UNC-WRRI-2000-325-F

NEUSE RIVER ESTUARY MODELING AND MONITORING
PROJECT STAGE 1: NETWORK ANALYSIS FOR EVALUATING
THE CONSEQUENCES OF NITROGEN LOADING

By
Robert R. Christian and Cassondra R. Thomas
Biology Department, East Carolina University,
Greenville, NC, 27858 USA.

The research on which the report is based was supported by funds provided by the North
Carolina General Assembly through the North Carolina Department of Environment and
Natural Resources

Contents of the publication do not necessarily reflect the views and policies of the WRRI
nor does mention of trade names or commercial products constitute their endorsement by
the WRRI or the State of North Carolina.

Project No. §0224
June 2000



One hundred sixty copies of this report were printed at a cost of $797.60 or $4.99 per copy.



ACKNOWLEDGMENTS

The network analyses described in this manuscript and its writing were supported by funds
from the state of North Carolina through the Water Resources Research Institute of the
University of North Carolina. Research used for the networks came from projects funded
by the University of North Carolina Sea Grant College Program, the Water Resources
Research Institute of the University of North Carolina, and the US Environmental
Protection Agency. We thank the numerous colleagues who contributed to those projects,
especially Don Stanley, Joe Boyer, Debbie Daniel, Judy Heath, Greg Lackey, and Bill
Rizzo. We thank Craig Stow, Jay Pinckney and Hans Paerl for their contributions of
information.

i






ABSTRACT

The Neuse River Estuary, North Carolina, USA, has demonstrated various symptoms of
eutrophication during the past 20 years. The situation has stirred public opinion and
political will to initiate programs to assess the problems and reduce nutrient loading. The
Neuse River Modeling and Monitoring (ModMon) program represents such a program.
The authors contributed to this program through ecological network analysis, a group of
algorithms to evaluate networks of material flows within a structured system. Network
analysis provided understanding of the relationship between nitrogen loading and
recycling, the fates of loaded nitrogen and the expected inter-seasonal variation of both
model inputs and outputs. Some results show that recycling of loaded nitrogen is very
high, 90% or higher of total flow; one atom of nitrogen can be taken up by phytoplankton
as much as 35 times; and there is little direct correlation between loading and productivity.
Because of the high degree of recycling of nitrogen within the Neuse River Estuary, the
rate of loading of new nitrogen is a small fraction of the total processing of nitrogen or of
the needs for primary production alone. Thus, on a short-term basis the controls on
primary production tend to be associated with conditions in the estuary rather than import.
This condition is likely to deter observable responses to loading reduction in the short-
term, although improvements in water quality should occur over time. This modeling
approach is seen as a way to interface with other modeling and monitoring activities as an
aid in evaluation and prediction processes of ModMon.

(Key Words: Network Analysis, Nitro'gen, Primary Production, Biogeochemical Cycling,
Modeling)
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SUMMARY AND CONCLUSIONS

The Neuse River Modeling and Monitoring (ModMon) program was developed in
response to increased public interest in reducing the nitrogen load to a eutrophic
ecosystem. The Neuse River and its estuary have been experiencing high phytoplankton
production and biomass, harmful algal blooms, hypoxia and anoxia, and fish kills. The
ModMon program represents an example of cooperation among academic, government
and industrial scientists to provide the State with necessary information to aid in increasing
the health of the estuary. One part of the program involves using Network Analysis to
understand the relationship between nitrogen loading and recycling, the fates of loaded
nitrogen, and the expected inter-seasonal variation of both model inputs and outputs.

Based on model results, it was determined that nitrate imported into the system is most
frequently exported through burial for most of the year except winter when it is
denitrified. Because of a long residence time, high primary productivity, and microbial
recycling, one atom of imported nitrogen is used multiple times by different components of
the ecosystem. Phytoplankton may take up an atom of nitrogen up to 35 times before the
atom is exported from the system. However, there does not appear to be a simple and
direct correlation between nitrogen loading and primary productivity. This relationship
was evaluated in several ways with little evidence of correlation, although a more detailed
analysis may still detect a correspondence between loading and primary productivity. The
recycling of nitrogen within the system as measured by the Finn Cycling Index (% of total
flow involved in cycling) was generally 90% or greater. Recycling tended to be greater
during the warmer months. Because of the high degree of recycling of nitrogen within the
Neuse River Estuary, the rate of loading of new nitrogen is a small fraction of the total
processing of nitrogen or of the needs for primary production alone. Thus, on a short-
term basis the controls on primary production tend to be associated with conditions in the
estuary rather than import. This condition is likely to deter observable responses to
loading reduction in the short-term, although improvements in water quality should occur
over time.

Using coefficients of variation of selected variables, relative uncertainty of both input and
output was determined. Variation within a season across 4 years (from spring 1985 to
winter 1989) for well-studied variables ranged from 12% for phytoplankton uptake of
NOx (nitrate plus nitrite) to nearly 150% for the export of NOx. One reason for the high
variability of NOx export may be that during periods of low flow, NOx concentrations
were at detection limits, being an insignificant portion of total exported nitrogen. But,
during periods of high flow, high concentrations were detected, being a significant portion
of exported nitrogen. System level attributes, which integrated various processes, showed
less variation than individual variables. Seasonal coefficients of variation ranged from 1 to
11% for Finn Cycling Index. The highest coefficients of variation of output variables were
found for the fraction of phytoplankton nitrogen uptake from nitrogen that was once in
sediments. These coefficients of variation within seasons ranged from 9 to 61%.
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There were some portions of the model that had not been directly measured and,
therefore, were interpolated from literature or arrived at from mass balance. Some areas
of weakness include processes within the sediments such as denitrification, benthic filter
feeding, and burial; and export into Pamlico Sound. The contributions of other projects
within ModMon should improve estimates of rates of these processes.

It is anticipated that the results from network analysis can be integrated into other
activities within the ModMon program. The information obtained from these analyses can
be used for both the water quality and probabilistic models. Validation of the water
quality model can be aided by comparing nitrogen contents in algae or dissolved nutrients
with those summarized in the networks. Some of the analyses provide the probabilities of
the fate of nitrogen as it passes through the ecosystem. This information may be of use in
constructing probabilistic models. Furthermore, results of these other models may be able
to be evaluated by network analysis if results can be appropriately structured to
accommodate mass balance requirements. Foodweb structure can also be understood
using network analysis including extended diets. Construction of foodweb networks and
their analyses can be used to some extent in lieu of ecological process models within the
ModMon program.
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RECOMMENDATIONS

1. Stakeholders, politicians and environmental managers involved in nutrient loading
reduction need to be made aware that the water quality of the Neuse River Estuary may
not quickly demonstrate improvement because of the high degree of recycling that is
naturally occurring. The considerable recycling is largely the result of the long residence
time of water and nutrients in the estuary. Inability to detect improvements within a year
or two of implementation should be expected. Thus, education of the time scales of
ecological processes within the Neuse River Estuary and their consequences is important.
Furthermore, standardization of methods and maintenance of a long-term standardized
monitoring program is essential to the ability to detect improvements.

2. Relative to the overall amount of phytoplankton primary production, the results do not
necessarily support management for a particular form of inorganic nitrogen (nitrate vs.
ammonium). The high degree of recycling and multiple use by algae of each atom of
nitrogen loaded to the Estuary modulates the contributions of the two forms. Nitrate
dominates the loading, but once it is used initially by phytoplankton and remineralized,
much of the subsequent use of nitrogen is in the form of ammonium. There is a good
reason, however, to manage for the form of nitrogen. Nutrient form may select for
specific phytoplankton types near the head of the estuary. Also, ammonium may be
nitrified to nitrite and nitrate, and this aerobic microbial process consumes dissolved
oxygen. This consumption would add to oxygen demand and may contribute to hypoxia.
These issues are beyond the scope of this work

3. Network analysis should continue as a component of the long-term modeling program
for the Neuse River and its estuary. It interfaces with other modeling activities and can
supplement in some degree mechanistic modeling for evaluating foodweb issues.
Furthermore, it provides ecosystem-level indices of environmental health in response to
ecosystem-level management activities.
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INTRODUCTION

Problems of eutrophication are not limited to either densely populated regions or
developing countries (Nixon 1995). North Carolina, USA, has a population density of
less than 0.6 people per hectare and is not considered highly urbanized or industrialized.
Much of the land is forested, agricultural practices are generally modern, and both state
and federal environmental regulations are implemented to protect water quality. Yet,
eutrophication remains a problem in its major rivers and estuaries (Stanley 1992). Here
we focus on one such estuary and the application of ecological network analysis to study
the effects of eutrophication.

History of eutrophication in the Neuse River and its estuary

The Neuse River is a major river within North Carolina and receives water from a
16,000-km2 watershed. It empties into a shallow 400-km? estuary, the Neuse River
Estuary which in turn empties into Pamlico Sound (Fig. 1). Because of the few inlets
connecting the Atlantic Ocean and Pamlico Sound, both the Sound and its tributary
estuaries have low amplitude astronomical tides. Most change in elevation is associated
with wind tides (Giese et al. 1979).

Both the Neuse River and its estuary have demonstrated various symptoms of
eutrophication during the past 20 years. These symptoms have included high
phytoplankton production and biomass, occurrences of harmful algal blooms, hypoxic
and anoxic events, and fish kills. Concern over eutrophication began in the late 1970s
and early 1980s with major blooms of the cyanobacterium Microcystis aeruginosa in
fresh water portions of the River (Paerl 1987). These gave rise to chlorophyll a
concentrations in excess of 1 mg x L™ and hypoxic reaches of river with associated fish
kills (Christian et al. 1988). More recently, attention has turned to the estuary, and
considerable ecological study has been done in the system (e.g., Pinckney et al. 1997).
When compared to the data on trophic status of coastal ecosystems summarized by
Boynton et al. (1982), the average chlorophyll a concentrations (Christian et al. 1991) and
primary production rates (Boyer et al. 1993) are higher than most systems. Hypoxia and
anoxia are commonly associated with stratified waters in the estuary in summer and have
been linked to fish kills (Burkholder and Glasgow 1997). One major finding has been the
existence of the dinoflagellate Pfiesteria piscicida in the estuary (Burkholder and
Glasgow 1997). This organism has been associated with both fish kills and human health
problems and is thought to be stimulated by eutrophic conditions. Its presence has
changed the political landscape and prompted increased efforts to improve water quality
(Burkholder and Glasgow 1997).

Modeling and Monitoring of the Neuse River and Its Estuary

The Neuse River Modeling and Monitoring (ModMon) program is one of the efforts to
aid in the improvement of water quality. The program represents an example of

cooperation among academic, government, and industrial scientists to provide the state
with necessary information to evaluate a new law. In 1997, the State of North Carolina



Figure 1. Map of Neuse River Estuary Water Quality Stations (Courtesy of Hans
Paerl, Rick Luettich and Chris Buzzelli)




instituted efforts to lower the nitrogen loading to the Neuse River Estuary by 30%.
ModMon was designed to develop a sampling protocol for monitoring and a modeling
strategy to assess ways of bringing about the loading reduction and to evaluate the success
of reductions relative to water quality. The program is ongoing. A suite of modeling
approaches is being considered. These include the use of CE-QUAL-W2, a deterministic
water quality model of the estuary, to determine the loading and hydrographic conditions
which promote algal blooms and hypoxia and anoxia that could cause fish kills (Cole and
Buchak 1995). Land use models will aid in identifying the most efficacious and least
expensive ways to reduce loading. Probabilistic modeling will provide policy makers and
stakeholders with estimates of the uncertainty of the connections between management
actions and environmental consequences (Reckhow 1990). The authors are contributing
to this program through ecological network analysis. Network analysis has provided
understanding of the relationship between nitrogen loading and recycling, the fates of
loaded nitrogen, and the expected inter-seasonal variation of both model inputs and
outputs. Here we present some of our results from network analysis.

The following are addressed within this report:

e applicability of various network analysis software products

e construction and analysis of representative networks as a demonstration of the
technique

@ evaluation of the potential for analyzing uncertainty within the context of network
analysis '

e extended evaluation of the relationships between loading of nitrogen and primary
productivity within the estuary .

e cvaluation of the other efforts in ModMon, and how network analysis might be
used in consort with them.

From the beginning it is important to understand what network analysis is and is not. It is
actually a collection of algorithms of model analysis to evaluate and index the “structure”
of a network. It is not simulation modeling, although it can be used in conjunction with
simulation modeling. A network is a system of interconnected “nodes.” In most
ecological networks the nodes are state variables or model compartments for matter or
energy (e.g., nitrogen in phytoplankton or sediment organic carbon). The
interconnections are the flows of that matter or energy between nodes (e.g., ammonium
assimilation by phytoplankton or resuspension of sediment organic carbon) or between
nodes and outside the system (i.e., imports, exports and dissimilations). Other kinds of
networks, including probabilistic models, can be subject to network analysis; and the
opportunities for flexibility are great. In ecological network analysis, the algorithms
provide information in 3 particularly useful ways: (1) quantification of direct and indirect
relationships among compartments, (2) description of flow structure, including Lindeman
trophic structure, and characteristics of cycling; and (3) indexing of systems-level
attributes or emergent properties of the ecosystem. Each of these may contribute to both
the understanding and management of the Neuse River and its estuary.

Overviews of ecological network analysis and its applications are in Patten (1985),
Ulanowicz (1986) and Wulff et al. (1989). Specific environmental issues that can be
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addressed include (1) the relative importance of imports to recycled nutrients in the
system, (2) the fate of imported nutrients, (3) the role of each compartment and
interaction in recycling and the passage of material through the ecosystem, (4) the
importance of each compartment to other compartments (both direct and indirect), (5) the
trophic structure of the community and its relationship to harvestable animals, (6) the
distribution of positive feedback loops in the system and their importance to flow, and (7)
global attributes that can be used to assess the ecosystem as a whole. These various
system characteristics can be used for comparisons both within the system among times
and among systems. This can be particularly helpful in assessing the impacts of nutrient
reductions to the Neuse River. Hence, the network analyses provide powerful tools for
the interpretation of both nutrient cycling and energy flow, how these affect the structure
of the community, and where one might want to direct management actions or monitor
management plan effects.

A major effort was placed on developing the representative networks of nitrogen cycling
within the Neuse River Estuary and their analyses. In the current examples, we
constructed multi-compartmental models (i.e., networks) of nitrogen cycling that are
simplistic in that they are static, not dynamic; and they avoid any complex food web. They
do distinguish different inorganic forms of dissolved nitrogen. The models are time-
averaged and represent "snapshots" of the ecosystem. One benefit of construction and
analysis of static models is in the avoidance of the need for the assumptions necessary in
developing equations for dynamic simulation. In fact, the lack of success of simulation
modeling was a major impetus for ecological network analysis (Mann et al., 1989). Also,
field data from monitoring programs can be more directly applied to the modeling effort
than with mechanistic simulation. Of course the weakness of static networks is the
preclusion of the predictive powers of simulation (Mann et al., 1989).



METHODS

Methods of construction and analysis of networks

Our modeling approach has involved designating compartments and flows of nitrogen.
Individual compartments represent standing stocks of nitrogen, and flows are between
compartments or between a compartment and outside the system. These latter flows are
imports and two forms of outputs, denitrification and exports in the form of burial and
flow into Pamilco Sound. No distinction has been made between molecular nitrogen and
other gaseous endproducts of denitrification (e.g., nitrous oxide). All flow rates (i.e.,
seasonal fluxes) have positive values with the unit mmol N x m” x season™. Standing
stocks are as mmol N x m™. Each network had the compartments and flows as indicated
in Figure 2. The values for each compartment and flow are given in the Appendix.

Our networks were constructed largely on results from 4 years of study of the Neuse
River Estuary from spring 1985 through winter 1989 (Christian et al., 1991, 1992; Boyer
et al., 1993, 1994; Rizzo et al. 1992, Rizzo and Christian 1996). From these studies we
had information on concentrations of nitrogen in different forms entering and throughout
the estuary, loading estimates, primary productivity and nitrogen uptake rates of
phytoplankton, and exchanges between sediments and water column. For this report we
constructed and analyzed 16 seasonal networks (i.e., each season for 4 consecutive years)
and a grand yearly average. Values of standing stocks and fluxes were averaged in time
and space when possible. The sources of these values varied and included (1) direct
measures, (2) interpolations and extrapolations from these and related studies, (3) general
literature and ecological principles, and (4) results of mass balance calculations of other
compartments. We attempted to follow the rules for construction that were used in
Christian et al. (1992). Christian et al. (1992) used the same data sets for network analysis
of a summer’s and a winter’s network of nitrogen cycling. Our current studies directly
build on and expand this previous work. We refer the reader to that paper for details
concerning the construction of networks. Some differences did occur, with the most
significant one being the exclusion of molecular nitrogen as a compartment in the current
networks. Molecular nitrogen is generally the most abundant dissolved form and yet is
relatively unreactive. Most recently we have used the protocol of considering it outside
the system with nitrogen fixation as an import and denitrification as a respiratory loss
(Christian et al. 1996, 1998).

The model of the nitrogen cycle was divided into 7 compartments representing
phytoplankton (PN-Phyto) , heterotrophs (PN-Hetero), detritus (PN-Abiotic), sediments,
dissolved organic nitrogen (DON), nitrate and nitrite (NOx), and ammonium (NH4).
There are import and export routes associated with all compartments and 27 internal flows
among compartments. A steady state assumption facilitates the interpretation of some
analyses and is required for others. It is commonly used in network analysis studies (e.g.,
Baird and Ulanowicz 1989, Chritensen and Pauly 1993). We made such an assumption,
realizing that it is a simplification of what occurs over a season. Each compartment’s
input has to equal its output in order to be in steady-state. To achieve “balanced” flows
for each compartment, adjustments were made to the amount of flow either entering or
leaving a compartment.
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Figure 2. Network of nitrogen cycle within the Neuse River Estuary
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Flows that were measured directly were changed very little, while flows that were
extrapolations or unknown were changed as needed to balance the compartments.

The most reliable flows came from the following sources. Information for imports came
from data summarized in Christian et al. (1991) as well as unpublished precipitation data.
Phytoplankton productivity and nitrogen use came from Boyer et al. (1993, 1994) and
unpublished data. Sediment/water column exchanges were from data in a study described
by Rizzo et al. (1992) and Rizzo and Christian (1996). Some flows that were not very
well known include sediment/water column interactions, denitrification, and burial. Again,
the details of our rules and procedures for converting field data to flows and standing
stocks needed for network construction are given in Christian et al. (1992).

We used NETWRK4 (Ulanowicz 1987) to interpret the nature of nitrogen cycling in our
models and by inference in the field. We describe a few of the network analyses that have
significance to the issues of nitrogen loading reduction in the Neuse, such as “Structure
Analysis” and “Biogeochemical Cycle Analysis.” The output from these analyses allows
us to understand how nitrogen is flowing through the estuary and how the different
compartments interact with each other. Descriptions of these are in the next section.
Statistical evaluation of results from combinations of the 16 networks allows an
understanding of uncertainty. We used within-season coefficients of variation as our
measure of uncertainty of both selected input variables and output variables. The within-
season coefficients for each variable were based on 4 individual seasonal means for the
consecutive years of data. Variation associated with each seasonal mean or overall was
not determined.

We have previously analyzed networks from the Neuse River Estuary (Christian et al.,
1992) and from rice fields and a coastal lagoon in the Ebro River delta of Spain (Forés and
Christian, 1993; Forés et al., 1994). Comparative ecosystem ecology has been attempted
through comparison of analyses of these three systems with each other, with another
lagoon in the Ebro River delta and with the Sacca di Goro in Italy (Christian et al. 1996).
Also, we have evaluated the trophic structure and energy flow of a winter’s seagrass
community within the St. Marks National Wildlife Refuge, FL, where we successfully
coupled network analysis and a directed sampling design of the community (Baird et al.,
1998). Thus, we have considerable experience with the Neuse River, its estuary, and the
procedures and interpretations of network analysis.

Development of a listing of the various network analysis software products and the
analyses and applications in each
There are 2 software programs commonly used by ecologists and fisheries managers for
network analysis, NETWRK 4 developed by Ulanowicz (Chesapeake Biological
Laboratory, University of Maryland, Solomons, MD) and Ecopath II developed by
Christensen and Pauly (1992). Each has multiple versions and somewhat different
algorithms, assumptions, benefits and limitations. Another program is UCINET IV that is
more commonly used for social network analysis rather than ecological analysis (Borgatti
et al.,, 1992). However, it may have some aspects that would be worthwhile in the
modeling of the Neuse. In particular, it has analyses that focus on the structure of
networks that have binary interconnections (i.e., 0 and 1). Herein, however, we focus on
7



those programs directly related to ecological network analysis and will not evaluate
UCINET IV. In the following paragraphs we describe analyses associated with
NETWRK 4 in the order of output. NETWRK 4 lists output under the following major
headings: Structure Analysis, Trophic Structure Analysis, Biogeochemical Cycle Analysis,
and Information Analysis. This is the program we used to analyze the representative
networks of the Neuse River Estuary. Details concerning the algorithms used by us are
given in this section. We also describe some of the other algorithms that one might use.
Then we will briefly describe Ecopath II.

“Structure Analysis” involves a series of matrix algebra manipulations resulting in matrices
and vectors designed to quantify both direct and indirect relationships of compartments
and fates of imported material (Hannon, 1973; Finn, 1976; Patten et al., 1976). The
NETWRK4 software organizes separate vectors of fluxes involving imports, exports,
dissipations and a matrix of interactive flows (exchange matrix). "Throughput" of each
compartment is used for the analyses and is equal to the sum of all of each compartment's
outputs or inputs. When a compartment is in steady state, these two sums are equivalent.
When a compartment is not in steady state, throughput is the larger of the two sums.

Details concerning the analyses used here are largely taken from Christian et al. (1998).
Structure analysis involves matrices and vectors designed to quantify both direct and
indirect effects and fates of imports and interactions (Hannon, 1973; Finn, 1976; Patten et
al,, 1976). The NETWRK4 software organizes separate vectors of fluxes involving
imports, exports, dissipations and a matrix of interactive flows (exchange matrix). Each
flux or coefficient within a vector or matrix is represented as f;; where i refers to a
donor,x;; j refers to a recipient, x;; and 0 refers to outside the system.

The "total dependency matrix" is calculated in Structural Analysis to evaluate the fraction
of a compartment's throughput that resided at some point in another compartment. This is
derived from the exchange matrix of each interaction or exchange among compartments.
For the total dependency matrix, each interaction (fj) is divided by the throughput of the
recipient compartment (x;); the resulting matrix ([G]) is subtracted from the identity matrix
([I]); and the inverse of the difference is computed ([I-G]™"). Coefficients along diagonals
are further manipulated by subtracting each from 1 and dividing the difference by the
original coefficient to evaluate recycling (Ulanowicz, 1986). The coefficients represent
connections between compartments that may be either direct or indirect. That is, no direct
connection is necessary for positive dependence to occur. For example as shown in Figure
2, nitrogen released as ammonium during the decomposition of detritus in PN-Abiotic may
be taken up by phytoplankton. The connection between phytoplankton (PN-Phyto) and
detritus is indirect and mediated by first the conversion by microbes in PN-Hetero and
then entry into the ammonium pool (NH4)). The matrix computes relative dependencies
of both the direct connections, such as that between phytoplankton and ammonium and
the indirect connections, such as between detritus and phytoplankton.

A "total contribution matrix" is also computed in the Structural Analysis but was not used

by us. It is used to evaluate the fraction of a compartment's throughput that contributes to

another compartment's throughput. In the total contribution matrix, each interaction (f;)

is divided by the throughput of the donating compartment (x;); the resulting matrix ([F]) is
8



subtracted from the identity matrix ([I]); and the inverse of the difference is computed ([I-
FT"). Thus, this analysis provides a mirror to total dependency.

Another analysis, called input environs analysis, computes the contributions of each import
to other flows within and from the system through a series of vectors and matrices. Each
import is considered separately. In our studies, the coefficients in each resultant vector
and matrix represent the number of times or the probability that an atom of imported N
passes along a flow path between entering and leaving the system. This analysis begins
with the matrix [F] as described above. It is transposed ([F']) and subtracted from the
identity matrix, and the inverse is taken of the difference ([I-F']™). Each column
represents a vector ([Ti]) of throughputs of compartments for unit inputs to the
compartment represented by the column (i.e., column i refers to unit input to x;). To
construct an exchange matrix, matrix [F] is multiplied in separate subsequent analyses by
each vector ([Ti]) for which there is an input (f5;). The unit fate of the material to export
and respiration is calculated by mass balance after accounting for internal flows. Thus
through Structure Analysis the influences of both flows entering the system and those
within the system (i.e., loading vs. recycling of nutrients) can be considered.

“Trophic Structure Analysis” provides information about the food web in the context of
Lindeman trophic structure (Lindeman 1942). We did not use this to analyze nutrient
cycling, but it has been useful in describing food webs. The initial algorithms are
described in Ulanowicz and Kemp (1979) and refined in NETWRK4 (Ulanowicz 1987).
In the NETWRK4 version of this classic description of energy flow, primary production
and detritus formation are considered trophic level 1 activities. Herbivory and detritivory
are considered level 2 activities, and primary carnivory acts at level 3. Higher trophic
levels include higher levels of carnivory. A classic energy flow pyramid is derived with
these canonical (i.e., integer) trophic levels. Matrices and vectors result from
computations of the various flows at each level (i.e., feeding, detrital production,
respiration, import and export). But individual taxa may feed across these canonical
trophic levels. The “effective trophic level” of each consumer compartment is determined
from the distribution of the trophic levels of its various prey or diet. Thus, a population
that feeds as a herbivore for half of its trophic needs (at level 2) and as a primary carnivore
for the other half (at level 3) would have an effective trophic level of 2.5. These analyses
are difficult to interpret in biogeochemical networks, such as we have constructed, but can
be powerful tools for foodweb networks (Baird et al. 1998).

“Biogeochemical Cycle Analysis” evaluates the characteristics of cycles or positive
feedback loops within the system (Ulanowicz, 1983, 1986). The terminology for graph
theory is somewhat new to most. For our purposes, an arc is a flux or flow between two
compartments. A cycle is a series of arcs that, in combination, pass material from a
compartment, through one or more unique compartments, and returns material to the
original one. In fact, this is a positive feedback loop. The arc within a cycle that has the
smallest flux is the weak arc. And a group of cycles sharing the same weak arc is a nexus.
One may infer that the weak arc is potentially the controlling flow within a cycle and that
cycles in a nexus have a common control. For example as shown in Figure 2, a cycle may
exist as the following: nitrogen is passed from an ammonium pool (NH4) to
phytoplankton (PN-Phyto) and then with death the nitrogen is passed to detritus (PN-
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Abiotic). Mineralization of the detritus through microbial activity in PN-Hetero returns
nitrogen to the ammonium pool. Ifthe smallest flux is the assimilation of ammonium by
phytoplankton, this is the weak arc. Ifthere is also a cycle from ammonium to
phytoplankton to detritus to sediments and back to ammonium, and if the smallest flux of
that cycle is also the assimilation by phytoplankton; the two cycles form a nexus. The
cycling of nitrogen through both cycles may be controlled by their common weak arc. If
all flows within the cycles were reduced by the flow of ammonium to phytoplankton, both
cycles would be broken. If assimilation is increased, then one might also infer that both
cycles would have greater flow.

NETWRK4 possesses an algorithm that searches for and identifies all cycles. The
program then identifies the weak arcs and their cycle or cycles (nexus). As cycles may
have different lengths (i.e., number of arcs per cycle) and quantities of flow, the system is
characterized by not only the number of cycles but also the distribution of flow according
to cycle length. Lastly, as the total flow associated with these cycles represents cycled
flow it can be compared to flows of the total system (i.e., total system throughput equals
the sum of all inputs, outputs and interactions). The latter comparison (i.e., cycled flow as
a fraction of total system throughput) is commonly called the Finn Cycling Index (Finn,
1976, 1980). We made extensive use of the Finn Cycling Index.

The final section of analyses is one that we did not use, with one exception. As with the
“Trophic Structure Analysis,” the “Information Analysis” is more applicable to foodweb
networks. Some of the analyses in this section employ information theory, and hence the
term. It computes a variety of systems level attributes that index the entire ecosystem, and
therefore may be considered to index “emergent properties” of the system (i.e., properties
of the system not readily predicted by evaluation of the individual compartments without
their interconnection). Environmental management has tended to focus on individual parts
of an ecosystem, such as commercially important species, or directly measurable indices,
such as chlorophyll a. These calculated attributes provide an opportunity to assess the
ecosystem at a larger, more integrative level. Ulanowicz (1986,1997) has developed a
theory as to the nature of systems’ growth, development and maturity.. The ideas are
captured in several indices including ascendency, developmental capacity and overhead. A
measure of the size of the system is the “total systems throughput™ which is the sum all
flows (the index we did use). Thus, it represents the total amount of flow of nitrogen
during a season in our networks. The indices are products of this throughput times
measures of flow diversity. The specific measures of flow diversity are forms of the
Shannon information equation (Ulanowicz 1986, 1997). As we did not use these, we will
not expand on these rather complex concepts but refer the reader to the cited references.
These indices have not been widely used as yet in environmental management, but are
promising in their ability to capture the broader aspects of the ecosystem.

Ecopath II (Christensen and Pauly, 1992, 1996) is an alternate application for network
analysis. It is more user friendly than NETWRK 4 and has a Windows version. It has
been developed for fisheries management, and numerous networks have been constructed
and analyzed with it (Christensen and Pauly, 1993). As a result of the fisheries
application, “harvest” is a specific input variable of flow. Ecopath II has some of the same
algorithms as NETWRK 4 and some differences. Also, the information needed for
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calculating flows is somewhat different. In NETWRK 4 the flows are directly input,
whereas in Ecopath II the flows are often calculated from ratios, proportions and biomass
information.

Among the outputs, the “trophic structure analysis” and “information analysis” are similar
between the 2 applications. Instead of a “structure analysis,” as in NETWRK 4; Ecopath
IT provides a “mixed trophic impact matrix” which indicates the sum of both positive
impacts (e.g., food source or predator of a competitor) and negative impacts (e.g.,
competitor or predator) of each compartment on each other one (Ulanowicz and Puccia,
1990). The impacts are summed over all direct and indirect relationships. (Actually, such
an analysis is also available with the NETWRK 4 software package.) Instead of
characterizing the cycling structure of the network, Ecopath II focuses on the pathway
structure. The number of different ways in which energy or matter can flow from a
primary producer or prey to a predator at any trophic level is described. Finally of note,
Ecopath II provides an omnivory index that calculates the variance of the trophic levels of
a consumer’s diet. Omnivores that feed over several levels have a higher index than
consumers who feed over fewer levels.

As can be seen, network analysis is not a single analysis or even a single class of
algorithms. Thus, it is difficult to discuss the issue of sensitivity in a blanket fashion. One
generality is that most of the analyses are based on linear algebra and, therefore, are not
subject to the instabilities of non-linearity. Furthermore, percentage changes in input
variables are likely to produce changes in output of that percentage or less. Different
analyses are sensitive to different aspects of model structure. The two aspects of structure
are (1) the number and position of flows and compartments and (2) the quantity of flows
and compartments. Both are important to almost every analysis. However, the
“Biogeochemical Cycle Analysis” of NETWRK4 and pathway structure analyses of
Ecopath II are generally more dependent on the number and position of flows and
compartments. Other analyses are more dependent of the quantities of flow. For our
studies, the number and position of all flows and compartments were held constant, and
only the quantities changed. '

The software for updated versions of both NETWRK4 and Ecopath II are available on the
world wide web. NETWRK4.2 can be downloaded from
http://www.cbl.cees.edu/~ulan/ntwk/network.html, and Ecopath II can be downloaded
from http://www.ecopath.org/.
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RESULTS & DISCUSSION

Applications of Network Analysis to the Neuse River Estuary

What is the fate of nitrogen in the estuary?

We used input environs analysis to assess how imported nitrogen exited the estuary (Kay
et al. 1989). Input environs analysis computes the distribution among flow pathways of
one atom of matter or unit of energy as it passes through the system. Thus, if we start
with an atom of nitrate nitrogen, we can follow the relative magnitudes of the various
processes in which it may be engaged. This includes internal processes, such
phytoplankton uptake, and exports. The nitrogen atom may become associated with other
forms, such as phytoplankton biomass (PN-Phyto in Figure 2) or ammonium (NH4 in
Figure 2). Thus, its export may be as any of the compartments shown in Figure 2. Nitrate
is the most significant source of readily available nitrogen loaded into the Neuse River
Estuary. In Figures 3 to 6 we estimate the fate of nitrate-N that entered the estuary for
each season from spring 1985 to winter 1989. Nitrogen leaves the estuary into Pamlico
Sound, is buried or denitrified. Similar analyses have been done for ammonium-N and
dissolved organic N. Results represent the probability that an atom of imported nitrogen
in a particular form will be exported via one of the designated export processes.
Differences were seen between seasons in the relative distribution of exported materials
and their associated processes. The largest fraction of imported nitrate-N was buried into
the sediments in summer, fall and most springs. Denitrification was proportionally most
significant in winter. Relatively little left as particulate or dissolved nitrogen in summer
with the most leaving in those forms in spring and winter. The amount of exported
nitrogen and its chemical speciation depend largely on the flushing rates of freshwater into
and out of the estuary (Christian et al. 1991). Of course, the validity of these estimates is
only as good as the data used for network construction. Unfortunately, the estimates of
denitrification, burial and passage into Pamlico Sound are poor. It is hoped that the
current and proposed activities of ModMon will improve these estimates.

An important characteristic of the Neuse River Estuary in determining its water quality is
its long residence time. Christian et al. (1991) estimated freshwater residence time to
average 51 days. Residence times are highly variable but occur generally at time scales far
greater than those associated with the microbial turnovers of nutrients. Under these
conditions, one would expect biological and nutrient chemical variability to be high within
the estuary (Imberger et al., 1983). Christian et al. (1991) confirmed this pattern for the
Neuse River Estuary. Furthermore, this variability and recycling may mask the impacts of
loading reductions. It will be important to have ways to demonstrate to stakeholders how
the variability in the estuary may dampen the signal of the management action of reducing
nitrogen loading. We feel that network analysis may aid in this demonstration. The
following illustrates the manner in which network analysis can highlight the importance of
recycling. ‘
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The long residence times of water, high productivity, and microbial recycling, result in
multiple uses of nitrogen during its stay within the estuary. From input environs analysis
we calculated the frequency that nitrogen loaded as nitrate plus nitrite into the estuary was
incorporated into phytoplankton from spring 1985 to winter 1989 (Table 1). In Table 1,
the first 3 columns of values represent phytoplankton uptake of individual forms of
nitrogen; the last column is their total. Total phytoplankton uptake of an atom of nitrogen
during its stay in the estuary ranged from about 2 times for winter 1987 to 35 times for
summer of that year. Thus, there was strong seasonality. Although the nitrogen entered
the estuary as nitrate, most of the uptake was in the form of ammonium-N (Table 1). This
resulted from recycling in which after the original nitrate molecule is taken up it enters a
loop of ammonium and dissolved organic nitrogen (DON) uptake (DON was uptake
originally assayed as urea) and mineralization (Christian et al. 1992, Boyer et al. 1994).
Boyer et al. (1994) found that planktonic ammonium uptake in the Neuse River Estuary
exceeded that of nitrate by a factor of 4 over the same four years of study used here.

Relative to the overall amount of phytoplankton primary production, these results do not
necessarily support management for a particular form of inorganic nitrogen (nitrate vs.
ammonium). The high degree of recycling and multiple uses by algae of each atom of
nitrogen loaded to the Estuary modulates the contributions of the two forms. Nitrate
dominates the loading, but once it is used initially by phytoplankton and remineralized,
much of the subsequent use of nitrogen is in the form of ammonium. There is a good
reason, however, to manage for the form of nitrogen. Nutrient form may select for
specific phytoplankton types near the head of the estuary. Also, ammonium may be
nitrified to nitrite and nitrate, and this aerobic microbial process consumes dissolved
oxygen. This consumption would add to oxygen demand and may contribute to hypoxia.
These issues are beyond the scope of this work.

Other ways are available of demonstrating the importance of recycling within the estuary.
In Table 2, we summarize various other results concerning the system’s processing of
nitrogen during the 4 years of study. The seasonal loadings of total nitrogen are shown to
be far less than the phytoplankton net uptake, averaging only 11% of net uptake; and that
uptake is shown to be far less than the total processing of nitrogen, as the total systems
throughput (TST). TST includes all flows within the network (Fig. 2): imports, exports,
denitrification and interactions. On average net uptake by phytoplankton is 16% of TST,
and uptake correlated positively with TST (r =0.79, n= 16, r at o901 = 0.62). Summers
have the highest phytoplankton uptake and total systems throughput, whereas winter and
spring tend to have the highest loadings. However, neither uptake (r =-0.15,n=16, r at
0g.0s = 0.50) nor TST (r =-0.23, n= 16, r at oy 05 = 0.50) correlated with TN loading.
The loading of nitrogen in winter and spring 1987 were greatest of all seasons because of
an unusually high rainfall. When phytoplankton uptake was correlated with TN loading by
season, a trend appears to emerge where winter and spring primary productivities are
more closely coupled to loading than in summer and fall. Winter’s correlation coefficient
was 0.90, and spring’s was 0.95; whereas summer’s and fall’s were -0.59 and 0.42,
respectively. In each case sample size was limited to only 4, and therefore r at o o5 equals
0.95. Thus, inference is limited.
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Table 1. Uptake by phytoplankton of imported nitrate plus nitrite
Number of times 1 atom of N is taken up by phytoplankton.

Season NH4 NOx DON N
Spring 85 5.5 | 1.8 1.4 8.7
Summer 85 13.7 3.5 43 21.5
Fall 85 : 7.3 1.7 1.2 10.2
Winter 86 24 0.8 0.5 3.7
Spring 86 8.0 2.5 2.0 12.4
Summer 86 8.6 2.8 22 13.6
Fall 86 13.9 2.9 3.6 20.4
Winter 87 0.9 0.6 0.4 1.9
Spring 87 5.5 1.1 1.5 8.2
Summer 87 272 4.1 3.6 35.0
Fall 87 10 0.9 0.7 11.5
Winter 88 2.8 0.5 0.4 3.7
Spring 88 5.3 1.2 2.1 8.6
Summer 88 | 18.6 3.9 | 33 258
Fall 88 8.8 0.03 1.9 10.8
Winter 89 23 | 0.9 A 0.5 3.7
Mean 8.80 1.83 1.85 12.48
Standard Deviation 6.85 1.29 1.27 9.05
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Table 2. Selected variables of nitrogen cycling in the Neuse River Estuary

Season TN Phtyoplankton Total Finn Dependence of
Loading Uptake Systems Cycling  Phytoplankton on
Throughput Index Sediments
mmol N x m? x % %
sea’
Spring 85 133 1108 9253 96 67
Summer 85 119 2495 20301 98 81
Fall 85 181 1774 8961 91 49
Winter 86 187 664 7067 90 18
Spring 86 128 1554 13043 96 65
Summer 86 165 2174 12145 95 71
Fall 86 100 1984 9963 97 67
Winter 87 691 1288 8598 74 5
Spring 87 334 2721 11867 90 33
Summer 87 90 3090 15711 98 85
Fall 87 85 941 7410 95 76
Winter 88 171 623 8851 91 32
Spring 88 176 1508 7074 89 38
Summer 88 132 3330 16946 97 76
Fall 88 128 1325 5860 91 47
Winter 89 291 1059 6030 82 12
Std. Dev. 149 837 4170 6 26
CV.as% 76 48 39 7 50
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The percentage of the TST involved in recycling is generally 90% or greater, as seen in the
Finn Cycling Index (FCI)(Table 2). The FCI is computed by first identifying flows
associated with cycles (Ulanowicz 1983, Kay et al. 1989). A cycle involves flows from
one compartment to one or more others and back to the original. These cycled flows are
summed and the sum is computed as a percentage of the total flows (i.e., TST) (Finn
1976). The FClIs for the Neuse River Estuary nitrogen cycle are exceedingly high
compared to others (Christian et al. 1996). The amount of recycling was inversely related
to loading as more material passes through the system relative to recycling (r =-0.90, n =
16, r at apo; = 0.62). However, even when FCI is at its lowest, considerable recycling still
occurs. In the context of our network structure, recycling can occur within the water
column or between the sediments and the water column. The importance of sediments to
recycling was determined through total dependency matrices; whereby the flow, as a
fraction of throughput, through a compartment that once resided in another is calculated
(Hannon 1973, Kay et al. 1989). On average half (mean = 51%, standard deviation =
26%) of the nitrogen needed by phytoplankton once resided in sediments. The
significance of sediments to the recycling is highly seasonal. The dependence of
phytoplankton on nitrogen that once resided in sediments ranged from 5-32% in winter
and 71-85% in summer. Thus, not only does the amount of recycling differ among
seasons, so does the distribution of the cycling.

Evaluation of the potential for analyzing uncertainty within the context of network analysis

Uncertainty in predictions may arise in numerous ways. In considering large scale
systems, such as ecosystems, uncertainty arises from inadequate sampling. This
inadequacy may be the result of insufficient methodologies or the inability to adequately
sample in time and space. The mere construction of networks helps determine what is
being measured in the context of total system's structure and function (Christian et al.
1998). The lack of a particular value causes recognition of inadequacy and may direct a
change in sampling design. Also, the balancing of inputs and outputs of compartments
may help define the limits of values for which there is little information. For example,
knowing the productivity of an animal species population sets a minimum estimate on its
rate of ingestion. General inferences from similar species concerning respiration,
excretion, and egestion improves the estimate. In fact, merely designing a network can
provide much useful information without formal analysis. Although our networks of the
Neuse River Estuary’s nitrogen cycle are based on an intensive sampling program, they
still have substantial limitations with respect to the adequacy of the input variables.

A second uncertainty resides in nature itself. There is variability across space and time
that can be assessed with multiple networks, assuming that uncertainty in sampling is
normalized in network construction and subsumed in multiple network comparisons. We
have evaluated this kind of uncertainty with our 16 seasonal networks. Specifically, we
have used coefficients of variation of selected variables to assess relative uncertainty
(Tables 3 and 4). The variables shown in Table 3 are ones for which there are reasonable
field data available from our studies, and these variables were used as input for network
construction. Table 4 includes analysis output. Within a season across 4 years, variation
of variables from field studies ranged from as little as 12% for phytoplankton uptake of
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Table 3. Coefficients of variation of selected input variables.
Each value results from 4 seasonal networks from spring 1985 to winter 1989

Variable Spring Summer Fall Winter
TN import 50 25 34 73
NO, import 58 24 31 94
TN export 71 30 29 50
NOy export 147 82 115 101
Phytoplankton uptake NH," 22 27 22 21
Phytoplankton uptake NOy 44 12 90 64
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Table 4. Coefficients of variation of selected output variables
Each value results from 4 networks by season from 4 consecutive years

Variable Spring Summer Fall Winter
Fraction of NOy import as DIN export 36 26 29 49
Fraction of NH," import as DIN export 36 24 31 46
Finn cycling index 4 1 3 11
Dependence of phytoplankton on 52 9 26 61
sediments :
Dependence of phytoplankton on detritus 11 T 10 31
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NOx to nearly 150% for the export of NO, (Table 3). Imports of TN or NOx had
comparable variation as nitrate comprised much of the nitrogen loading to the estuary
(Christian et al. 1991). Relative variations of NOx export were the largest shown during
seasons when concentrations were low (Christian et al. 1989, 1991). During periods of
low flow, NOy concentrations are at the limits of detection and make up an insignificant
portion of TN export; whereas during high flows, high concentrations can be found that
may be a significant portion of TN. Differences in interannual flow within a season type
are greatest in winter when the coefficients of variation of imports and exports are
generally highest. Variations in phytoplankton uptake were generally less than those of
import or export. Uptake rates of nitrogen represented integrated primary productivity
along the 80 km of the estuary. As flow changes, the position of peak primary
productivity moves along the estuary, but the spatially integrated productivity may not
change as much (Boyer et al. 1993, Pinckney et al. 1997). This may reduce the variability
of uptake relative to that of loading.

Ecosystems may integrate the variability of individual parts (Allen and Hoekstra 1992,
Baird et al. 1998). Therefore, systems level attributes can have less variation than
separate input variables. The seasonal coefficients of variation of selected outputs of
analysis, shown in Table 4, ranged from 1% for Finn Cycling Index in summer to 61% for
dependence of phytoplankton on sediments in winter. Variation for each appears to be
inversely related to seasonal temperatures. The Finn Cycling Index is the most integrating
attribute listed and has the lowest coefficients overall. They are highest in winter. The
next lowest coefficients are for dependence of phytoplankton (PN-Phyto) on detritus (PN-
Abiotic) as derived from the total dependency matrices, and then generally dependence of
phytoplankton (PN-Phyto) on sediments. These reflect the considerable recycling,
especially in warmer seasons. As before, the estuary-long integration of data may help to
minimize variation in these.

Direct comparison of all values in Table 3 with Table 4 is not possible. First the variables
in the two tables are measures of separate system’s attributes. Second, the variables in
Table 3 are all process rates. In Table 4 the variables are all bounded as proportions
between 0 and 1. However, the coefficients of variation of the variables associated with
imports and exports in Table 4 (i.e., fractions of import as export) were comparable or less
than the import/export variables in Table 3. Similarly, those output variables involved in
phytoplankton dependence (Table 4) were generally comparable or less than those
associated with phytoplankton uptake (Table 3).

It appears that ecosystem-level compensation is possible. To our knowledge Baird et al.
(1998) conducted the only other evaluation of variation among networks within an
ecosystem. They found that systems level attributes often had less variability, as measured
as coefficients of variation, than variables used in network construction. This may be
useful in providing greater credence to predictions from network analysis or other
complex models when uncertainty exists in model components. The argument has been
made that if component variability is high then the reliability of resultant models is low
(Mann et al. 1989). However, some models may actually reduce relative variability in
their integration (Mann et al. 1989, Allen and Hoekstra 1992). By using such integrating
models, assessment of environmental conditions and management actions would not be as
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as limited as one might consider based only on the uncertainty of the measurable variables.
Given the history of instability in dynamic models (Mann et al. 1989) however, the
reduction in variation seen here may be a feature of static networks and the network
analyses used by us.

Extended evaluation of the relationships between loading of nitrogen and primary
productivity within the estuary

As described, studies from spring 1985 through winter 1989 by ECU scientists were used
for the construction of the 16 seasonal networks. Subsequent to that work Paerl and
Pinckney began an intensive sampling of the Neuse River Estuary for primary productivity
and nutrient cycling (Pinckney et al. 1997). They have data from 1994 through the present.
Some of the sampling sites are common for the 2 studies, and methodologies are similar.
Furthermore, Craig Stow (Duke University) has developed an extended estimate of loading.
Therefore, results from these studies were joined to provide a longer-term view of the
relationship between nitrogen loading and primary productivity than done previously.

Based on the network analyses presented, there was no overall relationship between
seasonal total nitrogen loading and seasonal primary productivity integrated for the entire
estuary. But there was some indication that these two processes may be correlated at other
scales. Nitrogen uptake in winter and spring from the 4 years of study did correlate with
total nitrogen loading. Thus, we extended our network analysis study to include evaluation
of loading and productivity without use of network analysis. Specifically, we addressed the
following hypotheses: :

(1) Integrating over the entire estuary fails to distinguish peaks of productivity as they
move within the estuary in response to freshwater inputs and loading. Therefore, loading is
correlated to primary productivity at spatial scales that separate the estuary into upper and
lower portions.

(2) Recycling of nitrogen is greater in warmer than colder seasons, whereas loading tends
to be higher in colder than warmer seasons. Colder seasons should have a more direct link
between algal productivity and nutrient loading. Therefore, correlation between loading and
primary productivity at a seasonal scale are most likely during seasons of high loading and
low recycling.

Unfortunately, as we examined the data sets readily available, we recognized the potential
for difficulties with the statistical analyses. Methods used for estimation of primary
productivity were not standardized and loading estimates did not include all sources for the
estuary. Thus, we conducted preliminary analyses but recognized the high probability that
obtaining significant correlations would be difficult. Only strong relationships would be
expected to be detectable.

Pinckney, Paer]l and we combined the data sets of primary productivity and nutrient
concentrations in the Neuse River Estuary from the ECU work of the 1980s and their
work of the 1990s. Although both groups used the **C technique, different incubation
methods were used for primary productivity estimates. We used laboratory-based
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measurements that generated light intensity vs. productivity curves (Boyer et al. 1993).
Pinckney and Paerl used an in situ method of incubation involving continuous changes in
the light regime (Mallin et al. 1991). Upon discussions with Pinckney we agreed that the
metric most closely represented by the results of the two laboratories was productivity at
optimum light conditions (Pmax) in mg C x m” x h™'. This was different than that used in
network analysis correlations. The primary productivity data from the various stations
were organized and integrated in a manner that allowed comparable evaluation from the
two studies. Each data point was sorted according to station, year, month, and day. The
average Pmax was then determined for each half season and season within a station.
Integration across space used stations 40 and 60 as designated by ModMon (stations E
and D respectively from Boyer et al. 1993) for the upper estuary and stations 120, 160,
and 180 for the lower estuary (stations C, B, and A respectively from Boyer et al. 1993)
(Fig. 1). Spatial integration for the lower estuary is primarily represented by station 120
for 1994-1998 due to lack of data for stations 160 and 180. Temporal integration was by
season and half season (e.g., designated as midspring and endspring).

Loading at Kinston was estimated by Craig Stow using daily flow multiplied by
concentration estimated by regression analyses of flow and concentration. Total nitrogen
was used for analyses, recognizing that nitrate and dissolved organic nitrogen dominate.
The source of information on flow was U.S.G.S. records and on concentration was North
Carolina Division of Water Quality (NCDWQ). Loading at Kinston so determined
underestimates what enters the Neuse River Estuary, but should act as an indicator of
input from its major source, the Neuse River. These estimates do not include loading
from downstream of Kinston, which includes Contentnea Creek, the Trent River, smaller
creeks entering the estuary itself, local point sources, and deposition. These may be
important sources of nitrogen with timing not represented by that of loading at Kinston.

Statistical analyses involved Pearson correlation of productivity for each season or half
season with corresponding loading estimates. This was done separately for productivities
in upper and lower estuary. Also, we computed half-season correlations between
productivities and loadings of the previous half season (i.e., 45 day lag). This was done to
allow for lags in the movement of water from Kinston into the estuary. No formal tests of
the assumptions for this parametric analysis were conducted.

Productivities of the upper and lower estuary were compared with nitrogen loading over
time (Figure 7). One can see the potential difficulties in this comparison. Patterns of
productivity estimates differ between times of the two studies. This may be due to
differences in the measurement of primary productivity rather than true differences. In the
studies from the 1980s productivity on a volumetric basis (i.e., m™) in the upper estuary
generally are higher than in the lower estuary. This difference is less evident in the studies
of the 1990s. Furthermore, the productivities in the upper estuary in the 1990s are seen to
be lower and less variable than in the 1980s. This may well reflect the fact that
measurements in the 1990s integrated a variety of light intensities, rather than being at one
high intensity. Total nitrogen loading at Kinston does not appear to have changed on
average over time.
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Figure 7a. Total Nitrogen Loading to Neuse River Estuary
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Figure 7b. Productivity of the Upper and Lower Neuse River Estuary
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