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a  b  s  t  r  a  c  t

Mass  balanced  models  yield  valuable  information  regarding  ecological  function  and  delivery  of  ecosys-
tem  services,  but  often  rely  on data  collected  well  before  many  species  were  reduced  to  fractions  of
their  original  abundance.  Lagoonal  systems,  such  as Great  South  Bay (GSB),  NY,  sit on the  interface
of  terrestrial  and  marine  ecosystems  and  are  prone  to anthropogenic  stressors  but  proximity  to  land
also makes  the  presence  of data  regarding  historic  populations  and  structure  more  likely.  To  quantify
over  a century  of ecosystem  change,  Ecopath  models  were  developed  for  GSB  at  each  of  four  time
periods  where  commercial  and  scientific  data  exist:  1880s,  1930s,  1980s  and  2000s.  The results  indi-
cated  that the  GSB  has  experienced  a decline  in  ecosystem  maturity,  loss  of  top  keystone  predators,
a  decline  in  connectivity  to the  ocean  though  the reduction  of  migratory  species  and  increasing  dom-
inance  of  low  trophic  level  organisms.  These  changes  undermine  the  delivery  of  ecosystem  services,
increase  conflicts  over limited  resources  and  suggest  that  present  day  restoration  targets  fail to recog-
nize appropriate  baselines.  We  discuss  the  role  of  stochastic  events,  which  result  in  state  changes  that
could  be defined  as  regime  shifts,  and  ecosystem  connectivity  to the  long-term  stability  of  lagoonal
systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mature ecosystems possess increased complexity, stability
and resilience supporting ecosystem health and biodiversity
(Odum, 1971; many others, but see Pimm,  1984). These features
have driven efforts to preserve system maturity and biodiver-
sity (Ulanowicz, 2003). Periodic and long-term “state” changes
(Scheffer et al., 2001; Folke et al., 2004; McManus and Polsenberg,
2004; Steneck et al., 2004; Peterson et al., 2007) that reduced
ecosystem resilience (Gunderson, 2000) have been linked to
anthropogenic impacts such as fishing and pollution (Folke et al.,
2004; Troell et al., 2005) or natural alterations to physical processes
(Jeppesen et al., 2007). Unfortunately, these low frequency ecosys-
tem changes that are often labeled regime shifts occur at decadal
to century time scales (Carpenter, 2003), and require analysis at
those scales in order to identify changes and understand present
ecosystem configuration in light of historical baselines. However,
ecosystem modelling has generally focused on contemporary time
periods because estimates of biomass, productivity and catch rates
derived from landings (catch) and survey data date back to the
1960s (Ainsworth et al., 2008).
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Failure to recognize changes at multigenerational scales has
resulted in a pervasive shifting baseline of resource availabil-
ity and management that has left contemporary policies focused
on myopic restoration targets (Pauly, 1995). Historical ecology
allows an improved understanding of long-term changes due to
anthropogenic factors, such as fishing (Rosenberg et al., 2005) or
habitat change (Hall et al., 2011). By evaluating historical abun-
dance and changing conditions of a species’ environment, a more
longsighted baseline of abundance and environmental alteration
can be identified (Pauly, 1995; Jackson, 1997; Hall et al., 2011). His-
torical baselines are increasingly relevant in determining targets
for ecosystem and fishery restoration, but require data extrac-
tion from historical documents, and analysis using modelling
(Rosenberg et al., 2005; McClenachan et al., 2007; McClenachan
and Cooper, 2008) and/or spatial analysis (Hall et al., 2011) tech-
niques. Despite advances in historical ecology, development and
assessment of century-long ecosystem changes has not been
the focus of research, which exasperates the shifting baseline
syndrome.

Lagoonal systems are unique in that ecosystem structure is gen-
erally retained despite stochastic events that initiate departures
from stable conditions (Day et al., 1989). Great South Bay (GSB),
along the southern shore of Long Island, New York (Fig. 1), is a shal-
low, well mixed, highly productive lagoonal ecosystem (Carpenter
and Brinkhuis, 1991) supporting a diverse array of finfish (Gabriel,
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Fig. 1. A map  of Long Island, New York, with Great South Bay, Moriches and Fire
Island inlets and the Atlantic Ocean labeled. The study area included all of Great
South Bay.

1921; Neville et al., 1938; Schreiber, 1973) and shellfish (Gabriel,
1921; Greene, 1982) and serves as an important nursery area for
many species of waterfowl and migratory birds (Hanlon, 1983).
GSB has provided commercial, recreational, and ecological bene-
fits to New York and the eastern United States seaboard for over a
century (Gabriel, 1921; Dickinson, 1938; Westman, 1938; McHugh,
1991; Gobler et al., 2005). The historic utilization of GSB has coin-
cided with changes in species abundance and fisheries over the
past century that may  be related to or have resulted in ecosystem
level shifts (Nuttall, 2010). Understanding the current and histor-
ical state of GSB is important for ecosystem based approaches to
management and restoration of the system.

Scientific inquires have been conducted in GSB for well over a
century, likely because of its close proximity to a large urban cen-
ter. However, data have been collected episodically leaving large
temporal gaps in biological and commercial data (Nuttall, 2010).
Therefore, application of a time dynamic Ecosim model is not prac-
tical. Ecosystem “snapshots” for periods with adequate data were
possible using Ecopath and provided a long-term view of major
ecosystem fluctuations. This approach involved an extensive liter-
ature review (Nuttall, 2010) which identified four time periods with
adequate commercial and scientific data to develop models includ-
ing the following periods: 1880s, 1930s, 1980s and 2000s. Four
Ecopath models that represent these periods were constructed to
elucidate trends in ecosystem structure, maturity, ecosystem effi-
ciency and the presence of keystone and migratory species over the
last 120 years.

2. Methods

2.1. Ecopath

The Ecopath modelling approach utilizes a mass balanced
framework composed of trophically linked biomass pools repre-
senting all major ecosystem biomass groups (Polovina, 1984a,b;
Christensen and Pauly, 1992; Walters et al., 1997; Pauly et al., 2000).
Biomass groups can be defined as a species or group of species that
represent an ecological guild. Ecopath is based on two governing
equations representing the total production and consumption of
each group within a system (Christensen and Pauly, 1992; Pauly
et al., 2000; Christensen et al., 2008). By accounting for produc-
tion, consumption, and the resultant predator-prey interactions,
a mass balanced Ecopath model assesses all the potential flows
of biomass in a particular biomass group. These groups are then
tied to other trophic guilds through predator-prey interactions. The
mass balanced approach relaxes the requirement for initial input
parameters as only three of the four Ecopath parameters need to
be estimated while the fourth is estimated by the software. The
four primary Ecopath parameters include ratios of production to

biomass (P/B), consumption to biomass (Q/B), production to con-
sumption (P/Q), and ecotrophic efficiency (EE).

2.2. Data and model development

An extensive literature search was  conducted to obtain data for
Ecopath parameters (P/B, Q/B, EE, and P/Q), biomass, dietary habits,
and landings (Nuttall, 2010). Initial evaluation of data availability,
quality and uniqueness of the ecosystem state indicated that four
historical periods, including the 1880s, 1930s, 1980s, and 2000s,
could be modelled. Data were obtained from scientific journals and
reports, except for the 1880s and 1930s where fishing periodicals
were also required. Values estimated within GSB were used when
availability and quality were sufficient; however, when parameters
were unavailable for within GSB, data from nearby systems were
utilized. Decade specific estimates were used if available; however,
a paucity of data for some periods made it necessary to use the same
input values for multiple periods.

Accuracy of initial inputs was assessed before balancing was
attempted using the descriptions found in the Ecopath User Guide
(Christensen et al., 2008) and Link (2010).  Initial parameteriza-
tion of Ecopath networks usually results in an unbalanced model
requiring iteration of input values until all EEi values are ≤1. This
ensures that the system is balanced and that there is no spon-
taneous creation of matter. Input estimates thought to have the
greatest uncertainty were iterated first. For a more thorough doc-
umentation of where inputs were obtained, how they were altered
and for which models, refer to supplementary material.

Given a lack of historic literature that quantified net primary
production (PP) in GSB (Lively et al., 1983; Lonsdale et al., 1996),
PP was kept constant across all four models. The estimate from
Lively et al. (1983) (450 gC/m2/yr) was used because we felt it pro-
vided the best available value representing the spatial and temporal
dynamics of GSB. Further, this provided consistency for model com-
parisons (Nuttall, 2010).

Basic structural properties (Section 2.3), ecosystem maturity
(Section 2.4), and species keystoneness (Section 2.5) were esti-
mated to compare changes in GSB across modelled periods. Trends
in harvest removals were reported as the total catch removed from
the system and mean trophic level of the catch. Linear regression
was used to test for temporal trends and to summarize results.

2.3. Ecosystem metrics

Various ecosystem metrics were estimated to compare the
ecosystem structure between modelled periods for basic structural
properties and harvest removals. Net primary production (PP) pro-
vides an activity index of the ecosystem across its lower trophic
levels. System respiration (RESP) provides an activity measure of
the upper levels of the trophic web and represents the proportion
of consumption not put into production. Total system throughput
(TST) represents all of the biomass flows within an ecosystem and
is estimated as the summation of four energy flow quantities (total
system consumption, RESP, export, and flows to detritus). TST sig-
nifies the ‘size of the entire system in terms of flow’ (Ulanowicz,
1986). Other indices included: total system production (�P), pri-
mary production required (PPR), net system production (P), total
biomass without detritus (B), total system consumption (�Q), total
flows to detritus (FD), total exports (EXP), mean trophic level of
catch (MTC), total catch (C), and gross efficiency (C/PP).

2.4. System maturity

The first attempt to characterize ecosystem maturity was  made
by Odum (1969) in which he presented 24 potential system
attributes. Ulanowicz (1986) augmented this list with his work on
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ascendency. Combined with various measures of exergy (Mejer and
Jorgensen, 1979) and ascendency (Ulanowicz, 1986), Christensen
(1995) investigated the explanatory power of Odum’s indices. The
methods of Odum (1969),  Ulanowicz (1986),  Herendeen (1989),
and Christensen (1995) were utilized to assess maturity of GSB
for each period with the following metrics: total primary pro-
duction/total respiration (PP/R), total primary production/total
biomass (PP/B), biomass supported per unit energy flow (B/TST),
biomass supported per unit energy flow B/(PP + R), net community
yield (PP-R), connectance (C), system omnivory index (SOI), domi-
nance of detritus (DD), average organism size (P/B−1 or B/P), Finn’s
cycling index (FCI), predatory cycling index (PCI), nutrient regen-
eration (FCI-PCI), path length (PL), straight through path length
(SPL), residence time B/(R + EXP), nutrient conservation (Oex), sys-
tem overhead (O), Schrodinger ratio (R/B), information content of
flows (I), energy based ascendency (A), relative ascendency (A/C),
internal redundancy (Red), exergy (EX) and structural exergy (EXst).
A full explanation of these indices can be found in Odum (1969),
Mejer and Jorgensen (1979),  Ulanowicz (1986),  Herendeen (1989)
and Christensen (1995).  Simple linear regression was  used to test
for temporal trends and to summarize the results.

2.5. Species impact and keystoneness

The Ecopath software estimates the interaction between stocks
with the calculation of the mixed trophic impact (MTI). The
MTI  of stock (i) on (j) (MTIij) is estimated as the product of all
predator–prey interactions across all potential trophic pathways
connecting the two stocks and is described by Ulanowicz and Puccia
(1990). In this, the software assumes predation, not competition,
forms the foundation of inter-stock relationships.

In addition to the comparisons drawn between two distinct
stocks, the impact that a particular stock has on the entire ecosys-
tem (ε) can be assessed as the summation of the MTI  of group (i) on
all stocks within the system. However, as abundant stocks are more
likely to impart a large impact on their ecosystem, Libralato et al.
(2006) introduced the keystoneness (KS) index which scales ε with
biomass, “penalizing” a stock with high abundance. With this, the
KS index attributes high values to stocks which have large impacts
while maintaining a low biomass.

2.6. Trends in migratory, upper trophic and filter feeding biomass

The biomass of migratory, upper trophic and filter feeders was
estimated for each modelled period. Migratory stocks are defined
as groups that seasonally move in and out of GSB and include
the following: black seabass, bluefish, gadoids, menhaden, scup,
sharks, skates, squid, striped bass, summer flounder, weakfish, win-
ter flounder and tropical fish. Upper trophic species included all
species with an estimated trophic level above 2.5. Filter feeders con-
sisted of the major groups of menhaden, zooplankton, sand shrimp,
shrimp, suspension feeders, oysters and hard clams.

3. Results

3.1. The balanced models

The final 2000s and 1980s Ecopath models contained 42 func-
tional groups. The 1930s and 1880s models were composed of 44
groupings, with the additional categories the result of the separa-
tion of oysters from the suspension feeder group and the inclusion
of sharks. The final parameters for each Ecopath model are listed in
Table 1. Network flow diagrams are shown for each period in Fig. 2
and depict the size of biomass flows between groups and trophic
level.

3.2. Basic ecosystem structural properties

Metrics of ecosystem structural properties showed variation
between periods with two  of the thirteen metrics significantly
changing at the p < 0.05 level and seven others at the p < 0.10 level
(Table 2). Total biomass without detritus (B) significantly declined
at the p < 0.05 level, while

∑
P, PPR, RESP, and

∑
Q declined at

the p < 0.10 level. Mean trophic level of catch (MTC) significantly
increased at the p < 0.05 level as P, FD, and EXP increased at the
p < 0.10 level. Net primary production (PP), TST, C and C/PP did not
show significant changes. Trends in

∑
P, PPR, RESP, B, and

∑
Q sug-

gest the ecosystem size of GSB declined over the last 120 years.
Further, FD and EXP indicate increased flows to detritus and to
export from the system. No fluctuations were recorded in PP across
the compiled system models. This resulted because we assumed the
same level of PP for all four models, so this metric was  not used as
an indicator of ecosystem size. However, increases in net system
production (P) in the models indicate a reduction in within system
utilization, supporting declines in system consumers identified by
�Q and RESP.

3.3. System maturity

Of the twenty four maturity metrics utilized to assess the GSB,
eleven indicated a significant decline in ecosystem maturity over
the last 120 years (Table 3). Of this set, three were significant at
the p < 0.05 level (PP/B, FCI, and EX) and eight at p < 0.10 (PP/R,
PP-R, C, O, R/B, I, A and Red). The large deviations from unity in
the PP/R index also suggest low maturity. The thirteen remaining
indices were all non-significant. Of these, four were consistent with
a reduction in ecosystem maturity (SOI, FCI-PCI, Oex, and EXst) and
two with an increase (PCI and A/C); seven indicated no change in
maturity (B/TST, B/PP + R, DD, B/P, PL, SPL, and B/R + EXP). Overall,
maturity indices reflect reductions in ecosystem size (PP/B, EX),
diversity (I, A, C), and stability (O, Red, R/B) in GSB, agreeing with
declines discussed in Section 3.2.

3.4. Species impact and keystoneness

The species that were most influential to a particular trophic
level’s (TL) ecosystem impact (ε) fluctuated among models (Fig. 3).
Over time, low order primary consumers (2.0 ≤ TL < 2.5) have
become increasingly controlled by benthic fauna as menhaden
have decreased. Shrimp, sand shrimp, and suspension feeders have
grown in importance since the 1880s. Winter flounder were very
influential as a high order primary consumer (2.5 ≤ TL < 3.0) in the
1930s, but have since been completely replaced by crabs. The influ-
ence of forage fish has grown as a low order secondary consumer
(3.0 ≤ TL < 3.5); this group now accounts for over 60% of the total ε.
Where weakfish and gadoids currently exert little control on GSB,
sea robins have become increasingly important. The ε of high order
secondary consumers (3.5 ≤ TL) is currently dominated by summer
flounder and striped bass. Important historically, sharks currently
exert no pressure in GSB. Additionally, GSB has become increasingly
controlled by its top level predators (εTL>3.5/εTotal) as the influence
of lower trophic levels has waned.

Thirty nine percent of species (16 of 41) changed keystoneness
by more than ten positions over the 120 year period examined.
During the 1880s, GSB was  heavily influenced by menhaden, phy-
toplankton, striped bass, bluefish, forage fish, weakfish, gadoids,
benthic fauna, crabs and summer flounder (Fig. 4). The top key-
stone species during the 1930s included many of the same species
with weakfish now the top species and additional species such
as winter flounder, summer flounder, and sharks moving up in
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Table 1
Final parameters for Ecopath models representing Great South Bay for the 1880s, 1930s, 1980s and 2000s where Biomass is reported in t/km2, P/B is the production to biomass ratio, Q/B is the consumption to biomass ratio, EE is
the  ecotrophic efficiency and P/Q is the production to consumption ratio.

Periods 1880s 1930s 1980s 2000s

Group name Biomass P/B Q/B EE P/Q Biomass P/B Q/B EE P/Q Biomass P/B Q/B EE P/Q Biomass P/B Q/B  EE P/Q

Benthic fauna 19.78 4.58 24.36 0.86 0.19 13.74 4.58 24.36 0.86 0.19 12.68 4.58 24.36 0.86 0.19 7.54 4.58 24.36 0.86 0.19
Macrobenthos 1.71 1.00 1.67 0.80 0.60 1.44 1.00 1.67 0.80 0.60 1.27 1.00 1.67 0.80 0.60 0.57 1.00 1.67 0.80 0.60
Sand  shrimp 5.83 3.75 24.90 1.00 0.15 1.57 3.75 24.90 1.00 0.15 2.35 3.75 24.90 1.00 0.15 1.58 3.75 24.90 1.00 0.15
Shrimp  10.06 3.30 16.10 0.86 0.21 1.87 3.30 16.10 0.86 0.21 3.59 3.30 16.10 0.86 0.21 2.19 3.30 16.10 0.86 0.21
Mantis  shrimp 0.14 1.34 7.43 0.95 0.18 0.04 1.34 7.43 0.95 0.18 0.04 1.34 7.43 0.95 0.18 0.22 1.34 7.43 0.95 0.18
Squid 0.22  0.80 7.00 0.99 0.12 0.04 0.81 7.00 0.99 0.12 0.01 1.74 7.00 0.99 0.25 0.05 2.74 7.00 0.99 0.39
Forage  fish 7.00 1.29 15.00 1.00 0.09 1.09 1.29 15.00 1.00 0.09 2.46 1.29 15.00 1.00 0.09 1.30 1.29 15.00 1.00 0.09
Suspension feeders 109.90 0.30 2.17 0.93 0.14 136.53 0.30 2.17 0.93 0.14 109.02 0.30 2.17 0.93 0.14 68.25 0.30 2.18 0.93 0.14
Hard  clams 4.46 0.57 5.10 1.00 0.11 13.38 0.73 5.10 1.00 0.14 4.95 2.04 5.10 1.00 0.40 1.78 3.73 5.10 1.00 0.73
Oysters 38.38 0.20 2.02 1.00 0.10 16.51 0.20 2.02 1.00 0.10 a a a a a a a a a a

Tropical fish 0.14 1.37 7.97 1.00 0.17 0.06 1.37 7.97 1.00 0.17 0.64 1.37 7.97 1.00 0.17 0.38 1.27 7.97 1.00 0.16
Crabs 8.79  1.38 8.50 0.96 0.16 14.45 1.38 8.50 0.96 0.16 10.87 1.38 8.50 0.96 0.16 7.61 1.38 8.50 0.96 0.16
Blue  crab 0.67 1.40 4.00 0.95 0.35 0.25 1.40 4.00 0.95 0.35 0.20 1.40 4.00 1.00 0.35 0.43 1.40 4.00 0.95 0.35
Horseshoe crabs 0.00 0.60 3.00 0.50 0.20 0.00 0.60 3.00 0.50 0.20 0.04 0.60 3.00 0.50 0.20 0.06 0.60 3.00 0.50 0.20
Spider  crabs 0.09 2.30 15.18 0.95 0.15 0.13 2.30 15.18 0.95 0.15 0.11 2.30 15.18 0.95 0.15 0.10 2.30 15.30 0.95 0.15
Skate 0.16  0.15 4.10 0.98 0.04 0.02 0.15 4.10 0.98 0.04 0.43 0.15 4.10 0.98 0.04 0.82 0.15 4.10 0.98 0.04
Sharks  0.21 0.56 4.00 0.43 0.14 0.03 0.56 4.00 0.97 0.14 a a a a a a a a a a

American eel 3.45 0.22 3.70 0.50 0.06 0.24 0.22 3.70 0.50 0.06 0.86 0.22 3.70 0.50 0.06 0.27 0.22 3.70 0.50 0.06
Menhaden 31.40 1.10 28.00 0.99 0.04 0.87 1.10 28.00 0.99 0.04 2.25 1.10 28.00 0.99 0.04 1.02 1.10 28.00 0.99 0.04
Black  Seabass 0.03 0.60 6.90 0.61 0.09 0.01 0.60 6.90 0.61 0.09 0.01 0.60 6.90 0.61 0.09 0.02 0.30 6.90 0.61 0.04
Blackfish 0.00 0.03 3.10 0.00 0.01 0.00 0.03 3.10 1.00 0.01 1.50 1.55 3.10 1.00 0.50 0.19 1.21 3.10 1.00 0.39
Bluefish  4.88 0.10 15.40 0.82 0.01 0.46 0.05 15.40 1.00 0.00 1.90 1.07 15.40 1.00 0.07 0.80 1.06 15.40 1.00 0.07
Butterfish 0.11 0.80 5.50 0.04 0.15 0.26 0.80 5.50 0.04 0.15 0.01 0.80 5.50 0.14 0.15 0.03 0.80 5.50 0.14 0.15
Cunner  0.52 0.00 7.50 0.99 0.00 0.01 0.00 7.50 0.99 0.00 0.02 0.00 7.50 0.99 0.00 0.01 0.48 7.50 0.99 0.06
Dogfish  0.10 0.05 4.77 0.00 0.01 0.10 0.05 4.77 0.00 0.01 0.01 0.05 4.77 0.00 0.01 0.10 0.05 4.77 0.95 0.01
Drums  and croakers 2.05 0.40 3.90 0.50 0.10 0.97 0.40 3.90 0.50 0.10 0.21 0.40 3.90 0.50 0.10 0.27 0.40 3.90 0.50 0.10
Flatfish-other 0.05 0.43 7.03 0.95 0.06 0.01 0.43 7.03 0.95 0.06 0.03 0.43 7.03 0.95 0.06 0.01 0.74 7.03 0.95 0.11
Gadids  0.25 1.35 3.66 1.00 0.37 0.00 1.35 3.66 1.00 0.37 0.00 2.29 3.66 1.00 0.63 0.01 1.94 3.66 1.00 0.53
Northern  kingfish 0.00 0.30 5.90 0.41 0.05 0.32 0.30 5.90 0.41 0.05 0.04 0.30 5.90 0.25 0.05 0.07 0.30 5.90 0.54 0.05
Northern  pipefish 0.21 1.30 6.90 1.00 0.19 0.05 1.30 6.90 1.00 0.19 0.06 1.30 6.90 1.00 0.19 0.01 1.30 6.90 1.00 0.19
Oyster  toadfish 0.60 0.36 6.20 0.00 0.06 0.60 0.36 6.20 0.00 0.06 0.44 0.36 6.20 0.04 0.06 0.00 0.36 6.20 0.06 0.06
Scup  0.09 0.61 5.50 1.00 0.11 0.01 0.61 5.50 1.00 0.11 0.05 0.61 5.50 1.00 0.11 0.27 0.60 5.50 1.00 0.11
Striped  bass 0.11 0.48 2.45 0.90 0.19 0.07 0.04 2.45 0.90 0.02 1.45 0.49 2.45 0.90 0.20 2.30 0.49 2.45 0.90 0.20
Sea  robins 0.12 0.43 7.15 0.99 0.06 0.02 0.43 7.15 0.99 0.06 0.12 0.43 7.15 0.99 0.06 0.20 0.43 7.15 0.98 0.06
Summer  flounder 2.87 0.07 4.00 0.16 0.02 0.88 0.40 4.00 0.16 0.10 1.02 0.88 4.00 0.88 0.22 1.79 1.00 4.00 0.95 0.25
Weakfish 5.76 0.09 4.10 1.00 0.02 2.88 0.09 4.10 1.00 0.02 0.17 0.73 4.10 1.00 0.18 0.11 1.33 4.10 1.00 0.33
Windowpane flounder 0.01 0.47 6.20 0.38 0.08 0.00 0.47 6.20 0.37 0.08 0.13 0.47 6.20 0.37 0.08 0.23 0.47 6.20 0.05 0.08
Winter  flounder 18.18 0.52 6.30 0.11 0.08 9.42 0.78 6.30 0.11 0.12 8.72 0.72 6.30 0.59 0.11 0.24 1.50 6.30 1.00 0.24
Zooplankton 7.20 25.00 90.91 0.90 0.28 2.49 25.00 90.91 0.90 0.28 2.82 25.00 90.91 0.90 0.28 1.64 25.00 90.91 0.90 0.28
Phytoplankton 4050.00 60.00 0.01 4050.00 60.00 0.00 4050.00 60.00 0.00 4050.00 60.00 0.00
Ctenophores 0.81 8.80 35.20 0.90 0.25 0.13 8.80 35.20 0.90 0.25 0.28 8.80 35.20 0.90 0.25 0.15 8.80 35.20 0.90 0.25
Detritus  1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00

a Not included in model.
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Fig. 2. Flow diagrams of the Great South Bay for four periods where the node size indicates biomass, curved lines show food web connectivity and vertical lines show trophic
levels.
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Fig. 3. Contribution of species groups to the total ecosystem impact (ε) of their respective trophic level (TL): (A) low order primary consumers (2.0 ≤ TL < 2.5), (B) high order
primary consumers (2.5 ≤ TL < 3.0), (C) low order secondary consumers (3.0 < TL < 3.5), and (D) high order secondary consumers (3.5 ≤ TL). The cumulative impact of the entire
trophic  level on the ecosystem (εTL/εTotal) was also noted. The Others designation included species with marginal influences on ecosystem impact and are as follows: (A)
American eel, oysters, hard clams, and squid, (B) ctenophores, spider crabs, butterfish, and horseshoe crabs, (C) mantis shrimp, drums & croakers, scup, tropical fish, cunner,
macrobenthos, black seabass, blackfish, blue crab, windowpane flounder, and northern pipefish, and (D) dogfish and oyster toadfish.
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Fig. 4. Total ecosystem impact (ε) vs. keystoneness for the 1880s Great South Bay Ecosystem. The insert shows the model groups and the keystoneness rankings in order of
the  1880s, 1930s, 1980s and 2000s species. Groups with high values of total impact and keystoneness represent groups that impose a large influence on the ecosystem.
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Table 2
A  summary of metrics for structural properties of Great South Bay as modelled in Ecopath for the 1880s,  1930s, 1980s and 2000s,  where slope is the slope of a linear regression
between each metric and period, r2 is the proportion of variance explained in the regression, p is the significance level, and Sig.  is significance.

Periods 1880s 1930s 1980s 2000s Slope r2 p Sig.

Total System Production (˙P) 243448.40 243226.10 243231.10 243138.00 −2.24 0.83 0.09 *

Net Primary Production (PP) 243000.00 243000.00 243000.00 243000.00 – – –
Primary  Production Required (PPR) 2015.86 877.08 825.64 488.23 −11.41 0.85 0.08 *

Total Respiration (RESP) 1927.41 766.06 727.72 416.44 −11.30 0.84 0.09 *

Net System Production (P) 241072.60 242233.90 242272.30 242583.60 11.30 0.84 0.09 *

Total System Throughput (TST) 489083.00 487172.30 487208.50 486690.70 −17.65 0.81 0.10
Total  Biomass w/out Detritus (B) 4336.33 4270.93 4220.77 4152.61 −1.41 0.95 0.02 **

Total Consumption (˙Q) 3140.40 1297.94 1265.08 731.75 −17.89 0.83 0.09 *

Total Flows to Detritus (FD) 242324.90 242756.80 242799.80 242888.20 4.32 0.86 0.08 *

Total Exports (EXP) 241690.30 242351.40 242415.80 242654.40 7.22 0.88 0.06 *

Mean Trophic Level of Catch (MTC) 2.13 2.82 3.13 3.59 0.01 0.96 0.02 **

Total Catch (C) 30.61 1.48 10.30 4.46 −0.18 0.52 0.28
Gross  efficiency (C/PP) 0.02 0.00 0.02 0.01 0.00 0.01 0.89

* p < 0.1.
** p < 0.05.

keystoneness. Menhaden and phytoplankton decreased in impor-
tance. The 1980s represented a major shift in ecosystem structure
and composition of top keystone species and groups with striped
bass, bluefish and summer flounder the top predators, while sharks
were extirpated from the system and winter flounder and weakfish
had reduced influence. Several groups increased in keystoneness
including shrimp, flatfish and sand shrimp. The 2000s continued
the shift with summer flounder, striped bass and bluefish the key-
stone predators and winter flounder, menhaden and weakfish with
diminished system impacts.

3.5. Trends in migratory, upper trophic and filter feeding biomass

Total upper tropic, migratory and filter feeding biomass all
declined between the 1880s and 2000s (Fig. 5). The fraction of
migratory stocks in the GSB system declined almost four fold
between 1880 and 1930 and remained low between the 1980s and
2000s. The composition of filter feeding biomass switched from a
dominance of menhaden and oysters in the 1880s, to oysters and
hard clams in the 1930s, and finally to very low levels of oysters
and hard clams in the 1980s and 2000s.

Table 3
Indices indicate a continual decline in maturity of Great South Bay where Trend indicates direction of trend for a maturing system, slope is the slope of a linear regression
between each metric and period, r2 is the proportion of variance explained in the regression, p is the significance level, and Sig. is significance. Maturity is the observed trend
where  arrows indicate direction.

Maturity index Trend 1880s 1930s 1980s 2000s Slope r2 p Sig. Maturity

Total primary production/total
respiration (PP/R)

=1 126.08 317.21 333.92 583.51 3.16 0.82 0.09 * ↓

Total  primary production/total
biomass (PP/B)

− 56.04 56.90 57.57 58.52 0.0190 0.95 0.03 ** ↓

Biomass supported per unit
energy flow (B/TST)

+ 0.01 0.01 0.01 0.01 – – – –

Biomass supported per unit
energy flow B/(PP + R)

+ 0.02 0.02 0.02 0.02 – – – –

Net  community yield (PP − R) − 241072.59 242233.94 242272.28 242583.56 11.30 0.84 0.09 * ↓
Connectance (C) + 0.20 0.20 0.19 0.19 −0.0001 0.83 0.09 * ↓
System omnivory index (SOI) + 0.33 0.31 0.29 0.32 −0.0002 0.29 0.46 ↓
Dominance of detritus (DD) + 0.50 0.50 0.50 0.50 – – – –
Average organism size (P/B−1

or B/P)
+ 0.02 0.02 0.02 0.02 – – – –

Finn’s  cycling index (FCI) + 0.04 0.03 0.02 0.01 −0.0002 0.97 0.02 ** ↓
Predatory cycling index (PCI) + 0.18 0.90 0.70 0.86 0.0046 0.56 0.25 ↑
Nutrient regeneration

(FCI − PCI)
+ −0.14 −0.87 −0.68 −0.85 −0.0048 0.58 0.24 ↓

Path  length (PL) + 2.01 2.00 2.00 2.00 – – – –
Straight-through path length

(SPL)
+ 2.01 2.00 2.00 2.00 – – – –

Residence time B/(R + EXP) + 0.02 0.02 0.02 0.02 – – – –
Nutrient conservation (Oex) + 1570.90 626.90 791.90 445.90 −7.82 0.72 0.15 ↓
System overhead (O) + 48209.56 22806.56 22199.91 13567.80 −255.84 0.85 0.08 * ↓
Schrodinger ratio (R/B) + 0.44 0.18 0.17 0.10 −0.0025 0.84 0.08 * ↓
Information content of flows (I) + 1.04 1.02 1.02 1.01 −0.0002 0.85 0.08 * ↓
Energy-based ascendency (A) + 510408.52 495902.49 496032.22 492066.89 −135.60 0.81 0.10 * ↓
Relative ascendency (A/C) − 0.91 0.96 0.96 0.97 0.0004 0.80 0.11 ↑
Internal redundancy (Red) + 37916.00 18424.90 17652.10 10918.90 −199.98 0.86 0.07 * ↓
Exergy (EX) + 11275.23 11105.22 10974.82 10797.65 −3.67 0.95 0.02 ** ↓
Structural exergy (EXst) + 0.04 0.04 0.04 0.03 −0.0001 0.42 0.35 ↓
* p < 0.1.

** p < 0.05.
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Fig. 5. Shifts in biomass (t/km2) of various Ecopath groupings. (A) Fluctuations of
upper trophic levels, filter feeders, and migratory stocks in GSB. (B) Comparison of
historically important GSB filter feeders. Upper trophic levels describe groupings
with a trophic level above 2.5. Filter feeders included the following: hard clams,
oysters, suspension feeders, sand shrimp, shrimp, menhaden, and zooplankton.
Migratory species included: black seabass, bluefish, gadids, menhaden, scup, sharks,
skates, squid, striped bass, summer flounder, weakfish, winter flounder, and tropical
fish.

4. Discussion

The contemporary GSB ecosystem has gradually shifted away
from the 1880s model that supported a greater diversity of energy
flows, exchange with the ocean, and food web complexity. Our
results indicate there has been a 120 year decline in ecosystem
maturity, loss of top keystone species and lost connectivity to the
ocean with a switch from migratory to low trophic ecosystem dom-
inance. Significant declines in multiple ecosystem maturity indices
reflect the decreased role of upper trophic and migratory species,
suggesting alteration within and outside the Bay has resulted in
long-term changes to the ecosystem. Importantly, GSB is presently
without a dominant filter feeder for the first time in at least 200
years and annual production of upper trophic groups has declined
from 286 to 103 t/km2 of biomass (excluding detritus and primary
producers) and is presently lower than Chesapeake Bay (220 t/km2,
Christensen et al., 2009), Gulf of Maine (207–487 t/km2, Zhang and
Chen, 2007), Scotian Shelf (245–310 t/km2, Bundy, 2005) and the
Middle Atlantic Bight (371 t/km2, Okey, 2001), although it remains
higher than the Gulf of Mexico (78 t/km2, Cruz-Escalona et al.,
2007).

Large shifts in ecosystem structure and energy flow in GSB impli-
cate an important role for both natural and anthropogenic stressors.
A few of the potential causal factors include alterations of inlets,
breaches, warmer winter temperatures, habitat loss, harmful algal
blooms, nutrient enrichment, and overharvest (e.g., Bricelj, 2009;

Foehrenbach, 1969; Gobler et al., 2005; Leatherman and Allen,
1985; McNamara et al., 2010; Taney, 1961). Determining which
stressors had the most influence on the structure of GSB is diffi-
cult, if not impossible, with alterations occurring for well over 100
years. Even identifying the most important mechanisms behind
the decline in maturity may  not help contemporary management.
Instead, we  propose using the network models as a guide to iden-
tify the functional groups that historically supported a healthy
ecosystem.

The filter feeding planktivore Atlantic menhaden (Brevoortia
tyrannus) was the most important keystone species in the 1880s.
At the end of the 1700s, the menhaden industry grew as farm-
ers recognized the fish’s potential as a fertilizer (Gabriel, 1921;
Dickinson, 1938). By 1850, extraction of oil from the fish for use in
painting and tanning expanded the fishery (Gabriel, 1921). In 1877,
there were 23 menhaden processing factories in existence on Long
Island, with GSB providing one of three focal points (Gabriel, 1921).
In 1895, only 8 menhaden factories remained and eventually the
entire Atlantic coast industry was  consolidated under the American
Fisheries Company in 1897. At the beginning of the 20th century,
the American Fisheries Company moved menhaden production to
eastern Long Island (Gabriel, 1921) and, while harvest remained
consistent until 1958, landings declined followed by the collapse
of the industry in 1966 (McHugh, 1972). Thus, loss of menhaden
appears to be almost entirely due to fishing pressure.

Menhaden feed upon detritus (Deegan et al., 1990), phyto-
plankton, and zooplankton (Durbin and Durbin, 1998). While
branchiospinule spacings increase with body size, juvenile men-
haden are capable of feeding on small plankton (Friedland et al.,
1984, 2006) and detritus (Deegan et al., 1990). Estimates of fil-
tration efficiency vary, but values of 21% for particles in the
approximately 10–20 �m range and 22–84% for the >20 �m range
have been measured for 138 mm juveniles (Friedland et al., 1984).
Recently, Friedland et al. (2006) suggested that smaller post meta-
morphic juveniles in the 30–100 mm range may have filtration
efficiencies as high as 80% for nanoplankton. Clearance rates for
74 mm juveniles have been reported to be about 0.6 L fish−1 h−1

for chlorophyll in whole seawater at chlorophyll concentrations
typical for GSB (Lynch et al., 2010). Clearance rates on larger par-
ticles such as the zooplankton Artemia sp. have been estimated at
>100 L fish−1 h−1 for 138 mm fish (Friedland et al., 1984). The fil-
tration and clearance of menhaden rival and may  surpass those of
shellfish indicating the drastic reduction of the species may  have
had long-term consequences for the utilization of primary produc-
tion and the decline precipitated a decline in structural complexity
of the ecosystem.

Great South Bay has historically supported profitable fisheries
for eastern oysters and hard clams. Even though they are not in
the top ten keystone species, their importance commercially and
as a potential ecosystem engineer necessitates evaluation of these
species on the structure of the ecosystem (Newell et al., 2007;
Rodney and Paynter, 2006). At the time of the first model (1880s),
oyster reefs had been overexploited for 100 years with the nat-
ural oyster stock collapsing in 1893 (Gabriel, 1921). Seed planting
maintained the ecological function of oysters in GSB and supported
a harvest of seventy thousand barrels per year in the early 1900s
(Van Popering and Glancy, 1947). In 1931, a powerful Nor’easter
created a breach in the barrier islands, reopening Moriches Inlet
(Conley, 1999) and increasing the salinity of Moriches Bay and
eastern GSB benefiting predatory oyster drills (Urosalpinx cinerea)
and seastars (Asterias forbesi)  (Van Popering and Glancy, 1947).
The fishery persisted through the 1930s and 1940s and collapsed
in the early 1950s, extirpating the species from GSB (McHugh,
1972).

The new salinity regime after 1931 allowed the saline tolerant
hard clam to increase in abundance (Van Popering and Glancy,



Author's personal copy

M.A. Nuttall et al. / Ecological Modelling 222 (2011) 3335– 3345 3343

1947; Greene, 1982; McHugh, 1972). Eventually, Moriches Inlet
was hardened in 1958 to permanently open the inlet which helped
maintain hard clam productivity (Greene, 1982; McHugh, 1991).
At the peak of the fishery during the mid  1970s, it has been
estimated that the abundance of hard clams was high enough
to filter the volume of GSB in 2.6 d (Kassner, 1993). However,
in the late 1970s overharvest initiated a decline of hard clams
(Bricelj, 2009). Subsequent blooms of the brown tide alga Aure-
ococcus anophagefferens, an increase in larval bivalve mortality
due to a temporal shift in the peak abundance of the ctenophore
Mnemiopsis leidyi, and an increase in blue crab Callinectes sapidus,
an important juvenile bivalve predator, among other factors has
contributed to a decrease in hard clams (Gobler et al., 2005;
McNamara et al., 2010, NY Department of Environmental Con-
servation catch statistics). The system has lacked a major filter
feeding shellfish for the last three decades (Conrad, 1982; Gobler
et al., 2005; Kraeuter et al., 2008; Schubel, 1991) and finfish for
100 years.

Essentially a complete loss of eastern oysters, hard clams, and
Atlantic menhaden has meant that the GSB system is without any
of the three major endemic planktivores. This is particularly true
for menhaden for which detritus (30% of diet) and phytoplankton
(70%) constitute the juvenile diet (Deegan et al., 1990) and for which
migratory behavior (Checkley et al., 1988) provided exchange with
the ocean and a predictable forage base (Friedland and Haas, 1988).
During the 1880s, these planktivores represented a large propor-
tion of the total ecosystem impact of low order primary consumers
(εMen+HC+Oyster/ε2.0≤TL<2.5 ≈ 0.39%) and now have a proportional
total ecosystem impact of only 0.04%. Benthic fauna, composed of
various detritivores, have since become the most influential low
order primary consumer (εBF/ε2.0≤TL<2.5 ≈ 0.38%), leaving produc-
tion once consumed by planktivores as an unconsumed standing
stock.

The current system is in a developing state dominated by
autotrophic and lower trophic processes as measured by several
ecosystem and maturity metrics. Mature systems are expected to
consume about what they create producing a PP/R approaching
one (Christensen and Pauly, 1993). The PP/R for GSB is very high
(126.1, 317.2, 333.9, 583.5) compared to 0.63 for Delaware Bay
(Frisk et al., 2011), 1.76–2.10 for the Gulf of Maine (Zhang and Chen,
2007), 7.34–11.34 for the eastern Scotian Shelf (Bundy, 2005), 5.2
for the Middle Atlantic Bight (Okey, 2001), and 1.3 in the Gulf of
Mexico (Cruz-Escalona et al., 2007). Ecological theory predicts that
as systems develop over time, biomass will accumulate relative to
production (Christensen and Pauly, 1993) and, as such, PP/B and
B/TST are also expected to approach one. The PP/B ratio of GSB
(56.04, 56.90, 57.57, 58.52) indicates the system is in an early stage
of development and has higher ratios than the 12.7 estimated for
Delaware Bay (Frisk et al., 2011), 18.9–42.6 for the Gulf of Maine
(Zhang and Chen, 2007), 1.0 for the eastern Scotian Shelf (Bundy,
2005), 35.7 for the Middle Atlantic Bight (Okey, 2001), and 16.5 in
the Gulf of Mexico (Cruz-Escalona et al., 2007). The proportion of
throughput that is recycled within an ecosystem is measured with
Finn’s cycling index (FCI) with mature systems recycling a larger
proportion of system activity (Finn, 1976; Odum, 1969; Rybarczyk
and Elkaim, 2003). Great South Bay recycles a very small proportion
of throughput (FCI = 1.0–4.0%) compared to Delaware Bay (27.94%,
Frisk et al., 2011), Chesapeake Bay (24.1%, Monaco and Ulanowicz,
1997), and Narragansett Bay (48.2%, Monaco and Ulanowicz,
1997).

The biomass estimate of primary production is utilized in many
of the ecosystem and maturity metrics presented in this paper.
There is a paucity of estimates of primary production for Great
South Bay, which necessitated the use of one value for all four
modelled periods (Lively et al., 1983; Lonsdale et al., 1996). We  are
confident this decision does not impact observed trends; however,

the decision to use the Lively et al. (1983) PP estimate for all models
could inflate or deflate maturity indices if large variations from the
estimate occurred. For example, if the higher PP found by Lonsdale
et al. (1996) reflects an actual increase in productivity during the
1990s, the maturity indices that measure the recycling and trophic
transfer of biomass in a food-web would likely decrease. Still, the
estimate of 4050 t/km2 is considerably larger than models created
for Chesapeake Bay (phytoplankton 27 t/km2 and SAV 419 t/km2,
Christensen et al., 2009) and may  explain the comparatively lower
values for FCI, PP/R, PP/B, and related metrics.

Over the past century GSB has experienced a decrease in biomass
of upper trophic levels and migratory species. Historically abun-
dant top predators are now either functionally extirpated (i.e.
sand tiger shark) or have a significantly reduced influence on
the ecosystem (i.e. weakfish and gadoids). These losses shifted
summer flounder, striped bass and bluefish to the top three key-
stone predator species in recent models. A contrasting result is
that the ecosystem impact (εTL>3.5/εTotal) of upper trophic levels
has increased in GSB during the 1980s and 2000s while upper
trophic diversity and biomass has decreased. However, this reflects
an overall decline in biomass and relative increase in pressures
on lower trophic levels and is not an indication of increased
biomass or diversity of upper trophic species. Overall, declines
of upper trophic species are directly related to system maturity
with significant reductions in the relative (PP/R, PP-R) and absolute
(RESP, �Q) size of upper trophic levels and trophic diversity (I, A,
C, SOI).

Regime shifts are defined by events that lead to ecosystem
restructuring, resulting in fundamental changes to structure, func-
tion and process (Scheffer et al., 2001; Mangel and Levin, 2005).
Ecosystem state changes have been linked to climate variation, pre-
dation, and exploitation (Fogarty and Murawski, 1998; Otterson
et al., 2001; Gargett, 1997; Beamish et al., 2004; Pederson et al.,
2006; Carpenter et al., 2001; McGowan et al., 2005) often produc-
ing rapid and unpredictable change (Folke et al., 2004). A cursory
analysis of GSB suggests the ecosystem has undergone rapid “state”
changes that could be termed regime shifts. However, follow-
ing the engineering of permanent inlets and closures of breaches
beginning in the 1930s, rapid “state” changes have become a less
common feature of GSB. The resilience of lagoonal systems to per-
turbations (Day et al., 1989) and GSB’s long history of large-scale
physical and biological change (LoCicero, 2006; Nuttall, 2010) sug-
gests the high frequency of stochastic events plays a fundamental
role in maintaining ecosystem function in GSB (Conley, 1999; Nixon
et al., 1994). The large declines in system maturity observed in
the 1980s and 2000s models may  be related to the reduced role
of high frequency “state” change. It is our view that this research
highlights the need to elucidate the role of stochastic events
and system connectivity to the long-term resilience of lagoonal
systems.

Restoring the ecological function of GSB will not be an easy task
with several of the lost keystone species only dependent on the Bay
for a portion of their life cycle. Thus, within bay management cannot
have a significant impact towards restoring the migratory com-
ponent of GSB. Any effective attempt to restore the upper trophic
composition would have to consider management beyond the sys-
tem’s boundaries. Restoration efforts within environments such
as GSB that are focused on resource species important within the
past 30 years will result in susceptibility of management actions
to shifting baselines (Pauly, 1995) that may  inhibit achievement
of desired results. Thus, successful ecosystem based management
of GSB, where appropriate spatiotemporal scales are considered,
will require not only internal restoration but also placement of
coastal bays and lagoons into a comprehensive plan that includes
coast wide restoration of predatory, migratory and forage stocks
necessary to maintain ecosystem function.
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