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ABSTRACT

The Neuse River Estuary has experienced various symptoms of eutrophication during
the past 20 years, including summer-time hypoxia and fish kills. These phenomena
potentially affect the ecosystem functioning of the estuary. We used ecological network
analysis to assess these effects. We constructed and analyzed foodweb networks to
reflect a variety of scenarios of summer conditions within the Estuary. These included
reference summer foodweb networks and modifications to simulate fish kills and
hypoxia effects on benthic macrofauna. First, four reference network models were
constructed and analyzed of the trophic structure of the estuary during early and late
summer of 1997 and 1998. These were used to quantify indices of nominal trophic
dynamics and their variation. Major changes in trophic dynamics occurred from early to
late summer as macrobenthos decreased in biomass and fish recruited into the system.
The trophic effect of die-offs of a pelagic species (Menhaden - Brevoortia tyrannus) and
a demersal species (Spot - Leiostomas xanthurus) were examined by modifying
reference networks and quantifying the response through a number of population and
ecosystem-level attributes. The models indicate that fish kills of 10,000, 100,000, and
one million individuals can have little or no ecological impact with respect to energy flow
within the entire lower estuary as long as standing stocks are relatively large. The
biomass of demersal species was much greater than that for pelagic species. Localized
effects can be significant, as can effects on specific predators of these groups. We also
simulated the effects of die-offs of clams (Macoma spp.) associated with hypoxia.
Losses of clams in late summer have the potential to affect the diet and production of
demersal fish. The indirect effects of hypoxia through an altered food web can be more
severe than the direct effects of fish kills. Although ecosystem-level effects from
simulated perturbations were minimal, localized effects can be significant, and
management decision making may best be done on the basis of these small-scale or
localized effects.
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SUMMARY AND CONCLUSIONS

Management agencies are charged with developing policies that address the
degradation of coastal ecosystems such as the Neuse River Estuary (NRE). Monitoring
programs for the Neuse have been established to ensure these policies have a strong
scientific foundation. However information from the monitoring programs has not
necessarily been synthesized to the ecosystem level. As a result, it is difficult to
evaluate the severity and consequences of various environmental phenomena. For
example:

* What size fish kill is ecologically significant?

e |s a kill of one fish species more significant than an equivalent kill of another?

e Is a fish kill more significant than a comparable kill of benthic invertebrates?

Functional assessment through ecological network analysis can place environmental
phenomena within the context of trophic dynamics and foodweb structure. This study
demonstrates the application of ecological network analysis to ecosystem management
in the lower NRE, North Carolina. We used monitoring data from the Neuse River
Estuary Modeling and Monitoring Program (ModMon) and other sources to characterize
four reference food web conditions. The four reference food webs represented the
lower estuary in early and late summer during 1997 and 1998. We then modified
conditions to simulate fish kills of pelagic and demersal species and die-off of clams
from hypoxia. Four types of output provided by network analysis were then used to
evaluate the effects of these modifications on patterns of energy flow relative to
reference conditions:

¢ Quantification of direct and indirect relationships between food web groups.

o Description of flow structure (including trophic structure).

¢ Description and quantification of material cycling.

o Indexing of system-level attributes (i.e. emergent properties).
Furthermore, we made several evaluations of uncertainty of both inputs and outputs to
the analyses.

The four reference networks demonstrated considerable differences in the biomass of
nekton and macrobenthos. During 1997 and 1998 the biomasses of macrobenthos
decreased from early to late summer. However, the biomasses of nekton groups
increased. Clams had highest biomass of any macrobenthic group (and all nekton
groups combined) in each of the reference networks. Biomass of demersal fish greatly
exceeded that of pelagic fish (as well as the sum of all other nekton groups) for the four
reference networks. We used the ratio of the biomass of nekton organisms to that of
benthic organisms as an index of foodweb condition. Most system-level attributes were
relatively constant across the reference conditions even though consumer biomass
changed from early to late summer.

System-level attributes were also relatively insensitive to hypothetical fish kills and die-
offs of clams. However when pelagic biomass was relatively low, fish kills of menhaden
resulted in a significant increase in the ecotrophic efficiency of pelagic fish. Ecotrophic
efficiency is a measure of the fraction of production that is consumed by predators. In
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contrast, the ecotrophic efficiency of demersal fish was entirely insensitive to
hypothetical fish kills of up to 1 million spot. Clam die-offs not only had an impact cn
their ecotrophic efficiency, but also on several group attributes. Die-offs resulted in a
significant decrease in the amount of carbon flow through clams, as well as a decrease
in the contribution of clams to ascendency (a measure of system complexity and
functioning). However, die-offs of clams had relatively little impact on the general
trophic dynamics of the NRE as a whole.

Our models indicate that die-offs associated with hypoxia have a greater impact on the
macrobenthos than on fish kills similar to those reported. This results from the relatively
large contribution that clams make to the biomass and flows of the NRE. The response
of clams to die-offs indicate a close balance between these benthic organisms and their
predators, the most significant of which are demersal fish. This suggests that
benthic/pelagic coupling may be important to energy flow in the NRE and is sensitive to
hypoxic events.

Impacts of fish kills may be significant on a local scale, if not that of the entire lower
estuary. Thus, the human, working at his or her scale, perceives a fish kill as large. But
this is not in the context of the larger scale of the estuary. Does the ecosystem, and
hence ecosystem management, provide a reasonable scale for assessment? Are
levels of perturbations that would be large enough to affect ecosystem properties, as
we have used them, too large to be used to direct environmental management? We
currently appear to use perturbations, or environmental phenomena, that act on smaller
scales to trigger management response. These include fish kills. People see a
significant change in a portion of the ecosystem (e.g., floating dead fish in a 10,000 m?
area) and inferences are made for management of the whole ecosystem. This may be
a conservative protection of the resource based on human scale. It would be
unwarranted to change this approach because one cannot find the effect to be systemic
in a food web network.

Xiv



RECOMMENDATIONS

Ecological network analysis can be a useful tool for State agencies charged with
environmental management of the Neuse River Estuary. It helps to integrate and
synthesize information from different sources and place that information into an
gcosystem perspective. We have established reference food webs upon which
agency efforts could be built. We are prepared to share our information and
knowledge so that the State can establish a program in support of ecosystem-
based management. We recommend that this offer be considered.

The concept of reference is an integral part of management for wetland
mitigation and restoration. However, it has not been developed for estuaries.
Whereas finding multiple examples of a wetland class is possible, estuaries may
represent more unique ecosystems. Reference for estuaries may be better
represented as part of a temporal, rather than a spatial, set of conditions. The
State needs to address what the reference conditions are for the Neuse River
Estuary. What is the condition it wishes to reach to achieve success in its
environmental management activities (e.g., nitrogen loading reductions).
Ecosystem-based management offers advantages to wise use of our natural
resources. However, care must be taken to consider the scales of environmental
drivers and responses. We found that estuary-wide, ecosystem-level indices
were often insensitive to simulated perturbations (i.e., fish kills and declines in
benthos). Local effects to these perturbations of responses associated with
specific species interactions may have been significant. Agencies charged with
promoting ecosystem-based management need to by explicit in defining the
nature of scale in their decision making.

Hypoxia has been shown to have significant effects on the trophic dynamics of
the benthic/pelagic coupling. While nekton is commonly monitored by the NC
Division of Marine Fisheries, benthic macrofauna are rarely sampled. We
recommend that an extended monitoring program of the benthos should be
considered to assess the effects of hypoxia in the Neuse River Estuary.
Coordination of monitoring activities by different groups is critical to obtaining the
greatest benefits in the context of ecosystem-based management. The Neuse
River Estuary Modeling and Monitoring Program is an example of a higher
degree of coordination than normally occurs. Efforts should be made to have
periodic meetings of representatives of the various programs on the Neuse River
Estuary to ensure long-term and coordinated efforts in data collection that foster
efficient synthesis.
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INTRODUCTION

Eutrophication of the Neuse River Estuary

Bcth 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 aeruginosain
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., Lebo 1995, Pinckney
et al. 1997, Lenihan and Peterson 1998, Paerl et al. 1998, Burkholder et al. 1999,
Lenihan et al. 1999, Luettich et al. 2000). 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)
of the Neuse River Estuary are higher than most systems. Furthermore, in the national
survey of the status of estuaries NOAA categorized the Neuse River Estuary as having
“high levels of expression of eutrophic conditions” (Bricker et al. 1999), the causes of
which were discussed by Mallin et al. (1999). 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, Luettich et al. 2000, Paerl et al. 1998 (but see
Burkholder et al. 1999 and Paerl et al. 1999 for controversy)). One major finding has
been the existence of the dinoflageliate Pfiesteria piscicida and related organisms in the
estuary (Burkholder and Glasgow 1997). This organism has been associated with both
fish kills and human health problems and may be stimulated by eutrophic conditions.
its presence has changed the political landscape and prompted increased efforts to
improve water quality (Burkholder and Glasgow 1997). An outcome of the intense
concern for this system has been the establishment of the Modeling and Monitoring
Program (ModMon) (Reckhow and Gray 2000). This research extends the use of
network analysis from nitrogen cycling, done previously, to trophic structure issues
during the second phase of the ModMon program.

A Problem of Environmental Management
How can the severity and consequences of environmental phenomena be interpreted?
For example:
e How important is a fish kill of 1,000 individuals? 10, 000? 100,0007?
e |s a fish kill of menhaden of equal significance to one of spot, croaker,
bluegill, etc.?
» Is the death of fish more significant than the death of a comparable number or
biomass of benthic bivalves?
& How might deaths of benthic invertebrates affect fish production?
These are important and difficult considerations to policy makers, stakeholders,
regulators and scientists. Errors in environmental decision making about such
questions may be analogous to those in statistical parlance. A Type | error in statistics
involves rejecting a true null hypothesis; the analog is considering a phenomenon
ecologically important when it is not. A Type |l error involves accepting a false null



hypothesis: considering a phenomenon ecologically unimportant when it is. One way to
avoid such errors is to place the phenomenon within the context of ecosystem
functioning. Ecological network analysis is a tool that can be applied to that very
purpose.

Functional assessment of ecosystems has been developed for issues of wetland
mitigation (Brinson et al. 1994). It is designed to separate ecological functions from
human values. Scientists can evaluate how particular ecosystems process energy and
materials and support living resources. Often the functions are specific to certain
ecosystem classes, or at least a particular class of ecosystem may process materials in
a characteristic way. For example, surface water storage is a function common in
wetlands but not deserts. It is often useful in functional assessment, therefore, to
determine the range of variation in the ability of an ecosystem class to conduct
individual functions. This is achieved by sampling numerous examples of an
ecosystem class that represent minimally altered to impacted sites. These define
reference conditions of functioning for an ecosystem class. Alterations of functioning
are then compared to this reference (Brinson and Rheinhardt 1996). This functioning is
separate from the values that society places on particular processes or species. Once
the separation is made and articulated; policy makers, stakeholders and regulators can
establish the priorities for action in a more informed way. Decisions can be explicitly
recognized to support desired functioning, values or both.

Ecosystem functions involve processing energy and matter and supporting living
resources. Foodweb structure and trophic dynamics incorporate both the functions of
processing of energy and matter and support of living resources. Evaluating the
foodweb structure and trophic dynamics of an ecosystem is not a simple task and may
take different forms. First, numerous measurements must be made of the variety of
biota and their activity. Then synthesis is necessary. Mechanistic, ecological process
models have been used to assess food webs. But these require considerable effort and
have limitations with respect to their uncertainty. The State of North Carolina is unlikely
to support the construction of such a model of food web dynamics for the Neuse River
Estuary for both practical and theoretical reasons. Alternatively, ecological network
analysis was developed to evaluate food web structure (Ulanowicz 1986, Wulff et al.
1989, Christensen and Pauly 1993). With it one can identify numerous indices of
ecosystem functioning and relate them to environmental phenomena.

Monitoring by the ModMon project has provided considerable information on different
aspects of the food web of the Neuse River Estuary (Eby et al. 2000, Luettich et al.
2000), but no integrative modeling effort has occurred. Modeling efforts on water
quality within ModMon have provided predictive information on the occurrence of algal
blooms and hypoxia (Bowen and Hieronymus 2000, Mark E. Borsuk, Duke University,
personal communication, 1999). But modeling efforts are not proposed to place the
information into the broader context of impacts on the entire food web, although fish
kills are addressed (Mark E. Borsuk, Duke University, personal communication, 1999).

In fact dynamic models of trophic dynamics of estuarine ecosystems have had limited
success (Mann et al. 1989), although water quality models, with limited foodweb



representation, of estuaries have been extensively used (e.g., Bowen and Hieronymus
2000). Generally, greater detail in the food web does not correspond to greater
accuracy of predictions, whereas water quality models with limited food web structure
can provide predictive power adequate for some environmental management decisicn
making. However, dynamic models of estuaries do not generally address changes in
ecosystem state that may be associated with eutrophication (Scheffer et al. 2001).
Alternative modeling approaches that address population dynamics or food web
structure exist that might provide the framework for ecosystem-based management of
marine resources, but these also have limitations. Food web models that specify flows
of carbon or energy from prey to consumers as present or absent can suggest potential
indirect effects, but such suggestions are qualitative (Paine 1988). Population dynamic
models (e.g., Schoener 1993) have the potential to provide understanding of complex
trophic interactions, but their construction makes intense demands for information that
is almost never available. This same lack of necessary information about interaction
strengths limits present applicability of interaction web analyses to communities (e.g.,
Menge et al. 1994). We are left with energy or carbon flow models as the most widely
used approach to ecosystem-based management of marine and estuarine resources
(Peterson and Estes 2001).

We used ecological network analysis to bridge the gap between the monitoring and

modeling activities of the ModMon program and broaden the interpretative capabilities

by all concerned. Network analysis provides a means of functional assessment of the

Neuse River Estuary that allows comparison of severity and consequences of

environmental phenomena within the context of supporting living resources. We

constructed foodweb networks to reflect a variety of scenarios of summer conditions

within the Estuary. Specific goals were as follows:

e To develop and analyze reference summer foodweb networks based on the best
information available from past and ongoing research in the Neuse River Estuary.

» To evaluate the uncertainty associated with input variables to the reference network
and resultant analyses.

« To modify the reference network to reflect fish kills of various sizes and species
distributions, and to determine the effects on trophic structure.

e To modify the reference network to reflect conditions of hypoxia found in the Neuse,
and to predict the effects on trophic structure.

e To provide a framework by which DWQ and DMF can evaluate food webs within the
Neuse River Estuary for adaptive management.






BACKGROUND

Network Analysis and Foodweb Structure

Trophic structure of ecosystems is a unifying concept in ecology. Ecological network
analysis provides a format to index and quantify characteristics of trophic structure.
Network analysis 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
compartments (also called nodes). In most ecological networks the compartments are
state variables for matter or energy (e.g., a species population’s biomass or sediment
organic carbon). The interconnections are the flows of that matter or energy between
compartments (e.g., a feeding pathway or resuspension of sediment organic carbon) or
between nodes and outside the system (i.e., imports, exports and respiratory losses).
Other kinds of networks, including probabilistic models, are capable of being 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 (1942) trophic structure, and characteristics of
cycling; and (3) indexing of systems-level attributes or emergent properties of the
ecosystem. Overviews of ecological network analysis and its applications are in
Ulanowicz (1986) and Wulff et al. (1989).

Assessments of trophic structure have been done in various estuarine and coastal
environments. For example some have used it to compare trophic structures within
(Baird and Ulanowicz 1989, Baird et al. 1998) and among ecosystems (e.g., Baird and
Ulanowicz 1993, Christensen 1995). Recently, Pauly et al. (1998) applied the concept
to evaluate fishery trends globally and how fishery activities have altered the trophic
position of stocks. It has even been used to examine theoretical issues of energy flow
(Burns 1989, Ulanowicz 1997).

What is particularly important here is the use of network analysis in assessing the
effects of environmental conditions within an estuary related to management. Early in
the use of network analysis in ecology, Finn and Leschine (1980) examined the link
between fertilization of saltmarsh grasses and shellfish production. In 1992, Ulanowicz
and Tuttle determined through network analysis and field data that the overharvesting
of oysters may have had significant effects on a variety of aspects of the food web in
Chesapeake Bay. More recently, Baird and Heymans (1996) studied the reduction of
freshwater inflow into an estuary in South Africa and noted changes in foodweb
structure and trophic dynamics. Furthermore, the software Ecopath and related
programs have been used throughout the world to address various aspects of aquatic
resources management (see http://www.ecopath.org/ for summary of activities).

Network analysis was applied to a winter's Halodule wrightiicommunity in Goose Creek
Bay, St. Marks National Wildlife Refuge, Florida, USA, where a wide variety of taxa
were sampled (Baird et al. 1998, Christian and Luczkovich 1999). Unlike most
applications of network analysis, the field sampling design was specific for network



construction. From these data and from literature values, the authors constructed and
analyzed one of the most complex, highly articulated and site-specific foodweb
networks to date. Consumer compartments comprised effective trophic levels from 2.0
(herbivore/detritivore) to 4.32 (where a level 4.0 represents a “secondary carnivore”),
and these values were used to organize data interpretation. Among the findings was
the ability to show that detritus and benthic microalgae acted as important sources of
food in the extended diets of many consumers (Extended diet analysis tracks the
sources of food to a consumer back through the food web to primary production, import
or detritus.). “Bottom-up” control appeared important, and the extent of positive
influences of one group on another decreased with increasing trophic level. “Top-down’
control was limited to a few consumers with relatively large production or biomass
relative to their trophic position. Furthermore, the relative variabilities of input and
output variables among networks were assessed. This was possible because six
separate samplings (i.e., three sites sampled on two occasions) produced six separate
foodweb networks. Generally, the variabilities of systems-level output variables were
less than that for input variabilities.

Network analysis of food webs has its own limitations (Menge 1995). The ecosystem-
level analyses that are a part of trophic modeling provide information about how the
nature of the ecosystem responses to stress (Baird and Ulanowicz 1989, Baird et al.
1998). But the fact that networks are static views of the ecosystem, requires
conservative interpretation of predictions. Several dynamic system properties derived
from such modeling relate to the stability and resilience of the ecosystem and the
efficiency of transfer of energy to higher trophic levels, aspects of the system that have
implications for sustainability and thus relevance to environmental and natural resource
managers. Trophic network modeling has been employed previously in estuarine and
marine environments to serve ecosystem-based fisheries and environmental
management by indicating, for example, indirect impacts of fishing on dynamics of
important stocks acting through habitat and trophic modifications (Walters et al. 1997,
Pauly et al. 1998) and the indirect impacts of major oil spills (Okey and Pauly 1998).
Elmgren (1989) has successfully used trophic relationships and production estimates to
assess how eutrophication of the Baltic Sea over decades of enhanced nutrient loading
has modified production at higher trophic levels. However, no study has applied formal
mass-balance modeling to assess how eutrophication impacts cascade through an
estuarine or coastal marine food web. Such ecosystem-based studies of indirect
effects are critical to complement our present limited understanding by evaluating
whether and how changes in primary production and associated biogeochemistry move
through the ecosystem to modify higher trophic levels.

Previous Use of Network Analysis in ModMon

The ModMon program was developed in response to plans to reduce the nitrogen
loading to the eutrophic Neuse River and its estuary. 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. The first phase of ModMon began in 1997 and was completed by the end of
1998. One part of the program involved 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. A report of this
work has been published (Christian and Thomas 2000).

Based on network analysis results, nitrate imported into the system is most frequently
exported through burial for most of the year, except in winter when it is denitrified. One
atom of imported nitrogen is used multiple times by different components of the
ecosystem because of the long residence time of water in the estuary, high primary
productivity, and microbial recycling. Uptake of an average atom of nitrogen by
phytoplankton was calculated to occur 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, a very high vaiue (Christian et al.
1996). Recycling tended to be greater during the warmer months. The high degree of
recycling of nitrogen within the Neuse River Estuary is likely to inhibit ready detection of
observable responses to loading reduction, at least initially. These findings support that
of other work by ModMon scientists (Bowen and Hieronymus 1998, Luettich et al. 2000)
and are being used by DWQ to develop their management plans for the Neuse.






METHODS

The research was designed to make 3 contributions to the assessment of the

functioning of the Neuse River Estuary:

(1) construct and analyze a reference domain of food webs that may reflect relatively
common or nominal conditions and assess uncertainty within that domain,

(2) evaluate the effects of different environmental phenomena known to occur within the
Neuse River Estuary on trophic structure, and

(3) provide a framework that DWQ can use in the future to conduct assessments of the
Neuse River Estuary’s food web.

This was done through three phases of network construction and analysis. During
summer 1999, we constructed a preliminary network of a late summer’s food web in the
lower Neuse River Estuary. This established the general format of the food web and
provided an assessment of the availability of information. Following this during fall
1999, a second generation of networks was constructed and analyzed. These
established the final structure of the networks, the periods used for reference
conditions, and analyses of these reference conditions. The software package
NETWRK 4.2 was used for these analyses. The third generation of networks involved
modifications of the second generation to adapt them to Ecopath software and updated
information. These networks were then further modified to assess the effects of certain
environmental phenomena. The report will emphasize results from the most well
developed, third generation of networks.

Reference Network Construction

Four reference networks were constructed to analyze food web structure during the
early (June) and late (September) summers of 1997 and 1998. All four reference
networks were made up of the same 30 compartments (Figure 1). Species were
grouped into compartments based on extensive empirical data, literature, and best
professional judgment of similarities in diet and habitat use (D. Baird - all groups; L.
Crowder - fish; C. Peterson, and G. Johnson- invertebrates). Each network portrayed
the average conditions in the lower Neuse River Estuary at that particular time. The
area included within the boundary of each network extended from just above Minnesott
Beach to the mouth of the estuary. It consisted of zones A, B, and the lower half of C
as defined m Boyer et al. (1993) (Figure 2). The total area of the estuary considered
was 267 km? with an average depth of 3.79 m for a volume of 1x10° m®.

The trophic dynamics of the Neuse Rlver Estuary were tracked using carbon as the
currency. Biomass had the units mgC x m?, and flows had the units mgC xm’ Zxd?.

We emphasized the interactions of nekton and macrobenthos in our study, and biomass
data for these groups were mostly obtained from ongoing studies of the Neuse River
Estuary. For the pelagic compartments (including crab, finfish, jellyfish, and shrimp),
biomass data were provided by Katey West of the North Carolina Department of Marine
Fisheries (DMF). These data are part of a long-term fishery-independent database
targeted toward species of economic importance in the Pamlico Sound (e.g. NCDMF
1999, 2000). The Neuse River portion of the DMF surveys consisted of five stations,



randomly chosen within a grid of the geographic area. Each station was sampled in
June and September of 1997 and 1998. Sampling consisted of towing a double rigged
demersal mongoose trawl (9.1 m headrope, 1.0 m x 0.6 m doors, 2.2 cm bar mesh
body, 1.9 cm bar mesh cod end, and a 100 mesh tailbag extension) for 20 minutes.
Samples were sorted by species, and a total number and weight was recorded for each
species in each tow.

The raw fisheries data were converted to mg C/m? for each species and corrected for
trawl efficiency. First, wet weight per m? was calculated for each species by dividing
wet weight by the volume towed, and then multiplying by the average depth the water
column for that tow. A constant of 70 000 was then multiplied to the wet weight per m?
to convert to an uncorrected mg C/m?. The correction for trawl efficiency had two
components: 1) accounting for the distribution of organisms in the water column, and 2)
correcting for escape response. With respect to organism distribution, we assumed that
all groups except demersal fish (compartment # 20) were found throughout the water
column. For organism distribution, our correction involved multiplying the biomass of
each species (except demersal fish) by the fraction of the water depth covered by the
trawl in each tow (i.e. 0.6/water depth in meters). It was assumed that demersal fish
spend most of their time on or near the bottom, and a correction for organism
distribution with respect to trawl depth was unnecessary for this group. Escape
response was accounted for by assuming the trawl is ~ 63% efficient (Kjelson and
Johnson, 1978). Thus, the biomass of each specues was multiplied by 1/0.63 to gtve a
corrected value. Average values of mg C/m? for each species were then added to give
the biomass of a particular compartment.

Data for macrofauna biomass, including amphipods, gastropods, isopods, clams, and
polychaetes, were provided by the Institute of Marine Science at the University of North
Carolina. These data were collected as part of a ModMon project (Luettich et al. 2000)
with the exception of later summer 1998 which were collected anew. Samples were
collected along 7 transects in June 1997, 4 transects in September 1997, and 2
transects in June 1998. Six sites along each transect were sampled: two each from
shallow water (< 3m), intermediate depth (3-6m), and deep water (> 6m). Five cores
(10 cm diameter) from each site were analyzed by separating all invertebrates (whole
and fragmented) and articulated bivalve shells from the sediment matrix. All organisms
were then identified at the lowest possnble taxonomic category. Representative
mdxwduals were weighed. Individuals/m? were calculated for each taxon, converted to
mg C/m?, and then grouped and summed for a particular compartment. To convert
mdlwduals/m2 to mgC/m2 for each taxon we used a combination of measured values of
wet mass/individual and individuals/m? with literature values of mg C/individual or
mgC/g wet mass (Jorgensen et al. 1991, Pandian and Vernberg 1987; Baird et al.
1998).
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Figure 1. Food web network of the lower Neuse River Estuary.
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The ModMon studies by Paerl and colleagues on water quality provided biomass and
primary productivity estimates of phytoplankton for the reference periods (Luettich et al.
2000). Biomass and net primary productivity were estimated from chlorophyli a
concentrations, and gross primary productivity was then calculated from values of net
primary productivity and data on respiration obtained from "*C-CO; uptake. Dissolved
carbon release was assumed to be 14% of gross primary production based on
estimates used by Baird and Ulanowicz (1989) for the Chesapeake Bay.

Biomasses for other compartments were determined indirectly. Free-living bacterial
biomass was estimated from early and late summer densities in the area from Christian
et al. (1984), and values for sediment bacteria biomass were estimated from Baird and
Ulanowicz (1989). Biomass of benthic microalgae was estimated from unpublished
data of sediment chlorophyl a obtained in June/July 1998 from the study area (Chris
Buzzelli, Institute of Marine Science University of North Carolina). Zooplankton
biomass was estimated from values given by Mallin (1991) and Mallin and Paerl (1994)
from the area. Data for oyster biomass were collected by Jon Grabowski (Institute of
Marine Science University of North Carolina, personal communication 1999) in the
summer of 1996. These values were assumed to be representative of all seasons and
years modeled. Meiobenthos biomass was estimated to be 1000 mg C/m?in early
summer models, and undergo a 55% reduction in late summer models (Baird and
Ulanowicz 1989).

Biomass of the other upper trophic levels including birds, sea turtles, and large
predators were considered to be relatively constant throughout the seasons and years
modeled. Data on bird populations were obtained from Parnell et al. (1993), and
converted to biomass using average body weights given by Dunning (1993). Numbers
of sea turtles inhabiting the study area came from Epperly et al. (1995), and these were
also converted to biomass using average body weights (NRC 1930). Large predators in
our models included sharks, rays, and dolphins. Biomass data on sharks and rays were
estimated from Schwartz (1995), while unpublished data were used for numbers of
dolphins inhabiting the study area (Damon Gannon, Duke University, personal
communication, 1999). The latter were converted to biomass using average body
weights given by Hanson and Wells (1995).

Estimates of standing stocks of detrital compartments were also based on information
from several studies within the Neuse River Estuary. Much came from unpublished
data related to studies conducted by Christian and colleagues in the 1980s, although
information related to carrion came from for Core Sound from Johnson and to
suspended particulates from unpublished data by Paerl.

A summary of model input variables for each group, including biomass, production,
consumption, and fraction of consumption unassimilated, are given in Appendix |.
Values for carbon flow (i.e. production, consumption, and fraction of consumption
unassimilated) were obtained from various sources in the literature (see Appendix [).
Most of these values were similar to those used in Baird and Ulanowicz (1989) and
Baird et al. (1998). Data for diet composition are given in Appendix Il and were also
obtained from the literature, especially the two references cited, or best professional
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judgment. In some cases, diet ratios were altered from published values in order to
account for variations in presence/absence, organism density, and to maintain steady
state requirements.

Network Modifications for Fish Kill Analysis

The reference networks were modified to simulate hypothetical die-offs of a pelagic
species (menhaden - Brevoortia tyrannus), a demersal species (spot - Le/ostomas
xanthurus), and two species of a benthic invertebrate genus (Macoma balthica and
Macoma mitchelli). Fish kills of 1 thousand, 10 thousand, 100 thousand, and 1 million
individuals were used for menhaden and spot. Trawl data from DMF were used to
determine the average wet weight per individual fish for each network, and this was
used to calculate the loss in biomass (mg C) associated with a particular size fish kill.
Biomass lost from a compartment (either "#18 Pelagic" for menhaden, or "#20
Demersal" for spot) was averaged over the entire area covered by the model (267 kmz).
However, the results were used to infer the effects in smaller areas.

Two approaches were used in handling the fate of lost biomass associated with each
size fish kill. First, the biomass was simply removed from the appropriate compartment
of the reference network. Second, the lost biomass was transferred into two carrion
compartments (# 29 Pelagic Carrion and #30 Demersal Carrion). It was assumed that
all dead fish biomass associated with a fish kill goes into the carrion compartments in a
50:50 ratio. The diet matrix was then modified to account for feeding on the dead fish
biomass. Predators on the pelagic carrion, in decreasing importance, were assumed to
be birds (#22), blue crab (#17), large predators (#24), and sea turtles (#23). The
demersal carrion was preyed upon by blue crab (#17), demersal fish (#20), predatory
gastropods (#11), and predatory polychaetes (#13). Specific values for the amount of
energy transferred between carrion compartments and living compartments was
inferred by considering other diet items, organism density, and thermodynamic
constraints. These assumptions are supported by observations and unpublished data
from the study area (Galen Johnson, Institute of Marine Science of the University of
North Carolina at Chapel Hill, unpublished data, 1999).

Network Modifications for Benthos Kill Analysis

Results from the fish kill analyses were compared to those involving die-offs of Macoma
spp. We simulated die-offs of Macoma spp. by removing various percentages of total
biomass from compartment #9. Although compartment #9 includes all clams, it is
dominated by two species of Macoma, M. balthica and M.mitchelli Clam biomass
declined by two thirds between early summer 1997 and late summer 1997. During this
time a severe hypoxia event was documented in the lower Neuse River estuary, and the
event is assumed to have contributed to the extreme differences in standing stocks of
Macoma sp (Luettich et al. 2000) We modified the biomass of #9 clams in the foodweb
network of late summer 1997 to simulate of further effects of hypoxia. The biomass of
compartment #9 was reduced by 8 to 33% over a series of 5 foodweb networks.
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Network Analysis

All networks were brought into steady state and subsequently analyzed using Ecopath
4.0 (beta version) (www.ecopath.org). We evaluated the following output or response
variables in assessing the condition of the network and its components:

summed variables. We summed the biomass, consumption, production and
respiration of selected compantments to assess their contribution to total
network state and to compare components of the ecosystem, such as
macrobenthos vs. nekton.

total systems throughput. This is the sum of all flows within the network and
represents the size of the network.

ecotrophic efficiency. This is the fraction of production of a compartment
consumed by predators. Values greater than 1 indicate non-steady state
conditions.

effective trophic level. The trophic level of a compartment is calculated as a
continuous value, prorated for the trophic levels of prey and their distribution
within the diet.

net efficiency. This is the fraction of assimilation that contributes to
production.

omnivory index. The variance of the trophic levels of prey prorated by their
distribution represents to omnivory index of a predator. The indices of all
consumers were averaged.

production to biomass ratios. These were averaged for primary producers
and consumers.

primary productivity indices. The primary production required to support a
consumer was calculated from the consumption of the consumer related to its
effective trophic level and hence the dissipation of carbon required before
reaching the consumer. The percentage of net particulate primary production
used within the ecosystem by herbivory was also computed.

herbivory and detritivory. The throughputs of carbon through herbivores and
detritivores were calculated and compared.

path and cycle variables. The number of paths that carbon could take from
primary producers to individual consumers or to top consumers was
determined. Also, cycles represent the paths that carbon can flow from a
compartment to other compartments and back to the original. These are
dominated by cycles that begin and end with detritus. They were summed as
a measure of opportunity for recycling within the estuary. The Finn Cycling
Index is the amount of cycled flow as a percentage of total systems
throughput.

information indices. Development capacity is the total systems throughput
times the Shannon-Wiener Index of flows representing maximum complexity
within the network; it assesses the potential state of complexity of the
network. Ascendency is the total systems throughput times the average
mutual information; it assesses the status of the network relative to this
potential. Overhead defines the difference between them and can be
subdivided for imports, exports, dissipations and redundancy. These are
summed for the entire network or can be calculated for individual
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compartments. A useful measure of network’s maturity and developmental
status is the ratio of ascendency to capacity.
Fuller descriptions of the response variables are available in Christensen and Pauly
(1992), Kay et al. (1989), and Ulanowicz (1986).

Uncertainty and network sensitivity was assessed in four ways. Ecopath directly
includes two of them. We used the formal sensitivity analysis and Ecoranger in
Ecopath. The firstis a deterministic analysis that computes the effects of a change in
an input variable of a compartment on selected outputs of that compartment and its
prey. Ecoranger uses Monte Carlo simulation to vary input variables within set
distributions. Resultant networks are used to compute the distributions of variables that
allow steady state. We also inferred the sensitivity of the networks to modifications of
selected compartments from our experiments on fish kills and die-offs of macrobenthos.
Lastly, we computed the coefficients of variation of input and response variables as a
measure of the sensitivity of network status to normal changes across time.
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RESULTS

Establishing Reference Conditions

The four networks serving as the reference conditions demonstrated considerable
differences in the biomasses of benthic and pelagic compartments and consequent
trophic dynamics. During 1997 and 1998, the biomass of macrobenthos decreased
from early to late summer. Macoma spp. (dominating #9) contributed most to the
decline (Figure 3). Concomitantly, the biomasses of #18 pelagic, #19 pelagic-demersal
and #20 demersal fish increased (Figure 4). Demersal fish dominated this increase.

We considered that these four networks represented a range of trophic conditions that
might occur within the lower estuary in summer. To establish reference conditions we
wanted to calculate a metric to reflect the differences. Furthermore, the metric should
be one that could be measured readily. Therefore, we focused on the ratio of the
biomass of water-column organisms to that of benthic organisms. The benthos
included 10 potential compartments and the water-column included 13 potential
compartments, if all biota were considered. The ratios of all biota within each habitat
ranged from 0.194 to 0.866. However, these ratios had two problems regarding their
usability: (1) they included small organisms (e.g., algae, bacteria and small metazoans)
that dominated biomass, and (2) they included groups for which we had little
information. We instead wanted to focus on organisms that were best measured by
ModMon or the State and could be readily measured in the future. We, therefore,
calculated the ratio of biomass from DMF nekton data (including finfish, shellfish, and
jeliyfish) to biomass of benthic macrofauna (Appendix I). The ratio varied from 0.016 to
0.215 with smaller numbers reflecting early summer (Figure 5a).

The ratio of nekton biomass to macrobenthos biomass represents consumer conditions,
and these can be compared to primary productivity, another readily measured variable
gfigure 5b). We represented primary productivity as that used for the networks. Itis

C based, integrated over depth and includes dissolved organic carbon release. Other
more direct measures could be used. The variation in primary productivity is less than
that for nekton biomass / macrobenthos biomass. The result is a state space for the
four networks that represents key attributes of the reference ecosystem condition.
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Figure 5. Ratios of nekton to macrobenthos biomass for readily measured groups in the
reference foodweb networks(a) and comparison of ratios to primary productivity (b).
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Ecosystem Attributes under Reference Conditions

We assessed whether there were differences in ecosystem attributes from early to late
summer. Resultant differences may be associated with different causes, not the least
of which is the considerable differences between benthic and pelagic consumer
biomasses (Table 1). First, we examine attribute differences that are likely to be
independent of these biomasses. Then we consider attributes that may be linked more
directly to them.

Primary producer biomass varied between 1850 and 2100 mg Cxm’ except for late
summer 1998 when it rose to 2500 mg C x m™. A similar trend of the highest value
being in late summer 1998 was found for net prlmary productivity. However, the ratio of
primary productivity to producer biomass decreased from early to late summer in both
years.

Although all networks were designed to include 30 compartments, organisms were not
found for some compartments at certain times (Appendix I). Thus, early summer 1997
and late summer 1998 had 27 active compartments; early summer 1998 was
represented by 28 compartments; and late summer 1997 included all 30 compartments.
When compartments were not active, their place within the model was held by inclusion
of very low biomass and rates of import and export. The compartments not always
represented actively included: #7 white shrimp (early summer 1997 and 1998), #10
deposit feeding gastropods (early summer 1997 and late summer 1998), #11 predatory
gastropods (early summer 1997 and 1998, and late summer 1998), #15 isopods (late
summer 1998). Interestingly, the number of paths from primary producers to
consumers and number of cycles did not follow simply the number of active
compartments (Table 1). The number of paths ranged from 206 to 1180 with the least
and most occurring in networks with only 27 compartments. The number of cycles
ranged from 146 to 221 in early summer and increased to 1066 and 1076 in late
summer. The amount of carbon processed through cycles was determined as the Finn
Cycling Index. This index ranged from 13.9 to 16.2% of total systems throughput with
no apparent trends.

Aggregated properties of consumers followed two general trends (Table 1). Summed
heterotrophic consumption, respiration, and production and average production to
biomass (P/B) were similar for all but late summer 1997. All of these variables were
less at this time compared to the other three. In contrast, consumer biomass and the
percentage of primary productivity used showed declines from early to late summer
both years. Even though primary producer biomass was highest in late summer 1998,
total biomass reflected the consumer biomass. System P/B foliowed the trend of
consumer P/B.

Herbivory was less than 10 % of detritivory for all but late summer 1998 when primary
productivity was highest. At that time herbivory was greatest among all times and
represented 12.4% of detritivory. Detritivory decreased from early to late summer each
year.
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Table 1. Attributes of reference foodweb networks.

Attribute Units Early Late Early Summer Late
Summer Summer Summer
1997 1997 1998 1998
Primary producers
Primary producer biomass mgC/m2 1830 1855 2090 2474
Net primary productivity mgC/(m2 x d) 669 650 635 961
P/B primary producers only 1/d 0.85 0.64 0.79 0.67
Structure
Total non-detrital biomass mgC/m2 24526 17409 15948 14126
Number of active compartments 27 30 28 27
Number of paths 206 574 877 1180
Number of cycles 146 1066 221 1076
Finn cycling index 0.139 0.162 0.158 0.156
Consumers
Heterotrophic biomass mgC/m2 22636 15554 13858 11652
Total heterotrophic respiration 3128 2712 3107 3151
Total consumption mgC/(m2 xd) 7187 6409 7125 7205
Total secondary production mgC/(m2 xd) 3136 2904 3121 3291
% primary productivity used 73.5 63.8 69.9 63.9
System P/B 7.77 3.61 6.72 6.76
P/B consumers only 6.93 2.97 5.93 6.08
Herbivory and detritivory
Herbivory - mgC/(m2 xd) 492 415 444 614
Detritivory mgC/(m2 xd) 5213 4538 5048 4943
Herbivory:Detritivory 0.094 0.091 0.088 0.124
Trophic dynamics
Effective trophic level
Mean 2.7 3.0 2.8 2.7
Standard deviation 0.9 0.8 0.9 1.0
Ecotrophic efficiency
Mean 0.203 0.368 0.352 0.278
Standard deviation 0.333 0.383 0.438 0.374
Net Efficiency
Mean 0.425 0.283 0.363 0.429
Standard deviation 0.266 0.138 0.244 0.275
Omnivory Index
Mean 0.154 0.183 0.164 0.141
Standard deviation 0.176 0.169 0.180 0.175
information
Developmental capacity [mgC/(m2 xd)] (bits) 77859 64722 76489 75221
Ascendency [mgC/(m2 xd)] (bits) 37281 34436 39587 38896
AIC [mgC/(m2 xd)] (bits) 0.48 0.53 0.52 0.52
Overhead [mgC/(m2 xd)] (bits) 40578 31274 36867 36325
Dissipation [mgC/(m2 xd)} (bits) 10487 8610 10079 9580
Import [mgC/(m2 xd)] (bits) 6592 6701 8588 6619
Export [mgC/(m2 xd)] (bits) 2179 908 580 2144
Redundancy [mgC/(m2 xd)] (bits) 21321 14055 17620 17982

* Values for Effective Trophic Level, Ecotrophic Efficiency, Net Efficiency, and Ominory index are from

consumers only.

** Finn Cycling Index from NETWRK4 analysis of 1st generation models and includes detritus.



Other attributes of individual consumer compartments include effective trophic level,
ecotrophic level, net efficiency, and omnivory index. These were averaged over all
consumers. None of these averages demonstrated trends from early to late summer.

Information indices have been related to systems complexity, maturity and stability.
The primary trend for capacity, ascendency, and overhead was that the lowest values
were during late summer 1997 (Table 1). Other times had comparable ascendencies
and capacities, but overhead was highest during early summer 1997. This high
overhead was associated mostly with high dissipation overhead and redundancy. The
relative index of ascendency/capacity is therefore lowest during early summer 1997
(0.48) with the other times being 0.52 or 0.53.

In summary, although consumer biomass decreased from early to late summer, many
systems attributes did not. Instead, they may have reflected other network specific
conditions. The high primary production and primary producer biomass were reflected
in herbivory and their P/B. The high biomass in early 1997 (primarily as benthic
biomass) was associated with P/B, and the low biomass (again from macrobenthos) in
late 1997 was associated with various metabolic rates and information indices. Some
attributes showed no obvious trends.

Attributes of focal compartments under conditions of reference

Our modifications to the reference networks focused on 3 specific groups: clams (# 9,
dominated by two Macoma spp.), pelagic fish (#18, dominated by Atlantic menhaden),
and demersal fish (#20, dominated by spot and croaker). (See Appendix Il for
complete listing of species included in each.) We therefore assessed their attributes
under reference conditions for subsequent comparison with modified networks. We
also compared them with the sum of other macrobenthos (#8, #10, #11, #12, #13, #14,
#15) and other nekton collected by DMF (#5, #6, #7, #17, #19, and #21).

Clams had higher biomass than any other macrobenthic group or all nekton combined
during all four reference times (Table 2). This also translated into higher consumption,
respiration and production under all conditions. However, consumption and respiration
of clams was only approximately 10% or less of total systems rates. Clams had their
highest contribution in biomass and rates in early summer 1997, next highest in early
summer 1998, and similar quantities during late summer during both years.

Biomass, consumption, respiration and production of demersal fish greatly exceeded
those of pelagic fish and the sum of other nekton groups collected by DMF (Table 2).
All of these groups were in excess of the other predatory nekton (#23 and #24) and
birds (#22) (Appendix I). However, demersal fish contributed less than 1% of either
total systems consumption or respiration under all conditions. Biomass of demersal fish
was higher in either late summer than either early summer. Although biomass of
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Table 2. Attributes of focal groups of organisms within reference foodweb networks
related to quantities of biomass and flow.

Attribute Units  Early Summer Late Summer Early Summer Late Summer
1997 1997 1998 1998
Biomass mgC/mz2
Clams 18400 6008 9842 6030
Other benthic fauna " 355 131 131 99
Pelagic fish 1.7 4.35 4.3 14.7
Demersal fish 275.6 1277.9 2189 1336.5
Other nekton 20.8 26.5 5.7 28.8
Consumption mgC/(m2 xd)
Total 7196.5 6409.4 71245 7204.9
Clams 754.4 120.2 4429 132.7
Other benthic fauna 45.33 8.05 14.07 7.21
Pelagic fish 0.133 0.348 0.342 1.279
Demersal fish 10.2 46 7.88 46.78
Other nekton 1.17 0.79 0.41 1.19
Respiration mgC/(m2 xd)
Total 3128 2812 3107 3151
Clams 288.9 57.32 182.1 60.93
Other benthic fauna 18.68 4.1 6.12 3.62
Pelagic fish 0.054 0.141 0.298 0.516
Demersal fish 3.517 15.83 2.744 15.742
Other nekton 0.665 0.449 0.31 0.691
Production mgC/(m2 xd)
Total 3805.1 3553.7 3755.8 4251.7
Clams 239.2 24.03 127.9 30.15
Other benthic fauna 9.069 1.49 2.97 1.38
Pelagic fish 0.012 0.03 0.03 0.118
Demersal fish 1.38 6.39 1.1 6.68
Other nekton 0.25 0.15 0.084 0.24
% system consumption
Clams 10.5 1.9 6.2 1.8
Other benthic fauna 0.63 0.13 0.2 0.1
Pelagic fish 0.002 0.005 0.005 0.018
Demersal fish 0.142 0.718 0.111 0.649
Other nekton 0.016 0.012 0.006 0.016
% system respiration
Clams 9.24 2.04 5.86 1.93
Other benthic fauna 0.6 0.15 0.2 0.12
Pelagic fish 0.002 0.005 0.01 0.016
Demersal fish 0.112 0.563 0.088 0.5
Other nekton 0.021 0.016 0.01 0.022
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pelagic fish was higher in late summer than early summer each year, the late summer
quantities in 1997 were actually closer to early summer 1998 than late summer of that
year. The composite of other nekton showed no patterns from early to late summer.

Another set of attributes of the focal nodes was derived from Ecopath (Table 3). These
attributes were assessed relative to patterns of change from early to late summer. Only
effective trophic level of each of the three remained similar for all conditions. Their
trophic position was not appreciably altered as their biomasses changed. In contrast
other attributes did show effects.

s Ecotrophic efficiency, the extent of predation pressure, increased dramatically from
early to late summer for both clams and demersal fish. Pelagic fish had higher
ecotrophic efficiencies in 1998 when almost all production was grazed than in 1997.

« Omnivory index increased with the range of different trophic levels preyed upon. It
was the same or similar across periods for clams and pelagic fish, but demersal fish
broadened their diet from early to late summer.

» The information indices of (1) ascendency, (2) capacity, (3) ascendency:capacity,
and (4) the percentage contribution to total systems ascendency for clams
decreased from early to late summer. The reverse trends in ascendency and
capacity were found for the two fish groups. The reverse trend also held for

demersal fish with the latter two indices, but the patterns did not hold for pelagic fish.

~» Net efficiency is the portion of assimilation that enters production (i.e.
production/assimilation). This decreased from early to late summer for clams but
showed no patterns for the fish.

» Numbers of paths through consumers to clams and pelagic fish were small and
constant. Demersal fish had 13 to 31 paths, reflecting the presence or absence of
intermediate prey (i.e., shrimp).

e The primary production required for each group reflects its abundance and trophic
position. Thus, although the biomass of clams was highest among the three groups,
demersal fish, as a higher level consumer, required the most primary production in
absolute terms and as a percentage of total primary production.

Effects of Fish Kills

The most visible environmental phenomenon that draws attention to the Neuse River
Estuary is fish kills. These are most often dominated by Atlantic menhaden but can
include spot and croaker among other species. The death of fish affects trophic
dynamics in at least two ways that can be readily represented in static networks. First,
it represents a loss of biomass, and subsequently production, available for predation.

Second, it shifts material to detritus, making it available to scavenging consumers. We

evaluated both of these aspects for fish kills of pelagic and demersal fish. Both of the
processes have an immediate and a long-term consequence. The long-term
consequence of changes in species abundance, migrations and diet are beyond the
purview of the static network analyses and requires simulation. Therefore, we focus on
the immediate or short-term consequences here. Furthermore, fish kills rarely occur
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Table 3. Attributes of focal groups of organisms within reference foodweb networks
related to trophic position and informational content.

Attribute Units  Early Summer Late Summer Early Summer Late Summer
1997 1597 1998 1998

Effective trophic level

Clams 2.0 2.0 2.0 20
Pelagic fish 3.3 3.2 3.3 3.2
Demersal fish 3.4 3.4 3.5 3.5
Ecotrophic efficiency
Clams 0.012 0.686 0.008 0.468
Pelagic fish 0.576 0.855 0.995 0.946
Demersal fish 0.081 0.755 0.306 0.693
Ominvory index
Clams 0 0 0 0
Pelagic fish 0.697 0.669 0.697 0.626
Demersal fish 0.069 0.181 0.082 0.183
Ascendency (mgC/(m2 x d))*bit
Clams 1317 265.5 870.5 255
Pelagic fish 0.3 1 1.1 3.7
Demersal fish 18.3 98.7 17.1 90.7
Capacity (mgC/(m2 x d))*bit
Clams 4218 1027 2829 1140
Pelagic fish 24 5.9 5.6 19.5
Demersal fish 120.5 454.8 97.5 463.5
% system ascendency
Clams 3.53 0.77 2.2 0.66
Pelagic fish 0.008 0.003 0.003 0.01
Demersal fish 0.05 0.29 0.043 0.23
Net efficiency Production/Assimilation
Clams 0.45 0.32 0.41 0.33
Pelagic fish 0.18 0.18 0.09 0.18
Demersal fish 0.28 0.29 0.29 0.31
Number of paths to:
Clams 2 2 2 2
Pelagic fish 4 4 4 4
Demersal fish 13 18 31 18
Primary Prod. Required mgC/(m2 xd)
Clams 754.4 120.2 4429 133.9
Pelagic fish 203.2 146 653.9 315.3
Demersal fish 4925.5 4741.9 4654.3 5180.3
PPR/Consumption
Clams 1 1 1 1
Pelagic fish 1532 419.5 1914.8 246.6
Demersal fish 483 103.1 590.5 1121
PPR/Total Primary Prod. %
Clams 18.9 2.84 9.14 2.97
Pelagic fish 5.1 3.44 13.49 7
Demersal fish 123.69 111.89 96.04 114.99
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over the entire lower estuary and may involve fish of sizes other than the average. We
provide a mechanism to convert our findings for these differences.

The loss of production by fish kills, available to predators, can be represented directly
as a removal of biomass. We represented fish kills of (1) pelagic fish by removing the
biomass of numbers of average sized Atlantic menhaden and (2) demersal fish by
removing biomass of numbers of average sized spot. The number removed ranged
from 1,000 to 1,000,000 average sized fish in the lower estuary. The fish size used was
determined for each of the four reference networks, and all numbers were removed for
each reference network.

Ecotrophic efficiency. The effects of removal of these fish were first evaluated by the
ecotrophic efficiency of the group. Ecotrophic efficiency is a measure of the fraction of
production that is consumed by predators. We reasoned that removal of fish associated
with fish kills would potentially increase the demand for the remaining fish and thus
place greater resource limitation on predators. These consequences would be indexed
by increases in ecotrophic efficiency of the pelagic or demersal fish groups with fish
removal. If ecotrophic efficiency exceeds 1.0, production of remaining fish would be
insufficient to supply extant predators.

The effects of removing Atlantic menhaden were dependent on time and amount
removed (Figures 6). The predation pressure on the pelagic fish was less in 1997
(0.576 and 0.855) than 1998 (0.995 and 0.946) under reference conditions. But during
all times, fish kills of 10,000 menhaden in the lower estuary had little to no effect. Early
summer 1997 had the largest increase in ecotrophic efficiency at this level of removal.
The quantities of pelagic fish biomass were lowest at this time, and 10,000 menhaden
represented 17.8% of the biomass (Figure 6a). Furthermore, the equivalent to 100,000
fish was greater than the entire biomass of pelagic fish during early summer 1997. One
million menhaden were needed to eliminate pelagic fish during late summer 1997, but
even this amount removed only 40% or less of the biomass in 1998 (Figure 6b).

A removal of 100,000 menhaden placed the pelagic fish into a situation where their
production did not balance predation pressure in late summer 1997. However,
production of pelagic fish approximated predation pressure with removal of the same
size in early summer 1998. A major difference between the two models is that the
removal represented 29% of the pelagic biomass in the 1997 network but only 4% in
1998. The production removed by a fish kill of this size directly affected four predator
groups in late summer 1997 (#19 pelagic-demersal fish, #21 bluefish-flounder, #22
birds, and #24 large predators; Table 4). For each of these predators (except #22
birds), there was an increase in the consumption of pelagic species as a fraction of the
pelagic production. In early summer 1998, these predators exhibited only a slight
increase in this ratio. Although a kill of 100,000 menhaden had little effect in 1998,
consumption of menhaden exceeded their production with a removal of 1,000,000
individuals during both times in 1998. However, in 1998, losses of this amount did not
take fish stocks to zero, as it did in 1997 (Figure 6).
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Figure 6. Effects on ecotrophic efficiency of removal of Atlantic menhaden biomass

through fish kills during summers of 1997 (a) and 1998 (b).

100.0 100.0 1.201 100.0
12 o 100
90
1 o
0.855 0.857 0.88 80
§‘0 8 70
G_) . »
B A 0.701 50
T, 0.587
3 064 0576 -
s 40
2 04 bg
YT 30
w 7
02« / 20
0.0 18]~ . 0 0.0 0.3 _2:’/ o T
0 .-d 4 . “"‘ ¢ 0
0 10,000 1 million 1,000 100,000
Early
Summer
1997

Size of Fish Kills (number of individuals)

C—JEcotrophic Efficiency

—&— °% Reduction in Biomass

Percent Reduction in Biomass



SSBWOIg Ul UOIONPaY 1Us2iad

SSBWOIG Ul UOIIONPAY ¥, et Aousioyy3 oydonoog )

(SlenpiAtpul J0 Jaquinu) S|y Ysi4 Jo 8zIS

866}
lswwing
Apeg
000'00} 000'} uolIw | 0000} 0
i ) 2°q £0°( 0 : 0
S - ro ro'( °l $z0
v .

oL 4 40
m
Gl < +90 ¢
0z + 80 3
- ..M:
(@]
GC = \ . ] . . m
676 L 9 T =
v56°0 0 60 60 v00'L  866°0  S66'0  S66°0 5
Oml! mmww llN._. nUU
O
coc't <

mm - C 3 .VF

Oﬁ olle mov C 3 @F

() 8661 pue (e) /661 Jo stswwns Buunp sy ysy ybnoay)
SSBWOIq uspeyuaw diuUelY JO jeaowal Jo Aousidiye 21ydosjode uo sy g ainbiy

29



o€

Table 4. Diet analysis of predators of pelagic fish and the significance of the loss of 100,000 menhaden in a fish Kkill.

Late Summer 1997
Pelagic Biomass: With No Fish Kill = 4.350 mg C/m?; With Fish Kill = 3.094 mg C/m’
Pelagic Production/Biomass Ratio = 0.007

Predator Biomass Total Consumption Consumption on Pelagics/Pelagic Production

(mg C/m?) (mg C/m’/day) (Without Fish Kill) (With Fish Kill)
Pelagic-Demersal (19) 15.790 0.268 0.6777 0.9525
Bluefish-Flounder (21) 4.418 0.071 0.1761 0.2476
Birds (22) 1.040 0.240 0.0000 0.0000
Large Predators (24) 0.850 0.005 0.0334 0.0470

Early Summer 1998
Pelagic Biomass: With No Fish Kill = 4.323 mg C/m?; With Fish Kill = 4.15 mg C/m?
Pelagic Production/Biomass Ratio = 0.007

Predator Biomass Total Consumption Consumption on Pelagics/Pelagic Production

(mg C/m?) (mg C/m*/day) (Without Fish Kill) (With Fish Kill)
Pelagic-Demersal (19) 0.006 0.000 0.0006 0.0006
Bluefish-Flounder (21) '1.260 0.013 0.1663 0.1732
Birds (22) 1.040 0.240 0.8008 0.8338
Large Predators (24) 0.850 0.005 0.0034 0.0035

Late Summer 1998
Pelagic Biomass: With No Fish Kill = 14.696 mg C/m? With Fish Kill = 14.305 mg C/m?
Pelagic Production/Biomass Ratio = 0.008

Predator Biomass Total Consumption ~ Consumption on Pelagics/Pelagic Production

(mg C/mz) (mg C/m*/day) (Without Fish Kill) (With Fish Kill)
Pelagic-Demersal (19) 5.917 0.166 0.2353 0.2419
Bluefish-Flounder (21) 6.470 0.104 0.0933 0.0959
Birds (22) 1.040 0.240 0.5986 0.6153
Large Predators (24) 0.850 0.005 0.0043 - 0.0044

TAll pelagic biomass was removed from system in early summer 1997 with fish kill of 100,000 menhaden.




In contrast to menhaden removal, demersal fish were entirely insensitive to removals of
biomass of up to 1,000,000 spot (Figure 7 a and b). This reflects the large populations
of demersal fish. Removal of 1,000,000 amounted to 1% or less of the demersal fish
biomass. Thus, a fish kill of the order of 100,000,000 individuals would be necessary to
remove demersal fish from the lower estuary. Also, ecotrophic efficiencies of demersal
fish were always less than those of pelagic fish because of the former's large
populations. Consumption on demersal fish ranged from 8 to 30% of production in
early summer and 69 to 76% in late summer.

Systemns level attributes. Numerous systems-level attributes were assessed with
respect to removal of living biomass from fish kills. Throughput, or summed flows
through the systems, was evaluated at three levels: total system, non-detrital, and fish
group (Table 5). The losses of throughput resulting from either menhaden or spot
removal were insignificant at the fifth decimal place for total systems throughput and
fourth decimal place for non-detrital throughput. The reasons for this can be inferred
from the group throughputs. Throughput of pelagic fish never exceeded 1 3mg Cxm?
x d’. Demersal fish throughputs were larger (7.8t046.2 mg C x m? x d’ Y, but
differences between the various removals ranged from 0.0 to 0.3 mg C x m X d'.

Information indices of the total system, such as ascendency and ascendency/capacity,
did not change with any loss of fish within the range of 1,000 to 1,000,000 (Table 6).
These systems level attributes were insensitive to the changes, as expected. However,
ascendency of each group of fish did change with at least the higher conditions of
removal. Ascendency and ascendency/capacity of pelagic fish were more sensitive to
removal than those attributes for demersal fish. Interestingly, the direction of change
for ascendency/capacity of pelagic fish varied. In early and late summer 1997, when
densities were low, increased removal increased ascendency/capacity until all fish were
removed. In 1998, ascendency/capacity decreased until 1,000,000 fish were removed
at which point it rose to levels above the reference.

Effects of fish kills on nekton to macrobenthos ratio. The effects of the loss of biomass
on the pelagic to benthic ratio were largely insignificant for most situations (Figure 8).
Fish kills of up to 100,000 mehaden did not change the ratio perceptively. Fish kills of
1,000,000 did lower the ratio.

Shift to detritus. Obviously, fish kills do not simply remove food from the food web but
live fish transfer to another form (i.e., carrion) that can be eaten by different consumers.
(Galen Johnson for her Ph.D. dissertation research is addressing this aspect of
foodweb dynamics. Therefore, we have not developed this line of inquiry very far, but
we have attempted one analysis of the consequences.) We examined the importance
of the conversion of pelagic fish during a 100,000 fish kill to carrion and resultant
feeding for late summer 1997 (Table 7). The absolute changes in any of the systems
level attributes that we examined were small relative to either the nominal case of no
fish kill or a fish kill with only removal of biomass. However, the directions of change in
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Figure 7. Effects on ecotrophic efficiency of removal of spot biomass
through fish kills during summers of 1997 (a) and 1998 (b).
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Table 5. Effects of fish kills on throughputs.

Early Summer Early Summer Late Summer Late Summer
Fish kills involving pelagic species 1997 1998 1997 1998

mg C/(m2 x day) mg C/(m2 xday) mgC/(m2 x day) mg C/(m2 x day)

125

Total System Throughput

No Fish Kill 18201.47 18546.88 16273.59 18758.96
1,000 Individuals 18201.47 18546.88 16273.59 18758.96
10,000 Individuals 18201.46 18546.88 16273.58 18758.96
100,000 Individuals 18201.41 18546.88 16273.52 18758.95
1 Million Individuals 18201.41 18546.85 16273.36 18758.80
Non-Detrital Total System Throughput
No Fish Kill 1162.945 1080.667 1073.886 1583.049
1,000 Individuals 1162.944 1080.667 1073.886 1583.049
10,000 Individuals 1162.937 1080.667 1073.883 1583.048
100,000 Individuals 1162.901 1080.662 1073.851 1583.036
1 Million Individuals 1162.901 1080.623 1073.760 1582.915
Pelagic Throughput
No Fish Kill 0.1 0.3 0.3 1.3
1,000 Individuals 0.1 0.3 0.3 1.3
10,000 Individuals 0.1 0.3 0.3 1.3
100,000 Individuals 0.0 0.3 0.2 1.2
1 Million Individuals 0.0 0.2 0.0 0.9
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Table 5 (Continued).

Fish kills of demersal species

Total System Throughput
No Fish Kill
1,000 Individuals
10,000 Individuals
100,000 Individuals
1 Million Individuals

Non-Detrital Total System Throughput
~ No FishKill
1,000 Individuals
10,000 Individuals
100,000 Individuals
1 Million Individuals

Demersal Throughput
No Fish Kill
1,000 Individuals
10,000 Individuals
100,000 Individuals
1 Million Individuals

Early Summer

1997

mg C/(m2 x day)

18201.47

18201.47
18201.47
18201.42

1162.945
1162.945
1162.944
1162.933
10.2
10.2

10.2
10.1

Early Summer

1998

mg C/(m2 x day)

18546.88

18546.88
18546.88
18546.80

1080.667

1080.667

1080.666

1080.654

7.9

7.9

7.9
7.8

Late Summer

1997

mg C/(m2 x day)

16273.59

16273.59
16273.57
16273.34

1073.886
1073.886
1073.880
1073.825
46.0
46.0

46.0
45.7

Late Summer

1998

mg C/(m2 x day)

18758.96

18758.96
18758.95
18758.76

1583.049
1583.048
1583.043
1582.989
45.2
46.2

46.2
45.9

Notes: ' Fish kill results in all biomass being removed from system;? EE of Pelagics = 1.662; ° EE of Pelagics = 1.201; *

EE of Pelagics = 1.262.
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Table 6 (Continued).

Fish kills of demersal species Early Summer 1997 Early Summer 1998 Late Summer 1997 Late Summer 1998

System Ascendency (flowbits)

No Fish Kill 37280.5 39586.7 34436.1 38895.9
10,000 Individuals 37280.5 39586.7 34436.1 38895.9
100,000 Individuals 37280.4 39586.7 34435.9 38895.8
1 Million Individuals 37280.3 39586.4 34434.5 38895.0
System Ascendency/Capacity
No Fish Kill 47.9 51.8 53.2 51.7
10,000 Individuals 479 51.8 53.2 51.7
100,000 Individuals 47.9 51.8 53.2 51.7
1 Million Individuals 47.9 51.8 53.2 51.7
Demersal Ascendency (mg C/m?/day * bits)
No Fish Kill 18.3 17.1 98.7 . 90.7
10,000 Individuals ‘ 18.3 17.1 98.7 90.7
100,000 Individuals 18.3 17.1 98.7 90.6
1 Million Individuals 18.2 16.9 98.0 90.0
Demersal Ascendency/Capacity
No Fish Kill 0.152 0.175 0.218 0.196
10,000 Individuals 0.152 0.175 0.218 0.196
100,000 Individuals 0.152 0.175 0.218 0.196
1 Million Individuals 0.152 0.175 0.218 0.196

Notes: ' Fish kill results in all biomass being removed from system:? EE of Pelagics = 1.662; * EE of Pelagics = 1.201; *
EE of Pelagics = 1.262.



Table 7. Effects of allowing killed fish to be fed upon as carrion during late summer 1997.

Fish Kill of 100,000 Individuals

8¢

No Die-Off Dead Biomass Dead Biomass

Removed from System to Carrion
System Ascendency [(mg C/(m2 x day)) (bits)] 34436.1 34435.9 34540.9
System Ascendency/Capacity 53.2 53.2 53.3
Pelagic Ascendency [(mg C/(m? x day)) (bits)] 1 0.8 0.8
Pelagic Ascendency/Capacity 0.169 0.186 0.186
Total System Throughput (mg C/(m? x day)) 16273.59 16273.52 16277.36
Non-Detrital System Throughput (mg C/(m? x day)) 1073.886 1073.851 1073.074
Pelagic Throughput (mg C/(m? x day)) 0.3 0.2 0.2
Pelagic Ecotrophic Efficiency 0.855 1.201 1.201
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results were attribute specific. System ascendency, ascendency/ capacity, and total
system throughput were highest when carrion was included. Non-detrital throughput
was least when carrion was included. Other attributes were equal for kills with and
without carrion, and both were less than for the nominal case.

Inference to other scales. Because fish kills tend to be patchy, affecting only a
percentage of the estuarine area. It may be appropriate to analyze the effects only for
the immediate area affected by the kill. The results, described above, can be used to
infer effects of fish Kills in smaller areas or with larger than average fish.

Previously, the removal of fish during a fish kill was calculated as if the kill occurred
over the entire lower estuary. The effects were calculated for an average square meter
of the entire area.

The effects within the region of the kill are more intense than those averaged over the
lower estuary. As patchiness is taken into account and the area of the fish kill becomes
more localized and decreases, the effects per m? within that smaller area are predicted
to increase proportionally for any stated number removed (Table 8). For example in
early summer 1998, 100,000 dead menhaden removed from the whole estuary
promotes an ecotrophic efficiency on that group of 1.004 when considered for the lower
estuary (Figure 6b). If the loss occurred in 10% of the estuary, the effects within that
10% predicts an ecotrophic efficiency of 1.662. This latter ecotrophic efficiency is the
one for 1,000,000 fish being removed over the entire lower estuary. Thus, during such
a fish kill, menhaden production is balanced by consumption by its predators over the
entire lower estuary. But consumption exceeds production within the region of the kill.

Another way of looking at this is that as the area of a fish kill decreases, the number of
dead fish causing a specific effect decreases. Thus, a total of 1,000,000 fish removed
per lower estuary would cause an effect across that whole area equal to the effect of
100,000 fish removed in 10% of the lower estuary to that localized area. The
comparable effect over 1% of the lower estuary would require only 10,000 fish to be
removed. An area equal to 1% of the lower estuary is 2.67 km? or about a square equal
to 1.6 km on a side. Fish kills certainly can be restricted to this size or smaller.

The smallest hypothetical fish kills over the entire lower estuary to cause effects
contained 10,000 menhaden (early summer 1997). Only 1,000 and 100 fish would
have to be removed for a fish kill within 10% and 1% of this area, respectively, (26.7
and 2.67 km ) to cause a measurable effect on ecotrophic efficiency of menhaden
during that time. Larger fish kills would be needed for other times. A fish kill of
1,000,000 fish over the lower estuary appears critical for menhaden most other times,
and more than this number is needed for demersal fish kills. For localized losses to
have the same effect locally, at Ieast 10,000 fish would have to die in 1% of the estuary
and 1,000 fish in 0.1% (0.27 km? or about 500 m square).
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Table 8. Scaling fish kill effects to area of estuary affected. Each of the fish kills given
below have an equivalent effect at the area considered. For example, a kill of 1 million
individuals considered throughout the lower Estuary is equivalent to a kill of 1,000
individuals occurring within.a 500 m? area.

Equivalent Effect of Fish Kills at Different Spatial Scales

Size of Fish Kill Area Considered % of Lower
(number of individuals) Neuse River Estuary
1,000,000 267 km* 100
100,000 27 km? (5.2 km x 5.2 km) 10
10,000 2.7 km? (1.6 km x 1.6 km) 1
1,000 0.3 km? (0.5 km x 0.5 km) 0.1
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Fish size may also affect inferences regarding effects of fish kills. We used average
sized fish found in DMF trawls (Table 9), but fish that die during fish kills may have
sizes larger or smaller than this average. Larger fish have more biomass, and therefore
fewer fish removed would cause greater effects than those inferred from average sizes.
The relationship is linear and proportional. The range of sizes found in trawls can be
large, especially during early summer. During early summer the range of menhaden
sizes collected in trawls was four-fold in 1997 and fifteen-fold in 1998. For spot it was
twenty-fold in 1997 and eighty-fold in 1998. By the end of the summer the range
decreased to about two-fold or less for both species. The mean sizes that we used for
fish kills tended to be toward the smaller end of the range because of the skewed
distributions of these sizes. Thus if fish kills were dominated by the larger fish within
the population, the number of lost fish needed to give an effect would be less than
predicted. The correction would be minimal in late summer, but in early summer the
correction may involve as much as a ten-fold decrease in numbers for a comparable
effect.

Effects of Decreases in Benthic Biomass Associated with Hypoxia

We considered that the differences between early and late summer could reflect, at
least in part, the impacts of hypoxia on trophic dynamics. Furthermore, we modified the
late summer network of 1997 to evaluate further impacts.

Effects of differences from early to late summer have been described earlier. Total
clam biomass fell from early to late summer during both years (Tables 2 and 10). The
biggest drop was in 1997. The large decrease was the result of the highest biomass of
any time in early summer (18,400 mgC xm’ ) rather than the lowest biomass in late
summer. However, the biomasses in Iate summer during both years were essentially
the same (6,008 and 6,030 mg C xm’ ). During all periods, the contribution by clams to
systems biomass was significant (Table 10). Clams comprised >98% of benthic faunal
biomass. The contribution in early summer exceeded that of late summer. Greater
than 70% of consumer biomass and 60% of total non-detrital biomass was attributed to
clams in early summer. In late summer they comprised 39 to 52% of consumer
biomass and 35 to 43% of total non-detrital biomass. This was much larger than the
contributions by either pelagic or demersal fish at all times (Table 2). This may be
reflected in the ways in which previously described attributes changed from early to late
summer (Tables 1, 2, and 3), but one cannot isolate the effects of changes in clam
biomass from other changes. We, therefore, manipulated the biomass of clams in
networks.

We reasoned that increased hypoxia and anoxia could cause greater decreases in clam
biomass during late summer than seen either year. We therefore reduced the biomass
of cIams from late summer 1997 network in five increments (Figure 9). Up to 2,000 mg
C x m? of clam biomass was removed representing as much as 33% of the standing
stock of this group. Even a 4% decrease in biomass prompted an |ncrease in
ecotrophic efficiency from 0.69 to 0.72. A 25% decrease (1,500 mg C x m’ %) brought
predatory consumption approximately into balance with production by the clams.

Above this level of decrease in biomass, the production of clams was less than what
was consumed.
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Table 10. Relationship of clam biomass to other combinations.

Attribute Units Early Late Early Late
Summer Summer Summer Summer
1997 1997 1998 1998
Biomass mgC/m?
Clams 18,400 6,008 9,842 6,030
Total benthic fauna 18,755 6,139 9,973 6,129
Total Cosumer 22,636 15,554 13,858 11,652
Total non-detrital 24,526 17,409 15,948 14,126
Percentage %
Total benthic fauna 98 98 99 98
Total Cosumer 81 39 71 52
Total non-detrital 75 35 62 43
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The experimental decreases in biomass of clams within the network were associated
with concomitant changes in clam compartmental attributes but smali changes in
system level attributes (Table 11). For example, with a 33% decrease in clam biomass,
that compartment’s throughput decreased by 33%, its ascendency decreased by 22%
and its ascendency / capacity rose by 8.5%. In contrast, with the same biomass
decrease all other attributes examined changed by 1% or less (Table 11). Once again
the system-level trophic dynamic attributes of the lower Neuse River Estuary appear
largely insensitive compared to events simulated here.

Uncertainty and Sensitivity of Networks
We attempted to assess the effects of uncertainty in input variables on assorted
analysis outputs in four ways. We used the following:
(1) a formal sensitivity analysis available in Ecopath;
(2) Ecoranger, a Monte Carlo method to assess the effects of variation in input
variables;
(3) the relative variability of input and output variables, and
(4) the sensitivity of outputs from the modifications made to assess fish kills and
hypoxic effects on benthos.

Formal sensitivity analysis. Ecopath provides a simple sensitivity routine that varies
input variables analytically from -50% to +50% and computes effects on selected output
variables. The input variables for our networks were generally biomass, P/B, and
consumption to biomass. The output variable assessed for sensitivity was ecotrophic
efficiency of the group modified and its prey. We considered two networks at the
extremes of the pelagic/benthic ratio, early summer 1997 and late summer 1998. We
focused on compartments that had output responses that were at least 3/5 the input
change (i.e., demonstrated a [>=0.3| response to a |0.5| change in an input variable.
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Table 12. Sensitive predator prey pairé based on response of ecotrophic efficiency of
prey to change in predator’s input variables.

Early summer 1997 Late summer 1998

Predator
zooplankton
zooplankton
meiobenthos
demersal fish
demersal fish
demersal fish

birds
blue crab
pelagic-

demersal fish
meiobenthos

Prey
phytoplankton
bacterioplankton
benthic microalgae
zooplankton
clams
deposit feeding
polychaetes
brown & pink
shrimp
deposit feeding
amphipods
pelagic fish

sediment bacteria

Predator
zooplankton
zooplankton
meiobenthos
demersal fish
demersal fish
demersal fish

demersal fish
birds
birds

birds

birds

brown & pink
shrimp
meiobenthos

Prey
phytoplankton
bacterioplankton
benthic microalgae
zooplankton
clams
meiobenthos

pelagic-demersal
fish

brown & pink
shrimp

white shrimp

pelagic fish
bluefish & flounder
deposit feeding
polychaetes
sediment bacteria

The two networks had somewhat different sensitivities (Table 12). The early summer
network had 10 sensitive prey groups responding to 6 different predators. The late
summer network had 13 prey groups responding to 5 predator groups. Although a

predator may have affected more than one prey sensitively, no one prey was sensitive
to more than one predator. Some predators elicited responses in more than one prey.
In both networks, phytoplankton and bacterioplankton were sensitive to zooplankton;
and benthic microalgae and sediment bacteria were sensitive to meiofauna.
Zooplankton, clams and deposit feeding polychaetes were sensitive to demersal fish in
the early summer network. Zooplankton, clams, meiobenthos and pelagic-demersal
fish were sensitive to demersal fish in the late summer network. Further, birds elicited a
sensitive response in brown & pink shrimp, white shrimp, pelagic fish, and bluefish and
flounder at this time.

Several food chains were shown to be particularly sensitive when pairs of predators and
prey were combined. In early summer 1997, the food chain from phytoplankton and
bacterioplankton to zooplankton and on to demersal fish had every link exceed our
threshold of sensitivity. In late summer 1998, three sensitive food chains were noted.
First, the same one as in early summer was recognized. Second was the food chain
from benthic microalgae and sediment bacteria to meiobenthos to demersal fish. Third,
deposit feeding polychaetes to brown & pink shrimp to birds was also sensitive at each
link.
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Ecoranger. Ecoranger is a module of Ecopath that employs Monte Carlo simulation to
assess various issues of uncertainty within the network. We attempted to use it to
evaluate how variation in input variables might affect the establishment of steady state.
We found the module to be difficult to use and unstable, giving considerably different
results for the same starting conditions and causing shut down of the program and
computer. Here we describe some of the difficulties and results from its use.

Ecoranger incorporates a deterministic Ecopath network and a user-defined distribution
for each input variable to generate a set of networks that satisfy the steady state
assumption. The user defines a maximum number of Monte Carlo simulations
(normally we used 1,000 to 10,000) and a maximum number of successful runs
(normally we used 200) to be considered. The percentage of successful runs and the
cause for the first 50 unsuccessful runs are given. Then the distributions of variables
giving success are displayed.

Numerous attempts were made to apply Ecoranger to our network of early summer
1997 (as a test), and none gave a single successful run. We then modified the network
to decrease its complexity and make it more similar in design to other Ecopath
networks. This was done in the following ways: (1) combining all detritus compartments
into one and changing quantities associated with this compartment, (2) reordering
compartments from highest to lowest effective trophic level, and (3) removing
compartments of groups that were not found during that period (previously they were
kept as place holders to avoid renumbering for each network). As successful runs were
not found with each simulation we also altered input variables in response to either
ecotrophic efficiencies greater than 1.000 or variables that Ecoranger designated out of
the appropriate range. This involved modifications to the P/B of pelagic-demersal fish,
brown & pink shrimp, zooplankton, bacterioplankton, phytoplankton, and benthic algae.
Generally, the changes were designed to decrease P/B to less than 0.5
(bacterioplankton and zooplankton), a threshold of concern for Ecopath, or to increase
biomass in order to reduce that compartment’s ecotrophic efficiency. The four
compartments that were modified last in networks to promote successful runs were
pelagic-demersal fish, brown & pink shrimp, phytoplankton and benthic algae. The
modifications allowed predation of them under steady state conditions. The system
appears very sensitive to ecotrophic efficiencies close to 1.

A series of simulations with successful runs was completed. Two hundred successful
runs were obtained from 266 attempts when all variables were given a uniform
distribution of 20% around the original seed values. The resultant best-fit network
based on the minimal residuals from the seed network is summarized in Table 13 and
compared to the seed network. Little difference can be seen between the two networks,
but the seed network was modified, as described, from those used in the original
analyses. Thus, our original network could not be evaluated by this technique.
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Table 13. Comparison of variables between seed network for Ecoranger and resultant
best-fit model.

Compartment Biomass Ecotrophic Production/
efficiency Consumption
Seed Best fit Seed Bestfit Seed Bestfit
Large predators 0.850 0.877 0.000 0.000 0.235 0.194
Jellyfish 6.50 6.39 0.000 0.000 0.400 0.453
Pelagic-demersal fish 2.00 1.94 0.666 0.851 0.231 0.226
Sea turtles 0.002 0.002 0.000 0.000 0.167 0.162
Demersal fish 276 255 0.081 0.123 0.135 0.101
Bluefish 2.75 2.40 0.000 0.000 0.162 0.168
Blue crab 10.0 8.20 0.458 0.351 0.212  0.221
Pelagic fish 1.70 1.65 0.741 0.373 0.090 0.107
Birds 1.04 0.978 0.000 0.000 0.061 0.076
Brown & pink shrimp ~ 0.030 0.033 0.400 0.318 0.267 0.263
Zooplankton 436 406 0.002 0.004 0.382 0.369
Predatory polychaetes 2.92 3.04 0.000 0.000 0.228 0.263
Deposit feeding ? 310 286 0.149 0.240 0.194  0.235
Meiobenthos 1000 1138 0.128 0.116 0.200 0.167
Deposit feeding ? 7.30 7.87 0.072 0.110 0.179  0.197
Isopods 1.30 1.24 0.000 0.000 0.187 0.191
Bacterioplankton 1668 1345 0.900 0.869 0.444 0.454
Oysters 33.0 32.8 0.000 0.000 0.467 0.391
Clams 18400 21730 0.012 0.007 0.317 0.383
Sediment bacteria 700 814 0.388 0.452 0.400 0.384
Phytoplankton 2500 2455 0.518 0.442
Benthic algae 150 133 0.579 0.977
Detritus 50000 50000 0.714 0.692

Attempts to alter the distribution of variation around the variables gave ambiguous
results. Raising the % variation to 30 produced only 2 successful runs in 10,000.
Further analyses and attempts to repeat early successful simulations were
unsuccessful. Frequently, at this time and others the program would seize up and the
computer would have to be rebooted. Therefore, the results of this module must be
considered suspect.

Relative variability of input and output variables. Coefficients of variation (CV) of
biomass for each of the 30 compartments from the four reference networks is shown in
Table 14. Compartments for which there was no information to depict early and late
summer differently are seen to have no coefficients of variation. Compartments of biota
for which specific data existed for the Neuse during 1997 and 1998 had CVs that
ranged from 14 to 200% with a median of 92%. The lowest variation was for
phytoplankton biomass and no consumer group had a CV less than 50%.
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Table 14. Coefficients of variation of input variables (a. Biomass, b. Production, ¢c. Consumption, d. Egestion) for
the four reference foodweb networks. Values given in scientific notation. ES = Early Summer; LS = Late Summer;

b.) Production

GROUP
Phytoplankton
Bacterioplankton
Benthic Microalgae
Zooplankton
Jellyfish
Brown & Pink Shrimp
White Shrimp
Oysters
Clams
Deposit Feeding Gastropods
Predatory Gastropods
Deposit Feeding Polychaetes
Predatory Polychaetes
Deposit Feeding Amphipods
Isopods
Meiobenthos
Blue Crab
Pelagic Fish
Pelagic-Demersal Fish
Demersal Fish
Bluefish & Flounder
Birds
Sea Turtles
Large Predators
Sediment Bacteria
DOC
Suspended POC
Sediment POC
Pelagic Carrion
Demersal Carrion

ES97
6.19E+02
1.33E+03
5.00E+01
7.41E+02
1.30E-02
2.55E-04
0
4.62E-01
2.39E+02
0
0
8.37E+00
6.13E-02
1.46E-01
2.99E-02
1.10E+02
2.20E-01
1.19E-02
7.54E-03
1.38E+00
8.25E-03
1.46E-02
2.00E-06
8.50E-04
7.00E+02
N/A
N/A
N/A
N/A
N/A

LS97
6.21E+02
1.30E+03
2.85E+01
8.27E+02
1.22E-03
4.37E-02
3.13E-02
4.62E-01
2.40E+01
4.70E-02
2.16E-02
5.09E-01
5.32E-02
3.94E-01
6.00E-03
4.69E+01
1.23E-02
3.05E-02
4.74E-02
6.39E+00
8.84E-03
5.20E-03
2.00E-06
8.50E-04
7.00E+02
N/A
N/A
N/A
N/A
N/A

ES98
5.85E+02
1.36E+03
5.00E+01
8.22E+02
6.00E-04
2.05E-02

0
4.62E-01
1.28E+02
2.00E-03

0
2.09E+00
3.08E-02
3.52E-01
3.04E-02
1.10E+02
6.14E-02
3.03E-02
3.00E-05
1.09E+00
1.26E-03
1.46E-02
2.00E-06
8.50E-04
7.00E+02

N/A
N/A
N/A
N/A
N/A

LS98 Standard Deviation Mean Coefficient of Variation
9.33E+02 1.63E+02 6.90E+02 23.67
1.49E+03 8.37E+01 1.37E+03 6.11
2.80E+01 1.26E+01 3.91E+01 32.10
1.01E+03 1.14E+02 8.50E+02 13.38
1.09E-02 6.44E-03 6.43E-03 100.10
4 .38E-02 2.10E-02 2.71E-02 77.47
1.07E-01 5.05E-02 3.46E-02 146.02
4 .62E-01 0.00E+00 4 62E-01 0.00
3.02E+01 1.01E+02 1.05E+02 95.98

0 2.32E-02 1.23E-02 189.27
0 1.08E-02 5.40E-03 200.00
2.84E-01 3.79E+00 2.81E+00 134.74
2.82E-02 1.64E-02 4 34E-02 37.79
6.02E-01 1.87E-01 3.74E-01 50.05
0 1.59E-02 1.66E-02 95.73
4 69E+01 3.64E+01 7.85E+01 46.44
2.82E-02 9.52E-02 8.05E-02 118.35
1.18E-01 4.77E-02 4.77E-02 100.03
3.55E-02 2.25E-02 2.26E-02 99.44
6.68E+00 3.06E+00 3.89E+00 78.88
1.29E-02 4.83E-03 7.81E-03 61.86
1.50E-01 6.94E-02 4.61E-02 150.56
2.00E-06 0.00E+00 2.00E-06 0.00
8.50E-04 0.00E+00 8.50E-04 0.00
7.00E+02 0.00E+00 7.00E+02 0.00
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
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Table 14. Coefficients of variation of input variables (a. Biomass, b. Production, c. Consumption, d. Egestion) for
the four reference foodweb networks. Values given in scientific notation. ES = Early Summer; LS = Late Summer;
c.) Consumption

GROUP
Phytoplankton
Bacterioplankton
Benthic Microalgae
Zooplankton
Jellyfish
Brown & Pink Shrimp
White Shrimp
Oysters
Clams
Deposit Feeding Gastropods
Predatory Gastropods
Deposit Feeding Polychaetes
Predatory Polychaetes
Deposit Feeding Amphipods
Isopods
Meiobenthos
Blue Crab
Pelagic Fish
Pelagic-Demersal Fish
Demersal Fish
Bluefish & Flounder
Birds
Sea Turtles
Large Predators
Sediment Bacteria
DOC
Suspended POC
Sediment POC
Pelagic Carrion
Demersal Carrion

N/A
2.60E+03
N/A
1.48E+03
3.25E-02
1.28E-03
0
9.90E-01
7.54E+02
0
0
4.31E+01
2.69E-01
8.18E-01
1.60E-01
5.50E+02
1.04E+00
1.33E-01
3.92E-02
1.02E+01
5.23E-02
2.40E-01
1.20E-05
5.10E-03
1.75E+03
N/A
N/A
N/A
N/A
N/A

N/A
2.60E+03
N/A
1.65E+03
3.05E-03
2.24E-01
1.61E-01
9.90E-01
1.20E+02
9.96E-01
1.12E-01
3.22E+00
4.97€-01
2.21E+00
3.00E-02
2.35E+02
6.46E-02
3.48E-01
2.68E-01
4.60E+01
7.07E-02
2.40E-01
1.20E-05
5.10E-03
1.75E+03
N/A
N/A
N/A
N/A
N/A

ES98
N/A
2.71E+03
N/A
1.65E+03
2.10E-03
1.03E-01
0
9.90E-01
4 43E+02
4.00E-02
0
1.08E+01
1.30E-01
1.92E+00
1.60E-01
5.50E+02
2.90E-01
3.42E-01
1.68E-04
7.88E+00
1.26E-02
2.40E-01
1.20E-05
5.10E-03
1.75E+03
N/A
N/A
N/A
N/A
N/A

LS98 Standard Deviation Mean Coefficient of Variation
N/A N/A N/A N/A
2.98E+03 1.79E+02 2.72E+03 6.59
N/A N/A N/A N/A
2.05E+03 2.42E+02 1.71E+03 14.17
2.73E-02 1.59E-02 1.62E-02 98.06
2.19E-01 1.06E-01 1.37E-01 77.66
5.28E-01 2.49E-01 1.72E-01 144.57
9.90E-01 0.00E+00 9.90E-01 0.00
1.33E+02 3.01E+02 3.63E+02 82.95
0 4 92E-01 2.59E-01 189.84
0 5.60E-02 2.80E-02 200.00
1.61E+00 1.94E+01 1.47E+01 131.89
1.30E+00 5.23E-01 5.49E-01 95.27
3.31E+00 1.02E+00 2.06E+00 49.61
0 8.46E-02 8.75E-02 96.69
2.35E+02 1.82E+02 3.93E+02 46.34
1.42E-01 4 47E-01 3.84E-01 116.39
1.28E+00 5.13E-01 5.26E-01 97.51
1.66E-01 1.22E-01 1.18E-01 103.37
4.68E+01 2.16E+01 2.77E+01 77.90
1.04E-01 3.81E-02 5.99E-02 63.62
2.40E-01 0.00E+00 2.40E-01 0.00
1.20E-05 0.00E+00 1.20E-05 0.00
5.10E-03 0.00E+00 5.10E-03 0.00
1.75E+03 0.00E+00 1.75E+03 0.00
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
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Table 14. Coefficients of variation of input variables (a. Biomass, b. Production, c. Consumption, d. Egestion) for the four
reference foodweb networks. Values given in scientific notation. ES = Early Summer; LS = Late Summer;

d.) Egestion

GROUP
Phytoplankton
Bacterioplankton
Benthic Microalgae
Zooplankton
Jellyfish
Brown & Pink Shrimp
White Shrimp
Oysters
Clams
Deposit Feeding Gastropods
Predatory Gastropods
Deposit Feeding Polychaetes
Predatory Polychaetes
Deposit Feeding Amphipods
isopods
Meiobenthos
Blue Crab
Pelagic Fish
Pelagic-Demersal Fish
Demersal Fish
Bluefish & Flounder
Birds
Sea Turtles
Large Predators
Sediment Bacteria
DOC
Suspended POC
Sediment POC
Pelagic Carrion
Demersal Carrion

ES97
N/A
8.59E+01
N/A
1.23E+02
1.08E-02
1.53E-04
0
1.78E-01
2.26E+02
0
0

1.71E+01"

1.10E-01
1.23E-01
2.00E-02
2.04E+02
1.98E-01
6.63E-02
1.34E-02
5.30E+00
2.96E-02
4.20E-02
1.25E-06
8.16E-04
2.71E+02
N/A
N/A
N/A
N/A
N/A

LSS7
N/A
8.57E+01
N/A
1.90E+02
6.10E-06
2.69E-02
2.14E-02
1.78E-01
3.58E+01
3.99E-01
4.06E-02
1.31E+00
1.79E-01
3.51E-01
3.99E-03
8.10E+01
1.23E-03
1.76E-01
1.07E-01
2.38E+01
3.85E-02
5.00E-02
1.24E-06
8.16E-04
2.71E+02
N/A
N/A
N/A
N/A
N/A

ES98

8.95E+01
N/A
1.91E+02
4.20E-06
1.37E-02
0
1.78E-01
1.33E+02
1.80E-02
0
4.41E+00
4.99E-02
2.90E-01
2.00E-02
2.04E+02
5.81E-03
1.37E-02
6.27E-05
4.04E+00
7.19E-03
4.20E-02
1.25E-06
8.16E-04
2.71E+02
N/A
N/A
N/A
N/A
N/A

LS98 Standard Deviation Mean Coefficient of Variation
N/A N/A N/A N/A
9.84E+01 5.95E+00 8.99E+01 6.62
N/A N/A N/A N/A
2.44E+02 4.96E+01 1.87E+02 26.51
9.09E-03 5.78E-03 4.98E-03 116.20
2.92E-02 1.34E-02 1.75E-02 76.76
7.02E-02 3.31E-02 2.29E-02 144 .58
1.78E-01 0.00E+00 1.78E-01 0.00
4.26E+01 8.95E+01 1.09E+02 81.85
0 1.97E-01 1.04E-01 188.66
0 2.03E-02 1.02E-02 200.00
5.03E-01 7.70E+00 5.83E+00 132.05
4.99E-01 2.00E-01 2.09E-01 95.52
1.00E+00 3.85E-01 4.41E-01 87.28
0 1.05E-02 1.10E-02 95.68
8.10E+01 7.10E+01 1.43E+02 49.83
2.85E-02 9.38E-02 5.84E-02 160.72
6.47E-01 2.89E-01 2.26E-01 127.95
6.18E-02 4.88E-02 4.56E-02 107.09
2.38E+01 1.11E+01 1.42E+01 77.67
5.69E-02 2.06E-02 3.30E-02 62.48
4.20E-02 4.00E-03 4.40E-02 9.09
1.24E-06 5.77E-09 1.25E-06 0.46
8.16E-04 0.00E+00 8.16E-04 0.00
2.71E+02 0.00E+00 2.71E+02 0.00
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A



Coefficients of variation of output variables were approximately the level of variation of
the biomass for a compartment or less than for input variables (Table 15). Clams (#9)
had an CV for biomass of 60%. Its ecotrophic efficiency had a CV of 116%, but other
attributes varied between 0 and 89%. Pelagic fish (#18) had a CV for biomass of 92%,
and all the attribute CVs evaluated ranged from 0 to 98%. Demersal fish (#20) had a
CV for biomass of 79% and attribute CVs that ranged from 2 to 82%. The CV for
effective trophic level was small for all three groups; but others, number of paths to
compartment, could be small for one compartment and large for another. Information
indices did tend to have relatively high CVs. Overall, clams tended to have the most
variable response of the three focus groups within the reference networks.

The coefficients of variation of system-level attributes ranged from 4 to 20% (Table 16).
The highest was for non-detrital system throughput. The information indices ranged
from 4 to 8% even though CVs for comparable indices of individual groups were large.

Sensitivity of modified networks. Sensitivity of the networks to variations in input may
be inferred from our manipulative studies. Here we varied the clams, pelagic fish and
demersal fish considerably and in known ways. The effects of those manipulations are
summarized in their respective sections. It is clear, however, that these changes had
little effect on many of the systems level attributes.
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Table 15. Coefficients of variation of output variables of focus compartments (a. Clams, b. Pelagic Fish, c. Demersal Fish)
for the four reference foodweb networks. ES = Early Summer; LS = Late Summer.

a.) Clams (Compartment 9)

Attribute
Effective Trophic Level
Ecotrophic Efficiency
Omnivory Index
Ascendency (mgC/(m? x d)) (bits)
Capacity (mgC/(m? x d)) (bits)
% System Ascendency

Net Efficiency
(Production/Assimilation)

Number of Paths To Clams (9)

Primary Production Required
(mgC/(m? x d))

PPR/Consumption

PPR/Total Primary Production

ES97 LS97 ES98
2.0 2.0 2.0
0.012 0.686 0.008
0 0 0
1317 266 871
4218 1027 2829
3.53 0.77 2.2
0.45 0.32 0.41
2 2 2
754.4 120.2 442.9
1 1 1
189 284 9.14

LS98 Standard Deviation Mean  Coefficient of Variation
2.0 0.00 2.00 0.00
0.468 0.34 0.29 115.59
0 0.00 0.00 N/A
255 514.61 677.00 76.01
1140 1519.28 2303.50 65.96
0.66 1.36 1.79 75.73
0.33 0.06 0.38 16.67
2 0.00 2.00 0.00
133.9 300.56 362.85 82.83
1 0.00 1.00 0.00
2.97 7.55 8.46 89.26




LS

Table 15. Coefficients of variation of output variables of focus compartments (a. Clams, b. Pelagic Fish, c.

Demersal Fish) for the four reference foodweb networks. ES = Early Summer; LS = Late Summer.

b.) Pelagic Fish (Compartment 18)

Attribute
Effective Trophic Level
Ecotrophic Efficiency
Omnivory Index
Ascendency (mgC/(m? x d)) (bits)
Capacity (mgC/(m? x d)) (bits)
% System Ascendency

Net Efficiency
(Production/Assimilation)

Number of Paths To Pelagic Fish (18)

Primary Production Required
(mgC/(m® x d))

PPR/Consumption

PPR/Total Primary Production

ES97 LS97 ES98 LS98  Standard Deviation Mean Coefficient of Variation
3.3 3.2 3.3 3.2 0.06 3.25 1.78
0.576 0.855 0.995 0.946 0.19 0.84 22.21
0.697 0.669 0.697 0.626 0.03 0.67 4.99
0.3 1 1.1 3.7 1.49 1.53 97.90
24 5.9 5.6 19.5 7.60 8.35 91.02
0.008 0.003 0.003 0.01 0.00 0.01 59.32
0.18 0.18 0.09 0.18 0.05 0.16 28.57
4 4 4 4 0.00 4.00 0.00
203.2 146 653.9 3153 227.35 329.60 68.98
1532 4195 19148 246.6 820.83 1028.23 79.83
5.1 3.44 13.49 7 4.40 7.26 60.66
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DISCUSSION

Development and Analysis of Reference Summer Foodweb Networks.

The boundary conditions of the reference foodweb networks were largely chosen from
data availability. ModMon scientists collected considerable information about the
Neuse River Estuary during the summers of 1997 and 1998. Data on physical
conditions, primary producers, benthos and fish were collected (Luettich et al. 2000,
Eby et al. 2000). Also, DMF maintained its trawl surveys during that time (NCDMF
1999; 2000). These data were the basis for construction of the reference foodweb
networks. Based on preliminary observations and discussions, the region downstream
of Wilkinson Point was chosen as the most comprehensively sampled region. This
region had coinciding sampling of primary production and producers, macrobenthos
and nekton. Other data were directly measured in this region during summer but not for
the two specific years. These included bacterioplankton densities (Christian et al. 1984)
and zooplankton abundance and grazing capabilities (Mallin 1991, Mallin and Paerl
1994). Unfortunately, the quantities of other parts of the food web were estimated less
directly. Therefore, we place less emphasis on these and most on macrobenthos and
nekton.

Data from the early summer were used to represent conditions prior to hypoxia, and
those from late summer were at a time during and after hypoxic occurrences. Although
macrobenthos abundance and community composition were largely ascribed to hypoxia
(Luettich et al. 2000), other factors affected the food webs. In particular the results of
fish migration patterns were quite evident from the increases in abundance of various
groups from early to late summer.

Ecosystem functioning in a foodweb context was characterized for each compartment
by various parameters of consumption, production, respiration, assimilation, migration,
harvesting and diet. These parameters were first developed for the reference networks
in NETWRK 4.2. Then the information was modified for the Ecopath networks analyzed
for this report.

Indexing reference conditions. Network construction and analysis provide numerous
ways to evaluate the ecosystem of interest. Some, such as the information indices, are
based on considerable theoretical background and require full development of the
trophic dynamics of the food web. Others can come from insights gained by data
management and integration and do not require this full development and analysis. We
used this latter approach to index the reference domain of the estuary through the ratio
of nekton biomass to macrobenthos biomass and its comparison to primary productivity
(Figure 5a, b). The biomass ratio combines the state of the benthos relative to potential
impacts of hypoxia (i.e., the ratio will increase as macrobenthos is reduced) and
recruitment of finfish and shellfish or their loss through kills or overfishing (i.e., the ratio
will decrease with less recruitment or loss). The ratio should also reflect the strength of
benthic to pelagic coupling in the food web with a stronger link associated with a higher
ratio. As such, the ratio captures several important aspects of consumer condition in
the estuary.
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Eutrophication involves increase in the availability of organic matter to an ecosystem
(Nixon 1995). The major source of organic matter to the Neuse River Estuary is
through primary production fueled by high nutrient loading (Paerl et al. 1998). Thus,
primary productivity is representative of the level of eutrophication and the availability of
organic matter to consumers. This seemed to be a useful counterpoint to the ratio of
the two groups of consumers. As the effects of nutrient reductions take hold, we should
expect a decrease in primary productivity and a decrease in hypoxia and fish kills. The
impacts on the biomass of benthos appear numerically more important than those on
the nekton. The result should be a decrease of the domain along both the Y and X
axes of a diagram such as Figure 5b. The variation among points would also be
expected to decrease.

The index of the state of the estuary used here is meant to be a beginning of an
approach that can be used by the State's environmental managers. Underlying the
approach is the need to use easily available variables that capture different aspects of
ecosystem health. There are other indices and variables that can be used and should
be explored. The sources for the variables are the two ModMon projects for water
quality and macrobenthos and the DMF traw! surveys. The data were manipulated for
network construction, but this may not be necessary. For example, the phytoplankton
based variable might be chlorophyll concentration or the directly measured primary
productivity values. The nekton variables could involve the trawl catches directly,
instead of requiring integration with depth and trawl efficiency. The macrobenthos
could be represented as numbers instead of biomass. More effort is needed to develop
better this approach to make best use of the information available.

One outcome of this approach is evident. Continued monitoring of key variables within
the Neuse River Estuary is needed to assess the success of nutrient reduction
strategies. This conclusion reinforces that by Luettich et al. 2000.

Attributes of reference networks. Network analysis of the early and late summer
conditions of the two years revealed several ecosystem attributes potentially linked to
the changes associated with the decrease of macrobenthos and recruitment of nekton.
The three compartments that were foci of our study were the #9 clams, #18 pelagic fish,
and # 20 demersal fish. The clams were a major contributor to macrobenthos biomass
and decreased from early to late summer. The two fish compartments had significant
recruitment at the same time, and their biomass increased. These two counteracting
phenomena are the subject of much of our attention.

The counteracting changes in biomass were not equal, however. At all times the
biomass of macrobenthos, or even clams alone, exceeded that of nekton, as seen by
the fact that the nekton biomass to macrobenthos biomass was always far less than 1.
The higher biomass of clams compared to nekton was associated with higher
consumption, respiration, and production at all times. Furthermore, the contribution of
clams to ecosystem ascendency (a measure of maturity (Ulanowicz 1986, 1997))
exceeded the contribution by any nekton group. This is another indication of the
importance of clams to ecosystem functioning.
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The loss of clams and therefore macrobenthos from early to late summer is associated
with a general decrease in consumer and total biomass in the estuary. As a result, the
fraction of primary productivity used by consumers also decreases, making the
ecosystem less efficient. The loss of efficiency then is linked to reduced use by the
benthos, whether or not that use is direct herbivory or indirect, and decreased
contribution of clams to system’s ascendency. One may infer, therefore, that the
benthos is important to the efficient processing of organic matter within the estuary, and
maintenance of a healthy estuarine ecosystem may depend on a healthy benthic
community. This may not generally be appreciated by many of the stakeholders and
needs to be broadcast and explained better to the public. Because persistent oxygen
depletion is a bottom-water phenomenon under conditions of stratification, the benthos
and thus the greater system health are at risk to eutrophication.

Recruitment of nekton during the summer had some consequences at the ecosystem
level. The number of cycles increased greatly from early to late summer, reflecting a
greater number of paths through which detritus could be formed and consumed. This
increase in cycles was not reflected in an increase in the percentage of total systems
flow that was cycled (i.e., Finn Cycling Index) nor any other related quantitative,
system’s level measures of flow. Thus, the recruitment appeared to have a qualitative
effect of changing cycling opportunities but not a quantitative effect that was strongly
exhibited by the ecosystem. However, the biomass and flows of individual
compartments were obviously affected. One consequence of both the increase in
demersal fish and decrease in clams is the increase in ecotrophic efficiency of the
clams. The degree to which the clams are grazed and demersal fish might be limited by
this resource is increased as the summer proceeds. Hypoxia or other factors that cause
the loss of clams or other macrobenthos will exacerbate grazing pressure on the prey
and potential for resource limitation of the predators. More on this will be discussed
later.

As seen from the discussion above, the number of ecosystem attributes that reflected
these changes from early to late summer was relatively limited. In some other cases,
ecosystem attributes could be related to specific conditions related to one of the four
reference networks. For example, primary productivity was especially high and total
non-detrital biomass was lowest in late summer 1998, and this period had the highest
herbivory. Networks of early and late summer 1997 each had related high or low
associated attributes when compared to other times. Thus, the ecosystem properties
as described here do not merely reflect the seasonal changes of macrobenthos loss
and nekton recruitment. They integrate other aspects of the system that may respond
at other time scales (e.g., interannual) and mechanisms (e.g., primary production) of
variation. One may chose attributes to highlight interest in the different time scales and
mechanisms. This work represents a framework for such choices.

Modification of the Reference Network to Reflect Fish Kills.

The Neuse Rapid Response Team has investigated fish kills over recent years, and
information exists for timing, location, species distribution and abundance of Kills
(www.esb.enr.state.nc.us/fishkill/). Summer time fish kills in the Neuse River Estuary
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spanned a wide range of mortalities during the past several years. They ranged from
tens to hundreds of thousands of dead fish. The largest summertime fish kill within the
Neuse River Estuary from 1996 through 1999 according to the N C Department of
Environment and Natural Resources included 188,000 Atlantic menhaden at the end of
July 1998. Although the proportion of species was not given for individual fish kills,
Atlantic menhaden were most commonly found among the dying fish. Croaker were the
next most commonly mentioned fish found dead. Spot were found at times along with
other species. In June spot and croaker are similar in size (ES97: spot = 0.0092
kg/individual, croaker = 0.0096 kg/individual; ES98: spot = 0.0090 kg/individual, croaker
= 0.0069 kg/individual). However , by September the spot are about twice the size of
croaker (LS97: spot = 0.0361 kg/individual, croaker = 0.0189 kg/individual; LS98: spot =
0.0401 kg/individual, croaker = 0.0177 kg/individual). Therefore, the use of spot instead
of croaker in our analysis is reasonable. And overall, our choice of compartments, with
which to address fish kills, and the numbers of fish dying appear appropriate for most
circumstances.

Pelagic fish were more sensitive to loss of fish during a fish kill of set size than
demersal fish. This is largely the result of the fact that there are fewer pelagic fish
within the estuary than demersal fish. Demersal fish biomass exceeded that of pelagic
fish by about two orders of magnitude nearly all of the time (Table 2). Thus, while
losses of as few as 1,000 menhaden in the lower estuary could affect their ecotrophic
efficiency, losses of 1,000,000 spot had no effect on the ecotrophic efficiency of
demersal fish. One thousand menhaden represented from 0.03 to 1.8% of the
population with an effect on ecotrophic efficiency. For comparison 1,000,000 spot
represented a comparable percentage of the demersal fish. The population of pelagic
fish, assuming average menhaden size, was estimated to range from 35,000 to
2,400,000 in the lower estuary. The population of demersal fish, assuming average
spot size, was estimated to range from 6.8 to 11.3 million. This sets the expected upper
limits for fish kills and gives a sense of their expected severity. The 188,000 menhaden
that died in the July 1998 fish kill is likely to have composed 1 to 10% of the population
in the lower Neuse River Estuary.

The effect of fish kills on predator-prey relationships is evident in Table 4. In late
summer 1997, a fish kill of 100,000 menhaden is associated with an increase in the
consumption of pelagic species as a fraction of pelagic production. The production of
menhaden removed due to the fish kill corresponds to a 40% increase in predation
pressure on other pelagics. This relationship held for all consumers of pelagics except
birds. Comparable increases in predation pressure on pelagics did not accompany
similarly sized fish kills in either the early or late summer 1998. This is because the fish
kills represent much less of the standing stock biomass of pelagic fish in each of the
1998 models.

Ecosystem-level attributes for the lower Neuse River Estuary as a whole show little
effect to any of the fish kills (Table 5), but local impacts could be significant. The lower
estuary processes energy and carbon through other paths with much greater intensity
than the changes associated with the fish kills. But as one decreases the area of
consideration, the impact of a fish kill of a particular size increases proportionally. Local
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effects of small fish kills would be evident on attributes related to the fish first. For
example during the summer of 1998, the loss of 1,000,000 menhaden across the lower
estuary would cause short-term consumption pressure to exceed remaining productlon
This same effect could be achieved with 5,000 fish in an area slightly over 1 km? or with
50 fish in an area slightly over 1 ha. However, we found little effect of such fish kills on
ecosystem-level attributes at any of the scales.

There are two challenges to our interpretations as to the effects of fish kills within the
context of our networks, which we address here. First, some fish kills may be larger
than those evaluated here. Second, the static models fail to describe dynamic changes
to the ecosystem. We consider each of these below.

As previously mentioned, the largest fish kill reported for the Neuse River Estuary by
DMF during recent years occurred at the end of July 1998. We estlmated that the
188,000 dead fish were found over an area of approximately 5 km? (reported from
Fisher Landing Point to Hancock Creek and assumed to extend 0.8 km into the
estuary). This information can be used to approximate that 200,000 fish were dead in
2% of the area of the ecosystem. Converting this to numbers equivalent to the whole
lower estuary makes it equivalent to a kill of 10,000,000 menhaden. Such a value
exceeds most of our analyses.

It is obvious that the consequences of a fish kill go beyond the capabilities of analysis of
these static networks. The limitations of the analyses become more severe as one
considers smaller areas and more localized effects. These networks do not take into
account migration of either the dying fish or other organisms into or out of the area.
Predators of live fish are likely to migrate away from a fish kill, while scavengers are
likely to immigrate. Most of our analyses did not incorporate the consequences of the
dead fish becoming carrion and thus altering the route of energy flow. The limited work
we have done suggests that this alteration to flow can enhance some ecosystem-
attributes that depend on cycling through detritus. In fact we have not generally
addressed alterations to diets, and this may provide compensation to predators of the
fish. All of these direct trophic interactions indicate that our consideration of loss alone
might provide a worse case scenario of direct effects of fish kills to trophic dynamics.
However, this is not the complete story. Fish kills exacerbate low dissolved oxygen
conditions locally and can have significant economic and human health impacts. Thus,
one must accept our conclusions in the context of the limitations of the network
construction and analysis.

What is being done to address the effects of fish kills directly? The Neuse Rapid
Response Team assesses the size and conditions associated with fish kills and
attempts to infer causation on their web site (www.esb.enr.state.nc.us/fishkill/).
Burkholder and colleagues (Burkholder and Glasgow 1997, Burkholder et al. 1999)
have taken a similar approach with emphasis on the role of P. piscicida and related
organisms. ModMon field studies have shown that hypoxia in the Neuse River Estuary
affected fish distributions (Eby et al. 2000). Luettich et al. (2000) addressed the effects
of changes in benthos related to hypoxia to croaker diet. Modeling efforts within
ModMon (Bowen and Hieronymous 2000) address the conditions that may be
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responsible for fish kills. Our work provides a mechanism to address the issue at an
ecosystem level that complements past studies and offers a framework for future
studies to understand of the ecology of the Neuse River Estuary.

Effects of Decreases in Benthic Biomass Associated with Hypoxia.

Luettich et al. (2000) indicated that hypoxia in the Neuse River Estuary affected benthic
macrofaunal distributions and decreased abundance of several taxa. Changes in diet
of croaker, a demersal species, were also noted. This interpretation was based on the
losses in macrobenthc densities from early to late summer 1997 and the occurrence of
hypoxia during that time. Our analysis contributes to these findings by placing the
decrease in abundance of benthos into an ecosystem context. The quantity of these
clams that were lost during the summer of 1997 potentially had significant effects on
ecosystem trophic dynamics. This resulted from the relatively large contribution that
clams make to the biomass and flows of the ecosystem.

We experimentally decreased the biomass of clams further to simulate the effects of
more severe hypoxia. Benthic/pelagic linkages were sensitive to these changes. As
more clams were removed, the predation pressure, as measured by ecotrophic
efficiency, rose. Atthe end of the summer 1997, biomass of clams was estimated to be
approximately 6,000 mg C x m™, and about 70% of the production of clams was
consumed. If this had been reduced by 25% to 4,500 mg C x m™, consumption would
equal production. Losses beyond this would cause consumption to exceed production.
These changes indicate a close balance between these benthic organisms and their
predators, the most significant of which are demersal fish.

Transfers between benthic and pelagic habitats have been recognized as important to
the functioning of estuarine ecosystems (Officer et al. 1982). Shallow estuaries, such
as the Neuse, have significant contributions to their primary and secondary production
from the benthos (Tenore 1972, Rizzo et al. 1992). Production by many important
organisms within the water column depends upon the benthos and the ability to access
the benthos (Raffaelli and Hall 1992). Thus, hypoxia in bottom waters may be seen as
having a three-fold impact on the estuary: (1) it stresses and kills benthos, (2) it
stresses and kills nekton, and (3) it prevents access of nekton that feed on the bottom.
Our findings that benthic/pelagic coupling may be very sensitive within the Neuse River
Estuary has implications for importance of all three of these potential impacts.

Evaluation of the Uncertainty and Sensitivity

Throughout this report we have addressed various aspects of model and analysis
uncertainty. These include both systematic artifacts and stochastic uncertainty.
Artifacts may result from various steps in the process of data collection, model
construction and analysis. Systematic artifacts in data collection could result from
inadequate and biased sampling. For example, little information existed on the
microbial food web, and no specific details were available on icthyoplankton.
Furthermore, jelly plankton were poorly sampled, and efficiency of trawling on all nekton
was not directly determined. The importance of such deficiencies is hard to assess.
Although construction of static network models requires less information than dynamic
models, the amount of information remains formidable. Numerous decisions are made
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based on a variety of sources of information. Much of the standing stock data came
directly from the Neuse River Estuary and from the periods of interest, but most
conversions of units and process related parameters came for elsewhere. Furthermore,
the distribution of diet items and associated aggregation of taxa into feeding guilds were
often based on general knowledge about taxa, instead of direct measurements. Again
the influence of the lack of specific knowledge is unknown. Finally, the analyses may
be biased and jeopardize correct interpretations. The artifacts of analysis may come
from assumptions that underlie the mathematics, such as linearity of interrelationships
or steady state. Also, the information indices are logarithmic, which contributes to
insensitivity.

Therefore, as with any modeling exercise, there are potentially numerous ways for
systematic artifacts to enter into our assessment. And this is for a network analysis that
has more direct information defining the food web than the vast majority of analyses.
One must remember, though, that each of the numerous analyses has its own
sensitivity to the artifacts. Sensitivity analysis has addressed some of these issues and
these are discussed below.

Our several approaches to evaluating stochastic uncertainty addressed different levels
of organization. The formal sensitivity analysis addressed the sensitivity of predator-
prey interactions. Our manipulations, required to obtain what limited success we had
with Ecoranger, focused on individual compartments and the quantities of input
variables that would permit steady state results. The comparison of input and output
variables and their variation among the reference networks and among experimental
manipulations focused on the response of the system variation in comparison to inputs.
The results support the developing theme that some compartments play a larger role
than others in maintaining functioning at the inter-population level associated with
predator prey interactions, but the ecosystem networks absorb variation of their parts.

Formal sensitivity analysis and our manipulations for Ecoranger showed that attributes
of the network were sensitive to a relatively few specific compartments. Three
compartments are characterized as microscopic groups for which we had no current
data: bacterioplankton, zooplankton and benthic algae. Their abundance and some
energetic parameters were estimated from studies on the Neuse River Estuary but at
other times and not necessarily with good spatial correspondence to the networks
(Christian et al. 1984, Mallin and Paerl 1994, Rizzo et al. 1992). Four sensitive
compartments were studied under ModMon: phytoplankton, demersal fish, pelagic-
demersal fish and pink & brown shrimp. Only one of these, demersal fish, was among
our three focal compartments. Sensitivity of a compartment does not necessarily mean
that the compartment is important to the large-scale status of the network. It means
only that it responds to variations in input variables in a relatively large way. This
response may be enough to cause readily non-steady state conditions for it or a
connected compartment (a prey or predator) from relatively small perturbations in the
estimated values. Thus, although phytoplankton process considerable carbon and
energy and are among the sensitive compartments, so is the compartment containing
brown & pink shrimp. The latter is energetically unimportant to the ecosystem.
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It is expected from theory that higher levels of a hierarchy will dampen variation (Ahl
and Allen 1996). This has been noted for estuarine food web networks previously by
Baird et al. (1998). We found comparable results with the coefficients of variation of
assorted input and output variables of our networks and with the experimental
manipulations. In reference networks the amount of relative variation of focal group
output variables among reference networks was similar to that of their biomass in many
cases. However, relative variation among reference networks was much greater for
biomass of measured compartments than for system-level attributes. Response to
modifications to networks gave similar trends. The responses of various ecosystem-
level attributes to changes in biomass of focal compartments in modified networks were
small. The biomass changes were often of the order of a percent to tens of percent.
The system-level attribute responses were often not observable at the fourth or fifth
decimal place. Thus, the inference is that significant changes in a number of organism
groups, comparable to those associated with hypoxia or fish kills, do not readily affect
ecosystem-level attributes.

Models and their analysis may be inaccurate or imprecise for numerous reasons. We
have made a limited assessment of uncertainty. This has focused primarily on how
different aspects of analysis results respond to variation in the quantity of an input
variable. Our abilities to do this were reduced because of our difficulties with
Ecoranger. But other approaches provided some assessment. What we did not
assess, however, is uncertainty in the structure of the food web networks. We used our
best professional judgment in many cases regarding the diets of organisms and the
nature of aggregation. This problem with modeling food webs has been widely
recognized by others especially for smaller organisms (Cohen et al. 1993). In
particular, our depiction of trophic dynamic interactions of microbes and meiofauna in
the food web are admittedly simplistic. This has been common for Ecopath modeling
(Christensen and Pauly 1993), but the consequences may be far reaching in reducing
the complexity of overall trophic structure (Christian and Luczkovich 1999).

The aggregation of large species into compartments of common feeding characteristics
is another widely practiced approach with food web networks (Cohen et al. 1993). We
did this for both nekton and macrobenthos. To do so, we used literature descriptions
and the numerous years of experience by some of us (i.e., Peterson, Johnson and
Baird) and by L. Crowder (Duke University) to assess the diets of individual taxa and
aggregation protocol. But diets are often plastic and vary as the resources change or
as the animals age (Livingston 1980). This limits our ability to assess some of the
experimental perturbations more realistically. More sophisticated simulation modeling
would be needed for that. Thus, our perturbations were largely considered as losses of
living resource associated with a die-off. Some of the initial consequences of this were
inferred, but compensations within the system or non-trophic interactions could not be.

Overall Considerations

Ecosystem-level attributes may not represent well impacts of importance to humans,
such as hypoxia and fish kills. Neither experimental die-offs by the benthos nor two
nekton groups affected ecosystem-level attributes to even a modest degree. Measures
of ecosystem-level attributes, and therefore perhaps the ecosystem trophic structure
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itself, appear to vary little to what many perceive to be significant environmental
perturbations. The lack of variation in the ecosystem may reflect the scale differences.
We index the amount of energy processed by the lower Neuse River Estuary by total
system throughput, and its status of development and maturity by the relationships of
capacity and ascendency. But these measures are huge compared to the amount of
energy flowing through a specific nekton or macrobenthos grouping.

Thus, the human, working at his or her scale, perceives a fish kill as large. But this is
not in the context of the larger scale of the estuary. Does the ecosystem, and hence
ecosystem management, provide a reasonable scale for assessment? Are levels of
perturbations that would be large enough to affect ecosystem properties, as we have
used them, too large to be used to direct environmental management? We currently
appear to use perturbations, or environmental phenomena, that act on smaller scales to
trigger management response. These include fish kills. People see a significant
change in a portion of the ecosystem (e.g., floating dead fish in a 10,000 m® area) and
inferences are made for management of the whole ecosystem. This may be a
conservative protection of the resource based on human scale. It would be
unwarranted to change this approach because one cannot find the effect to be systemic
in a food web network.

Our inability to demonstrate ecosystem-level responses may be a limitation of the
methodology. We take into account only trophic interactions and ignore non-trophic
relationships and other elemental cycles beside carbon. Thus, one might find that
hypoxia does give ecosystem-level effects to networks of oxygen cycling. Furthermore,
we use only static networks of individual periods to assess effects. We have not
assessed long-term consequences of continued high primary productivity or depletion
of fauna by the environmental insults to their habitat. The continued dynamics of the
parts of the ecosystem should in fact promote changes that accumulate into
recognizable alterations in ecosystem-level attributes (Ulanowicz 1997).

The sensitivity of the link between benthic prey and demersal predators may be
compared to that of fish kills. Our studies involving manipulations of fish biomass often
demonstrated little to no effect over orders of magnitude of lost fish, yet measurable
effects were found from percentage losses of clams. Two factors contribute to these
differences. First, thousands or more of fish often did not amount to more than a few
per cent or less of fish biomass. Second, the amount of biomass in clams was much
higher than that of either fish groups or their combination. A percentage change in
biomass of clams significantly exceeds in biomass a similar percentage change in fish
biomass. Thus, direct comparison between the two sets of experiments can not be
done. However, some conclusions can be made about the impacts of the two
ecological phenomena.

Although fish kills and die-off of macrobenthos appear to have little effect on the short-
term trophic structure of the lower estuary as whole, considerable impacts can occur
locally, over longer periods and within individual food chains within the system. Fish
kills of pelagic fish, in particular the Atlantic Menhaden, are more likely to produce local
or food chain effects than kills of demersal fish. This results from the smaller sizes of
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populations of pelagic fish, such that a fish kill of a specific number removes a larger
proportion of the population than for demersal fish. This increases the potential for food
limitation on their predators. Loss of macrobenthos can produce a similar and
significant impact to their predators. The combined high predation pressure on clams
and potential for food limitation on their predators in late summer results from both
decreased clam populations and increased demersal fish populations. Hypoxic
stresses to the benthos exacerbate this situation by further reducing the populations of
clams and restricting access by their predators. Thus, hypoxia during summer may
have significant local effects on two separate food chains within the ecosystem: (1) a
pelagic food chain involving Atlantic menhaden and (2) a benthic-pelagic coupling
between Macoma spp. and demersal fish.

Providing a Framework by which DWQ and DMF Can Make Further Evaluations.

The software for network analysis is free and relatively simple to use. The networks we
have constructed are available for modification, improvement and assessment. They
can be adapted readily by State agencies, such as DWQ or DMF, for management
decision making. We will provide a workshop to interested stakeholders in constructing
and analyzing networks and in extending the proposed research to other scenarios of
environmental phenomena within the Neuse River Estuary or elsewhere. We will do
this in association with ongoing studies by Galen Johnson on by-catch. The workshop
would involve an introduction to network analysis, detailed instructions on network
construction and analysis, examples and applications, and specific instructions on the
application of network analysis of food webs in the Neuse River Estuary. This is being
planned at the time of the writing of this report.
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DIET COMPOSITION AND COMPARTMENTS
OF EACH REFERENCE NETWORK
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Values for diet composition used as input for early summer 1997 mode! of lower Neuse River estuary.

PREDATOR PREY ITEM COMPARTMENT NUMBER AND PERCENT OF DIET* SOURCE

2 | Baceterioplankton 26 - 100% Ducklow 1983

4 | Zooplankton 2-81% 1-19% Mallin and Paer! 1994

5 | Jellyfish 4-100% Feigenbaum and Kelly 1984;
Kremer 1979

6 | Brown & Pink Shrimp 16 -25% 25-25% 12-16.7% 14-16.7 3-16.6% %SZZUY 1983b; Bielsa et al.

7 | White Shrimp Not present in field samples.

8 | Oysters 1-60% 27 -40% Sellars and Staniey 1984

9 | Clams 27 -78% 1-22% Hummel 1985b

10 | Deposit Feeding Gastropods Not present in field samples.

11 | Predatory Gastropods Not present in field samples.

12 | Deposit Feeding 3-30.2% 25-25.6% 28 -25.6% 16 - 18.6% Fauchald and Jumars 1979

Polychaetes

13 | Predatory Polychaetes 3-29.6% 25-241% 28 -24. 1% 16 - 18.5% 12 -3.7% Fauchald and Jumars 1979

14 | Deposit Feeding Amphipods 3-34% 25-31% 28 -31% 16 - 4% Bousefield 1973

15 | Isopods 3-50% 25-25% 28 - 25% Moeller et al. 1985

16 | Meiobenthos 25-47.3% 28-47.3% 3-54% Montagna 1984

17 | Blue Crab 9-50.4% 16 - 28.9% 12-10.1% 14-1% 17-9.6% Hill et al. 1989; Tagatz 1968

18 | Pelagic Fish 4 -69.4% 1-19.4% 27 -11.2 Ahrenholz et al. 1991; Morton
1989

19 | Pelagic-Demersal Fish 4-27.5% 16 -27.5% 18-15.3% 9-12.2% 12-12.2% | 19-5.3% | Jarre-Teichman et al. 1998

20 | Demersal Fish 16 - 54.9% 9-22% 4-11% 12-11% 20-1.1% Lassuy 1583a; Hales and
Van Den Avyle 1989

21 | Bluefish & Flounder 16 - 63.8% 9-34% 19-2.2% Naughton and Soloman
1984; Rodgers and Van Den
Avyle 1983

22 | Birds 9-76.5% 4 -20.8% 12-1.3% 16-1.3% 6-0.1% Poole and Gill 1992

23 | Sea Turtles 17-35.7% 12-34.7% 9-29.6% Bjorndal 1996

24 | Large Predators 19-83.3% 18-16.7% Gannon (personal
communication)

25 [ Sediment Bacteria 28 - 100% Newell et al. 1981

| * For compartment numbers not listed in left column

: 1 = Phytoplankton; 3 = Benthic Microalgae; 26 = DOC; 27 = Suspended POC; 28 = Sediment POC |
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Values for diet composition used as input for late summer 1997 model of lower Neuse River estuary.

PREDATOR PREY ITEM COMPARTMENT NUMBER AND PERCENT OF DIET* SOURCE

2 | Baceterioplankton 26 - 100% Ducklow 1983

4 | Zooplankton 2-785% 1-21.5% Mallin and Paerl 1994

5 | Jellyfish 4-100% Feigenbaum and Kelly 1984;
Kremer 1979

6 | Brown & Pink Shrimp 16 - 25% 25-25% 12-16.7% 14 - 16.7 3-16.6% Lassuy 1983b; Bielsa et al. 1983

7 | White Shrimp 16-35.6% | 25-33.3% 3-11.1% 12-10% 10-10% Muncy 1984

8 | Oysters 1-60% 27 -40% Sellars and Stanley 1984

9 | Clams 27 - 68.6% 1-31.4% Hummel 1985b

10 | Deposit Feeding Gastropods 3-50% 25-25% 28 - 25% Moeller et al. 1985

11 | Predatory Gastropods 10-43.5% 12-23.5% 13-23.5% Baird et al. 1989

12 | Deposit Feeding Polychaetes 3-31.3% 25-25% 28 - 25% 16-18.7% Fauchald and Jumars 1979

13 | Predatory Polychaetes 3-30% 25-24% 28-24% 16-16% 12-6% Fauchald and Jumars 1979

14 | Deposit Feeding Amphipods 3-34.1% 25-30.9% | 28-30.9% 16-4.1% Bousefield 1973

15 | Isopods 3-48.4% 25-258% | 28-25.8% Moeller et al. 1985

16 | Meiobenthos 25-45.8% 28 -45.8% 3-84% Montagna 1984

17 | Blue Crab 9-50% 16 - 25% 12-12.5% | 12-12.5% Hill et al. 1989; Tagatz 1968

18 | Pelagic Fish 4-70% 1-20% 27-10 Ahrenholz et al. 1991; Morton
1989

19 | Pelagic-Demersal Fish 9-35.2% 4-30.7% 16-21% 18-77% | 19-52% Jarre-Teichman et al. 1998

20 | Demersal Fish 9-40% 16 - 40% 4-10% 20-99% | 19-0.1% Lassuy 1983a; Hales and Van
Den Avyle 1989

21 | Bluefish & Fiounder 20-56.7% 9-17.8% 16-17.8% 18-7.7% Naughton and Soloman 1984;
Rodgers and Van Den Avyle
1983

22 | Birds 20-75.7% 6-13.7% 7-7% 12-13% [ 16-13% | 21-1% | Poole and Gill 1992

23 | Sea Turtles 17 -37.6% 11-36.6% 9-25.8% Bjorndat 1996

24 | Large Predators 20-70% 18 - 20% 21-10% Gannon (personal
communication)

25 | Sediment Bacteria 28 - 100% Newell et al. 1981

* For compartment numbers not listed in left column: 1 = Phytoplankton; 3 = Benthic Microalgae; 26 = DOC; 27 = Suspended POC; 28 = Sediment

POC
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Values for diet composition used as input for early summer 1998 model of lower Neuse River estuary.

PREDATOR PREY ITEM COMPARTMENT NUMBER AND PERCENT OF DIET” SOURCE

2 | Baceterioplankton 26 - 100% Ducklow 1983

4 | Zooplankton 2-82.6% 1-17.4% Mallin and Paerl 1994

5 | Jellyfish 4 -100% Feigenbaum and Kelly 1984;
Kremer 1979

6 | Brown & Pink Shrimp 16 - 25% 25-25% 12-16.7% 14 -16.7 3-16.6% %gzguy 1983b; Bielsa et al.

7 | White Shrimp Not present in field samples.

8 | Oysters 1-60% 27 -40% Sellars and Stanley 1984

9 | Clams 27 -72.3% 1-27.7% Hummel 1985b

10 | Deposit Feeding Gastropods Moeller et al. 1985

11 | Predatory Gastropods Not present in field samples.

12 | Deposit Feeding Polychaetes 3-30% 25-248% | 28-24.8% 16 - 20.2% Fauchald and Jumars 1979

13 | Predatory Polychaetes 3-30.8% 25-231% | 28-23.1% 16-154% | 12-7.6% Fauchald and Jumars 1979

14 | Deposit Feeding Amphipods 3-33.9% 25-31.3% | 28-31.3% 16 - 3.5% Bousefield 1973

15 | Isopods 3 -50% 25-25% 28 - 25% Moeller et al. 1985

16 | Meiobenthos 25-47 3% 28-47.3% 3-55% Montagna 1984

17 | Blue Crab 9-50% 16 - 25% 12-12.5% 14-12.5% Hill et al. 1989; Tagatz 1968

18 | Pelagic Fish 4-70.2% 1-20.2% 27-9.6 Ahrenholz et al. 1991,
Morton 1989

19 | Pelagic-Demersal Fish 16 - 33% 4-28.9% 9-22.8% 18-10.1% | 19-52% Jarre-Teichman et al. 1998

20 | Demersal Fish 16-48.6% | 12-21.7% 4-10.9% 9-10.9% 20-4.1% | 14-3.8% | Lassuy 1983a; Hales and
Van Den Avyle 1989

21 | Bluefish & Flounder 18 -40% 20-31.3% 9-14.3% 16-143% | 19-0.1% Naughton and Soloman
1984; Rodgers and Van Den
Avyle 1983

22 | Birds 12-584% | 17-21.7% 18-10.1% 6-8.4% 20-1.4% Poole and Gill 1992

23 | Sea Turtles 17 -70.4% 9-29.6% Bjorndal 1996

24 | Large Predators 20 - 80% 18 - 20% Gannon (personal
communication)

25 | Sediment Bacteria 28 - 100% Newell et al. 1981

* For compartment numbers not listed in left column

POC

: 1 = Phytoplankton; 3 = Benthic Microalgae; 26 = DOC; 27 = Suspended POC; 28 = Sediment
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APPENDIX 11l

LISTING OF TAXA ACCORDING TO COMPARTMENT
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Compartments and associated taxa used in foodweb models

Compartment Group Name

1

10

11

12

13

14

15

16

17

Phytoplankton
Bacterioplankton
Benthic Microalgae
Zooplankton

Jellyfish

Brown & Pink Shrimp

White Shrimp
Oyster

Clams

Deposit Feeding Gastropods

Predatory Gastropods

Deposit Feeding Polychaetes

Predatory Polychaetes

Deposit Feeding Amphipods

Isopods

Meiobenthos

Blue Crab

Taxa

Copepoda

Chrysoara quinquechirra
Mnemiopsis leidyr

Penaeus aztecus
Penaeus duorarum

Penaeus setiferu
Crassostrea virginica
Macoma balthica
Macoma mitchelli
Mulinia lateralis
Acteonidae
Hydrobiidae
Nassariidae
Odostormia spp.
Capitellidae
Eunicidae

Spionidae

Glyceridae
Nereidae

Haustoriidae

Cyathura polita
Monoculoides edwardsi
Idoteidae

Harpacticoida

Callinectes sapidus
Callinectes similis

9

Common Name

Copepods

Sea Nettle
Comb Jelly

Brown Shrimp
Pink Shrimp

White Shrimp

Eastern oyster

Dwarf Surf Clam

Harpacticoid Copepods

Blue Crab
Lessor Blue Crab



Compartment Group Name

18

19

20

21

22

Pelagic Fish

Pelagic-Demersal Fish

Demersal Fish

Bluefish & Flounder

Birds

Taxa

Anchoa hepsetus
Anchoa mitchilli
Brevoortia tyrannus
Chaetodipterus faber
Citharichthys spilopterus
Dorosoma cepedianum
Etropus crossotus
Monacanthus hispidus
Opisthonema oglinum
Peprilus alepidotus
Peprilus triacanthus

Scomberomorus maculatus

Trinectes maculatus
Urophycis regia

Cynoscion regalis

Mugil cephalus
Mycteroperca microlepis
Prionotus scitulus

Bairdiella chrysoura
Caranx hippos

Elops saurus

Lagodon rhomboides
Lejostomas xanthurus
Micropogonias undulatus
Morone americana
Synodus foetens
Trichiurus lepturus

Paralichthys lethostigma
Paralichthys dentatus
Pomatomus saltatrix

Casmerodius albus
Egretta caerulea
Egretta thula

Egretta tricolor

Larus argentatus
Larus atricilla

Larus marinus
Pelecanus occidentalis
Phalacrocorax auritus
Rynchops niger
Sterna forsteri

Sterna hirundo

Sterna maxima
Sterna nilotica

Sterna sandvicensis

92

Common Name

Striped Anchovy
Bay Anchovy
Menhaden
Atlantic Spadefish
Bay Whiff

Gizzard Shad
Fringed Flounder
Planehead Filefish
Atlantic Thread Herring
Harvestfish
Butterfish

Spanish Mackeral
Hogchoker
Spotted Hake

Weakfish

Striped Mulliet
Gag Grouper
Leopard Searobin

Silver Perch
Crevalle Jack
Ladyfish

Pinfish

Spot

Atlantic Croaker
White Perch
Inshore Lizardfish
Atlantic Cutlassfish

Southern Flounder
Summer Flounder
Bluefish

Great Egret

Littie Blue Heron

Snowy Egret

Tricolored Heron
Herring Gull

Laughing Gull

Great Black Backed Gull
Brown pelican
Double-crested Cormorant
Black skimmer

Forster's Tern

Common tern

Royal Tern

Gull billed tern
Sandwich Tern



Compartment Group Name

23

24

25

26

27

28

29

30

Sea Turtles

Large Predators

Sediment Bacteria
DOC

Suspended POC
Sediment POC
Pelagic Carrion

Demersal Carrion

Taxa

Carrettta carretia
Chelonia mydas
Dermochelys coriacea
Lepidochelys kempii

Carcharhinus leucas
Carcharhinus obscurus
Carcharhinus plumbeus
Carcharhinus taurus
Dasyatis americana
Dasyatis centroura
Dasyatis sayf

Gymnura micrura
Manta birostris
Mustelus canis
Myliobatis freminvillei
Negaprion brevirostris
Rhinobatos lentiginosus
Rhinoptera bonasus
Rhizoprionodon terraenovae
Sphyrna tiburo

Sphyrna zygaena
JTarpon atlanticus
Tursiops truncatus

93

Common Name

Loggerhead
Green Turtle
Leatherback
Kemp's Ridley

Bull Shark

Dusky Shark
Sandbar Shark

Sand Tiger

Southern Stingray
Atlantic Stingray
Bluntnose Stingray
Smooth Butterfly Ray
Atlantic Manta Ray
Smooth Dogfish
Bullnose Ray

Lemon Shark
Atllantic Guitarfish
Cownose Ray
Sharpnose Shark
Bonnethead

Smooth hammerhead
Tarpon

Atlantic Bottle Nosed Dolphin



