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Abstract.--Growth curves fitted to weight-at-age data of lake trout Salvelinus
namaycush sampled from 10 lake trout lakes in spring, summer, and fall were compared and
evaluated. Data from the three sampling periods were combined to increase sample size and
to derive a single pooled curve to describe lake trout growth for each lake. For most lakes,
pooling data from the three sampling periods resulted in sample sizes large enough to obtain
useable growth models to make comparisons among lakes. Differences in weight-at-age curves
among lakes relate to differences in fish communities and forage base. Lake trout that are not
piscivorous or cannibalistic probably cannot attain large size. In lakes having a relatively
large-sized forage fish, such as cisco Coregonus artedi, lake trout attain larger sizes than in
lakes having smaller forage fish, such as rainbow smelt Osmerus mordax, or in lakes with few
fish forage species, where lake trout are predominantly planktivorous or insectivorous. Weight
and age data, however, are biased estimators of population characteristics due to aging and
sampling biases. Therefore, growth models for individual lakes are biased and comparisons
among lakes were made cautiously, especially when age estimates were less certain. Larger
sample sizes and more certain age estimates are needed to increase precision.

Introduction

Lake trout Salvelinus namaycush
growth depends on quantity, quality, and
availability of prey (Martin and Olver (1980).
Martin (1966) reported that planktivorous lake
trout grew more slowly than piscivorous lake
trout. Donald and Alger (1986) reported that
lake trout feeding primarily on aquatic insects

and zooplankton, having no fish or amphipod
forage, grew very slowly. Cisco Coregonus
artedi abundance and mean size explained 81 %
of the variation in asymptotic lake trout size in
10 northwestern Ontario lakes (Trippel and
Beamish 1989). Carl et al. (1990), citing
various investigators, discussed lake trout
growth efficiency and maximum size as it
relates to forage base and prey size. The
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maximum size of planktivorous lake trout, in
lakes without suitably-sized fish forage, will be
small due to bioenergetic constraints of this
feeding mode. Lake trout grow to larger sizes
in lakes where yellow perch Perca flavescens,
rainbow smelt Osmerus mordax, and especially
coregonines are the prey base. These and
other species, however, may eat potential lake
trout prey species and limit their availability to
lake trout at various life stages. Juvenile lake
trout in southern Lake Ontario were opportu-
nistic feeders, their diet varying with season,
year, and prey abundance, preying on slimy
sculpin Cottus cognatus, rainbow smelt,
alewive Alosa pseudoharengus, and Johnny
darter Etheostoma nigrum (Elrod and
O'Gorman 1991). In Minnesota, lake trout
growth varied greatly among four small lakes,
was related to forage base, and was size de-
pendent (Siesennop 1992). In that study,
modeled growth curves suggested juvenile lake
trout have a competitive relationship with
rainbow smelt and cisco, effective plankton
feeders, and perhaps with smallmouth bass,
that feed on zooplankton, macroinvertebrates
and small forage fish. Larger lake trout,
however, have a predatory relationship with
rainbow smelt and cisco.

The purposes of this study were to
analyze size-at-age data obtained from lake
trout captured during relative abundance index
gill netting in 10 lakes during spring, summer,
and fall, to compare growth among the collec-
tions within lakes, to characterize overall lake
trout growth for individual lakes, and to relate
growth trajectories to forage and predator
communities.

Study Lakes

Physical and chemical characteristics
and fish communities of the 10 lakes were
described by Siesennop (1992, 1997). Kemo,
Trout, West Bearskin, Loon, Greenwood,
Mayhew, Clearwater, and Gunflint lakes are in
Cook County in northeastern Minnesota.
Ojibway and Snowbank lakes are in adjacent
Lake County. Lake size ranged from 74 to
1,704 hectares, with maximum depths ranging

from 19 to 62 m.

Most of the 10 study lakes have similar
lists of major fish species (Table 1), with some
exceptions. Disregarding cyprinids and other
small forage species, Ojibway Lake and the six
other lakes have more diverse (N>8) fish
populations than Kemo, Mayhew, or Trout
lakes (N<6). Chemical reclamation of Kemo
Lake in 1962 and Mayhew Lake in 1969 ac-
counts, in part, for the lower species diversity
in these two lakes. Past introductions of sev-
eral species, including smallmouth bass
Micropterus dolomieu, largemouth bass M.
salmoides, bluegill Lepomis macrochirus,
rainbow smelt, cisco, walleye Stizostedion
vitreum, and others account for higher species
diversity in some of the lakes. Rainbow smelt
were illegally introduced into West Bearskin,
Gunflint, and Trout lakes from 5 to nearly 30
years ago. All the lakes, except Trout Lake,
have a long history of lake trout stocking
(MNDNR lake files). Minnows (Cyprinidae)
and other small, known or potential, forage
species (Table 2) compose the remainder of the
species lists.

Methods

Lake Trout Capture -- In 10 north-
eastern Minnesota lakes, lake trout were cap-
tured by three index netting methods: short
duration gill netting in near-shore waters dur-
ing daylight hours in spring (Lester et al. 1991)
and fall in water less than 14°C (57°F), and
overnight gill netting in relatively deep water
less than 12.8°C (55°F) during in summer.
Five lakes were sampled 1993 and another five
in 1994. Details of gill net construction, index
netting methods, and other field and laboratory
procedures were described IN Siesennop
(1997).

Lake Trout Aging -- Precise ages were
assigned to known-age lake trout (i.e. stocked
fish with cohort-specific fin clips). Stocked
lake trout with non-cohort-specific fin clips or
unknown-age trout were assigned an age after
interpreting growth indicated on thin-sections
of pectoral fin rays, acetate impressions of
scales, and when available, thin-sections of



juegmous = g8

‘Remqiio = rO JIPUNY = 49 “JSjEAMIBID = MD 'POOMUIBID = MO ‘U00T = N ‘UDiSIeag JSOAA = GM ‘MN0IL = Y1 ‘MBUARI = HIN ‘OWa)] = J)| :SUOIJBIASIGGR SWEU a)eT e

8 14" zl 6 6 8 9 S 17 € :seoads Jolew jo JaquinN
d d d (d) (d) d (d) - - - wnaJyA uoipsjsozys IYM akajlep
d d | 1 1 (d) d d d (x) Su82seAE|} oI d3A yosad mojjoA
- d - - - - - - - - sopiowies sniaydosoiy an1 sseq ynowable
d d d d d 1 1 - - - nejwojop snteydoso =R sseq yinowjews
- d - (d) - (d) (d) - - - SnuyooIoRW SHI0de] 919 éanig
- d (d) - - - - - - - snsoqqib siwoda M passupdwng
- d - d d d 1 - 1 - snjjeueAd sjwods 4S9 ysyuns uaauo
- d d - - d - - - - sujsadni sajjdojquiy iy sseq %ooy
d 1 B 1 - - - - - - €jo/ ejo7 ang joqung
- d - - - (d) - - - d ysnoAeweu S X Sifeunuo) ‘S 1dS ayelds
- d d d d d d d d d ysnoAeweu snujjeries ivi noJ} axeq
d - - - d (d - (d) - (d) sijeupjuoyj snujjeres g InoJ soo.g
- - - d d - - - - - winsoepulifo wnjdosold Mad ysyaym punoy
- - - - - - - d - - SSDIAW SNYIUAYIOoUQD 194 noJ} moquiey
- - d - - - - - - - snopyuaz snuobeiod ors 090s10 meflioys
- - d - - - - - - . - Ipsreybial snuobaio) JNS 09810 9S0UpoYys
- - - - d - - - - - sjuuofeednio snuobalon N1 ysysiym aye
1 a 1 a ] 1 - a - - ipapre snuobaio oL 09sID
- - 1 - - - b 8] - - Xepiow SnissQ sy Jlaws moquiey
d d d (d) - d (d) - () - snfonj xos3 dON ayid wisypoN
d d d d d d d - d d JUOSIBWILLIOD SNWO}SOle?D SIM J9MONS SjUM
- - - d - - - - - - SNWOoJSojed SNUo}So}eD SN1 Jaxons asoubuo
gs ro 49 MO MO N1 M =18 HN I aweN seloads 9poo SWeN uowwo)
LUONJEIASIGGE SWEU a¥e | sanadg

(Y961 ul 9e oway pue g6l Ul e maylep)
‘uoneurejoal [eojwayo 0} Jold juasald seioads e saj0uUBp (X) SYDBWOLS N0} SXE| WO PAISACDRI USS(] SEY Sa10ads ay) Sajedlpul 1 ‘aouepodu JouiL 40 94 0} PaAdIeq
sajoads sajouap (d) :2joN "saioads abe.oy |[ews pue spiudAo Buipnjoxe ‘sexe| 1noJ) Sxe| BjoSBUUIW LISISEayHOoU O] Ul (d) Juasaid aq 0} umouy saioads ysy Jofely | ajqel



JuRGMOUS = g5
‘Aemqilo = £O "WIYUND = 4O 'ISIBMIES]D = MO 'POOMUIIID) = MO ‘UCOT = N7 'UDISIEDE JSOAA = M ‘IN0JL = M1 ‘MOUABI = HIN ‘OWwa) = 3| :SUONBIASIGGE SWEU SYET e

69 oL 9 v 1 9 S g :ysy abeloj jenuajod Jo umouy Jo JaquinN
- - - 1 R - 1 - epodiyduwy dNY spnog
1 1 1 - - I - - BJOlj81 2JeInoo SisApy SAW dwiys wnssodo
d- - - - - - - - soapouded eusared do yosadbo
-d - - - - - - 1 ‘dds ewojsoay}3 yuva siapeq
- d - - - - - - wnubiu ewojsosyly anNr Japep Auuyor
- d - - - - 1 - 9jIXa woISOdY)q aol Ja|Ep BMO|
-1 - - d a a - B ‘dds snjjoo nos suidinog
- d d - - d - - ipireq snyjoQ S1N uldinos paow
- - - - - - d 1 suBjSUOdU| BSEIND 1sq ¥oBqapions x3oolg
T d - - - - - - snAewoosiwo sisdoorod dyl yosad-inos .
d- - - - - - - - snuuAb snunjoN NdLl wojpetw ajodpe |
- d - d - d d d snjeinoewoe snjjowss 24D qnyo ea19)
- d - d - - - - oejoeleies SAYIYoIIIYY anNi aoep asoubuon
- - d - - - () - sninjesje sAyyoIuIY ang 20Ep 9souyoelg
-d - d - - - 1 d sejowo.d sejeydswid WH4 Mouulw peayje4
dd d d - - - - - snjejou sojeydsiul4 WNg Mouulw asoujun|g
- - - - - - - d snaefiosu snuixoyd an4d aoep ajeosauly
d- - - - - - - - snjjaonfoa sidosjon SWIA Jaulys oW
d- d d - - - (x) - snjuospny sidoijon 0dsS Jauys jlepods
dd d - - - - (x) d sidajosayay sidosjon SNg J9UlYys asouyoe|g
d- - - d - d (x) - seonojosAuo snuobjwajoN SO Jaulys uapjoe)
- - - - - d d - ejuebirew snosuebirew add 9oep Hesd
-d d - - - d - b SMNWIOd SnjIxn HSD Jaulys uowwion
~ - d - - - - - sneaqunid snisenon) o)1 qnyo axen
a8 ro 49 MO MO N1 am ol HN M aweN saloadg 9pod SWwieN uowwo)
LUCIJEIASIGGE SWeU oye| soloadg

'} 8|qe) 99S :POUBLNDIV0 JBLS moquiey ‘6961 Ul
UEDIXO} Usl B Yym uoljeweloal axe| o} joud axe] meyhepy ul juesaid saioads e s3j0uap (X) 'SYSBWO)S IN0) Be| WO PAISACOS! U9Sq aARY jey) seioads sajesipul
910N "S3YE| IN0J} S e Bjosauul uIslsesylou O} ul Jussaid ‘seioads Aaud Jnod) axel [enusjod 10 umouy ale Jey} seoeds |[Bws Jayjo pue (spiulidAo) smouuly “Z a|qe.L



otoliths. Otoliths were collected from all dead
lake trout during spring and fall index gill
netting and from West Bearskin Lake in sum-
mer 1993 and from Mayhew, Clearwater,
Gunflint, and Snowbank lakes in summer 1994.
Non-lethal sampling, however, precluded
collecting otoliths from most lake trout during
spring and fall index netting. The number of
lake trout assigned to each cohort were summa-
rized for four 5-year age categories for each
lake. The Chi-square test for heterogeneity
(Snedecor and Cochran 1980) was used to
compare the numbers of lake trout by age
category.

Growth Modeling -- Schnute's (1981)
generalized growth model was used to fit
growth curves to the weight-at-age data for all
30 lake trout data sets (10 lakes and 3 abun-
dance index gill netting methods per lake). All
lake trout for which weight was measured and
age was estimated were included in the growth
analyses, including newly stocked yearling lake
trout (17-18 months old). For purposes of this
study, 1 January was assumed to be the hatch
date for lake trout. Thus, 0.4, 0.6, or 0.8
year, respectively, was added to the known or
assigned age of lake trout captured during
spring (May-early June), summer (July-Au-
gust), or fall (October) netting periods. For
example, a 3 year old trout captured during its
fourth spring would be assigned an age of 3.4
years. If captured in fall of the same year,
however, it would be assigned an age of 3.8
years.

Weight-at-age data were fitted to sev-
eral growth submodels (generalized von
Bertalanffy, Gompertz, Richards, and #th-
power) to describe lake trout growth by lake
and collection season. The Likelihood-Ratio-
Test (Weisberg 1985), comparing residual
sums of squares of the various submodels, was
used to select the growth submodel that ade-
quately described the weight-age relationship
or growth trajectory for each lake and season.
The 4-parameter generalized von Bertalanffy
model was used when it provided a signifi-
cantly better fit than simpler models, otherwise
a simpler 2 or 3-parameter growth model was
fitted to weight-at-age data.

Growth curves from the three collec-
tions for each lake were compared graphically.
Data from the three collections was pooled to
increase sample size and an overall growth
model was estimated for pooled data from each
lake. Again, the Likelihood-Ratio-Test
(Weisberg 1985) was used to decide which
submodel was adequate for the data. A differ-
ent submodel than indicated by the statistical
test was selected, however, if it made more
biological sense. Residual plots were examined
for heteroscedasticity, serial correlation, skew-
ness, and autocorrelation (Wilkinson 1990).
The selected growth model for each lake was
used to estimate weight-at-age 1.0, 2.0, ..., n
years within the range of ages modeled for
each lake. Single cohort growth curves for
lake trout captured from 1983 to 1990 for West
Bearskin and Mayhew lakes in a previous study
(Siesennop 1992) were compared with multiple .
cohort growth curves for West Bearskin Lake
in 1993 and Mayhew Lake in 1994,

Maximum lake trout size -- An esti-
mate of the maximum size lake trout may attain
in each lake was obtained by searching existing
MN DNR lake files and by contacting anglers
or resort owners. The largest lake trout re-
ported may approach a theoretical maximum
size for that species for a given lake.

Lake trout forage and species lists --
No lake trout food habits information was
obtained from lake trout captured during this
study because most lake trout were captured
live and released. Preliminary species and lake
trout forage lists, however, were compiled
from MN DNR lake files, reports, and anec-
dotal information. Species lists for some lakes
are preliminary because sampling gear, meth-
ods, and effort varied over time and among
lakes. For most lake surveys and population
assessments only gill nets and 19 mm mesh-size
trap nets were used, and in some cases only gill
nets were used and relatively few species were
captured. Infrequently, sampling gear included
small mesh (13 mm or 6.4 mm) trap nets and
seines. Species named in qualitative or quanti-
tative descriptions (MN DNR lake files or
Fisheries Investigational Reports) of lake trout
stomach contents were added to species and



potential forage lists. For some Minnesota lake
trout lakes, unsummarized qualitative or anec-
dotal forage information exists on archived data
sheets and on fish scale envelops (S. Persons,
personal communication, 1997). These poten-
tial information sources, however, were not
examined for this study.

Results

Lake trout sample size

Lake trout sample size was small for
most of the study lakes, with fewer than 40
lake trout captured in 73% (22 of 30) of the
collections (Table 3). Total sample size was
greater in fall (NV=461) than in summer
(N=332) or spring (N=222). Sample size was
greater than 40 for one-half of the lakes in fall
and for only 30% of the lakes in summer. For
individual lakes, sample size ranged from 6 to
38 fish in spring, from 12 to 69 in summer,
and from 16 to 98 in fall. Pooled sample sizes
for a given lake (total catch of spring, summer,
and fall) used for growth modeling ranged
from 51 to 151 lake trout.

Aging lake trout

The proportion of known-age lake trout
varied among the 10 study lakes, and ranged
from O to 77% (Table 4). In Kemo, Trout,
Clearwater, Gunflint, and Snowbank lakes,
fewer than 5% of lake trout captured were
known-age fish.  Greater proportions of
known-age lake trout were captured in
Mayhew (22.6 %), Greenwood (23.2%), Loon
(41%), Ojibway (73.1%), and West Bearskin
(76.5%) lakes. Lake trout yearlings, stocked
in spring 1993 or 1994, composed a larger
proportion of the summer catch than the spring
and fall catch in West Bearskin, Loon, and
Greenwood lakes in 1993 and in Ojibway Lake
in 1994 (Table 4).

Known and assigned lake trout ages
ranged from 1 to 26 years among the 10 study
lakes, but only 8.8% were older than 10 years
and less than 1% were older than 15 years.
Lake trout less than 5 years old and those 6 to
10 years old each composed about 46 % of the
total catch (Table 5). Proportions of lake trout
in the four age categories, however, were
heterogeneous among lakes
(x=248.85,P<0.001, 27 df).

Table3. Number of lake trout aged that were sampled in spring, summer, and fall in ten northeastern Minnesota lake trout

lakes, 1993 or 1994.

Number of Lake Trout Aged

Lake name Year Spring Summer - Fall Total
Kemo 1993 25 17 88 130
Trout 1993 28 20 57 105
West Bearskin 1993 17 34 98 . 149
L.oon 1993 33 45 27 105
Greenwood 1993 38 69 44 151
Mayhew 1994 22 17 45 84
Clearwater 1994 26 36 37 98
Gunflint 1994 18 26 19 52
Ojibway 1994 6 56 16 78
Snowbank 1994 9 12 30 51
Summary statistics:
minimum 6 12 16 51
maximum 38 69 98 151
mean 222 33.2 46.1 100.3
median 235 30.0 40.5 101.5
sum 222 332 461 1003
10 10 10

number of lakes 10




Table4. Numbers and percentages of unknown age and known or partially known-age lake trout captured during spring,
fall, and summer relative abundance index gill netting in 10 Minnesota lakes, 1993 or 1994. Unmarked fish are
either wild or those stocked without a cohort-identifying fin clip. Age 1 denotes fin clipped fish stocked as
yearlings in spring 1993 or 1994. Age 2 fish are those fin clipped and stocked in spring in years prior to 1993 or

1994.
Unknown age Known age (fin clipped)
(unmarked) Age 22 ' Age 1
Lake Year Season N % N % N %
Kemo 1993 Spring 128 100 0 0 0 0
Fall 96 100 0 0 0 0
Summer 18 100 0 0 0 0
Trout 1993 Spring 28 100 0 0 0 0
Fall 57 100 0 0 0 0
Summer 26 100 0 0 0 0
Snowbank 1994 Spring 9 100 0 0 0 0
Fall 31 97 1 3 0 0
Summer 13 100 0 0 0 0
Gunflint 1994 Spring 18 100 0 0 0 0
Fall 18 95 1 5 0 0
Summer 20 95 1 5 0 0
Clearwater 1994 Spring 23 88 3 12 0 0
Fall 37 95 2 5 0 0
Summer 36 97 1 3 0 0
Mayhew 1994 Spring 20 83 4 17 0 0
Fall 40 85 7 15 0 0
Summer 6 43 8 57 0 0
Greenwood 1993 Spring 27 69 10 26 2 5
Fall 39 91 2 5 1 2
Summer 46 64 2 3 24 33
Ojibway 1994 Spring 6 100 0 0 0 0
Fall 11 65 4 24 2 12
Summer 6 10 19 33 33 57
Loon 1993 Spring 23 70 10 30 0 0
Fall 14 52 13 48 0 0
Summer 22 51 10 23 11 26
W. Bearskin 1993 Spring 5 29 12 71 0 0
Fall 20 22 70 78 0 0
Summer 8 25 18 56 6 19

Table 5.  Number of lake trout in 5-year age categories sampled in 10 northeastern Minnesota lake trout lakes, 1993 or

1994. Spring, summer, and fall data are pooled.

Number of lake trout by age category

Lake name Year 1-5 years 6-10 years 11-15 years >16 years
Kemo 1993 53 60 17 0
Trout 1993 56 45 4 0
West Bearskin 1993 106 38 5 0
Loon 1993 29 72 4 0
Greenwood 1993 58 89 4 0
Mayhew 1994 52 26 6 0

. Clearwater 1994 17 58 19 4
Gunflint 1994 11 33 5 3
Ojibway 1994 63 14 1 0
Snowbank 1994 12 23 15 1
sum 457 458 80 8
percentage 45.6 45.7 8 0.8




. Growth modeling

The number of age-classes for which
growth was modeled varied among lakes and
collection periods, ranging from 5 to 14 (me-
dian=8; mean=8.3) for unpooled data sets
(Tables Al and A2). The median age at which
growth modeling began was age 3 (range: 1-7
years) for all 30 data sets. The median age at
which modeling ended was age 13 (range: 8-26
years).

Shapes and relative positions of the
growth curves varied among the lakes and
among seasons within lakes (Figure la - 1j)
and parameters determining the shapes of the
lake trout growth curves are listed in Table A3.
For some lakes, growth trajectories for spring,
summer, and fall differed among seasons. For
six lakes, weight-at-age was greater for lake
trout collected in spring than for those collected
in fall. This was particularly noticeable for
Kemo and Trout lakes, but also occurred in
data sets for West Bearskin, Loon, Clearwater,
and Ojibway lakes. This contrast was not
evident for Greenwood, Mayhew, Gunflint, or
Snowbank lake data sets.

Growth models derived from the
pooled spring, summer, and fall data estimate
lake trout growth trajectories for each lake
(Figures 2a, 2b; and 3a, 3b); Table 6. Al-
though residuals were not serially correlated
with age and error distributions were not
skewed, not all the criteria needed for hypothe-
sis testing were met. Variation in weight
increased with age for all pooled data sets,
except those for Kemo, Trout, and Snowbank
lakes. Also, residuals from data sets from
Kemo, Trout, West Bearskin, Greenwood, and
Clearwater lakes showed autocorrelation.
Thus, some growth curves did not fit the data
well in all portions of the range of modeled
ages.

In Kemo Lake, lake trout grew slowly
until age 2. Growth then accelerated and
slowed abruptly at approximately age 7, with
the trout weighing approximately 2.5 kg at age
10 to 15 (Figure 2b). In Mayhew Lake, lake
trout also appeared to grow slowly, but may
attain a larger size than lake trout in Kemo
Lake, perhaps 4 kg at age 15. Growth curves

for Kemo and Mayhew lakes (Figure 2b) are
not as steep as those for Trout and West Bear-
skin lakes (Figure 2a). Lake trout growth
trajectories in Trout and West Bearskin lakes
are similar, and lake trout may attain 4.5 kg in
10 to 13 years. Lake trout growth patterns for
Ojibway, Loon, and Greenwood (Figures 3a,
3b) lakes are similar, having relatively slow
growth to about age 9 to 11, followed by a
period of accelerated growth, with some trout
exceeding 4 kg. Growth models indicate lake
trout in Gunflint, Snowbank (Figure 3a), and
Clearwater lakes (Figures 3a, 3b) did not attain
4 kg by age 13 or 14. Lake trout growth
curves for these three lakes indicate slow
growth may be more prolonged than in Loon,
Greenwood, and Ojibway lakes. Lake trout
size-at-age varied among lakes, increasing with
age, but it also varied within lakes. This was
particularly noticeable for Clearwater Lake,
where growth of some individuals accelerated
at age 8 to 10 years, while others continued to
grow slowly beyond age 15 (Figure 3b).

Growth trajectories for lake trout
sampled from West Bearskin Lake in 1993
(Figure 4a) did not differ greatly from those of
the 1981 cohorts of the Gillis Lake and Isle
Royale lake trout strains (Table 7), for which
growth was modeled in a previous study
(Siesennop 1992), perhaps indicating that prey-
predator relationships may not have changed
measurably in recent years. Growth curves of
the Isle Royale and Marquette 1981 cohorts in
Mayhew Lake, estimated for the same study,
however, may indicate that these cohorts
(Table 7), sampled 1983 - 1990, may have
grown faster as subadults and adults than lake
trout captured in 1994 (Figure 4b).

The growth models enable comparison
of estimated lake trout weights at specified
ages, among the 10 lakes, within the range of
ages modeled (Table 8). Juvenile lake trout
captured in lakes such as, West Bearskin,
Mayhew, Loon, Greenwood, and Ojibway
lakes that had been stocked with yearling lake
trout, tended to be larger than lake trout of the
same age in lakes that were not stocked (e.g.,
Trout Lake) or were stocked with smaller
fall fingerlings (e.g., Kemo Lake). Modeled
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in spring. summer. and fall. 1993 or 1994. Growth trajectories were esti-
mated with Schnute's (1981) generalized growth model.

11



T T T T T M T T T o v T T i
Greenwood L. 1993 Clearwater L. 1994
N=144 N=98

triangles & dashed line squares and dotted line

19000 |

8000 "
7000 |
6000 ‘_ kgl?);l L. 1993 .

circles & solid line '

5000 |- o

Weight (g)

S 4000 e\ .o
3000 |
2000
1000 |

fig. 3b

20 30

9000 [ T T T T T T T T T T T T
: g_j;};Way L. 1994 gggwbank L. 1994
tti—lnllel & dashed line sq:nrel & dotted line

Gunflint L. 1994
N=61 ]

circles & solid line

8000 |-

7000 |

6000 |
5000
5 4000 -

'Wexght (g)

3000
2000 |
1000

30

Age (years)

FIGURE 3. Lake trout growth (weight at estimated age) in 6 northeastern
Minnesota lakes. as indicated by pooled data from various cohorts sampled
in spring. summer. and fall. 1993 or 1994. Growth trajectories were esti-
mated with Schaoute's (1981) generalized growth model.




6000

5000

4000

Weight (g)
W
<
(]
S

2000

1000

6000

5000

4000

Weight (g)
(7%
S
S
S

2000

1000

» T : r : v i —— y—r
r Mayhew Lake. 1994 1
’ Spring: N=22 -
t Summer: N=l7 1
i Fall: N=45 s
- Marquette strain, 1
1 1981 cohort .
T N = 187 1
£ ]
r Isle Roy ale strain, ﬂ
g 1981 co ort E
i N = 211 ]
" 1
r b fig. 4b |

- 1 41 'y 1 A A L 1 i 1 A

0 5 10 15
[ LR T I T T T T ' T T T Ll ]
- West Bearskin Lake. 1993
[ Spring: N=16 h

Summer: N=34 h
B Fall: N=93 7
[ ]
- 11is Luke strain. |
[ 81 cohort ]
[ = 400 J
3 Isle Royale strain, ]
- 1981 cohort -
[ N =30 : }
r = fig. 4a |

P PO i i N I S L i 1 1 n "

0 5 10 15

Age (years)

FIGURE 4. Lake trout growth (weight at estimated age) in 2 northeastern
Minnesota lakes, as indicated by pooled data from various cohorts sampled
in spring. summer, and fall. 1993 or 1994 (solid line). and compared with

growth of 1981 cohorts (dashed or dotted lines) stocked as age 1+ yearlings
in 1982 and recaptured from 1982 through 1990 (Sicsennop 1992). Growth tra—
jectories were estimated with Schnute's (1981) generalized growth model.

Error bars (SE) pertain to the Mayhew L. 1994 and W. Bearskin 1993 data sets.

13



14!

21 abejeazis = °A4 ‘11 obe je azis = A ‘ajes YMOIB SAEIS) JO 11 SARRISS [BIUSWIBISUI
= g 'aje) ymolb aAne|al Jo sjes SAIEIR JUBISUOD = B ‘palioads abe puooes = C1 peyioads abe jsuy = T 1 :sjopowigns Ymolb ay) yyim pajeIsosse sisjeweled -

9l'0 FANY) eu eu eu 8’0 e oc’tk cco ¥S'0 T._mm>. e
y0'v0€ G.'869Y L6°0G1S 18°1€SY crveve 86°€.¢¢C €0'990F 86'299¢ 91'89./¢ €9'29.1 swelb 2
eu Bu LL0 0€0 <90 80°¢- ¥8°0L- 09°¢- eu eu auou q
92’68} 168 90°9%1L 60°cLl €1'G81 G9'L€1 vyl y6'vicC eeveEl og'ee sweib i
8’9l 8¢l 9'9¢ 9'0¢ L2l 8¢l 8'¢CL g€l 8'tl 4" sieak 1
9C 9l 9¢ 9¢C 9¢ vl 9’1 9l Ve ¥ sieak 1
do do9 Od oY oY aA an an do do [Spow iMoo
1S 8. 19 86 ¥8 144" €0t 514" SoL LEL az1s sjdweg
661 661 661 ¥661 661 €661 €661 £661 €661 €661 Jeaf sjdweg
Juegmoug  Aemqllo Wpung  1e)emues)n) | maykep poomusalg uoo upjsieag o1l owiay spun pue

SWeN axe cOlqeuea

‘a|qeoidde jou = eu :BJON "¢ pue g sainbi4 ul pajoid asoy) ale spieyoiy=0y
pue ‘Zysdwon=do) ‘Ajjuejeliag UoA paziersusb=gA s|opowgns yimolis) 'azis s|dwes asealoul o) pajood S1om SUOSEES daly) Woly eleq 661 10 €661 Ul
soXe| ejosauuIy 01 Ul ey pue ‘Jswwns ‘Buuds uj paysy sjau |16 uy painided ynou) oxe] Joy sisjawered pajeIoosse pue sjepougns ymolb abe-je-jybiom pepeieg ‘g o|qel



Table 7. Selected weight-at-age growth submodels and associated parameters for three strains of the 1981 lake trout
year-class captured in gill nets or trap nets fished in spring or and fall, or by winter angling in Mayhew and West
Bearskin lakes, 1982-1990 (Siesennop, 1992). Data from three seasons was pooled to increase sample size
and growth curves were plotted (see (Figure 4). Abbreviated names of growth submodeis: VB = generalized von
Bertalanffy, GP = Gompertz, and RC = Richards. Note: na = not applicable.

Variable®

and units Known age cohorts

Lake Mayhew West Bearskin

Year-class 1981 1981 1981 1981

Strain Marquette Isle Royale Isle Royale Gillis Lake

Sample size (N) 187 21 30 400

Growth model GP GP vB GP

T, (year) 21 24 24 24

1, (year) 9.1 9.1 9.8 9.1

y:  (g) 76.894 125.022 28.246 62.883

b none na na -0.920 na

y. (9) 2072.841 1827.987 2436.279 2718.496

a (year’) 0.409 0.346 0.255 0.254

# Parameters associated with the growth submodels: 1, = first age specified; 1, = second age specified; a = constant relative

rate of

relative growth rate; b = incremental relative rate of relative growth rate; y, = size at age 1,; y, = size at age 1,.

Table 8. Lake trout weight-at-age, calculated from selected nonlinear growth models; vB = generalized von
Bertalanffy, G = Gompertz, R = Richards (Schnute 1981). Pooled data fitted to growth models were
measured weights and estimated ages of lake trout sampled in spring, summer, and fall 1993 or 1994 from
10 northeastern Minnesota lakes (See Figures 2 and 3). Numbers in bold type denote approximate age
limits of growth modeling. Lake name abbreviations: KE = Kemo, TR = Trout, WB = West Bearskin, LN =
Loon, GW = Greenwood, MH = Mayhew, CW = Clearwater, GF = Gunflint, OJ = Ojibway, SB = Snowbank.

Selected growth model
G G vB vB vB R R R vB G
Calculated weight (g) by Lake

AGE KE TR WB LN GwW MH CW GF oJ SB

1.0 - 10 - 123 126 37 101 - 52 73

2.0 8 36 260 155 158 120 143 81 78 135

3.0 77 96 373 194 199 235 195 194 116 225

4.0 283 212 535 242 249 379 259 324 174 349

5.0 608 401 767 304 314 546 337 469 261 506

6.0 949 671 1098 380 396 737 429 624 390 695

7.0 1231 1015 1561 476 499 948 538 789 585 908

8.0 1432 1415 2169 596 632 1179 665 963 875 1141

9.0 1565 1849 2833 747 802 1428 812 1144 1311 1385

10.0 1648 2292 3329 935 1026 1696 980 1331 1962 1633

11.0 1699 2724 3559 1172 1329 1981 1171 1526 2923 1878

12.0 1729 3131 3636 1487 1760 2282 1387 1726 4012 2115

13.0 1747 3501 3658 - 2442 2600 = 1630 - 1931 4206 2339

14.0 1757 3831 3665 - 3827 2933 1901 2142 4206 2549

15.0 1764 4117 3666 - 18,219 3281 2203 2357 - 2742

16.0 1767 4364 3667 - - 3644 2536 2577 - 2917

17.0 1769 4573 3667 - - 4021 2904 2802 - 3074

18.0 1770 4748 - - - 4412 3307 3031 - 3215

19.0 1771 4893 - - - 4817 3748 3264 - 3339

20.0 1772 5014 - - - 5236 4229 3500 - 3448

21.0 1772 5113 - - - 5667 4752 3741 - 3544

22.0 - 5194 - - - 6112 5319 3984 - -3628

23.0 - 5260 - - - 6569 5932 4232 - 3700

240 - 5313 - - - 7039 6592 4483 - 3763

25.0 - 5357 - - - 7521 7303 4738 - 3817

26.0 1772 5392 3667 - - 8015 8066 4995 4206 3864
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weight-at-age varied considerably among lakes,
ranging from approximately 0.3 to 0.8 kg at
age 5, from 0.9 to 3.3 kg at age 10, and from
1.4 t0 4.0 kg at age 12. These growth models
should not be used to predict size-at-age be-
yond age 12 because of sample sizes of older
fish are small and size-at-age is increasingly
variable.

Estimates of Lake Trout Maximum Size

For all lakes, except Mayhew, the
heaviest fish captured in this study was less
than the maximum lake trout weight reported
for the same lakes (Table 9) by anglers, re-
sorts, or captured in previous MN DNR fish
sampling efforts. This indicates the latter
sources may provide better estimates of theo-
retical maximum size for the study lakes. The
heaviest lake trout captured during this study
ranged from 2.4 kg for Kemo Lake to 9.6 kg
for Gunflint Lake, while the largest reported by
other sources ranged from approximately 3 to
nearly 16 kg, showing that lake trout eventu-
ally may attain large sizes, if they are not
harvested. The age of these large fish, how-
ever, generally are not estimated because large
fish often are released alive by managers and
biologist. Also, anglers typically have not
donated otoliths or fin rays from harvested lake
trout.

The 10 study lakes may be categorized
as having one of several types of growth pat-
terns for juvenile, sub-adult, and adult fish
based on the shape and position of the growth
curves relative to age (Table 10). Juvenile lake
trout growth is slow in most lakes, sub-adult
growth generally accelerates, and adult growth
rates vary from slow to fast. Lake trout
growth rates for specific lakes apparently
depend on forage type, size, and abundance.

Species Lists and Lake Trout Forage

Lake trout feed on a variety of inverte-
brate and fish taxa. Lake trout food habits for
the 10 study lakes are generally similar to those
discussed in Scott and Crossman (1973).
Known and potential forage varied among the
10 study lakes (Tables 1 and 2) changing with
life history stage, season, and prey availability
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(MacLean et al. 1990). Coregonines occurred
in 7 of 10 lakes, and lake trout are known to
prey on them (MN DNR lake files; Micklus
1959; Eiler and Sak 1993). Rainbow smelt are
present in 3 of the 10 lakes and lake trout are
known to prey on them (Hassinger and Close
1984). Kemo and Mayhew lakes have neither
rainbow smelt nor coregonines, but have
several smaller forage species (Table 2). In
Mayhew Lake, lake trout prey on young-of-
year (yoy) green sunfish during winter
(Siesennop, personal observation). In West
Bearskin and Mayhew lakes, diets of yearling
lake trout (age 1+ stocked in May) included
Daphnia spp., Amphipoda, Diptera (larvae and
pupae), and Ephemeroptera (Siesennop 1988).
In West Bearskin Lake, lake trout ate many
yoy smallmouth bass and yoy green sunfish
during winter (Siesennop, personal observa-
tion). The presence of sculpin in 4 study lakes
is known from qualitative reports of lake trout
stomach contents and in 3 other lakes from
incidental catches in gill nets or small-mesh
trap nets (MN DNR lake files). Burbot, docu-
mented in lake trout stomachs in 3 study lakes,
are present in 4 lakes. Lake trout in some
situations may be cannibalistic, adults preying
on juveniles (Martin 1970) or juveniles feeding
on newly-spawned lake trout eggs (Siesennop,
unpublished data). :

Many of the smaller species present in
the lakes (Table 2) have not been verified as
lake trout forage because stomach contents of
lake trout captured during fisheries assessments
and lake surveys have not been routinely
examined or summarized and few detailed lake
trout food habits studies have been done for
Minnesota lakes. Eight study lakes have a
variety of small fish, including 4 to 11 cypri-
nids or other fish species, that are known or
potential lake trout forage. Very few small
forage. species, however, have been reported
for West Bearskin and Loon lakes. Only
rainbow smelt and golden shiner are listed for
West Bearskin Lake, and only Cottus spp. for
Loon Lake.
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Discussion

Ages assigned to unknown age lake
trout are biased because interpretation of the
growth records of fin rays, scales, and otoliths
may be positively or negatively biased. Ages
assigned to older lake trout from scales, how-
ever, are more likely to be negatively biased
because scale age tends to underestimate age of
older lake trout. Various investigators cited by
Lester et al. (1991) showed that ages estimated
from scales differ from those assigned from
aging other structures, including otoliths,
branchiostegal rays, fin rays, cleithra, verte-
brae, and opercular bones. Lester et al. (1991)
recommended that seven years be regarded as
the oldest age reliably determined from scales
and indicated otoliths are the most reliable
structure for aging lake trout.

Growth curves fitted to the lake trout
weight-at-age data in this study are imprecise
due to aging bias and because sample size for
each age-class usually was small. Precision of
the growth curves is less for lake trout collec-
tions having smaller proportions of known-age
or partially known-age fish. For most data
sets, catches of large, old lake trout were rare
and are difficult to age reliably from scales and
fin rays. Therefore, bias is greater for older
lake trout and upper portions of the growth
curves are less reliable than the lower and
middle portions that describe growth of youn-
ger fish. The middle portions of some curves
may be more reliable than the lower portions
because young fish, not fully vulnerable to the
gill nets, were uncommon or under-represented
in Trout, Clearwater, and Snowbank lake
collections. The lake trout growth model for
West Bearskin Lake probably is the most
precise among the 10 lakes because a high
proportion of the catch was known-age fish and
they were represented several age-classes from
age 1 to 13. Growth models for Clearwater,
Gunflint, and Snowbank lakes may be less
precise than those for the remaining lakes
because few known-age fish were sampled and
a high proportion of the unknown age fish were
assigned ages greater than seven years.
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Growth trajectories were generally
similar among the three collections for a given
lake. Among season differences in growth
trajectories for some lakes may have resulted
from small sample sizes for some collections,
may indicate incorrect age assignments, or may
reflect large variation in lake trout size-at-age.
Therefore, growth comparisons among lakes
are tentative because of the uncertainties.

Despite data limitations, several types
of lake trout feeding and growth scenarios may
explain the observed growth curves. Lake
trout in Kemo and Trout lakes showed rela-
tively fast juvenile growth, perhaps because
their food, presumably zooplankton, insects,
and various small forage fish, may be more
abundant in the absence of centrarchids and
walleye. There are, however, no cisco or
other larger prey species in Kemo Lake, so
lake trout feeding efficiency may decline at
approximately 1.5 - 2 kg and few fish exceed
3 kg. This situation may be an example of
rapidly declining growth efficiency and small
maximum size for lake trout in lakes without a
coregonine prey base (Carl et al. 1990). In
contrast, Trout Lake has larger prey items,
rainbow smelt and larger cisco. In this lake,
feeding efficiency may remain relatively high
for a longer time and lake trout have greater
potential for more rapid and prolonged growth.
Fish exceeding 4 kg were collected.

~ InMayhew Lake, where few adult lake
trout exceed 4 kg, their growth pattern was
similar to that in Kemo Lake. Because larger
forage species, such as rainbow smelt and cisco
are not present in Mayhew Lake, a greater
proportion of the invertebrate and small fish
forage may be available to juvenile lake trout
and their growth may be faster than in lakes
having competitors for zooplankton. Some
lake trout in Mayhew Lake, however, attain a
larger size than in Kemo Lake because they can
prey on y-o-y green sunfish, other small forage
fish, and perhaps white sucker. Slower growth
of the juvenile lake trout sampled in 1994 in
Mayhew Lake relative to that of 1981 cohorts,
however, may indicate changing community
trophic relationships, results of the introduction
or immigration of yellow perch (circa 1988)



and their increasing abundance in the 1990s.
Lake trout growth rates in Mayhew Lake may
stabilize, increase, or decrease, depending on
life history stage, and how yellow perch inter-
act with green sunfish and other elements of
the forage community.

In West Bearskin Lake, juvenile lake

trout growth began slowly, but it accelerated at
ages 3 to 5 (Siesennop 1992), as lake trout
begin to prey on rainbow smelt (Hassinger and
Close 1984). Juveniles, and also adults, at
times feed heavily on y-o-y smallmouth bass
and green sunfish, as well as, rainbow smelt in
West Bearskin Lake (Siesennop, personal
observation), although Scott and Crossman
(1973) and MacLean et al. (1990) made no
mention of centrarchids as lake trout forage.
Adult growth may slow, perhaps because prey
larger than smelt are not abundant and attaining
weights larger than 5 kg may require 15 or
more years in West Bearskin Lake. In lakes
with few large predator species, lake trout
foraging efficiency probably is greater and may
be influenced more by intraspecific competi-
tion, including cannibalism and other lake
specific factors, than in lakes with several
potential competitors. Cannibalism may be
most common in winter (Martin 1970; Ball
1988), may be a major cause of juvenile mor-
tality in some lakes (Evans et al. 1990), and
may be important energy source for adult lake
trout.

When food (energy) is shared among
more species, a smaller proportion of total
energy in a lake is available for lake trout. In
Loon, Clearwater, Greenwood, Gunflint,
Ojibway, and Snowbank lakes, relatively slow
growth of juvenile lake trout may be a result of
competition with introduced coregonids,
centrarchids, and percids for zooplankton,
other invertebrates, or small forage fish. Each
of these six lakes also have one or more addi-
tional large predator species (northern pike,
burbot, walleye, or smallmouth bass) that may
eat species that are potential lake trout prey at
some life stage. These predators may contrib-
ute to reduced lake trout feeding efficiency,
prolonging the period of slow lake trout growth
in some of these lakes. Eventually some lake
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. trout attain greater size when they become

more piscivorous, feeding efficiency improves
and growth rates accelerate by feeding on
coregonines. Lake trout exceeding 5 kg,
probably more than 10 years old and perhaps
more than 15 years old, occasionally are cap-
tured in these lakes by anglers or in gill nets.
Some of the large variation in size-at-age in
lakes such as Clearwater, may be explained by
some lake trout becoming more piscivorous
with increasing size and age. Other lake trout
in the same lake, however, may continue to
grow slowly if they do not switch from a
predominantly plankton, insect, or small fish
diet to largely piscivorous food habits.
Trophic relationships in the seven study
lakes with coregonines may parallel that of
Lake Opeongo, Ontario where juvenile lake
trout growth was slowed by cisco feeding more
efficiently on plankton, but growth rate and
fecundity of subadult and adult lake trout
increased because they could prey on cisco
(Colby et al. 1987). Matuszek et al. (1990)
described changes in growth and mortality
rates of non-piscivorous 1 and 2 year old lake
trout and piscivorous sub-adult and adults over
time and related them to the introduction of
cisco into Lake Opeongo and the accompany-
ing changes in feeding relationships.
Competition between lake trout and
another species, such as smallmouth bass or
walleye, is difficult to demonstrate because
among lakes differences preclude controls or
replicated experimental designs. Shuter et al.
(1987) indicated that direct competition be-
tween lake trout and smallmouth bass would
not occur during summer in Lake Opeongo if
lake trout remained in the hypolimnion and
smallmouth the epilimnion. Some evidence
indicates interaction, if not competition, exists.
Juvenile lake trout growth was greater in Birch
and Mayhew, on lakes without smallmouth
bass, than in West Bearskin and Duncan, lakes
with smallmouth bass (Siesennop 1992).
Although these observations may suggest
competition, differences in forage fish may also
explain the differences in juvenile growth rates
(Eiler and Sak 1993). They also noted that
smallmouth bass may have faster growth rates



in lakes without lake trout. In northeastern
Minnesota, however, lakes managed for lake
trout, especially those where lake trout are
indigenous, the introduction or spread of non-
native smallmouth bass, or another species,
may reduce lake trout growth or survival and
be undesirable.

In summary, the lake trout growth
curves for the study lakes provide more evi-
dence indicating size dependent growth in
northeastern Minnesota lakes and that predator-
prey relationships are complex. The limited
forage data available from this study and more
detailed information from other investigators
show that lake trout feed on a variety of prey
items. Juvenile, subadult, and adult lake trout
prey on cisco, rainbow smelt, sculpin, juvenile
centrarchids, other minnows or small fish,
various invertebrates (insects, crustaceans, and
zooplankton). Lake trout growth rates vary
with life stage and depend on prey size, abun-
dance, and availability.

Management Implications

Examining lake trout growth patterns
and making comparisons among lakes can give
clues to understanding lake trout feeding rela-
tionships. Monitoring growth and food habits
can help managers and biologists understand
how changes in community structure affect lake
trout populations. This knowledge can help
managers and biologists make better fisheries
management decisions. Growth models must
be used with caution, however, recognizing
limitations of aging lake trout from bony struc-
tures, particularly scales. Lake trout otoliths
should be obtained from dead trout and should
be used to more precisely estimate lake trout
age and describe growth. '

When sample sizes are small it is
acceptable to pool data from different seasons
and sampling methods to estimate indices of
lake trout growth, mortality, and condition
according to Lester et al. (1991). It is also
useful to pool data from various seasons to
improve growth modeling, although variation
in weight of mature fish may increase due to
seasonal differences in gonadal development
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and spawning condition. Lake trout weights
measured in spring probably being the least
variable at a given age for mature fish.
Growth curves from lake trout collected only in
fall, with differing states of gonadal develop-
ment and spawning condition, would be more
biased than models derived from fish collected
in spring or summer. It may also be acceptable
to pool data sets from different years to model
and characterize lake trout growth, provided
fish community structure has been relatively
stable in a given lake. Extrapolation of growth
to ages beyond those modeled is not appropri-
ate.

Fisheries managers should not intro-
duce new species to natural lake trout lakes or
other lakes now managed for lake trout. It will
be a challenge to prevent the almost inevitable
expansion of smallmouth bass, walleye, and
other species into watersheds and specific lakes
where lake trout are native. Changes in lake
trout growth, survival, abundance, and the
sport fishery that may result from these species
range expansion will be difficult to monitor.
Potential adverse effects of introductions may
be more drastic in small lakes that have less
varied habitats and fewer feeding alternatives
for lake trout.

Failure to sample large lake trout in
some lakes may indicate insufficient sampling
effort, that forage constraints may prevent lake
trout from attaining large size, or it may be a
symptom of over-exploitation in lakes where
most lake trout are caught before they can
grow to large size.
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