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Abstract

The trophic status of Lake Ontario is studied in energy terms, and the information summarized as a food web.
Both published data and personal communications are used; critical data deficiencies are pointed out. The
underlining assumptions of the model are described along with the research needed to fully test these assumptions.
The food web is not balanced in energy terms. Not enough information exists in the literature to balance the energy
entering the lake with energy present and transferring through the different levels of the food web. A mathematical
model is used to logically integrate the data and to produce a balanced food web. The mathematical model Network
developed by Ulanowicz is used for this purpose. This procedure provides generality and stability to the hypothe-
sized energy flow through the Lake Ontario food web even if the final result might not coincide completely with
reality. The results show that the food web of Lake Ontario is organized in five food chain levels and that recycling
plays an important role. The analysis of the food web in energy terms is important because it allows the computation
of the fish biomass that can be sustained by primary production. However, confident prediction of the fish biomass
can not be performed at present given the lack of data on some important energy transfer pathways in the food
chain.
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1. Introduction and Cohen, 1991) in the sense that the informa-
tion used was gathered over many occasions, cov-
ering about 20 years. Lake Ontario has long been
the object of scientific studies, however, as far as
we have been able to ascertain, no food web in
energy terms has ever been published. Flint (1986)
published a food web of Lake Ontario in terms of
carbon flow, however his representation and ours
differ significantly in a number of points. Qur
version is in energy terms [Joules], it contains a

* Corresponding author. detrital compartment, essential for the quantifi-

The purpose of this work is to conceptualize
and quantify the food web structure in Lake
Ontario and to find major lack of understanding.
This food web is uncertain and can not be crystal-
lized since Lake Ontario is in a state of flux due
to the decrease in phosphorus loadings since the
early 1970s. This food web is cumulative (Schoenly
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tempt to look at Lake Ontario from a system

R perspective is precursory, much data from phyto-
o plankton to fish are missing or are contained in
data bases not available to the scientific commu-
nity at large. The information used was collected
mainly from published literature, although some
, have been provided through personal communi-
1 ‘ cation. In many instances we have had to make
assumptions; these are explicitly stated in the
results section. Lake Ontario (Fig. 1), one of the

Lo Lake Ontario

Fig. 1. Outline of Lake Ontario. five Great Lakes of North America, is 300 km

long, 70 km wide with a mean depth of 86 m. The

cation of recycling energy within the ecosystem. lake is located in between Canada and the United
We also replace his top predator compartment States. The main tributary is the Niagara River
with the five most important species. This at- with a flow of approximately 6000 m® per second.
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Fig. 2. Schematic food web of Lake Ontario.
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This river connects Lake Erie to Lake Ontario.
The main emissary is the St. Lawrence River
which connects Lake Ontario to the Atlantic
Ocean.

We acknowledge the fact that the systematic
name of Pontoporeia hoyi has recently been
changed to Diporeia sp. (Bousfield, 1989). How-
ever for the balance of this report we refer to it
as Pontoporeia hoyi.

2. Methods

We collected data published since 1970 on the
Lake Ontario ecosystem. These data were then
elaborated and analyzed to construct a food web.
Data from other ecosystems and from laboratory
experiments have been used when no other data
were available.

When we became aware that the food web
constructed with the data collected from the liter-
ature and personal communication would not be
balanced in terms of energy, we sought out a
method to integrate the data in a logical manner
and yield a balanced data set. Ulanowicz (1989)
has developed a computer program, AUTO-
MOD, which integrates all available information
and produces a simulation, thus providing an
objective means for balancing the data set. We
employed this program to supply generality and
stability to the hypothesized energy flow through
the Lake Ontario food web.

2.1. Choice of food web compartments

Table 1 shows a list of all compartments. Fig. 2
shows an abstract representation of the Lake
Ontario food web; it conceptualizes the energy
links in the lake ecosystem. This food web in-
cludes detritus as a compartment for two reasons;
one is that detritus is an important energy source
for zooplankton and benthos, and two is that we
are ultimately interested in the cycling of toxic
materials within the Lake Ontario ecosystem, and
we think that it is important to emphasize cycling
of energy. Cohen (1991) seems to disagree with
the inclusion of detritus in the first level of a food
chain. However, since this point is still open for

Table 1
Food web compartments in Lake Ontario

Compartment name Scientific name

detritus
phytoplankton
zooplankton
benthos

Mysis relicta
Pontoporeia hoyi
slimy sculpin
rainbow smelt
alewife

lake trout
chinook salmon
coho salmon
brown trout
rainbow trout

Mysis relicta

Diporeia sp.

Cottus cognatus

Osmerus mordax

Alosa pseudoharengus
Salvelinus namaycush
Oncorhynchus tshawytscha
Oncorhynchus kisutch
Salmo trutta
Oncorhynchus mykiss

discussion in the literature (Patten et al., 1990)
we have decided to include detritus so that this
information can eventually be used (Halfon and
Schito, in preparation) in a cycling analysis using
network theory (Baird and Ulanowicz, 1989).

The living organisms compartments were cho-
sen to be closer to the species level rather than to
a functional level. We grouped the major organ-
ism types, for example phytoplankton, into indi-
vidual compartments. Ideally, we would have liked
to further subdivide some of these compartments
(such as the benthos compartment into tubificids
and chironomids and the zooplankton compart-
ment into cladocerans, copepods, and omnivo-
rous zooplankton), however, the lack of data pre-
vented us from doing this for all organisms. Two
species were left out completely because of the
lack of an energy budget, the lamprey and the
zebra mussel. Both species are important and
belong to the food web, but they had to be left
out until clearer understandings of their roles in
the Lake Ontario ecosystem are obtained. The
trophic links were established with information
concerning the diet habits of the major compart-
ments (usually from stomach contents).

2.2. Computation of the energy balance

Organisms need energy to sustain themselves.
No direct measurements of the biomass ex-
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Table 2
Conversion values used to build the food web from published data
Compartment Assumptions Reference
Detritus 4421 keal - g~ ! dry weight Cummins and Wuycheck, 1971
Phytoplankton 3482 keal - g~ ! dry weight Cummins and Wuycheck, 1971
dry weight = 0.1 - wet weight
Zooplankton 19873 - g~ ! wet weight calc. from Stewart and Binkowski, 1986
dry weight = 0.1 - wet weight
1 g O, respired = 14150 J approx. from Elliott and Davison, 1975 and
Brinkhurst and Austin, 1979
Other benthos 3558 J- g~ ! wet weight calc. from Gardner et al., 1985

Mysis relicta

Pontoporeia hoyi

Slimy sculpin

Rainbow smelt

Alewife

All salmonids

Lake trout

dry weight = 0.15 - wet weight
1 g O, respired = 14150 J

4604 J - g~ ! wet weight

dry weight = 0.21 - wet weight
preferred temp. = 4°C
average weight = 2.6 mg dry
1g O, respired = 14150J

4185 J - g~ 1 wet weight

dry weight = 0.27 - wet weight
preferred temp. = 5°C
average weight = 1.34 mg dry
1g O, respired = 14150J

5743 1 - g~ ! wet weight

dry weight = 0.25 - wet weight
preferred temp. = 5°C
average weight = 10 g wet

1 g O, respired = 13560 J
6656 J - g~ 1 wet weight

dry weight = 0.25 - wet weight
preferred temp. = 11.1°C
average weight =5 g dry

1 g O, respired = 13560 J
6000 - ¢! wet weight

dry weight = 0.25 - wet weight
preferred temp. = 17.4°C

average weight = 20 g wet

1 g O, respired = 13560 J

10% of population weight is juvenile
10% of population removed by fishing
2.91 X 108 ¢ C - yr~! of salmonines stocked
total biomass = 0.1 - (alewife + sculpin
+ smelt biomass)

1 g O, respired = 13560 J

average weight = 500 g dry

preferred temp. = 10.1°C

10646 J - g~ ! wet weight for adults
juvenile average weight = 260 g wet
6501 J- g~ ! wet weight for juveniles
31% of total salmonid biomass

31% (by weight) of total stocked

Strayer and Likens, 1986

approx. from Elliott and Davison, 1975 and
Brinkhurst and Austin, 1979

Stewart et al., 1983

Evans and Landrum, 1989

J. Elrod, pers. commun.

Borgmann, 1985

approx. from Elliott and Davison, 1975 and
Brinkhurst and Austin, 1979

Stewart et al., 1983

Evans and Landrum, 1989

J. Elrod, pers. commun.

Borgmann and Whittle, 1983

approx. from Elliott and Davison, 1975 and
Brinkhurst and Austin, 1979

Rottiers and Tucker, 1982

Coutant, 1977

none

Elliott and Davison, 1975
Rottiers and Tucker, 1982

Olson et al., 1988

Borgmann, 1985

Elliott and Davison, 1975

calc. from Stewart and Binkowski, 1986,
J. Elrod, pers. commun.,

Rottiers and Tucker, 1982

Olson et al., 1988

none

Elliott and Davison, 1975
none

Flint, 1986

Flint, 1986

none

Elliott and Davison, 1975
Borgmann, 1985

Olson et al., 1988

calc. from Stewart et al., 1983
Stewart et al., 1983

calc. from Stewart et al., 1983

based on Savoie and LeTendre, 1991
based on Savoie and LeTendre, 1991
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Table 2 (continued)

Compartment Assumptions

Reference

Chinook salmon average weight = 250 g dry
preferred temp. = 14.4°C

6749 J - g~ wet weight for adults

juvenile average weight = 160 g wet
5921 J - g~} wet weight for juveniles

36% of total salmonid biomass
36% (by weight) of total stocked
average weight = 250 g dry
preferred temp. = 14°C

6749 J- g~ wet weight for adults

Coho salmon

juvenile average weight = 160 g wet
592171 g_1 wet weight for juveniles

10% of total salmonid biomass
10% (by weight) of total stocked
average weight = 2000 g wet
preferred temp. = 13.4°C

6500 J - g~ ! wet weight

Brown trout

juvenile average weight = 260 g wet

13% of total salmonid biomass

13% (by weight) of total salmonines

average weight = 250 g dry
preferred temp. = 13.8°C
8780 J - g~ ! wet weight for adults

Rainbow trout

juvenile average weight = 160 g wet
6193 J - g~ ! wet weight for juveniles

10% of total salmonid biomass
10% (by weight) of total stocked

none

Olson et al., 1988

calc. from Stewart and Ibarra, 1991
calc. from Niimi, 1981

calc. from Stewart and Ibarra, 1991
based on Savoie and LeTendre, 1991
based on Savoie and LeTendre, 1991
Borgmann, 1985

adjusted using Coutant, 1977

calc. from Stewart and Ibarra, 1991
calc. from Niimi, 1981

calc. from Stewart and Ibarra, 1991
based on Savoie and LeTendre, 1991
based on Savoie and LeTendre, 1991
none

Olson et al., 1988

calc. using P/B

none

based on Savoie and LeTendre, 1991
based on Savoie and LeTendre, 1991
none

adjusted using Coutant, 1977

calc. using Stewart et al., 1983

none

calc. using Stewart et al., 1983

based on Savoie and LeTendre, 1991
based on Savoie and LeTendre, 1991

pressed in energy terms or of energy fluxes among
compartments exists for Lake Ontario in pub-
lished form, thus they were obtained by indirect
means. The main assumption is that the energy
flux through the living compartments could be
calculated with the equation:

Consumption = respiration + SDA +

production + egestion + excretion
(1)

where all terms are expressed as rates [J - d™!]. In
most cases the consumption rate was calculated
from terms on the right hand side of Eq. 1. An
exception was made for rainbow smelt and brown
trout. For rainbow smelt we calculated the respi-
ration rate from the other parameters in Eq. 1,
and for brown trout we calculated the production
rate from the other terms.

The energy utilized through respiration and
SDA (energy used in the digestion of food) is

assumed lost from the ecosystem to the surround-
ing environment. This energy was no longer avail-
able to the organisms in Lake Ontario. We also
assumed that the final sink for energy lost through
egestion and excretion was the detrital compart-
ment.

2.3. Other data, models, and assumptions

In all calculations we used a volume of 1.68 X
102 m® and an area of 1.95 x 10'° m? for Lake
Ontario. All data for living organisms are ex-
pressed in fresh weight; when dry weights were
reported in the literature they were converted.
The conversion terms are shown where necessary
in the text, and are also summarized in Table 2.
When data were reported on a per hour basis or
per year basis they were converted to per day.

In many instances data were not available on
metabolic processes of fish. In these cases we
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employed bioenergetic models: as reported by
Stewart and Binkowski (1986) for alewife, by
Hewett and Johnson (1987) for chinook and coho
salmon, by Elliott (1976) for brown trout, or by
Stewart et al. (1983) for lake trout. To estimate
the energetics of slimy sculpin we employed the
bioenergetic model for northern pike (Hewett
and Johnson, 1987). We evaluated the bioener-
getics of rainbow trout using the lake trout model
(Stewart et al., 1983). The energy content of fish

Table 3
Data in original form or computed through published models

from wet weight was computed using published
data. Table 3 summarizes all available data.

3. Results

Fig. 3 shows the Lake Ontario food web con-
structed using data from the literature and per-
sonal communications. The following explains in
detail all assumptions, data origin, and rationale
for data used in the compilation of the food web.

Reported value
Detritus
Mass 1mgdry-17!
Import (all sources) 9.14 x 10% t-yr~!
Export 344 %100 t-yr~!
Phytoplankton
Biomass 0.35 g fresh - m ™3
Production P/B =365 yr !
Sedimentation Im-d-!
Zooplankton
Biomass 23.41 mg dry - m~?
Production 13.99 g dry - m =2 yr =1 (calc.)
Respiration 001g0,-g!-d!
SDA none
Excretion 3% of consumption
Egestion 65% of consumption
Sedimentation 1m-d~!
Consumption computed
Benthos
Biomass 206.1 mg dry - m ™2 (calc.)
Production 0.012kcal -m~2-d~!
Respiration 0.14 1 O, - dry mg~!-h!
SDA none
Excretion + Egestion 50% of consumption
Consumption computed
Moysis relicta
Biomass 0.53 g dry - m 2 {calc.)
Production 1.64gdry-m 2 yr!
Respiration equation; see reference
SDA
Excretion 3% of consumption
Egestion 70% of consumption
Consumption computed
Pontoporeia hoyi
Biomass 14.96 x 10> t dry below 10 m
Production 30.99 x 10 tdry - yr~!
Respiration equation; see reference
SDA included in respiration
Excretion + Egestion 50% of consumption
Consumption computed

Reference Converted value ?
3.11x 10
Kemp and Harper, 1976 463x10"J-d!
Kemp and Harper, 1976 1.74 x 10" J-d-!
Munawar et al., 1987 857 x 10" ]
Borgmann and Whittle, 1983 8357%x10%J-d-!
9.95%x1012J-d"!
Makarewicz and Jones, 1990 7.81 x 1071
Johannsson and O’Gorman, 1991 1.49x 1013 J. 4!
Park et al., 1974, Scavia et al., 1974 556x 1013 J-d7!
none none
Park et al., 1974, Scavia et al., 1974 6.60 x 102 J-d~!
Park et al., 1974, Scavia et al., 1974 1.43x 10 3.4 !
9.07x 102 J-d~!
this reference 220%x 10141
Johannsson et al., 1985 9.53x 103 J
Stadelmann et al., 1974 980 x 101 J-d-t
Brinkhurst et al., 1972 268 x 101 J-d!
none none
Welch, 1968 1.25% 1012 1-d°1
this reference 250% 102 J5-d-1
Shea and Makarewicz, 1989 227 x 1014 )
Shea and Makarewicz, 1989 1.92 x 1072y -d~!
Lasenby and Langford, 1972 498 %1012 J-d!
included in respiration
Park et al., 1974, Scavia et al., 1974 7.68 %101 J-d"!
Thomann and Connolly, 1984 179 x 1013 J-d ™!
this reference 256x10% 1.4
Johannsson et al., 1985 232x 101
Johannsson et al., 1985 132x10127-d°!
Johannsson et al., 1985 430%x 102 J-d !
Welch, 1968 5.62x107§-d!
this reference 1.12x 1013 J-4-1
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Reported value

Reference

Converted value *

Slimy sculpin
Biomass
Production
Respiration
SDA
Excretion
Egestion
Consumption
Rainbow smelt
Biomass

Production
Respiration
SDA
Excretion
Egestion
Consumption
Alewife
Biomass
Production
Respiration
SDA
Excretion
Egestion
Consumption
Lake trout
Biomass
adult

juvenile
Production
adult
juvenile
Respiration
adult
juvenile
SDA
adult
juvenile
Excretion
adult
juvenile
Egestion
adult
juvenile
Consumption
adult
juvenile
Import

Export

2502 t in U.S. water
P/B=1-yr!
equation; see reference
11.2% of consumption °
5.7% of consumption °
18.1% of consumption
computed

120 X 10° g

P/B=1yr~!
equation; see reference
11.2% of consumption
5.6% of consumption
20% of consumption
computed

b

887700 t in U.S. waters
P/B=1-yr !
equation; see reference
14.7% of consumption
8.4% of consumption
16% of consumption
computed

541 x10°%¢g

6.01 x10% g

P/B=02-yr !
P/B=02-yr !

equation; see reference
equation; see reference

13.1% of consumption °
13.6% of consumption ®

6.8% of consumption ”
7.0% of consumption °

23.8% of consumption ®
21.0% of consumption °

computed
computed

31% of total salmonid import

10% of production

modelled after northern pike
Gray, 1979

Borgmann, 1985, Flint, 1986
Hewett and Johnson, 1987
Hewett and Johnson, 1987
Hewett and Johnson, 1987
‘Warren and Davis, 1967

this reference

modelled after northern pike
calc. from O’Gorman et al., 1987 and
Gray, 1979

Borgmann, 1985, Flint, 1986
Hewett and Johnson, 1987
Hewett and Johnson, 1987
Hewett and Johnson, 1987
Hewett and Johnson, 1987
this reference

calc. from O’Gorman et al., 1987
Borgmann, 1985, Flint, 1986
Stewart and Binkowski, 1986
Stewart and Binkowski, 1986
Stewart and Binkowski, 1986
Stewart and Binkowski, 1986
this reference

based on Savoie and
LeTendre, 1991

none

Borgmann, 1985
Borgmann, 1985

Stewart et al., 1983
Stewart et al., 1983

Stewart et al., 1983
Stewart et al., 1983

Stewart et al., 1983
Stewart et al., 1983

Stewart et al., 1983
Stewart et al., 1983

this reference

this reference

calc. using Flint, 1986 and Savoie and
LeTendre, 1991

Flint, 1986

287X 1013]

7.86 x 1010 J -
1.64 x 101 -
418 x 1007 -
2.13x 100 J-
6.75x 1010 ] -
3.73%x 101 J-

9.45x 1013 J

2.59 % 101J

1.05x 10157

2.87x 1012 7-
8.99 X 10137 -
223 %108 7-
128X 10 J-
.d—l

243x 1035

1.52 %101 7J-

5.76 X 1013 ]

3.91x 1012

316 %x 100y
214 %107 -

6.77x 100 J-
1.38 X 100 -

231X 10107]-
3.71x 109 J-

1.20 X 100 J -
1.91 x 109 J -

4.19%x 1010 J-
5.73x10% ] -

1.76 X 10! J -

273100 J-
268 %1010 J-

337x10™7J-

.dfl
5.75x 10" J -
1.48 x 1011 J-
7.39x 100 J-
2.64 101 J-
1.32x 102§ -

dfl
dfl
dfl

d*l
d~1

d-l

d—l
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Reported value

Reference

Converted value 2

Chinook salmon
Biomass
adult

juvenile
Production
adult
juvenile
Respiration
adult
juvenile
SDA
adult
juvenile
Excretion
adult
juvenile
Egestion
adult
juvenile
Consumption
adult
juvenile
Import

Export

Coho salmon

Biomass
adult

juvenile
Production
adult
juvenile
Respiration
adult
juvenile
SDA
adult
juvenile
Excretion
adult
juvenile
Egestion
adult
juvenile
Consumption
adult
juvenile
Import

Export

6.28x10° g

6.98 x 10% g

modelled after coho salmon
P/B=3.0-yr !
P/B=30-yr '

equation; see reference
equation; see reference

13.4% of consumption ®
13.9% of consumption ®

8.5% of consumption P
8.8% of consumption °

22.0% of consumption ©

19.1% of consumption ®
computed

computed
36% of total salmonid import

10% of production

1.75%x10° g

1.94 x 108 g

P/B=3.0-yr!
P/B=3.0-yr !

equation; see reference
equation; see reference

13.4% of consumption ®
13.9% of consumption ®

8.4% of consumption ®
8.8% of consumption ®

22.2% of consumption ©
19.3% of consumption ®

computed

computed
10% of total salmonid import

10% of production

based Savoie and
LeTendre, 1991

noneg

none
none

Hewett and Johnson, 1987
Hewett and Johnson, 1987

Hewett and Johnson, 1987
Hewett and Johnson, 1987

Hewett and Johnson, 1987
Hewett and Johnson, 1987

Hewett and Johnson, 1987
Hewett and Johnson, 1987

this reference

this reference

calc. using Flint, 1986 and
Savoie and LeTendre, 1991

Flint, 1986

based Savoie and
LeTendre, 1991

none

Borgmann, 1985
Borgmann, 1985

Hewett and Johnson, 1987
Hewett and Johnson, 1987

Hewett and Johnson, 1987
Hewett and Johnson, 1987

Hewett and Johnson, 1987
Hewett and Johnson, 1987

Hewett and Johnson, 1987
Hewett and Johnson, 1987

this reference

this reference

calc. using Flint, 1986 and
Savoie and LeTendre, 1991

Flint, 1986

424x 1017

4.13x 1027

349 x 101 J-
3.40x 100 J-

1.42x 1011 J -
245%x 1007

117 x 101 J -
1.40 % 100 J -

7.44x10"7J-
8.89 %109 J-

1.93x 101 J-
1.92x 10 J-

875x 10" 7-

1.01x 10" 7J-
2.84x10197T-

3.83x101°7-

1.18x 1013 J

1.15%x 102

9.70 x 1010 J .
9.45x10%7J-

385x 1097y
6.27x10%7J-

324%x1007-
3.77x10%7J-

203 %101
239 % 10% ] -

537x1097-
523%x10%J-

242x 101 -

2.71x 1010 J-
7.88 %109 7J-

1.07 x 109 5 -
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Table 3 (continued)

Reported value

Reference

Converted value *

Brown trout
Biomass
adult
juvenile
Production
adult
juvenile
Respiration
adult
juvenile
SDA
adult
juvenile
Excretion
adult
juvenile
Egestion
adult
juvenile
Consumption
adult
juvenile
Import

Export
Rainbow trout
Biomass

adult

juvenile
Production
adult
juvenile
Respiration
adult
juvenile
SDA
adult
juvenile
Excretion
adult
juvenile
Egestion
adult
juvenile
Consumption
adult
juvenile
Import

Export

227%x10%¢
252x10% g

computed
computed

equation; see reference
equation; see reference

included in respiration
included in respiration

8.7% of consumption °
8.7% of consumption "

22.4% of consumption °
22.4% of consumption °

equation; see reference
equation; see reference

13% of total salmonid import

10% of production

1.75%10° g

1.94x 10% ¢

P/B=02-yr !
P/B=0.2-yr!

equation; see reference
equation; see reference

13.4% of consumption P
13.9% of consumption ”

8.4% of consumption °
8.7% of consumption °

22.3% of consumption P
19.4% of consumption °

computed
computed

10% of total salmonid import

10% of production

based on Savoie and LeTendre, 1991

none

this reference
this reference

Elliott, 1976
Elliott, 1976

Elliott, 1976
Elliott, 1976

Elliott, 1976
Elliott, 1976

Elliott, 1976
Elliott, 1976
calc. using Flint, 1986 and

Savoie and LeTendre, 1991

Flint, 1986

modelled after lake trout
based on Savoie
and LeTendre, 1991

none

none
none

Stewart et al., 1983
Stewart et al., 1983

Stewart et al., 1983
Stewart et al., 1983

Stewart et al., 1983
Stewart et al., 1983

Stewart et al., 1983
Stewart et al., 1983

this reference
this reference
calc. using Flint, 1986 and

Savoie and LeTendre, 1991

Flint, 1986

1.48 X 101 ]
1.64 X 102

6.02%x1097J-
1.09 x 1010 3 -

9.90 % 101 J-
1.76 X 1010 J -

201x10"7J-
3.59% 1097

5.17x 100 J-
925 x 107 -

231 x 101y

413 %1007 -
1.13x 101 J-

7.11 % 109 J -

1.54 % 102 J

1.20x 1012 J

8.44x 107 -
6.58 % 108 J -

6.32x10107J-
1.13x 1017 -

1.72x 101 J-
2.86 x 109 J -

1.08 x 101V J -
1.79 x 109 J -

2.85% 1007
4.00% 10" J-

128 x 101 J-

2.06 % 100 J-
824 % 109 J-

9.10 X 10" J -

? Values converted through application of assumptions outlined in Table 1.

b Computed using equation from reference cited.
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3.1. Detritus

We assumed that the detrital concentration in
Lake Ontario was 1 mg (dry)-1~'. The energy
content of the detritus is 4421 kcal-g=' (dry)
(Cummins and Wuycheck, 1971), or 18506 J - g~ !
(dry), thus the standing stock of detritus in Lake
Ontario was estimated as 1.60 X 10° J - m~2.

Kemp and Harper (1976) reported that sources
of suspended solids include rivers, eroding shore-
line bluffs, atmospheric, dredged spoils as well as
autochthonous organic matter. They estimated
that the total annual input of suspended solids
from these sources was 9.14 X 10° metric tons (t).
We converted this load t0 8.67 X 10°J -m ™2 -yr~!
or237x10*J-m=2-d- 1

Kemp and Harper (1976) reported that 3.44 X
10° t-yr~! of suspended solids leave through the
St. Lawrence River, while approximately 4.77 X
10° t-yr~! are deposited on the lake bottom and
buried. We estimated that these losses amounted

37 0173 1.46 1.96
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0.0467
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2
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t0 7.79 X 10° J - m~ Yor2.13x10°J-m~?

d-".

2.yr*

3.2. Phytoplankton

Biomass

Munawar et al. (1974,1987), Vollenweider et
al. (1974) and Gray (1987) studied the Lake On-
tario phytoplankton intensively. Vollenweider et
al. (1974) reviewed the available information on
species composition, biomass, and primary pro-
duction of phytoplankton in the Great Lakes.
Vollenweider et al. (1974) reported that the
lakewide biomass of phytoplankton in Lake On-
tario during 1970 (monitored for the entire year)
was approximately 2.7 g- m™3 (ranging from 1.4
to 59 g-m~? throughout the year), and con-
cluded that there were distinct biomass differ-
ences between the offshore and nearshore re-
gions of the lake.
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Fig. 3. The food web as obtained from the data analysis [Units in boxes are Joules (J) and fluxes in J - day ']
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Differences between offshore and nearshore
phytoplankton communities have been studied by
Munawar et al. (1974,1987) and Gray (1987). Mu-
nawar et al. (1974) estimated the 1973 midlake
mean annual biomass as 0.7 g- m ™3, with a range
of 0.2 to 1.6 g-m~3. Gray (1987) reported a
biomass of 0.41 g- m > (range 0.10 t0 2.40 g - m %)
in 1982. Gray also observed that the biomass at a
northshore station (April to November, 1982) was
39% higher than at the midlake station. Munawar
et al. (1987) stated that in 1983 the midlake
concentration of phytoplankton was 0.35 g-m ™2,
and concluded that there were significant com-
munity structural changes occurring in the pelagic
region of the lake.

Lakewide surveys of phytoplankton standing
stocks were performed in 1970 (27-30 stations,
January to December) and 1978 (22 statjons, April
to September) (Munawar et al., 1987). The 1970
concentrations were reported as 2.0 and 5.3 g-
m ™3, in the spring and summer, respectively. Sim-
ilarly, concentrations of 1.1 and 1.2 g-m~> were
reported for 1978. Munawar et al. (1987) con-
cluded that the lakewide data showed an overall
decrease in total phytoplankton from 1970 to
1978.

Due to the differences in the biomass between
the nearshore and offshore locations (Gray, 1987),
we chose not to include values pertaining to these
spatially segregated areas in our determination of
an estimated lakewide annual biomass. We also
rejected the 1970 lakewide, all-season value of 2.7
g-m~ > reported by Vollenweider et al. (1974),
due to the conclusion that total phytoplankton
biomass has decreased over the years (Munawar
et al., 1987). Thus, in order to estimate the
lakewide biomass, we chose the lakewide sea-
sonal data reported by Munawar et al. (1987)
(although we acknowledge the fact that using
these data will no doubt result in an overestima-
tion due to the seasonal variability, in addition to
the supposed decrease in biomass over time). We
simply took the mean of the values reported for
1978 (i.e. 1.1 and 1.2 g- m™?), and estimated the
lakewide annual biomass as 1.15 g- m~3, or 99.1
g-m~ 2

The energy density of phytoplankton, 3482 cal
g~ ! (dry) (Cummins and Wuycheck, 1971), was
converted to 1458 J- g~ !, assuming that the dry

weight was 10% of the wet weight. Thus, the
standing stock of phytoplankton in Lake Ontario
was calculated to be approximately 1.45 x 10°
J-m™2

Production

The literature search uncovered some studies
with measurements of the primary production in
Lake Ontario (Munawar et al., 1974,1987; Stadel-
mann et al., 1974; Vollenweider et al., 1974).
Unfortunately these studies entail data collected
from the early 1970s, however, due to the lack of
availability of more recent estimates we had to
use these data as the basis for our assumed
phytoplankton production.

Munawar et al. (1974) monitored the produc-
tion of phytoplankton in Lake Ontario at a mid-
lake station during 1972-1973. They presented
the data in terms of mg ,C-m~*-h~'. The mean
annual amount was 8.1 mg ,,C-m~®-h"l
Stadelmann et al. (1974), who also reported in
terms of carbon, studied an offshore station in
Lake Ontario from April, 1972 through to March,
1973. The production during this period ranged
from a low of 58 mg C-m~3-d~! (during the
month of January) to a high of 1443 mg C -m ™3~
d~! (during the month of September).

More recently (Munawar et al.,, 1987), data
coliected from a midlake station of the lake in
1983 have been analyzed to determine a produc-
tion—-biomass coefficient (in terms of mg C-m™>
-d~'/mg - m~?). The production-biomass coeffi-
cients were reported as 10, 120, and 60 in the
months of May, July, and September, respec-
tively. We acknowledge the fact that the use of
these data in our estimated production will bias
the rate towards the summer months, as well as
the offshore regions of the lake, however we
arbitrarily decided that this method was better
than using production values reported for the
early 1970s. Taking into account the lower pro-
duction rates in the winter months, we estimated
the production—biomass ratio to be about 40 mg
C-m *-d !'/mg-m~3. We converted this to ap-
proximately 46.0 g C-m~3-d~!, and assuming a
conversion factor of 14.6 J per mg C (C. Gray,
pers. commun.), we estimated production to be
7790 -m~2-d71.
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Sedimentation

We assumed that the sedimentation rate of
phytoplankton from Lake Ontario was approxi-
mately 1 m-d~!. With a presumed phytoplank-
ton biomass of 1.15 g- m~3, we calculated a sedi-
mentation rate of 1.15 g-m~2-d~', or 1680 J-
m2-d”L

3.3. Zooplankton

Biomass

Borgmann et al. (1984), Makarewicz and Jones
(1990), and Johannsson and O’Gorman (1991)
quantified the biomass of zooplankton in Lake
Ontario. The most recent study (Johannsson and
O’Gorman, 1991) investigated the structure of
epilimnetic zooplankton in Lake Ontario. Sam-
ples were collected from the western and eastern
basins, midlake and along the south shore of
Lake Ontario from mid-July to mid-October, 1981
through 1986. These samples were taken from 1
m above the top of the thermocline or from a
surface depth of 20 m (which ever was the least
distance) using a 70 um mesh net of 0.3 m
diameter in 1981 and 1982, which was replaced
with a net of 64 pm and 0.5 m diameter in 1983.
Johannsson and O’Gorman (1991) found that the
difference in mouth diameter of the net had no
effect on sampling efficiency, and concluded that
the abundance estimates of cladocerans and
copepods were not likely to be affected by the
difference in mesh size.

Through application of zooplankton weight es-
timates (Johannsson and O’Gorman, 1991) to
seasonal mean zooplankton abundance at each
station for each year of the study (Johannsson
and O’Gorman, 1991), we were able to calculate
an average summertime (mid-July to mid-Oc-
tober) biomass of zooplankton in Lake Ontario.
We calculated this biomass to be approximately
295 g (dry)-m~2,

Stewart and Binkowski (1986) stated that the
energy content of cladocerans and copepods from
Lake Michigan were 1674 and 2300 J-g~ ! re-
spectively. Assuming the total Lake Ontario zoo-
plankton biomass was approximately 40% clado-
cerans and 60% copepods (estimated from calcu-
lations using data presented in Johannsson and

O’Gorman, 1991), we estimated that the average
energy density of zooplankton in Lake Ontario
was 2050 J - g~ 1. Using this conversion factor and
the biomass estimated from Johannsson and
O’Gorman (1991), we approximated there was
6.05 % 10* J-m~2 of zooplankton in Lake On-
tario. We acknowledge the fact that this average
value is for the period mid-July to mid-October,
and thus, the annual standing stock of zooplank-
ton in Lake Ontario is probably lower, as sug-
gested by the data collected by Makarewicz and
Jones (1990).

Makarewicz and Jones (1990) investigated the
occurrence of Bythotrephes cederstromemi in Lake
Ontario and gave a detailed analysis of the sea-
sonal biomass of the offshore zooplankton. They
monitored two stations (10 m and 100 m) near
Hamlin Beach State Park biweekly from January
through December, 1987, using a 68 um mesh
net. At the 100 m depth station they sampled the
upper 50 m of the water column, and the upper 8
m at the 10 m station. Makarewicz and Jones
(1990) stated that the average annual zooplank-
ton biomass was 23.41 mg (dry) -m~3, or 2.02 g
(dry) - m~2. This value is 0.93 g (dry)-m~2 less
than the value calculated using the data collected
by Johannsson and O’Gorman (1991).

Barber et al. (1991) studied the bioaccumula-
tion of organic pollutants and reported the con-
centration of grazeable zooplankton in Lake On-
tario as 1.4 X 1073 g (wet)- 17!, or 12.1 g (dry) -
m 2. This concentration was exceptionally high
and investigation into the source (Scavia, 1980) of
this estimate resulted in the discovery that the
monitoring of the lake occurred prior to 1975,

Production

The study by Johannsson and O’Gorman (1991)
also investigated the seasonal (mid-July to mid-
October, 1981 to 1986) production by zooplank-
ton at various stations in Lake Ontario. Using
these data we computed an average seasonal pro-
duction by epilimnetic zooplankton of 13.99 g
(dry) - m~2. By assuming that the energy density
of zooplankton from Lake Ontario was 2050 J -
g~ !, we estimated that the average annual pro-
duction by zooplankton species was 2.87 X 10°
T-m2-yr ', or786x102J-m~%-d~'. As with
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the biomass data taken from this study (Johanns-
son and O’Gorman, 1991), we acknowledge this
production rate is for the period of mid-July to
mid-October, and thus, the actual average annual
production is probably different due to seasonal
variation.

For comparison, the annual average lakewide
zooplankton production in the early 1981 (March
to December) was reported as 15.02 g (dry) - m 2
(Borgmann et al., 1984). This value is a result of
the calculation of data collected from the western
and eastern basins, midiake, as well as from
nearshore stations during 1981.

Respiration / SDA

Very little data has been published on the
respiration of zooplankton in freshwater. James
(1987) stated that the zooplankter Ceriodaphnia
dubia, from an eutrophic lake in New Zealand,
consumed 0.002 and 0.76 ul O,-animal™'-h~'
in the hypolimnion and the epilimnion, respec-
tively. In addition, the CLEAN model (Park et
al.,, 1974; Scavia et al., 1974) reported that the
maximum respiration rate of cladocerans, cope-
pods and omnivorous zooplankton was 0.01 g
0, g '-d7L

Devol (1979) developed a series of equations
relating respiration rate to the weight of the
organism, in addition to the environmental tem-
perature:

InR=—-5.68+0.74xInW+0.08+T
(r?=0.92, n = 38) for freshwater copepods, and
INR=—-448+0.85xInW+0.10xT

(r?=0.98, n=39) for cladocerans and rotifers;
where R =respiration rate [g O,-g~'-d™'], W
= organism weight [ug dryl, and T = temperature
[°C].

In order to use these relationships we had to
make assumptions regarding zooplankton mass.
The mean weight of the copepods and cladocer-
ans /rotifers in Lake Ontario were estimated as
1.9 and 2.6 pg (dry) (using information in Jo-
hannsson and O’Gorman, 1991). From the appli-
cation of these weights to the appropriate equa-
tions (and assuming an environmental tempera-
ture of 10°C) we computed the respiration rates
of the copepods and cladocerans/rotifers to be

0.0122 and 0.0693 g O,-g~'-d~', respectively
(note that both these rates are higher than the
maximum rate suggested by the above mentioned
CLEAN model). By assuming that the total Lake
Ontario zooplankton biomass was approximately
40% cladocerans and 60% copepods (see above),
we estimated the overall zooplankton population
respiration as 0.0350 g O,-g~'-d~'. We con-
verted this rate t0 0.103 g O,-m Z-d ™', or 1460
J-m~2-d”' by assuming a general oxycaloric
value of 14150 J-g~' O, (Elliott and Davison,
1975). Due to lack of data pertaining to the SDA
requirements of zooplankton, we assumed it was
included in the above rate.

Excretion / egestion

Literature on the excretion and egestion rates
of freshwater zooplankton is extremely scarce.
Welch (1968) reported an average assimilation
efficiency of 0.20 (range 0.137-0.331) for Daph-
nia pulex. By using Welch’s definition, we con-
cluded that the egestion /excretion for this organ-
ism was 0.80 times that of consumption.

In addition, we calculated from the CLEAN
model (Park et al., 1974; Scavia et al., 1974) that
the egestion and excretion by copepods, cladocer-
ans, and omnivorous zooplankton were 65% and
3% of total consumption, respectively. This calcu-
lation gave a total egestion/excretion rate of
0.68. Leidy and Ploskey (1980) stated that re-
ported food assimilation efficiencies for zoo-
plankton range from 2 to 99% in the published
literature. They suggested that a food assimila-
tion factor can randomly be selected from 0.05 to
0.55, thus resulting in an egestion /excretion fac-
tor of 0.95 to 0.45. The value we have computed
from the CLEAN model clearly falls within this
range.

Consumption

Using Eq. 1 we calculated that the zooplank-
ton in Lake Ontario would consume approxi-
mately 7.02 X 10° J-m~2-d"'. Due to the
scarcity of information on the feeding habits of
zooplankton in Lake Ontario, we assumed that
this group of organisms obtain roughly 50% of its
nutritive energy from phytoplankton and 50%



14 E. Halfon et al. / Ecological Modelling 86 (1996) 1-36

from detrital material. This assumption was based
on the recommendation of Leidy and Ploskey
(1980) to give detritus equal ranking with other
dietary items. Conversely, Flint (1986) speculated
that zooplankton consumed 100% phytoplankton.
However, Flint (1986) who developed a model of
carbon flow through the Lake Ontario food web,
did not include a detrital pool.

Sedimentation

We assumed that the sedimentation rate of
zooplankton was approximately 1 m-d~!. Apply-
ing this rate to the zooplankton biomass (see
above) of 2.95 g (dry)-m~2, we calculated the
sedimentation rate as 3.42x 1072 g (dry) -m 2~
d= ', or627x10%2J-m~2-d~'. We assumed that
this loss from the zooplankton compartment was
gained by the detritus compartment.

3.4. Mysis relicta

Biomass

Carpenter et al. (1974) measured the biomass
of M. relicta in 1971 in Lake Ontario at various
depth intervals from 0 to 225 m. However, these
data were not utilized here since they were re-
ported in terms of numbers, not mass, and con-
version to mass would involve assumption as to
the mean size of the mysids sampled during this
monitoring program. Shea and Makarewicz (1989)
reported a biomass of M. relicta in Lake Ontario
of 0.08 and 0.68 g (dry)-m~2 at 35 and 100 m
respectively, during the period May to November,
1984. Although abundance of Mysis appears to
be depth related (O. Johannsson, pers. commun.)
it was necessary to use these limited data to
estimate the lakewide annual biomass. These val-
ues resulted in an estimated lakewide biomass
similar to that reported for other Laurentian
Great Lakes (Sells, 1982). Assuming the average
dry weight of a mysid was 21% its weight (Evans
and Landrum, 1989) and the energy content of
the organism was 4604 J-g~! (Stewart et al.,
1983), we estimated that the standing stock of M.
relicta in Lake Ontario was 1.16 X 10* J - m 2.

Production
Data availability on the production of this or-
ganism in Lake Ontario is also very limited. Shea

and Makarewicz (1989) reported a production by
mysids in Lake Ontario of 0.13 and 1.23 g (dry) -
m~2 per 7 months (i.e. May to November, 1984)
at water depths of 35 and 100 m, respectively.
Due to lack of other published data, it was neces-
sary to use these values in the estimation of
annual lakewide production by mysids. We calcu-
lated an annual production of 1.64 g (dry)- m™2.
We acknowledge the fact that this estimate is
biased towards the summer months and does not
take into account the reduced production during
the winter months. This estimate is similar to
production values reported for Lake Michigan
mysid populations (Sells, 1982). Flint (1986) used
a higher value but he did not document the basis
of his estimate and therefore it was not utilized
here. Thus, we estimated that the production was
3.60%x10* J-m~%-yr !, or 9.85x 10! J-m ?-
d-L

Respiration / SDA

Literature regarding energy loss by M. relicta
through the process of respiration is extremely
limited. Sandeman and Lasenby (1980) reported
relationships between oxygen consumption and
body weight at various environmental tempera-
tures and ambient oxygen levels. This information
was not used because introduction of the effects
of dissolved oxygen levels would only serve to
further complicate the food web representation.

Lasenby and Langford (1972) used data col-
lected from a southern Ontario lake in the early
1970s to develop a series of regression equations
which related oxygen consumption to body size at
a variety of environmental temperatures. Assum-
ing that the preferred temperature of Mysis
ranged from 4 to 7°C, using these relationships
(at 4 and 7°C) and assuming that the average
mysid in Lake Ontario was 2.6 mg (dry) (Borg-
mann and Whittle, 1983), we estimated that the
daily oxygen consumption was 3.78 X 1072 g O, -
g~ ! (dry). Assuming an oxycaloric value of 14150
J-g~! O, (Elliott and Davison, 1975), we com-
puted an energy consumption of 2.83 X 10% J-
m~2-d~! for metabolic processes. It should be
noted that this value included the SDA require-
ments (Lasenby and Langford, 1972).
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Excretion / egestion

The assimilation efficiencies for M. relicta are
utilized in the determination of the amount of
energy which is ingested, but not incorporated
into the organism. Lasenby and Langford (1973)
proposed that the assimilation efficiency of M.
relicta was 85% of consumption. Thomann and
Connolly (1984) reported the same parameter to
be 30%. By definition, these values imply the rate
of egestion was 15 and 70% of consumption,
respectively. Due to this large discrepancy and
lack of other pertinent published data, we arbi-
trarily decided to utilize the data reported for
mysids from the Great Lakes (Thomann and
Connolly, 1984).

Search of published literature failed to pro-
duce any insight into the excretion rate of Mysis
and therefore the excretion rate of zooplankton
was used as an estimate. This value, 3% of con-
sumption, was calculated using data presented in
the CLEAN model (Park et al., 1974; Scavia et
al., 1974).

Consumption

Using Eq. 1 we calculated that the mysids in
Lake Ontario would consume 1.41 x 10> J-m~2-
d~'. M. relicta derives its nutritive energy from
phytoplankton, zooplankton and detritus (McWil-
liam, 1970 cited in Grossnickle, 1982; Lasenby
and Langford, 1973; Bowers and Grossnickle,
1978; Parker, 1980). Parker (1980) also demon-
strated that Mysis will prey on P. hoyi, although
this was observed in a microcosm investigation.
Thus, we assumed that the consumption of P.
hoyi is minimal with respect to total energy in-
take in the natural environment. Due to lack of
published data regarding the importance of each
compartment, we assumed that all have equal
proportions with respect to energy supply.

3.5. Benthos

Biomass

Numerous studies have been performed on the
abundance of benthic organisms in Lake Ontario
(Brinkhurst, 1970; Johnson and Brinkhurst, 1971;
Kinney, 1972; Cook and Johnson, 1974; Johanns-
son et al., 1985), but only a few provide enough

data to make a reasonable estimate of lakewide
biomass. The difficulty arises because most stud-
ies have reported biomass as a function of the
number of organisms per unit area or unit vol-
ume rather than mass, and thus these studies
were not utilized.

Cook and Johnson (1974) reported that the
lakewide biomass of macrobenthos in 1971 was
1840 mg (dry) - m~2. This value overestimates the
biomass of benthos since it includes the biomass
of P. hoyi. This value could not used because
Cook and Johnson did not publish what portion
of the population was P. hoyi.

Johannsson et al. (1985) reported benthic fauna
biomass in Lake Ontario at various depths during
April, July and November, 1981 through 1983.
The total faunal biomass was 2554.8 and 584.8 mg
(dry) - m~2 at the depths of 70 and 105 m, respec-
tively. However, these total fauna values include
the biomass of both Pontoporeia and bottom
dwelling mysids and therefore overestimate the
biomass of benthos. Using the Pontoporeia and
mysid biomass values reported (Johannsson et al.,
1985) we adjusted these values to 287.3 and 124.9
mg (dry)-m~2, respectively. Assuming the dry
weight of the average benthic organism was 15%
of its wet weight (Strayer and Likens, 1986) and
an energy content of 3558 J - g~ ' (calculated from
Gardner et al., 1985), we estimated the standing
stock of benthos in Lake Ontario was 4.89 % 1073
J-m2-d7L

Production

The production of macrobenthos in the deep
profunda of Lake Ontario was 0.037 kcal -m~2-
d~! (Stadelmann et al., 1974), of which 0.025
kcal -m~?-d~" was by P. hoyi. From these data,
we calculated that the production by benthic or-
ganisms (other than P. hoyi) was 5.03 x 10" J-

m2-d”%

Respiration / SDA

Literature regarding energy loss by the ben-
thos through respiration is extremely limited. Re-
ports involved only selected species (Johnson and
Brinkhurst, 1971; Brinkhurst et al., 1972;
Brinkhurst and Austin, 1979) and it was necessary
to base the respiration losses on the entire group
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of organisms on these types of data. At 5°C (the
assumed preferred temperature for benthos in
Lake Ontario), a mixed culture of Tubifex tubifex,
Limnodrillus hoffmeisteri, and Peloscolex multise-
tosus consumed 0.14 pl O, -mg (dry)~!-h~!
(Brinkhurst et al., 1972). Using chemical gas laws
(i.e. PV =nRT), we converted this datum to 1.89
X107 g O,-d” !, or 1.37x10" J-m~%-d"!
lakewide, assuming an oxycaloric value of 14150
J-g O, (Elliott and Davison, 1975). All other
studies on benthic respiration did not report val-
ues measured near the preferred temperature.

Excretion / egestion

The literature search failed to produce any
insight into the egestion and excretion rates of
this group of organisms, and therefore, they were
estimated from Tubifex tubifex. For T. tubifex the
assimilation efficiency (i.e. the amount of energy
utilized for growth and respiration) was 50% of
the total energy consumed (Welch, 1968). This
datum lead to the assumption that the
egestion /excretion rate for the entire group of
organisms was 50% of its total energy consump-
tion.

Consumption

Using Eq. 1 we calculated that benthos in
Lake Ontario would consume 128 J-m~?-d "L It
is assumed (M. Dickman, pers. commun.) that
benthos obtain their energy from detritus, and
settling zooplankton and phytoplankton. For our
purposes we considered any consumption of the
settling plankton to be consumption of detritus,
which seems reasonable at the selected preferred
temperature.

3.6. Pontoporeia hoyi

Biomass

Biomass monitoring on the status of this deep
water benthic organism is found frequently in the
published literature (Johannsson et al., 1985;
Dermott and Corning, 1988), presumably because
of its relative importance in the benthic popula-
tion. Dermott and Corning (1988) monitored the
biomass of P. hoyi at 3 sites in Lake Ontario
from March 1981 through April 1983. Although

this study provided reasonable estimates for the
biomass, they are not utilized because the sam-
ples were collected from only 3 specific lake
depths from 3 different locations.

Johannsson et al. (1985) reported that the
biomass of P. hoyi below the 10 m contour of
Lake Ontario during the period April to Novem-
ber, 1982 was 14.96 x 103 t dry weight. Assuming
that the dry weight of the average P. hoyi was
27% its wet weight (Evans and Landrum, 1989)
and the energy content of the organism was 4185
J-g~! (Stewart et al., 1983), we estimated that
the standing stock of P. hoyi in Lake Ontario was
1.19 X 10* J-m~? (assuming the biomass above
the 10 m contour was minimal).

Production

Johannsson et al. (1985) reported that the total
annual production of Pontoporeia in 1982 was
30.99 x 103 t (dry), or 67.7J-m~2-d~ L,

Respiration / SDA

Literature regarding energy loss by P. hoyi
through the process of respiration is scarce. Jo-
hannsson et al. (1985) developed a regression
between respiration (R), temperature (T") and
body size (W) for this organism:

R (mgO, - mg~'-h7")
=exp( —7.19 + 0.0367 — 0.219In W)
(mg dry weight) (r?=0.60).

Assuming an average dry weight of P. hoyi of
1.34 mg (Borgmann and Whittle, 1983) and a
preferred temperature of 5°C (J. Elrod, pers.
commun.), we estimated that the daily oxygen
consumption was 2.03xX107% g O, g~ ! (dry).
This was converted to a lakewide consumption of
3.04x10% g O,-d”". Assuming an oxycaloric
value of 14150 J-g~' O, (Elliott and Davison,
1975), further calculations show a lakewide daily
energy consumption of 221 J-m~2 for metabolic
processes. It should be noted that this value in-
cluded the SDA requirements (Johannsson et al.,
1985).

Semenchenko (1979) utilized data collected
from experimentation with P. affinis from Lake
Yuzhnyy Volos (Byelorussia) to develop a series



E. Halfon et al. / Ecological Modelling 86 (1996) 1-36 17

of equations relating oxygen consumption to
weight at various environmental temperatures. At
5.3°C (i.e. the temperature reported which was
closest to the preferred temperature), the data
suggest that the oxygen consumption (Q) was
related to the specimen weight (W) in the follow-
ing manner:

Q (mlO, - specimen™'-h~")

0.845

=0.086- W (gwet)
(n=14and r=0.94).

Using this relationship and a basic chemical
gas law (i.e. PV =nRT), we estimated that P.
hoyi in Lake Ontario would consume 204 J -m ™2
-d™! through the process of metabolism. The
difference between this value and the value calcu-
lated using information from Johannsson et al.
(1985) was less than 10%, and we decided to use
the value determined by the information col-
lected from Lake Ontario (Johannsson et al.,
1985).

Excretion / egestion

The literature search failed to produce any
insight into the egestion and excretion rates of
this particular organism and therefore it was esti-
mated from values reported for Tubifex tubifex.
Welch (1968) reported that the assimilation effi-
ciency (i.e. the amount of energy utilized for
growth and respiration) of Tubifex tubifex was
50% of the total energy consumed. Thus, we also
assumed that the egestion/excretion rate for P.
hoyi was 50% of its total energy consumption.

Consumption

Using Eq. 1 we calculated Pontoporeia in Lake
Ontario consume 577 J-m~2-d~'. Although P.
hoyi consumes a variety of material (i.e. bacteria,
diatoms, detritus), the importance of these com-
ponents in its diet has yet to be determined
(Dermott and Corning, 1988). Flint (1986) as-
sumed that this amphipod obtained 100% of its
nutritional energy from phytoplankton since his
model did not contain a detritus compartment.
Conversely, Parker (1980) stated that P hoyi
obtains the majority of its dietary needs from the
consumption of detritus. Johnson (1987) observed

that P. affinis (the palaeartic form of Pontopor-
eia) from a mesotrophic lake near Stockholm
consumed on average 97.6% detritus by volume.
Due to the scarcity of information on the feeding
habits of P. hoyi in Lake Ontario, we assumed
that this organism obtains 100% of its nutritive
energy from detrital material. We considered any
settling phytoplankton consumed to be detritus,
which seems reasonable at the selected preferred
temperature.

3.7. Slimy sculpin

Biomass

The extensive literature search only turned up
two articles that estimated the standing stock of
slimy sculpin in Lake Ontario. Gray (1979) pro-
posed that there was a minimum of 2502 t of
slimy sculpin in the U.S. waters of Lake Ontario.
However, a more recent estimate of slimy sculpin
biomass was reported by Flint (1986). The 1985
biomass was estimated at 7.89 X 10® g (wet) in a
monitored area of approximately 7.28 X 10° m?
(in the U.S. waters). Assuming that the energy
content of the organism was 5743 J - g~ ! (Rottiers
and Tucker, 1982), we concluded there was ap-
proximately 622 J-m 2 of slimy sculpin in Lake
Ontario.

Production

No published literature concerning measured
production rates of slimy sculpin could be lo-
cated. In spite of this lack of data, it has been
estimated (Flint, 1986; Borgmann, 1985) that the
planktivores of Lake Ontario possess an annual
production—biomass ratio of 1. With this assump-
tion, we estimated that the slimy sculpin pro-
duced 0.108 g-m 2-yr ! or1.70 J-m~?-d" .

Respiration / SDA

The following estimations regarding the energy
losses from respiration, excretion, and egestion by
slimy sculpin are extremely uncertain. There is
virtually no literature regarding the bioenergetics
of this species, thus, we substituted the model for
northern pike (Hewett and Johnson, 1987) and
rationalized this by the fact small-sized northern
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pike are planktivores. Assuming the mean size of
Lake Ontario slimy sculpin was 10 g (wet), we
calculated that the slimy sculpin would consume
242x107% g O,-g7'-d~! (Hewett and John-
son, 1987), at its preferred temperature of 5°C
(Coutant, 1977). We converted this to 3.54 J-
m~%-d”! using an oxycaloric value of 13560
J-g~' O, (Elliott and Davison, 1975).

Manipulation of the bioenergetic equations
presented in the report (Hewett and Johnson,
1987) yielded the observation that the energy lost
for the process of food metabolism was equal to
11.5% of the total energy consumption.

Excretion / egestion

No literature on the excretion and egestion
rates of slimy sculpin could be located. However,
Warren and Davis (1967) reported that the aver-
age assimilation efficiency of the sculpin C. per-
plexus was 81.9% of its total consumption. We
accepted this value for the slimy sculpin and
yielded an egestion rate of 18.1% of the con-
sumed material. Excretion studies are also absent
from the published literature and it is thus neces-
sary to use the rate of 5.7% calculated from the
model for northern pike (Hewett and Johnson,
1987).

Consumption

Literature regarding the diet components of
slimy sculpin from Lake Ontario is scarce. Brandt
(1986a) investigated the diet of slimy sculpin from
Lake Ontario during October. He reported the
stomach contents of sculpin collected from the 35
m depth were 87% P. hoyi and 3.2% mysids by
volume. Similarly, at 75 m, the proportions were
79.6% and 18.9%. Other components in the diet
included insects, isopods, fingernail clams, and
fish eggs (Brandt, 1986a).

In comparison, a study (Wells, 1980) on Lake
Michigan slimy sculpin (40-99 mm in length) in
1965-1966 implied that the diet was made up of
96% P. hoyi. Wells (1980) reported that other
prey for the slimy sculpin in Lake Michigan in-
clude fingernail clams, ostracods, immature
midges, and fish eggs. Assuming that the energy
intake of food items other than P. hoyi and
mysids is minimal with respect to total energy

intake, we assumed that the diet of slimy sculpin
from Lake Ontario consisted of approximately
85% P. hoyi and 15% M. relicta, in terms of total
volume. This estimate was similar to the 82% and
18% estimates of Flint (1986), however the arrival
at these estimates was not similar. Flint seems to
have misinterpreted the information presented in
Brandt (1986a); he has used percent occurrence
(i.e. the percentage of fish containing the item) to
estimate the diet composition.

The total consumption (Eq. 1) of the slimy
sculpin in Lake Ontario was 8.10 J-m 2-d~".
Using previously stated energy contents for mysids
and P. hoyi and the above estimated diet, we
calculated that the daily intake by slimy sculpin
was 1.30 J-m~2 of M. relicta and 6.80 J-m™~? of
P. hoyi.

3.8. Rainbow smelt

The energetics of rainbow smelt was calculated
in a manner different from all other fishes in this
food web model. Since an average lakewide con-
sumption by rainbow smelt in Lake Ontario was
available (D. Stewart, pers. commun.), we used
this information directly (rather than calculating
consumption using Eq. 1). Virtually no informa-
tion was found on the respiration of this species,
thus it was necessary to calculate it by the substi-
tution of the remaining known parameters into
Eq. 1.

Production

No published literature concerning measured
production rates of rainbow smelt could be lo-
cated. In spite of this lack of data, it has been
estimated (Borgmann, 1985; Flint, 1986) that the
planktivores of Lake Ontario possess an annual
production-biomass ratio of 1. Recent research
by Stewart et al. (pers. commun.) has suggested
that the production by rainbow smelt was 0.464
g-m~2-y~! or an equivalent annual produc-
tion—biomass ratio of 1.1. We calculated this pro-
duction rate to be equal to 8.46 J-m~2-d~ L

Biomass
Rainbow smelt in Lake Ontario is a key prey
species (Brandt, 1986b; Brandt and Madon, 1986)
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and it supplies much of the energy to the higher
trophic levels. Currently the abundance of smelt
in Lake Ontario is high (Kerr and LeTendre,
1991), although the total biomass is low (Kerr and
LeTendre, 1991; D. Stewart, pers. commun.) due
to the smaller and younger smelt present.

The biomass of rainbow smelt was estimated
by utilization of recent research by Stewart et al.
(pers. commun.). Application of their estimated
annual production-biomass ratio to their esti-
mated production rate (see above) allowed us to
calculate a biomass of approximately 0.422 g-
m~2. Assuming that the energy content of rain-
bow smelt was 6656 J - g~ ! (Rottiers and Tucker,
1982), the total rainbow smelt in the lake .mea-
sured approximately 2.81 X 10®> J -m~2.

Excretion / egestion

Virtually no literature regarding the excre-
tion /egestion by rainbow smelt could be located,
thus we substituted the model for northern pike
(Hewett and Johnson, 1987) with the rationale
that both rainbow smelt and northern pike are
from the order Salmoniformes. We calculated
that the northern pike egestion and excretion
rates as 20% and 5.6% of consumption, and we
adopted these values for rainbow smelt.

Consumption

The annual consumption rate (D. Stewart, pers.
commun.) by rainbow smelt in Lake Ontario was
reported to be 2.977 g-m 2, or approximately
816 x 1073 g-m~2-d~". The diet of rainbow
smelt from Lake Ontario has yet to be docu-
mented (Mathers and Stewart, 1990), although its
consumption of both Mysis and Pontoporeia has
been investigated (Brandt and Madon, 1986).
Limited dietary information has also been pub-
lished for rainbow smelt from the Bay of Quinte
(Hurley, 1986). J. Elrod (pers. commun.) sug-
gested that the diet of rainbow smelt consisted of
10% Mysis, 40% P. hoyi and 50% zooplankton,
with respect to weight.

Through application of this suggested diet to
the overall consumption value (see above), we
calculated the rainbow smelt in Lake Ontario
would consume 8.16 X 10™* g-m~2-d~! of My-
sis, 326 X 1073 g-m2-d~! of Pontoporeia, and

408%x107° g-m™2-d~" of zooplankton. Using
previously stated energy contents of these groups
of organisms, we computed these to be equivalent
to a daily energy intake of 3.76 J-m™2 Mysis,
13.7 J-m~2 Pontoporeia, and 8.36 J-m~? zoo-

plankton.

Respiration / SDA

Using Eq. 1 we calculated that the rainbow
smelt in Lake Ontario used approximately 10.7
J-m~2-d"! for metabolic processes (i.e. respira-
tion and SDA). By assuming an oxycaloric value
of 13560 J-g~! O, (Elliott and Davison, 1975),
this value equated to approximately 7.89 X 107 g
0O, m2-d ' or349x107*g0,-g'-d "

3.9. Alewife

Biomass

Alewife is the most important and abundant
forage fish in the Lake Ontario ecosystem
(Johannsson and O’Gorman, 1991) and signifi-
cant amounts of literature have been published
about this organism. The biomass of alewife in
Lake Ontario has been estimated (Gray, 1979;
O’Gorman and Schneider, 1986; O’Gorman et
al., 1987; Bergstedt and O’Gorman, 1989) for a
number of years.

Gray (1979) reported an estimated 25546 t of
alewife in the U.S. waters of Lake Ontario in
1978. However, due to the sharp fluctuations in
the population size of alewife (Sonzogni et al,,
1983), we chose to utilize data which encom-
passed a number of years, rather than data from
a single year.

Standing stocks in the U.S. waters of Lake
Ontario were approximated by monitoring from
late April to early May in the years 1978 through
to 1985 (O’Gorman et al., 1987). From this moni-
toring program, we estimated there was 8.41 X
10'° g of adult alewife in the U.S. waters (9.1 X
10° m?), or 9.24 g-m~2 Similarly, there was
3.60 x 10° g of yearlings, or 0.396 g- m~2.

The seasonal variation of caloric content of
alewife in Lake Michigan has been reported by a
variety of researchers (Rottiers and Tucker, 1982;
Flath and Diana, 1985; Stewart and Binkowski,
1986). For the period April to November, it was
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calculated that the energy content of alewife in
Lake Michigan was roughly 6900 J-g~! (calcu-
lated from Stewart and Binkowski, 1986; Flath
and Diana, 1985; Rottiers and Tucker, 1982).
However, J. Elrod (pers. commun.) advised that
the energy value for alewives was much smaller in
Lake Ontario than in Lake Michigan; we esti-
mated that the alewife in Lake Ontario had an
energy content of 6000 J-g~'. Using this value
for energy content, we estimated that the stand-
ing stock of alewives in Lake Ontario was 5.78 X
10* J-m~2; 5.54 x 10* J-m~2 of adult alewife
and 2.37 X 10 J - m~2 of yearlings.

Production

No published literature concerning measured
production rates of alewife in Lake Ontario could
be located. However, Brandt (1980) has reported
an annual production to biomass ratio of 1.56 for
the alewife in Lake Michigan. Adopting this rate
for the Lake Ontario alewife we estimated that
the adult alewife produced approximately 237
J-m 2-d~! while the juvenile produced 10.1
J-m~2-d7L

Respiration / SDA

Assuming that the mean size of Lake Ontario
adult alewife was 32 g (wet) (estimated using data
presented in Stewart et al., 1983), we calculated
that the adult alewife would consume 2.09 X 1072
g O,-g7!-d ! (Stewart and Binkowski, 1986), at
a preferred temperature of 16°C (Stewart and
Binkowski, 1986). We converted this value to
0.193 g-m~2-d" !, and assuming an oxycaloric
value of 13560 J-g~! O, (Elliott and Davison,
1975), we computed a daily energy consumption
of 2620 J-m~2-d ! for respiratory processes.

Similarly, we computed that the juvenile
alewife would consume oxygen at a rate of 0.175
g 0, g 1-d™!, assuming a average weight of 5.9
g (wet) (estimated using data presented in Stew-
art et al., 1983) and a preferred temperature of
20°C (Stewart and Binkowski, 1986). We con-
verted this oxygen consumption rate to an energy
consumption rate of 940 J-m~2-d~ .,

Energy used for the process of food metabolism
was modelled separately from respiration (Stewart
and Binkowski, 1986). Manipulation of the equa-

tions presented in the report yield the observa-
tion that the energy lost to this process was equal
to 14.7% of the total energy consumption for
both the juvenile and adult alewife.

Excretion / egestion

The bioenergetic model (Stewart and
Binkowski, 1986) for alewife suggested that the
egestion and excretion rates were 16% and 8.4%
of consumption, respectively. We used these pa-
rameters for all alewife in Lake Ontario.

Consumption

The composition of the alewife diet has been
investigated by many researchers (Gannon, 1976;
Brandt, 1980; Wells, 1980; Brandt et al., 1987;
Hewett and Stewart, 1989; Keilty, 1990), with a
large majority of data from Lake Michigan. Young
alewives from Lake Michigan feed almost exclu-
sively on copepods, Daphnia and Bosmina
(Brandt, 1980). Midwater trawls from Lake
Michigan (Wells, 1980) implied that alewife less
than 179 mm obtained 90-100% of their nutri-
tion from zooplankton organisms. Data presented
in Hewett and Stewart (1989) suggested that the
average vyear round consumption by young
alewives was approximately 95% zooplankton, 4%
P. hoyi, and 1% Mpysis with respect to weight.
Using this same study (i.e. Hewett and Stewart,
1989), we estimated the adult diet to be 60%
zooplankton, 30% P. hoyi, and 10% Mysis. Pre-
dation upon yellow perch has also been observed
(Brandt et al., 1987) in the castern portion of
Lake Ontario, although the percent occurrence is
relatively low (0-41%).

The above estimated diets (i.e. from Hewett
and Stewart, 1989) were converted to portions
with respect to energy through application of the
assumed energy values for each compartment (see
Table 2 for conversion values). Thus, the diet of
adult alewife was assumed to consist of 42%
zooplankton, 43% P. hoyi, and 15% Mysis with
respect to energy, while the juvenile alewife diet
was computed as 90% of zooplankton, 8.0% of P.
hoyi, and 2.0% of Mysis.

Using Eq. 1 we calculated that the adult alewife
in Lake Ontario required approximately 4820 J -
m~2-d~ ! Thus, the daily intake by the Lake



E. Halfon et al. / Ecological Modelling 86 (1996) 1-36 21

Ontario adult alewives was approximately 2020
J-m~? of zooplankton, 2070 J-m % of Ponto-
poreia, and 723 J-m~2 of Mysis.

Similarly, we computed that the juvenile
alewife would consume about 1600 J-m~2-d~};
1440 J-m~%-d~! of zooplankton, 128 J -m™2-
d=! of P. hoyi, and 32.0J-m~2-d~! of Mysis.

3.10. Salmonids

The portion of the food web dealing with both
the trout and salmon species is extremely specu-
lative. Very little significant data regarding these
top predators in Lake Ontario have been pub-
lished; many inferences have been made, thus
resulting in the information on these species be-

Table 4

(a) Salmonid stocking in 1990 and (b) salmonid harvest in 1989

ing truly rough estimates (and often not based on
any realistic published data values).

Stocking imports

The Lake Ontario fish stocking program an-
nual report presents the number of fishes stocked
by both the New York State Department of Envi-
ronmental Conservation and the Ontario Ministry
of Natural Resources. The 1991 report (Savoie
and LeTendre, 1991) provided stocking numbers,
in addition to the number of fish per pound, at
various locations around the lake for the year
1990. Manipulation of the data presented in the
report enabled us to calculate the total mass of
each species stocked. The annual stocking rates
in 1990 are presented in Table 4a.

(a) Salmonid stocking

Species Stocking Calculated mean Calculated mean Stocking

(kg-m~Z-yr ) weight (g wet) energy density J-m~2-d71H
(J-g7 " wet)

Rainbow 7.75 %1077 63 5895 0.0125

trout

Brown 256 % 10°° 59 5883 0.0414

trout

Lake 3.77x107° 29 5791 0.0608

trout

Chinook 8.19x 1077 5 5768 0.0132

salmon

Coho 5.56 x 1077 16 5780 0.00898

salmon

(b) Salmonid harvest

Species # harvested Assumed mean Calculated mean Harvest
weight (g wet) density (J- g~ wet) energy (J-m~2-d™ 1)

Rainbow 96114 3870 12105 0.633

trout

Brown 49874 3270 11638 0.267

trout

Lake 45972 4350 12479 0.351

trout

Chinook 231266 7880 11751 3.01

salmon

Coho 36122 3420 9137 0.159

salmon
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In order to convert the stocking rates to energy
units (i.e. Joules), it was necessary to obtain an
estimate of energy density. Weighted mean mass
for the individual organism was computed for
each species (i.e. using fish per pound data, and
number of organisms data from Savoie and Le-
Tendre, 1991) (see Table 4a). We then applied
these weights to the appropriate formulas to cal-
culate an estimated energy content for fish of
these respective sizes (Table 4a), and thus esti-
mated respective stocking rates in energy terms
(Table 4a).

Fishing exports

Removal of salmonids from Lake Ontario due
to harvest have been presented by Kerr and Le-
Tendre (1991) (Table 4b). It was necessary to
convert these numbers of fish to an approximated
mass, in order to estimate the energy associated
with the harvests. Brandt (1986b) reported maxi-
mum and minimum weights of each species taken
during fishing tournaments in 1983 and 1984.
Assuming that the weights of the fish caught were
normally distributed, we computed the mean mass
of the fish removed from the lake, and assumed
this mass to be the average mass of the fish taken
from the lake in 1989 (Table 4b). We then ap-
plied these weights to the appropriate formulae
to calculate an estimated energy content for fish
of these respective sizes (Table 4b).

The next process in the computation of the
energy harvested from the lake was to apply the
calculated mass and energy content to the esti-
mated numbers removed for each species. As a
result, we computed the rate of salmonid removal
from the lake in 1989 in terms of energy (Table
4b).

Diet

Adult / juvenile. Feeding habits of the Great Lake
adult salmonids have been reported for numerous
past years (Dryer et al., 1965; Harney and Nor-
den, 1972; Wismer, 1983; Brandt, 1986b; Christie
et al., 1987; Jude et al., 1987; Olson et al., 1988;
Diana, 1990). We concluded from these data that
adult salmonids from Lake Ontario feed primar-
ily on alewife and smelt. Olson et al. (1988)

presented dietary information on lake trout,
brown trout, and chinook salmon for the sum-
mers of 1981 and 1982 taken from the south-
central portion of Lake Ontario. However, Jude
et al. (1987) reported diet data on Lake Michigan
adult salmonids from 1973 to 1982 for all seasons,
and thus, we choose to apply the results from this
study to the food web model. Analyses of the
information presented in Jude et al. (1987) lead
us to the estimated diets presented in Table
Sa—e. Conversion of weight proportions to energy
values were facilitated through application of es-
timated energy values for the selected dietary
components (see Table 2).

Studies on the diets of juvenile salmonids from
the Great Lakes (Harney and Norden, 1972; El-
rod, 1983; Jude et al., 1987; Olson et al., 1988;
Diana, 1990; Elrod and O’Gorman, 1991) lead us
to conclude that the majority of juvenile salmonids
prey upon benthic invertebrates, small alewife,
and rainbow smelt. We chose to base our esti-
mated juveniles diets (with the exception of juve-
nile lake trout) on the data presented in Jude et
al. (1987) because it studied stomach contents
from 1973 to 1982 for all seasons.

Biomass

To estimate the total biomass of salmon and
trout in Lake Ontario, the total biomass of the
prey species (i.e. alewife, rainbow smelt, and slimy
sculpin) was utilized. We assumed that ten per-
cent of this total, 1.02 g-m~2, was the total
biomass of the top predators.

Due to lack of published data on the relative
proportion of each species, an estimation was
necessary. Although probably not very realistic,
the assumed top predator biomass was divided
equally into the five species of trout and salmon.
We also assumed that each compartment con-
sisted of 10% juveniles and 90% adults by weight.
Thus, all top predator compartments were esti-
mated to consist of 0.184 g-m~?2 of adults and
0.0204 g-m~? of juveniles.

3.11. Lake trout

Biomass
The standing stock of adult lake trout in Lake
Ontario was assumed to be 0.184 g-m~2 (see
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above calculations). With an average weight of
500 g (dry) (Borgmann, 1985), we calculated an
average energy content of 10646 J - g~! (Stewart
et al., 1983). These assumptions resulted in an
estimated standing stock of 1950 J - m 2.

The standing stock of juvenile lake trout was
assumed to be 0.0204 g-m 2. We calculated an
average energy content of 6502 J - g~ ! (Stewart et
al., 1983), by assuming the average weight of the
organism was 260 g (wet) (Stewart et al., 1983).
These assumptions resulted in juvenile standing
stock of 133 J-m~2.

Production

Stewart and Ibarra (1991) reported an annual
production—biomass ratio of 0.6 for lake trout in
Lake Michigan. Applying this ratio to the esti-
mated biomass, we calculated that the daily pro-
duction by the adult and juvenile lake trout were
3.21 and 0.218 J - m 2, respectively.

Respiration / SDA

Using a bioenergetic model for lake trout from
Lake Michigan (Stewart et al., 1983), we com-
puted that the adult lake trout would consume
923x107%* g 0Q,-g~1-d"!, at its preferred tem-
perature of 10.1°C (Olson et al., 1988). We con-
verted this value to 1.70 g O? m~2-d~', and
assuming an oxycaloric value of 13560 J- g~ O,
(Elliott and Davison, 1975), further calculations
resulted in an energy consumption rate of 2.30
J-m~2-d~! for respiratory processes by adult
lake trout.

Using the same model (Stewart et al., 1983)
and assumptions we computed that the juvenile
lake trout would consume 1.68 X 107° g O, g™!
-d~!. We converted this value to 3.43 x 1077
g-m2-d" L or0465J-m2-dL

Manipulation of the bioenergetic equations
(Stewart et al., 1983) yielded the observation that
the energy lost to the process of food metabolism
was equal to 14.1% of the total energy consump-
tion for both adults and juveniles.

Excretion / egestion

The bioenergetic model for lake trout sug-
gested that the egestion and excretion rates for
both adults and juveniles were 18.2% and 7.3%

Table 5

Calculated diets for (a) lake trout, (b) coho salmon, (c¢) chi-
nook salmon, (d) brown trout and (e) rainbow trout from Lake
Ontario in terms of both weight and energy

Dietary item Portion by weight Portion by energy
adult juvenile adult juvenile
(a) Lake trout
alewife 0.90 0.20 0.89 0.20
sculpin 0.00 0.55 0.00 0.52
smelt 0.10 0.25 0.11 0.28
benthos 0.00 0.00 0.00 0.00
(b) Coho salmon
alewife 0.90 0.20 0.89 0.25
sculpin 0.00 0.30 0.00 0.37
smelt 0.10 0.00 0.11 0.00
benthos 0.00 0.50 0.00 0.38
(c) Chinook salmon
alewife 0.90 0.65 0.89 0.70
sculpin 0.00 0.20 0.00 0.21
smelt 0.10 0.00 0.11 0.00
benthos 0.00 0.15 0.00 0.09
(d) Brown trout
alewife 0.85 0.40 0.84 0.43
sculpin 0.05 0.20 0.05 0.21
smelt 0.10 0.20 0.11 0.23
benthos 0.00 0.20 0.00 0.13
(e} Rainbow trout
alewife 0.85 0.35 0.85 033
sculpin 0.02 0.00 0.02 0.00
smelt 0.10 0.65 0.11 0.67
benthos 0.03 0.00 0.02 0.00

Percent by weight of dietary items for adult calculated using
data from Jude et al., 1987.

Percent by energy of dietary items calculated by the applica-
tion of assumed energy content for dietary items to the
estimated percent by weight (see Table 2).

of consumption, respectively (Stewart et al., 1983).
We adopted these parameters for the lake trout
from Lake Ontario.

Consumption

Using Eq. 1 we calculated that the adult lake
trout in Lake Ontario consumed 9.12 J-m~2-
d~'. Applying the diet composition we assumed
for adult lake trout (Table 5a) we calculated that
the adult lake trout utilize approximately 1.00
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J-m~2-d~! of rainbow smelt, and 8.12 J -m~2-
d~! of alewife.

Using Eq. 1 we calculated that the juvenile
lake trout in Lake Ontario consumes approxi-
mately 1.13 J-m~?-d~!. Application of the as-
sumed diet for juvenile lake trout (Table 5a), we
calculated that it exploited approximately 0.316
J-m~2-d! of rainbow smelt, 0.588 J-m~2-d~!
of slimy sculpin, and 0.226 ] -m~2- d~! of alewife.

Summary

We estimated that the total lake trout popula-
tion was 2080 J-m 2, while the production rate
was about 3.43 J-m~2-d"'. Stocking added
0.0608 J-m~2-d~!, while harvest removed 0.351
J-m~2-d~!. Respiration and SDA energy to-
talled 421 J-m~2-d~! for the lake trout popula-
tion, while daily excretion and egestion losses
amounted to 2.61 J-m 2. Daily nutritional re-
quirements for both juvenile and adult lake trout
were met by the consumption of 1.32 J-m~?2 of
rainbow smelt, 0.588 J - m 2 of slimy sculpin, and
8.35 J-m~? of alewife.

3.12. Coho salmon

Biomass

The standing stock of adult coho salmon in
Lake Ontario was assumed to be 0.184 g-m™2.
Assuming that the average weight of an adult
coho salmon from Lake Ontario was 250 g (dry)
(Borgmann, 1985), and the dry weight was 25%
the wet weight, we calculated an average energy
content of 6750 J-g~! using a relationship re-
ported by Stewart and Ibarra (1991). This pro-
duced an estimated standing stock energy of 1240
J-m™2

The standing stock of juvenile coho salmon
was about 0.0204 g-m™~2. The average weight of
juvenile coho salmon from Lake Ontario was not
found in the published literature. We approxi-
mated the weight as 160 g (wet), using an age—
weight relationship (Niimi, 1981). Applying this
estimated body weight to a relationship between
energy value and body size, we calculated that
the average energy content was 5922 J-g~!
(Stewart and Ibarra, 1991). Application of this

energy value to the standing stock resulted in an
estimated standing stock energy of 121 J-m™2.

Production

Stewart and Ibarra (1991) reported an annual
production—biomass ratio of 1.15 for coho salmon
in Lake Michigan. Applying this ratio to the
estimated biomass, we calculated that the daily
production was approximately 391 J-m~2-d~!
by adult and 0.381 J-m~2-d~! by the juvenile
coho salmon.

Respiration / SDA

Using a bioenergetics model (Hewett and
Johnson, 1987), we calculated that the adult coho
salmon would consume 1.41x107% g O,-g~!-
d~!. This calculation was computed at a pre-
ferred temperature of 12°C (Stewart and Ibarra,
1991). We converted the rate of oxygen consump-
tion to 2.60 X 10 * g O,-m 2-d~!, and assum-
ing an oxycaloric value of 13560 J-g~' O, (EI-
liott and Davison, 1975), we estimated an energy
consumption rate of 3.52J-m~2-d ™! for respira-
tory processes.

Using the same assumptions and bioenergetic
model (Hewett and Johnson, 1987), we calculated
that the juvenile coho salmon would consume
208x107% g O,-g '-d~.. We converted the
rate of oxygen consumption to 424 X 1073 g O, -
m2-dLor0575]-m2-d° L,

We estimated the energy used for the process
of food metabolism through manipulation of the
bioenergetics equations (Hewett and Johnson,
1987). We calculated this process required 14.2%
of the total energy consumption for adults, and
13.7% for juvenile coho salmon.

Excretion / egestion

The bioenergetics model for coho salmon
(Hewett and Johnson, 1987) suggested that the
egestion and excretion rates for adults were 17.2%
and 8.2% of consumption, respectively. Similarly,
manipulation of the equations also suggested that
the egestion and excretion rates of juvenile coho
salmon were 20.1% and 7.9% of consumption,
respectively. We adopted these values for the
coho salmon from Lake Ontario.
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Consumption

Using Eq. 1 we calculated that the adult coho
salmon in Lake Ontario required 12.3 J-m~2-
d~!. Applying the diet of adult coho salmon (see
Table 5b), we computed that the adult coho
salmon in Lake Ontario utilized approximately
1.35 J-m~2-d! of rainbow smelt, and 10.9 J -
m~2-d~! of alewife.

By application of Eq. 1 we calculated that the
juvenile coho salmon in Lake Ontario consumed
1.64 J-m~2-d~". Assuming the diet of juvenile
coho salmon (Table 5b), we figured that the juve-
nile coho salmon exploited approximately 0.623
J-m 2-d7! of benthic invertebrates, 0.607 J -
m~2-d~" of slimy sculpin, and 0.410 J - m2-d~!
of alewife.

Summary

The total coho salmon population was about
1360 J - m~2, while the daily production rate was
approximated at 4.29 J-m~2. Stocking added
0.00898 J - m~? to the lake per day, while harvest
removed 0.159 J - m~2. Respiration and SDA en-
ergy totalled 6.07 J-m~2-d~! for the coho
salmon population, while daily excretion and
egestion losses amounted to 3.58 J-m~2-d L
Daily nutritional requirements for both juvenile
and adult coho salmon were met by the consump-
tion of 0.623 J-m ?-d~! benthic organisms,
0.607J-m~2-d~ ! slimy sculpin, 1.35) -m~2-d~!
rainbow smelt, and 11.3 J-m~2-d~! alewife.

3.13. Chinook salmon

Biomass

Due to the absence of a published estimated
average weight for adult chinook salmon from
Lake Ontario, we assumed that the average weight
was approximately 4000 g (wet). The standing
stock of the adult chinook salmon in Lake On-
tario was about 0.1836 g- m 2. We calculated the
average energy content was 9710 J- g~ using a
relationship reported by Stewart and Ibarra
(1991), thus producing an estimated standing
stock of 1780 J-m™2.

The standing stock of juvenile chinook salmon
in Lake Ontario was about 0.0204 g-m 2. The
average weight of juvenile chinook salmon from

Lake Ontario was not found in the literature, and
we assumed it to be roughly 600 g (wet). Applica-
tion of this estimated body weight, to a relation-
ship between energy value and body size (Stewart
and Ibarra, 1991), resulted in a calculated aver-
age energy content of 6360 J-g~'. Using this
estimated energy value in association with the
standing stock value yielded a standing stock en-
ergy of approximately 130 J - m~2.

Production

Stewart and Ibarra (1991) reported an annual
production-biomass ratio of 1.6 for chinook
salmon in Lake Michigan. Applying this ratio to
the estimated biomass, we calculated that the
production was approximately 7.81 J-m 2-d~!
by adult and 0.569 J-m~2-d~"' by the juvenile
chinook salmon.

Respiration / SDA

Using a bioenergetics model (Hewett and
Johnson, 1987), we calculated the adult chinook
salmon would consume 9.89 X 107* g O,-g -
d~ !, at a preferred temperature of 11°C (Stewart
and Ibarra, 1991). Using the biomass computed
above, we found a rate total of 1.82x 107% g
O, -m~?-d"', and assuming an oxycaloric value
of 13560 J-g~! O, (Elliott and Davison, 1975),
we computed an energy consumption rate of 2.46
J-m~2-d™~! by adults for respiratory processes.

Similarly, we calculated that the juvenile chi-
nook salmon would consume 237 x 107 % g O, -
g~'-d7!, at a preferred temperature of 18°C
(Stewart and Ibarra, 1991). We converted this
value to 4.84 x107° g O,-m~*-d" !, or 0.656
IT-m2-d7%

We computed the energy used for the process
of food metabolism through manipulation of the
bioenergetic equations (Hewett and Johnson,
1987). We found that this process required 14.2%
of the total energy consumption for adults and
14.5% for juveniles.

Excretion / egestion

The bioenergetic model (Hewett and Johnson,
1987) for adult chinook salmon suggests that the
egestion and excretion rates were 17.7% and 7.7%
of consumption, respectively. We used these pa-
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rameters for adult chinook salmon in Lake On-
tario.

Similarly, we adopted the respective values of
16.0% and 10.5% for the egestion and excretion
rates by juvenile chinook salmon.

Consumption

Using Eq. 1 we computed that adult chinook
salmon in Lake Ontario consumed 17.0 J-m~2-
d~!. Application of the assumed diet (Table 5c),
we computed that the adult chinook salmon in
Lake Ontario would utilize approximately 1.87
J-m~2-d~! of rainbow smelt, and 15.1 J-m~2-
d~! of alewife.

Similarly, we calculated that the juvenile chi-
nook salmon in Lake Ontario consumed 2.07
J-m™2-d710.186J-m~2-d ! of benthic organ-
isms, 0.435J-m~2-d ™! of slimy sculpin, and 1.45
J-m~2-d! of alewife.

Summary

We evaluated that the total chinook salmon
population was 1910 J - m~2, while the daily pro-
duction rate was approximated at 8.38 J-m 2.
Stocking of chinook salmon added 0.0132 J - m 2
-d™! to the lake, while harvest removed 3.01
J-m~2-d~!. Respiration and SDA energy to-
talled 5.83 J-m 2-d~! for the chinook salmon
population, while daily excretion and egestion
losses amounted to 4.86 J - m 2. Daily nutritional
requirements for both juvenile and adult chinook
salmon were met by the consumption of 0.186
J-m~? benthic organisms, 0.435 J-m~2 slimy
sculpin, 1.87 J- m~2 rainbow smelt, and 16.6 J -
m~? alewife.

3.14. Brown trout

The energetics of brown trout was based on a
model which was different from the models uti-
lized for the other salmonids in Lake Ontario.
This model (Elliott, 1976) required the calcula-
tion of maximum consumption first, while the
population production was determined from the
estimation of all other parameters in the bioener-
getics equation (i.e. Eq. 1).

Respiration / SDA

The adult brown trout population in Lake On-
tario was assumed to be 0.1836 g- m 2. Assuming
an average weight of 2000 g (wet), a preferred
temperature of 13.4°C (Olson et al., 1988) and
using the bioenergetic equation (from Elliott,
1976), we calculated that the adult brown trout
would respire 104 cal-g7'-d" L, or 801 J-m~2%-
d-L

The juvenile brown trout population was as-
sumed to be about 0.0204 g-m~ 2. Assuming an
average weight of 260 g (wet) and, using the same
assumptions employed in the calculation for adult
brown trout, the juvenile brown trout would
respire 16.7cal- g !-d L or1.42J -m 2-d LIt
should be noted that both these values for respi-
ration encompassed all metabolic energy, includ-
ing SDA.

Consumption

Through application of the assumed tempera-
ture preference and body weight to the consump-
tion equation (Elliott, 1976), we computed that
the adult brown trout would consume 24.3 cal -
g~ '-d ', or18.7J-m~2-d~!. Applying the adult
brown trout diet (Table 5d), we calculated that
the adult brown trout utilized approximately 0.935
J-m~2-d ! of slimy sculpin, 206 J - m~2-d ! of
rainbow smelt, and 15.7 J-m~2-d~! of alewife.

Similarly, we computed that the juvenile brown
trout would consume 3.35 J-m~2-d~'; 0.436 J-
m 2-d! of benthic organisms, 0.704 J-m 2-
d~! of slimy sculpin, 0.771 J-m~2-d~! of rain-
bow smelt, and 1.44 J-m~2-d~! of alewife.

Excretion / egestion

Manipulation of the equations presented in
the bioenergetic model (Elliott, 1976) resulted in
a total egestion and excretion rate of 31.0% of
consumption, respectively. We adopted this rate
for both adult and juvenile brown trout from
Lake Ontario.

Production

Using Eq. 1 we calculated that the adult and
juvenile brown trout in Lake Ontario produced
4.89 and 0.890 J-m~2-d !, respectively.
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Biomass

The adult brown trout population in Lake On-
tario was assumed to be about 0.1836 g-m™2.
Data regarding the energy content of brown trout
was not located during the literature search. Thus,
we estimated the energy content of both adult
and juvenile to be approximately 7000 J-g~.
Through application of this assumption we com-
puted the standing stock energy of adult brown
trout was 1290 J - m™2.

Likewise, we calculated the estimated juvenile
brown trout standing stock of 0.0204 g-m 2 to
be approximately 143 J - m~2.

Summary

The total brown trout population was about
1430 J- m~2. The daily production rate was ap-
proximated at 5.78 J- m™2. We found that stock-
ing added 0.0414 J-m~2-d~!, while harvest re-
moved 0.267 J-m~%-d~ !, Respiration (including
SDA) totalled 9.43 J-m 2-d~! for the brown
trout population, while daily excretion and eges-
tion losses amounted to 6.84 J - m™2. Daily nutri-
tional requirements were met by the consumption
of 0.436 J-m~? benthic organisms, 1.64 J-m™?2
slimy sculpin, 2.83 J-m ™2 rainbow smelt, and
17.1 J - m™? alewife.

3.15. Rainbow trout

No published literature on the bioenergetics of
rainbow trout in the Great Lakes was found, thus
we employed a model (Stewart et al., 1983) to
determine the estimates required to complete the
food web model for Lake Ontario. Obviously, the
model for lake trout or brown trout had to be
chosen. Initially we ran both models and the
results showed very little difference between the
two. The final choice was the lake trout model
(Stewart et al., 1983) since this model takes into
account the diet components, while the brown
trout model does not.

Biomass

The standing stock of adult rainbow trout was
assumed to be about 0.1836 g-m™2. Assuming
the average weight of the organism was 1000 g
(wet), we calculated that the average energy con-

tent to be 8780 J-g~! (Stewart et al., 1983).
These assumptions enabled us to calculate a
standing stock estimation of 1610 J - m ™2,

The standing stock of juvenile rainbow trout in
Lake Ontario was assumed to be 0.0204 g-m™2.
We calculated an average energy content of 6190
J- g7 ! (Stewart et al., 1983), assuming an average
weight of 160 g (wet). These assumptions resulted
in an estimated standing stock of 126 J-m™2.

Production

No published data on the production of rain-
bow trout in Lake Ontario was found. Keeping
with the decision to model this species after lake
trout, it was assumed that the production rate
was the same as that reported for lake trout.
Stewart and Ibarra (1991) reported an annual
production—biomass ratio of 0.6 for lake trout in
Lake Michigan. We applied this rate to the esti-
mated biomass and calculated that the adult and
juvenile trout produced approximately 2.65 and
0.208 J-m~?-d !, respectively.

Respiration / SDA

Using the bioenergetic model for lake trout
from Lake Michigan (Stewart et al., 1983), we
estimated that the adult rainbow trout would
consume 337X 1077 g O,-g~'-d™!, at a pre-
ferred temperature of 16.5°C (Coutant, 1977). We
converted the rate of oxygen consumption to 6.19
Xx107* g O, m™2-d"', and assuming an
oxycaloric value of 13560 J-g~! O, (Elliott and
Davison, 1975), we estimated an energy consump-
tion of 840 J-m~?-d~! for respiratory pro-
cesses.

Similarly, we computed that the juvenile rain-
bow trout would consume 5.43 X 107* g O, - g~ '-
d~'. We converted this rate of oxygen consump-
tionto 1.11 X 107* g O, -m %-d~!, or an energy
consumption of 1.50 J-m 2-d~ ! by juvenile
rainbow trout.

Energy used for the process of food metabolism
was modelled separately from the respiration
(Stewart et al., 1983). Manipulation of the equa-
tions presented in the report yiclded the observa-
tion that the energy lost to this process equalled
14.5% of the total energy consumption for both
adults and juveniles.
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Excretion / egestion

The bioenergetic model for lake trout sug-
gested that the egestion and excretion rates to-
talled 25.7% and 25.5% of consumption by the
adult and juvenile populations, respectively. We
adopted these parameters for rainbow trout from
Lake Ontario.

Consumption

Using Eq. 1 we calculated that the adult rain-
bow trout in Lake Ontario would consume 18.5
J-m~2-d~!. Application of the assumed diet
(Table 5¢) suggested that this energy consump-
tion was obtained from 0.370 J - m ?-d ! of ben-
thic organisms, 0370 J-m~2-d~! of slimy
sculpin, 2.04 J-m~2-d~! of rainbow smelt, and
157 J-m~2-d" ! of alewife.

Similarly, we computed that the juvenile rain-
bow trout would consume 2.85 J-m~2-d~!; 1.91
J-m~?-d~! of rainbow smelt, and 0.941 J-m 2"
d~! of alewife.

Summary

The total rainbow trout population was esti-
mated to be 1740 J - m 2, while the daily produc-
tion rate was 2.86 J - m 2. Stocking added 0.0125
J-m~2-d~! to the lake, while harvest removed
0.633 J-m~%-d~!. Respiration and SDA energy
totalled 13.0 J-m 2-d~! for the rainbow trout
population, while daily excretion and egestion
losses amounted to 5.48 J - m ~2. Daily nutritional
requirements for both juvenile and adult rainbow
trout were met by the consumption of 0.370 J -
m~? of benthic organisms, 0.370 J - m~2 of slimy
sculpin, 3.95 J-m™* of rainbow smelt, and 16.6
J-m™? of alewife.

4. The model

The food web of Lake Ontario just assembled
(Fig. 3) contains more information than the tradi-
tional “Who eats whom?”” ensemble of boxes and
arrows. Each arrow, or exchange, has been quan-
tified, and these weightings make the ensuing
network highly useful as a vehicle with which to
probe the functioning of the various system ele-
ments.

4.1. The NETWRK package

One widely-used tool with which to analyze
quantified ecosystem flow networks is the soft-
ware package NETWRK (Ulanowicz and Kay,
1991). NETWRK consists of four sections: The
first set of routines estimates the magnitudes of
both direct and indirect exchanges between any
pair of system elements. For example, one might
be interested to know how much of what leaves a
particular taxon eventually makes its way into any
other given compartment. Such “contributory”
fractions are especially helpful in assessing the
overall trophic efficiency of a foodweb.

4.2. Simulation results

In the analysis of the Lake Ontario food web
we investigated how much phytoplankton primary
production is eventually incorporated into a given
top predator and we found that of every 1000 J of
phytoplankton primary production, 3.4 J finally
reaches the chinook salmon via various trophic
pathways. Presently, we shall see that chinook
salmon feed, for the most part, at the fourth
trophic level. That means that the efficiency of
the Lake Ontario ecosystem in turning primary
production into chinook biomass is roughly three
times greater than what would be predicted using
the classical 10% rule, by which losses at each
trophic level are reckoned at 90%. The brown
trout and the coho salmon almost achieve the
10% efficiency (0.90 and 0.87 J, respectively), but
the lake and rainbow trout fall short (0.66 and
0.50 J produced).

NETWRK has also been used to assess the
fates of the two dominant inputs to the Lake
Ontario ecosystem. Autochthonous energy enters
the food chain as primary production by phyto-
plankton in the amount 8.5 X 10'* J /yr, almost
twice the amount of allochthonous energy that
flows into the system (4.63 X 10'* J/yr). Over
96% of the energy in primary production leaves
the system via only three sinks. The largest frac-
tion (43.6%) exits as detrital allochthonous en-
ergy. The two other major sinks are the respira-
tions by alewives (35.3%) and by zooplankton
(17.4%). The fate of imported allochthonous en-
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ergy is quite similar. Almost 75% of material that
enters the system as detritus leaves in the same
form. About 15.6% is respired by alewives and
another 7.4% by zooplankton. Very quickly, we
see the grazing chain phytoplankton /detritus
zooplankton alewife emerge as the ‘“backbone”
of the ecosystem.

4.3. Throphic structure of the network

Using similar matrix algebra techniques as were
used to calculate indirect bilateral relationships,
one may also elaborate the trophic structure of
the network. This can be done in either of two
ways: (1) The various trophic pathways leading to
each taxon can be weighted and averaged to
arrive at an estimate of the average trophic posi-
tion (usually a non-integer value) at which that
compartment feeds (Levine, 1980). (2) Alterna-
tively, one may calculate the fraction of a taxon’s
activity that reaches it over all pathways of a
given number of discrete steps and then assign
that fraction to the corresponding level in a se-
quential chain of transfers. That is, one may
essentially map the web of trophic interactions
into a linear chain of composite trophic levels
(Ulanowicz and Kemp, 1979; Higashi et al., 1989;
Ulanowicz, in press).

Regarding Fig. 3, it is no surprise that both
sets of calculations reveal essentially only four
trophic levels in the Lake Ontario ecosystem. The
“average trophic positions” of the five top carni-
vores, as determined by the first method, are all
slightly less than 4.0. The alewife, smelt and
sculpin all weigh in near 3.0, and the zooplankton
and Pontoporeia near 2.0. Only the benthos and
Mysis exhibit any significant degree of mixed-level
feeding, having averaged values near 2.25.

The result of mapping the web in Fig. 4 into a
straight chain of composite trophic levels and
accompanying recycles are depicted in Fig. 5. A
fifth trophic level appears in the figure to accom-
modate several feeding pathways with five steps
(for example, phytoplankton, zooplankton, Mysis,
rainbow, smelt, chinook, salmon); however, the
amounts flowing over these longest pathways are
quite small in comparison to overall trophic activ-
ity. In fact, there is a sharp drop-off in trophic

efficiencies at level III, presumably due to the
dominant role of respiration by alewives as a sink
for material out of the system.

One can also use Fig. 5 to compare the relative
rates of herbivory vs. detritivory for the system as
a whole. The former is represented by the arrow
from I to II in the amount 7.92 x 10 J/yr,
whereas the latter flows from the detrital com-
partment, D, to II at the rate of 5.29 X 10'* J /yr.
That is, herbivorous grazing exceeds detritivory
by about 50%. This ratio ranks Lake Ontario as a
system heavily dominated by the grazing chain. In
the Chesapeake ecosystem detritivory was greater
than herbivory by almost a full order of magni-
tude (Baird and Ulanowicz, 1989). Even in the
hydrographically similar Baltic Sea, detritivory ex-
ceeded herbivory by 47% (Ulanowicz and Wulff,
1991).

4.4. Recycling

The third analysis performed by NETWRK is
the elaboration of recycling activity according to
Ulanowicz (1983). In all, a total of 70 distinct,
simple pathways exist in Fig. 3 whereby material
leaves a compartment and returns there without
passing through any other compartment more
than once. Most of these pathways involve the 5
top predators; however, the cycles of greatest
intensities are found among the lower trophic
elements.

About 23% of total trophic activity (Finn, 1976)
in Lake Ontario involves the recycle of biomass,
almost identical to what occurs in the Baltic and
somewhat less than the 29.7% that transpires in
the Chesapeake (Ulanowicz and Wulff, 1991).
Ulanowicz (1984) has suggested that a high Finn
index of recycle could be symptomatic of the
stress imposed on an ecosystem. That the Chesa-
peake should be more stressed than either the
Baltic Sea or Lake Ontario, and that the latter
two should be comparably impacted agrees well
with our intuitive ranking of these three systems.
This interpretation however is not supported by
Christensen and Pauly (1993) who stated that the
higher the Finn index the higher the system over-
head (i.e. ecosystem stability sensu Rutledge et
al., 1976).
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All seventy cycles can be superimposed upon
one another to reveal the overall picture of recy-
cle activity in Lake Ontario (Fig. 6). It is interest-
ing that this composite nexus is dominated by the
pathway detritus zooplankton alewife chinook
salmon, which, save for the first element is identi-
cal to the phytoplankton zooplankton alewife chi-
nook salmon route that forms the backbone of
the residual (acyclic) flows. This overlap under-
scores the dominance of the grazing pathway, the
relative unimportance of benthic interactions, and
the keystone role that alewives play in the func-
tioning of the Lake Ontario ecosystem.

4.5. Analysis of topological indices

The final set of figures generated by NETWRK
pertains to the topological status of the trophic
network as a whole. The indices are generated by
applying information theory to the topology and
flow magnitudes of the network. Their complete
exegesis is not possible here and readers wishing
further details are referred to Ulanowicz (1986)
and Ulanowicz and Norden (1990).

One begins with a quantity called the develop-
ment capacity, which is proportional to the famil-
iar Shannon-Weaver index of diversity applied to
the individual flows (instead of to the component
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biomasses, as is the usual practice in ecology).
The diversity of flows in this network rendition of
the Lake Ontario ecosystem is 3.64 bits, which is
significantly higher than the same measure for
the Chesapeake (2.94) or the Baltic (3.10) webs,
which were cast at a comparable level of resolu-
tion. An intuitive meaning for the development
capacity is that it is a measure of how compli-
cated the topology is.

Of course, things can be complicated in either
an ordered or a disorganized way. Ulanowicz and
Norden (1990) show how the development capac-
ity can be decomposed into five distinct compo-
nents. The key component is called the ascen-
dency, which may be thought of as a measure of
how tightly constrained are the trophic linkages.
The ascendency is also inversely related to what
ecologists call the “trophic breadth” exhibited by
a predator. All of which implies that a network
where most components are trophic specialists
would have a large ascendency component, and
vice-versa. The development capacity of the Lake
Ontario network consists 41.4% of ascendency,
which is a lower fraction than was found in either
the Chesapeake (49.5%) or the Baltic (55.6%).

Three other components of the development
capacity are generated by the exogenous trans-
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Fig. 6. All seventy cycles present in the food web are superimposed upon one another to reveal the overall picture of recycle activity

in Lake Ontario.
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fers, i.e., by the system inputs, exports and dissi-
pations, respectively. The fractions of capacity
encumbered by these flows will vary both in pro-
portion to their relative magnitudes vis-a-vis over-
all activity and inversely to how “evenly” these
flows are distributed among the compartments.
That is, if inputs happen to be a large fraction of
overall activity, this fact will contribute to a higher
input component of the overall capacity. This
component magnitude also would be abetted if
total input were spread evenly among the com-
partments; however, it would be attenuated if the
inputs entered only few of the compartments. (It
would be identically zero if all inputs entered
through only one compartment).

With this as background, we note that the
input (9.8%) and export (3.0%) components of
capacity in Lake Ontario are greater than their
respective counterparts in the Chesapeake (2.6%
inputs, 0.4% exports) or in the Baltic (0.9% in-
puts and 0% exports). Such difference appears
due mostly to the greater relative dispersion of
inputs and exports among the various compo-
nents of the Lake Ontario ecosystem. The in-
equality reverses itself radically, however, when
we look at dissipations, where the 8% figure for
Lake Ontario is significantly less than the 19.4%
and 21.4% fractions for the Chesapeake and the
Baltic. As we remarked above, in Lake Ontario
the preponderance of dissipations issues from
only the alewife and zooplankton compartments,
a situation that yields a low dissipation compo-
nent for the lake ecosystem.

The final component of the capacity repre-
sents the multiplicity of pathways between two
arbitrary system compartments whence the name
“redundancy” given to this fraction. As one might
expect, ascendency and redundancy are comple-
mentary components of the capacity. One ex-
pects, then, that the redundancy component in
Lake Ontario (37.7%) should be larger than the
corresponding proportions in either the Baltic
(22%) or the Chesapeake (28.1%). The high re-
dundancy in Ontario reflects the fact that om-
nivory is quite pronounced among most elements
of that system. In comparison to the other two
communities, the ecosystem of Lake Ontario re-
sembles Isaacs (1972) model of an “unstructured”

food web consisting mostly of opportunistic feed-
ers.

5. Discussion

Fig. 3 shows all the information on the energy
budget in Lake Ontario available as of the winter
of 1992. We could not balance the food web in
energy terms using the above information but this
task was accomplished using the simulation pro-
gram AUTOMOD. The problem of assembling
literature data from different sources is that they
are not integrated logically. Assumptions have
been made and some data have been estimated.
Ulanowicz (1989) suggested the use of a mathe-
matical model to integrate food web data. For
this purpose he developed a computer program,
AUTOMOD, that integrates all available infor-
mation and produces a simulation. AUTOMOD
is “a generic simulation model for treating incom-
plete sets of data. This software provides the user
with an objective tool for balancing a data set or
for inferring the values of missing data (or for
doing both simultaneously).” AUTOMOD has
two options that work in a mass balanced way,
one is linear donor controlled and one is predator
controlled. With the available data for Lake On-
tario, the predator-controlled model became un-
stable and some species, such as alewife went
extinct. The results presented in Fig. 4 were
obtained with the linear donor-controlled model.

This food web requires improvement is many
areas since the data used to develop it has come
from a variety of sources. The problem with using
published literature is that data were collected in
different years and seasons with a variety of tech-
niques. Presently, co-ordinated research efforts
between fish and plankton specialists are occur-
ring (i.e. Lake Ontario Trophic Transfer Pro-
gram) and this is expected to result in compara-
ble data. Christensen and Pauly (1993) compared
our lake Ontario food chain with 40 other food
chains from other ecosystems. This analysis is
very comprehensive and should be consulted to
assess how this food chain compares with many
others. The only consideration that needs to be
added to their analysis is that the primary pro-
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duction in Lake Ontario has considerably dimin-
ished since the 1970s due to phosphorus loadings
reduction. Unfortunately, no published data on
primary production are available for the 1980s
and 1990s.

The food web representation could be im-
proved if there were data on the bioenergetics of
rainbow trout, slimy sculpin, and rainbow smelt.
This effort is currently being undertaken by D.
Stewart and his colleagues. Publication of their
results will not only assist in the improvement of
the Lake Ontario food web, but also aid other
researchers which are involved in the ecology of
these organisms.

Both Mysis and P. hoyi from Lake Ontario
require more investigation; the relative impor-
tance of their dietary components needs to be
determined as well as the respective egestion and
excretion rates. This information could provide a
good understanding of the importance of the role
played by these two organisms in the Lake On-
tario ecosystem.

The benthic compartment also neceds to be
studied more intensively with focus on the
metabolic processes. At present, the only data
available are for a selected few species. More
information must be collected, either to provide
general estimates for the benthos as a whole or to
further subdivide the compartment into tubificids
and chironomids. We believe that it is preferable
to pursue the latter approach, rather than the
former.

Similar difficulties arise for the zooplankton
compartment. It is preferable to divide this com-
partment into cladocerans, copepods, and omniv-
orous zooplankton, however, the lack of data has
prevented us from doing so.

~Another consideration is the existence of ze-
bra mussels in Lake Ontario. Zebra mussels are
establishing themselves as a significant compo-
nent of the ecosystem. Considering the proposed
impact they will have on the resources of the
lake, it will become necessary to incorporate them
into the food web in the near future. This incor-
poration should occur as further understanding
regarding the bioenergetics, feeding habits, and
potential standing stock of this organism becomes
available.

The significance of the role played by
salmonids in the ecosystem is speculative due to
the vast number of assumptions made regarding
these organisms. It has become apparent that the
standing stocks and production rates of salmonids
from Lake Ontario must be investigated. If these
types of studies have already been undertaken, it
is essential that the data are made accessible
through publication. Access to this type of infor-
mation could improve the food web dramatically.
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