlorophyll a (see below), so photosynthetic
uptake by diatoms likely caused the Si decrease. Average values were generally
similar to those found in an earlier study of silica in the Cape Fear system (Willey and
Atkinson 1982). There was no difference between surface and bottom concentrations.

N/P _Ratios - Inorganic nitrogen (nitrate + ammonium) to inorganic phosphorus
(orthophosphate) molar ratios can prove useful in helping to determine limiting nutrients
(Howarth 1988). There is some variability in the relative N and P requirements of
different classes of algae and some physiological fiexibility in their needs as well.
However, values well above or below the Redfield ratio of N/P as 16/1 can reasonably
be interpreted to indicate the possibility of limitation by the scarcer nutrient. Data are
available from January 1995 through June 1996 (Table 4).

Cape Fear Estuary N/P ratios suggest that at NAV P-limitation should prevail in
January-March 1995, and January and February 1996. At this station N-limitation
should not occur, based on molar ratios (Table 4). At M54, P limitation should prevail
January-May 1995, and January-March 1996. The other months appear to be
“borderline” candidates for nutrient limitation at M54. Likewise, at M23 molar ratios
predict P limitation from January-March 1996, with “borderline” ratios the other months.
The median molar ratios for all four of the CFRE stations sampled were well above 20,
indicating that P limitation should prevail overall in this estuary (Table 4).

CHLOROPHYLL A

Phytoplankton biomass as chlorophyll a displayed a temporal pattern of lowest
concentrations late fall-winter and highest concentrations spring-summer (Fig. 15). A
sharp decline was evident in June 1995, when the system received very high runoff and
turbidity from extensive rainfall. Bottom-water chlorophyll a patterns were similar to
surface water patterns, with little difference in magnitude (Fig. 15; see also Mallin et al.
1996). Attimes, the Cape Fear Estuary can support abundant phytoplankton biomass;
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Figure 14. Surface and bottom water silica at four stations on the Cape Fear
Estuary 1994-1996.

—o— Navassa
Surface — ®— Marker 61
-- & - -Marker 54

3500 T — % — Marker 23

3000 -

T

2500 +

2000 +

uglliter

1500 -

T

1000 +

500 +

.
> -
o -
O -
zZ -
O S
[
MM -
g -
> A
g -
o 4
[
>
(n ]
O -
Z -
O 4
. -
m -
g .
>
g -
. -

3500 ~

T

3000 -

2500

2000 +

u glliter

1500 +

1000 A

T

500 +

O T T T I ¥ i T T T T 1 T T T T T i T T T T T T 1

JASONDJFMAMJ JASONDUJFMAMUJ
month

32




Table 4. Inorganic nitrogen to phosphorus molar ratios at the Cape Fear and New River
Estuary sampling stations, 1995-1996.

Station NAV M61 M54 M23 NRE-172
JANGS 31.1 37.6 41.2 * 11.5
FEB 54.1 57.5 44 4 * 9.3
MAR 377.2 106.1 196.6 * 2.2
APR 252 41.8 85.9 * 49.7
MAY 23.7 28.7 41.3 * 49.6
JUNE 19.0 24.0 30.6 * 9.5
JULY 16.0 14.7 13.5 13.1 1.8
AUG 17.6 20.9 20.5 36.6 7.6
SEP 19.8 14.2 17.8 211 18.1
OCT 16.4 211 18.0 26.8 2.2
NOV 22.5 18.3 17.7 17.9 22
DEC 35.7 33.5 27.9 27.6 6.1
JANSG 41.7 43.6 47.7 66.2 452
FEB 64.8 77.5 50.0 542.5 37.2
MAR 27.8 33.8 42.4 59.6 5.3
APR 19.3 18.6 16.9 25.5 8.5
MAY 221 21.7 19.0 28.8 4.7
JUN 23.3 28.6 32.4 26.2 1.5

MEDIAN 23.5 27.2 31.5 27.2 8.1




Figure 15. Surface and bottom water chlorophyll a at four stations on the

Cape Fear Estuary 1994-1996.
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during July of 1994 chlorophyll a concentrations of 30 ug I-1 were found at Marker 54
and concentrations of 20 ug I-1 were found in the river near downtown Wilmington (Fig.
15). There was a significant positive relationship between chlorophyll a and water
temperature at M54 (Table 1). Strong currents likely inhibit chlorophyll a increases
because there was a negative correlation between river flow and chlorophyli
concentration at M54 (Table 1). Overall, the chlorophyll a in this system usually
remained at moderate levels during this study (Table 3; Fig. 15).

Levels at NAV were lowest of the four stations sampled, and showed little annual
variation. Both M61 and M54 demonstrated considerable variability, with an overall
spatial pattern of a downstream increase in phytoplankton biomass (Table 3). Station
M23 displayed the highest concentrations of these four stations (Table 3).

BIOASSAY RESULTS

The fresh to oligohaline Cape Fear River upstream of Wilmington near Navassa
is deep (10 m), highly colored and turbid, and contains abundant organic and inorganic
nutrients. Bioassays conducted at Navassa during 1994 and 1995 showed little
stimulation of phytoplankton productivity from nutrient additions (Figs. 16; 17).
Significant stimulation of phytoplankton growth was found only during March (P and N)
and April (N) via the 14C uptake bioassay (the inorganic N/P ratio for March predicted
P limitation (Table 4). There is no generally accepted bioassay procedure to confirm
fight limitation. Rather, light limitation is assumed from high ambient nutrient levels,
lack of phytoplankton stimulation by nutrient addition bioassays, and/or by
mathematical modeling procedures (Pennock and Sharpe 1994). It is likely that light is
the predominant limiting factor here, due to the "black" water color and also from
particulate turbidity. The river here is deep (10 m) highly colored and well mixed, likely
keeping phytoplankton cells under aphotic conditions for extended periods.

The station at Channel Marker 54 (Fig. 1) is shallower (3.5 m), the estuary is
broader, and the water is less highly colored. This area is well mixed by wind, tide, and
river current. Chlorophyll a increases and nutrients decrease (Table 3). Although color
decreases through dilution, turbidity can be high from increased phytoplankton
biomass, dredging, particulate matter brought up by the mixing process, and
flocculation of clay particles in low to moderate salinities. Chlorophyll a bioassay
results showed significant nitrogen limitation in August and September 1994 (Fig. 18),
and water temperature was significantly correlated with nitrogen stimulation in the
bioassays (Tables 1, 2). This was likely because late summer is typically the period of
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Figure 18. Bioassay results as chlorophyll a production, Channel
Marker 54, Cape Fear Estuary, August 1994-June 1995. (treatment
significantly greater than control at the 0.05 level)
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highest phosphate concentrations in North Carolina estuaries (Rudek et al. 1991;
Mallin 1994, see also Fig. 12 of this report). Nutrient additions did not stimulate growth
in the November 1994, January 1995, or February 1995 experiments (Figs. 18; 20).
However, in March significant phosphorus and nitrogen limitation occurred, and in April
1995 nitrogen and phosphorus limitation occurred (Figs. 19; 21). There was also
significant Si stimulation in March 1995 (Fig. 18). In May and June 1995 neither 14C
nor chlorophyll a bioassays yielded significant nutrient limitation (Figs. 18; 20).

There was no nutrient stimulation at M54 in July 1995, possibly because of very
heavy rains and runoff and concomitant flushing. Bioassays demonstrated significant
nitrogen stimulation during August, September, and November 1995 (Figs. 19; 21), with
phosphorus stimulation shown also in the August and November "C bioassays (Fig.
21). Significant nitrogen and N+P stimulation was determined at M54 during February
1996 (Fig. 21). Nutrient additions failed to stimulate significant algal growth in the
January, March, April, and May bioassays, but nitrogen and N and P additions provided
significant stimulation in June 1996 (Fig. 19).

Overall, nutrient additions caused significant algal growth stimulation on 11 out
of 19 bioassay experiments. It appears that the area near Channel Marker 54 is a
transition zone between light and nutrient limitation in this estuary. Meteorology may
play an important role in the regulation of phytoplankton productivity in this area.
Strong winds, currents, and heavy runoff lead to increased nutrients, turbidity, water
color, and stronger light attenuation, with consequent light limitation. An anthropogenic
activity, winter dredging, also increases turbidity and contributes to light limitation. Mild
weather conditions lead to decreased nutrients, turbidity and light attenuation, and
increased phytoplankton biomass, with phytoplankton production shifting to nutrient
limitation. Seasonally, nitrogen is the major limiting nutrient in summer, while
phosphorus limitation is predominant in late winter-spring. However, phosphorus
additions do periodically show stimulation during other months as well.

In contrast to M54, water from M23 showed significant responses to nutrient
additions during all bioassays from July 1995-June 1996 (Figs. 22; 23). Nitrogen and
N+P stimulation was evident July, August, September, and November 1995;
phosphorus or N+P stimulation occurred in January, February, March, April, and May
1996; and nitrogen and N+P stimulation occurred in June 1996 (Figs. 22; 23).
Additionally, phosphorus stimulation occurred in August 1995 (Fig. 23). The degree of
chlorophyll a response to P additions displayed a strong inverse relationship with total
phesphorus concentration at M23 (r = -0.74, p = 0.02). Station M23 thus exhibited
strong seasonality, or switching, between the potential for nitrogen and phosphorus
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Figure 19. Bioassay results as chlorophyll a production, Channel
Marker 54, Cape Fear Estuary, July 1995-June 1996. (treatment
significantly greater than control at the 0.05 level)
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Figure 20. Bioassay results as 'C assimilation, Channel Marker 54,
Cape Fear Estuary, August 1994-June 1995. (treatment significantly
greater than control at the 0.05 level)
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Figure 21. Bioassay results as '*C assimilation, Channel Marker 54,
Cape Fear Estuary, July 1995-June 1996. (treatment significantly
greater than control at the 0.05 level)
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Figure 22. Bioassay results as chlorophyll a production, Channel
Marker 23, Cape Fear Estuary, July 1995-June 1996. (treatment
significantly greater than control at the 0.05 level)
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Figure 23. Bioassay results as *C assimilation, Channel Marker 23,
Cape Fear Estuary July 1995-June 1996. (treatment significantly
greater than control at the 0.05 level)

20,000 A

CPM-"C

15,000 -

10,000 A

5,000 -

Treatment: NN



limitation of phytoplankton productivity. Light limitation was apparently not as important
a limiting factor at M23 compared with M54, although the degree of nitrogen stimulation
in the bioassays was inversely related to light attenuation (i.e. clearer water meant
stronger stimulation or limitation - Table 2).

DISCUSSION

The upper Cape Fear Estuary suffers from periodic low dissolved oxygen
problems. In summer of 1995 hypoxia was evident from July through October. Low DO
is not confined to the bottom waters, however. The well-mixed nature of the river and
oligohaline estuary maintains hypoxia throughout the water column, with no statistical
difference evident between surface and bottom DO levels (Mallin et al. 1996). Thus,
the CFRE is sensitive to increases in BOD provided by biomass additions, which can
be stimulated by nutrient additions.

In the Cape Fear Estuary there is clear evidence of seasonal switching of
controls on phytoplankton production. In summer, as in other estuaries, nitrogen
limitation prevails. In late fall and winter, particularly in mid estuary, light apparently
becomes the limiting factor and nutrient additions have little or no effect on
phytoplankton growth. In the upper to middie estuary, winter nutrient levels are high,
light penetration is poor in the turbid, highly colored waters, and chlorophyll a levels are
low. River flow, normally high in winter, is inversely correlated with chlorophyll a
concentration in the estuary. Additionally, the low temperatures prevailing in winter will
also lead to reduced algal growth rates and photosynthesis, further reducing nutrient
stimulation effects (Cote and Platt 1983). During spring in the Cape Fear, there is
significant phosphorus limitation, demonstrated by both bioassays and high inorganic
N:P molar ratios. This may be a result of high winter-spring flow bringing inorganic
nitrogen to the lower estuary, and also remineralization of organic N compounds
formed during the previous year's biological activity. Flow also brings orthophosphate
to the estuary; nevertheless inorganic phosphorus concentrations in the Cape Fear
Estuary are much lower than in either the Pamlico River Estuary or the Neuse River
Estuary, while inorganic nitrogen concentrations are as high or higher (Stanley 1987;
Christian et al. 1991; Rudek et al. 1991, Paerl et al. 1995; Mallin et al. 1996). Thus, it
is not surprising that significant P limitation should occur during springtime, and
occasionally during other periods.

Agricultural runoff has been described as a cause of spring P colimitation in
other North Carolina estuaries, while elevated summer primary productivity, increased
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P availability, and reduced runoff lead to strong summer N limitation (Rudek et al. 1991;
Paerl et al. 1995). North Carolina estuaries, as well as the Chesapeake Bay system,
often experience winter or spring dinoflagellate blooms as a result of winter runoff and
subsequent N loading (Kuenzler et al. 1979; Sellner et al. 1991; Mallin et al. 1991;
1993; Mallin 1994).

Research in other estuaries has shown that nutrient loading, and nutrient ratios
and limitation dynamics, may vary seasonally. In the Patuxent River, Maryland,
nitrogen was the limiting nutrient during summer and phosphorus during spring (D'Elia
et al. 1986). A similar pattern has been described for the Chesapeake Bay, with the
additional suggestion that silica limitation (based on molar ratios) helps bring about the
termination of the spring diatom bloom (Fisher et al. 1992: Malone et al. 1996). The
spring freshet, (with the high N/P ratio from agricultural runoff) contributes to spring P
limitation, whereas minimum discharge, coupled with increased relative importance of
wastewater effluent with its lower N/P ratio, contributes toward summer N limitation.
Phosphorus availability varies seasonally in estuaries: In spring, phosphorus is rapidly
taken up by estuarine biota (Lebo and Sharp 1993) but regenerated during summer
months (Lebo and Sharp 1992).

Turbidity is known to be an important factor influencing phytoplankton
productivity in riverine estuaries (Cloern 1987). High turbidity caused by estuarine
dredging and upstream rainfall and runoff may reduce nutrient limitation of
phytoplankton in at least two ways. An obvious factor is the creation of conditions in
which light, rather than nutrients, becomes limiting. Turbidity particles in the field will
have a similar effect in our bioassay cubitainers in that they are kept in active motion in
the pool by a circulating pump and are continually colliding, keeping turbidity
suspended. Light attenuation by turbidity was determined to be the major limiting factor
during winter in the Delaware estuary, subsequently switching to phosphorus in late
spring (Pennock and Sharp 1994). Light limitation is thus important on a temporal
scale in transition areas, such as during winter and other periods of heavy runoff. It is
also evident that light limitation in estuaries can be important on a spatial scale,
increasing in importance toward upstream (and more anthropogenically influenced)
areas.

Another likely turbidity effect is that dredging and runoff activities may increase
delivery of nutrients to suspended phytoplankton cells. Clay particles adsorb
phosphorus, ammonium and other materials, which are then carried into streams during
runoff events (Froelich 1988; Burkholder 1992; NRCS 1895). Our data show significant
or near-significant correlations between turbidity and both phosphorus and ammonia
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(Tables 1 and 2). Turbidity-bound phosphorus may be desorbed in estuarine waters
either because there is a concentration gradient in the less phosphate-rich mesohaline
waters or because P is outcompeted for surface sites by other more abundant anions
as salinity increases (Froelich 1988). This desorption would then help relieve P
limitation in the water column. Ammonia is also bound to sediments, and
concentrations are significantly higher in CFRE bottom waters than surface waters
(Mallin et al. 1996); thus, dredging may have the effect of delivering ammonia to the
upper water column to relieve N limitation.

The potential for nutrient limitation in the Cape Fear Estuary increases from
oligohaline regions downstream toward the ocean. As mentioned, this is probably due
to increasing distance from anthropogenic sources; also, increasing water clarity
appears to have a major effect on nutrient limitation potentials. Our analysis
demonstrated an inverse correlation between the degree of nutrient limitation and light
penetration. The oligohaline estuary is primarily light-limited by water color and
anthropogenic turbidity; and in the mesohaline region there is periodic nutrient
limitation, depending on meteorological and anthropogenic influences on light
attenuation. The lower estuary, with greater light penetration is subject to potential
nutrient limitation most of the time.

it is evident that the estuary is strongly linked to the watershed as a whole, even
in the distant Piedmont. Correlation analysis has demonstrated that rainfall in
Greensboro and Fayetteville is strongly related to flow in the lower river. Furthermore,
this analysis has shown that rainfall and river flow are both significantly correlated with
nitrogen and orthophosphate concentrations in the estuary. Combined with the large
amount of turbidity entering the system from upstream, this is evidence that non-point
source runoff is an important source of nutrients (and probably other pollutants) to the
estuary. Controlling nitrogen and phosphorus inputs to the estuary will require
implementation of best management practices aimed at reducing non-point source
runoff from agriculture, swine waste spray fields, urban and suburban areas, and
construction sites.
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RESULTS
THE NEW RIVER ESTUARY
PHYSICAL PARAMETERS
Water Temperature - Water temperatures at Station NRE-172 ranged from 3.3 to 32.0

OC (Fig. 24). A number of vertical temperature profiles taken at this station indicated
that this was a well-mixed sampling location.

Salinity - Salinity was considerably higher at NRE-172 than any of the Cape Fear
estuary stations (Table 3). Salinities ranged from 13 to 33 ppt, with no consistent
temporal pattern (Fig. 24). This can be considered a polyhaline location, with an
overall salinity average of 23 ppt.

Irradiance and Water Clarity - Light attenuation coefficients k are available from
November 1995 through June 1996. The average value was 1.16 m™ with a minimum
of 0.9 m™ and a maximum of 1.4 m”. These values are very similar to light attenuation
in the lower Neuse River Estuary (Mailin and Paerl 1992). Turbidity values are also
available for those same months. Turbidity was generally low, averaging 8.2 NTU with
a minimum of 4.8 NTU and a maximum of 14.0 NTU. The magnitude of these
irradiance/water clarity variables indicate that light is unlikely to be a factor limiting
phytoplankton productivity in this polyhaline area of the New River Estuary.

NUTRIENTS

Nitrate - On average, nitrate concentrations were low at our New River Estuary station
(Table 3). Levels ranged from below the analytical detection limit (1.0 ug I-1) to a
maximum of 35.9 ug -1in July 1994 (Fig. 25), and averaged 3.7 ug I (Table 3).
Except for the unusually large peak in July 1994, nitrate concentrations showed no
particular seasonal pattern during the sampling period (Fig. 25).

Ammonium - Ammonium analyses were begun in January 1995. There was no
particular temporal pattern evident from January through June of 1996, with the
exception of notable maxima in August and September 1995 (Fig. 26). Concentrations
displayed a general spring increase in 1696. Concentrations ranged from 2.5-46.0 ug
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Figure 26. Surface water ammonium at NRE-172 on the New River
Estuary, 1994-1996 (A1=April 11, A2=April 27).
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I-1, with a mean of 11.7 ug -1 (Table 3). Ammonium levels were usually much higher
than nitrate at this polyhaline station, suggesting a considerable amount of recycling
through the frequent algal blooms between Jacksonville and NRE-172.

Total Nitrogen - Concentrations of total nitrogen ranged from 16.2 ug I-1 in October
1994 to 690 ug I-1in February 1995 (Fig. 27). This peak occurred during a
dinoflagellate bloom (see phytoplankton section below). Total nitrogen showed
additional decreases in October of 1995 and winter of 1995-1996. The amount of
inorganic nitrogen (nitrate and ammonium) at this station is low (about 4%) relative to
total nitrogen overall. Whereas in the Cape Fear Estuary much of the total nitrogen
was in the inorganic form (52%), in the New River Estuary most of the total nitrogen
appears to incorporated into phytoplankton biomass (Table 3).

Orthophosphate - Orthophosphate concentrations ranged from below the analytical
detection limit to a maximum of 22.8 ug -1 in July 1994 (Fig. 28). Average
orthophosphate concentrations were approximately 4.4 ug I (Table 3). There was a
consistent pattern of elevated summer orthophosphate levels throughout the study, with
an additional peak in March 1995, following the decline of a winter dinoflagellate bloom
(Fig. 28). Summer maxima of orthophosphate are typical of North Carolina estuaries
(Stanley 1987; Paerl et al. 1995; Mallin 1994). Orthophosphate concentrations were
minimal during winter of both years (Fig. 28).

Total Phosphorus - Total phosphorus concentrations ranged considerably, from 11.4 to
84.4 ug I-1 (Fig. 29). Levels were generally greatest during summer and also periods
of elevated phytoplankton biomass, such as late winter 1995 (see below). Ratios of
inorganic phosphorus to total P in the New River Estuary were about 12% during the
study, relative to the much greater ratio in the Cape Fear Estuary of 49%; this disparity
is likely the result of greater incorporation into phytoplankton biomass in the New River.
Much of the point-source wastewater treatment plant effluent entering the system
(NCDEHNR 1990) is apparently rapidly absorbed by the phytoplankton.

N/P Ratios - In general, orthophosphate concentrations in the New River Estuary were
high relative to nitrate (Table 3). From January 1995 through June 1996, data are
available to obtain inorganic N/P molar ratios. These ranged from 1.5 to 49.6 (Table
4). As a reference, ratios considerably less than the Redfield ratio of 16:1 can be
indicative of potential nitrogen limitation, while ratios considerably greater than 16:1
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Figure 28. Surface water orthophosphate at NRE-172 on the New
River Estuary, 1994-1996 (A1=April 11, A2=April 27).
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Figure 29. Surface water total phosphorus at NRE-172 on the New
River Estuary, 1994-1996 (A2=April 11, A2=April 27).
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can be indicative of potential phosphorus limitation. With the exception of a few spring
values our computed ratios indicate that the New River Estuary should be primarily
nitrogen limited, and the median ratio for the study (8.1) also indicates the potential for
overall N limitation. Molar ratios of inorganic N/P were considerably lower in the New
River Estuary than in the Cape Fear (Table 4 ); this is likely because wastewater
generally is elevated in P as opposed to N (Ryther and Dunstan 1971, Fisher et al.
1992).

Silica - Silica analysis was begun in November of 1994. Silica at NRE-172 was in
general much lower than in the Cape Fear Estuary stations (Table 3). There was a
distinct seasonality in silica concentrations, with moderate but consistent levels through
the fall, high levels in winter, with a rapid decline to a minimum in late spring (Fig. 30).
There were additional peaks in early summer of 1995 and 1996, possibly a result of
very high rainfall and subsequent terrestrial inputs of Si into the system during that
period. Spring of 1995 displayed the sharpest decline; a sample collected on April 11
yielded an Si concentration of 48 ug |, and a sample on April 27 yielded a study
minimum of 17 ug I (Fig. 30). Siconcentrations increased rapidly after the spring
minima of both years.

CHLOROPHYLL A AND THE PHYTOPLANKTON COMMUNITY

Phytoplankton biomass as chlorophyll a was considerably greater on average in
the New River Estuary than the Cape Fear Estuary (Table 3). Temporally, there were
elevated levels in summer-fall of both 1994 and 1995, and an additional peak in late
winter 1995 (Fig. 31). Minimal phytoplankton biomass occurred in early winter of 1994-
1995 and mid-winter of 1996 (Fig. 31). Phytoplankton counts for 22 sampling trips
averaged about 2,900 cells mI™ (range 800 - 10,000 ml™ - Fig. 31). The bloom in
January-February 1995 consisted primarily of Heterocapsa triquetra (about 4,000 cells
ml ™). This organism is a common late winter bloom-forming dinoflagellate in North
Carolina waters (Mallin 1994). In March 1995 the phytoplankton community consisted
of a mix of diatoms (Thalassiosira spp.), dinoflagellates and cryptomonads. By April 11,
1995 the community was composed primarily of diatoms (Skeletonema costatum at
about 7,400 cells ml™"). Biological uptake by these diatoms was likely responsible for
the marked decrease in silica during March and April 1995 (Fig. 30). By April 27
Skeletonema abundance decreased to 2,500 cells ml ', chlorophy!l a biomass
decreased to 3.4 ug/L, and Si was essentially exhausted in the polyhaline estuary (Fig.
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Figure 30. Surface water silica at NRE-172 on the New River Estuary,
1994-1996 (A2=April 11, A2=April 27).
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30). By May the community was dominated by cryptomonads, and Si concentrations
were again increasing (Fig. 30). Another biomass peak occurred in July 1995,
dominated by the euglenophyte Eutreptia sp., the cryptomonad Chroomonas minuta,
and the diatom Thalassiosira sp. Biomass as chlorophyll remained high in summer but
dropped below 15 ug I-1 from October through the end of the study (Fig. 31). The
summer bloom might have been a general summer increase; however, a month before
our July sample there was a 26 million gallon hog waste lagoon rupture in the
freshwater New River, which led to high nutrient loading and dense algal blooms in the
oligohaline and mesohaline New River Estuary (Burkholder et al. In press). The July-
September phytoplankton biomass increase at NRE-172 may have been in part a result
of that loading event. The peak cell count for the study occurred in August 1995 (Fig.
31), although 65% of the community consisted of filaments of the tiny blue-green alga
Schizothrix, which probably contributed little to chlorophyl!l a biomass. The secondary
biomass peak in September consisted mainly of Chroomonas amphioxiae, C. minuta,
and Nitzschia aurariae. The fall community was dominated by flagellates, mainly
cryptomonads and the chrysophyte Olisthodiscus carterae. Diatoms dominated the
community January through March 1996 (mainly Skeletonema costatum and
Thalassiosira sp.), C. amphioxiae and C. minuta were dominant April-May, and the
chlorophyte Pyramimonas spp. was dominant in June 1996. Skeletonema and
Thalassiosira were subdominant from April through June. Other phytoplankton taxa
often present in the samples included the dinoflagellates Glenodinium rotundatum,
Gymnodinium sp., Gyrodinium estuariale, Peridinium aciculiferum, Prorocentrum
minimum, and Pfiesteria piscicida; the cryptomonads Hemiselmis virescens,
Cryptomonas erosa and Cryptomonas spp., the diatom Chaetocerus sp. and various
prasinophytes. Whereas cell counts and chlorophyll biomass patterns were generally
similar, at times they varied when small cells such as tiny cryptomonads were abundant
and chlorophyll biomass moderate, or large cells like certain dinoflagellates and
euglenoids yielded high chlorophyll a but moderate counts.

BIOASSAY RESULTS

Bioassay experiments during 1994 through 1996 showed nitrogen to be the
principal limiting nutrient year-round in the polyhaline New River Estuary based on
either 14C uptake, chlorophyll a production, or both (Figs. 32; 33; 34; 35). Nitrogen
limitation was significant all year, but strongest in the high-light, low-flow summer
season (Figs. 32; 34). During February 1996 there was an unusually high inorganic
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Figure 34. Bioassay results as C assimilation, NRE-172, New River
Estuary, August 1994-June 1995. * treatment significantly greater than
control (a=0.05)
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Figure 35. Bioassay results as C assimilation, NRE-172, New River
Estuary, July 1995-June 1996. * treatment significantly greater than
control (a=0.0%5)
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N/P ratio (Table 4); the bioassay experiment during this month indicated significant P
limitation (Fig. 33; 35). This was the only experiment yielding significant P stimulation
over control.

Periodically, silica additions also showed stimulation over controls (Fig. 34).
This was especially evident in an experiment conducted on April 11, 1995, when Si
stimulation proved to be more significant even than nitrogen stimulation (Fig. 34). This
event occurred concurrently with a diatom bloom which began in March and developed
through April (see previous section). The diatom bloom and subsequent uptake
caused a sharp decline in ambient Si concentrations to a minimum on April 27 (Fig.
30).

DISCUSSION

The nutrient balance of the NRE is largely controlled by point-source discharges
to the estuary and its tributaries. NCDEHNR (1990) conducted a nutrient loading
analysis of the NRE, and determined that point-source discharges contributed 60% of
the total P loading and 50% of the total N loading to the system. Total estimated point-
source loading at permitted concentrations were about 74,330 kg yr'' of TP and
244,000 kg yr" of TN, while non-point source loading was estimated at 49,900 kg yr”
TP and 254,000 kg yr' TN (NCDEHNR 1990). The great majority of these discharges
enter the upper estuary. The low N to P ratio of these loadings sets the stage for the
strong stimulatory effect of N additions in estuarine water bioassays.

In the New River Estuary, nitrogen is limiting year-round. This has been
demonstrated by both '*C and chlorophyll a production bioassay experiments, and also
indicated by N/P ambient molar ratios. Nitrogen is very strongly limiting in the warmer
months, and less so in winter, although N limitation is still statistically significant in
winter. The high loading of treated (and occasionally) untreated wastewater treatment
plant effluent to this system, with the reduced N/P ratios found in wastewater effluent
(Ryther and Dunstan 1971, Fisher et al. 1992), are an important factor causing N
limitation. There is also evidence of very high phytoplankton abundance in the upper
estuary near Jacksonville (Burkholder et al. In press); thus, nitrogen inputs are rapidly
utilized into biomass production.

The New River Estuary also experiences occasional silica limitation in spring.
This represents the first experimental evidence of silica limitation in a North Carolina
estuary. Kilham (1971) proposed that Si demand should increase with increasing
eutrophication and subsequent bioassays have indicated Si limitation in eutrophic
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freshwater systems (Schelske and Stoermer 1971; Schelske et al. 1986), and ambient
nutrient concentrations and molar ratios have implied springtime Si limitation of the
diatom bloom in Chesapeake Bay and other estuaries (D'Elia et al. 1983; Conley and
Malone 1992; Conley et al. 1993; Ragueneau et al. 1994; Malone et al. 1996). The
New River watershed drains the coastal plain, rather than the Piedmont; and coastal
plain rivers may have lower Si concentrations than Piedmont rivers (Willey and
Atkinson 1982); also, the estuary is a series of adjoining lagoons rather than a well-
flushed riverine estuary. Therefore, the supply of Si to the system may not be as
abundant as in a more river-dominated system (D'Elia et al. 1983). Silica is recycled
less rapidly than N or P and is generally a minor component of wastewater effluent
(Ryther and Officer 1981; D'Elia et al. 1983), so the eutrophication process in the New
River estuary may be causing periodic Si limitation.

Typically in North Carolina estuaries, diatoms dominate in the salinities
prevalent at Station NRE-172 in the New River Estuary (Carpenter 1971; Mallin 1994).
However, the lower New River Estuary phytoplankton community is dominated by
flagellates, including cryptomonads, dinoflagellates, chlorophytes and chrysophytes.
Average cell counts at NRE-172 were about 2,900 ml” second only to the Pamlico
River estuary for medium to large North Carolina estuaries (Mallin 1994). In sum,
periodic Si limitation, flagellate dominance of the phytoplankton community over
diatoms, high chlorophyll levels and cell counts, and elevated phosphorus
concentrations from point-source effluent indicate that the New River Estuary is a
highly eutrophic system.

Our studies utilized two measures of nutrient limitation (14C incorporation and
chlorophyli a production). They often showed similar results, but at times one method
showed significant effects of a nutrient input while the other method showed no
statistical effect. There may be a number of reasons for this difference, including
differential uptake and biomass of individual phytoplankton species (Coleman and
Burkholder 1994), and/or timing of effects. Some species may have little chlorophyll a
biomass per cell, but may display rapid uptake of labeled carbon. The converse may
also apply at times, with some cells accumulating significant chlorophyll a biomass over
three days with slow uptake of labeled carbon. Averaging the results over three days
for statistical comparisons may have an effect as well. An example of this difference is
the February 1995 NRE experiment, where chlorophyll a production peaked on Day 1
and declined afterward, whereas 14C uptake generated an increasing pattern (Fig. 36).
A likely explanation of this particular phenomenon may be zooplankton grazing, which
will cause a chlorophyll a decrease, yet 14¢ uptake will continue (see also Paerl et al.
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Figure 36. Chlorophyll a production and "C assimilation for three-day bioassay,
‘NRE-172, New River Estuary February 1995.
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1990b). To provide a fuller picture of nutrient limitation we suggest collecting data for
inorganic N to P molar ratios, which indicated the potentially limiting nutrient(s), and
combining these data with bicassays to experimentally verify these hypotheses.
Combined with molar ratio data, significant nutrient stimulation determined by one or
more biological indicators provides a good assessment of limiting nutrients. Our
bioassays generally conformed to the predictions of limiting nutrients based on
seasonal patterns of N/P ratios for both estuaries (Table 4).

COMPARISON OF THE CAPE FEAR AND NEW RIVER ESTUARIES

The two estuarine systems studies in this report are separated by only 70 km,
yet display considerable physical and chemical differences which reflected upon our
experimental findings. The Cape Fear arises well into the Piedmont, and carries a
significant sediment/turbidity load downstream to estuarine waters (NCDEHNR 1996;
Mallin et al. 1996). Additionally, dredging activities associated with the Port of
Wilmington contribute variable amounts of turbidity directly into the estuary. In
contrast, the New River is a coastal plain system draining lowland blackwater areas
which contribute little turbidity loading to the estuary.

The Cape Fear is the largest river in North Carolina with an open connection to
the sea, allowing for generally high flushing and flow velocities. Periods of low flow
and subsequent increased water clarity increase the likelihood of nutrient limitation
rather than light limitation. This physical setting contrasts with the New River Estuary,
which consists of a series of broad, shallow lagoons connected by constricted
channels, with the whole system bordered on the ocean side by barrier islands (Topsail
Island). This environment provides a favorable incubation period for phytoplankton
production in the NRE, and the shallow, well-lit waters provide a favorable light field for
photosynthesis. This is reflected by the higher phytoplankton biomass in the NRE.

The primary sources of nutrients differ between the two estuaries as well. High
turbidity and high inorganic N/P ratio, as well as previous reports, suggest a large non-
point source runoff problem in the CFRE watershed (NCDEHNR 1994: 1996; Mallin et
al. 1996). A previous nutrient loading analysis demonstrated that point sources
contributed the majority of P loading and equal amounts of N loading as non-point
sources to the NRE (NCDEHNR 1990). Our low N/P ratios also suggest the overall
importance of point-source loading to the NRE (Table 4).

There is a considerable inorganic nutrient load entering the Cape Fear Estuary
from the river; while some is converted to phytoplankton biomass a relatively high
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percentage is still available to primary producers in the lower CFRE. The great majority
of total nitrogen and phosphorus is in the organic form at NRE-172 because of the
photosynthetic process. The CFRE thus provides an environment less conducive to
phytoplankton bloom formation, while the NRE provides an environment highly
conducive to bloom formation.

These physical and chemical factors set the stage for the differences in factors
limiting phytoplankton production in the two estuaries. Dredging and periodic rainfall
and runoff episodes add turbidity pulses to the CFRE, driving the system to periodic
light limitation. This is most prevalent in winter, with permitted channel dredging
activity and increased flow to the lower estuary because of reduced upstream
evotranspiration in cold weather. In contrast, low turbidity and less light attenuation are
present year-round in the NRE, and light is not an important factor limiting
phytoplankton growth.

All North Carolina estuaries are N limited to various degrees (see Mallin 1994
and references within) but the CFRE is N limited mainly in summer and early fall. Low
DO conditions prevalent during that period can allow sediment-bound phosphorus to
enter the water column (Fig. 12), which drives the N/P ratio downward (Table 4). In late
winter and spring P limitation is common in the CFRE, driven by the high N/P ratios
(Table 4). Remineralization of organic N compounds, coupled with spring fertilizer
runoff and high DO conditions and less available P likely combine to cause the high
N/P ratios. In North Carolina estuaries, agricultural runoff has been described as the
cause of spring P colimitation, while elevated summer primary productivity and reduced
runoff contribute to strong summer N limitation (Rudek et al. 1991; Paerl et al. 1995).
Some North Carolina estuaries, as well as the Chesapeake Bay system, often
experience winter or spring dinoflagellate blooms as a result of this high winter runoff
and subsequent N loading (Kuenzler et al. 1979; Sellner et al. 1991; Mallin et al. 1991
1993; Mallin 1994).

Phosphorus limitation is stronger and more persistent in the CFRE than in any of
the North Carolina estuaries previously studied (Thayer 1974; Kuenzier et al. 1979;
Rudek et al. 1991; Paerl et al. 1995). In contrast, the NRE is N limited year-round.
There is little agricultural non-point source runoff except in the upper estuary (most of
the estuary proper is located with the Marine Corps Base), but there are numerous
sewage effluent inputs with resultant low N/P ratios in the estuary. Rapid
phytoplankton growth and subsequent rapid N and P recycling allow for periodic Si
limitation as well, rare in North Carolina estuaries.
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There appears to be a continuum in regards to limiting nutrients among the large
riverine estuaries tested in North Carolina. The New River Estuary (wastewater
treatment plant inputs) and the Pamlico River Estuary (phosphate mining inputs) are
most N limited; the Neuse River Estuary (wastewater treatment plant inputs) and non-
point agricultural runoff) is colimited by P in spring in the lower estuary and equally N
and P limited in the oligohaline New Bern area; and the Cape Fear Estuary (non-point
source runoff) is seasonally divided by N and P limitation, with P or N+P limitation
occurring frequently, especially in the lower estuary.
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