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ABSTRACT: Quantitative networks of trophic exchanges offer the potential to compare food webs from 
neighboring ecosystems in order to ascertain whether large differences and similarities exist in trophic 
structure and function. Network analysis was invoked to compare the exchanges of carbon in 3 mid- 
Atlantic estuaries on the eastern U.S. coast: the Narragansett, Delaware, and Chesapeake Bays. Nar- 
ragansctt Bay exhibited the highest average annual rate of net primary production, followed by 
Delaware and Chesapeake Bays. Taken in combination, the analyses of cycling structures (magnitude 
of flows, average carbon cycle lengths), organization of carbon flows, system production:biomass ratios, 
and harvest rates all indicated that the Delaware and Chesapeake Bay ecosystems are more stressed 
than that of Narragansett Bay. To differentiate between the former two, a combination of measures of 
system efficiency, cycling structure, and food web connectivity was employed. The results indicated 
that Delaware Bay is currently less impacted and has potentially more ability to mitigate perturbations 
to its food web than does Chesapeake Bay. Overall, network analysis proved to be a suitable method- 
ology for making inter-estuarine ecosystem comparisons, and for providing useful insights to natural 
resource managers in the assessment of estuarine trophic structure and status. 
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INTRODUCTION 

Estuaries exhibit differences in their physical habitat 
characteristics and trophic status; thus, our ability to 
understand ecosystem-level impacts of anthropogenic 
and natural phenomena is limited. Urgently needed is 
a strategic approach that predicts the development of 
community structures and the functional responses of 
ecosystems in response to different environmental 
impacts (Gaedke 1995). However, the dynamics and 
regulation of food webs cannot be understood unless 
one also considers simultaneously processes occurring 
at the species or guild level, as they act in concert with 
those distributed over the domain of the entire ecosys- 
tem. To address this need, we have developed and 
analyzed energy flow in estuarine food webs from 
3 mid-Atlantic estuaries on the eastern U.S. coast using 

network analysis (Ulanowicz 1986). The results, taken 
as  a whole, permitted the comparative analysis of estu- 
arine trophic structure. 

The functioning of estuaries integrates complex 
interactions of physical, biogeochemical, and biologi- 
cal processes (Baird et al. 1991). The magnitudes of 
biological throughput, and the physical scales over 
which individuals and populations interact, are impor- 
tant factors in determining the spatial and temporal 
variability of ecosystems (Baird et al. 1991). Recent 
comparisons of material and energy flows between 
varlous ecosystem components have shown that the 
efficiency with which material is transferred, assimi- 
lated, and dissipated conveys significant information 
about the fundamental structure and function of the 
whole ecosystem (Ulanowicz & Platt 1985, Baird & 
Ulanowicz 1989, 1993, Baird et al. 1991, Ulanowicz & 
Wulff 1991). The network analysis algorithms used in 
these comparisons are derived from input-output 
analysis, trophic and cycle analyses, and the computa- 
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tion of total system properties such as ascendency, 
throughput, and development capacity (Kay et al. 
1989). 

Network analysis recently has been used to compare 
ecosystems of different size, geographic location and 
trophic status (Baird et al. 1991, Ulanowicz & Wulff 
1991, Baird & Ulanowicz 1993). Absent from the 
literature, however, are comparisons of estuaries that 
are close geographically (e.g. same biogeographic 
province), yet differ in trophic status, and exhibit dis- 
parate bio-physical and hydrological characteristics. 
Therefore, the objective of this investigat~on was to 
quantify food webs from neighboring estuarine ecosys- 
tems in order to perform comparative food web or net- 
work analyses of their trophic structures, to ascertain 
whether large differences and similarities could be 
identified. 

Monacc (1995) identified assemb!ages of es t~~ar ies  
based on physical and biological characteristics, and 
used these groupings to define estuarine biogeo- 
graphic regions along the U.S. east coast. Based on 
these estuary assemblages, 3 representative estuaries 
were selected possessing unique physical, biological 
and trophic characteristics from the Virginian biogeo- 
graphic province (Briggs 1974): Narragansett Bay, 
Delaware Bay, and Chesapeake Bay (Fig. 1).  Each of 
these estuaries has been anthropogenically stressed 
(e.g. nutrient loadings) during recent decades 
(Goodrich 1986, NOAA 1987, McCoy 1988); however, 
it is not obvious which is most heavily impacted, nor 
has the response of each ecosystem been easy to 
characterize. 

METHODS 

This comparative estuary food web investigation 
examined energy flow networks by means of network 
analysis, which quantifies input-output relationships 
(Leontief 1951), cycling (Finn 1976), through-flows, 
storage, information theory indices (Ulanowicz 1986). 
and diet relationships. The details of the underlying 
theoretical concepts and methodology for analyzing 
ecosystem structure are provided in Ulanowicz (1986), 
Kay et al. [1989), and Christensen & Pauly (1992a). 

Network analysis software. Energy budgets for each 
estuary were developed using the ECOPATHii soft- 
ware, which determined the budget for each trophic 
gr0u.p using a series of linear equations (Christensen & 

Pauly 1992a). ECOPATHil combines an approach by 
Polovina (1984) for estimating production and con- 
sumption by various compartments with Ulanowicz's 
(1986) analysis of the flows between compartments. 
The software is d.escribed in detail by Christensen & 

Pauly (1992a). 

Fig. 1. Locati.on of Narragansett, Delaware, and  Chesapeake 
Bays along the U.S. east coast of North America 

Equally important was the NETWRK software that 
was employed primarily to analyze the structural fea- 
tures of carbon flows and to characterize indices of 
overall trophic structure (Ulanowicz 1987). The analy- 
ses enabled quantification of the response of an estu- 
ary's ecosystem throughout its food web, not simply as 
it occurs among the phytoplankton or apex predators. 
A detailed presentation on the input of data to 
NETWRK and the interpretation of its outputs is given 
by Ulanowi.cz & Kay (1991) (see also the website 
h t t p : / / w \ ~ ~ ~ . c b l  cees.edu/-ulan/ntwk/network.html). 

The energy networks for Narragansett and Dela- 
ware Bays were developed as part of this study, and 
the Chesapeake Bay network was modified based on 
Balrd & Ulano.uvicz (1989). Estuary-specific compart- 
mental (guilds) b~omasses, production to biomass 
ratios, diet matrices, and detrital inputs were entered 
into the network analysis software. The results, which 
appeared in terms of carbon biomass from the ECO- 
PATHii and NETWRK software, allowed comparisons 
across estuaries using a 'common language' and com- 
parable methods. For each estuary, comprehensive 
networks of energy flows were estimated, with the 
total number of ecosystem compartments ranging from 
32 to 37 (Monaco 1995). 
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The efficiency with which energy is transferred and 
assimilated conveys information about the fundamen- 
tal performance of the entire ecosystem (Ulanowicz & 
Wulff 1991). However, several important criteria must 
be satisfied before one can compare network analysis 
results across different ecosystems (Baird & Ulanow- 
icz 1989, 1993). First, the flow topology, and the 
degree of aggregation among the living compart- 
ments must be nearly the same in the systems being 
compared, and the production:biomass (P/B) ratios of 
individual species to be aggregated also must be sim- 
ilar (Christensen & Pauly 1992a). Second, the same 
medium or currency must be used for all estuaries. In 
addition, the resolution of any comparison of multiple 
ecosystems is dictated by the least resolved (i.e. 
largest) spatial and temporal intervals, and the most 
aggregated taxonomic groupings, for which data from 
each estuary are available. In this study, all trophic 
networks were aggregated into 13 or 14 species 

guilds (compartments), and carbon (C) was the com- 
mon currency. However, each network did not con- 
tain a n  identical list of guilds for each estuary. Com- 
partments that a re  not naturally present, or that have 
a minimal role in a n  estuary's food web,  were not 
included. The aggregated carbon flow netcvorks for 
each estuary are shown in Figs. 2 ,  3 & 4.  The Chesa- 
peake network consisted of 13 compartments, while 
the Delaware and Narragansett Bay networks were 
comprised of 14. 

Network estimates. An energy flow estimation net- 
work requires information on the blomass of living and 
nonliving estuarine ecosystem components, the diets 
of all feeding species, and the rates of energy transfer 
among the various entities in the food web. The best 
available information was compiled or calculated to 
develop each estuary network. The majority of the bio- 
mass, diets, and trophic transfer data were readily 
available for the well-studied Narragansett, Delaware 
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Fig. 2. Average annual energy flow (mg C m-' yr.') and compartmental biomass (mg C m-') in Narrayansett Bay 
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Fig 3. Average annual energy flow (mg C m-' y r - ' )  and cornpartmental biomass (mg C m-2) in Delaware Bay 

and Chesapeake Bays (Monaco 1995). At the lower 
trophic levels (e.g. bacteria) some 'generic' trophic 
parameters were obtained from the literature, such as  
consumption to biomass ratios, and were used to calcu- 
late carbon budgets (Coffin & Sharp 1987, Monaco 
1995). 

Monaco (1995) calculated and/or compiled the aver- 
age annual biomasses of living and non-living com- 
partments in each estuary as the starting point from 
which to develop an energy budget for each compart- 
ment. The annual biomass of each compartment was 
reported as mg C m-' and fluxes as mg C m-2 yr-'. In 
most cases, the next step was to obtain estuary-specific 
estimates of the diets and consumption rates for each 
predator. Monaco (1995) provides a detailed discussion 
on the methods and estuary-specific references by 
parameter that were used to estimate the energy bud- 
gets for each compartment. 

Gross primary production by the autotrophic com- 
partments (phytoplankton and benthic algae) was 

assumed to equal the sum of net primary production 
plus algal respiration. These gross production esti- 
mates constituted the major inputs to each estuary. The 
net primary production was then partitioned among 
consumers according to reported herbivore diets and 
consumption requirements. 

Estimates of consumption, production, and respira- 
tion generated by ECOPATHii were imported into 
NETWRK to calculate annual carbon budgets for each 
heterotrophic compartment during each year. The bal- 
ance equation C = P + R + E was used, where C = con- 
sumption rate, P = secondary production, R = respira- 
tion, and E = egestion (Levinton 1982). The carbon 
available to the next compartment in the food web was 
allocated to predators based on their diet demand, and 
the remainder to detritus and export. To supplement 
the data generated by ECOPATHii, values on the bio- 
mass or energetics of other species or guilds were com- 
piled either from estuary-specific studies or estimated 
using P/R, consumption/biomass (C/B), and produc- 



Monaco & Ulanowicz: Trophlc structure of three estuaries 243 

-- P- 

-p--- 

405 18 

4 
575 

Suspens~on I 

127 
l '  

I- A 
1056 m 

-A l 7 7 

t 1709 - 

l 

32 455 
P 

C * t o '? m 195 747 m $ 1219 

m 
- -L 

I 
' 779 I-- 

Pelagtc L- Bacteria l 
Bactena Sedlment 1 

POC 
l 

470 B, m 
l 

-- 
-- -- 

It 
I _ . i s  

56 649 
y - 

A 2 152 587 I " -  U-) 

43 900 p I m Benthrc PhytoplanMon ' 1 P- 

Detntvs I- - 2 
- Algae - + 

27,832 225.637 I -  - 

l 
cornpanmenlal flow 10 detritus C> T:.' E O iT Q (3 O @ 3' 

' 62.954 31.885 38.819 -. -- P 

'161.639 239.223 76,092 1,150 7.1 18 51.702 4.132 548 213 

Fig. 4 Average annual energy flow (mg C m-2yr r ' )  and compartmental biomass (mg C m-') In Chesapeake Bay 

tion/respiration (P/R) ratios (e.g. Day et al. 1973, Jor- 
gensen 1979, Mann 1982, Christensen & Pauly 1992a, 
Monaco 1995). 

A complete network analysis requires estimates of 
rates of export from a system, including harvests of 
economically important species. Commercial landings 
data from each estuary were obtained from NOAA's 
National Marine Fisheries Service (NMFS) Fishery 
Statistics Division for the time period 1980 to 1990 
(NMFS 1993, 1994). These data were organized by 
Lowery & Monaco (1995) tc provide estimates of har- 
vest in my C m-2. Also, estimates of recreational har- 
vest were obtained for each study area from the litera- 
ture (NOAA 1991, 1992). 

Estuarine ecosystem comparisons. Cornpartrnental 
trophic structure: Levine (1980) used the algebraic 
powers of the diet matrix to show how the amounts 
arriving at various trophic distances from primary 
sources can be used as weighting factors to estimate 
the average trophic level at which each guild is feed- 

ing. Each compartment in a food web can thus be  
assigned a point along a trophic continuum, and the 
relative values of this trophic index as it pertains to 
each taxon can be compared between estuaries. The 
average ti-ophic level (ATL) of each compartment is 
shown in Fig. 5. The aggregation of species into 
trophic guilds, e .g .  carnivorous fish, was based on 
those species having approximately the same overall 
trophic position, P/B ratio, and diet or feeding 
strategy. 

Although observations on direct trophic interactions 
reveal much about an ecosystem's dynamics, they do 
not explicitly reveal the many important indirect inter- 
actions. Using the trophic direct interaction data within 
an  estuarine community, it is possible to calculate the 
indirect influences that members, lacking immediate 
contact, have on one another (Ulano~vicz 1986). 
Szyrmer & Ulanowicz (1987) used the predator/prey 
(diet) matrix to calculate the degree to which the diet 
of any particular compartment depends, directly and 
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indirectly, on the production of any other member of 
the ecosptem. The sum of all of the algebraic powers 
of this diet matrix yields the total dependencies of each 
predator species across all prey. 
Cycling structure: The cycling of material and 

energy in ecosystems 1s generally considered an 
important aspect of ecosystem function that con- 
tributes to autonomous ecosystem behavior (Odum 
1969, Ulanowicz 1986, Baird & Ulanowicz 1993). A 
cycle is a trophic pathway in which the arbitrary 
starting and ending compartments are the same 
(Ulanowicz & Wulff 1991). Cycling of carbon in estu- 
aries can occur through a number of cycles that vary 
in the numbers of transfers they contain. In each 
cycle, one can identify a weak arc as that connection 
through which the smallest flow occurs. Very often, 
any particular arc is part of more than one cycle, and 
all cycles that collecti.vely share the same weak arc 
are grouped into what is cdlied d nexus (Ulanowicz & 
Kay 1991). 

While the number of cycles within a trophic net- 
work is important, it is also necessary to consider 
whether cycling occurs over short and fast routes, or 
over longer and slower loops (Baird et  al. 1991). 
Hence, 4 measures of cycling were used in this study: 
(1) the number of cycles and how they were distrib- 
uted according to cycle lengths, (2) the topology of 
estuary cycling, (3) the Finn Cycling Index (described 
below), and (4)  the cyclic and acyclic average path 
lengths (APL). 

Ecosystem indices: Ulanowicz (1986) has character- 
ized the developmental status of an ecosystem network 
in terms of a suite of whole-system indices that are 
defined by applying information theory to the flow 
structure. Several such global measurements of 
ecosystem organization are calculated in NETWRK, 
including: total system throughput (T), which is the 
sum of the magnitudes of all flows that occur in an 
estuary ecosystem. It is a surrogate for the size of an 
ecosystem in terms of overall activity (Ulanowicz 1986, 
Kay et al. 1989) Ulanowicz (1986) scaled the mutual 
information of a network (organiziition) by the net- 
work's activity (total system throughput), and named 
the product the system ascendency (A). Ascendency is 
the key index that characterizes the degree of system 
development and maturity (Ulanowicz 1986). It repre- 
sents both the size (T) and the organization (average 
mutual information) of flows. 

Ulanowicz (1986) has suggested that both the num- 
ber of trophic compartments (guilds) and the extent of 
trophic specificity (the relative lack of trophic niche 
overlap) are embodied in the average mutual informa- 
tion of the flow connections between compartments. A 
n.etwork with high mutual information is a system with 
man.y nodes (compartments) of comparable size that 

are connected linearly with each other (Baird et al. 
1991). 

According to information theory, a natural limit to 
the ascendency would be the development capacity 
(Cd) (Ulanowicz 1986). Development capacity is the 
joint uncertainty of the flow connections (according to 
the Shannon-Wiener formula), normalized by total 
system input (Ulanowicz & Norden 1990). Because the 
Shannon-Wiener index is an upper bound on the 
mutual information, Cd may be identified with the 
capacity of the system for further development. Flow 
diversity is the Shannon-Wiener formula applied to the 
probability that a unit of carbon passes from a particu- 
lar compartment to another specified compartment. 
Because flow diversity is calculated using the logarith- 
mic Shannon-Wiener measure of complexity, small dif- 
ferences in the value of this index can reflect much 
larger quantitative disparities (Ulanowicz 1986). 

Ulanowicz (1986) su.ggested that organization in 
ecosystems is intimately coupled with the average 
degree of trophic specialization. No ecosystem can be 
perfectly organized, and the complement to ascen- 
dency is overhead (Baird et al. 1991). Overhead IS 

generated by structural ambiguities deriving from 
multiplicities in the system inputs, exports, dissipa- 
tions (respirations), and internal exchanges (redun- 
dancy). The ascendency and overhead together con- 
stitute the system's capacity for development 
(Ulanowicz 1986). The capacity minus ascendency 
represents the amount of the development capa.city 
that does not appear as organized structure or con- 
straints (overhead) on the ecosystem. On the down- 
side, the overhead represents the cost to an ecosystem 
to circulate material and energy the way it does. The 
magnitudes of, and uncertainties in, the origins of the 
imports, exports and respirations contribute to system 
overhead. 

The internal redundancy is that component of the 
overhead that is engendered by parallelisms in the 
internal pathways of trophic transfers. Overall, the 
overhead comprises what is commonly regarded as 
ineff~ciencies in operation or ambiguities in structure 
(Baird et al. 1991). Ulanowicz & Norden (1990) suggest 
that overhead represents the degrees of freedom a 
system has at its disposal to respond to a novel pertur- 
bation. 

The degree of system development can be regarded 
as the fraction of possible organization that is actually 
realized, i.e. A/Cd (Ulanowicz & Mann 1981). A char- 
acteristic of highly organized systems is their ten- 
dency to internalize most of their actlv~ty (flow), 
thereby becoming relatively indifferent to outside 
supplies and demands. For this reason, Ulanowicz & 
Norden (1990) emphasized the internal components of 
A and Cd that are generated solely by the internal 
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exchanges within a network. The relative internal 
ascendency (Ai/Ci) is a dimensionless ratio of the 
internal components that excludes the influence of T 
(the growth component) on Ai and Ci. This index rep- 
resents the balance between the efficiency of carbon 
flow and system redundancy (i.e. linear vs web-like 
food chains). This index is most suitable for compar- 
ing different ecosystems (Field et  al. 1989, Mann e t  al. 
1989, Baird et al. 1991). 

Estuaries with a relatively high value of Ai/Ci may 
be considered well organized, and therefore, unlikely 
to disintegrate spontaneously (Baird et al. 1991). They 
possess significant internal stability that makes it diffi- 
cult for a new endogenous influence to change their 
configuration. The lack of redundancy, however, could 
leave the system vulnerable to exogenous stresses. 
Thus, a trade-off must occur between estuarine ecosys- 
tem ascendency (efficiency of flow) and redundancy or 
complexity of pathways. 

System-level food chain interactions can be charac- 
terized by Christensen & Pauly's (1992a) system 
omnivory index (01). This system-level index is 
defined as the average omnivory index of all con- 
sumers weighted by the logarithm of each predator's 
food intake (biomass multiplied by the C/B ratio). 
When the guild-specific 01s are summed and aver- 
aged,  the system (estuary) level index is a measure of 
how broadly the feeding interactions are  distributed 
among trophic levels. The dimensionless index ranges 
from 0.0 to 1.0. A value of 0.0 indicates that the con- 
sumer is highly specialized, and values approaching 
1.0 indicate feeding on many trophic levels. 

RESULTS AND DISCUSSION 

Ecosystem properties 

To decipher the information contained within each 
estuary's energy flow network (Figs. 2 ,  3 & 4 ) ,  a series 
of tabular outputs are  presented and described. 
Table 1 provides the summary statistics for each estu- 
ary. Together, Tables 1 & 2 provide the results from 
network analysis that were used to characterize estu- 
arine ecosystem trophic structure. Tables 3 & 4 charac- 
terize the magnitude and structure of carbon cycling. 

Due to the complexity of the input parameters for 
network analysis indices, no statistical tests of signifi- 
cance currently exist to evaluate differences in the val- 
ues of various indices across ecosystems. However, the 
network trophic structure and estuarine ecosystem 
property results, when taken in whole and based on 
rank ordering, provide definitive patterns indicating 
the trophic structure, complexity and relative stress 
exhibited by each estuary. 

Comparative assessment 

The present study has attempted to determine 
whether differences and similarities among estuarine 
food webs can be identified between geographically 
close estuaries. Although US mid-Atlantic estuaries 
exhibit common characteristics, such as salinity pat- 
terns and magnitudes of tidal energy, network analysls 
revealed both similarities and differences between the 
trophic structures that were not superficially apparent. 

Production and biomass 

Because the estuary networks are  based on steady 
state inputs and outputs, it is important to examine the 
standing crop and  rate of primary production of the 
3 estuaries. Narragansett Bay exhibited the highest 
rate of net annual average primary production, fol- 
lowed by Delaware and Chesapeake Bays (Table 1). 
Most estuaries along the mid-Atlantic seaboard 
receive large loadings of nitrogen and  phosphorus that 
fuel the production of phytoplankton. In each estuary, 
primary production is dominated by pelagic phyto- 
plankton. The ratio of pelagic to benthic primary pro- 
duction varies, however, from 3:l  (Nari-agansett Bay) 
to 6 : l  (Chesapeake Bay), with an  intermediate ratio 
(4:l)  in Delaware Bay. 

Less impacted systems are  presumed to have higher 
values of net system production (Odum 1969), suggest- 
ing that Narragansett Bay was the least impacted of 
the 3 bays (Table 1).  Chesapeake Bay had a negative 
net system production, which can be  explained primar- 
ily due to the large amount of organic material 
imported into the system from its large drainage basin. 

The detritivory/herbivory (D/H) ratio is the ratio 
between detrital consun~ption (uptake from detritus) 
and direct grazing on primary producers and is an  indi- 
cator of surplus production. The ratio for each bay was: 
Narragansett, 8.1; Delaware, 3.4; and Chesapeake. 
6.9. Delaware Bay exhibited a more effective direct 
utilization of primary production when compared to 
the other bays (Table 1) as also reflected in its low D/H 
ratio. The Delaware estuary is very turbid compared to 
other U.S. east coast estuaries, and there is relatively 
efficient use of primary production in the lower estu- 
ary, where over 90% of total phytoplankton production 
occurs (Pennock 1985). The ability of the Delaware 
ecosystem to recycle primary production products may 
be limited, however. 

The mean Lindeman trophic efficiencies in each 
system ranged from 12.5 O/o in Delaware Bay to 17.4 % 

in Chesapeake Bay (Lindeman 1942, Monaco 1995, 
Ulanowicz 1995). Thus, U.S. mid-Atlantic estuaries all 
appear similar, with trophic efficiencies averaging 
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ca 15.0%. This average is not too different from the 
often-assumed 10% efficiency between trophic levels 
(Levinton 1982). One would expect trophic efficiency 
in estuaries to be somewhat greater as compared to a 
'global' average. This was corroborated by relatively 
low connectance indexes for each estuary (Chris- 
tensen 1992), indicating that U.S. mid-Atlantic estuar- 
ies have more linear-like (i.e. efficient) food chains 
(Table 1) .  

Baird & Ulanowicz (1993) found an inverse correla- 
tion between net primary production (NPP) efficien- 
cies and the D/H ratio. The same correlation was 
observed in this study, as Narragansett and Chesa- 
peake Bays exhibited high D/H ratios and relatively 
low NPP efficiencies. These 2 estuarine ecosystems 
rely heavily on detritus inputs and recycling via the 

microbial loop. The low D/H ratio and high NPP in 
Delaware Bay suggest a greater diversity of resource 
utilization, which is in accordance with the system's 
higher 0 1  (more web-like structure across trophic 
levels). 

Chesapeake Bay exhibited the largest system B/P 
ratio. This ratio may not reflect system stress or 
maturity, but rather is indicative of adaptation to the 
physical environment or the degree to which produc- 
tion is retained within the estuary. The B/P ratio is 
also sensitive to the number and size of organisms 
within a system (Christensen & Pauly 1992b). Thus, it 
was not surprising that Delaware and Chesapeake 
Bays, which exhibit relatively slow flush~ng rates 
(Nixon 1983) and have a relatively high number of 
species, should yield higher B/P ratios. 

Table 1 Summary of ecological statistics/indices for estuary networks. GPP: 
gross primary production; NetPP: net primary production 

Statistic/ Narragansett Delaware Chesapeake 
index Bay Bay Bay 

GPP (mg C m-2 yr-l) 689616 654 050 600 453 

NetPP (pelagic and benthic) 403 064 380 592 333 065 
(mg C m-' yr-l) 

Sum of consumption (mg C m-2 yrr') 1790041 1 383 769 1493 678 

Sum of exports (mg C m-2 yr- ')  378 017 41 1535 263 696 

Sum of resp~ration (mg C m-2 yr.'] 31.6051 302 848 625 100 

Flow to detritus (mg C m-' yr-l) 1687 553 1275 913 1231 202 

Sum of production (mg C m-2 yr-l) 1 273 525 936 008 907 81 1 

Production/respiration ratio, 1.3 1.3 0.5 
NetPP/R 

GPP/total respiration ratio 2.2 2.2 1 .O 

Net system production 87013 77 744 -292 035 
(mg C m-'yrr') 

Biomass/production ratio 24.2 28.2 30.3 

Production/biomass ratio 0.041 0.035 0.033 
(NetPP/biomass) 

Biomass/throughput (yr.') 0.004 0.004 0.003 

Total biomass (no detritus) 16636 13 484  10 992 
(mg C m-2 yr.') 

Fishery mean trophic level 4.43 4.51 4.25 

Total catches (mg C m-2 yr.') 467 235 64 9 

Fishery catch/NetPP ratio 0.0012 0.0006 0.0020 

NetPP Eff% (NetPP/total PP 4 0 67 42 
consumption) (X)  

NetPP/Total system consumption ( X )  22.5 27.5 22.3 

Detritivory/herb~vory ratio 8.1 3 .4  6.9 

Overall connectance (no units) 2.6 2.6 2.5 

Internal connectance (no units) 2.3 2.4 2.4 

Food web connectance (no units) 2.4 2.5 1.6 

Omnivory index (no units) 0.3 0 0.2 

- 

Biomass and throughput 

The lower standing biomass level in 
Chesapeake Bay can be partially at- 
tributed to the relatively low biomass of 
mesozooplankton and carnivorous fish 
in the Chesapeake estuary, as com- 
pared to Delaware and Narragansett 
Bays (Table 1, Fig. 4) .  Also, the Eastern 
oyster Crassostrea virginica is no 
longer prevalent in Chesapeake Bay for 
a number of reasons, including disease, 
predation, and overharvest (Stagg 
1986, Newell 1988). Therefore, the con- 
tribution that oysters make to suspen- 
sion feeding has been greatly reduced. 

The differences in system activity 
are gauged by the values of the total 
system throughput (T) (Table 2). In 
descending order, system throughput 
ranked as Narragansett, Chesapeake 
and Delaware Bays (Table 2). The 
high throughput in Narragansett Bay 
was due in part to higher gross pri- 
mary productivity, longer food chains, 
and greater cycling of carbon 
(Tables 1 & 3). Although Chesapeake 
Bay had the lowest primary produc- 
tion, it ranked second in total system 
throughput. This was partially due to 
its greater physical size, which accom- 
modates many habitats, and to its 
large import of detritus. Both of these 
factors can abet the throughput value 
by providing a larger number of com- 
partments for carbon to flow through 
(Monaco et al. 1992). 
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- - 

Total system throughput 5 147 600 
(mg C m-2 yr.') 

Development capacity 21 986 000 
(mg C m-2 yr.', bits) 

Relative ascendency. A/Cd ( ' X )  33.5 

Overhead on imports (':i,) 9.6 

Overhead on exports (%,) 3.9 

Disslpative overhead ( "CB)  11.5 

Redundancy (%) 41.5 

Internal capacity, Ci 13351 000 
(mg C m-2 yr ' ; blts) 

Internal ascendency, Ai 4 222 300 
(mg C m-' yr-'; bits) 

Internal relative ascendency. Ai/Ci 31.6 

Table 2 Network analysis ecosystem indices for estuaries rous and planktivorous fish in these 
2 estuaries were less than that of Nar- 

Internal redundancy (o/o) 68.4 

Index Narragansett Delaware Chesapeake 
Bay Bay Bay 

Information content (bits) 

Flow diversity (bits) 

ragansett Bay. Furthermore, the total 
system throughput of these larger 
estuaries was less than that of the 
much smaller Narragansett Bay. The 
total system throughput is a better 
indicator of estuary 'activity' than is 
system geometry (Baird et al. 1991). 
A major contributor to Narragansett 
Bay's system throughput is the rela- 
tively large total biomass of carnivo- 
rous fish (1066 mg C m-2). The adult 
(greater biomass) life stages of pre- 
dominantly marine species (e.g. blue- 
fish Pornatomus saltatrix, tautog Tau- 
toga onitis) contribute significantly to 
this biomass (Stone et  al. 1994). 

Trophic flows 

I I Each of the estuaries possesses low 
system 0 1  values, which ranged from 

A small number of fish species (e.g. 13 in Delaware 0.17 to 0.29. Thus, U.S. mid-Atlantic estuary food webs 
Bay) account for most of the fish bion~ass in mid- appear relatively linear in topology. Delaware Bay 
Atlantic estuaries (Smith 1982). Despite the fact that appeared to have the most web-like trophic structure 
over 200 fish species have been recorded in Chesa- based on the average of individual species and/or 
peake Bay (Bulger et al. 1993) and over 100 species in guild diets. Chesapeake Bay had the most specialized 
Delaware Bay (Daiber 1988), the biomasses of carnivo- whole-system food web based on the 0 1  (Table 1). 

Table 3 Number and magnitude of carbon cycles over various path lengths in estuaries 

Distribution (%) of cycles per  nexus 
No. of cycles Narragansett 

per nexus Bay [ " # , l  

1 4.8 
2 0.9 
3 6.6 
4 7.0 
6 2.6 
8 3.5 

10 17.6 
12 5.3 
14 6.2 
15  6.6 
2 0 8 8 
3 2 14.1 
36 15.9 

No of cycles Delaware No. of cycles Chesapea ke  
per nexus Bay per nexus Bay ('%) 

Percent of cycled flow through loops of various path lengths 
Path length Percent Percent Percent 
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The average t roph~c  l c \ (  l of each compartment is 
shown In Fig 5 In each of the bays, consumer gullds 
appeared mostly at the second or third trophic levels 
The top carnrvores rn C hcsapeake Bay fed at a higher 
mean trophrc pos~tion than their counterparts in Larra- 
gansett and Delaware Bays The relat~vely lower 
trophlc position of carnivorous flsh in Delaware Bay 
can be attributed to the large degree to which these 
fish depended (both drrectly and rnd~rectly) on the 
hrghly abundant mysrd shrimp (Pennock & Herman 
1988) 

Feedrng webs that are  very different in complexity 
and  connections can be mapped into a standard net- 
work topology (Ulano\vicz 1995) The standard form 
allows one to compare corresponding trophic effrc~en- 
cies between estuaries (Barrd et  a1 1991) The trophic 
efficrency between levels IS defined as the quotient of 
t h e  amount a given level passes on to the next one 
divided by how much rt received trom the previous 
level (Ulanowlcz & Wulff 1991) The energy flow net- 
works pertaining to each estuary were mapped rnto 
simpllfred canonrcal trophlc aggregations (Ulanowicz 
& Kemp 1979, Monaco 1995) Each estuary exhibited 
hrgh transfer efficiencies at  the first trophic level rang- 
rng from 62 to 69 ) (Monaco 1995) Chesapeake Bay 
was the most effect~ve In transferring material (31 % 
efficrency) at  the second trophlc level Thus, it had the 
greatest potential for transtcrrrng resources to the 
higher trophrc compartments T h ~ s  potentral was 
reflected by the greater total catch of f ~ s h  and macrorn- 

vertebrates in Chesapeake Bay, even though its total 
system biomass was much less than that of both Narra- 
gansett and Delaware Bays 

Magnitude of cycling 

Important carbon recycling routes in Narragansett 
Bay are via pelagic and detrital pathways. Pelagic 
and benthic cycling pathways were proportioned 
similarly In the Delaware Bay network. The Chesa- 
peake Bay ecosystem exhib~ted the least amount of 
cycling, and the benthic compartments ( i  e ,  meio- 
fauna and invertebrate carnivores) were the most 
important brokers in the bay's cycling network. 
Ulanowicz & Wulff (1991) indicated that most of 
Chesapeake cycling occurred over 2 short benthic 
cycles: between the benthic deposit feeders and sedi- 
ment POC; and between benthic meioldund and sed- 
iment POC 

Both the once-through and cycled carbon in an 
ecosystem can be characterized by the average path 
length. The APL Indicates the average number of 
trophic transfers a unit of medium (e.g carbon) will 
experience between the time it enters and leaves the 
system (Baird et al. 1991). The APL for Narragansett 
Bay was 4.2 steps, followed by Chesapeake Bay with 
3.3,  and Delaware Bay at 2.8 transfers (Table 4). This 
means that a unit of carbon will be transferred about 
1 more step rn Narragansett Bay than in Chesapeake 

Bav, and about 1.5 more steps in 
Ndrragansett Bay than in Delaware 
Bay. 

The Finn Cycling Index (FCI) re- 
veals the proportion of total system 
throughput that is devoted to the re- 
cycling of carbon (Finn 1976). Thus, 
FCI = Tc/T, where Tc is the amount 
of system activity involved In cycllng 
and T is total system throughput. 
Baird et al. (1991) demonstrated that 
the FCI was a better indicator of the 
physical retentrveness of material 
than it was a measure of stress. 
Odum (1971) indicated that mature 
systems would have a higher FCI 
value. The FCI percentage was 
greatest in Narragansett Bay (48'%,), 
and decreased in Delaware (37",,) 
and Chesapeake (24 %) Bays. Finn's 
(1976) mean path length indicated 
that Narragansett Bay used longer 
pathways (6.01) as compared to the 
Delaware (4.97) and Chesapeake 
Bay (4.07)  (Table 4) .  

Delrllus 

Bacterla Sedlrnenl POC 

Pelaaic Bacreria 

2 Benlh~c Deposit Feeders 

F 
o Benthlc Susp Feeders 
U 

Parabenlhos 

Average Trophlc Level 

Flg. 5. Cornpartmental average  trophic level in each estuary 
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Table 4.  FCI, retention, and cycllng structure of estuaries. FCI: fraction of total ecosystems could rely more heavily on 
system throughput devoted to recycling; APL: average number of compartments detritus than does the Delaware 
that an  inflo\v/outflow passes through; FPL: average path length of recycled 

f l 0 \ ~  
ecosystem (79%). Although a minimal 
amount of detritus is imported into 

Estuary FCI APL FPL Cycle Flush~ng 
( (ratio) (ratio) rate (no.) rate (d) 

-P - -  

Narragansett Bay 4 8  2 4.2 6.0 227 30 
Delaware Bay 37 3 2 .8  5.0 179 100 
Chesapeake Bay  24  1 3.3 4 .1  56 5 6 

Narragansett Bay, a large amount of 
carbon is recycled through the detri- 
tus, thereby inflating the ratio. The 
Chesapeake ecosystem exhibited a 
much lower FCI, but it receives a large 
import of d.etritus (Table l ) ,  which 
increases the detritus flow ratio. 
Although the detritus flow ratio was 

Cycling structure slightly lower in Delaware Bay, the reduced percent- 
age was consistent with the bay's low D/H ratio. Also, 

Important results from cycle analysis are the d~sti-ib- there is limited recycling through the detritus in the 
ution of cycles into nexuses and the amounts of flow lower bay, because most of the p r~mary  production that 
cycled over pathways of various lengths (Table 3). occurs there is either exported or lost to the sediments 
Narragansett Bay cycling occurred over a large num- (Pennock 1985). The amount of flow to detritus that 
ber of nexuses with many cycles, and 95% of the ultimately was recycled back to the consumers d~ffered 
cycled flow was via loops consisting of 2 or 3 transfers, in each system (Table 1). The ECOPATHii predatory 
Delaware Bay's cycled flow was distributed into fewer cycling index excludes cycling through the detritus 
nexuses; however, approximately 60% of the cycles compartment. The fraction of flow recycled by con- 
were grouped into many-cycled nexuses. As in Narra- sumers was 6.4 % in Narragansett Bay, 8.6'X in 
gansett Bay, 92 % of the cycled flow was over path Delaware Bay, and 2.9 %I in Chesapeake Bay. Based on 
lengths of 2 or 3 links. In contrast, Chesapeake Bay a rank order perspective, the coinblned set of indices 
had a relatively low number of cycles and nexuses indicates that the Delaware ecosystem relies more 
with a more even distribution of cycles per nexus. In heavily on recycling of carbon via predator/prey inter- 
Chesapeake Bay about 95'!,, of cycled flow is via 2 or actions than via the uptake of detritus by microbiota. 
3 transfers. The maturity and organization of ecosystems have 

Narragansett Bay is a very active system as indicated been related to a greater degree of cycling (Odum 
by its high total system throughput. This throughput is 1969) and  high relative ascendency (A/Cd) ratios 
maintained by the ecosystem recycling approximately (Baird et  al. 1991). Ulanowicz & Wulff (1991) concluded 
50% of its total flow over a multitude of cycles that con- for the Baltic Sea ecosystem that a high FCI value and 
tribute to a high system APL (Table 3).  Even though longer cycles provided a more developed apparatus for 
the estuary flushes rapidly (Nixon 1983, NOAA 1990), recycling. Thus, estuaries with both a relatively high 
a large proportion of carbon is recycled within the sys- FCI and many long cycles may not be a s  stressed a s  
tem, and even acyclic carbon is retained by sequential ecosystems that recycle carbon over short or fast 
storage during the relatively long pathways through trophic routes. Narragansett Bay had the largest FCI 
the food chain. Although the estuary is classified as a and the highest A/Cd of all 3 estuaries. 
marine embayment (Monaco 1995), its cycling struc- 
ture is fairly complex in light of its relatively high FCI 
and APL values, and its efficiency at retaining particu- Food web interactions 
late matter. 

All 3 estuaries are phytoplankton-dominated sys- Network analysis at the whole-system level indicates 
tems wherein large amounts of pelagic primary pro- that the trophic structure of Narragansett Bay is less 
duction are not being consumed and flow into the impacted than that of Chesapeake and  Delaware Bays. 
detritus compartment (Table 1).  Monaco (1995) deter- However, since it is often the responsibility of a n  estu- 
mined the proportion of total flow that was dependent arine resource administrator to manage a specific spe- 
upon outputs from the detritus compartment (Linde- cies, one would wish to know the effects that other 
man 1942, Ulanowicz & Kemp 1979) by dividing the compartments exert on particular species over all 
total flow originating from detritus by the total flow existing trophic pathways (i.e. direct and indirect con- 
from both detritus and primary producers. Christensen sumption) (Ulanowicz & Tuttle 1992). It is possible to 
& Pauly (1992a) suggested that this ratio is an  index of address such questions using the power series of the 
the importance of detritus in a system. It appears that diet matrix to es t~mate  how much of vari0.u~ exogenous 
the Chesapeake (87 'XO) and Narragansett (86%) Bay inputs eventually reach fishes and macroinvertebrates 
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Table 5. Percentage of input (total contnbutions) frorn major sources that rcwch high productivities of mid-Atlantic 
important compartments Carniv.: carn~vorous; Planktiv.: planktivorous estuaries (Table 1). When compared to 

Source Estuary Carniv. Planktiv. Benth~c 
fish fish suspens~on 

feeders 
P 

P P P 

Phytoplankton Narragansett Bay 0.37 0.58 1.90 
production Delaware Bay 0.08 0.35 0.72 

Chesapeake I3ay 0.05 0.29 2 50 

Benthic Narragansett Bay 0.42 0.42 1 60 
production Delaware Bay 0.29 0.60 0 95 

Chesapeake Bay 0.12 0.09 0.46 

Allochthono~~s Narragansett Bay 0.4 1 0.36 0.46 
input Delaware Bay 0.09 0.22 0 66 

Chesapeake Bay 0.10 0.19 1 00 

the other 2 estuaries, the Chesapeake 
Bay ecosystem was not as efficient 
in producing carnivorous finfish via 
phytoplankton production (Table 5 ) .  
However, the overall catch to net pri- 
mary production ratio, which indi- 
rectly receives subsidy from detrital 
Inputs, was high, indicatin.g that the 
fishery was very efficient in harvest- 
Ing economically important living 
resources lower on the food chain (e.g 
blue crabs). 

Chesapeake Bay supported the 
largest fishery (fish and  invertebrates) 
harvest rate of 649 mg C m-' yr-l, fol- 

that have economic value (Table 5 )  (Szyrmer & lowed by Narragansett Bay at  467 mg C m-2 yr-l, and 
Ulanowicz 1987). Delaware Bay at  235 rlly C n ~ - ~ y r - ' .  The corresponding 

Because all of the estuaries were classified a s  phyto- fishery efficiency indexes rank in the same order 
plankton-based ecosystems, the differences in the (Table 1). The mean trophic level at  which fisheries 
fractions of system inputs that reach the economically were taking their harvests varied in each bay, 
important guilds in each estuary should be greatest Delaware Bay occurring highest on the trophic ladder 
when phytoplankton production is used as the starting and Chesapeake Bay the lowest (Table 1). Although 
point (Table 5). For example, 1 unit of phytoplankton Chesapeake Bay was more efficient in converting 
production in Narragansett Bay results in 4.6 times as pelagic and benthic primary production into har- 
much carnivorous fish produced there than occurs in vestable biomass, that fishery withdrew resources 
Delaware Bay, and supports 7.4 times as m.~ich fish from lower in the food web than did the fisheries in 
production as in Chesapeake Bay. In addition, phyto- Delaware and Narragansett Bays. The high index in 
plankton in Narragansett Bay were about twice as effi- Chesapeake is largely attributable to the great amount 
cient in producing planktivorous fish as was the case in of commercial and recreational harvest of benthic 
Delaware and Chesapeake Bays. One unit of phyto- macroinvertebrates (e.g.  blue crab). Although Narra- 
plankton production in Chesapeake Bay resulted in 1.3 gansett Bay is physica1.ly the smallest of the estuaries, it 
times as much benthic suspension feeder biomass than exhibited relatively high fishery exports (Lowery & 

was produced In Narragansett Ray, and 3.5 times as Monaco 1995). Furthermore, this harvest was domi- 
much as  in Delaware Bay. nated by marine finfish (e .g .  blu.efish) and macroinver- 

Correlations between primary production and even- tebrates (e.g. American 1.obster Homarus americanus) 
tual fishery harvests or potential yields have been species. 
reviewed by Nixon (1983) and Polovina & Marten Table 6 shows the indirect diets of the major carniv- 
(1982). A key measure for comparison is the fishery orous and planktivorous fish found in each case study 
efficiency index (Christensen & Pauly 1992a), which is estuary. Pelagic primary producers appear more 
calculated as the sum of all fisheries catch (mg C m-2 important to carnivorous fish in Narragansett (53%) 
yr-l) di\lided by the system's net primary production. and Delaware Bays (41 X) than they were to the same 
This index vdries widely among different aquatic guild in Chesapeake Bay (29%). In addition, the car- 
ecosystems. Generally, the index attains high values in nivorous fish in Narragansett and Delaware Bays 
systems with fisheries that harvest low on the food depend heavily on parabenthic shrimp. Carnivorous 
chain (e.g.  bait fisheries), and low values in systems fish in Chesapeake Bay depend very heavily on ben- 
with underexploited stocks or in those where fisheries thic deposit feeders (81 '!L), bacteria sediment POC 
concentrate on apex predators (Christensen & Pauly (78%),  and detritus (87 %).  Mesozooplankton were 
1992a). The index is dimensionless, because it is the more important to the planktivorous (filter-feeding) 
ratio of 2 flows, and its numerical ma9nitud.e usually is fish in Narragansett Bay (53 %) and Chesapeake Bay 
much smaller than unity. For example, the weighted (64 %) than the mere 31 % of the filter fish diet that was 
global average is approximately 0.0002 (Pauly & Chris- brokered by the mesozooplankton of Delaware Bay. 
tensen 1995). Thus, the values for the estuaries, rang- In companng the Chesapeake ecosystem with that of 
ing as they do from 0.0006 to 0.0020, is evidence for the the Baltlc Sea, Ulan.owicz & Wulff (1991) concluded 
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Table 6 Indirect dlets ( ~ n  O/o of total consumption) of carnivorous and planktivorous fishes In estuaries, 1 e fraction of total con- 
sumptlon by specles J which passed through specles 1 along ~ t s  way to J P e ~ c e n t s  add to greater than 100, because the same 
c a ~ b o n  vlslts several compartments along its way to the speclfic consumer POC paltlculate olganlc matter, na not applicable 

Compartment Carnivorous flsh Planhtivorous f ~ s h  
Narragansett Delaware Chesapeake Narragansett Delawdre Chesapeake 

Bay Bay Bay Bay Bay Bay 

Carn~vorous flsh 8 10 4 50 5 80 0 08 0 03 0 01 
Planktivorous fish 23 50 22 00 13  50 0 01 0 07 0 04 
Benthlc invert carnivores 6 90 7 30 7 10 0 05 0 21 0 30 
Benthlc suspension fecdeis 2 60 6 10 2 10 0 42 1 00 0 51  
Parabenthos 34 40 59 60 n a 21 10 22 40 na 
Benthic deposit feedels 50 30 17 60 81 20 12 30 2 10 3 40 
Invertebrate carnivores 2 10 0 05 0 13 3 10 0 11 0 08 
Mesozooplankton 24 80 22 30 12 60 53  20 30 70 64 30 
M~crozooplankton 15 10 6 60 8 90 13  30 8 00 10 10 
Pelagic bactena 29 90 20 80 11 50 28 50 22 90 11 00 
Bacterla sediment POC 38 20 25 90 77 90 25 20 16 80 14 70 
Benthlc algae 15  90 31 50 9 70 12 80 20 80 2 50 
Phytoplankton 52 50 41 30 29 00 65 30 56 80 59 00 
Detntus 64 50 49 80 87 40 44 70 40 90 55  00 

that the former relied more on its benthic processes 
than did the latter. In the current study, benthic deposit 
feeders, bacteria sediment POC, and detritus were 
major contributors to the indirect diets of carnivorous 
fish in Chesapeake Bay, and also figured prominently 
in the recycling of carbon in that bay. In addition, in 
Chesapeake Bay the carnivorous fish are less tightly 
coupled to primary production products, and rely indi- 
rectly more on detritus than do their counterparts in 
Narragansett and Delaware Bays. The Chesapeake 
Bay relies heavily on benthic processes, whereas Nar- 
ragansett Bay, and to a lesser extent Delaware Bay, 
may be more indifferent to perturbations in benthic 
habitats, because they draw their primary sustenance 
from pelagic primary production. 

Hartlnan (1.993) used bioenergetics models to deter- 
mine the relative roles that the top predators-weak- 
fish Cynoscion regalis, bluefish, and striped bass 
Morone saxatilus-played in the Chesapeake Bay 
ecosystem. He also quantified the amount and trophic 
sources of the prey required to fuel plscivore produc- 
tion. Although it has long been known that these 
pelagic predators feed predominantly via pelaglc path- 
ways, interesting trends ln resource use were appar- 
ent. For example, a distlnct decline occurred durlng 
the summer months in the use of pelagic resources 
(and thus an  increase in the consumption of benthic 
prey) by age 2 striped bass. The use of benthic 
resources by age 1 bluefish and weakfish was also 
highest during the summer. In corroboration with the 
behavior that network analysis revealed at the system 
level, it also appears that benthic processes in Chesa- 
peake Bay are highly important to particular popula- 
tions of juvenile and adult piscivores. 

Ecosystem structure 

Development capacjty: This index is a surrogate for 
the complexity of the food web. It was greatest in Nar- 
ragansett Bay and lowest in Delaware Bay (Table 2) .  
Thls index did not vary dramatically among the 
ecosystems; however, due  to its logarithmic nature, 
small differences in the index can represent apprecia- 
ble disparities in ecosystem structure. 

Ascendency: This is a key property of a network of 
flows that quantifies both the aggregate intensity of 
process activities and the level of definition or speci- 
ficity with which these processes occur (Ulanowicz & 

Wulff 1991). In decreasing order, the ascendency 
ranked Narragansett Bay, Delaware Bay, and Chesa- 
peake Bay. 

Redundancy: This is the degree to whlch pathways 
in a network are parallel, so that the connection 
between any 2 compartments cannot be severed by 
elimination of a single intervening link (Ulanowicz & 

Wulff 1991). Chesapeake Bay had the highest Internal 
redundancy, followed by Delaware and Narragansett 
Bays. 

Relative ascendency (A/Cd): Thls ratio is an indica- 
tion of system organization and efficiency A trade-off 
between efficiency of flow (narrow or artlculated food 
web as defined by Ulanowicz 1986) and system redun- 
dancy (web-like structure) occurs 111 aquatic ecosys- 
tems. In the most organized or artlculated (linear) sys- 
tems, the effects of a n  event (e.g.  pollution episode) at 
any one compartment are propagated to only a small 
subset of the other compartments over the most effi- 
cient pathways. The relative ascendency ranking in 
descending order was Narragansett Bay, Delaware 
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Bay, and Chesapeake Bay (Table 2). Although differ- 
ences in the A/Cd values were small, they nonetheless 
reflect larger changes in system efficiency because of 
the attenuating effect that logarithms introduce to the 
calculation 

Values of the relative internal ascendency (Ai/Ci) do 
not differ greatly from the A/Cd ratios. Baird et al. 
(1991) suggested that a large decrease in the Ai/Ci 
ratio in relation to A/Cd could indicate a strong depen- 
dency of such a system on a few dominant external 
connections. Baird et al. (1991) demonstrated how 
Chesapeake Bay was more influenced by externalities 
than are larger marine ecosystems. When compared 
with many other aquatic ecosystems (41 in Christensen 
1992, 6 in Baird et al. 1991), none of this study's estuar- 
ies exhibited dramatic differences in A/Cd versus 
Ai/Ci ratios. The largest of these differences in ratios 
occur~cd in Narragansett Ray. It is likely that limited 
exogenous inputs may be sufficient to stimulate the 
northern marine estuaries of the U.S. Atlantic coast 
(Monaco 1995). 

In summary, the combination of cycling structure 
(magnitude of flows, APL, cycle lengths, and nexus 
size), Ai/Ci ratios, system P/B ratios, and harvest rates 
all lend support to the supposition that the Delaware 
and Chesapeake Bay ecosystems are more stressed 
than that of Narragansett Bay. It is not quite as clear, 
however, whether the Delaware is more stressed than 
the Chesapeake Bay. 

Although the Chesapeake Bay ecosystem showed a 
high diversity of flows (Table 2), the low value of the 
omnivore index indicated a more specialized food web 
(Table 1). This can partly be explained by the domi- 
nance of detritus in structuring the estuarine food web. 
The influence of detritus on the system was reflected in 
the relatively high D/H ratio in the Chesapeake Bay, 
and also by the very high overhead generated by sys- 
tem respiration (Table 2). 

Ulanowicz (1986) defined an articulated food web as 
one more like a linear chain of one prey for each 
predator. Relative ascendency characterizes the over- 
all efficiency of flow between ecosystem components, 
but the trophic topology may be more linear or web- 
like at any particular node in the web, depending on 
the diet of that species. Important commercial fishes in 
Delaware Bay were linked in a more narrow fashlon, 
because most of their food was mediated through the 
parabenthos (primarily shrimp found i n h e a r  bottom 
sediments). Thus, any modification of habitat that 
impacts the parabenthos may have significant reper- 
cussions on the top predators in Delaware Bay 
(Monaco 1995). For example, in Delaware Bay the 
mysid shrimp are a significant item of prey for the 
economically important weakfish (Pennock & Herman 
1988) 

I t  is also important to remember that the balance 
between ascendency and redundancy is modulated by 
2 factors: the total number of links in a food web and 
the relative magnitudes of the flows between links. 
Because a necessary trade-off exists between the effi- 
ciency of energy transfer and redundancy of flow in 
any system, it is expected that estuaries with a rela- 
tively high Ai/Ci ratio may be more stable with respect 
to internal perturbations of the estuarine food webs 
(e.g. habitat modifications). In this study, the Narra- 
gansett Bay ecosystem simultaneously had the highest 
FCI, highest Ai/Ci ratio, and the largest system redun- 
dancy of all 3 estuaries (Tables 2 & 4).  It appears that 
the trade-off between trophic efficiency and the 
redundancy of energy flow is fairly balanced in Narra- 
gansett Bay. Delaware Bay had values for system effi- 
ciency (ascendency), overhead, redundancy, and FCI 
similar to those for Narragansett Bay. The Chesapeake 
Bay ecosystem had the lowest ascendency and highest 
internal redundancy of all 3 estuaries. The magnitudes 
of flow diversity were nearly the same in each bay; 
however, other indicators of food web connectance 
(Table 1) pointed to Delaware Bay as having the most 
complex food chains, followed by Narragansett and 
then Chesapeake Bay. Hence, based on a combination 
of Ai/Ci ratios, cycling structure, and food web con- 
nectance indices, it appears that Delaware Bay is cur- 
rently less impacted and has potentially more ability to 
mitigate perturbations to its food web than does 
Chesapeake Bay. Factors behind this conclusion may 
include (but are not limited to) the recent dramatic loss 
from Chesapeake Bay of benthic suspension feeders 
due to the decline of the Eastern oyster and the rela- 
tively low biomass of carnivorous fish. 

Caution should always be taken when characteriz- 
ing systems as impacted or stressed. In this study, the 
effects of stress referred specifically to a reduction in 
the organization of energy flow and carbon recycling 
structure within a food web. The results indicate that 
quantifying networks of trophic flows in mid-Atlantic 
estuaries set the stage for a number of useful compar- 
isons, such as between the relative trophic status of 
estuarine communities, their structure and magnitude 
of cycling, and their estuarine-ecosystem-wide statis- 
tics and characteristics. Subtle similarities and differ- 
ences have emerged that might not have been other- 
wise easily discerned. For example, the retentive 
cycling structure of Narragansett Bay has come to 
light. 

Network analysis has been recommended and 
applied to aid in the management of estuarine and lake 
ecosystems (Moreau et al. 1993, Vega-Cendejas et al. 
1993). This work demonstrates by comparative analy- 
ses how network analysis can support ecosystem man- 
agers in determining the trophic status or degree of 
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development of estuarine ecosystems. Additionally, 
network analysis serves a s  a tool to assess the health of 
estuarine ecosystems and allows the manager to eval- 
uate the entire estuarine community, rather than 
merely addressing apex fisheries (Christensen 1991, 
Mageau et  al. 1995). Toward this end,  network indices 
and quantitative features of the structure of energy 
transfers in the ecosystem serve to characterize the 
efficiency with which energy is transferred through 
taxa, and to assess the strength of direct and indirect 
trophic interactions throughout a n  estuary's food web. 
In particular, the application of network analysis to the 
trophic structures of geographically proximate estuar- 
ies should be central to the evolving discipline of com- 
parative estuarine analysis. 
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