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Abstract: We evaluated the effects of dreissenid-induced food web changes on rates of lake whitefish (Coregonus clupea-
formis) energy acquisition and allocation in North American populations. We used mass-balance models of lake whitefish
growth and methylmercury accumulation in 17 populations with and without dreissenids present to estimate and contrast
rates of activity (ACT), consumption (C) and conversion efficiency (V). Historical estimates were also generated for a single
lake whitefish population during dreissenid establishment. Bioenergetic estimates from both scenarios were compared with
densities of Diporeia, a historically important diet component of lake whitefish. Mean lake whitefish ACT and C estimates
in populations with dreissenids were significantly greater: 1.3–2 times those of populations without dreissenids. Conversion
efficiencies scaled positively and significantly, while C and ACT varied negatively and significantly with Diporeia abun-
dance. Our results suggest that changes in lake whitefish activity may affect density estimates — and ultimately sustainable
management quotas — for this species. Our results also show that reported declines in lake whitefish individual growth rates
in South Bay, Lake Huron, can be explained by increased activity rates due to increased foraging activity in an energetically
depleted prey community.

Résumé : Nous évaluons les effets des changements dans les réseaux alimentaires occasionnés par les dreissénidés sur les
taux d’acquisition et d’allocation de l’énergie chez le grand corégone (Coregonus clupeaformis) dans des populations nord-
américaines. Des modèles de bilans massiques de la croissance et d’accumulation de méthylmercure chez des grands corégo-
nes de 17 populations avec et sans présence de dreissénidés nous ont servi à estimer et comparer les taux d’activité (ACT),
de consommation (C) et d’efficacité de conversion (V). Nous avons aussi produit des estimations historiques pour une seule
population de grands corégones durant l’établissement des dreissénidés. Nous avons comparé les estimations bioénergétiques
des deux scénarios en fonction des densités de Diporeia, une composante historiquement importante du régime alimentaire
des grands corégones. Les estimations moyennes des ACT et de C des grands corégones dans les populations avec dreisséni-
dés sont significativement plus grandes, 1,3–2 plus élevées, que celles des populations sans dreissénidés. Les efficacités de
conversion se cadrent de façon positive et significative, alors que C et ACT varient de manière négative et significative, en
fonction de l’abondance des Diporeia. Nos résultats indiquent que les changements dans l’activité des grands corégones peu-
vent affecter les estimations de densité — et en bout de compte les quotas de gestion durable — chez cette espèce. Nos ré-
sultats montrent aussi que les déclins dans les taux de croissance individuelle des grands corégones signalés dans South
Bay, au lac Huron, peuvent s’expliquer par les taux accrus d’activité à cause d’une recherche plus importante de nourriture
dans une communauté de proies appauvrie en énergie.

[Traduit par la Rédaction]

Introduction

Changes in the North American Great Lakes ecosystem as-
sociated with the establishment of dreissenid mussels (the ze-
bra mussel Dreissena polymorpha and the quagga mussel
Dreissena bugensis) have been profound. The decline of the
deepwater amphipod Diporeia (Nalepa et al. 1998, 2007;
McNickle et al. 2006) has been linked to decreasing pelagic

algal biovolume and productivity as well as increasing water
clarity during this time (Barbiero et al. 2006; Fahnenstiel et
al. 2010). As important benthic–pelagic couplers, Diporeia
assimilate a large proportion of offshore energy by feeding
on settled pelagic algae (Flint 1986) and have traditionally
been key prey items to many fish species (Nalepa et al.
2006). Dreissenids are thought to have disrupted this ener-
getic pathway by concentrating production and mineralizing
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nutrients in nearshore and benthic environments, thus limit-
ing offshore production and, in turn, rates of profundal algal
deposition (Hecky et al. 2004; Nalepa et al. 2006; Watkins et
al. 2007).
Resource managers have expressed concern that these eco-

system changes may threaten the sustainability of the Great
Lakes fishery, a cornerstone of the regional economy worth
nearly US$50 million in 2000 (Kinnunen 2003). Diporeia de-
clines have already been implicated in population declines of
offshore fish such as alewife (Alosa pseudoharengus) in Lake
Michigan (Madenjian et al. 2006b) and benthic fish in Lake
Ontario such as sculpin (Cottus spp.; Owens and Dittman
2003) and lake whitefish (Coregonus clupeaformis; Hoyle et
al. 1999). Lake whitefish are the primary catch of the Great
Lakes commercial fishery, where they are harvested primarily
from the upper Great Lakes. Concern exists over noted de-
clines in individual growth and condition of lake whitefish
during the past 2 to 3 decades (Pothoven et al. 2001; Lumb
et al. 2007; Rennie et al. 2009a). Because of their dominance
in commercial catches, the future of the upper Great Lakes
fishery lies in great part on the successful and sustainable
management of lake whitefish.
While numerous recent changes in Great Lakes ecosystems

can be attributed to the establishment of dreissenids (Higgins
and Vander Zanden 2010), recent evidence has also identified
alternative explanations for lake whitefish growth and condi-
tion declines. Lake whitefish body condition appears to be
affected by fish density and climate-related environmental
change (Rennie et al. 2009a) and has declined in inland and
Great Lakes populations throughout Ontario (Rennie et al.
2010a). Lake whitefish growth rate declines in Lake Michi-
gan (DeBruyne et al. 2008) as well as Lakes Superior and
Huron and inland Ontario lakes (Rennie 2009) appear at least
in part to be a response to increases in density. Increased lake
whitefish density is further suggested to have contributed to
Diporeia declines in northern Lake Michigan and Lake
Huron (Kratzer et al. 2007). However, studies reporting in-
creased lake whitefish density have primarily relied on pas-
sive sampling gear (i.e., gillnets), which is stationary and
depends on the movement of target species for encounter
and capture. Thus, changes in fish behaviour (e.g., activity
rates) could potentially affect encounter rates with passive
gear (Biro and Post 2008; Biro and Dingemanse 2009) and
therefore density estimates, which are ultimately used to de-
termine commercial harvest quotas.
Lake whitefish have been shown to undergo behavioural

changes following dreissenid invasion (Rennie et al. 2009b);
depth distributions and diets of lake whitefish in South Bay,
Lake Huron, showed evidence of increased reliance on near-
shore resources after the establishment of dreissenids. As a
result, energy densities of lake whitefish diets were 15%–
30% lower than before dreissenids entered the system (Ren-
nie et al. 2009b). Declines in diet quality will require fish to
spend more time foraging to sustain energetic costs of basic
metabolism, growth, and reproduction (Weatherley 1966). In-
creased activity allocated to foraging will itself impose
greater metabolic costs, further exacerbating the effect of for-
aging in an energy-depleted prey community (Sherwood et
al. 2002).
Field-based activity rates have been difficult to estimate ac-

curately in the past, and current approaches of tracking fish

with various transmitters can require a large initial investment
in both capital and human resources. In contrast, contaminant
modelling (Forseth et al. 1992; Rowan and Rasmussen 1996;
Trudel et al. 2000) when combined with bioenergetic models
(e.g., Kitchell et al. 1977) can provide a relatively inexpensive
means for researchers to estimate activity of fish in the wild.
Further, modelled activity estimates using this method have
been shown to agree with both behavioural and enzymatic
measures of activity (Rennie et al. 2005b).
The primary goal of this study was to consider the effects

of food web changes associated with dreissenid establishment
on energy allocation patterns in lake whitefish. To do this,
we used an existing methylmercury (MeHg) contaminant ac-
cumulation model (Trudel and Rasmussen 2001) combined
with a lake whitefish bioenergetics model (Madenjian et al.
2006a). Modelled bioenergetic estimates of consumption, ac-
tivity, and conversion efficiency were compared among in-
vaded and non-invaded populations. Further, we investigated
correlations among lake whitefish bioenergetic parameters
with Diporeia density, an important component of lake
whitefish diets historically (Hart 1931; Ihssen et al. 1981;
Rennie et al. 2009b). Second, we evaluated bioenergetics
over a time series of observations spanning dreissenid estab-
lishment in South Bay, Lake Huron, to determine if changes
in bioenergetics could explain documented declines in growth
in this population (Rennie et al. 2009a).

Materials and methods

Sampling
Fish were collected in conjunction with collaborating agen-

cies during 2001–2007 from 17 different populations (Fig. 1)
using standardized index gear specific to each particular pop-
ulation or through commercial harvest (Table 1). Bony struc-
tures (otoliths, scales) were removed for ageing. A skinless,
boneless sample of muscle tissue was taken subdorsally,
above the lateral line of the fish to be analyzed for mer-
cury (Hg).

Characterization of fish diets
Lake whitefish stomachs collected during sampling (July–

September) were used to describe diets. While fish diets may
vary seasonally within populations, seasonal diet estimates
were not available for all stocks. Therefore, while the magni-
tude of our bioenergetics estimates may be slightly biased, as
they do not take into account potential seasonal variation
(e.g., Rennie et al. 2009b), the sampling period among all
stocks is temporally coherent.
Stomach contents were thawed and inspected in deionized

water. Identifiable items were separated into broad taxonomic
groups. Animals were then dabbed with an absorbent wipe to
remove excess moisture and weighed. Proportional composi-
tion by mass of prey taxa in each fish examined was esti-
mated. To characterize proportional composition of diets in
each population, we estimated the mean proportion for each
taxonomic group over all fish from a population and reported
results for all organisms ≥ 1%; all other organisms and those
unidentifiable to more specific taxonomic groups were as-
signed to “Other” (Table 2). For purposes of statistical analy-
sis, we further summarized these data into three broad groups:
shelled prey (dreissenids, gastropods, and sphaeriids), soft-
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bodied prey (amphipods, ceratopogoniids, chironomids, eggs,
Ephemeroptera, fish, isopods, oligochaetes, ostracods, plant
material, trichopterans, insects, and other), and zooplankton
(Bythotrephes, Chaoborus, Mysis, other zooplankton).

Estimation of consumption and activity in lake whitefish
To estimate lake whitefish consumption and activity, we

used an approach combining the mass balance formulae for
fish contaminants and mass from a mercury mass balance
model (MMBM) described by Trudel et al. (2000) and modi-
fied in Rennie et al. (2005b), with the mass balance of fish
energy budgets from a bioenergetics model (Madenjian et al.
2006a). The MMBM models the mass balance of MeHg in
fish, the form of Hg that is most readily bioaccumulated
(Mason et al. 1995; Lawson and Mason 1998; Lawrence et
al. 1999). The primary mode for MeHg uptake in fish is
through absorption in the gut from diet (Hall et al. 1997;
Lawson and Mason 1998; Leaner and Mason 2002). The ac-
cumulation of MeHg in fish is described by

ð1Þ dMeHg

dt
¼ ða $Md $ CÞ % ðE þ Gþ NÞ $MeHg

where MeHg is [MeHg] of the fish (µg Hg⋅g–1 wet mass), a
is the assimilation efficiency of MeHg from food, Md is
[MeHg] in food (µg Hg⋅g–1 wet mass), C is the mass-specific
food consumption rate (g prey·g fish–1·day–1, or day–1), E is
the instantaneous elimination rate of MeHg (day–1), G is the
mass-specific growth rate (day–1), and N is the instantaneous

loss rate of MeHg to gonads (day–1). If modelled over small
(i.e., 1 day) time steps, differences between parameters such
as E and N will be small and can be treated as constants. In-
tegration of eq. 1 then yields the following (rearranged to
solve for consumption):

ð2Þ C ¼ MeHgt %MeHg0 $ e%ðEþGþNÞt

a $Md $ ½1% e%ðEþGþNÞt( $ ðE þ Gþ NÞ

where MeHg0 and MeHgt are the [MeHg] in fish at time 0
and time t, respectively. Losses due to elimination (E),
growth (G), and spawning (N) are described by equations in
Appendix A.
The MMBM (eq. 2) is solved over a daily time step and

combined with a bioenergetics model for lake whitefish (Ma-
denjian et al. 2006a) through the common term, C (C above
can be converted from units of day–1 to J·day–1 by multiply-
ing C by prey energy density and Wt–1). The bioenergetics
model can be expressed simply as

ð3Þ Wt ¼ W0 þ ½C % ðF þ U þ RTÞ(=EDfish

where Wt is the final fish mass (g), W0 is the initial fish
mass (g), C is ingestion rate (J⋅day–1), EDfish is the energy
density of fish (J⋅g–1), F is loss due to egestion (J⋅day–1),
U is loss due to excretion (J⋅day–1), and RT is loss due to me-
tabolism (J⋅day–1).
Consumption rate in the bioenergetics model is a function

of temperature and an allometric function describing maxi-
mum consumption determined from laboratory experiments.

Fig. 1. Locations of North American lake whitefish populations under study. Outlined squares are stocks where dreissenids are established,
outlined circles are stocks where dreissenids were not present at the time the study was conducted.
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Table 1. Populations of lake whitefish (Coregonus clupeaformis) included in the study.

Dreissenid status Lake Population
Location
(N, W) Years sampled

Year dreissenids
established

Diporeia abundance
(no.·m–2)

Collection
method

Established Erie East basin 42°31′, 79°34′ 2004 1989 177a Index
Huron Cape Rich, Georgian Bay 44°32′, 80°37′ 2003–2006 1996 99b Index

Cheboygan 45°42′, 84°27′ 2003–2006 2000 457c Commercial
Detour Village 45°55′, 83°55′ 2003–2006 2000 1000d Commercial
North Channel 46°02′, 82°18′ 2004 1993e 2097f Index
South Bay, Manitoulin Island 45°40′, 81°55′ 1965–2005g 1997 194h Index

Michigan Big Bay de Noc 45°44′, 86°43′ 2003–2006 1994 0d Commercial
Naubinway 46°01′, 85°27′ 2003–2006 1994 0d Commercial

Ontario Kingston basin 43°60′, 76°47′ 2004 1993 304i Commercial
Simcoe Lake Simcoe 44°25′, 79°20′ 2003–2006 1995 0j Index

Absent Lake of the Woods Whitefish Bay 49°24′, 93°53′ 2005–2006 NA 817k Index
Nipigon Lake Nipigon 49°50′, 88°30′ 2006–2007 NA 2610l Index
Opeongo Lake Opeongo 45°42′, 78°23′ 2005–2007 NA 0j Index
Smoke Smoke Lake 45°31′, 78°41′ 2005–2007 NA 0j Index
Superior Apostle Islands 47°00′, 90°30′ 2004 NA 1470m Index

Thunder Bay 48°25′, 89°00′ 2005 NA 2449n Commercial
Whitefish Bay 46°30′, 84°35′ 2004 NA 1119o Commercial

Note: NA, not applicable.
aDermott and Kerec (1997).
bRennie and Verdon (2008); value for 2003 only.
cPothoven and Nalepa (2006).
dKratzer et al. (2007).
eDate reported by Ontario Ministry of Natural Resources at Espanola; Nalepa et al. (2007) reported only very low densities of dreissenids in 2002.
fNalepa et al. (2007).
gOnly years 2001–2005 used for cross-population study, using ages based on otoliths.
hRennie et al. (2009a); average of values 2001–2005.
iDermott (2001).
jDiporeia absence confirmed in Lake Opeongo and Smoke Lake historically based on absence in benthic samples taken in the 1970s (Dadswell 1974); current absence confirmed based on benthic

sampling in 2007 (M. Rennie, unpublished data). Diporeia are absent from Lake Simcoe (Rawson 1930; Kilgour et al. 2008).
kT. Mosindy, unpublished data, Ontario Ministry of Natural Resources, P.O. Box 5080, Kenora, ON P9N 3X9, Canada.
lBased on amphipod counts in >15 m depth (Bentz et al. 2002).
mMean value for sites west of Keweenaw Peninsula (Scharold et al. 2004).
nJ.V. Scharold, unpublished data, United States Environmental Protection Agency, 6201 Congdon Boulevard, Duluth, MN 55804, USA.
oMean value for sites east of Keweenaw Peninsula (Scharold et al. 2004).
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Table 2. Mean proportional composition of lake whitefish diet items by mass.

(a) Populations with dreissenids.

Taxa Erie
Cape
Rich Cheboygan Detour

North
Channel

South
Bay

Bay de
Noc Naubinway Ontario Simcoe

Amphipoda 0.39 0.10 0.01
Bythotrephes 0.05 0.25 0.77 0.19 0.23 0.13 1.00
Ceratopogoniidae 0.01
Chaoborus
Chironomidae 0.16 0.06 0.01 0.04 0.24 0.11 0.39
Dreissenids 0.08 0.04 0.21 0.14 0.11 0.80 0.90 0.12
Fish eggs 0.03
Ephemeroptera 0.07 0.13 0.02 0.01
Fish 0.06 0.02 0.03 0.03 0.04 0.04 0.05
Gastropoda 0.12 0.02 0.07 0.03 0.06 0.01 0.01 0.15
Isopoda 0.04
Mysis 0.06 0.01
Oligochaete 0.03 0.01
Ostracoda 0.04 0.03 0.01
Plant 0.35 0.02 0.01 0.02 0.01 0.02
Sphaeriidae 0.15 0.09 0.01 0.07 0.07 0.06 0.21
Trichoptera 0.02
Other zooplankton 0.01 0.01
Insecta 0.03 0.03 0.06 0.04
Other 0.05 0.08 0.06 0.21 0.05

Shelled 0.23 0.25 0.23 0.22 0.10 0.24 0.00 0.87 0.91 0.48
Soft-bodied 0.71 0.33 0.00 0.50 0.55 0.45 0.00 0.13 0.09 0.51
Zooplankton 0.05 0.31 0.77 0.19 0.23 0.15 1.00 0.00 0.00 0.01

(b) Populations without dreissenids.

Taxa
Lake of
the Woods Nipigon Opeongo Smoke

Apostle
Islands

Thunder
Bay

Amphipoda 0.52 0.08 0.25 0.55
Bythotrephes 0.38 0.19
Ceratopogoniidae 0.04 0.01
Chaoborus 0.01 0.03
Chironomidae 0.12 0.11 0.34 0.48 0.04 0.04
Dreissenids
Fish eggs
Ephemeroptera 0.01 0.06
Fish
Gastropoda 0.01 0.01
Isopoda
Mysis 0.01 0.09 0.25
Oligochaete 0.01
Ostracoda
Plant 0.03 0.06 0.05
Sphaeriidae 0.20 0.22 0.14 0.10 0.07 0.10
Trichoptera 0.05 0.08
Other zooplankton 0.03 0.30 0.14
Insecta 0.06 0.01
Other 0.02 0.01 0.06 0.01

Shelled 0.20 0.23 0.14 0.11 0.07 0.10
Soft-bodied 0.68 0.26 0.46 0.63 0.42 0.65
Zooplankton 0.04 0.38 0.31 0.16 0.28 0.25

Note: Only organisms consisting of >1% of the total diet are shown; the sum of those <1% are grouped into “Other”. Shelled, Soft-bodied, and Zooplank-
ton summarize information across these groups from the taxa-specific data listed above. Taxa with first- and second-highest proportion by mass (excluding
“Other”) for each population are shown in bold. Values may not sum to 1 because of the presence of inorganic material (e.g., rocks, sand, etc.), not listed.
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Losses from metabolism (RT from eq. 3) can be further sub-
divided into three components:

ð4Þ RT ¼ ACT $ Rs þ Rd

where Rd is specific dynamic action (J⋅day–1) and varies pro-
portionally with C; Rs is loss due to standard metabolism
(J⋅day–1) and is an allometric function based on temperature
and body mass, and ACT (unitless) represents energy lost to
active metabolism as a multiple of standard metabolism,
where 1 ≤ ACT ≤ ∞.
Losses to reproduction are modelled as a one-time annual

loss:

ð5Þ Wt ¼ Wt%1 %Wt%1 $ ðGSI $ EDgÞ

where Wt is the fish mass after spawning, Wt–1 is the fish
mass the day previous, GSI is the gonadosomatic index
(mass of spawning gonads/mass of fish, g), and EDg is the
ratio of the energy density of the gonads to that of the whole
fish (1.2 for female fish; Rennie et al. 2005b).
By iterating on a daily basis both eqs. 2 and 3, which are

linked through the common term, C, the unique solution of C
and ACT that achieved the observed final mass and [MeHg]
was obtained through an optimization routine. The optimiza-
tion minimized the average difference between observed Wt
and MeHgt and modelled Wt and MeHgt.

Parameterization of models
Subequations describing daily MeHg elimination, mass,

and MeHg losses are based on those presented in Trudel and
Rasmussen (1997) (described in Appendix A). Assimilation
efficiency in the MMBM was set to 0.8 (Trudel and Rasmus-
sen 2006). Parameters and subequations for the bioenergetics
model are those described for the generalized coregonid
model (Rudstam et al. 1994) with two exceptions. First, we
used the revised value of 0.00085 for the intercept of the al-
lometric mass function proposed by Madenjian et al.
(2006a). Second, we replaced the term relating activity based
on swimming speed with one that expresses activity as a
multiple of standard metabolism as per eq. 4 (because we
could solve directly for this parameter using consumption es-
timates from the MMBM). All other inputs for both models
are detailed in Appendix B. Though the MMBM models
MeHg dynamics, we measured Hg in individual whitefish
and converted [Hg] to [MeHg] using a conversion factor ap-
propriate for this species (65%, see Appendix B for details).
While the entire age distribution from each population was
used to generate von Bertalanffy fits (Appendix B), we ap-
plied MMBM and bioenergetic models to cohorts arising
from the age range of fish detected in each population, to a
maximum of 20 years of age.

Historic bioenergetics of lake whitefish in South Bay,
Lake Huron
To determine if reported growth declines in lake whitefish

from South Bay (Rennie et al. 2009a) could be explained by
bioenergetic processes, we modelled bioenergetics of South
Bay whitefish during three pre-invasion time periods (1965–
1969, 1980–1984, and 1988–1992) and compared them with
a single postinvasion time period (2001–2005). South Bay
was selected to examine temporal bioenergetic patterns, as it

had the longest and most complete time series of the popula-
tions considered in this study. Size-at-age for all time periods
was estimated using scale ages, as these were the only struc-
tures aged in South Bay prior to 2001 (ages were determined
using both scales and otoliths for South Bay lake whitefish
sampled 2001–2005). Estimates of fish [MeHg]-at-age from
2001 to 2005 (described above) were applied to pre-invasion
fish. Diet ED was taken from Rennie et al. (2009b), and diet
[MeHg] was estimated from [MeHg] of prey items (Appen-
dix C) and applied to proportions used to generate diet ED
(pre-invasion diet MeHg = 2.70 ng·g–1, postinvasion =
2.04 ng·g–1). Thus, any changes in the bioenergetics of the
population over time would be due to changes in size-at-age
of the fish, and differences in diet ED and MeHg would re-
sult from changes in diet composition only. Size-at-age of
modelled cohorts was estimated from fish across all years in
each time period, and predicted mass-at-age was generated
using mass–length relationships specific to female lake
whitefish in each time period.
MeHg concentrations of lake whitefish and their diets were

all based on contemporary [MeHg] in the South Bay tempo-
ral analysis. We believe this is a reasonable assumption, since
the goal of this modelling exercise was to determine differen-
ces in bioenergetics due primarily to differences observed in
lake whitefish growth rates and diet composition in the dif-
ferent time periods, all else being equal. While [Hg] in some
fish species have declined over time (e.g., French et al.
2006), many have not (Rennie et al. 2010a). An examination
of tissue [Hg] from 10 lake whitefish collected from South
Bay in 1987 was not different from contemporary measure-
ments reported here. Concentrations of MeHg in fish and in-
vertebrates may change as a function of water chemistry
(Rennie et al. 2005a), which has remained relatively stable
in South Bay over the course of dreissenid invasion (Fernan-
dez et al. 2009). Further, changes in Hg deposition over time
because of increased environmental regulation would have
the effect of altering Hg concentrations at all trophic levels
(e.g., in both fish and their prey). Therefore, the relative dif-
ference between lake whitefish [MeHg] and that of any par-
ticular prey item should be similar, regardless of change in
the actual values due to changes in Hg deposition over time.
It is the relative differences between fish and prey [MeHg]
that are important in the MMBM formulations, and these
only change in the above modelling exercise as a result of
changes in diet composition. While it is possible that dreisse-
nids have affected the [MeHg] of other benthic invertebrates,
we know of no published work on dreissenid effects on
benthic invertebrate [MeHg] where this has been demon-
strated. Thus, we could not account for possible taxa-specific
modulations due to dreissenids in our historical estimates of
lake whitefish prey [MeHg].

Statistical analysis
To determine the effect of dreissenid establishment on

lake whitefish, we evaluated mass-specific bioenergetic
rates. Estimates of interest were rates of consumption (C,
gfood⋅gfish–1⋅day–1, or day–1), activity multipliers (ACT, unit-
less), and conversion efficiency (V, unitless). We also esti-
mated mass-specific growth rates (G, ggrowth⋅gfish–1⋅day–1, or
day–1) across time periods for the South Bay, Lake Huron,
population. Mass-specific rates may require adjustment to
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permit comparisons among different sized cohorts if rates
deviate from isometry (i.e., allometric exponent of mass-
relative rate with body size is different from 1; Hewett and
Kraft 1993; Jobling 1994). The mean mass exponent for
mass-relative rates of consumption (gfood⋅day–1) with body
size among the populations included in this study were not
significantly different from 1 (mean ± standard error (SE) =
1.10 ± 0.07, one-sample t test of mean equal to 1, t[16] =
1.4, p = 0.17), confirming other reports that consumption
rates for lake whitefish generally vary isometrically with
body size (Trudel et al. 2001). The allometric exponent of
mass-relative growth (ggrowth⋅day–1) with body mass for lake
whitefish was significantly different from 1 (mean ± SE =
0.75 ± 0.07, one-sample t test of mean equal to 1, t[16] =
3.7, p = 0.002). This value is slightly higher than that re-
ported for various salmonids (Jobling 1994) but comparable
to female yellow perch (Perca flavescens) (Rennie et al.
2010b). We therefore estimated mass-specific estimates of
growth as ggrowth⋅gfish–0.75⋅day–1 for the South Bay popula-
tion.
For comparisons among lake whitefish stocks with and

without dreissenids present (either temporally in South Bay
or among contemporary populations), weighted means of C,
ACT, and V were also estimated where each age class mod-
elled was weighted by its numerical proportional representa-
tion in the catch. Weighted means of G were similarly
estimated for all time periods in South Bay. This was done
to represent the “realized” means of bioenergetic estimates
for a specific population by emphasizing bioenergetics of
common age classes and de-emphasizing uncommon age
classes. Weighted means were compared among invaded and
non-invaded populations using two sample t tests, with a
Welch correction on degrees of freedom to account for differ-
ences in variance between groups (Zar 1999). We also exam-
ined relationships among the weighted means of bioenergetic
estimates with Diporeia density using linear regression. Mul-
tiple comparisons were evaluated against sequential
Bonferroni-corrected p values (Rice 1989). Diet proportions
among stocks with and without dreissenids were compared
using t tests using arcsine-square-root-transformed data.

Model sensitivity to temperature variation and length of
growing season
All populations investigated in this study occupy lakes that

stratify, and none experienced substantial deepwater oxygen
depletion over the period of study. Thus, whitefish in all our
systems have the ability to thermoregulate behaviourally by
occupying preferred temperatures (Edsall 1999). Even so,
whitefish may show some variability in their thermal prefer-
ences that are not well reflected by the mean temperatures
used in our simulations (Madenjian et al. 2006a). To investi-
gate this possibility, we simulated various temperature re-
gimes for lake whitefish bioenergetic models for South Bay
postdreissenid invasion. First, we increased or decreased lake
whitefish water temperatures by two standard deviations
above and below the mean temperatures reported from ther-
mal tags in Madenjian et al. (2006a). Second, we evaluated
the effects of changes in growing season on results by com-
paring a representative minimum (Lake of the Woods) and
maximum (Lake Erie) season length on our bioenergetic esti-
mates. To determine the length of the growing season at

these two sites, we obtained online historic water tempera-
ture data from buoys deployed in both areas from Fisheries
and Oceans Canada (http://www.meds-sdmm.dfo-mpo.gc.ca/
isdm-gdsi/waves-vagues/index-eng.htm; Lake of the Woods
centre buoy 45148; Lake Erie Port Colborne buoy 45142).
We defined the growing season at each site as the number of
days where surface water temperatures were recorded above
4 °C, indicative of a thermal switch-point in the density gra-
dients of lakes towards stratification of warmer waters over
cooler waters. We examined 2004 data at both sites; other
years in the record were excluded because of incomplete an-
nual data for one or the other buoys. Also, these data are
within 1 year of the thermal tag data used in our models
(Madenjian et al. 2006a). The growing season was estimated
as 223 days in Lake Erie and 203 days in Lake of the
Woods, compared with 212 from Lake Michigan archival
whitefish tag data. Based on this finding, we removed the 10
warmest days in our models and extended the coldwater pe-
riod by 10 days to simulate our northernmost environment
(Lake of the Woods). Similarly, we extended the warmest pe-
riod by 10 days and removed the 10 coldest days to simulate
our southernmost environment (Lake Erie). We assumed that
whitefish would otherwise thermoregulate similar to the Lake
Michigan stock. We then compared differences between bio-
energetic estimates from these simulated temperature regimes
with our initial model using t tests.

Results

Bioenergetics among populations
Weighted means of mass-specific bioenergetic estimates

were significantly different between lake whitefish popula-
tions with and without dreissenids (Fig. 2). Lake whitefish
ACT was twice as high in populations with dreissenids
(mean = 4.2) compared with populations without dreissenids
(mean = 2.18; Fig. 2a; two sample t test, t[11.8] = 2.99, p =
0.016, pcrit = 0.025), as was C (Fig. 2b; mean C with dreis-
senids = 0.028; mean C without dreissenids = 0.015; t[10.7] =
2.93, p = 0.014, pcrit = 0.0167). Differences in conversion ef-
ficiencies were not significant between invaded and non-
invaded populations (V, p = 0.15). Analysis of diet data
showed that the proportion of amphipods (typically Diporeia)
were significantly greater (two-sample t test, t[5.3] = 3.25, p =
0.02) in non-invaded populations (0.61 ± 0.11) compared
with those where dreissenids were established (0.06 ± 0.4).
Though they bordered on statistical significance, mean pro-
portions of soft-bodied prey in lake whitefish stomachs
tended to be lower (invaded, 0.33 ± 0.08; non-invaded,
0.52 ± 0.07; p = 0.085) and those of shelled prey higher (in-
vaded, 0.35 ± 0.1; non-invaded, 0.14 ± 0.03; p = 0.061) in
dreissenid-invaded populations compared with non-invaded
populations (Table 2). A similar pattern was found for mean
diet energy densities (Appendix B, Table B1; invaded, 2.3 ±
0.1 kJ; non-invaded, 2.6 ± 0.2 kJ, p = 0.2), but again the
pattern was nonsignificant.
Lake whitefish C and ACT decreased significantly (follow-

ing sequential Bonferroni corrections) with increasing Dipor-
eia abundance when only whitefish populations that
previously supported Diporeia were considered (Fig. 3a: C,
p = 0.0132, pcrit = 0.025; Fig. 3b: ACT, p = 0.049, pcrit =
0.05). Diporeia abundance was positively related to V over
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all populations considered (Fig. 3d; linear regression,
F[1,15] = 9.9, p = 0.0072, pcrit = 0.0167).

Bioenergetics over time in South Bay
To better standardize temporal comparisons in South Bay,

only those age classes that were observed in each time period
(ages 2–12) were used for comparison. Temporal changes in
weighted means of mass-specific C, ACT, and V estimates
were consistent with the comparison of contemporary lake
whitefish populations with and without dreissenids. Mean
ACT estimates in years before the invasion of dreissenids
were significantly lower than that observed after dreissenid
establishment (Table 3; one-sample t test, t[2] = –9.69, p =
0.01). Similarly, C was lower before the invasion of dreisse-
nids (one-sample t test, t[2] = –33.9, p = 0.0009), whereas V
was higher prior to the invasion of dreissenids (one-sample
t test, t[2] = 8.8, p = 0.013). Growth rate (G) was also signif-
icantly higher prior to dreissenid invasion in South Bay (one-
sample t test, t[2] = 16.2, p = 0.004).

Sensitivity to water temperature and growing season
Whitefish bioenergetic estimates (C, ACT, V) based on

water temperatures two standard deviations above and below
values used in our study were not significantly different from
our initial estimates (t tests, all p >> 0.05). Similarly, bioen-
ergetic estimates (C, ACT, V) yielded from extending or
shortening the warmwater period by 10 days were not signif-
icantly different from those estimated from the initial model
(t tests, all p >> 0.05). Percent differences between reported
model estimates with alternative temperature regimes were all
less than 7%, and in most cases within 2% of the reported
estimates (Table 4).

Discussion
Based on either historical reconstruction or comparisons

among contemporary populations, lake whitefish activity and
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consumption estimates were elevated and conversion efficien-
cies were depressed in the presence of dreissenids. Addition-
ally, the abundance of Diporeia had a significant effect on
lake whitefish bioenergetics; in the absence of dreissenids,
lake whitefish diets had a greater proportion of Diporeia and
demonstrated higher conversion efficiencies and lower con-
sumption and activity when Diporeia were abundant. We be-
lieve that these results interpreted together provide strong
evidence that elevated consumption and activity in lake
whitefish populations exposed to dreissenids are a result of a
depleted prey community associated with dreissenid estab-
lishment. Further, our study shows that increased allocation
of energy to activity provides a proximate explanation for
growth declines in lake whitefish from South Bay, Lake
Huron. Growth declines have been well documented else-
where in Great Lakes lake whitefish populations coincident
with the establishment of dreissenids (e.g., Pothoven et al.
2001; DeBruyne et al. 2008; Rennie 2009).
Higher consumption rates in the presence of dreissenids

suggest that fish may increase foraging activities in response
to an energetically depleted prey community (McNickle et al.
2006; Rennie et al. 2009a). Considered with our observations
of higher activity rates and reduced conversion efficiency in
populations with dreissenids present, this suggests that there
is a combined effect of reduced prey quality, increased allo-
cation of energy towards foraging, and potential increases in
the energy required to process large-bodied shelled prey like
dreissenids. In contrast with our investigation, a recent study
found no change in the total consumption or conversion effi-
ciency of lake whitefish in Lakes Huron and Michigan (Pot-
hoven and Madenjian 2008). However, their study employed

models that assumed fish activity as a largely size-dependent
process and did not consider the potential for differences in
activity rates before and after dreissenid invasion. Our detec-
tion of significant differences in consumption and conversion
efficiencies when allowing for potential activity differences
stresses the importance of estimating field-based activity esti-
mates, particularly when scaling individual-level consump-
tion estimates to whole-ecosystem processes (e.g., Pothoven
and Madenjian 2008).
Conversion efficiency scaled positively with Diporeia den-

sity, whereas activity and consumption rates declined as Di-
poreia densities increased, suggesting that Diporeia densities
likely play a major role in moderating lake whitefish bioener-
getics. However, changes in Diporeia reflect just one aspect
of the community changes experienced by lake whitefish
prey during the establishment of dreissenids in aquatic eco-
systems, and changes in the distribution and abundance of
other prey items may contribute to lake whitefish growth de-
clines and changes in bioenergetics. An examination of sea-
sonal lake whitefish diets collected in 1947 suggested that
while Diporeia was an important prey item (Rennie et al.
2009b), pre-invasion diets were far more diverse than previ-
ously described (Hart 1931; Ihssen et al. 1981). Following
dreissenid invasion in South Bay, Lake Huron, lake whitefish
appear to be more reliant on nearshore organisms (Rennie et
al. 2009b), which are frequently shelled (e.g., dreissenids)
and likely more energetically costly to process than the soft-
bodied prey once common at deeper waters (Owens and Ditt-
man 2003). Chironomids, sphaeriids, and oligochaetes have
all declined dramatically in deeper waters (regions in which
lake whitefish forage during summer stratification when they

Table 3. Mean mass-specific bioenergetic estimates of lake whitefish consump-
tion (C), activity (ACT), conversion efficiency (V), and growth (G) weighted by
relative abundance of age classes 2–12 within time periods modelled for South
Bay, as well as Diporeia abundance in each time period.

Years modelled C ACT V G
Diporeia density
(no.·m–2)

1965–1969 0.0136 2.30 0.152 0.0053 1937.5a

1980–1984 0.0133 2.10 0.163 0.0051 1971.9b

1988–1992 0.0138 2.29 0.145 0.0052 ND
2001–2005 0.0181 2.87 0.107 0.0042 194.4c

Note: ND, no data.
aAverage of years 1959–1962, data from McNickle et al. (2006).
bAverage of years 1980–1982, data from McNickle et al. (2006).
cAverage of years 2001–2005, data from Rennie et al. (2009a).

Table 4. Percent difference in modelled temperature exposure of lake whitefish on bio-
energetic parameters estimated from mercury mass-balance (consumption C)) and bioener-
getic models (activity multipliers (ACT) and conversion efficiency (V)) compared with
reported model estimates.

Variable
Extended
growing season

Reduced
growing season

Increased water
temperature

Decreased water
temperature

C –0.7% 1.0% 6.7% –5.2%
ACT –1.7% 2.0% –1.6% 2.0%
V –0.6% 0.5% –4.8% 3.5%

Note: Extended and reduced growing seasons represent a 10-day lengthening and shortening of the
warmest temperatures used to generate reported model estimates, respectively. Increased and de-
creased water temperatures represent temperature exposure based on the upper and lower bounds
(95% confidence intervals) reported by Madenjian et al. (2006a).
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accumulate most of their growth annually) since the estab-
lishment of dreissenid mussels in Lake Huron (McNickle et
al. 2006; Nalepa et al. 2007; Watkins et al. 2007).
It is unlikely that potential differences in water tempera-

tures or growing seasons experienced by the populations we
considered affected our bioenergetic estimates. Lake white-
fish bioenergetic estimates (C, ACT, V) did not differ be-
tween our initial model with either warmer or cooler
temperature exposure (plus or minus two standard deviations
of estimates reported by Madenjian et al. 2006a) or with the
extension or reduction of the growing season by 10 days.
These findings are consistent with previously published sen-
sitivity analysis on consumption estimates from both the
MMBM and bioenergetics models that revealed that temper-
ature is among the less influential parameters on model out-
comes (Kitchell et al. 1977; Trudel et al. 2000); 10%
variation in temperature tended to result in only 2%–3% dif-
ferences in consumption estimates from the MMBM when
applied to lake whitefish, and sensitivity of temperature-
dependent consumption and respiration parameters were
ranked as medium to low in the bioenergetics model.
The possibility of increased lake whitefish activity rates in

the presence of dreissenids could have major implications for
the correct interpretation of temporal changes in lake white-
fish catch-per-unit-effort (CPUE) data that are collected using
passive collection gear. Our results suggest that activity rates
(and therefore potentially gear encounter rates) could be as
much as two times higher in the presence of dreissenids.
Studies that have employed passive sampling gear reported
increases in lake whitefish CPUE of a similar magnitude dur-
ing the establishment of dreissenids on the Great Lakes (Ta-
ble 5). Recent experimental studies have highlighted inherent
bias of passive sampling gear towards more active individu-
als e.g., (Biro and Post 2008) and the lack of attention this
issue has received in the recent literature (Biro and Dinge-
manse 2009) despite the fact that it has been recognized for
decades (Rudstam et al. 1984). CPUE of more active popula-
tions are expected to be higher when population sizes are
similar (Radabaugh et al. 2010). If lake whitefish activity
scales positively with gear encounter rates and therefore also
with CPUE, then our estimates of activity increases are of a
similar magnitude as CPUE increases in seven of nine popu-
lations, and approximately 65% of CPUE increases in the two
populations in central and northern Lake Michigan. Under

this scenario, increases in CPUE may not reflect actual in-
creases in population size, but rather result from increased
lake whitefish activity due to food web changes associated
with the establishment of dreissenids.
If activity rates of lake whitefish are indeed greater in pop-

ulations with dreissenids, as our model estimates suggest, this
could have serious implications for the successful sustainable
management of these stocks. Many management organiza-
tions frequently employ passive gear to generate CPUE esti-
mates. These data are used to set fishing quotas for the
following year by commercial fleets and to set fishing regula-
tions for recreational fisheries. If population estimates are
overestimated by two times as a result of sampling bias re-
lated to increased activity, then harvest rates set for popula-
tions with dreissenids could be set well beyond what
management organizations have deemed to be sustainable.
Clearly, more work is needed to establish the exact relation-
ship between activity rates and gear encounter rates in this
species, but our study at the very least provides justification
for additional research on this topic and on the need to ac-
count for behavioural change related to catchability in quanti-
tative fishery assessment models given the gravity of the
potential consequences of not doing so for the sustainability
of the fishery.
Changes in the distribution of benthic invertebrates might

also affect lake whitefish by making consumption more vari-
able. Very high variability in resource availability can in
some cases lead to compensatory growth. Studies have
shown that consumption estimates from traditional bioener-
getic models do not perform well under variable resource
availability (Bajer et al. 2003, 2004). Unlike traditional bio-
energetic models, we estimated consumption from the mer-
cury mass-balance model and used this in the bioenergetics
model to estimate lake whitefish activity. Under compensa-
tory growth, standard metabolic rate would be slower than
described in our bioenergetics model. If this is occurring in
our populations, then activity estimates reported here might
be lower than would be expected under a scenario of com-
pensatory growth. No studies currently exist that document
the degree of variability in lake whitefish consumption or re-
source availability nor how this variability may differ be-
tween the stocks we have evaluated here. As such, we must
accept this variability as uncontrolled error in our bioener-
getic estimates. Despite this potential source of error, we still

Table 5. Increase in lake whitefish catch per unit effort (CPUE), expressed as a multiple of pre-invasion
lake whitefish densities.

Population
Increase in lake whitefish CPUE
(as multiple of pre-invasion CPUE) Source

Central Lake Michigana 3.69 DeBruyne et al. 2008
Southern Lake Michigana 3.10 DeBruyne et al. 2008
Big Bay de Noc, Lake Michigan 1.50 Kratzer et al. 2007
Naubinway, Lake Michigan 2.39 Kratzer et al. 2007
Alpena, Lake Huron 1.20 Kratzer et al. 2007
Bay Port, Lake Huron 2.05 Kratzer et al. 2007
South Bay, Lake Huron 1.37 Rennie et al. 2009a
Cape Rich, Lake Huron 1.15 Rennie 2009
Lake Simcoea 2.08 Rennie 2009
Average among populations listed above 2.06 This study

aCPUE is numeric. CPUE for all other sites is based on biomass.
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detect significant differences between stocks where dreisse-
nids are present and those where they are absent. Further,
activity rates estimated using the same methods we have em-
ployed here have been shown to be consistent with other in-
dependent methods of estimation (Sherwood et al. 2002).
We argue that higher whitefish activity rates observed in the
presence of dreissenids reported here, considered alongside
the apparent increase in CPUE following dreissenid inva-
sion, should certainly warrant additional study regarding the
dependence of passive gear selectivity on lake whitefish in
the presence of dreissenids. Investigations into fish move-
ment patterns can be expensive and require specialized
equipment (e.g., hydroacoustic arrays or survey equipment,
surgical implants, etc.). We hope this work provides justifi-
cation for pursuing future study on the effects of dreissenids
on lake whitefish movement patterns, given the potential
consequences that changes in fish behaviour might have for
biasing abundance estimates and the consequences this may
have on the successful and sustainable management of the
resource.
In conclusion, our results show clear and consistent differ-

ences in consumption, conversion efficiency, and activity
rates among lake whitefish populations with and without
dreissenids present. Declines in Diporeia in the presence of
dreissenids appear to have played a major role in reshaping
lake whitefish energetics. Greater proportions of shelled prey
may be more energetically costly to process and may require
fish in the presence of dreissenids to spend more time forag-
ing to maintain the same basal metabolic costs as fish not ex-
posed to dreissenids. Further, our findings suggest that
reported increases in lake whitefish CPUE where dreissenids
have established should be interpreted cautiously and that
current population estimates (and therefore harvest quotas set
by management agencies) based on passive sampling gear
could be inflated because of increased lake whitefish activity
rates. Finally, our study shows that food web changes associ-
ated with the establishment of dreissenids in South Bay, Lake
Huron, have led to declines in lake whitefish growth through
increased lake whitefish activity and decreased conversion ef-
ficiency, despite higher rates of consumption. The application
of our models to historic data from South Bay also provides
further evidence for trade-offs between activity and growth
rates in fish, despite elevated consumption (e.g., Rennie et
al. 2005b). The results of this study illustrate the importance
of estimating field rates of activity when considering proxi-
mate explanations for changes in growth rate or bioenergetic
differences among populations.

Acknowledgements
Many people and organizations assisted with the collection

and sampling of fish and provision of data. The assistance of
many Fisheries Assessment Units at the Ontario Ministry of
Natural Resources (OMNR) is greatly acknowledged, as are
the individual contributions of data from (and discussions
with) Michael Arts, Steve Chong, Ed Desson, Mark Ebener,
Bryan Henderson, Mike Jones, James Markham, and the
crew of the R/V Argo: Jake La Rose, Trevor Middell, Lloyd
Mohr, Brian Monroe, Tom Mosindy, Rick Salmon, John Sey-
ler, and Jason Stockwell. Lab assistance was provided by
Elaine Cairns, Bridget DiLauro, Luke Hillyer, Nina Jakobi,
Rob Keetch, Gord McNickle, Susitha Wanigaratne, and Mike

Yuille. Brian Branfireun and George Espie graciously pro-
vided space and instrumentation for Hg analyses. Susan
Mann, Gary Rideout, and Andy Dick aged otoliths. Tanya
Kenesky prepared Fig. 1. Discussions with Tom Stewart and
Nick Collins helped shape the focus of this study. We ac-
knowledge the input from three anonymous reviewers and
our Associate Editor in helping improve the manuscript.
Funding was provided by grants from the Natural Sciences
and Engineering Research Council of Canada to MDR and
WGS, funding from the OMNR and the Canada Ontario
Agreement to WGS, as well as Ontario Graduate Scholar-
ships, a Norman S. Baldwin scholarship, and a Jeanne F.
Goulding scholarship to MDR.

References
Bajer, P.G., Whitledge, G.W., Hayward, R.S., and Zweifel, R.D. 2003.

Laboratory evaluation of two bioenergetics models applied to yellow
perch: identification of a major source of systematic error. J. Fish
Biol. 62(2): 436–454. doi:10.1046/j.1095-8649.2003.00040.x.

Bajer, P.G., Whitledge, G.W., and Hayward, R.S. 2004. Widespread
consumption-dependent systematic error in fish bioenergetics
models and its implications. Can. J. Fish. Aquat. Sci. 61(11):
2158–2167. doi:10.1139/f04-159.

Barbiero, R.P., Rockwell, D.C., Warren, G.J., and Tuchman, M.L.
2006. Changes in spring phytoplankton communities and nutrient
dynamics in the eastern basin of Lake Erie since the invasion of
Dreissena spp. Can. J. Fish. Aquat. Sci. 63(7): 1549–1563. doi:10.
1139/f06-059.

Bentz, J., Kwiatkowski, D., Persson, G., Deacon, K., and MacDonald,
V. 2002. Life science values of enhanced management areas and
conservation reserves within the Nipigon basin. Geowest Environ-
mental Consultants Ltd. Available from Ministry of Natural
Resources, Nipigon District Office, Nipigon, Ont., Canada.

Biro, P.A., and Dingemanse, N.J. 2009. Sampling bias resulting from
animal personality. Trends Ecol. Evol. 24(2): 66–67. doi:10.1016/
j.tree.2008.11.001. PMID:19110338.

Biro, P.A., and Post, J.R. 2008. Rapid depletion of genotypes with
fast growth and bold personality traits from harvested fish
populations. Proc. Natl. Acad. Sci. U.S.A. 105(8): 2919–2922.
doi:10.1073/pnas.0708159105. PMID:18299567.

Dadswell, M.J. 1974. Distribution, ecology and postglacial dispersal
of certain crustaceans and fishes in Eastern North America.
National Museums of Canada, National Museum of Natural
Sciences Publications in Zoology, Ottawa, Ont.

DeBruyne, R.L., Galarowicz, T.L., Claramunt, R.M., and Clapp, D.F.
2008. Lake whitefish relative abundance, length-at-age, and
condition in Lake Michigan indicated by fishery-independent
surveys. J. Gt. Lakes Res. 34(2): 235–244. doi:10.3394/0380-1330
(2008)34[235:LWRALA]2.0.CO;2.

Dermott, R. 2001. Sudden disappearance of the amphipod Diporeia
from Eastern Lake Ontario, 1993–1995. J. Gt. Lakes Res. 27(4):
423–433. doi:10.1016/S0380-1330(01)70657-0.

Dermott, R., and Kerec, D. 1997. Changes to the deepwater benthos
of eastern Lake Erie since the invasion of Dreissena: 1979–1993.
Can. J. Fish. Aquat. Sci. 54(4): 922–930. doi:10.1139/f96-332.

Edsall, T.A. 1999. Preferred temperatures of juvenile lake whitefish.
J. Gt. Lakes Res. 25(3): 583–588. doi:10.1016/S0380-1330(99)
70761-6.

Fahnenstiel, G.L., Pothoven, S.A., Vanderploeg, H.A., Klarer, D.M.,
Nalepa, T.F., and Scavia, D. 2010. Recent changes in primary
production and phytoplankton in the offshore region of south-
eastern Lake Michigan. J. Gt. Lakes Res. 36(Suppl. 3): 20–29.
doi:10.1016/j.jglr.2010.03.009.

Rennie et al. 51

Published by NRC Research Press

Ca
n.

 J.
 F

ish
. A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fro
m

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.c

om
 b

y 
Fi

sh
er

ie
s a

nd
 O

ce
an

s o
n 

01
/1

1/
12

Fo
r p

er
so

na
l u

se
 o

nl
y.



Fernandez, R.J., Rennie, M.D., and Sprules, W.G. 2009. Changes in
nearshore zooplankton communities associated with species
invasions and potential effects on larval lake whitefish (Coregonus
clupeaformis). Int. Rev. Hydrobiol. 94(2): 226–243. doi:10.1002/
iroh.200811126.

Flint, R.W. 1986. Hypothesized carbon flow through the deep-water
Lake Ontario food web. J. Gt. Lakes Res. 12(4): 344–354. doi:10.
1016/S0380-1330(86)71735-8.

Forseth, T., Jonsson, B., Naeumann, R., and Ugedal, O. 1992.
Radioisotope method for estimating food consumption by brown
trout (Salmo trutta). Can. J. Fish. Aquat. Sci. 49(7): 1328–1335.
doi:10.1139/f92-148.

French, T.D., Campbell, L.M., Jackson, D.A., Casselman, J.M.,
Scheider, W.A., and Hayton, A. 2006. Long-term changes in
legacy trace organic contaminants and mercury in Lake Ontario
salmon in relation to source controls, trophodynamics, and
climatic variability. Limnol. Oceanogr. 51(6): 2794–2807.
doi:10.4319/lo.2006.51.6.2794.

Hall, B.D., Bodaly, R.A., Fudge, R.J.P., Rudd, J.W.M., and
Rosenberg, D.M. 1997. Food as the dominant pathway of
methylmercury uptake by fish. Water Air Soil Pollut. 100: 13–24.

Hart, J.L. 1931. The food of the whitefish (Coregonus clupeaformis)
in Ontario waters, with a note on the parasites. Contrib. Can. Biol.
Fish. 6(1): 445–454. doi:10.1139/f31-021.

Hecky, R.E., Smith, R.E.H., Barton, D.R., Guildford, S.J., Taylor, W.
D., Charlton, M.N., and Howell, T. 2004. The nearshore
phosphorus shunt: a consequence of ecosystem engineering by
dreissenids in the Laurentian Great Lakes. Can. J. Fish. Aquat. Sci.
61(7): 1285–1293. doi:10.1139/f04-065.

Hewett, S.W., and Kraft, C.E. 1993. The relationship between growth
and consumption — comparisons across fish populations. Trans.
Am. Fish. Soc. 122(5): 814–821. doi:10.1577/1548-8659(1993)
122<0814:TRBGAC>2.3.CO;2.

Higgins, S.N., and Vander Zanden, M.J. 2010. What a difference a
species makes: a meta-analysis of dreissenid mussel impacts on
freshwater ecosystems. Ecol. Monogr. 80(2): 179–196. doi:10.
1890/09-1249.1.

Hoyle, J.A., Schaner, T., Casselman, J.M., and Dermott, R. 1999.
Changes in lake whitefish (Coregonus clupeaformis) stocks in
eastern Lake Ontario following dreissena mussel invasion. Gt.
Lakes Res. Rev. 4: 5–10.

Ihssen, P.E., Evans, D.O., Christie, W.J., Reckahn, J.A., and
Desjardine, R.L. 1981. Life-history, morphology, and electro-
phoretic characteristics of five allopatric stocks of lake whitefish
(Coregonus clupeaformis) in the Great Lakes region. Can. J. Fish.
Aquat. Sci. 38(12): 1790–1807. doi:10.1139/f81-226.

Jobling, M. 1994. Fish bioenergetics. Chapman & Hall, London, UK.
Kilgour, B., Clarkin, C., Morton, W., and Baldwin, R. 2008. Influence

of nutrients in water and sediments on the spatial distributions of
benthos in Lake Simcoe. J. Gt. Lakes Res. 34(2): 365–376. doi:10.
3394/0380-1330(2008)34[365:IONIWA]2.0.CO;2.

Kinnunen, R.E. 2003. Great Lakes commercial fisheries [online].
Available from http://www.miseagrant.umich.edu/downloads/
fisheries/GLCommercialFinal.pdf [accessed 1 January 2008].

Kitchell, J.F., Stewart, D.J., and Weininger, D. 1977. Applications of
a bioenergetics model to yellow perch (Perca flavescens) and
walleye (Stizostedion vitreum vitreum). J. Fish. Res. Board Can.
34(10): 1910–1921. doi:10.1139/f77-258.

Kratzer, J.F., Taylor, W.W., and Turner, M. 2007. Changes in
fecundity and egg lipid content of lake whitefish (Coregonus
clupeaformis) in the upper Laurentian Great Lakes between 1986–
87 and 2003–05. J. Gt. Lakes Res. 33(4): 922–929. doi:10.3394/
0380-1330(2007)33[922:CIFAEL]2.0.CO;2.

Lawrence, A.L., Mcaloon, K.M., Mason, R.P., and Mayer, L.M.

1999. Intestinal solubilization of particle-associated organic and
inorganic mercury as a measure of bioavailability to benthic
invertebrates. Environ. Sci. Technol. 33(11): 1871–1876. doi:10.
1021/es981328j.

Lawson, N.M., and Mason, R.P. 1998. Accumulation of mercury in
estuarine food chains. Biogeochemistry, 40(2/3): 235–247. doi:10.
1023/A:1005959211768.

Leaner, J.J., and Mason, R.P. 2002. Factors controlling the
bioavailability of ingested methylmercury to channel catfish and
Atlantic sturgeon. Environ. Sci. Technol. 36(23): 5124–5129.
doi:10.1021/es011331u. PMID:12523429.

Lumb, C.E., Johnson, T.B., Cook, H.A., and Hoyle, J.A. 2007.
Comparison of lake whitefish (Coregonus clupeaformis) growth,
condition, and energy density between lakes Erie and Ontario.
J. Gt. Lakes Res. 33(2): 314–325. doi:10.3394/0380-1330(2007)
33[314:COLWCC]2.0.CO;2.

Madenjian, C.P., O’Connor, D.V., Pothoven, S.A., Schneeberger, P.J.,
Rediske, R.R., O’Keefe, J.P., Bergstedt, R.A., Argyle, R.L., and
Brandt, S.B. 2006a. Evaluation of a lake whitefish bioenergetics
model. Trans. Am. Fish. Soc. 135(1): 61–75. doi:10.1577/T04-215.1.

Madenjian, C.P., Pothoven, S.A., Dettmers, J.M., and Holuszko, J.D.
2006b. Changes in seasonal energy dynamics of alewife (Alosa
pseudoharengus) in Lake Michigan after invasion of dreissenid
mussels. Can. J. Fish. Aquat. Sci. 63(4): 891–902. doi:10.1139/
f06-017.

Mason, R.P., Reinfelder, J.R., and Morel, F.M.M. 1995. Bioaccumu-
lation of mercury and methylmercury. Water Air Soil Pollut. 80(1–
4): 915–921. doi:10.1007/BF01189744.

McNickle, G.G., Rennie, M.D., and Sprules, W.G. 2006. Changes in
benthic invertebrate communities of South Bay, Lake Huron
following invasion by zebra mussels (Dreissena polymorpha), and
potential effects on lake whitefish (Coregonus clupeaformis) diet
and growth. J. Gt. Lakes Res. 32(1): 180–193. doi:10.3394/0380-
1330(2006)32[180:CIBICO]2.0.CO;2.

Nalepa, T.F., Hartson, D.J., Fanslow, D.L., Lang, G.A., and Lozano,
S.J. 1998. Declines in benthic macroinvertebrate populations in
southern Lake Michigan, 1980–1993. Can. J. Fish. Aquat. Sci.
55(11): 2402–2413. doi:10.1139/f98-112.

Nalepa, T.F., Fanslow, D.L., Foley, A.J.I., III, Lang, G.A., Eadie,
B.J., and Quigley, M.A. 2006. Continued disappearance of the
benthic amphipod Diporeia spp. in Lake Michigan: is there
evidence for food limitation? Can. J. Fish. Aquat. Sci. 63(4): 872–
890. doi:10.1139/f05-262.

Nalepa, T.F., Fanslow, D.L., Pothoven, S.A., Foley, A.J.I., III, and
Lang, G.A. 2007. Long-term trends in benthic macroinvertebrate
populations in Lake Huron over the past four decades. J. Gt. Lakes
Res. 33(2): 421–436. doi:10.3394/0380-1330(2007)33[421:
LTIBMP]2.0.CO;2.

Owens, R.W., and Dittman, D.E. 2003. Shifts in the diets of slimy
sculpin (Cottus cognatus) and lake whitefish (Coregonus clupea-
formis) in Lake Ontario following the collapse of the burrowing
amphipod Diporeia. Aquat. Ecosyst. Health Manage. 6(3): 311–
323. doi:10.1080/14634980301487.

Pothoven, S.A., and Madenjian, C.P. 2008. Changes in consumption
by alewives and lake whitefish after dreissenid mussel invasions in
Lakes Michigan and Huron. N. Am. J. Fish. Manage. 28(1): 308–
320. doi:10.1577/M07-022.1.

Pothoven, S.A., and Nalepa, T.F. 2006. Feeding ecology of lake
whitefish in Lake Huron. J. Gt. Lakes Res. 32(3): 489–501. doi:10.
3394/0380-1330(2006)32[489:FEOLWI]2.0.CO;2.

Pothoven, S.A., Nalepa, T.F., Schneeberger, P.J., and Brandt, S.B.
2001. Changes in diet and body condition of lake whitefish in
southern Lake Michigan associated with changes in benthos.

52 Can. J. Fish. Aquat. Sci. Vol. 69, 2012

Published by NRC Research Press

Ca
n.

 J.
 F

ish
. A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fro
m

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.c

om
 b

y 
Fi

sh
er

ie
s a

nd
 O

ce
an

s o
n 

01
/1

1/
12

Fo
r p

er
so

na
l u

se
 o

nl
y.



N. Am. J. Fish. Manage. 21(4): 876–883. doi:10.1577/1548-8675
(2001)021<0876:CIDABC>2.0.CO;2.

Radabaugh, N.B., Bauer, W.F., and Brown, M.L. 2010. A comparison
of seasonal movement patterns of yellow perch in simple and
complex lake basins. N. Am. J. Fish. Manage. 30(1): 179–190.
doi:10.1577/M08-243.1.

Rawson, D.S. 1930. The bottom fauna of Lake Simcoe and its role in
the ecology of the lake. Univ. Toronto Stud. Biol. Ser. 40.

Rennie, M.D. 2009. Influence of invasive species, climate change
and population density on life histories and mercury dynamics of
Coregonus spp. Ph.D. thesis, University of Toronto, Toronto,
Ont.

Rennie, M.D., and Verdon, R. 2008. Development and evaluation of
condition indices for the lake whitefish. N. Am. J. Fish. Manage.
28(4): 1270–1293. doi:10.1577/M06-258.1.

Rennie, M.D., Collins, N.C., Purchase, C.F., and Tremblay, A.
2005a. Predictive models of benthic invertebrate methylmercury in
Ontario and Quebec lakes. Can. J. Fish. Aquat. Sci. 62(12): 2770–
2783. doi:10.1139/f05-181.

Rennie, M.D., Collins, N.C., Shuter, B.J., Rajotte, J.W., and Couture,
P. 2005b. A comparison of methods for estimating activity costs of
wild fish populations: more active fish observed to grow slower.
Can. J. Fish. Aquat. Sci. 62(4): 767–780. doi:10.1139/f05-052.

Rennie, M.D., Sprules, W.G., and Johnson, T.B. 2009a. Factors
affecting the growth and condition of lake whitefish (Coregonus
clupeaformis). Can. J. Fish. Aquat. Sci. 66(12): 2096–2108.
doi:10.1139/F09-139.

Rennie, M.D., Sprules, W.G., and Johnson, T.B. 2009b. Resource
switching in fish following a major food web disruption. Oecologia,
159(4): 789–802. doi:10.1007/s00442-008-1271-z. PMID:19214590.

Rennie, M.D., Sprules, W.G., and Vaillancourt, A. 2010a. Changes in
fish condition and mercury vary by region, not Bythotrephes
invasion: a result of climate change? Ecography, 33: 471–482.

Rennie, M.D., Purchase, C.F., Shuter, B.J., Collins, N.C., Abrams,
P.A., and Morgan, G.E. 2010b. Prey life-history and bioenergetic
responses across a predation gradient. J. Fish Biol. 77(6): 1230–
1251. doi:10.1007/s00442-008-1271-z.

Rice, W.R. 1989. Analyzing tables of statistical tests. Evolution,
43(1): 223–225. doi:10.2307/2409177.

Rowan, D.J., and Rasmussen, J.B. 1996. Measuring the bioenergetic cost
of fish activity in situ using a globally dispersed radiotracer (137Cs).
Can. J. Fish. Aquat. Sci. 53(4): 734–745. doi:10.1139/f95-046.

Rudstam, L.G., Magnuson, J.J., and Tonn, W.M. 1984. Size
selectivity of passive fishing gear — a correction for encounter
probability applied to gill nets. Can. J. Fish. Aquat. Sci. 41(8):
1252–1255. doi:10.1139/f84-151.

Rudstam, L.G., Binkowski, F.P., and Miller, M.A. 1994. A
bioenergetics model for analysis of food consumption patterns of
bloater in Lake Michigan. Trans. Am. Fish. Soc. 123(3): 344–357.
doi:10.1577/1548-8659(1994)123<0344:ABMFAO>2.3.CO;2.

Scharold, J.V., Lozano, S.J., and Corry, T.D. 2004. Status of the
amphipod Diporeia spp. in Lake Superior, 1994–2000. J. Gt.
Lakes Res. 30: 360–368. doi:10.1016/S0380-1330(04)70397-4.

Sherwood, G.D., Pazzia, I., Moeser, A., Hontela, A., and Rasmussen,
J.B. 2002. Shifting gears: enzymatic evidence for the energetic
advantage of switching diet in wild-living fish. Can. J. Fish. Aquat.
Sci. 59(2): 229–241. doi:10.1139/f02-001.

Trudel, M., and Rasmussen, J.B. 1997. Modeling the elimination of
mercury by fish. Environ. Sci. Technol. 31(6): 1716–1722. doi:10.
1021/es960609t.

Trudel, M., and Rasmussen, J.B. 2001. Predicting mercury
concentration in fish using mass balance models. Ecol. Appl.
11(2): 517–529. doi:10.1890/1051-0761(2001)011[0517:
PMCIFU]2.0.CO;2.

Trudel, M., and Rasmussen, J.B. 2006. Bioenergetics and mercury
dynamics in fish: a modelling perspective. Can. J. Fish. Aquat. Sci.
63(8): 1890–1902. doi:10.1139/f06-081.

Trudel, M., Tremblay, A., Schetagne, R., and Rasmussen, J.B. 2000.
Estimating food consumption rates of fish using a mercury mass
balance model. Can. J. Fish. Aquat. Sci. 57(2): 414–428. doi:10.
1139/f99-262.

Trudel, M., Tremblay, A., Schetagne, R., and Rasmussen, J.B. 2001.
Why are dwarf fish so small? An energetic analysis of
polymorphism in lake whitefish (Coregonus clupeaformis). Can.
J. Fish. Aquat. Sci. 58(2): 394–405. doi:10.1139/f00-252.

Watkins, J.M., Dermott, R., Lozano, S.J., Mills, E.L., Rudstam, L.G.,
and Scharold, J.V. 2007. Evidence for remote effects of dreissenid
mussels on the amphipod Diporeia: analysis of Lake Ontario
benthic surveys, 1972–2003. J. Gt. Lakes Res. 33(3): 642–657.
doi:10.3394/0380-1330(2007)33[642:EFREOD]2.0.CO;2.

Weatherley, A.H. 1966. Ecology of fish growth. Nature, 212(5068):
1321–1324. doi:10.1038/2121321a0.

Zar, J.H. 1999. Biostatistical analysis. Prentice Hall, Inc., Toronto, Ont.

Appendix A. Relationship describing methyl-
mercury (MeHg) elimination from fish and the
relationship between fish MeHg and gonadal
mercury concentrations
Daily elimination of MeHg (E in eq. 2 of text) was mod-

elled as a function of fish mass (W) and temperature (T), as
described in Trudel and Rasmussen (1997):

ðA:1Þ E ¼ 4WbegT

where 4, b, and g are empirically derived constants (0.0014,
–0.20, and 0.066, respectively, corresponding to the acute Hg
exposure model in Trudel and Rasmussen 1997). Recent
work has shown that Hg elimination rates of lake whitefish
in the lab (Madenjian and O’Connor 2008) and other fish
species in the wild (Van Walleghem et al. 2007) are most
closely described by the acute elimination model reported by
Trudel and Rasmussen (1997).
Growth in the mercury mass-balance was modelled as de-

scribed in Trudel et al. (2000):

ðA:2Þ G ¼ Dt%1 $ ln ðWtþDt $W%1
t Þ

where Wt and Wt+Dt are fish mass at times t and t + Dt, re-
spectively.
Calculating consumption using the mercury mass-balance

model also requires an estimate of the loss of MeHg to repro-
ductive tissues at spawning, N, defined by the following
equation:

ðA:3Þ N ¼ Q $ GSI $ 365%1

and

ðA:4Þ Q ¼ Cg $ C%1
f

where GSI is the gonadosomatic index of the fish, or gonad
mass expressed as a percentage of the body mass of the fish;
365 is the number of days in a year, and Q is the ratio of
MeHg in the gonads at spawning (Cg) to Hg in the fish (Cf).
Gonad [MeHg] in gravid female fish (Cg) varied with fish

[Hg] (Hammerschmidt et al. 1999) according to the following
relationship (r2 = 0.92):
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ðA:5Þ log10 Cg ¼ 0:884þ 9:03) 10%4 $ Cf

where Cg and Cf are in units of ng·g–1 dry mass. Values ob-
tained from eq. A.4 were multiplied by 0.00015 to obtain
µg·g–1 wet mass (Rennie 2003).
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Appendix B. Estimation of input parameters
for the mercury mass balance and bioener-
getic models
We modelled growth and methylmercury (MeHg) accu-

mulation of lake whitefish over the course of a year, using
size- and MeHg-at-age of adjacent cohorts as parameter in-
puts. Parameter estimates for fish energy density (ED),
[MeHg]-at-age, mass-at-age, diet [MeHg], and diet ED are
described below. Because of potential biases of bioenergetic
estimates associated with fish gender (Rennie et al. 2008),
we modelled female lake whitefish only.
Size- and [MeHg]-at-age for each population were summar-

ized from data collected over 1–5 years. Size- and [MeHg]-at-
age data were used to build statistical models specific to each
population (described below). These models were used to pre-
dict [MeHg]- and size-at-age for MMBM and bioenergetic
model input parameters. Input parameters of modelled cohorts
were not extended beyond the age or size range observed in
the population sample to avoid extrapolation.

Estimating diet inputs for models
Energy densities (EDs) for diets from individual fish

were estimated by applying EDs for various prey taxa (Ap-
pendix C) to mass-based proportional composition esti-
mates of diets. As our data showed no relationship
between fish size and estimated diet EDs (M. Rennie, un-
published data), we estimated the mean prey ED of all fish
for which data were available (minimum 20 fish per popu-
lation). This value was used to inform bioenergetic models
(Appendix B, Table B1).

MeHg in fish and diets
A minimum of 40 fish from each population across the

size range sampled were analyzed for total mercury (Hg).
For a subset of populations, the Ontario Ministry of Environ-
ment (OMOE) analyzed fish Hg for up to 30 individuals. Ad-
ditional samples were analyzed on a Milestone DM-80 direct
mercury analyzer following United States Environmental Pro-
tection Agency (USEPA) method 7473 (SW-846). Paired
comparisons between tissues analyzed using both methods
indicated no systematic differences between procedures (Ren-
nie et al. 2010). Methodology and quality assurance of
OMOE methods are reported in detail elsewhere (French et
al. 2006; Goulet et al. 2008; Choy et al. 2008). Repeatability
of DM-80 results was determined by analyzing three to five
standard reference material samples per run (TORT-2). The
mean estimate of TORT-2 across 28 runs was 0.275 mg·g–1
(±0.007 mg·g–1 standard deviation), and all measures were
well within the error reported by the National Research
Council of Canada (0.27 ± 0.06 mg·g–1). The whole MeHg
burden of fish is modeled using the mercury mass balance
model. To determine the relationship between contaminants
in whole body and muscle, [Hg] in both muscle tissue and
whole body homogenates were determined. Whole body
[Hg] was 82% of tissue [Hg] averaged across fish from four
populations (n = 106). To determine the proportion of total
Hg as MeHg, we analyzed [MeHg] for a subsample of 14
fish from three populations (Round Lake; Apostle Islands,
Lake Superior; Lake of the Woods) using USEPA method
1630 (stomach contents and invertebrates were also analyzed
using this method). Standard reference material samples
(NIST 1974b) were analyzed to ensure repeatability of re-
sults. Mean standard reference material values (±SD) over
nine runs were 6.71 ± 1.2 ng·g–1, within the standard devia-
tion reported by the National Institute of Standards and Tech-
nology (7.05 ± 0.44 ng·g–1). A subset of five additional
samples from a fourth population (South Bay, Lake Huron)
was sent to an independent lab to verify our results. [MeHg]
averaged over all 19 samples was 57% ± 8% (1 standard er-
ror) of estimated total [Hg] (our results, n = 14, 55%; inde-
pendent lab, n = 5, 63%). Grey et al. (1995) reported [MeHg]
in lake whitefish from Arctic populations as 72% ± 5% of
total [Hg] (n = 14).
We used a Kruskal–Wallis test to determine whether there

were significant differences in percent [MeHg] as total [Hg]
among populations from both our study and that of Grey et
al. (1995), using the raw data presented in their report. Only
those lakes with more than three observations were eval-
uated, allowing for a comparison among six populations in
total. A nonparametric test was selected because of unequal
sample sizes among groups and non-normal distributions of
the raw data. We found no significant differences among
populations (c2

5 = 7.38, p = 0.19). The grand mean from
our study and those of Grey et al. (1995) was 65% [MeHg]
as total [Hg]. We interpreted this as a value applicable to the
species within our study region, and this value was applied to
our fish [Hg] data to estimate lake whitefish [MeHg] esti-
mates in models.
Fish [MeHg] estimated from muscle tissues was adjusted

to reflect whole body [MeHg] using the correction factors
described above. Within each population, mean fish [MeHg]
for each age class was estimated using functions that best de-
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scribed the relationship between mean [MeHg] and age or
[MeHg] and mass, depending on the data available (Appen-
dix B, Table B1). These estimates were used to parameterize
[MeHg]-at-age for MMBM inputs.
Subsamples of lake whitefish stomach contents (all prey

combined) from one to five fish were combined into a com-
posite sample based on 10 cm lake whitefish length classes
in each population. Between three and seven composites
were analyzed for each population. Stomach composites
were analyzed for MeHg as described above. For populations
demonstrating no relationship between fish size class and diet
[MeHg], we averaged values over all length classes. Where a
significant trend in diet [MeHg] with size was observed, we
estimated diet [MeHg] based on the best relationship describ-
ing diet [MeHg] with fish size or age.
To determine the validity of [MeHg] estimated directly

from fish stomach contents in lake whitefish as a reasonable
representation of diet [MeHg], stomach content [MeHg] was
analyzed from 64 individual fish collected from South Bay in
2002 and 2003. Measured [MeHg] of stomach contents were
compared with [MeHg] estimated from the proportional diet
composition for the same fish and [MeHg] of invertebrates
collected from South Bay (Appendix C). On average,
[MeHg] estimated from diet composition and invertebrate
[MeHg] were 52% of that measured directly from stomach
contents (standard error = 1.3%). Based on this evidence,
diet [MeHg] of stomach contents determined analytically
were multiplied by 0.52 before being applied to our models
(Appendix B, Table B1).

Lake whitefish size-at-age
Fish age was determined primarily using otoliths. Only

two stocks were aged using scales (Appendix B, Table B2):
one dreissenid invaded and one not. As such, we assumed
that any potential bias due to aging using scales (vs. otoliths)

would be equally represented in the two groups under com-
parison. Assuming that fish collected in late summer had ac-
cumulated the majority of their growth for the calendar year,
we added 1 year to estimated fish ages (Beauchamp 2002).
Cohort length-at-age of female lake whitefish was deter-

mined using a biphasic von Bertalanffy growth model (BVB)
fit to individual fish length and age data in each population
(Lester et al. 2004). Under the BVB, prematuration growth is
linear with age, and declines in growth rate occur with the on-
set of maturity owing to allocation of energy to reproductive
tissues. By assuming that investment in reproduction is propor-
tional to somatic mass, the model predicts that postmaturation
growth is described by the von Bertalanffy growth equation.
We used immature fish to estimate a prematuration growth

rate:

ðB:1Þ Lt ¼ h $ ðt % t1Þ

where Lt is length (mm) at age t, h is the growth rate
(mm·year–1), and t1 is the age intercept (year). We then used
a von Bertalanffy model to describe the postmaturation
growth of males and females:

ðB:2Þ Lt ¼ L1 $ 1% e%kðt%t0Þ
! "

where L∞ is asymptotic length (mm), k is Brody growth
coefficient (year–1), and t0 is the age intercept (year). In esti-
mating these parameters, we used the biphasic model to jus-
tify the following constraints:

ðB:3Þ L1 ¼ 3h=g

ðB:4Þ k ¼ ln ð1þ g=3Þ

where g measures gonadal investment, and h is the potential
growth rate (estimated from prematuration growth). Values of

Table B1. Parameter values and functions describing methylmercury (MeHg) and energy density (ED) of lake whitefish and their diets.

Dreissenid
status Population Corrected diet MeHg (µg·g–1) Diet ED

Fish ED
functiona

Fish MeHg function (µg·g–1)
b

Present Lake Erie [MeHg] = 3.7385·(length)–1.2956 2554.4 2 [MeHg] = 0.0067·age0.5422

Cape Rich 0.0027 2636.9 3 [MeHg] = 0.009·eage·0.1539

Cheboygan 0.0017 1945.7 3 [MeHg] = 0.0377·eage·0.0216

Detour 0.0049 2780.4 3 [MeHg] = 0.0240·eage·0.0412

North Channel 0.0026 2701.0 3 [MeHg] = 0.0099·eage·0.0874

South Bay 0.0037 2484.9 3 [MeHg] = 0.01·eage·0.0737

Big Bay de Noc 0.0014 2027.0 4 [MeHg] = 0.0193·eage·0.0639

Naubinway 0.0014 1810.6 4 [MeHg] = 0.0064·eage·0.1340

Lake Ontario 0.0020 1868.9 1 [MeHg] = 0.003·age0.9147

Lake Simcoe 0.0019 2467.6 5 [MeHg] = 0.0087·age0.557

Absent Lake of the Woods [MeHg] = 0.0009·eage·0.0027 2653.1 5 [MeHg] = 0.0169·eage·0.0356

Lake Nipigon <400 mm, 0.0044;
>400 mm, [MeHg] = 0.0001·eage·0.0092

2170.3 6 [MeHg] = 0.0128·eage·0.0973

Lake Opeongo 0.0086 2488.6 7 [MeHg] = 0.0396·eage·0.052

Smoke Lake 0.0061 2827.7 5 [MeHg] = 0.0367·mass0.0025

Apostle Islands 0.0056 2239.2 6 [MeHg] = 0.0162·age0.3242

Thunder Bay 0.0085 3316.3 6 [MeHg] = 0.0067·age0.8327

Whitefish Bay 0.0070c 2777.8c 6 [MeHg] = 0.0199·eage·0.0742

aFunctions as reported in Appendix D.
bConcentrations reported are per gram wet mass of fish tissue.
cEstimated as mean of all Lake Superior sites.
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g and t0 that best described the postmaturation growth pattern
were estimated using nonlinear fitting methods applied to indi-
vidual observations of length and age (Appendix B, Table B2).
Cohort masses used in bioenergetic models were estimated

from the predicted lengths in each cohort from BVB models
using a mass–length relationship specific to female lake
whitefish for each population (Appendix B, Table B2).

Maturation and costs of reproduction
The size and age at which 50% of females reached matur-

ity was estimated for each population using logistic regres-
sion (Appendix B, Table B2) and rounded to the nearest
whole number to determine the year of first spawning in bio-
energetic models. Where data were insufficient to apply lo-
gistic regression models, values were taken from the
literature (Beauchamp 2002). Modelled cohorts were as-
sumed to spawn annually after first spawning.
Female GSI from fish collected in the summer and during

fall spawning in South Bay in 2005 indicated that summer
GSI was approximately ½ of spawning GSI. For populations
in which only summer GSI data were available, this value
was doubled to estimate spawning GSI of female cohorts in
bioenergetic models. Close agreement of values estimated in
this manner with spawning GSI reported elsewhere for the
same stocks (Beauchamp 2002) suggested this approach was
valid. Values for populations where no GSI data were avail-

able were taken from the literature or estimated based on val-
ues of neighbouring populations (Appendix B, Table B2).
Models ran 1 September to 31 August of the following year,
and losses due to spawning occurred on 15 November (Ma-
denjian et al. 2006).

Fish energy density
Relationships of lake whitefish energy density with body

size vary greatly among populations (Rennie and Verdon
2008). To best account for this variation among populations,
we used previously published relationships of ED with body
mass (Appendix D) and further supplemented this information
with ED vs. body mass relationships for three inland popula-
tions. ED for inland populations without sufficient data were
estimated from a general ED vs. body mass relationship for
inland populations (Appendix B, Table B1; Appendix D).

Environmental temperatures encountered by fish
Temperatures encountered by fish over the modelled period

was based on data from archival tags recovered from lake
whitefish in northern Lake Michigan and Lake Huron, re-
ported in Madenjian et al. (2006). Data between reported bi-
weekly means were estimated using linear interpolation. As a
coldwater fish, lake whitefish have the ability to behaviourally
thermoregulate during stratification by adjusting their position
in the water column relative to thermal gradients with depth.

Table B2. Characteristics of populations under study.

Location
Age
range

Age at 50%
maturity (years)

Length at 50%
maturity (mm) GSI

h
(mm·year–1)

t1
(years)

t0
(years) g b a

Lake Erie 2–23 5.0 425 0.19b 95.3 0.631 –5.86 0.49 –5.5480 3.2716
Cape Richa 2–10 6.9 466 0.13c 57.7 –1.162 –3.19 0.10 –5.4209 3.1828
Cheboygan 5–17 6.0 381 0.16d 69.2 –0.422 –7.36 0.35 –5.5105 3.1644
Detour 5–15 5.6 398 0.16e 141.1 2.94 –3.78 0.83 –5.3421 3.1001
North Channel 2–17 5.6 359 0.11f 54.5 –1.183 –8.08 0.30 –6.1188 3.4583
South Bay 1–29 9.0 362 0.11c 29.8 –4.116 –15.69 0.17 –5.5793 3.2583
Big Bay de Noc 3–14 5.8 376 0.15g 61.6 –0.337 –6.22 0.27 –6.0049 3.3537
Naubinway 3–17 5.8 395 0.15e 63.9 –0.396 –8.27 0.33 –5.6473 3.2103
Lake Ontario 6–19 4.7 360 0.17b 75.0 –0.001 –3.64 0.39 –4.8211 2.9704
Lake Simcoe 1–50 5.8 375 0.14h 47.2 –2.731 –13.41 0.24 –5.7906 3.3427
Lake of the Woods 2–35 7.1 287 0.11i 33.9 –2.743 –6.67 0.17 –5.5507 3.2598
Lake Nipigon 2–33 7.0 364 0.11f 41.2 –2.457 –10.64 0.23 –5.6533 3.2910
Lake Opeongo 2–33 4.8 131 0.13h 25.5 –5.945 –10.76 0.16 –5.2616 3.1158
Smoke Lakea 2–15 4.0 181 0.13j 29.8 –2.346 –5.98 0.26 –5.8349 3.3766
Apostle Islands 1–20 10.8 333 0.14f 20.6 –4.317 –40.46 0.15 –5.8778 3.3786
Thunder Bay 6–26 6.1 337 0.14k 58.0 –0.002 –6.31 0.32 –6.0135 3.4131
Whitefish Bay,
Lake Superior

3–14 7.0 338 0.14e 62.9 0.426 –5.86 0.37 –5.9374 3.3933

Note: Age range is of fish encountered in catch; GSI refers to gonadosomatic index; h, t1, t0, and g are biphasic von Bertalanffy growth parameters (see
text); b and a are parameters of female mass-at-length, given by the equation log10(mass) = a·log10(length) + b.

aAges determined from scales.
bLumb et al. (2007).
cEstimated directly from fall spawning fish.
dValue from Detour stock.
eBeauchamp (2002).
fEstimate based on summer samples, adjusted to reflect fall spawning GSI (see text).
gValue from Naubinway stock.
hIhssen et al. (1981).
iValue from Lake Nipigon.
jValue from Lake Opeongo.
kMean of values from Lake Superior populations.
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We therefore assumed that temperature data obtained from ar-
chival tags described the seasonal thermal preferendum of
lake whitefish generally in the region under study.
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Table C1. Methylmercury (MeHg) concentrations and energy densities of lake whitefish prey items.

Organism
MeHg
(ng·g wet mass–1)

Energy density
(J·g wet mass–1)

Energy density
sourcea

Bulk zooplankton 0.34 2170 10
Bythotrephes 2.17 2027 8
Ceratopogoniidae 0.72 3730 —b

Chaoborus NC 1837 1
Chironomidae 1.98 3730 1, 2, 3
Cladocera 0.26 2200 10
Copepoda 0.49 2440 10
Decapoda 7.76 3686 3
Dreissena 1.44 1703 6
Diporeia 2.50 3625 6
Eggsc NC 5000 1
Ephemeroptera 2.13 3791 1, 2
Gastropoda 1.16 1559 2
Holopedium 0.30 2222 10
Insectad 2.42 3176 1
Isopoda 4.26 2807 4
Megaloptera 2.90 2753 4
Mysis 3.67 3783 1, 6, 7
Oligochaeta 4.52 3347 3
Ostracoda 0.21 6639 1
Plante NC 2243 3
Sphaeriidae 4.58 606 1, 3
Fishf 6.79 4435 5
Trichoptera 0.25 3791 1, 4
Otherd 2.42 3535 9

Note: NC, not collected. MeHg concentrations are from organisms collected from South Bay, Lake Huron, in
September 2005.

aEnergy densities are literature values and are taken from the source referenced as follows: 1, Cummins and
Wuycheck 1971; 2, Driver et al. 1974; 3, Eggleton and Schramm 2004; 4, Johnson et al. 2006; 5, Lantry and
Stewart 1993; 6, Madenjian et al. 2006; 7, Rudstam 1989; 8, Storch 2005, where the value from Storch (2005)
was reduced to account for spine mass (measured to be 16% of Bythotrephes wet body mass; this study), because
Bythotrephes spines are observed to pass unprocessed through the digestive tracts of lake whitefish (M. Rennie,
personal observation); 9, Mean of all values from a larger database of lake whitefish diets (M.D. Rennie, unpub-
lished data); 10, Fernandez et al. 2009, summarized from Cummins and Wuycheck 1971.

bChironomid energy density applied to Ceratopogoniidae.
cAssumed [MeHg] of fish.
dAverage value for all organisms was applied for MeHg estimate.
eAssumed [MeHg] was negligible (i.e., = 0).
fFish MeHg value is for stickleback collected in South Bay, Lake Huron, September 2005.
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Table D1. Lake whitefish energy density (J·g–1 wet mass) relationships with round mass of fish (g).

Function Relationship Source df F p R2

1 1.9398·mass + 4445.7 Lumb 2005 1,19 14.6 0.0013 0.45
2 1.8476·mass + 6605.1 Lumb 2005 1,19 49.2 <0.0001 0.73
3 0.565·mass + 5233.7 Rennie and Verdon 2008 1,37 17.83 0.0002 0.33
4 <886 g: 2.543·mass + 5211;

≥886 g: 0.3078·mass + 7192
Madenjian et al. 2006 NR NR NR NR

5a 2.4846·mass + 5132.9 This study 1,58 10.3 <0.0001 0.49
6b 2.1370·mass + 5472.4 This study 1,19 57.8 0.005 0.36
7c 2.4096·mass + 4865.6 This study 1,18 4.54 0.048 0.21

Note: NR, not reported.
aRelationship among three inland stocks of lake whitefish (Smoke, Opeongo, Nipigon).
bRelationship specific to Lake Nipigon.
cRelationship specific to Lake Opeongo.
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