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Abstract

We developed a mass balance ecosystem network model for Georges Bank, a highly productive
and intensively studied marine system located off the New England coast. This effort is part of a
broader initiative, the Energy Modeling and Analysis eXercise (EMAX), to describe ecosystem char-
acteristics of major ecoregions of the Northeast Continental Shelf of the United States. Energy bud-
gets for this system developed over the last six decades have progressively increased in complexity.
Our analysis is based on a 33 compartment model, ranging from phytoplankton to marine mammals,
seabirds, and humans for the period 1996-2000. Levels of primary production on the Bank are high
relative to many other continental shelf ecosystems. Analysis of mixed trophic impacts indicates the
pervasive influence of primary producers throughout the system, indicative of a system subject to
important bottom-up forcing. We demonstrate the importance of the microbial food web in energy
flow in the system, indicated by high levels of throughput for this component. Our analysis differs
from previous energy budgets for Georges Bank in providing substantially higher estimates of zoo-
plankton production, producing a different perspective on what had been perceived as a lower than
expected ratio of secondary to primary production that was attributed to export processes. Relative
species composition of the fish community differed markedly in our analysis relative to previous en-
ergy budgets for this system, with a dominance by small pelagic fishes. Despite these differences, the
estimated biomass levels were roughly comparable to those from prior studies. Estimates of system
developmental capacity and overhead suggest a highly resilient system.

Key words: ecosystem-based fisheries management, energy budget, food web, network analysis,
trophodynamics.
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Introduction tives (Larkin, 1996; NMFS, 1999; Jennings et al., 2001;

Link, 2002; Garcia et al., 2003). Further, the effects of

The development of Ecosystem-Based Fisheries stock-specific harvesting patterns on food web architec-
Management (EBFM) requires both an integrated un- ture require consideration of tradeoffs in management
derstanding of ecosystem structure and function and an of interacting species. Here we describe patterns of
explicit consideration of multiple management objec- energy flow and utilization for Georges Bank, a highly
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productive marine system located off the New England
coast (Fig. 1) in support of the development of EBFM
in this region. This effort is part of a broader initiative,
the Energy Modeling and Analysis eXercise (EMAX), to
describe ecosystem characteristics of major ecoregions
of the Northeast Continental Shelf of the United States
(Link et al., 2006).

Georges Bank has supported important commercial
fisheries since the 16™ century (German, 1987). The top-
ographic and hydrographic features of the Bank, domi-
nated by strong tidal mixing forces, result in high prima-
ry productivity which in turn has fueled historically high
levels of fishery production. The strong rotary tidal forc-
es on the Bank, coupled with topographic rectification
results in the establishment of an anticyclonic gyre on
the Bank, particularly during the stratified period. This
semi-closed gyre results in the retention of planktonic
organisms on the Bank and warrants its consideration as
a distinct ecoregion (Fogarty and Murawski, 1998).

Recognition of the unique characteristics of Georg-
es Bank has led to longstanding efforts to understand the
ecological determinants of its high productivity. Riley
(1941) explored nutrient dynamics and primary produc-
tion on the Bank. Building on this development, Clarke
(1946) constructed the first characterization of energy
flow to the higher trophic levels for this system in a sim-
plified food web including diatoms, mesozooplankton,
benthos, and fish (Fig. 2A). Cohen et al. (1982) expand-
ed this structure to include explicit consideration of the
role of the microbial food web and nutrient recycling
in energy flow in the system (Fig. 2B). Sissenwine et
al. (1984) refined these estimates to highlight the im-
portance of the production of larval and juvenile fish in
this system. Here, we complement these contributions
by examining a greatly expanded representation of the
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Fig. 1. Map of the Georges Bank region showing the 200m

isobath.

system structure (Fig. 3). We examine the implications
of observed changes in ecosystem composition for fish-
ery production and place our results in historical context
with reference to earlier energy budgets developed for
this system.

Historical Background

The history of fishing on Georges Bank can be
characterized as one of sequential depletion of fishery
resources and large-scale changes in the relative abun-
dance of different ecosystem components (Fogarty and
Murawski, 1998). These changes include the depletion
of marine mammal populations in the 18" century (War-
ing et al., 2004; Clapham and Link, 2006), collapse of
major fisheries such as that for Atlantic Halibut by the
mid-19" century, and a series of fishery declines initi-
ated by the arrival of distant water fleets on Georges
Bank in 1961. The rapid escalation in fishing effort by
these fleets resulted in an initial increase in landings as
groundfish were targeted (Clark and Brown, 1977; Ser-
chuk et al., 1994; Murawski et al., 1997; Fogarty and
Murawski, 1998; Link and Brodziak, 2002). Groundfish
stocks declined under heavy exploitation and the se-
quence was repeated for small pelagic fish (principally
Atlantic herring and mackerel) and ‘other’ fish stocks
(including elasmobranchs, large pelagics) throughout the
1970s (Fogarty and Murawski, 1998; Overholtz, 2002).
Following the implementation of extended national ju-
risdiction in 1977, fisheries for invertebrate resources,
notably Atlantic sea scallops, dominated the landings
and value of the catch.

The fisheries on Georges Bank were effectively un-
regulated prior to the 1950s. With the advent of fishing
activities by the distant water fleet and subsequent deci-
mation of fishery resources, the need for direct controls
on fishing was evident. The establishment of the 'two-
tier' quota management system in 1974 by the Interna-
tional Commission for Northwest Atlantic Fisheries (IC-
NAF; Murawski et al., 1997) provided the nucleus for
recovery of depleted stocks. This approach included ex-
plicit recognition and allowance for bycatch, discarding
practices, and inter-specific interactions (Brown et al.,
1976). Quota-based management was maintained under
the early years of extended jurisdiction but was replaced
by more qualitative measures (constraints on mesh size,
legal size limits for fish, and short-term areal and sea-
sonal closures) in 1982. When these measures failed
to adequately protect fishery resource, more restrictive
measures (including the use of large-scale year-round
closures and limits to days-at-sea) were added in 1994
(Murawski et al., 1997; Fogarty and Murawski, 1998).
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Fig. 3.

Network diagram from EMAX. The two fishery nodes are not modeled directly as nodes in this
network analysis; rather they are treated as direct (landings) and indirect (bycatch and discards)
removals of other nodes. The dashed lines indicate that those nodes are part of the microbial

loop.

The direct and indirect effects of fishing and regula-
tory actions are reflected in fishery-independent abun-
dance estimates for major fish groups (Fig. 4). As gadoid
and flatfish populations declined under heavy exploita-
tion, elasmobranch (skates and spiny dogfish) popula-
tions initially increased. However, a redirection of fish-
ing effort on these species as groundfish continued to
decline resulted in reduced elasmobranch populations.
Sharp reductions in fishing pressure resulted in increases
in herring and mackerel populations through the 1990s
(Fig. 4; Overholtz, 2002). The time period covered in our
analysis (1996-2000) therefore encompasses a period
of high pelagic fish abundance, the start of recovery of
some groundfish populations, and lower elasmobranch
abundance relative to the preceding decade.

Methods

Modeling Approach

We constructed mass balance ecosystem repre-
sentations of Georges Bank using two well established
models, Ecopath (Christensen and Pauly, 1992; Wal-
ters et al., 1997) and Econetwrk (Ulanowicz and Kay,
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Fig. 4. Biomass of major fish groups on Georges Bank based
on Northeast Fisheries Science Center autumn bottom
trawl surveys.

1991; Ulanowicz, 2004) The properties of these models
have been noted elsewhere (Heymans and Baird, 2000;
Allesina and Bondavalli, 2003; Kavanagh et al., 2004;
Ulanowicz, 2004; Dames and Christian, 2006).
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The energy balance model for each compartment in
both Ecopath and Econetwrk can be expressed as:

C,=P+R +E

where C, is consumption, P, is production, R, is respi-
ration, and E| is egestion (unassimilated food) of the i
compartment.

In Econetwrk, the production of any given compart-
ment represents a gross estimate rather than net produc-
tion (as such, we do not make direct comparisons of
those estimates here to prior energy budget estimates). In
Ecopath, the production for a closed system is given by:

P.=Y;+B;(M2,+MO;)

where Y, represents fishery removals (yield), B, is bio-
mass, M2, is predation mortality and MO, is all other
sources of mortality in the i compartment. The model
can be readily extended to include net import or export
terms from each compartment and accumulation of bio-
mass at each node. Other mortality (MO,) can be ex-
pressed as:

MO, = (1~ EE,)P
where EE, is the ‘ecotrophic efficiency’ (0 < EE, <1).
The mass balance model can then be expressed:

B,(P/B),EE,~Y,~ Y B,(C/B),DC; =0
J

where B, is the Biomass in compartment i, (P/B), is the
production to biomass ratio, EE, is the ‘ecotrophic ef-
ficiency’ (fraction of total production that is utilized in
the system); Y, is the catch for compartment i; B, is the
biomass and (C/B)J, is the consumption to biomass ratio
for predator j; and DC, is the diet composition of preda-
tor j (fraction of biomass comprising prey ¢ in the diet
of predator. In the following, we have assumed no net
migration during the time period considered.

Balancing protocols

Following the specification of the input variables,
we made an initial calculation of the difference between
the inflows and outflows from each compartment. For
compartments exhibiting large discrepancies, we re-ex-
amined the input information for consistency and made
comparisons with similar inputs from other systems,
making adjustments as necessary. We then employed
balancing options in both software packages to provide
estimates of the steady-state flows. Ecopath employs a
statistical balancing procedure to constrain the estimates
for the underdetermined system of equations. Ecopath

allows the specification of an index of reliability (or ‘ped-
igree”) for each element to provide weighting options for
estimation. Econetwrk employs a ‘manual’ balancing
procedure in which an extended matrix comprising ele-
ments for the exchanges among compartments, respira-
tion, imports, and exports is adjusted using successive
transformations (Allesina and Bondavalli, 2003). Econ-
etwrk allows for ‘locking’ estimates thought to be well
determined and therefore provides an implicit weight-
ing procedure. Following each balancing procedure we
re-evaluated inputs showing large deviations from mass
balance or unrealistic estimates for certain diagnostic
measures such as the ratio of respiration to consumption
in Econetwrk and the ecotrophic efficiency in Ecopath.
Adjustments were made to the inputs to obtain more re-
alistic estimates and the balancing protocols repeated
until stable estimates were obtained.

The initial estimates for inputs used in developing
the mass-balance models are provided in Table 1. The
initial proportional diet compositions used in balancing
are given in Table 2, which, when coupled with con-
sumption:biomass (C:B) estimates produce flows among
compartments.

Ecopath provided a range of options for autobal-
ancing and we employed both minimizing the sum of
excess Ecotrophic Efficiency (EE) and minimizing the
maximum current FE. Additionally, we used the Eco-
path pedigree table to set confidence values for biomass,
production:biomass (P:B), C:B, diet and catch for au-
tobalancing. We relied on the pedigree approach since
it provided a way to weight the data sources with their
relative degree of confidence. Large-scale changes were
necessary to gelatinous zooplankton, squid, demersal
omnivores, macrobenthos-other, and shrimp. We re-
duced the C:B ratio, diet composition, and biomass (B)
for gelantinous zooplankton, C:B and P:B of demersal
ominivores, C:B of macrobenthos mollusks, B and C:B
of macrobenthos other, diet composition of predators of
small pelagics, P:B and B of shrimp.

Econetwrk used the DATBAL routine to balance the
network, mainly using consumption:biomass and respi-
ration:biomass (R:B) as the tuning parameters. For Econ-
etwrk, significant changes to gelatinous zooplankton (B,
C:B), macrobenthos other (B, R:B, C:B), larval fish (B),
and shrimp (B, C:B, R:B) were also initially required
to achieve network balance. We further found it nec-
essary to modify megabenthos filterers, macrobenthos
mollusks, medium pelagics, demersal omnivores, small
pelagics anadromous, and small copepods to achieve a
balanced network.
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Data Sources

We developed an ecosystem network model for
Georges Bank comprising 33 nodes based on ecosystem
monitoring programs of the Northeast Fisheries Science
Center (NEFSC) and, where necessary, estimates de-
rived from the literature for similar ecosystem compo-
nents (Fig. 3). The two fisheries nodes were not modeled
directly; we also dealt with dissolved organic carbon by
proxy using particulate organic detritus; thus that node
was also not directly modeled. Unless otherwise noted,
the estimates are for the period 1996-2000. A full de-
scription of data sources and analytical methods used to
derive estimates of biomass, production, consumption
and respiration is provided by Link et al. (2006; http://
www.nefsc.noaa.gov/nefsc/publications/crd/crd0615).

Here, we briefly recapitulate the main elements of the
model parameterization for the major functional groups
represented in the network model. These nodes represent
the full range of the biological hierarchy, with organisms
spanning <10 pum to >30 m. Most network nodes repre-
sent a broad range of functionally similar taxa, but also
integrate across a wide range of diversity and ecological
functionality. The species in each node can be found in
a more detailed set of documentation (Link et al., 2006).
We particularly chose to include elements of the micro-
bial loop (Azam et al., 1983) to help in the balancing,
to better reflect reality, and to acknowledge some of the
fundamental shifts in views of how the oceans function.
Again, our emphasis was on small pelagics so some of
the nodes that may not greatly interact with those species
were not necessarily grouped as they might have been
with a different focus.

Phytoplankton and Primary Production

We derived estimates of phytoplankton biomass (mg
Chl @ m?) in the water column using in situ vertically
integrated profiles of chlorophyll a pigment (O’Reilly
and Zetlin, 1998) and remotely sensed estimates of near
surface Chl a coupled with the vertical profile model of
Morel and Berthon (1989). We estimated primary pro-
duction using an adaptation of the method of Behrenfeld
and Falkowski (1997) based on remotely sensed surface
chlorophyll concentration, photosynthetically active ra-
diation (PAR) and sea surface temperature (SST).

Bacterioplankton

Direct estimates of biomass and production of bac-
terioplankton on Georges Bank have not been routinely
made. In our analysis, we assumed that bacterial second-
ary production is approximately 10% of primary produc-

tion. Bacterial consumption was taken to be 40% of the
net production.

Microzooplankton

Direct observations of microzooplankton biomass
on Georges Bank have not been routinely made. We em-
ployed an estimate of microzooplankton : phytoplank-
ton biomass ratio for this quantity. There is a wide range
of literature values for the ratio of microzooplankton :
phytoplankton biomass ranging from 11-99% (Baretta-
Bekker et al., 1994; Pomeroy, 2001). We used a ratio
of 0.13 for Georges Bank which is similar to values for
unfertilized North Sea mesocosms (Baretta-Bekker et
al., 1994) and Narragansett Bay (Monaco and Ulanow-
icz, 1997).

Copepods

The mean abundance of copepods was calculated
for bimonthly subsets of standard NEFSC Ecosystem
Monitoring (ECOMON; a synoptic plankton survey for
the region). The copepods were partitioned in ‘large’ and
‘small’ categories. Copepod abundance was converted to
biomass using the length to wet weight equations given
by Pearre (1980). Zooplankton production was calcu-
lated according to Huntley and Lopez (1992) accounting
for zooplankton biomass and mean integrated water col-
umn temperatures down to maximum sampling depths.
Daily consumption for both copepod size groupings was
taken to be 0.20 of biomass based on a range of species
and life histories stages.

Gelatinous Zooplankton

Gelatinous zooplankton biomass was estimated from
NEFSC ECOMON cruises. To convert from length to dry
weight, we used the conversion relationship (Reeve and
Walter, 1976) derived originally for ctenophores. Dry
weight was then taken to be 4.48% of wet weight (Pages,
1997). To estimate production, we employed a produc-
tion to biomass ratio of 40. Consumption was estimated
under an assumed clearance rate of approximately 40%
body weight per day.

Micronekton

The micronekton group (including euphasiids, my-
sids, hyperiid amphipods, chaetognaths and pelagic gam-
marids) was estimated using information from NEFSC
ECOMON cruises. Mean abundance was converted to
dry weight for from Avery et al. (1996) for gammarids
and Sameoto (1971) for chaetognaths. Growth was esti-
mated at 0.04 d!' and consumption at 0.10 d! based on
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an assumption growth is similar to that of juvenile cod of
approximately the same size (Peck et al., 2003).

Macrobenthos

For the purposes of this analysis, the macroben-
thos group included epibenthic and infaunal crusta-
ceans, polychaetes, mollusks, nemerteans, echinoderms,
coelenterates, and tunicates. Large-bodied crustaceans
and echinoderms are included under the megabenthos
category (see below). Benthic biomass data were not
available for the period 1996-2000. Accordingly, we
used previous benthic grab survey data for this region.
(Steimle, 1990; Reid ef al., 1991; Theroux and Wigley,
1998). To estimate production for each of the macroben-
thic taxa, we employed the P:B ratios of Steimle (1985,
1987). Consumption rates were estimated using a C:B
ratio of 0.10.

Megabenthos

Fisheries independent survey data from the NEFSC
Bottom Trawl Survey were used to estimate biomass
density for large arthropods. Sea star biomass was de-
rived from comprehensive regional benthic grab data
(Theroux and Wigley, 1998). Bivalve biomass was esti-
mated from NEFSC clam and scallop surveys. Produc-
tion for bivalves was estimated using a P:B ratio of <10
based upon a range noted in Dame (1996). Consumption
was estimated using a C:B ratio of 10 (Dame, 1996).
For non-bivalves, the P:B ratio of 1.5 was used based
on the assumption that as large, active invertebrates, P:B
should resemble that of squid and shrimp. Consumption
for non-bivalves was estimated using a C:B ratio of 13.5
based again on the assumption that shrimp should resem-
ble other large benthic invertebrates.

Shrimp

We employed an estimate of shrimp biomass based
on limited beam trawl sampling in the southern New
England-Mid-Atlantic region for this purpose. Produc-
tion was estimated using a P:B ratio of 1.5 and consump-
tion was estimated using a C:B ratio of 13.5 based on
ratios derived for similar species.

Larval fish

Larval fish biomass was derived from 1977-1987
NEFSC ichthyoplankton sampling. Dry weight was esti-
mated for each 1 mm abundance group averaged over all
seasons of sampling using the length to weight relation-
ship for Atlantic cod which was representative of that
for other species encompassing a range of larval body
shapes (Laurence, 1979). Growth and consumption rates

for larvae are based on laboratory studies at the NMFS
Narragansett laboratory and direct field observations
(Buckley and Lough, 1987). We used these values to
scale the initial inputs for production and consumption
of larval fish, assuming that the species studied in vivo
were generally representative (in terms of magnitude) of
these rates.

Juvenile and Adult Fish

We derived estimates of the biomass of juvenile
and adult fish in three major categories (small pelagic,
medium pelagic, and demersal fishes) based on NEFSC
bottom trawl surveys in spring and autumn. The mean
catch per tow was adjusted for the area swept by the
net and for catch efficiencies for each taxonomic group.
Determination of relative catch efficiencies differed by
taxonomic group and used either literature values for
these species (Edwards, 1968; Harley et al., MS 2001) or
newly derived estimates described in Link et al. (2006).
Where available, age-structured information was used to
estimate growth rates which were then used to determine
production rates for individual species. We then esti-
mated production to biomass ratios for these species and
applied the ratios to species within the same taxonomic
category for which full age-structured information was
not available. Consumption estimates were based on in-
formation from mean stomach content weight and diet
composition from the NEFSC food habits database.
These estimates utilized the Eggers (1977) equation for
consumption.

Large Pelagics

For tunas we used estimates of biomass and produc-
tion derived from International Commission for the Con-
servation of Atlantic Tuna (ICCAT) stock assessment
information where available (bluefin and bigeye tunas).
For other tuna and billfish species we used information
on the ratio of the catch of these species to bluefin catches
in Japanese longline data (Hoey ef al., 2002) and scaled
these estimates relative to the bluefin biomass. P:B ra-
tios derived for bluefin and bigeye were applied to other
tuna species literature values were applied to billfish as
described in Link et al. (2006). Consumption estimates
for bluefin tuna were applied to other tunas and assumed
values were applied to billfish species.

To estimate blue shark abundance, we used the ra-
tio between blue shark and bluefin tuna catch rates from
Hoey et al. (2002) to produce a raising factor to scale
blue shark numbers during 1996-2000 to bluefin tuna
numbers for the same period. For all other sharks, the
ratio of their catch rates to blue shark catches were used
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to determine biomass. Production for all sharks was esti-
mated by assuming a P:B ratio of 0.1.

Consumption by sharks in the four regions was es-
timated from daily ration estimates for blue and mako
sharks (Stillwell and Kohler, 1982). An average of these
two values was used to estimate consumption for the
other shark species.

Baleen Whales and Odontocetes

We determined biomass of baleen whales and odon-
tocetes from NEFSC shipboard and aerial sighting sur-
veys conducted during 1998 (Palka, 2005). Production
estimates were derived assuming a maximum population
growth rate of 4%. Estimates of consumption rates were
derived using estimates of daily feeding rates. The feed-
ing rate per individual per day is defined as a percentage
of its biomass. There is an inverse relation between feed-
ing rate and body weight (Sergeant, 1969).

Seabirds

We employed estimates of seabird abundance for
the period 1978—-1980 (Powers, 1983). Abundance esti-
mates were converted to biomass using average species
specific weight from Powers and Bachus (1987). Con-
sumption by seabirds was estimated from daily ration es-
timates from an energetics equation (Innes et al., 1987).

Fishery Removals

Data on U.S. and Canadian landings (live weight in
metric tons) of demersal and pelagic managed species
from the years 1996-2000 were obtained from stock as-
sessment reports compiled by NEFSC. For stock units
including but not limited to Georges Bank, allocation of
the catches to Georges Bank was made using catches by
statistical area and expert opinion of the stock assess-
ment scientists. Commercial landings of large pelagic
species were obtained from ICCAT reports. These data
were apportioned by using distribution maps and making
assumptions about the percentage landed on the conti-
nental shelf.

Where available, commercial discard estimates were
obtained from stock assessment reports. Discards for all
the other groups were estimated as percentages of the
landings; for example discards for the demersal species
were assumed to be 30% of landings during 19962000
(Alverson, 1997). Discard estimates for megabenthos
were assumed to be 0.0001 of biomass, while gelati-
nous zooplankton, mesopelagics, and larval fish were
assumed to be 0.000001 of biomass, and finally seabirds
were 0.01 of biomass.

Comparisons with Prior Energy Budgets

We examined information on Georges Bank result-
ing from studies conducted in two prior time periods. In
general terms, we present a set of common network met-
rics to facilitate comparisons across all eras. The 1940s
results on Georges Bank come from Clarke (1946; Fig.
2A). The 1980s results come from Cohen et al. (1982)
and Sissenwine ef al. (1984; Fig. 2B).

We present biomass, production, and vital rate in-
formation from these different studies compared to the
EMAX results. These were trophically aggregated into
four simple nodes: primary producers, zooplankton, ben-
thos, and fishes, which, particularly in the latter years,
have been highly integrated across ecosystem compart-
ments. We present the total number of flows from each
era and the consumption estimates of zooplankton and
fishes as a specific example of these flows. We also pres-
ent the modal number of trophic levels and estimated
fishery yields from each era. The units from each study
were converted to kcal m? yr! for rates, or kcal m? for
standing stocks, to facilitate comparisons.

Results and Discussion

Balanced Model Results

Estimates of mean trophic level, ecotrophic efficien-
cy, and selected network metrics for each model com-
partment are provided in Table 3. For simplicity we only
present results from Ecopath in Table 3. The estimate of
the proportion of biomass utilized from each compart-
ment is reflected in the ecotrophic efficiency parameter.
The ecotrophic efficiency for phytoplankton was 0.674,
reflecting a substantial fraction (i.e., >30%) of primary
production not fully utilized by other components of the
ecosystem. The ecotrophic efficiency was also notably
low for most components of the zooplankton (particu-
larly for micronekton). These values suggest that lower
trophic levels in this ecosystem are either 1) not fully
utilized by their consumers, 2) some migration of this
biomass out of the model domain occurs, 3) are not fully
available to upper trophic levels, 4) are being used to
help balance other aspects of the system through flows to
detritus, or 5) some combination of the above.

Consideration of throughput (total flows) from each
ecosystem node highlights the importance of the lower
trophic levels in system structure (Table 3). Again, we
present results from Ecopath to characterize these sys-
tem metrics. Collectively, the highest levels of through-
put are attributable to the microbial food web (bacteria
and microzooplankton), indicating the importance of
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TABLE 3. Estimates of effective trophic level, biomass ecotrophic efficiency, and omnivory derived from Ecopath and
model estimates of network metrics including throughput (t km? yr'), ascendancy, capacity, and overhead.

Trophic Ecotrophic

Level Biomass Efficiency  Throughput Ascendency Capacity Overhead
Phytoplankton 1 25705 0.674 1392 1849 4066 2218
Bacteria 2 6.518 0.897 2478 242.7 9722 5531
Microzooplankton 2.32 5.588 0.841 1355 2279 6254 3975
Small copepods 2.18  12.985 0.683 1659 2475 7696 5221
Large copepods 2.57 6.981 0.629 764.4 733.1 4560 3827
Gelatinous zooplankton 3.15 1.319 0.9 188.8 136.4 1418 1282
Micronekton 2.96 3.805 0.279 138.9 101.5 1084 982.2
Mesopelagics 3.37 0.045 0.823 0.082 0.368 1.481 1.114
Macrobenthos- polychaetes 2.34 11.403 0.897 199.5 182.9 1468 1285
Macrobenthos- crustaceans 2.37 10.874 0.899 228.3 218.2 1625 1407
Macrobenthos- mollusks 222 9.887 0.894 138.4 138.1 1074 935.7
Macrobenthos- other 241  40.023 0.89 706.0 638.4 3805 3166
Megabenthos- filterers 2.08 3.614 0.894 65.05 84.78 580.3 495.5
Megabenthos- other 3.02 3.965 0.898 71.37 51.17 617.5 566.4
Shrimp 2.64 0.09 0.846 0.45 1.246 7.525 6.279
Larval-juv fish- all 3.26 0.629 0.784 28.32 33.21 297.7 264.5
Small pelagics- commercial 3.67 14.977 0.899 29.96 35.19 300.3 265.1
Small pelagics- other 3.36 1.074 0.9 2.147 5.829 31.45 25.62
Small pelagics- squid 3.99 1.262 0.893 3.471 7.851 47.72 39.87
Small pelagics- anadromous 3.54 0.25 0.681 0.5 0.545 7.92 7.374
Medium pelagics 4.68 0.292 0.9 0.694 0.495 10.58 10.08
Demersals- benthivores 3.72 4.576 0.9 4.21 6.82 58.86 52.04
Demersals- omnivores 3.85 3.439 0.9 2.854 3.78 41.23 37.45
Demersals- piscivores 4.05 2.245 0.895 4.951 6.336 63.28 56.94
Sharks- pelagics 4.72  0.0433 0.899 0.023 0.019 0.463 0.445
Highly migratory species 439  0.0044 0.42 0.009 0.006 0.195 0.189
Baleen whales 3.7 0.417 0.015 1.875 1.246 24.63 23.38
Odontocetes 4.7 0.113 0.883 1.559 1.044 20.90 19.86
Sea birds 4.14  0.0035 0.891 0.015 0.022 0.311 0.289
Discards 1 0.484 0.27 29.45 109.25 247.7 138.5
Detritus- POC 1 50 0.808 474.1 592.2 2121 1529
TOTAL 9969 9936 47254 33370

recycling in overall system dynamics. This result is con-
sistent with previous observations on the importance
of the microbial food web and recycling on Georges
Bank (Cohen et al., 1982). Phytoplankton and copepods
also comprise dominant components of overall system
throughput. Benthic organisms contribute significantly
to throughput. Within the fish component, throughput
of larval fish and commercially exploited small pelagic
fishes (particularly herring and mackerel) is particularly

important (Table 3). Sissenwine et al. (1984) first noted
the critical role of larval and juvenile fish in energy flow
on Georges Bank. The importance of herring and mack-
erel in throughput reflects the current dominance of these
species in the total fish biomass of the system.

Ascendency is a measure of the size, structure,
flows, and organization (information content) of the
flows. Higher levels of ascendancy reflect higher levels
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of specialization and efficiency in the food web. Devel-
opmental capacity is the upper limit of ascendancy for
the food web. For our system, ascendancy is 21% of ca-
pacity (Table 3) and the estimate of overhead (the differ-
ence between developmental capacity and ascendancy)
is relatively high. These observations are consistent with
a system with relatively high resilience to perturbation
with respect to energy flows.

To further explore structural features of the Georges
Bank ecosystem, we examined patterns of direct and in-
direct effects exerted by each compartment on all other
ecosystem nodes and indicated by the mixed trophic
impact analysis. The mixed trophic impact index is ex-
pressed in relative terms that are directly comparable
among compartments in the model. This analysis can
provide insights into the possible implications of per-
turbations to the system. Here we only emphasize the
stronger impacts. Positive impacts of phytoplankton are
evident throughout the system (Table 4). As expected,
the strongest such impacts are on ecosystem components
that graze directly on phytoplankton, including copepods
and filter feeding bivalves. Apparent second-order ef-
fects are evident in the positive impacts on pelagic fishes
which feed on zooplankton and for baleen whales, which
also prey on zooplankton. Utilization of detritus by bac-
teria results in a negative impact while microzooplank-
ton exert a negative impact on bacteria (Table 4). Large
copepods have a strong negative impact on gelatinous
zooplankton and a strong positive effect on small pelagic
fishes and baleen whales. Other macrobenthic species
(small crustaceans, polychaetes, and mollusks) exert a
negative impact on several benthic compartments. Com-
mercially important small pelagic fishes have a positive
impact on their predators including medium-sized pe-
lagic fishes and sharks while other small pelagic fishes
positively impact highly migratory species. Demersal
piscivores exert a negative impact on several important
prey groups (principally different small pelagic fish cat-
egories). Sharks show a negative effect on baleen whales
and seabirds. Detritus has a strong positive impact on a
number of lower trophic level compartments. Fisheries
removals (landings) have a high negative effect on sev-
eral groups of overexploited demersal fishes, sharks, and
highly migratory species. Landings show an unexpected
positive impact on baleen whales and sea birds.

Comparison with Previous Energy Budgets

The first obvious difference across the different net-
work analyses is the increasing complexity over time.
Table 5 provides some simple network macro-descrip-
tors showing an increase in these factors over time, but

the depictions of each network (Figs. 2 and 3) clearly
demonstrate increasing complexity over time.

Similar levels are seen in estimates of primary pro-
duction and biomass from the different eras (Fig. 5).
Most values of production range between 3 500 and 4
500 kcal m? yr'. Where estimates of standing stock bio-
mass are available, they are on the order of 20-25 kcal
m? (Fig. 5B). Previous energy budgets derived estimates
of primary production on Georges Bank using the oxygen
depletion method (Clarke, 1946; Fig. 2A) and *C obser-
vations (Fig. 2B; Cohen et al., 1982; Sissenwine et al.,
1984). Sissenwine et al. (1984) subsequently revised the
initial *C estimates of Cohen et al. (1982) downward
(Fig. 5A). The primary production estimates using the
satellite-derived estimates in the present analysis are
similar to those of Sissenwine et al. (1984). We attribute
the somewhat lower estimate provided by Clarke (1946,
based on Riley (1941)) to important methodological dif-
ferences rather than lower levels of primary production
during the earlier period. Further, Clarke (1946) consid-
ered only diatom production on the Bank and apparently
viewed the Georges Bank system as a classical grazing
food chain linking diatoms to mesozooplankton. In con-
trast, subsequent energy budgets recognized the impor-
tance of the microbial food web and recycling in the pro-
duction dynamics of the Bank (Cohen et al., 1982).

These relatively similar production estimates also
confirm that by all standards, this has remained a highly
productive system relative to many other places in the
World’s oceans. Georges Bank is and has been one of
the most productive marine ecosystems on the planet
(Grosslein et al., 1980; Cohen et al., 1982; Sissenwine
etal., 1984; O’Reilly et al., 1987, Bax, 1991), an obser-
vation reinforced by this study.

Estimates of production and biomass are similar for
most other biotic groups across time, except zooplankton
production (Fig. 6A, B). This is due to the much higher
production rates used (Figs. 6A and 7) for zooplankton
in the contemporary network analyses. Zooplankton
production estimates differed very substantially among
the studies considered here for a couple of reasons. The
estimates of Cohen et al. (1982) and Sissenwine et al.
(1984) were based on a P:B ratio of 7 borrowed from
estimates for the North Sea. Estimates derived from the
Huntley-Lopez formulation employed in the present
analysis are markedly higher (Figs. 6A and 7). The much
lower estimates developed by Clarke (1946) reflect lim-
ited sampling and the use of coarse-mesh plankton nets
to characterize the mesozooplankton community. The
change in zooplankton production estimates from the
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TABLE 5. The number of biological compartments (nodes),
species interactions (flows), and trophic lev-

els among the different Georges Bank network

studies.
Trophic
Source Nodes  Flows levels
Clarke, 1946 4 6 3
Cohen et al., 1982 9 9 3
Sissenwine et al., 1984 10 19 4
EMAX 31 290 5

Cohen-Sissenwine energy budgets to those employed in
EMAX provides an important perspective on production
dynamics on the Bank. Cohen et al. (1982) and Sissen-
wine et al. (1984) considered their low estimates of the
ratio of secondary to primary production to be due to ex-
port of zooplankton from the Bank. Although net loss of
zooplankton is clearly possible (cf. ecotrophic efficiency
above), our estimates suggest a much higher ratio of sec-
ondary to primary production in line with estimates from
other systems. This reflects the recognition that there is
likely more primary production available to zooplank-
ton on Georges Bank due to nutrient recycling, earlier
studies likely under-estimated zooplankton production,
and the improvements resulting from incorporating the
recent available data on zooplankton production rates.

Other vital rates changed over time as well (Fig. 7).
Most of these changes are amalgamated in the entire net-
work and do not exhibit major changes in production or
biomass of most biotic groups.

Estimates for fisheries yields are mostly similar
across the different eras of Georges Bank network stud-
ies (Fig. 8). This is despite the fact that energy budgets
for the different time periods reflect markedly differ-
ent species compositions for exploited fish populations
(Fig. 4). Standardized estimates of fish biomass were not
available for the period covered by the Clarke (1946)
analysis from either fishery-independent or fishery-de-
pendent sources. It can be inferred, however, that fish
biomass was higher than those experienced during the
period of impact by the distant water fleets; it may well
follow that the Clarke estimates of fish production were
underestimates due to limited data available to him at
the time. The Cohen et al. (1982) and Sissenwine et al.
(1984) studies provided estimates of fish production for
two time periods: 1964—-1966 and 1973—-1975. The for-
mer represented a period of declining groundfish abun-
dance. By 1973-1975, haddock and other groundfish
populations had effectively collapsed as had the herring
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Fig. 5. (A) Annual primary production, and (B) average, an-

nual standing stock biomass, of primary producers
for the different Georges Bank network eras. Econ =
EcoNetwrk, Ecop = Ecopath

and mackerel fisheries (Fig. 4). The estimates of fishery
yield from the Cohen-Sissenwine study actually reflect
estimated rather than realized values of maximum sus-
tainable yields subject to different management con-
straints. Thus they are higher than the values resulting
in the contemporary EMAX or 1940s network analysis.
Estimates of fish biomass by Sissenwine et al. (1984)
were similar to those in the EMAX study despite lower
estimates of production (Fig. 7B).

Besides the Sissenwine et al. (1984) study, these es-
timates of fishery yield on Georges Bank range between
2-5 keal m? yr'(Fig. 8). Converting to biomass and ac-
counting for the area of Georges Bank translates into
roughly 90-220 thousand metric tons per year. The over-
all consistency (within half an order of magnitude) over
time of these yield estimates is quite remarkable consid-
ering all the potential sources of variability and changes
in how we have estimated these values. Yet again these
observations confirm that this is a highly productive eco-
system compared to most other marine food webs (Bax,
1991).

Because of our focus on fishery-related issues, our
network model incorporates a greatly expanded repre-
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sentation of fish functional groups relative to previous
energy budgets (Table 5). The Sissenwine et al. (1984)
update of Cohen ef al. (1982) had two functional groups,
demersal and pelagic fishes along with a larval/juvenile
fish compartment while ours specified ten groups (in-
cluding one for squid in the small pelagics category).
Our analysis encompasses a more detailed representa-
tion of fishery removals by specifically accounting for
discarded catch. Additionally, previous energy budgets
for this system have not included marine mammals and
sea birds. We specify two functional groups of marine
mammals and one for seabirds. Although the biomass
and production levels of these groups are low, concerns
over fishery-related impacts on their populations war-
rants special consideration in defining the structure of
the Georges Bank ecosystem.

Conclusions

Georges Bank is a highly productive continental
shelf system. Our analysis indicates a notable influence
of primary producers throughout the system, indicative
of strong bottom-up forcing. Factors that alter levels of
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Fig. 8. Estimated total fishery yields for the different Georges
Bank network eras.

primary production therefore can be expected to exert
widespread effects on system dynamics. Climate-related
changes in stratification or other factors may ultimately
prove very important in nutrient dynamics and primary
production processes on the Bank.

The properties of the Georges Bank food web have
certainly responded to environmental and human influ-
ences, yet not to the point that the major, systemic fea-
tures of the network are fundamentally different over the
past half of a century or more. Several key properties
of Georges Bank, and we suspect many natural systems,
remain conservative properties (within bounds of varia-
tion). This is likely to be especially true when viewed
from a more aggregate or systemic perspective.

The microbial foodweb is shown to be extremely
important in the energy flow of the system, indicated
by high levels of throughput for these components. The
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recognition of the importance of recycling on the Bank
does hold important implications for the amount of en-
ergy that can be transferred to higher trophic levels since
the pathways are more complex than those of a strict-
ly diatom-based food web (Townsend and Pettigrew,
1997).

We estimate secondary production to be substantially
higher than previous analyses of the Georges Bank sys-
tem, providing a different perspective on what had been
perceived as a lower than expected ratio of secondary to
primary production and attributed to export processes. A
relatively high level of under-utilized zooplankton pro-
duction on the Bank, indicated by the estimates of eco-
trophic efficiency, may nonetheless suggest the possible
importance of transport and advective processes.

Relative species composition of the fish community
differed markedly in our analysis relative to previous en-
ergy budgets for this system, with a dominance by small
pelagic fishes. Despite these differences, the estimated
biomass levels for most aggregate groups were roughly
comparable to prior energy budgets.

The EMAX network analyses demonstrated that
small pelagic fishes are important for overall energy flow
in the system. Similar to the findings of the Cohen-Sis-
senwine study for pre-recruits, these mid trophic level
forage fish serve as a critical set of links between upper
trophic level biota and lower level producers.

Finally, estimates of system developmental capacity
and overhead suggest a highly resilient system. The high
degree of throughput, the highly inter-connectedness
of all the biota in this ecosystem, and history of com-
parable biomass in major functional groups across 60
years of the different studies suggest that if one biomass
flow pathway is altered, another pathway compensates
such that overall changes in standing stock biomass at a
given trophic level are minimized. These conditions are
all indicative of a highly productive and highly resilient
system.
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