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Prey fish exploitation, salmonine production,
and pelagic food web efficiency in Lake Ontario

Peter S. Rand and Donald J. Stewart

Ay

Abstract: Estimates of production and predation rates from bioenergetic models of chinook salmon (Oncorhynchus

* tshawytscha), coho salmon (Oncorhynchus kisutch), and lake trout (Salvelinus namaycﬁsh) suggest a long-term decline in
their gross conversion efficiency (gross production/prey consumption) and the gross production to biomass ratio in Lake
Ontario during 1978~1994. The former pattern was caused primarily by a declining trend in adult alewife (Alosa
pseudoharengus) energy density during 1978~1985: the latter pattern resulted from reductions in growth rates (coho salmon)
and a buildup of the older age-classes in the population (lake trout) over time. Model results suggest that over 100 and 25% of
the annual production of adult alewife and rainbow smelt (Osmerus mordax), respectively, was consumed by salmonines
during 1990 in Lake Ontario; hence, we claim that recent observations of reduced salmonine growth in Lake Ontario may be a
result of prey limitation. Energy transfer from primary production to salmonines appeared to be more efficient in Lake Ontario

than in Lake Michigan, probably due to higher stockin

g levels per unit area and higher densities of preferred prey fish in Lake

Ontario. Through separate analyses, we arrived at conflicting conclusions concerning the sustainability of the food web

configuration in Lake Ontario during 1990,

Résumé : D’apres les estimations des taux de production et de prédation obtenues & partir de modgles bioénergétiques du
saumon quinnat (Oncorhynchus tshawytscha), du saumon coho (Oncorhynchus kisutch) et du touladi (Salvelinus namaycush)
entre 1978 et 1994, il y aurait eu une baisse 2 long terme de I'efficience alimentaire brute (production brute/consommation de
proies) et du rapport entre la production brute et la biomasse dans le lac Ontario, Le premier profil correspondait surtout 3 une
tendance A la baisse de la densité énergétique chez le gaspareau adulte (Alosa pseudoharengus) enire 1978 et 1985; le second
découlait de baisses du taux de croissance (coho) et d’une accumulation des classes plus fgées dans la population (touladi) au

cours des années. D’aprés les résultats du modgle, les salmoninés du lac Ontario auraient consommé, en 1990, respectivement

plus de 100 et 25% de la production annuelie de gaspareaux et d’éperlans (Osmerus mordax) adultes; nous alléguons donc que
la réduction de croissance obseryée récemment chez les salmoninés du lac Ontario peut s’expliquer par une limitation du
nombre de proies. Le transfert d’énergie de la production primaire aux salmoninés semblait étre plus efficace dans le lac
Ontario que dans le lac Michigan, probablement 2 cause du taux d’ensemencement plus élevé par uniié de surface et des
densités plus élevées de proies de premier choix dans le lac Ontario. Des analyses séparées nous ont amenés 2 tirer des
conclusions contradictoires sur la durabilité de la composition du réseau trophique dans le lac Ontario en 1990,

[Traduit par 1a Rédaction]

Im:roduction

The sustainability of Pacific salmon in the Great Lakes has
received considerable attention since their successful introduc-
tion during the 1960s and 1970s. Initially intended to control a
burgeoning population of alewife, the artificial propagation
“efforts within the Great Lakes basin have developed a recrea-
tiona} fishery that produces substantial economic revenue for

~ many coastal communities (Talhelm 1988). The early opti-
~mism about the future of the sport fishery generated during the
- late 1970s and early 1980s was tempered by observed signs
wological stress in the salmonine community in Lake
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Michigan, predicted initially by Stewart et al. (1981) and later
recounted by Kitchell and Crowder (1986) and Stewart and
Ibarra (1991). The hypotheses put forth by these investigators
state that predatory salmonines have the potential to depress
pelagic prey fish abundance, and hence, create conditions
where prey fish become limiting, resulting in reductions in

-predator growth, condition, and survival.

Rand et al. (1994) noted declining size and condition of
prey fishes in Lake Ontario during 1978-1990 and provided
evidence from modeling exercises that chinook salmon (On-
corhynchus tshawytscha) would need to dramatically increase
their food consumption rate to maintain observed growth rates
over this period. In our companion paper (Rand and Stewart
1998), we report evidence to support this prediction based on
analyses of a data set on salmonine diets collected in Lake
Ontario. Lake Ontario has received relatively large nurmbers
of salmonine hatchery plants per annum (Hartig et al. 1991), -
and prey fish in Lake Ontario have exhibited declines in
growth and abundance since the early 1980s (O’Gorman et al.
1997). These trophic conditions can ultimately transiate into
increased stress on the predatory salmonines in the lake. Re-
cent evidence from Lake Michigan of declines in salmonine
growth and survival, shifts in diet to less preferred prey items,
and the outbreak of diseases such as bacterial kidney disease
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Fig. 1. Weight-at-age for sexually mature hatchery chinook salmon
from Lake Michigan (Strawberry Creek, Wis.) and Lake Ontario
(Salmon River, N.Y.). Years during which data were collected are
included in the figure. Both reductions in size-at-age and delays in
age-at-maturity have occurred in these populations over time.
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(Stewart and Ibarra 1991) serves as a portent that we may be
-approaching the limits to salmonine production in these Great
. Lakes ecosystems.

. A group of investigators have explicitly compared food
- web dynamics and trophic structure between lakes, particu-
y Lakes Michigan and Ontario (see Sprules et al. 1994 and
agcompanying papers in Can. J. Fish. Aquat. Sci. 51 and 52),
but-a comprehensive comparison of trophic dynamics involv-
ing the salmonine populations in the two systems has not been

_undertaken. Little has been reported on dynamics of growth,
~ survival, and production of salmonines during their pelagic

- residence in Lake Ontario. Some data on. diets and thermal
~occupation have been reported (Brandt 1986; Olson et al.

- -1988; Rand and Stewart 1998), but few studies have explored

"longer term trends in bioenergetic processes exhibited by the

~populations. Jones et al. (1993) offered an approach to evalu-

- ate the dynamics of pelagic predator-prey dynamics in Lake
ario; However, critical biological information on salmo-
lines, such as trends in predator growth and survival rates,
- prey fish condition, and records of shifts in salmonine diets,
‘was not:available at the time the model was being developed.
“.. " To assess the level of predator stiéss within the Lake On-
- tario pelagic food web, we gathered and summarized critical
- biologieal information on the salmonine populations. We in-
 tegrated these data into bioenergetic models to evaluate emer-

- gent properties of the population over time that serve as a
 measure of stress experienced by the populations. These mea-

sures included gross conversion efficiency and gross produc-

_tion - to  mean ‘monthly biomass ratios (P:B). Lake-wide
predation rates, along with independent estimates of prey fish

biomass and production, provided measures of predator ex-

ploitation rates on the prey fish populations. In addition,

biomass size spectra and biomass transfer efficiencies between

. trophic groups provided clues to constraints or “bottlenecks”
- within the food web structure that may place limits on produc-
tion rates of apex predators in these ecosystems (Sprules et al.

1991; Sprules and Goyke 1994).
In this paper, we assess trends in production and predation

'
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of the dominant salmonines in Lake Ontario over nearly two
decades. We test the null hypothesis that there exist no marked
trends in higher order salmonine population processes in Lake
Ontario that may provide evidence of ecological stress. We
provide estimates during 1978-1994 of growth rates, survival,
production, gross conversion efficiencies, and P:B for three of
the dominant salmonines in Lake Ontario. We also estimate
exploitation rates on alewife (Alosa pseudoharengus) and rain-
bow smelt (Osmerus mordax) populations during 1990. Fi-
nally,” we summarize eXpected production rates among and
biomass transfer efficiencies between trophic groupings in
Lakes Ontario and Michigan based on a particle-size model.
These expected values are compared with estimates of produc-
tion and biomass transfer efficiencies derived from this paper
and from previous studies on the pelagic food webs of Lakes
Ontario and Michigan (Sprules et al. 1994 and accompanying
papers in Can. J. Fish. Aquat. Sci. 51 and 52).

Methods

We developed species-specific bioenergetic models to estimate lake-

‘wide predation and production by three of the dominant salmonine

predators in Lake Ontario: chinook salmon, coho salmon (Oncorhyn-
chus kisutch), and lake trout (Salvelinus namaycush). We used an
energy balance approach and modeled daily growth and prey con-
sumption by these species using algorithms from Hewett and Johnson
(1992) implemented into a Visual Basic Macro in Microsoft Excel. In
the -interest of brevity, we do not include the detailed inputs to the
model in the present paper. A description of the general modeling
approach can be found in existing publications (Stewart et al. 1983;
Stewartand Ibarra 1991; Hewett and Johnson 1992; Rand et al, 1993).
Consumption and metabolic coefficients used in the model have been
described elsewhere (chinook and coho salmon: Stewart and ITbarra
1991; lake trout: Stewartet al. 1983). Water temperature, energy den-
sity of predator and prey, and diet proportions (including inverte-
brates and prey fish) for the salmonines can be foynd in . other -
publications (Elrod and O’Gorman 1991; Stewart and Ibarra 1991;
Rand et al. 1993, 1994; Rand and Stewart 1998). We focus here on
the description of data on growth and survival rates of Lake Ontario
salmonines that have not been formalized into a publication.

Growth

Chinook salmon /!
We assurned that the wet weight of an average young of the year
chinook salmon smolt-on 1 May (first day of the model year) wasi4.g:
(Stewart et al, 1981). We obtained weight-at-age data collected on
returning, sexually mature adults from the Salmon River population
monitored during egg-take operations at the Altmar Fish Hatchery in
Altmar, New York (Fig. 1; Table 1; L. Wedge and D. Bishop, New
York Department of Environmental Conservation (NYDEC), Cort-’
land, N.Y., unpublished data). Individuals were aged based on scale
analysis by NYDEC personnel. We modeled four separate age groups
(1+ (jacks), 2+, 3+, and 4+). We applied mean weight-at-age mea-
sured during each year from data collected during 1986-1994. We
computed mean weights by age during 1986-1994 and applied these
over the years for which we had no data (1978~1985). For sextially
mature cohorts, we terminated the simulations on day 240 (1 Novem-
ber).

Coho salmon ‘ :

We assumed that the wet weight of an average yearling coho salmon
smolt on 1 April (first day of the model year) was 50 g (Stewart et al.
1981). We modeled two separate life histories of coho salmon, Preco-
cial males return to the river to spawn after one summer in the lake.
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Table 1. Summary of weights, lake-wide abundance, prey
consumption, production, and gross conversion efficiency for the
three modeled salmonines by age group in Lake Ontario during
1990-1991.

Weight Abundance PC GP

TR W —=O

Age (p) (1000s)  (kt-year!) - (kt-year!) P:B GCE
Chinook salmon

4. 3217 1.69 0.50 376 0.27

290 1731 4.46 1.29 145 0.29

1475 911 11.20 2.46 1.14 0.22

6159 374 5.18 6.89 036 0.12

8012 5 0.08 0.01 025 0.12

Coho salmon
1 50 330 0.03 0.01 1.93 0.20
2 1036 147 1.96 0.41 1.54 0.21
o Lake trout -

1 50 | - 1842 1.49 0.17 1.37 0.12

2 231 1028 134~ 018 088 014

3 557 532 1.01 0.12 049 0.12

4 907 287 1.04 012 058 0.12
5 1756 142 0.71 0.09 049 0.13

6 2749 65 0.31 0.03 026 0.10

7 3384 31 0.17 0.01 0.21 0.08

8. 3921 18 0.06 <0.01 0.06 0.03

9 . 3854 7 © 003 <0.01 0.17  0.07

©. - Note: Mean weights and abundance are on 1 May, and model estimates
- of predation and production aré cumulated during 1 May 1990 to 30 April
..+ 1991, PC, prey consumption; GP; gross production; P:B, gross production to
" ingah monthly biomass ratio; GCE, gross conversion efficiency.

d final weights of jack salmon measured at the Altmar Fish

‘ 2+ Cortland, N.Y., unpublished data). Because we lacked data
~prior 101986, we computed mean weights for mature coho jacks
. during 1986-1994 and applied these over the years for which we had
uno dataf1978-1985), We relied on a time series of weights of return-

ing 2+ coho salmon to the Credit River, Ontario, during 1977-1991
+(Fig. 2; J. Bowlby, Ontario Ministry of Natural Resources (OMNR),
- Ploton, Ont,; unpublished data) and data on final return weights of
~coho-salmon collected at the Altmar Fish Hatchery on the Salmon
Rive during 1986~1994 (Fig. 2; L. Wedge and D. Bishop,
N and, N.Y., unpublished data). During years when the
srissoverlapped, weicomputed a mean final weight for the two
atlons! For sexually mature cohorts, we terminated the simula-
. tioms-on day. 214 (1 November),

< Laketrout
Y ged -mean: weight-at-age for lake trout sampled as part of a
N -monitoring . program conducted in September during

19831994 (C. Schneider, NYDEC, Cape Vincent, N.Y., unpub-
- lished data), We derived mean weights by age during 19831994 and
. applied these over the years for which we had no data (1978-1982).
" 'We set the start day of the simulation on 1 July (stocked yearlings)
and 1 September (all other age-classes) and modeled eight separate
age groups (ages 1-8). We assumed that lake trout reach sexual ma-
turity by age 5, as has been reported for similar Great Lakes popula-
tions (Stewart et al. 1983), and modeled the spawning event as a step
. “function by decreasing wet weight of the average individual in each
- -of the spawning age-classes by 10% on 1 November (Stewart et al.
1983; Stewart and Ibarra 1991).

Predator stocking and survival
- Lake-wide abundance for each stocked salmonine was estimated from

ery during 1986-1994 (Table 1; L. Wedge and D. Bishop, )

Can. J. Fish. Aquat. Sci. Vol. 55, 1998

Fig. 2. Weights at age 2+ for two populations (Credit River, Ont.,
and Salmon River, N.Y.) of sexually mature coho salmon in Lake

. Ontario during 1978-1994. Note the reduction in size-at-age

occurring in the Credit River population over time,
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data on hatchery planting in New York State and the Province of
Ontario (obtained from stocking records held by NYDEC and
OMNR) and survival schedules. We present sources of data and meth-
ods for estimating survival rates applied to each of the modeled spe-
cies below.

Chinook salmon ) ‘

We estimated the survival rate from time of stocking to time of river
return using data collected on the Salmon River population by
NYDEC. The abundance and mortality sources for the 1989 and 1992
cohorts were tracked to derive lake survival rates. The original popu-
lation consisted of 570 000 stocked spring smolts. Numbers returning
were derived from Salmon River creel census. data (lake and river)
and estimated numbers reaching the hatchery. for egg-take from the
1989 and 1992 year-classes (L. Wedge and D. Bishop, NYDEC, Cort-
land, N.Y., unpublished data). Ages were discriminated in the creel
census based on length-frequency and in the hatchery using a scale-
aged subsample. We calculated daily instantaneous mortality (Z, 43 in
Ricker 1975) for each cohort. We assumed that (i) each life history
stage exhibited the same survival rates, (ii) individuals spent 519
(1+, jacks), 914 (2+), 1279:(34), or 1614 (4+) days in the lake prior
to stream entry, and (iii) there was no immigration into or emigration
from the population. We estimated survival to be 0.47 and 0.45-year!

for:the 1989 .and 1992 cohorts, respectively, These values included
" both natural and lake harvest mortality. We computed a mean survival

rate for the two cohorts and applied it over the entire time seri¢s in the
model. We assumed that the average individual in the spawning popu-
lation entered the stream on 1 November and that the computed an-
nual instantaneous survival rates applied over the entire period of lake
residence

Coho salmon :
In the absence of any natural mortality data for this species in Lake
Ontario, we relied on rates derived for Lake Michigan coho salmon in
Stewart et al. (1981) and Stewart and Ibarra (1991).

Lake trout '

We developed a life table for Lake Ontario lake trout based on hatch-
ery planting data and survival schedules, We applied the fingerling—~
yearling survival value of 41.7% that was reported for stocked lake
trout in Lake Ontario (Elrod et al. 1988) to estimate yearling equiva-
lents by year. For yearlings to age 4, we applied an annual survival
rate of 52% estimated for Lake Michigan lake trout by Eck and Brown
(1985). For ages greater than 4, we applied a value of 40% annual
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Fig. 3. Model estimates of lake-wide production (wet
weight: year“) by chinook salmon, coho salmon, and lake trout
in Lake Ontario during 1978-1994.
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survival based on catch-curve analysis of data collected on Lake On-
tario lake trout by NYDEC (C. Schneider, NYDEC, Cape Vincent,
N.Y., unpublished data).

Predation rates, exploitation rates, and trophic efficiencies

From the bioenergetic model output, we estimated annual (over the

interval 1 May 00 ~ 30 April 01) cumulative wet weight prey con-

~ sumption; gross production, gross conversion efficiency (cumulative

“annual: gross production/cumulative annual prey consumption, ex-
pressed as a proportion), and a gross production to mean monthly
biomass (P:B) ratio for the three dominant sajmonines during
:1978-1994. We express wet weight predation and production rates in
units of kilotonnes per year (lake-wide) and grams per square metre

"pet yearor kilograms per hectare per year,

We estimated prey fish exploitation rates (ER, expressed as a per-

- :centage) by dividing predation rates on alewife and rainbow smelt by

the respective prey fish producuon estimates during 1990. To esti-

nate predation by the entire salmonine community for our computa-
tion'of ER, we summed values for the three modeled species with
those reported for rainbow trout (Oncorhynchus mykiss) (Rand et al.

1993), We estimated predator demand by brown trout (Salmo trutta)

"by computing total predation for each diet type per stocked yearling

equivalent for each of the above modeled salmonines. We then calcu-

lated mean consumption rate for each prey type across all predator

- “pecies and multiplied the resulting values by the number of yearling
“iequivalents  of brown trout stocked during 1978-1994. These total

- predation estimates, along with values of prey fish production re-

ported by Rand et al. (1995) for young-of-year (YOY) and older

. .. (yearlings and adults) age groups, enabled us to estimate ER on both
svthe glewife and rainbow smelt populations during. 1990.

. We assembled data on pelagic production rates for four separate
trophic groups in Lake Ontario during 1990 and Lake Michigan dur-
ing 1987 to conduct an analysis on trophic efficiencies (TE) in both
ecosystems (see Table 3 for sources of estimates of production rates).

-Here, we define TE (expressed as a percentage) as the cumulative
annual production rate for a given trophic group (grams wet weight
per square metre per year) divided by the same measure for the trophic
level below it. We define food web efficiency (FWE, expressed as a
percentage) as the cumulative annnal production rate for the prey fish

- or the apex predators (grams wet weight per square metre per year)
over the pelagic primary production rate in the same units, Using
estimates of primary production rates in both lakes, we computed
expected production rates within defined trophic groups using arange
of published coefficients of particle-size conversion efficiencies
(high: 0.18; low: 0.26) and a particle-size model (Sprules et al. 1991;
Sprules and Goyke 1994). These expected values were contrasted
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Fig. 4. Model estimates of lake-wide predation (wet weight-year™!)
by chinook salmon, coho salmon, and lake trout in Lake Ontario -

-during 1978-1994. Note the different y-axis scales for each plot.

OthFish, other prey fish; AduSmlt, adult rainbow smelt (age 22);
AdlAle, adult alewife (age 22); YriAle, yearling alewife; YOYAle,
young-of-year alewife; INV, invertebrates.
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with our estimates of production to gain insight into the structure of
the pelagic food webs in both ecosystems.

Results

Total lake-wide production of the three dominant salmonines
increased over eightfold from 1978 to 1986 and then leveled
off during 1987-1994 (Fig. 3). Lake-wide production rates
leveled off during the late 1980s as a result of the lake-wide .
stocking limit imposed by Canada and the United States. Total |
gross production was dominated by chinook salmon, which,
accounted for over 70% of the annual production, reaching a’
peak of 5.5 kt (0.3 g'm~2-year™!) in 1986. Lake trout and coho
salmon production ranged between 0.2 kt (0.01 gm” 2.year )
and 0.8 kt (0.04 g-m~2-year!) during the time series.

Model estimates of lake-wide prey consumption by the :
three salmonines varied by nearly an order of magnitude dur-
ing 1978-1994 (4:6 kt or 0.3 gm2-year~! in 1979 to 38.5.kt.

or 2.1 gm2year~! in 1988). Total predation has been declin- -

mg somewhat in more recent years (27.0 kt or 1.5 g-m2-year™!
in 1994) largely due to reductions in stocking of coho salmon
by the Province of Ontario (Fig. 4). Chinook salmon con-
sumed the greatest amount of prey fish, and a large proportion*
of that predation (generally >75%) was directed toward adult
alewife (age >2). Since 1986, chinook salmon predation ac-
counted for approx1mately 80% of the total consumption by
the three species.

There were marked downward trends in salmonine P:B and
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Fig. 5. Trends in P:B and gross conversion efficiency in Lake
Ontario salmonine populations during 19781994,
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" gross conversion efficiency from the late 1970s to the mid-
'1980s (Fig. 5). The high P:B (approximately 2.0) and gross

oho- salmon resulted from both higher growth rates and
reater energy density of their primary prey, adul} alewife, in
‘Liake Ontario. It is more difficult to infer trends for chinook
salmon, given the absence of growth data prior to 1986, Lake
. trout P:B and conversion efficiency were generally low com-
~ pared with the other modeled salmonines (P:B range 0.6-1.0,
gross conversion efficiency range 0.11-0.15). The declining
trend in these parameters for this species is also a reflection of
- increased recruitment of individuals into older, slower grow-
. ..ing age-classes. We include a more detailed breakdown of
“predation and production values for all three salmonines dur-
“ing-1990:by predator age group (Table 1). _
. We estimated ER during 1990 in Lake Ontario at 13 and
11% on the alewife and rainbow smelt populations, respec-
ively (Table 2). The predation rate, however, was weighted

~disproportionately toward the adults in the respective prey fish
- populations. The value for ER was within the range of 1~4%
- onthe YOY and yearling ages groups of alewife and rainbow
smelt. Predators consumed a much greater proportion of the
. available adut prey fish production during 1990 (ER > 100%

_ +on adult alewife, 25% on adult rainbow smelt).
TE varied from 5 to 15% and we detected a general pattern
of decreasing efficiency with increasing trophic position in
-Lake Ontario during 1990 (Table 3). In Lake Ontario, TE from
-phytoplankton to zooplankton was 11.1%. The value for TE
- from zooplankton to prey fishes was intermediate (8.3%) and
" the lowest value for TE was computed from prey fishes to
_ piscivores (4.6%) (Table 3), although a much higher TE
(14.5%) was estimated when only production rates from the
older prey fish age groups (i.e., those vulnerable as prey to

rsion efficiency (approximately 0.30) in the early period

Can, J. Fish. Aquat. Sci. Vol. 55, 1998

Table 2. Summary of annual cumulative prey fish production and

, salmonine predatioh (wet weight) estimated in Lake Ontario during

1990-1991.
Prey fish Salmonine

production predation
Prey fish (kt-year™!) (kt-year) Prey fish ER
age-class  Alewife Smelt Alewife Smelt Alewife Smelt
YOY 207.0 10.5 1.5 na 1 na
Yearling 539 108 1.9 0.1 4 1
Adult 20.3 16.1 33.0 4.0 >100 25
Combined 2812 374 364 4.1 13 11

Note: Values for prey fish production were derived using the model of
Rand et al. (1995). Salmonine predation accounts for all five dominant
species. ER, exploitation rate (salmonine consumption rate, expressed as a
percentage of prey fish production rate).

salmonines) were included in the computation. Because no
direct measures of zooplankton production have been publish-
ed for Lake Michigan, it was only possible to compute TE from
prey fishes to piscivores in this system during 1987. The TE
estimate (3.2%) was lower than that estimated for Lake On-
tario. If only older prey fish production were included, the
resulting value for TE was still very low (4.8%) when com-
pared with the Lake Ontario value.

In terms of absolute areal production rates, food web pro-
duction in Lake Ontario during 1990 was in all cases equal to
or greater than comparable trophic groups in Lake Michigan
(Table 3). Phytoplankton production in Lake Ontario was 23%
higher, YOY prey fish production was >400% higher, and pis-
civore production was >250% higher. Production rates of older
prey fish were comparable in both ecosystems. The value for
FWE was markedly higher in Lake Ontario than in Lake
Michigan for both prey fish (67% higher) and piscivores
(100% higher) (Table 3). However, if only yearling and adult
prey fish were included in the FWE calculation, Lake Michi-
gan was found to be more efficient (0.36%) than Lake Ontario
(0.29%).

For Lake Ontario during 1990, estimates for zooplankton
and prey fish production were higher than those predicted from
a particle-size model using a range of literature values for

particle-size conversion efficiencies (Table 3). The estimate -
for zooplankton production was about 3% higher than produc-
tion predicted assuming a high particle-size conversion effi-
ciency (0.18). Observed production levels for YOY and older
prey fish were 32 and 14% higher, respectively, than those

predicted using a high particle-size conversion efficiency.
Only the value for piscivore production in Lake Ontario fell
within the range of predictions from the particle-size model.

For Lake Michigan, the estimates for YOY prey fish and piws

civore production were within the range of production values
predicted using the particle-size model. The estimates of pro-

duction of older prey fishes exceeded the range predicted by .
the particle-size model using the high efficiency coefficient’
(0.18) by 40%, mirroring the results we found in Lake Ontario,

Discussion

Results from these analyses support the hypothesis that recent
changes in the pelagic food web in Lake Ontario have caused
trends in higher order population processes that indicate
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trophic groups in Lakes Ontario and Michigan.

328

Table 3. Individual sizes (wet), estimated and predicted production (wet), and wet weight biomass transfer efficiencies among and between

——

o Estimated Predicted production  pjodel
Particle size (g) production (g'm2year!) accuracy Efficiencies

: Trophic group  Minimum  Maximum (g'm2year!) Source Low PSCE HighPSCE (%) TE . FWE
: : Lake Ontario
 Phytoplankton  3.70x 10°% 9.70 x 1078 1904.7 Sprules et al. 1991
- Zooplankton 9.70x 10"% 1.00 x 10~ 212 Rand et al. 1995 . 752 206.8 25 111
" YOY prey fish 0.1 4 12 This study 1.3 9 324 ~

Older prey fish 4 208 5.6 This study 0.5 4.9 144 83 0.92, 0.29¢
" 'Salmonines 208 6667 0.8 This study 0.2 2.2 * 4.6,14.5% 0.04

' Lake Michigan
. Phytoplankton  3.70x 1071 9.70x 107 . 1547 Sprules and Goyke 1994
Zooplankton  9.70 X 107 1.00 x 107! na 61.1 168 na na

“YOY prey fish 0.1 4 2.9 Rand et al. 1995 L1 7.3 * »

Older prey fish 4 208 5.6 Rand et al. 1995 04 4 40 na 0.55,0.36°
‘Salmonines 208 6667 0.3 Stewart and Ibarra 1991 0.1 1.8 * 3.2,4.8¢ 0.02

Note: In cases where estimated production exceeded the prediction from the particle-size model assuming high particle-size conversion efficiency, we

~ computed a model accuracy rating by expressing the difference in the two values as a percentage. Asterisks were included in the table for cases where estimated
production fell within the range of production values predicted using low and high particle-size conversion efficiencies. Efficiencies involving prey fish were
calculated by combining YOY and older prey fish production unless otherwise noted. PSCE, particle-size conversion efficiency; TE, trophic efficiency; FWE,

food:web efficiency; Older, yearling and adult age-classes (see text for further description).

“Efficiency cornputed using only older prey fish production.

“jncreased ecological stress among apex predators in this eco-
- system. Both gross conversion efficiency and P:B have de-
i -clined - steadily since- the late 1970s and early 1980s.
- Furthermore, declines in prey fish. abundance coincident with
- dramatic increases in salmonine populations appear to have
ed conditions where prey fish have become limiting to
predators. Our results suggest that most production of adult
prey fish in Lake Ontario in 1990 was consumed by predators.
suggests a tight coupling between predator and prey that
-may place salmonines at increased risk.
A number of signs in Lake Ontario indicate fundamental
‘changes in the pelagic food web during recent years. Total
..phosphorus and algal biomass in the pelagia declined during
19811992 (Johengen et al. 1994). Growth and condition of
. alewife declined markedly during the same time period (Rand
t al-1994; O’Gorman et al. 1997). Observations at the
imon Rwer Hatchery since 1990 indicate increased age-at-
in chinook salmon (D. Bishop, NYDEC, Cortland,
h LY., personal communication). In 1994 in particular, a series
of ecologlcal measures indicated a marked change occurring
- within the food web. Mean size of Daphnia was shown to
- »yincrease significantly during 1994 (Brandt et al. 1996), an in-
_dicator that was also observed in Lake Michigan following
-marked declines in alewife (Wells 1970; Scavia et al. 1986;
Evans 1990). Estimates of prey fish biomass from acoustic
‘Surveys indicated that prey fish biomass during 1994 was
lower than any of the other acoustic surveys conducted since
1991 (C. Schneider, NYDEC, Cape Vincent, N.Y., personal
- “communication). Measures of weight-at-age for chmook and
coho salmon in the Salmon River indicated a reduction in
. -growth during 1994 (D, Bishop, NYDEC, Cortland, N.Y., per-
« gonal communication). The pattern of reductions in growth and
shifts in the spawning age distribution to older individuals ap-
pears to closely mimic observations made on a comparable
'hatchery population of chinook salmon in Lake Michigan
(Strawberry - Creek, Wis., Wisconsin Department of Natural

Resources, unpublished data) during the mid-1980s following-
a decline in alewife lake-wide (see Fig. 1). Although growth
appeared to rebound in 1995 in Lake Ontario (ID. Bishop,
NYDEC, Cortland, N.Y ., personal communication), we antici-
pate conditions similar to those observed in 1994 to become
more common in the future. These latter patterns observed in
the lake may serve as an important sign that the limit to sal-
monine production in this ecosystem is being approached.
Trends in gross conversion efficiency and P:B reported here
for Lake Ontario salmonines closely mirror those observed for

‘Lake Michigan salmonines (Stewart and Ibarra 1991). Chi-

nook salmon in Lake Michigan and coho salmon in Lake On-
tario have both experienced dramatic reductions in conversion
efficiencies over a period of approximately a decade. The
mechanisms, however, appear to be different. In Lake Michi-
gan, chinook salmon exhibited a dramatic shift in prey from
large alewife to small alewife and other fish during the mid- .
1980s (Stewart and Ibarra 1991). This switch in diet translated,
into reduced conversion efficiency based on an overall reducs
tion of energy density of prey. In Lake Ontario, there is no
compelling evidence of diet shifts to less prcferred prey items
(Rand and Stewart 1998) and the reductions in conversion ef-
ficiency reported here were due largely to declining trends in!
energy density observed in adult alewife (Rand et al. 1994)."
Values of P:B for Lake Michigan salmonines during 1987
(Stewart and Ibarra 1991) were comparable with those=esti-
mated in Lake Ontario at the end of our modeled time series:
One potential problem in the bioenergetic model parame-
terization that may propagate error in our estimates of preda-
tion is uncertainty in field activity rates for salmonines. Rowan
and Rasmussen (1996) recently reported results from a new
technique. of estirnating in situ activity rates from measures of
137Cs body burdens. These authors concluded that predictions
of prey consumption by Lake Michigan salmonines derived by
Stewart et al. (1981) and Stewart and Ibarra (1991) may be
underestimated by approximately’33% due to greater activity
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costs for these fish in the field. We made no adjustments to the
activity .component of the model presented here due to the
preliminary nature of these conclusions. Other field studies
have shown that these bioenergetic models provide reasonable
estimates of prey consumption by salmonines based 6n com-
parisons with field data (Beauchamp et al. 1989; Brodeur et al.
1992). We feel that much uncertainty still exists in certain
parameters in the model of Rowan and Rasmussen (1996),
particularly the assimilation rates, which may vary widely as
a function of predator species, temperature, prey quality, or
.. feeding rate. We encourage future researchers to try to reduce
uncertainty in quantifying activity costs of salmon in the field.
... Recent advances in electromyogram telemetry may provide a
- ‘more direct means for measuring this parameter for salmon
in situ (e.g., Hinch et al. 1996).

Another critical uncertainty in this model analysis are the-

- annual survival rates applied to predators in the model. We
relied on data from only two cohorts to develop-a population
‘model for chinook salmon, and data were completely lacking
- for coho salmon, We encourage future efforts at reducing un-
certainty in this mode! parameter, given its recognized sensi-
tivity in these applications (see Rand et al. 1993). We did find
that our estimated survival rates for hatchery chinook salmon
in Lake Ontario (11--14% smolt ~ spawning adult survival)
were- similar to those reported for Lake Michigan chinook

.- salmon (Stewart et al. 1981). These values for chinook salmon

survival in the Great Lakes are approximately an order of mag-
- mitude larger than that reported for wild and hatchery chinook
. salmon in the Pacific Ocean (1-2% smolt ~ spawning adult
- survival: Cross et al. 1991: Bradford 1995). 1t is not clear what
cause for this difference, but it may be due to depressed
predation rates on juvenile chinook salmon in the Great Lakes
relative to the Pacific coast. We presume that a Pacific predator
community that has evolved sympatrically with salmon could
~ impart a higher mortality on smolts than the existing predator
. comnmunity in the Great Lakes. The relatively high survival
- -rates'for chinook salmon in Lake Ontario have contributed

greatly to the dramatic increases in predation and production

‘Trates that we report in this paper.

. - The comparison of TE between Lakes Michigan and On-
tario indicated that energy is more efficiently translated
rough the food web to salmonines in Lake Ontario. Without
lable-estimates of zooplankton production in Lake Michi-
gan, ifficult to ascertain efficiency of energy transfer
etween primary production and secondary production in that
. ecosystem. Although absolute rates of production of older prey
" fishes are similar between the two ecosystems, a much larger
- amount of energy is shunted to YOY prey fish production in

Lake Ontario. Efficiency of energy transfer from phytoplank-

ton to YOY and older prey fish was higher in Lake Ontario

(0.92%) than in Lake Michigan (0.55%), largely due to the
«< greater amount of YOY prey fish production occurring in Lake

- Ontarjo. This' YOY production, however, is occurring in near-
shore areas and embayments of Lake Ontario and perhaps
should not be considered true pelagic production (Rand et al.

- 1995). Efficiency of energy transfer from phytoplankton to

‘older prey fish was somewhat higher in Lake Michiggn
" (0.36%) than in Lake Ontario (0.29%), perhaps due to rela-

" tively high growth rates and high gross conversion efficiencies
for bloater (Coregonus hoyi) compared with alewife, as eluci-

dated recently by Rudstam et.al. (1994),

o

4
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The rates of production and efficiency of energy transfer to
salmonines appear to be markedly different between the two
lake ecosystems. Production of salmonines per unit area in
Lake Ontario is 250% greater and FWE (from phytoplankton
to salmonines) is over 65% greater than in Lake Michigan.
Higher stocking rates and more abundant preferred prey fish
in Lake Ontario are likely responsible for higher production
rates and trophic efficiencies in that ecosystem. Causes for
lower efficiency in Lake Michigan’s food web are likely due
to the large amounts of energy consumed by deepwater core-
gonines. Presently, bloater in Lake Michigan form the majority
of the prey fish biomass in that ecosystem (Rand et al. 1995).
Bloater are generally not preferred as a prey item by salmon-
ines (Stewart and Ibarra 1991) and thus contribute to lower
FWE. Particularly striking is the difference between lakes in
values of TE between older prey fish production and salmon-
ines. The efficiency value in Lake Ontario (15%) was threefold
higher than that estimated for Lake Michigan (5%). Values for
TE reported here were generally lower than those reported in
marine systems, where values approaching 15% are typical -
(Sheldon et al. 1977, Iverson 1990; Parsons and Chen 1994;
Baumann 1995).

Mason et al. (1995) concluded that Lake Michigan habitat
quality for salmonines was somewhat greater than in Lake
Ontario, given thermal properties and the densities and spatial
configuration of prey fishes. Results from this study suggest
that Lake Ontario should exhibit higher salmonine habitat
quality than Lake Michigan, given the greater abundance of
preferred prey fish and the higher values for TE and FWE
estimated in Lake Ontario. Mason et al. (1995) did not account
for differences in diet preferences and relied on a simplified
representation of salmonine foraging behavior. Precious little
data are available to develop a more realistic foraging model
that may help rectify this problem. We encourage continued

-~ efforts to quantify diet composition in both lakes and conduct

studies to investigate adult salmonine foraging behavior under
more controlled laboratory conditions (e.g., Savitz and Bardy-
gula 1989). We feel that these efforts will provide a better
understanding of foraging behavior and allow us to better pre-
dict the extent to which salmonines exploit different species
of prey fish. Ultimately, these feeding behaviors need to be
incorporated into the model framework of Mason et al. (1995)
to provide a more realistic expression of differences in growth
rate potentials between the two lake ecosystems.

Results from our comparison of predicted production rates
from the particle-size model with production rates estimated
from our study and from literature sources suggest that trophic
transfer between phytoplankton and prey fish is relatively ef-
ficient in both lakes. For Lake Ontario, it appears that biomass
transfer is very efficient from phytoplankton to prey fishes,...

with the best agreement resulting from using the highest =~ |

particle-size conversion efficiencies found in the literature. We
found similar results when trying to predict older prey fish
production in Lake Michigan. However, if this high efficiency ;.
rating is appropriate between the prey fish and piscivore levels, -
the particle-size model results suggest that Lake Ontario could
support over three times the level of salmonine production
extant during 1990. Applying the same assumptions in Lake
Michigan, we could claim that the System can support six times
the level of salmonine production that was measured during
1987. We caution the reader of the dangers inherent in this
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application of the model. The approach assumes that the value

for the particle-size conversion efficiency is constant over all
trophic levels. We are aware of no independent measures of
this particle-size conversion efficiency between predators.and
prey in the pelagic fish community in these ecosystems. In
addition, we know from studies of Great Lakes prey fishes that
the proportion of the prey fish community vulnerable to sal-
monine predation can be highly variable. Therefore, we cau-
tion the use of this type of model to help set salmon production
targets in the Great Lakes, given the degree of uncertainty in
model development.

So, what level of salmon production and predation can be
sustained in Lake Ontario? To explore this issue of sustainable
salmon production, we compare our results with results devel-
oped from other fish production studies. Downing and Plante
(1993) summarized fish production and P:B for 38 lakes and

100 fish populations worldwide. These data provide us with

“an‘empirical foundation to compare with our results from Lake
Ontario. The present study meets all Downing and Plante’s
(1993) criteria for acceptance except one. Those authors re-
stricted their review to only lakes that did not receive artificial
plants. This does provide us, however, with a unique opportu-
nity to compare trophic conditions in Lake Ontario against a
backdrop of data from “less managed” lakes.

We predicted 1990 production (kilograms per hectare) of
prey fish and salmonines in Lake Ontario using Downing and
Plante’s (1993) multivariate regression equations assuming
(i) total phosphorus in the epilimnion = 9 pg-L~! (Johengen

- et al. 1994), (i) mean annual air temperature = 10°C,
- (jiiy: maximum weight for prey fish = 30 g and maximum
" weight for a generalized salmonine = 4000 g, and (iv) standing
crop biomass (during spring) for alewife = 1.88 kg-ha™l, rain-
~bow smelt =0.20 kg-ha™!, and salmonines (chinook, coho, and
lake trout) = 0.18 kg-ha~!. Their mode!l underestimated pro-

~ ductiori rates for alewife (by a factor >20%) and salmonines
(by a factor >30%), but appeared to more accurately predict
production of rainbow smelt. This suggests that P:B observed
for alewife and salmonines in Lake Ontario is relatively high
when compared with other “natural” lakes worldwide. The
-alewife population in Lake Ontario can be considered ex-
- ploited by stocked salmonines, and Downing and Plante

¢ . (1993)~speculated that exploited populations are generally

-more productive (by as much as 70%) when compared with
- comparable populations in unexploited lakes. This study sug-

. 'gests that intense piscivory by salmonines, on alewife in par-

" ticular, creates conditions of relatively high P:B ratios for the
alewife population. The rainbow smelt population is exploited
-to a lesser degree than alewife, which may help explain why
Downing and Plante’s (1993) model provided a more reason-
able fit to the observed production rates for this population.
Chinook and coho salmon in particular are responsible for the
relatively high P:B exhibited by the salmonine community.
Both species exhibit much higher P:B (after correcting for
maximum body mass) than any fish population reviewed by
‘Downing and Plante (1993).
- Downing and Plante (1993) speculated that the sustainable
yield of fish from lakes is approximately 10% of community
_ fish production. We estimated “exploitation” rates (our ER) by
salmonines in 1990 as 13 and 11% on all age-classes of alewife
and rainbow smelt, respectively (Table 1). Although these
rates of exploitation appear to approach this criterion of
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sustainable yield, we caution that all the sexually mature age
groups of alewife and rainbow smelt are vulnerable to pis-
civory and strongly preferred by salmonine predators in the
lake. Therefore, because a great majority of the total predation
pressure is directed toward the reproductively mature age-
classes, recruitment failures may occur in these prey fish popu-
lations. The situation appears to be even more extreme in Lake
Michigan, where over 50% of the annual production of alewife
(all age-classes combined) was estimated to be consumed by
predators in 1987 (Brandt et al. 1991). This would help explain
why alewife in Lake Michigan have been unable to recover
from declines observed during the 1980s.

We must emphasize here that we are focusing on trophic
conditions during only one year in each of these ecosystems.
It remains unclear how prey fish and predators may respond
over time to these trophic conditions. Eby et al. (1995) con-
cluded that lake trout were able to maintain growth rates (and,
by inference, feeding rates) across a 100-fold difference in
prey densities. This study suggests that the rate of effective
search (i.e., slope of feeding rate versus prey density at low
prey density) for these predators may be very high. This allows
salmonines to maintain relatively high feeding and growth
rates, given a highly variable, and sometimes scarce, food sup-
ply. The reduction in growth observed for Lake Ontario sal-
monines during 1994 may provide us with a glimpse of exactly
how low prey densities must become before we observe limi-
tations in predator feeding and growth. Hindcasting and fore-
casting these trophic conditions in the pelagia over an extended |
time series, similar to the approach used by Jones et al. (1993),
may provide a better indication of the extent to which the
present food web configuration will persist.

" Stocking policy in Lake Ontario has changed as a result of
perceived risks of trophic imbalance between predator and
prey (Jones et al. 1993). Stocking has been curtailed .and
predator demand has been reduced by 50% to help achieve a
risk-averse strategy for managing the sport fishery (Brandt
et al. 1996). We found conflicting results from the two. ap-
proaches we applied here to assess sustainability of the sal-
monine community prior to these management actions. Results
of the particle-size model suggest that we are underexploiting
prey fish in both lakes, which leads to the conclusion that. we

“could increase stocking levels above the lake-wide stocking - -

limit enforced before the recent reduction in predator stocking
(Brandt et al. 1996). Our production analysis suggests that dur- ;
ing 1990, we may have been at the limit of sustainability or;
possibly overexploiting the prey base in Lake Ontario. It re-
mains unclear to what extent the policy of reduced stocking of

salmon and trout in Lake Ontario may alleviate this perceived '
imbalance in the trophic pelagic food web. ‘

Acknowledgments

The project was partly funded through a grant from the Na-
tional Oceanic and Atmospheric Administration, Office of Sea
Grant (NOAA OSG), under grant No. NA90AA-SGO078, Pro-
ject R/ICE-2, and grant No. NA46RG0090, Project R/CE-8, to
the Research Foundation of the State University of New York
for the New York Sea Grant Institute. This study was also
funded by grants from the American Wildlife Federation, the
Natural Sciences and Engineering. Research Council of Can-

* ada, and Environment Canada. Support was also garnered

© 1998 NRC Canada



326

from a grant from the Sport Fishing Institute, Washington,
D.C., to D.J.S. and the New York Great Lakes Research Con-
sortium. We acknowledge L. Wedge and D. Bishop (NYDEC,
Cortland, N.Y.), C. Schneider (NYDEC, Cape Vincent, N.Y.),
~ and J. Bowlby (OMNR, Aurora, Ont.) for providing us with

unpublished data for this analysis. We thank David Jude and
Michael Jones for critiquing an earlier version of the manu-
script.

References

Baumann, M. 1995. A comment on transfer efficiencies. Fish.
Oceanogr. 4: 264-266.

*.Beauchamp, D.A., Stewart, D.J., and Thomas, G.L. 1989. Corrobora-
tion of a bioenergetics model for sockeye salmon. Trans. Am.
Fish. Soc. 118: 597-607. .

_- Bradford, M.J. 1995. Comparative review of Pacific salmon survival

_--tates. Can. J, Fish. Aquat. Sci. 52: 1327-1338.

- “Brandt, S.B. 1986. Food of salmon and trout in Lake Ontario. J. Great
Lakes Res. 12: 200-205, ‘

Brandt, S$.B., Mason, D.M,. Patrick, E.V., Argyle, R.L., Wells, L.,
Unger, P.A., and Stewart, D.J. 1991. Acoustic measures of the
abundance and size of pelagic planktivores in Lake Michigan.

~Can. J. Fish: Aquat, Sci. 48: 894-908.

* Brandt, S.B., DePinto, J., Hansen, M., Hartman, K., Mills, E., O’Gor-

.man, R., Rand, P., Reissen, H., Rudstam, L., Snyder, R., and Ste-
. wart, D. 1996. A review of the current status of Lake Ontario’s
pelagic fish community: a report of the 1996 Lake Ontario Tech-

~_-nical Panel. Great Lakes Res. Rey. 2: 4-10.

Brodeur, R.D., Francis, R.C., and Pearcy, W.G. 1992. Food consump-
" tion of juvenile coho (Oncorhynchus kisutch) and chinook salmon
O. tshawytscha) on the continental shelf off Washington and
.+ Oregon: Can. J. Fish. Aquat. Sci. 49: 1670~1685.

- Cross, C.L., Lapi, L., and Perry, E.A. 1991. Production of chinook
2oV vand-coho'salmon from British Columbia hatoheries, 1971-1989.
- Can. Tech. Rep. Fish. Aquat. Sci. No. 1816. :
Downing, J.A., and Plante, C. 1993. Production of fish populations in

i lakes: Can. 1. Fish, Aquat. Sci. 50: 110-120. - ‘
Eby, L.A., Rudstam, L.G., and Kitchell, .F. 1995. Predator responses

to;prey population dynamics: an empirical analysis based on lake

+ - trout growth rates, Can. J. Fish. Aquat. Sci. 52: 15641571,

Eck, G.W., and Brown, E.H., Jr. 1985. Lake Michigan’s capacity to
o, -4support lake trout (Salvelinus namaycush) and other saimonines:
;an gytimate based on the status of prey populations in the 1970s.

. JUFish. Aquat. Sci. 42: 449-454, »
~Blrod, J.H., and O’Gorman, R. 1991. Diet of juvenile lake trout in

- sputhern Lake Ontario in relation to abundance and size of prey
oo fighies, 1979~1987. Trans. Am. Fish. Soc. 120: 290-302.

< Elrod, IH., Ostergaard, D.E., and Schneider, C.P. 1988, Comparison
of hatchery-raised lake trout stocked as fall fingerlings and as
spring yearlings in Lake Ontario. N. Am. J. Fish. Manage.
8:455-462.

-Evans, M.S. 1990. Large-lake responses to declines in the abundance
...—-0f amajor fish planktivore — the Lake Michigan example. Can. J.
- Fish. Aquat. Sci. 47: 1738-1754.

Hartig, J.H., Kitchell, I.F,, Scavia, D., and Brandt, $.B. 1991. Reha-
bilitation of Lake Ontario: the role of nutrient reduction and food
web dynamics. Can. J. Fish. Aquat. Sci. 48: 1574-1580. -

Hewett, S.W., and Johnson, B.L. 1992. Fish bioenergetics model 2.
University of Wisconsin Sea Grant Institute Tech. Rep. WIS-SG-

"92-250, Madison, Wis.

Hinch, $.G., Diewert, R.E., Lissimore, T.J., Prince, A.M.J., Healey,

M.C,, and Henderson, M.A. 1996. Use of electromyogram teleme-

try to assess difficult passage areas for river-migrating adult sock-

eye-salmon, Trans. Am. Fish. Soc, 125: 253-260.

Can. J. Fish, Aquat. Sci. Vol. 55, 1998

Iverson, R.L. 1990. -Control of marine fish production. Limnol.
Oceanogr. 35: 1593-1604.

Johengen, T.H., Johannsson, O.E., Pemie, G.L., and Millard, E.S.
1994. Temporal and seasonal trends in nutrient dynamics and
biomass measures in Lakes Michigan and Ontario in response to
phosphorus control. Can. J. Fish, Aquat. Sci. 51: 2570-2578.

- Jones, ML.L., Koonce, J.F., and O’Gorman, R. 1993. Sustainability of

hatchery-dependent salmonine fisheries in Lake Ontario: the con-
flict between predator demand and prey supply. Trans. Am. Fish.
Soe. 122: 1002-1018.

Kitchell, J.F., and Crowder, L.B. 1986. Predator-prey interactions in
Lake Michigan: model predictions and recent dynamics. Environ.
Biol. Fishes, 16: 205-211.

Mason, D.M., Goyke, A., and Brandt, S.B. 1995. A spatially explicit
bioenergetics measure of habitat quality for adult salmonines:
comparison between Lakes Michigan and Ontario. Can. J. Fish.
Aquat. Sci. 52: 1572-1583. ’ ,

O’Gorman, R., Johannsson, O.E., and Schneider, C.P. 1997. Age and

~ growth of alewives in the changing pelagia of Lake Ontario,
1978-92. Trans. Am. Fish. Soc. 126: 112-126.

Olson, R.A., Winter, .D., Nettles, D.C., and Haynes, J.M. 1988. Re-
source partitioning in summer by salmonids in south-central Lake
Ontario. Trans. Am. Fish. Soc. 117: 552-559.

Parsons, T.R., and Chen, Y.-L.L. 1994, Estimates of trophic effi-
ciency, based on the size distribution of phytoplankton and fish in
different environments. Zool. Stud. 33: 296-301.

Rand, P.S., and Stewart, D.J. 1998. Dynamics of salmonine diets and
foraging in Lake Ontario, 1983-1993: a test of a bioenergetic
model prediction. Can. J. Fish. Aquat. Sci. 55. This issue.

Rand, P.§., Stewart, D.J., Seelbach, P.W., Jones, M.L., and Wedge;
L.R. 1993, Modeling steelhead trout population energetics in
Lakes Michigan and Ontario. Trans. Am. Fish. Soc. 122: 977~
1001.

Rand, P.S., Lantry, B.F., O'Gorman, R., Owens, R.W., and Stewart,
D.J. 1994, Enetgy density and size of pelagic prey fishes in Lake
Ontario: implications for salmonine energetics. Trans, Am, Fish.
Soc. 123: 519-534.

Rand, P.S., Stewart, D.J., Lantry, B.F., Rudstam, L.G., Johansson,
O.E., Goyke, A.P., Brandt, $.B., O’Gorman, R., and Eck, G. 1995.
Effect of whole-lake planktivory by the pelagic prey fish commu-
nity in Lakes Michigan and Ontario. Can. J. Fish. Aquat, Sci.
§2: 1546-1563.

Ricker, W.E. 1975. Computations and interpretations of biological
statistics of fish populations. Bull. Fish. Res, Board Can. No. 191.

Rowan, D.J., and Rasmussen, J.B. 1996. Measuring the bioenergetic
cost of fish activity in situ using a globally dispersed radiotracer
(*7Cs). Can. J. Fish. Aquat. Sci. 53: 734-745,

Rudstam, L.G., Binkowski, F.P., and Miller, M.A. 1994. A bioener-
getic model for analysis of food consumption patterns of bloater
in Lake Michigan. Trans. Am. Fish. Soc. 123: 344--357.

Savitz, J., and Bardygula, L. 1989. Analyses of the behavioral bases
for changes in salmonid diets. Loyola University of Chicago
Hlinois-Indiana Sea Grant Program Tech. Rep. IL-IN-SG-R-89-3,
Chicago, IiL /

Scavia, D., Fahnenstiel, G.L., Evans, M.S., Jude, D.J., and Lehman,
J.T. 1986. Influence of salmonine predation and weather on long- "
term water quality trends in Lake Michigan. Can. J. Fish. Aquat.
Sci. 43: 435-443, - :

Sheldon, R.W., Sutcliffe, W.H., Jr., and Paranjape, M.A. 1977. Struc-,
ture of pelagic food chains and relationship between plankton and -
fish production. J. Fish. Res. Board Can. 34: 2344-2353.

Sprules, W.G., and Goyke, A.P. 1994, Size-based structure and pro-
duction in the pelagia of Lakes Ontario. and Michigan. Can. J.
Fish. Aquat. Sci. 51: 2603-2611.

Sprules, W.G., Brandt, S.B., Stewart, D.J., Munawar, M., Jin, EH.,
and Love, J. 1991, Biomass size spectrum of the Lake Michigan
pelagic food web. Can. J. Fish. Aquat. Sci. 48: 105-115.

© 1998 NRC Canada



Rand and Stewart

Sprules, W.G., Brandt, S.B., and Munawar, M. 1994, Introduction:
multiple trophic level comparisons of Lakes Michigan and On-
tario. Can. J. Fish. Aquat. Sci. 51: 2568-2569.

stewart, D.J., and Ibarra, M. 1991. Predation and production by sal-
monine fishes in Lake Michigan, 1978-1988. Can. J. Fish. Aquat.
Sci. 48: 909-922.

Stewart, D.J., Kitchell, J.F., and Crowder, L.B. 1981. Forage fish and
their salmonid predators in Lake Michigan. Trans. Am. Fish. Soc.
110: 751-763.

327

Stewart, D.J., Weininger, D., Rottiers, D.V., and Edsall, T.A. 1983.
An energetics model for lake trout, Salvelinus namaycush: appli-
cation to the Lake Michigan population. Can. J. Fish. Aquat. Sci.
40: 681-698.

Talhelm, D.R. 1988. Economics of Great Lakes fisheries: a 1985
assessment, Great Lakes Fish. Comm. Tech. Rep. No. 54.

Wells, L. 1970, Effects of alewife predation on zooplankton popula-
tions in Lake Michigan, Limnol. Oceanogr. 15: 556-565.



