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ABSTRACT

The responses of an unexp'lojted popuìation of lake whitefish

(Coregonus cLupeafoz'mis) to increased loadìngs of phosphorus, nitrogen

and carbon were evaluated for four years of fert'ilizatjon in 1226 NE

(Lake 226, the northeast basin), the Experìmental Lakes Area, North-

western Ontario. A vìnyl sea curtaìn separated L226 NE from L226 SVI

(the southwest basin), which recejved sim'ilar additions of nitrogen

and carbon over the same t'ime period. In general, LZZ6 NE responded

w'ith increased algal and benthìc product'ivìty over that in 1226 ShJ

though differences between basins were minimal the first year of

fertilizat'ion. Ljmnolog'ica'l conditions in L226 Sl^J remained s'imilar

to those prior to lake division and fert'ilization.

Lake whjtefish in L226 Nt responded with greater growth, h'igher

coefficients of condition, increased recrujtment and total elaboration

of fjsh tissue (product'ion) than 'in L226 S!,1 during the second through

the fourth years of fertilization. No response was evident the

f i rst year of fert'i I i zati on . No di fferences between bas'ins were

detected in annual survival for fish > age 1+ but greater recruìtment

in L?26 NE was caused by differences jn survival under age 1+.

Fecundity of female wh'itefish may have been greaterin L226 Nt than

Sll the second and third years of fertilization, though no differences

in fecundìty to length ratjos were detected in the fourth year.

llhitefish production in L226 NE was generally twìce that in 1226 SU

the second through fourth years of fertiljzation. Whjle differences

in growth between basins were a s'ignficant factor in production
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differences the second and the third years of fertiìization,
the greater abundance of whitefish jn L2z6 NE was the primary

cause 'in the fourth year. No major differences in whjtefish djet

were detected between basins, but jncreased abundance of dipteran

larvae in L226 NE made whitefish production differences possib'le.

wh jtefish product'ion and biomass tn L?26 NE probab'ly had not reached

a new equilibrium level by the fourth year of fertilization.
signìficant year-to-year variations in whitefjsh production were

al so present.

The fin-ray method of age determination was used extensivery

ìn this study to estimate whitefish growth. A method of back-

calculatìng fish lengths at age was developed using pe]vic fin-ray

sectjons. Extensive tests of th'is method's validity are presented.

The impiications of errors ìn agìng using whitefish scales are

discussed wjth emphasis on catch-curve survìval rates and growth

curves.

The Jolly-Seber multip'le mark-recapture method was used to

estimate whitefish abundances and survival. Extensive tests of

the assumptìons of the Jolìy-Seber method are presented and evaluated

for the L226 NE and Sl^J populations. Methods for m'inimizing the bias

introduced in estjmates caused by significant tag loss are presented

and appl1ed to the L226 NE whitefish data.

The mechanisms used by 1226 NE whitefish to respond to increased

nutrient inputs were simjlar to those used by unexpìoited whitefish

popuìations when first expìoited. These mechanisms u/ere also djs-

cussed in relation to present theories of lake whitefish population

structure and regulation.
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I NTRODUCTI ON

Attempts to increase the fìsh productivity of natural waters have

been a recurrjng topic of research through the development of fishery

bi oì ogy. An abundant I i terature base has devel oped for pond ferti ì ì -

zatjon in both Europe and North America (as reviewed by Vinberg and

Lyakhnovich 1969; Neess 1946; Marcjoleck 1954; Swingle and Smjth 1939;

Hasler and Einsele 1948). Intent'ional fertil jzatjon studjes of smal I

lakes commenced w'ith Juday et al. (1938), Ball (1949), Langford (i949),

Ball and Tanner (1951), Frost and Smyly (rg5z) , l^Jeather'ley and Nichols

(1955), Smith (1955) and Nelson (1959). Both smal I lake fert'iljzation

and pond experiments have concentrated on responses of stocked popu-

lations of relatively young (age 0+ to 2+), sexually immature fish.

In most cases, after one season of nutrient additìon, fish populations

were harvested and the studies terminated.

More recent'ly, interest in cultural eutrophication has spurred

renewed study of the effects of nutrient addition on natural fish popu-

lations (Nakashima and Leggett 1975; Coìby et a.l.1972; Larkin and

Northcote 1969; Lebrasseur et al. 1978). In many cases the mechanisms

wh'ich these f ish popul at jons used to respond to increased nutrient 'inputs

have been confounded wjth simultaneous perturbat'ions such as commercjal

exploitation (Nimann I972; LeCren et al . 7g72), species add'it'ion (Grimås

et al . I972; I'iaìtland 1972; Northcote 1972), or both (Berst and Spangìer

7972. Wells and Mcla'in I972; Hartman and Burgner 1972; and others).

Other stud'ies have concentrated on 'increased production of salmon smolts

(Barraclough and Robinson I972; Hartman and Burgner 1972; Lebrasseur et

al. I978), or comrnenced after nutrient addition had progressed for many
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years (Nakashima and Leggett I975) when fish populat'ions had apparently

reached new equilibrjum levels. Little is known of the sequence of

responses of an indigenous northern fish population, composed of a

ìarge proportion of older, sexua'lìy mature indiv'iduals (as descrjbed

by Johnson 7976; Power 1973; Healey 1980) to nutrient additjon. As

the development of the Canadiàn North accelerates, responses of these

popu'latjons w'ill become ìncreasingìy ìmportant. The purpose of this

study was to evaluate changes in an unexplojted populatjon of lake

whitefish (coregonus eLupeaformis) to increased nutrjent addition.

l,lhile eariy studies agreed qua'litatìveìy that greater productiv'ity

at lower trophic levels leads to higher fish y'ields (Hasler and Einsele

1948; Balì and Tanner 195i; Weatherley and Nichols 1955), more prec'ise

quant'ification between trophic levels has occurred more recently

(McConnell 1963, 1965; Hall et al. 1970; Goodyear et al. I972; Sreenivason

1964; Hepher 1962; HrbËóek 1969; Wo'lny and Gryg'i erek 1972; Me'lack 1976;

Davies i980). A secondary goal of this study was to compare primary

production and benthic emergence to fìsh production.

It is d'ifficult to establish adequate. control data for whole lake

manipulat'ions (Carlander 1966; Hasler and Einsele i943). One common

approach has been to monitor a lake for a year or more and use these

data as a baseline to interpret changes in the same lake in subsequent

years durìng and after manipuìation (toftus and Regier 7972; Nakashima

and Leggett 1975). A second approach has been to monitor a nearby lake

as a control (Bal I 1948; Ba'l'l and Tanner i951; Smith 1955) . Each

technìque has shortcom'ings. An assumption of the first method js that

underlying lake productivity does not s'ignìficantly change from year to

year, which is often questionable. For example, Fee (1980) found that
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the coefficient of variation for primary production'in most ELA lakes

was 20% over a four year study period. Davjes (1980) found that dipteran

emergence varied substantially between years for indiv'idual ELA lakes.

The probìem w'ith thjs first method is to show that the response to the

manìpulation ìs beyond the natural variation of the lake from year to

year. The problems of the second approach are (i) that'it is hard to

find two exactly identical lakes where fìsh species composition and age

structure are sjmilar, and (2) that the productivity can vary between

nearby lakes for the same year (Fee 1979, 1980; Davies 1980). Healey

(1978, 1980) has used a combination of the above methods in lake white-

fish cropping. The above problems can be minjmjzed 'if double basin

lakes are avajlable. For exampìe, Johnson and Hasler (1954) djvided

a sma'll, two basin dystrophìc lake with an earthen wall prior to liming

one bas'in. Thjs technq'iue offers advantages over the above other methods:

(1) indivìduals w'ith similar genetic and growth h'istories are present ìn

both the experimental and control bas'ins, (2) the same species are

present in both basins, and (3) the control bas'in can be used to estimate

baseline productjon for each year of manipulation in the other basjn.

The lake division technique was used in this study.

I selected six major populat'ion parameters to monitor through the

study: indivjdual fish growth (length and condit'ion), population size,

annual surv'ival rates, fecundìty, recruitment and oroductjon.

In a nutrient addition study, the carrying capacìty, or max'imum

b'iomass, of a system is elevated and the fish production should

theoreticalìy increase to reach a new carryìng capacìty for the system.

Any of the above parameters can change to accomplish this increase, but

rareìy have al I changed concurrent'ly ìn previous stt¡dies. In some
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studies, increased 'indivjdual growth of juvenile fish was the prime

response mechanÍsm to fertil'ization (Ha'ines I973; Smith 1955; Ball 1948;

Weatherley and Nichols 1955; and others), while survival rates were

relativeìy unchanged. In others (Nelson and Edmondson 1955; Hartman

and Burgner I972; Lebrasseur et al. 1978), increased annual surv'ival

was the major response mechanism. Responses of individual fecundíty

to food availability, and hence nutrient status, have also been docu-

mented (Scott L962; Bagenal 1969; Wootton 1977). Ha'll et al. (1970)

found that recrujtment of bluegill sunfìsh (repomLs macrochirus) in

ponds was correlated w'ith nutrient status. After an'init'ial b'iomass

increase, the ner^i carryìng capacity is theoretica'l1y sustained each

year by fish production which compensates for bíomass loss due to

natural mortaìíty. This new carry'ing capacìty may be sustajned by a

different combination of parameters than the initial biomass increase.

For examp'le, Hall et al. (1970) and McConnell (i965) showed that growth

was the jnitjal parameter used by fish to increase biomass at higher

nutrjent levels, but that biomass was maintained by adjusting population

numbers 'in I ater years .



MATERIALS AND METHODS

Study sì te

Lake ?26 (hereafter referred to as L226) is a smaì.l, doubre basjn

lake located in the Experimental Lakes Area, Northwestern 0ntario

(CÌeugh and Hauser 1971). The jnflow and outflow of the lake are smal'ì

and flow 'intermittently during the summer months. In earìy June 1973

a sea curtain of vinyì reinforced with ny'lon (60 by 6 m) was'installed

to separate the bas'ins (NE and sw, Fig. 1). The wall was secure'ry

sealed to the lake sides and bottom with large rocks. Commencing after

wall installation in 1973 and continuing through 1980, phosphorus (0.¡+

g n-2 yr-1),nitrogen (1.8i g n-2 yr-l) and carbon (3.46 g n-2 yr-t) were

added 'in week'ly i ncrements duri ng the i ce-f ree season to the NE bas i n .

Nitrogen (1.93 g m-2 yr-1) and carbon (3.69 g m-2 yr-l) were added to

the Sl,J basin. Further detajls of the experiment are well documented

elsewhere (Scnindler I974; Schindler and Fee 1974; Davjes 1980; Fee

1980). In general, the basin enriched with PNC (L226 NE) developed

bìue-green aìga'l blooms each year (Findlay and Kìing I975; Fìndìay

7978) whÍch did not occur prior to enrichment orin the basin receiving

only NC (1226 Sl^J). Primary production (Fee 1980), d'ipteran emergence

(Davies i980) and zooplankton biomass (D.F. l'lallev, personal conmunicatjon)

have generaììy been higher in L226 NE than Sl^l through all years of

fert'i I i zati on .

The fish species present in L226 are lake whitefish (Coz.egonus

cLupeafornrLs), pearl dace (SemotiLus maz.garita.), f inescale dace

(chz,osormts neogaeus), redbel'ly dace (Chz,osorm,æ eos), fathead minnow



Fìgure 1. Bathymetric of L226, based on data collected by I. J.

Davies, G. B. Ayles and K. H. M'ills.



LA
K

E
S

C
A

LE

50
 t

oo
 

20
0 

30
0

S
O

U
T

H
 W

E
S

T
 B

A
S

IN

z(
m

) 
n¡

1t
o4

m
2)

o 
7.

77
4

2 
6.

71
 I

3 
5.

98
t

4 
5.

2 
t6

5 
4.

77
2

6 
4.

44
0

7 
4.

01
7

I 
3.

34
1

I 
2.

15
 7

ro
 

0.
91

6
il 

0.
32

0
ll.

6 
0.

 1
65

?2
6

M
E

T
E

R
S

V
t-

i(t
ot

rt
)

14
47

o.
63

4
o,

55
9

0.
49

9
0.

46
1

0.
42

3
0.

36
7

0.
27

3
0.

t4
9

o.
05

9
o.

o 
r4

:A
38

5

40
0

d N t

IN
F

LO
W

D
E

P
T

H
 C

O
N

T
O

U
R

S
 IN

 M
E

T
E

R
S

=
 B

O
G

C
U

R
T

A
IN

R
O

C
K

S

O
U

T
LE

T

N
O

R
T

H
 E

A
S

T
 B

A
S

IN

Z
(m

) 
n¡

(t
O

am
2)

 v
¡-

¡(
tO

sm
3)

o ? 3 4 Þ 6 7 I 9 t0 ll t2 r3 t4 t4
7

8.
32

5
7.

t6
3

6.
20

9
4.

40
9

3.
59

5
3.

t5
3

2.
79

5
2.

30
9

r.
75

5
r.

38
7

r.
o6

5
o.

78
8

0.
52

 r
o.

27
0

o.
il 

5

z 
(m

)

t.5
47

06
68

o.
52

8
o.

40
0

o.
33

7
o.

29
7

o.
25

5
o.

20
3

o.
t5

7
o.

t2
2

o.
09

2
o.

06
5

o.
03

9
0.

or
3

î.4
.7

?3

T
O

ÏA
L 

LA
K

E

n¡
(t

04
m

2)
 v

i-¡
(lo

5 
m

3)

16
 o

99
 

2 
ao

d
13

.8
74

 
:::

.'
g,

iä
i i

åg
ã

7 
Ã

qe
 

o.
7g

g

îå
iã

 !É
?3

iÞ
lã

 3:
36

3
T

:Y
: 

o 
rg

r

åi
ï 3

:å
??

x 
s,

60
8

o 2 3 4 5 6 7 I I t0 il t2 t3 t4 t4
.7



(eimephaLes promeløs), and slimy scu'lp'in (Cottus cognatus)

F'iel d sampl ì ng procedures

Lake whitefish were collected from L226 from September 1973 to

late October 1977 during the ice-free seasons. Fish were collected

'initia'lìy us'ing smal l mesh (9.5 mm) deepwater trapnets (Beamish 1973),

alternating nets between basjns at approximateìy two to three week

intervals from September 1973 to September 1975. In 1976 and 1977 nets

were fished for thìs study only in spring and fall. Trapnets were set

on gradually slopìng areas of the lake bottom with the net pots usual'ly

between three and seven meters deep. Since trapnet catch-per-unjt effort

cont'inua'lly decreased over the course of the study from 21 .7 flsh per

?4 hr set in 1973 to 1.52 in 7977, trapnet catches were supplemented

during spring and fall with fish caught usìng multifilament "experi-

mental" gillnets (connected stretched mesh panels of 11, 25, 30, 33,

38 and 45 mm) starting 'in late September 1975. To minimìze morta'lity

from g'illnetting, nets were emptied approximately every 15 m1nutes.

Diel gillnettìng in September 1975 showed that catches were h'ighest at

duskl all subsequent gi'llnetting was concentrated during this period.

All gillnetted físh were held overnight in pens before sampìing to

assess short-term gillnetting mortaiÍty, which was less than 6% of the

total number of fish caught. Whitefish from trapnet catches were held

overnight on four occasions in September 1973 to assess trapnet mortality,

which was less than 1%. Since trapnet mortafity was so low, fish were

subsequently returned to the lake inrnediateìy after sampììng.
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Each whitefjsh caught was anesthetized with lrls-222 (tricaìne-

methane-sulfonate), weighed to the nearest gram, measured to the

nearest mm and sexed if possible. Two tag types were used in 1226 NE

for markjng whjtefish, while only one type was used'in 1226 Sl,l. In

September Ig73, the fìrst 161 whitefish larger than ?20 mm (age 2+ and

older) caught in the NE basjn were tagged with gun tags (Dell 1968).

Modified Carlìn tags (White and Beamish I973) were used subsequently

for all tagging in both basjns. In May 1975 the nlinimal length for

taggìng was raised to 260 mm (age 3+), because comparisons of length

at age between tagged and untagged fish of 220 to 260 mm from fall
1973 to fall L974 suggested that growth of taggeci fish under age 3 was

sìgnifìcantìy less than that of untagged fish (unpajred t test, P<0.01).

Larger, older fish showed no significant retardation of growth during

the same perìod (t tests).

All captured fìsh were partia'lly fìn-cl'ipped (2-3 rays) for later

aging (Append'ix F, l'4ills and Beam'ish i980). Partial cììpping of

various fins in a systematic fashion according to samp'ling period was

also used for batch marking fish smaller than 260 mm (age 0+ to Z+) in

L974 to Lg77, and fjsh less than 220 mm (age 0+ and 1+)'in i973.

Partial fin-clìpp'ing caused no significant growth retardat'ion (t tests),

and rays were easì'ly dìstinguìshable if regenerated.

Lake whitefish larger than 300 mm trapnetted from llay 1974 to

October 1975 had their stomachs pumped (Seaburg 1957) to ìdentìfy

seasonal changes in diet. To minimize the effects of food scavenged

from trapnet floors, only the stomachs of whitefish caught after

s'ingie night sets were punrped. Fish removed from the nets

after sets of two or more nights were not stomach pumped. Trapnets
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were usualiy emptied and whitefish sampled 'in midmorning (0900-1030 hrs)

because a ìarger quantity and volume of stomach contents was obtained

from fish removed from nets in the morn'ing as opposed to the afternoon

(1530-1230 hrs).

During the Juìy 1974 sampììng period in 1226 Sl^l, it became obvious

that some whitefish were not recovering adequateìy prior to release

after the sampl'ing procedure (tfris ìmportant problem is addressed in

greater detai'l in Appendjx D). The epilimnetic temperature was near

23oC at this time, and fish were held and samp'led in water at this

temperature before release. Commencìng during the following sampììng

period, ice was hauled to the lake to lower water temperatures used

for holding and sampìing físh whenever ep'ilimnetic temperatures were

120C or greater. This technique was successfuì (Appendjx D).

Age determìnations

Age determinations for lake whjtefish have usualìy been made using

scales (Heal ey I975, 1980; Carlander 1969). Mills and Beamjsh (1980'

Append.ix G) have shown that fin-ray ages are superior both in accuracy

(describing the true age) and precision (repeatabilìty from one reader

to another) to analogous scale ages for LZZ6 whitefjsh. The fin-ray

method of age determ'ination us'ing pe'lvìc and pectoraì rays was used

in this study. An accurate method of age determjnation was essential

for stratifyìng a popu'lation into age classes to djst'inguìsh growth,

survi val and product'ion di f f erences between bas'ins and years in L226 '

especiaìly when a large proportion of the populatjon present at the

start of the study'in each basin was older than Z+ (fig. 2).



Fì gure 2. Lake whitefish age frequency

1973 trapnet catches in L226
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Approxìmately 25% of the fish captured 'in L226 NE were older than 7+

in the 1973 fall sample accordjng to fìn-ray ages, while only 1% were

7+ or older according to scale ages, The comparÍson was even more

extreme for L226 SE; 66% of the fall sampìe aged older than 7+ using

fin-ray sectíons and only 6% usìng scaìes.

Growth

Year'ly growth in 'length of L226 whitefish was estimated between

successive fall sampling periods (september-0ctober). The total

number of whjtefish caught during each faì1 sampling period, while

large compared to other yearly samp'les, was usual ly 'insufficient to

derive relatively prec'ise growth curves from mean length at age data

because over 15 age groups were present in each 1226 basin. Usually

back-calculated ìengths at age have been used to meet this problem

in the past (Bagena'l and Tesch I97B; tverhart et al. 7975; Weatherìey

I972). I developed and tested a method for back-calculating whitefish

fork-lengths for ages prior to capture using pelvìc fjn-ray sections

(Appendix E). ThÍs method was restricted to calculatìng ìengths at

annulus formation for fish age 1+ or older, because the'initial point

where growth initiated in a fin-ray section (called a "focus" on scales

(Bagenal and Tesch 1978)), was not distìnct. In addition, back calcu-

lations were not possible for fish whose peìvic fjns had been partiaììy

cìipped by fall 1974 or 1975 as part of the age valìdation procedure

(Append'ix G). For these reasons, year'ly whitefish growth was est'imated

by one of two methods according to fish age at capture.

Growth of whitefish to age 0+ and 1+ from 1973 to 1976 was
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est jmated from mean 'length at age data col I ected during fal i samp'l'ing.

Whitefísh growth from hatch'ing (sprjng) to age 0+ (the following faìt)

was estjmated as the average fork iength of this age group observed

at falì sampìing. Fish of the age 0+ age class were caught in rela-

tiveìy large numbers for only the 1973 and 1976 year classes tn L2?6.

Fish from the I974 and 1975 year classes were rarely caught during any

sampling perìod. Whjle a relatively ìarge young-of-the-year (age O+)

samp'le was caught in L2?6 S!,.l during 1973 faìl sampling, these fish were

rel eased 'immedi ateìy af ter capture , wi thout recordi ng 'indi vi dual fork

lengths, as part of the age vaìjdation study. Because the 1974 and

1975 year classes were virtualìy absent from both 1226 basins, and no

'lengths were recorded for the 1973 year cìass in L226 SilJ, growth to

age 0+ v'ras on'ly poss'ible for the L2?6 NE year classes in 1973 and 1976,

and for the L226 SI,J year cl ass i n 1g7 6 . i^Jhi tef j sh growth f rom age 0+

to age 1+ could only be estimated for the 1226 NE 1973 year class,

because no average length at 0+ was available for the anaìagous L226

SW fish. Therefore, average lengths at age 1+ were used to compare

growth of the 1973 year class between basins, ignoring lengths at age

0+.

Growth of fish older than age 1+ was est'imated by a combinat'ion

of two methods from 1977 to L976. Fin-ray sections from the upper

port'ion of the first pelvic ray were used to back-calculate lengths

for each different fìsh caught from fall 1973 to fall 1976, using a

mod'ifjed direct proportionality formu'la (Tesch I97 1; Bagenal and Tesch

1978). Rays from two fins were available for these calculations from

many fish, since one was removed at initial marking and the other at

recapture one or more yeans later. Onìy the fin-rays taken at recapture
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were used for these for back-cal culations. Back-calculated lengths

could then also be compared to actual fork-lengths observed at prior

fall sampìing as a test of the back-calculation techn'ique's abi'lity

to predict previous lengths for individual fish, No significant differ-

ences were detected between back-calculated lengths and those observed

for the same fish during previous fall sampììng (t test, P'0.3, n =

171). The average error between back calculated lengths and actual

observed ìengths wâS =8.8 mm (see Appendix E for a more detailed dis-

cussion of the method and tests of its reliability). Growth from one

fall to the follow'ing fall was calculated as the d'ifference between

back-calcul ated ì engths at age for indiv'idual fish.

By faìl 1974 and 1975, many fìsh had the leading ray from both

peìvic fins removed. Back-calculated lengths were not possible if one

of these fish was caught the following fall. Growth was estimated for

these fish as the difference between lengths observed from one fall

sampf ing to the following fall. These data were an important source

of growth informatjon (56 observations for I975 and 105 for I976)

because many individuals had both pelvíc fins partially removed prior

to fall I976.

One-way analysis of covariance (Snedecor and Cochran 1967; Dixon

and Massey 1969) was used to compare whjtefish growth between bas'ins

for fish older than 1+. The independent variable was fork length at

the beginnìng of a growth period (fall), and the dependent variable

was growth untjl the followjng fa11. A ìog transformation of growth

linearized the relationship between the variables. The assumptìon of

equaf ity of regress'ion slopes (Steel and Torrie 1960; D'ixon and Massey

1969), a critical requirement for covariance analyses was tested and no
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significant djfferences were detected when growth between basins for

the same year was compared. This assumption was violated for comparì-

sons between years, so no anaìyses were conducted for these comparìsons.

Growth to age 0+ and age 1+ was compared between basins and years using

unpaired t tests.

Cond'i t i on

Condition factors

the course of the study

k-

(k) were calculated for each fish caught during

accord'i ng to th e formu I a :

10û¡/

T_
where: w = we'ight in grams

I = fork ìength in mm

b = slope of ]og weight on log 'length (3.I2)

derived us'ing R'icker's GM functional regres-

sion over all L226 whitefish data collected

during thÍs study (n = 1559) (Ricker 1973)

Whitefish growth in L226 was allometric, and the slope of the length-

weight relationsh'ip was significantìy different from b = 3 (t test,

P < 0.01). Whjle Marciak (tglS) has shown condition differences for

length classes of bream (nbrønis bz.ana) under conditions of increased

nutrient inputs, scatter pìots of k on length for whitefish from

individual sampììng periods showed no relationsh'ip between a wh'itefish's
'length and'its condition. Therefore, an average condition factor was

calculated for each sampling period and after testjng for homogeneíty

of variance (Bartlett's test, P > 0.42), t tests were used to compare
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average condit'ion between basjns and between sampling periods (Steel

and Torrie 1960). Average condition factors were also calculated for

male and female whitefjsh for sampling periods jn the falls of 1975

and 1976. Sample sizes in 1974 for L226 NE were ìnadequate for comparì-

sons but suff j c'ient numbers were caught 'in 1226 SW.

A potentiaì source of bias in condition estimates can occur when

the average condition of fish captured with trapnets is compared to

the condition of fìsh captured in trapnets and gìlìnets. The tendency

for gillnets to select fish of the greatest gìrth, and therefore

conditíon, among an individual'length class is well known (Hamley 1975;

Weatherley 1972). Thjs bias ìs most pronounced when fish are caught

by wedgìng in giìlnet mesh (Hamley 1975). Most whitefish in L226 were

caught'in gillnets by tangling rather than by wedgìng which greatiy

reduced this bias. A simpìe test of gillnet bias in condition estimates

was available by comparing average condÍtìon of whjtefish caught in

g'i'lìnets during fall samplìng in 7975 and 1976 w'ith that of fish caught

concurrently in trapnets in the same basin. No signìficant differences

were detected (t tests). Gillnet bias was not a recognizable systemat'ic

error in condition estimates.

Abundance estimates

Throughout thjs study I have used Jol1y's (1965) mark-recapture

notat'ion whenever possible. Cormack (i968) provjdes a table for con-

verting this notation to that of other authors.

Jo'l1y-Seber multiple mark-recapture models (Jolly 1965; Seber

1965) were used to estimate popu'lation sizes (Ñi) for L226 NE and Sl,rl
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whitefish from fall 1973 to fall i976 us'ing POPAN, a data maintenance

and ana'lysís package for mark-recapture experíments (Arnason and

Ban'iuk 1978). Mark-recapture data for each basin were stratjfied so

that the death-only mode'l coul d be used on each stratum. Th'is resul ts

in more efficient analyses, as judged by smaller standard errors of

the estìmates, than when data onìy satisfy the open model, which also

allows recruitment (births or new immigrants) entering the population

(Arnason and Mills 1980). The whitefish population in each basin was

divided into two strata based on fish age determined from fin-ray

sections: (i) year classes 1950 to 1972 - a1l fìsh age 1+ and older

when the study commenced, and (2) the i973 year class in 1226 NE. Age

0+ fish were excluded from all analyses; therefore the first estimate

for stratum two fish was in the fall 1974, at age 1+. Neither the

1973 L226Srd, 1974 L2?6 NE and Sl¡J, or the 1975 L226 NE and SW year

classes were caught in'large enough numbers for analyses similar to

that for the 1973 year class in 1226 NE.

The particular model, death-onìy or full, used to form estimates

was chosen after data were analyzed to detect violations of the four

assumptìons under'lying these models (Seber L973). The assumptìons,

methods used to detect violatjons of each assumption, and results

are summarized jn Table 1. A rirore thorough djscussion of each can be

found ìn Appendices A-D. Since methods used to test these assumptions

require that each individual fish be tagged with a unique number,

analyses were conducted only on the first whitefish stratum in each

basin. Two assumption v'iolatìons were detected: (1) signìficant tag

loss (=18% yr-I) occurred among L226 NE wh'itefjsh tagged with gun tags,

and (2) heterogeneity of survival was detected among whitefish from
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two samples jn each basin during 1974 (May and June in L226 NE, June

and July ìn 1226 S[,J). Sampììng perìods where heterogeneous surv'ival

ex'isted were omjtted from the mark-recapture ana'lyses (the rationale

for this is discussed ìn Appendix D). Results and'impìications of tag

loss are discussed in detail in Arnason and Mills (1980) and Appendix

B. Because two tag types were used in L?26 NE, each lost at a different

rate (=78% for gun tags and =2% for sew-on tags), heterogene'ity of tag

loss occurred for the combined data of both tag types. Full model

estimates of Ñ. are very robust to tag loss and heterogeneity of tag
1

loss when thjs model is applied to data that satìsfy the death-onìy

model (Appendix B, Arnason and Mills 1980). Therefore, full model Ñ.
1

will be used for L226 NE stratum one fish and death-only Ñ., wì1'l be

used for L226 SW stratum one and L226 NE stratum two fish.

Arnason and Mills (i980) have devfsed an alternative method to

^obtaìn N.' for L226 NE stratum one fish using a combination of death-

only and open model estimates. Th'is method wi I I not be used 'in thi s

study because estjmates cannot be formed for samples between fall

sampling periods. Samp'le sizes of gun-tagged fish were too small to

be useful in these intermedjate samples, and the method is only appli-

cabl e to equal ly spaced samp'les.

Two modjficatjons of theJolìy-Seber formulae were used prior to

any analyses. These were necessary because the variance formulae for

the Jolly-Seber estimates are asymptotic - only true when sampìe sizes

(Ñ.,) are large and recaptured anìmalt (Ri) numerous. Manly (1971)

has shown that Jolly-Seb.. Ñ., are subiect to small sample bias, wh'ich

leads to erratic and often negatively biased Ñ.,. He has also shown

that when sample sizes are small and recaptures few, the upper
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confidence jnterval as est'imated by

underestimate of the true interval.

+ 2"sE(Ni) (Jolly 1965) is an

The small samp'le bias in N, js well known for other mark-recapture

models (Seber Ig73) and Jolìy-Seber formulae to calculate Ñ, were

corrected for this bias as described by Seber (tgZ¡). This cons'ists

of adding one to the number of animals recaptured from any sampling

period (Rr) and adding one to the number of animals released from any

sampl. (si), wherever each quantìty appears in estimate formulae. As

Ri and st become 'large, the correction becomes progressively smaller.

The method I chose to adjust the upper confidence interval was

the inverse transformation as suggested by Cormack (1968). Otis et

al. (1978) report that this transformation may not compìete1y remove

the bias, but others (Arnason and Baniuk 1978) and my own experience

indicate that this or other transformations may be valuable. An obvious

value of the transformation is to ident'ify those est'imates with small

sample sizes; the upper confidence 'interval is greatly expanded.

Thjs transformation leaves the lower interval relat'ively unchanged.

The technique is to first derive the confidence interval as:

1/Ñi - 1.e6 . sÊ(1/Ñi) and

i/Ñ. + 1.e6 x sÊ(r¡Ñ., )

where sE(1/Ñi) = rlÑl * var(Ñ.,)

The formula for SE(1/Ñì) was derived using Seber's (1973) delta method

(4. N. Arnason, Unìversity of Manitoba, personal communjcation). The

second step is to obtain the final intervals, the 'inverse of the above

interval by back transforming the estimates.

I ower i nrerval = 1/ ( 1/ñj + 1. 96xSE 1 tlñ.i ) )

upper interval = 1/(i/Ñi - 1.96xSE(1/Ñi))

N.
I
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t^Ih'iìe Ñ., (September-October i973) is not available from the fullI

model for L226 NE stratum one whitefish, it can be formed jn thjs

particular case from the sum of Ñr, (formed from capture h'istories of

fish tagged with sew-on tags using the death-only modeì) wlth Nrn

(the known number of fish tagged with

This is possible because the tag ìoss

in L226 NE an d =L% yr-r in L?26 Si¡J do

Therefore:

-N. +N.Is rg

= 518 + 165

sE(Ñ1) = sE(Ñi, ) where N- = n-Ig Ig

Because abundance estímates based on mark-recapture methods were

unavailable for the 1973 L226 St¡l and the 1974, 1975 year classes in

both basins, trapnet catch-per-unit effort data were used to compare

relative abundance of these year classes.

Annual survival rates

The Jolly-Seber death-only modeì was used to calculate all survìval

estimates (ô1) tor L226 whitefìsh. Sampìing periods where survival was

heterogeneous were omitted from analyses. Capture histories of gun-

tagged fish were excluded also because tag losses may biut ôi (Arnason

and Mills i980).

Annual survival was estimated from analyses using on'ly successive

fall sampling periods, 1973 to 1977. Intervening sampling periods were

omitted. Alternative weighted analyses would be very complex and the

gun tags captured at t'ime one).

rates for sew-on tags, =2% yr-t

not bias N, detectabìy.

Nt
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loss of information from animals caught in intervening samples is

minimal, because most fish were caught during fall sampling perìods.

To test whether annual survival was a funct'ion of whjtefish age or
'length, separate annual ôi *.r. calculated for age groups (1+-3+,

4+-6+, 7+-10+, tt+-zs+7 and length groups (tlo-250 mm, 251-300,

30i-450) from the first stratum of whitefish from each basin and for

the L226 NE 1973 age cìass. Further subdividing the data into 'indjvi-

dual age groups or smaller length groups was not practìca'l because of

small sampìe sizes. Because current versions of ùhe Joììy-Seber model

do not allow for interstratum movement, all age and length data for

fish captured throughout the study were converted to ages and lengths

at fall 1973 usìng fin-ray age data and back-calculated 'lengùhs

(Appendìx E). These data were then blocked for separate death-on1y

analyses as described above.

Fecund'ity estìmates

Female whitefish from both basins were collected wìth g'illnets'in

early 0ctober 1976 for fecundity estimates. Fish were killed and

ovaries were preserved 'in Gilson's fluid (Simpson 1951; Bagenaì 1967).

0varian tissue was later decanted from the eggs, eggs were dried to a

constant weight, and total counts were determìned usìng Healey's (1975)

dry weight proportionality method. Healey found the error in this

method compared to total ovarian counts to be approximately 2% (n = 13)

for lake whjtefish from four popuìations. I found'it to be approxim-

ately 3% (n = 10) for whitefjsh from both 1226 basins. Mean egg dia-

meters were calculated as the average of twenty-five eggs subsampled
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from each fish's ovaries and measured with an ocular micrometer. An

unpaìred t test was used to compare mean diameters between basins. A

one-way ana'lysis of covariance (Dixon and Massey L969) was used to

compare average fecundity between basins where fish fork ìength was

the covariate. while Healey (1979) used scale age as the covariate
'in his fecundity analyses, most other attempts at relating age to
fecundity have been unsuccessful (Bagenal 197g). A much stronger

reiationship existed between fecundity and fish fork ìength (r = 0.g23)

than fecundity and fish age (r = 0.3b7) for L?26 whìtefish. prior

to covariance analysis, data were tested for homogeneity of regress.ion

slopes as described earlier and no significant differences between

slopes weredetected. Both fish ìength and fecundity were 'log transformed

prior to analysis.

Food ana'lys ì s

Stomach contents were preserved in formalin during fieìd sampling

and sorted under a binocular microscope to taxonomic group for chirono-

mids and chaoborids and to species for cladocerans and copepods.

stomachs were removed from fish which djed after stomach pumpìng

(n = 7) for later analysis. Examination of these stomachs showed that
stomach purnpìng did not remove all food items, but that the relative
proportìons of different items which remained after pumping b/ere very

similar to the portion removed by stomach pumpìng.

Numerjcal analysjs of the stomach contents was as described by

l^Jindell and Bowen (igiB) : (i) the average frequency of occurrence

method and (2) the average percentage composition method. The
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former method was used to estimate the proportion of those sampìed

wh'ich fed on a particular food item while the latter to estimate the

average relatíve abundance of a food item'in samp'les.

Production estimates

Production (P) of lake whitefish in each 1226 basin was estjmated

from the time of wall installation in late l4ay 1973 to fall 1976 using

the Chapman (1967) modifícation of the R'icker method, where P = GB.

The instantaneous growth rate is G and B is the average biomass of two

adjacent estimates. Annual production u.tas estìmated between successive

fall sampìing periods from fall 1973 to fall 1976, and from late May

1973 to fall 1973. Chapman's method was developed for estimates over

short time intervals (Chapman 1967), but a'lso applies for ìonger tíme

intervals when species ljfe spans are relatìvely 1ong, survival pre-

dictable over extended peniods of time and growth exponentiaì (Chapman

I978). ü.lhitefjsh fron L226 meet all three of these criteria. Pro-

duction estimates were calculated for each of five age groups (1*-3*,
rrfrffrf
4'-6',7'-IO',11'-15', and L6'-25'); further subdiv'ision of the data

into smaller age groups was not poss'ible because mark-recapture estimates

were too 'impreci se .

Fall popuìation estimates to calculate biomass for each age group

were obtaÍned from the sum of (1) separate mark-recapture analyses for

each age class group, and (2) proport'ionality estimates for stratum

two fish except the 1973 year class in L226 Nt, where mark-recapture

estjmates as described earlier were used. The Ñ.¡ for successive fall

sampling periods were obtajned after plotting indívidual Ñ., and
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SÊ{Ñ., ) from analyses of stratum one whitefish and smooth'ing estimates

by eye. All estimates selected for production calculations were withjn

one SÊ(Ñr) of mark-recapture Ñ.,. Contributìons from stratum two

whitefish to Ñ., from the 1973 year class in L226 St,J and the 1974 and

1975 year classes in both basins were obtained using the proportionalìty

methods where the number of these animals is assumed proportjonal to

the number caught ìn a sample (Gerk'ing 1962; Kelso and Ward 1972; and

many others). Results of tests of equaì catchibiì'ity described under

methods used to test mark-recapture assumptions support this technique.

May 1973 abundance est'imates for production calculations were not

obtained by the methods described earlier whjch are based on the actual

samp'le of fish captured at each fall sampìing period. Because May

1973 was prior to the first mark-recapture period, an indìrect method

was used to obtain abundance estimates. The average monthìy survivaì

rate from the fall L973 to the fall 1976 samples for both bas'ins was

appìied to the fall 1973 estimates for each basin to obtain May

estimates:

NFul r rg73

These back-calculated abundance estimates were based on the assumptÍon

that mortality was constant through time in L226 and 'independent of

the season of year. Results from the annual survival est'imates indi-

cated that survival was relatjvely constant from year to year and aìso

between basins. To determine if mortality was constant within years'

stratum one whitefish Ñ., were plotted witfr SÊ(Ñi) as a function of

time (in months) on semilog paper. A linearly decreasing reìationship

*tu,
0. 867 s
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between 'logged est'imates and tìme was evjdent, supporting the

assumption of constant monthly survjval.

The production estimates were somewhat conservative because fish

lose wejght over the winter months and the'in'itial ga'in ìn weight in

spring back to that of the prev'ious fall was not'included in G.

Estimates of weight at the beginn'ing of each period and gain in

weight to the end of the period were calculated by convertìng

growth'in'length to that in we'ight using the average'length-weight

relationship for the populat'ions over the course of the study

(log l^Jt = 3.12 x log L - 12.05, r = 0.987).
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RESULTS

Growth of whitefish to age 0+ and 1+

Comparísons of whitefish length at age for 0+ and 1+ are presented

in Table 2. No signifìcant differences were detected between mean

ìengths of 0+ fish between basjns or between years. Age 1+ fish in
L226 NE were signifìcantly ìonger than age 1+ fish ìn L226 SW in 1974.

Growth of whitefish older than age 1+

Traditional'ly fish growth has been presented as a function of

i nd'ivi dual age cl asses (R'i cker I97 5; Bagenaì and Tesch L978; Everhart

et al. 1975; Carlander 1969). Th'is is sufficient when the number of

age groups in a population is small, with large numbers of fish present

in each age group. Average growth can then be calculated, usuaìiy wìth

fairìy small confidence 'intervals. l^lhen there are many age groups

present'in a population, as 1n L226 NE and SW, and the absolute number

in each age cìass present is relativeìy smal1, growth estimates for

ind'ividual age classes are sometimes very imprecise (large variance

for est'imates of mean growth for an age group). In addition, varjation

in fish'length at age usually ìncreases with increasing fish age.

Yearìy wh'itefish growth in L226 from 1971 to I976 is more h'igh'ly

correlated wjth length at the begìnning of the growth season (r =

0.908) than with age (r = 0.745). If only age classes 11+ and older

are considered, the correlation with age is considerably poorer (r =

0.531). For these reasons, growth w'ill be summarized in relation to
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Table 2. Iilean I ength at age
sampl es. The 957á

brackets.

for whitefish age
confidence interval

J!

0' and 1' for fall
is indicated in

Age Class Age 1226 NE 1226 St^J

r973

t97 6 0+

e2.0(t2.4)

182.4 (t2. 0 )

e3 .7 (t2.7 )

173 .3(t6.7 )

e0. B(t2.a)

37

74

a
0'

1+ 22

7429
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fish length rather than age. The same data expressed wíth age as the

covariate show sjmilar trends, but the precìsion associated with

individual estjmates is generaì'ly poorer. Precjsion can be increased

by combÍning growth information from indiv'idual age classes, as is

done for production estimates.

There were no signifìcant differences in wh'itefish growth between

basins for 1971 (F = 1.7, P > 0.25) or 1972 (F = 0.1, p , 0.25). This

'is not surprisìng because the wall was not installed until eariy June

1973, and fish could move freeìy between basìns. Most of the variation

in growth for these years occurred in fish under zz5 nn, ages 1+ to 3+

(Fig. 3).

There were no sign'ificant differences in whitefish growth between

basÍns in 1973, the first year of fertilization (F = 2.I, p > 0.15),

but whitefish growth was significantly greater in L226 NE than 1226

SW during the second (7974, F = 114.1, P.0.005), third (tgZS, F =

92.5, P < 0.005) and fourth (1976, F = 8.74, p < 0.005) years of

fertil'ization (Figs. 4 and 5). Differences in growth were very pro-

nounced in L974 and 1975, but only marginal in I976. Growth d'ifferences

between basins were apparent in all length groups in L974 and 1975.

Comparable plots based on age groups showed that even fish 16+ to 25+

showed significantìy better growth in the NE than in the St,.l basin. In
I976, differences between basins were sfight for fish under 275 nm,

but larger fìsh grew marginaìly better in L226 NE.

Whítefish growth in L226 Sl¡J from 1973 to 1976 was very similar

to prewaìl growth in 1971 and 1972 (Fig. 6). In general, whitefish

grew s'lìghtly faster in i975 than other years of fertilization and

marginally greater than 1971 and 1972. Very few fish under 250 mm
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Fìgure 4. Growth of lake whitefish

years of fertilization in

95% confidence intervals

length group.

¡age 1+ for the

1226 NE and Sl^1.
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first two
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Figure 5. Growth of lake whitefish lage 1+ for the th'ird and

fourth years of fertilizatjon in L226 NE and SW. Means

and 95% confidence intervals are pìotted for each 25 nn

'length group.
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F'igure 6. Growth of lake whitefish ìage 1+ for all four years

of fertiIizat'ion in 1226 S'','J. Means and 95% confidence

intervals are plotted for 25 mm 
'length groups. The

shaded area is drawn from the data in Fig.3 for I?TI-

7972 whitefjsh growth.
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were caught in 7975 or 1976 because of the poor recru'itment from the

I974 and 1975 year classes.

|{hitefish growth in L226 NE was greater each year, 1974 to I976,

than prewall year'ly growth, but L973 growth for both basins was well

within the 1977 lo 7972 range (fig. 7). The 1975 growth season was

the year of fastest whitefish growth in th'is basìn, as was the case in

L?26 SW also, w'ith the 1974 growth better than 1976 in 1226 NE.

Generally, between year differences were most pronounced 'in length

groups 275 mn or larger, approximateiy the length at sexua'l maturity

for this popuì atÍon.

Condi ti on

l,Jhitefish condit'ion varied throughout the ice-free season in both

basins of L226 in a relatively consistent pattern (Fig. 8). In 1974,

condition among fish jn both 1226 basins was lowest'in sprìng during

the earlíest sampling periods, jncreas'ing through the summer to peak

in August and decline in September-0ctober. Van Qosten (1959), Van

Qosten and Hile (1949) and others (Carlander 1969) report simjlar

seasonal trends for lake whìtefish condit'ion. L226 NE fish followed

thís pattern in 1975. During 1975, condition of 1226 Slll whitefìsh

declined throughout the year, though sample sizes for the two early

periods were relatively smaller than other 1975 samples (n = 17 for

May and N = 26 for June).

There were no significant differences in whitefish condition

between basjns early in L974 or 1975, but by the end of July, white-

fish in L226 NE were in significantly better condjtion than L226 SW



Figure 7. Growth of lake whitefjsh ìage 1+ for all four years

of fertilization in L226 NE. Means and 95% confidence

intervals are pìotted for 25 mm length groups. The

shaded area'is drawn from the data in Fig. 3 for I?TI-

L972 whitefish growth.
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Figure B. Cond'ition (k) of L226 whitefish from 1973 to 1976. Mean

conditíon and confidence íntervals for each sampling

period are pìotted.
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(P < 0.05). Though confidence intervals about both L226 NE August

estimates were fajrìy'large, small samp'le sízes were not responsibìe

(August 1974, n = 93; August 1975, n = 42). Condit'ion among fish was

in fact quite variable, but welì above that jn 1226 Sl^J. These differ-

ences continued into fal'l sampling both years though differences between

basins were not as pronounced. No s'ignìficant interbasin differences

in condit'ion were detected 'in eìther i973 or the 1976 samples. In

addition, there were no signìficant differences in condition between

the four years for September-October sampìes in L226 NE, but condjtion

of whitefish in L226 SW was s'ignifÍcantìy greater jn i973 and 1976 than

in 1974 or 1975 (P . 0.05).

Female whìtefish were in better condítion than males during fall

sampling in 1974, 1975 and 7976. Female whitefjsh in L226 NE were in

signifìcantly better condition than those in L226 St,l in 1975, but no

sign'ificant difference in female condition between basins was detected

in 1976.

Male whitefish in 1226 NE were'in better condition than in L226

Sl,{ in fall 1975 but differences were not significant, probabìy due to

small sampìe size in 1226 NE (n = 8). No sign'ificant djfferences

between males from different basins were detected in I976.

Abundance estimates

The statistics used to form estimates for L226 NE stratum one

whitefish, those fish lage 1+ in fall Ig73 (year classes 1950-Ig72)"

are located in Table 3, and est'imates based on these data are in

Table 4. The analogous data for 1226 Si,J whitefish are jn Tables 5 and
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6. The N, and associated confidence intervals are plotted ìn Fig. 9.

In generaì, more stratum one fish were present in Lzz6 NE than

1226 sl.l throughout the study (rtg. g). since tag ioss was occurrìng

heterogeneous'ly i n 1226 NE, the Ñ., are probabìy sì .ight underestimates ,

based on simulation results for this basin (Appendix B). This would

make interbasin abundance differences slightìy greater than in Fig. 9.

Most sÊ(Ñr) were between 10 and z0% of their corresponding ñ.i. Two

exceptions occurred, the August 1975 estimate in L2Z6 NE and the llay

1974 estimate in 1226 Sl^l. These estimates were based on small samp'le

sizes, both n., and R' and probabiy reflected sma'll samp'le bias (seber

I973), despite the formula modifications described earlier for minìm-

izing this bias. In addition, the l4ay J974 1226 sample has a smaller

Ri/si than other sampìes earìy in the experìment, and th.is suggests

possible heter^ogeneous survival of animals released after tagg.ing.

The statistics and estimates for the 1226 NE whitefish 1973 year

class of stratum two are in Tables 7 and B respective'ly. The Ñ, and

associated confidence intervals are plotted in Fig. g. Most Ñ', for

1226 NE 1973 year class were not as precise as those for the first
stratum, but most sÊ1Ñr) were w'ithin z0% of their associated Ñr.

1

The August 1975 sample was probabìy subject to the same type of samp'le

bias as described for the analagous stratum one estimate. while

young-of-the-year whitefish were caught frequently in 1226 SI^.l, in 1973,

few were caught during subsequent years desp'ite greaily increased

effort. The 1974 and 1975 year classes were a neg'l'igible component

of all trapnet catches from 1974 to 1976. l.lhitefish from these

year cìasses were present, but the year classes were very weak.

The 1976 year cìass was abundant in both 1226 basins and relatively
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Figure 9. Popuìation est'imates and associated 95% confidence

intervals for whjtefish of the 1950 to 1972 year classes

(bottom pane'l), the 1973 year class in 1226 NE (middle

panel) and a composite summation of the year classes

1950 to 1973 for 1226 NE and Sl^l (upper pane'l ).

Estimates in the top panel were formed from (i) those

of the two lower panels and (2) estjmates for the remaining

fish of the 1973 - 1975 year classes based on the proportion

of each in fall samples to fish from the 1950 - I97Z

year cl asses.
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equal numbers of fish were present in each basjn.

Annual survival rates

No s'ign'if i cant di fferences j n annual surv j val (ôi ) *."e detected

between basins or years in L226 from fall 7973 to fall 1976 (Table 9).

While $, did vary between years and basins, almost al'l $., were within

one SE(ô1) of other estimates. When a $., was greater than 1.00,

ìndicating an inadmissjble survival estimate (greater than 100% sur-

vival trom Ñ., to Ñ.,*r), the estimate was discarded and because cov

tn ^ \(0i_t,ô.¡ ) was substant'ial (Jol ly 1965), adjacent ô., were also deleted.

When $., were inadmiss'ible, sma'll numbers of n., and R, were usual'ly

res pons ibl e.

Though fr., for length and age groups dìd vary considerably between

basins and years 'in some cases, differences were not significant and

most ô., were within one 5e(ôi) of other estimates for length or age

groups. In addit'ion, differences were not consistent between years

or age groups, and annual surv'ival was therefore not a function of ejther

age or length.

The average annual survival of whitefísh of stratum one (tfie tgSO

to 1972 year cìasses) was 0.74 for 1226 NE and 0.76 for 1226 Sl,,l. The

1973 year class in L2?6 NE had an average annual survival of 0.82 from

1974 to 1976 when fish were progressìng from age 1+ to 3+. Unfortun-

ately, no mark-recapture $., were available for the corresponding L226

Sü.J 1973 year cìass. Some inferences could be drawn from trapnet catch-

per-unit effort data though (Fig. 10). There was a marked decline in

catch rates of the 1226 SI^l 1973 year class between fall 1973 and fall



Tabl e 9.

46

Annual survival estimates for L2?6 whitefish us'ing the Joììy-
Seber death-only modeì. Standard errors of the estimates are
in brackets. Gun tagged anjmals were deleted prior to anaìyses
in L226 NE. The number of capture histories used to form
estimates is rrNrr. Al I estimates are for f ish from the 1950-
I97? year classes, except where otherw'ise noted.

Bas'i n 797 3-197 4 197 4-1975 197 5-197 6

Total

Age in 1973
*

0

i-3

4-6

1-5

7 -r0

II-25

LengJh (mm)

L7 6-250

251 - 300

301-425

.84(.12)

.76(.0e)

_u
.88( ?3)

b

.66( . 1o)

.87(.10)

.78(.17 )

.55(.Å5)

.71(.10)

.64(.08)

.85(.23)

.75(.15)

.55(.15)

.72(.20)

.87 ( .24)

.68(.20)

.63(.10)

.82(.31)

.72(.rB)

.82(.31)

.7 2( .r8)

.72(.18)

.4e(.11)

.e2(.25)

.64(.10)

NE

Sl¡l

NE

NE

SÌ^J

NE

St¡l

NE

St^l

NE

SI^l

NE

Sl^J

296
2BB

336

b

D

b

D

i60
60

37
28

194
235

40
9?

91
92

58
46

.eo(.18)

.86(.13)

.87 (.33)

.5e(.12)

.85(.12)

.72(.30)

.74(.12)

.62(.os)

40
92

.7 6( .24)

.63(.13)

59
101

.74(.27)

.87 ( . 15)

'ìn 1973

NE

Sl,l

NE

Sl^l

NE

ShJ

.e7 (.27

.63(.13

.66(.17'b

.74(.27)

.87(.15)

.68(.1e)

.82(.

.61( .

16) .71 ( .15)
i1) .e7(.13)

Based on mark-recaptune data for the 1973 year cìass.

No estimate available.
b 

Inadmi ssible est'imate, ôi0i > 1.0, or biased by adiacent i.0.



Figure 10. Trapnet catch-per-unit effort data for the 1973-1976

lake whitefish year ciasses in L226 NE and Si^i. The

unit of effort was 100 trap days during fall sampling

peri ods .
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1974 (age 0+ to i+) and the catch rate stabilized at a very low rate

after this time. ThÍs decl'ine was not apparent for the 1974 and 1975

year classes, but in general, the catch rates were much lower for these

classes also. Based on these catch-per-unit-effort data, the 1973

year class in L226 SW underuent a sÍgnificantìy higher annual loss rate

(¡2 test, P .0.01) than the analogous year class in L226 NE between

fall 1973 and fall 1974.

Fecundity estimates

No significant differences were detected between basins for either

egg diameters (t test, P r 0.25) or total fecundjties (F test, P t 0.?5,

Fìg. 11). There were no cons'istent differences between basins for

either small, reìatively young fer¡ales, or older, 'larger fjsh.

Stomach anaìyses

Despite small sample sizes, it was obvious that the most important

food items in the 1226 NE and SW whitefish diets were chaoborids and

ch'ironomids. Average percentage composition of stomach contents are

presented in Fig. L2; a plot of percentage of stomachs contaìning

various food items shows the same trends. Chaoborids were genera'ìly

found most often in stomach contents early in the jce-free season and

were found less frequently in stomachs during the remainder of the year

(Fig. LZ). Chironomids were generally found in the stomach contents

of most wh'itefish examined'in th'is study and they were generally the

predominant food ìtem present in stomachs from either basin.



Figure 11. Fecundity estimates for L226 whitefish taken in fall
1976 prior to spawning. NE (a) . Sl^l (ø)
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Figure 12. Average percent composition of whitefish stomach

contents by taxonomi c group: chaoborì ds , chi ronomj ds,

and others (cladocerans, copepods, m'isc.).

Sampììng periods are indicated as (^).
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Cladocerans and copepods were relat'ively unimportant components

of whitefish diet. Littoral species, such as Lq.tonia setífera and

Euryptus LøneLLatus, occurred more often and were nore numerous in

stomach contents than other pelagic species such as Leptodora kindt¿L,

Daphnia gaLeata mendotae, HoLoped.ùum gibberum, and Bosmina Longinostris.

Among copepods , Diaptorm,Ls minutus and Mesocyclops ed.a.r were found more

often than other specìes. These food items were sì.ightìy less ìmpor-

tant in L226 NE whjtefish diet in 1975 than 1974. Other minor compon-

ents of whitefjsh diet were leeches, aduìt dipterans and clams.

I'lo gross changes were evident in whjtefish d'iet between 1974 and

the 1975 sampìes in either basin. lleither were there any djst.inct

differences in diet between basins.

lrjh i tefi sh product'ion est'imates

Annual whitefìsh production 'in L226 NE was consistentìy higher than

that in L226 Sl¡J from 1973 to 1976, though the year'ly totals varied from

3B.l to æ.7 kg for L226 t{E and from 13.3 to 30.4 kg for 1226 SW

(results are summarized in Table 10; more detailed yearìy results and

intermediate st,eps in production calculations are located in Appendix

F). From May to september-0ctober 1973 , Lzz6 NE production was

approximately 20% higher than L226 sw production. Subsequent]y,

whitefjsh productjon in L226 NE was rnore than twjce the production

in L226 sl.j for the second to fourth years of fertirization.
In general, population estimates have been the greatest sìngìe

source of error in other fìsh production studies (chapnian 1978), and
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this was probabìy also true for L226 estimates. There'is probably more

error in the 1973 production estimates than those for other time periods

because population estimates for May 1973 were calculated 'indìrectìy

from later mark-recapture Ñ- and fri. Therefore, the interbasin pro-

duction differences for 1973 were probably less reliable than differ-

ences between basins for other years.

Whítefish productjon estimates for L226 NE and Sl^l for 1973 and

1976 were underestimates, because abundant young-of-the-year whitefish

(Fig. 10) were not included in the calculations. Catch rates between

basins of young-of-the-year fish were very similar for these years

(Fig. 10), so lìttle bias was present when comparing production

estimates between basins for 1973 and 1976.

The large product'ion differences between basins from I974 to I976

were largely attributable to (i) the numerous 1973 year class in L226

NE, and (2) the differences in ind'ividual growth between basins from

7974 to 1976.

The i973 year class dominated production in L226 NE as these fjsh

moved from age 1+ in 1974 to 3+ in 1976 (Table 10). Over 56% of the

total production in L226 NE was due to the age 1+ to 3+ group from

1974 to 7976, while only 27% of the total production in 1226 Sr.rJ was

due to this age group over the same time perìod. Age 1+ to 3+ fish

were much more abundant and were grow'ing faster ìn L226 NE than their

counterparts in 1226 SW.

Even though the 1+ to 3+ age gnoup dominated producti on in L226

NE from 1974 to I976, production of older fish was a'lso genera'l'ly greater

in L226 NE than Sil'l (Tabl e i0 ) . These d j fferences were certa'inly m'ini mal

+for age group 7- or older in 1976, but were very striking for 1974 and
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7975. Growth of L226 NE whitefish was generaì'ly 30 g per fish greater

than that in L226 St^l whitefish for fish older than 3+'in 1974 and 1975.

This difference jn whitefish growth between basins contínued jnto I976

for fish age 11+ or older. Therefore, sexual'ly mature whitefish,

generaì'ìy age 5+ to 6+ and oJder, contributed signìfìcantìy to the

production differences between 1226 basins.



55

D ISCUSS ION

Lake 226 was changed in two ways in early June 1973: (1) a wall

was installed, wh'ich div'ided the lake jnto two basins, and (Z) fertil-
ization of both basìns began. The object of this study was to evalu-

ate the effects of fertjl'izat'ion on L226 whitefjsh, but before thjs js

possìb1e, the potentìa'l confounding ìnfluences of the wall on LZZ6

whitefish must be appraìsed to establish a baseline for interpreting

ferti l'izati on effects .

A recent controversy has developed about the structure and regu-

lation of unexploited whitefish popu'lations (Johnson 1976; Power Ig7Ð.

comparative popu'lation dyanamics studies such as Healey's (1979,1980)

wh'itefish exp'loitation experiments and my study of the effects of

eutrophjcation on a whitefish popu'lation provide data to evaluate

mechanjsms of response of lake whitefish to ecosystem manipuìãtions.

Both experiments provide insight into the regulation of unexp'lo'ited

whi tef ish popu'lat'ions.

I will therefore discuss:

(1) effects of wall installation on the limnology of LZZ6

(2) effects of wall installation on LZZ6 whitefish

(3) effects of fertiljzation on 1226 Sl,t whitefish

(4) effects of fert'ilization on L226 NE whitefish

(5) whitefish production in L226 NE and Sl,l and that at lower

trophic levels

(6) sim'ilarities between responses of whitefìsh to nutrient

addjtion and exploitation

(7) impìicat'ions of the L226 whitefish study for the theory

of structure and regu'lation of whitefish populations.
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Effects of the wal I on the I imnol ogy of L226

In late May 1973, a plastic wall was installed in L226, separating

the L226 basins. This wall was later replaced, ìn mid-June, with a

heavy v'iny1 sea curtain. If primary productìon differences were present

between bas'ins prior to wal I instal lation, interbasin water mìxìng

probably canceled th'is djfference. However, wìth wall installation

in 1973, ìnterbasin water mixing was m'inimized, which would accentuate

any intrinsic productìvity d'ifferences.

Fee (I979) hypothesized that primary product'ion in L2?6 NE was

slightìy greater than L226 SW príor to fertilizat'ion, ìf interbasìn

water mixing was ignored. Fee has shown that primary production in

non-fertilized ELA lakes was related to the ratio of area of epì1im-

netjc sediments to water volume. This ratio was slìghtìy higher in

L?26 NE than Sl,l; therefore Fee predicted that productìon would be

s'lightìy higher tn L?26 NE than Si,l. His hypothesis was supported

indjrectly by Davies (tggO) who observed that djpteran emergence was

related to area of epìlimnetic sediments.

A'lternately, Vol lenweider (I976), Dil lon and R'igler (I974) and

Schindler et al. (1978) have shown that there was an inverse relat'ion

between flushing rate and primary production. The flushing rate of

L2?6 NE was h'igher than 1226 Sl,J. Both basins have sim'ilar watersheds,

but L2?6 NE also received water fron L226 Sl,J causing the total

difference. The higher flush'ing rate for L226 NE would pnobabl,v

lourer ì ts producti vj ty corrpared to L226 Sl¡.l.

The primary production differences hypothesized by Fee would be

canceled by differences between basins in flushjng rates. Fee djd
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hypothes'ize that any 'interbas jn differences would be minimal .

Therefore a conservative anproach to 'internretation of

interbasÍn d'ifferences jn wh'itefish populatjon parameters would be to

view baseline production prior to fertjljzation in 1226 NE as margÍn-

aì ly greater than in 1226 Sl.J. I chose this approach.

Effects of the wall on the whitefish of L226

The wall installation 'in early June 1973 effectively segregated

L226 whÍtefish jnto two populat'ions, one in each basin. Onìy one

tagged fish was caught in a basin other than where tagged between

fall 1973 and fall 1977. The segregation of the L226 whitefish popu-

latjon into two components could have disrupted spawn'ing activities

or divided the popuìation extremely unevenly, to confound interpre-

tation of the effects of nutrient addition.

The wall could have isolated whitefish'in one basin from the trad'i-

tional spawnìng sìte in the other basjn. A strong year cìass could

have occurred in one basin while a year class failure, entìreìy

unrelated to lake fertilization, could have occurred in the other

basin. Fortunateìy, this did not occur (F'ig. 10). The occurrence

of strong and weak year classes coincided between basins. Strong year

classes occurred in 1973 and 1976 in both basins, whi'le weak year

classes occurred in 7974 and 1975. l,Jhitefish of the 1973 year class

had hatched and probably some dìspersal betureen basi ns

had occurred prior to walI ÍnstalIation, but the coinc'ident strong

I976 year class in both basins showed that year class failures in I974

and 1975 were not related to wall installatjon. One weak year class
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followed by a second was somewhat unusual for L226, based on a compo-

site age frequency distributjon for al1 L2?6 whitefish (Fjg. 13), but

also occurred in 1966 and 1967. Year class fluctuat'ions were an inte-

gral component of the L2?6 whitefjsh popuìation dynamics prior to wall

'installation.

Sìnce the wall apparentìy dìd not affect year class occurrence in

either basin, one could argue that two jsolated subpopulatjons of white-

fìsh, each confined to one basin, existed prior to wall installation.

The channel separat'ing L226 basins was small and very shallow.

lllhitefjsh are trad'it'ionaliy regarded as stenotherms rvhich

prefer cooler waters (Scott and Crossman 1974; Carlander 1969), so

epilimnetic temperatures for much of the ice-free season would confine

fish to the hypoìimnion of each bas'in for much of the year. Interbasin

fjsh movement may not have occurred at other times of the year. Two

observations refute thís argument. First, a zipper holding sections of

the wal'l together separated in ìate August in 1978 and was not repaìred

untjl mid-September 1978. Many fish, judged from recaptures of tagged

animals 'in late September i978, exchanged basins. Second, when back-

calculated growth of whitefish was compared between basins for 1971

and 1972, no sign'ificant differences were detected despite very large

sampl e si zes . If two subpopul at'ions were geneti cal 'ly i sol ated pri or

to fertjlization, this would probably be reflected in growth differences

between basins.

The L226 whjtefish populat'ion was probably div'ided unevenly at

wall installatjon. More whitefish were present in L226 NE than SW in

fall 1973 (Fig. 7), and there was indirect evjdence that no unusual

mortal'ity occurred in ejther basin between early June and September-



Figure 13. Composite age frequency distributÍon for L226 NE and

SW whìtefish population at fall 7973, derived from the

age structure of indìvidual an'imals used for mark-

recapture anaìyses from I973-1976.
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0ctober I973. First, whitefish survival was relatively constant from

fal'l 1973 to fall 1976 both between years and between basins (Tabìe

9). If differences in mortalìty did not occur from falj Ig73 to fall
r976, when production levels of both wh'itefjsh (Table 10) and other

trophic levels (Fee 1980; Davies 1980) varied wìde'ly, it is h.ighiy

unlikeìy that differences occurred from May 1973 to fall 1973. Second,

if compensatory mortaìity (Ricker rgTS; Everhart et al. rg75) had

occurred between basins (the occurrence of increased growth to compen-

sate for increased mortalìty, or growth depress'ion to compensate for

h'igher survival), it is not reflected in growth at farj 1973. No

sìgnificant interbasin differences in whjtefish condition or growth

were detected in fall 1973, and if survival had been better in LZZ6

NE over this period, it probably wouìd be reflected in one of these

parameters (Weatherley I972) .

Effects of fertílization on L226 SW whitefish

The hypothesis tested by the L226 experiment was that there would

be no detectable response to high inputs of nitrogen (ll) and carbon

(C) without the presence of phosphorus (P) (Scnindler and Fee I974).

Ultimately the response of L226 Sld whitefish to N and C was tied to the

response of lower trophìc levels. I w'ill brjefly discuss the effects

of N and C on these lower trophìc levels, and then the response of

L226 SW whitefish.

0n1y small amounts of limnologicaì data were collected fron L2?6

prior to wall installation. In addition, portions of the 1226 wall

failed for short periods during two years of this study, twice in earìy
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1973 and once in late summer 7977. substantial epilimnet'ic water

mix'ing probably occurred both years. Thís would partiaily bias

results for each year as shown by totaì P mass balances for each year.

Total P for the ice-free perìods of both years, rg73 and 1917, were at

least 50% higher than other years of fertilization in 1226 St^l from 1973

to I977 (D. i^J. Schindler, Freshwater Institute, unpubl.ished data).

It was probable that other minor interbasin water mix'ing occurred

through the study, either between floats at the curtain top or through

other small open'ings along the curtain top. The only limnologicaì
'information collected prior to 1973 was in L226 NE during 1971 when

water chem'istry data (Schindler and Fee L974; D. t,l. Schindler,

Freshwater Inst'i tute, unpubl ished data) , phytoplankton composition

and biomass (fin¿lay 1975) and zooplankton composition (0. F. Maììey,

Freshwater Institute, unpublished data) were collected. The Sl,l bas'in

was not samp'led in r97r. Zooplankton and phytoplankton species compo-

sition were very similar between L226 NE in 1971 and subsequent years

in L?26 St^l after wall installation. Summer epilimnetic chlorophylì

concentrations were somewhat higher in L226 SW from 1973 to 1977 than

in L226 NE in I977, but total ep'iìimnetic P concentrations showed the

reverse trend (D. tl. Schindler, Freshwater institute, unpublished data).

Based on these observations, jt is un'likely that lovrer trophjc levels

responded to i ncreased l'l and C I oad'incls v¡i th an i ncrease i n

producti on.

0nìy limited whitefish data were available for interpretation

of effects of N and C addÍtions over prefertilization cond'itions.

Whitefish growth data for 1971 and 1972 (Fig.3) were very similar

to L226 Sl,l whitefísh growth data from 1973 to 1976 (Fì9. 6). Other
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nutrient add'it'ion studies (Hall et al . I970; N'iko]sky 1963; Vinberg

and Lyakhnov'ich 1965; Haínes r973; smith 1969; and others) showed that

indjvidual fish growth was a sensitive response indicator of a fish

popu'latjon to nutrient addjtions. The absence of pronounced growth

differences between the 797L-797? whitefish data and the r973-1976

data indjcated strong'ly that L226 St^l whitefish did not respond to N

and C additions.

Other studies have shown that pond fertjl'ization was onìy effectjve

when phosphorus additions accompanied nitrogen (Vinberg and Lyakhnovich

7976; Marc-iolek 1954; Neess 1949). Juday et al. (1938) added many

d'ifferent fert'il i zers to a northern wi sconsin I ake, but responses to

fertilizatjon occurred only when P was a component of the annual

fertilization. Because the response of L226 SW whitefish to N and C

was not detectable, and the response of other limnologìcal parameters

was minimal or absent, 7973-7976 L2?6 SlrJ whitefish data and data from

797I-7972 for both basÍns will be used as a control for interpretation

of the effects of P, N and C additions on L226 NE whitefish.

Effects of fertilization on L226 NE whitefish

Increased phosphorus loading 'in L226 NE was reflected in: (1)

'increased growth of individual físh, (2) increased survjval of the

1973 year class, (3) possìble differences 'in fecund'ity between s jmilar

sized fish, and (4) fìsh production differences between basins. i

will discuss each of these responses separately.
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Indivjdual fish growth

Increased growth of L2?6 NE whitefish was an important reponse

to P, N and C additions. No response was present the first year of

fertil ization. Very pronounced differences occurred between basjns

in the second and thind years of fertìlization, 1974 and 1975, but

decreased substant'ial ly 'in I97 6

Interpretation of growth results between basins for 1973 (Fig. 4)

'is somewhat puzz'lìng. Because more fish were present in L226 NE than

Sl,J in fall 1973, it could be argued that the lack of growth differences

between basins actualìy represented a response to phosphorus additions

in 1226 NE. The basis of this argument is that if no response were

present (no productjon differences between basins), the larger white-

fish population present in L226 NE in 1973 (Fig. 9) should show slower

growth than the smaller population in L226 St^J to have production

balance between basins. An inverse relatjonship between growth and

popuìation numbers is well documented in fìshery literature (Everhart

et al. I975; Weatherley 1972; Vinberg and Lyakhnovich 1965; Nikolsky

1963). An alternatìve expìanation js that the similarity 'in growth

between bas'ins is a djrect consequence of the small morphometric primary

and benthic production differences between bas'ins descrÍbed earlier,

which would be reflected in whitefìsh growth after wall installation,

The chlorophy'll concentrations present throughout the 7973 ice-free

season in each L226 basin support thjs second interpretatjon (Sch'indler

and Fee I974). Chlorophyll concentrations were very similar between

basins until late August, when L226 NE responded to P fertilizat'ion

for approximately one month. Most growth occurred between m'id-May

and late August for L226 whitefish, so there was inadequate time for
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the algal bloom in late August 1973 to be converted first into organìc

matter and then jnto chironomjd biomass to be ingested by whitefish.

In addition, response to change in nutrient loading is not instantaneous

(as dìscussed later); a new equìlibrium phosphorus level would probab'ly

not be reached the first year of nutrient addìtion. A weak response

(or no response) wou'ìd be the normal s'ituation.

The d1fferences in whjtefish growth between basins were very

pronounced in 1974 and 1975, and occurred in all age groups. The

response of sexually immature fish was not surprising. Many other

lake stud jes w'ith stocked trout (Sm'ith 1959, 1969; Bal I and Tanner

1951; Weatherley and Nichols 1955), or young sockeye salmon (Nelson

1959; LeBrasseur et al. 1978) have shown similarincreased growth for

young fish. Pond ferti I i zation studies (tJinberg and Lyakhnovi ch i965;

Hall et al. 1970; Marciolek 1954; McConnell i965; Haines i973) were

almost always conducted wjth stocked populations of young immature

fi sh.

The response of whitefish growth 'in sexually mature, older fish

was as strÍking as that for younger fish. These d'ifferences were

very pronounced -tn L974 (Fig. 4) and 1975 (Fig. 5). In additjon

for both years, oìder fish in L226 NE were jn better condition than

simjlar sized fish in 1226 SW (Fìg.B). Descrjbing growth in terms

of fish ìength understates the importance of these dìfferences for

older fìsh. A smal'l change ìn length converts to a greater change in

weight for a large fish than an equal length change for a small fish.

In generaì, the response of older fish to nutrient addition has not been

well documented elsewhere. Even fish age 11+ to 25+ showed an obvious

growth response clearly evident on their fìn-ray sections. Some
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animals which showed very poor growth for the three to five years prior

to fertilization responded with one year's growth equaì to the prior

three to five combined. It is obvious that without a reliable method

of age determination, the response of older fish would probably have

been obscured. 0thers have speculated that growth increased for mature

fish when nutrient additions occurred to lakes. Leach et al. (Igl7)

reported some increases in growth of mature percids from European lakes

as eutrophìcation progressed, and Colby et al. (7972) suggested generaì

increases in coregonid growth in eutrophic lakes. Both these studies

are confounded by concurrent species additions or exp'loitation. In a

I 'i ght'ly expl oi ted yel ì ow perch (Pez,ca flauescens ) popul ati on , Nakash j ma

and Leggett (1975) found no significant growth differences in either

mature or immature fish between the eutrophic southern arm of Lake

l,{emphramagog, Quebec, and the more northern oligotrophic arm of the lake.

Perch growth in this lake was at a maximum for the area and apparentìy

has not changed apprecìabiy from 1963 to 1973. They hypothesized that

there was no scope for increased growth in this population; the perch

had already reached their zoogeographic ìimit for the area. [.Ihitefish

in L226 were also near their zoogeographic growth maximum for the ELA

area when compared to data for five other ELA popuìations (fig. 14),

but substantial increases still occurred to raise the growth curve well

above the previous maximum for the area. The response of older, larger

fish to nutrient addition has apparently been ignored because either (1)

the on'ly species of interest was a stocked popuìation of fry or finger-

lings, or (2) age determination errors obscured the response, or (3)

the responses of older fish were assumed insignificant because these

animals were only a small component of the popuìation.



Figure 14. Growth curves for five popu'lations of ELA lake

whitefish. Al I popu'lations were sampled with gil lnets

in L975 except L226 which was sampìed with trapnets in

i973 and trapnets-gillnets in 1976. The numbers to

the right of each curve correspond to the ELA lake

number where fish were obtained. Hea'ìey's (i975)

summary of the previous'ly reported whitefish growth

data is ind'icated between the dotted lines.
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The increase Ín growth

L226 NE wh'i tef ish diet ( F j g.

ìmportant in whitefish diet

no major sh'ift occurrecJ to a

67

was not related to any major change in

n) . Dì pterans became sì'ightìy more

and fewer zoopìankton were consumed, but

new food resource.

Annual survi val

Annual survi val rates of wh'itef ish were not si gn'if i cantly di ff er-

ent either between basins or between years (Table 9). The average

across basins and years (0.75) was very similar to the catch curve

rate (0.73) reported by Mills and Beamish (1980, Append'ix G) based on

the age structure of the September 1973 catch. The sim'ilarity between

the two estimates is encouraging;'it supports the hypothes'is that annual

surv'ival has not changed for the whitefish population of L226 wjth the

additjon of the wall and fertilization. The relativeìy constant annual

survival of fish age 1+ or older agreed w'ith Bell et al. (Ig77), who

found similar results for lake whitefish of Lesser Slave Lake, Alberta.

In another fertjl'izat'ion study, Dobbins and Boyd (I976) found no

difference in survìval of fish stocked in a series of ponds fertilized

at five different levels usìng P and K. S'im'ilar results were obta'ined

in other pond fertilizat'ion studies (Haìl et a1.1970; Vinberg and

Lyakhnov'i ch 1969 ) .

Even though I could detect no significant differences in annual

survjval between basins for fìsh older than 1+, there ìs the possì-

bìììty that my sampìe sizes were not adequate to detect differences.

Reversing this questìon, one can ask: given my sampling 'intensìty,

how small an actual difference could be detected -n ôi? I conducted

a number of mark-recapture simulations similar to those'in Appendìx B
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vary'ing the actual ó1 but us'ing other population parameters similar to

those for L226 whitefjsh. In generaì, I found that my samplìng

intensity was sufficjent to show changes ìn ô1 of approximately 5%, or

'in th js case of about 0.04 units of $., . Based on these simulations, the

lack of consistent s'ignificant differences between basins was not due

to smal 1 sampie sjzes.

Annuai survival dìd vary between basjns for younger fish, age 0+

to 1+ of the 1973 year cìass (Fìg. 10); annual survival was substantiaì1y

lower in L226 Si,l than NE. In add'ition, the average fork 'length 
and

condition of the 1973 year class at age 1+ was sign'ificantìy greater

in L226 NE than L226 SW. The strength of a whjtefish year class 'in L226

was apparently determined before age 1+ and the natural mortality rate

was nearly constant through the follor,-ling years.

The results for the 1973 year c'lass were consistent with the obser-

vations of others for reguìat'ion of year class strengths. The mechanism

regulating abundance of perch ín the upper and lower portjons of Lake

I{emphramagog al so occurred i n the fi rst year of I i fe, r,ri th

relatively s'imilar survival between areas of the lake during subsequent

years. Though there was apparent'ly greater juvenile mortality'in the

more productive Lake Memphramagog south bas'in than in the oligotrophic

north basin, many more young-of-the-year perch were stjll present'in the

south basin. The result was a marked djffenence in perch abundance

between areas of the lake'in sp'ite of the greater juven'ile mortal'ity in

the southern eutroph'ic basin. Nelson and Edmondson (tgSg) and Mathieson

(tglZ) also showed a generaì correlation between a source of nutrient

addit'ion, the number of decomposing salmon carcasses, and subsequent year

class strength and average length of salr¡on at sr¡olt stage. They also found
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a positive correlation between salmon smolt survival and s'ize. N'ikoìsky

(1963) cited other examples of positive correlations between fish

surv'ival and fish condi tion or length.

An even more relevant questìon than whether the L226 sampf ing

intensity was high enough to detect survival d'ifferences'is: was there

suf f ì ci ent scope 'i n the range of natural vari ati on for wh'i tef i sh

survival rates for $, to increase? Annual survival was apparently very

high ìn L226 prìor to years of nutrient enrichment. Hea'ley (1975)

listed natural mortality rates for many lake whitefish populations and

the $., for the L226 whitefish were very close to the upper lìmit of

this range, djscounting the major mortality of L226 whitefish between
tI

ages 0'and 1'. All Hea'ley's annual mortality rates were derived from

catch curve data and were based on scale ages of whitefish. These

mortalÍty rates may be underest'imates due to aging errors (l4jlls and

Beamish 1980, Appendix G). M'ills and Beamish (tgeO, Appendìx G)

presented catch curve survival rates for seven unexp'lo'ited populations

of lake wh'itefish based on fin-ray ages using the Robson and Chapman

(1961) method, and the L226 rate was one of the highest of these rates

regardless of whether the catch curve rate or the mark-recapture rates

were considered. It was certainly possible that annual survival of

whitefish older than 1+ djd not increase significantly in 1226 NE

because wh'itefish were already at an upper l'imit of the natural survival

range before lake d'ivis'ion and fertil ìzat'ion began.

Fecundj ty

l^lhi le no s'ign'if icant difference in fecundity at 'length was detected

between basins in I976 (Fig. 11), differences may have occurred tn 1974
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and 1975. In general, there is a positìve correlation between fecundity

at ìength and fjsh condition (Bagenaì I97B; Weatherley I972; Nikolsky

1963 ) . l,Jhì tefj sh spawnÍ ng occurred after September-0ctober sampl i ng

in L226, fish conditjon was significant'ìy greater in L226 NE than Sl^l

for I974 and 1975 during these fall periods. !{hìle no comparative data

were avajlable for 1974, female whjtefish in L2?6 Nt were in signifì-

cant'ly better condition than those ln L226 SI,J in i975. This

suggests that fecund'ity at length could have been greaterin 1226 NE

than Sl,{ for 1974 and 1975. Annual variations in fecundity at ìength

are well documented for whitefish and other specìes. Heaìey (1978)

has shown significant annual variations in fecundìty at Iength for

four lake whitefish populatjons in the Northwest Territorit'ies, and

similar annual varjatjons have been reported for other marine and

freshwater species (as summarized ìn Bagenal 1978). Other studies have

also shown that fecundíty varies w'ith food supp'ly (Wootton 1977; Ty]er

and Dunn 1976; Bagenai 1969; Woodhead 1960; A]m 1952). The response

to increased food suppìy was usually immediate, the same growth season

as the increase in food supp'ly. it is likely that if I had obta'ined

wh'itefjsh ovaries from both basins in I974 and 1975, I would have

detected fecundi ty differences.

Fecundity of the total whitefish popuìation was probably greater

in L2?6 Nt than St^l from 7974 to 1976, as an 'indirect result of the

growth differences between basins. Because the fecundity of an

individual fjsh was dírectly correlated with its length (Fig. 11), the

increased growth of older, sexua'lly mature fish 'in L226 NE over Sìi'l fish

in I974 and 1975 led to indìrect differences in total fecundity between

basins. For exampìe, based on Figs. 4,5 and 11, a female whitefish
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first reachjng sexual maturity in L226 NE in L973 at a fork length of

300 mm (age O+) would increase in length and fecundity to 326 nrn (8,000

eggs) in tr974, 350 mm (ti,500 eggs) in i97b and 363 mm (13,000 eggs)

in 1976. The same fish in L226 Sl^J would be 3i2 mm (6,500 eggs) in 1974,

329 mn (8,000 eggs) in 7975 and 339 rnm {9,700 eggs) in 1976. Even

though there were oniy minor differences in whítefish growth in 1976

between bas j ns , the cumu I at'i ve i ncrements f rom prev'ious years in L226

NE still led to a substantial fecundity djfference between basins.

1226 whitefish production and its relation to lower trophic levels

Fish production is ult'imate'ly a function of product'ion at lower

trophìc levels (Odum 1957; Lindemann 1942). In recent years many

researchers have correlated fish production, or commerc'ial fìshery

yieìd, with prìmary production or ch'lorophylì concentrations (Hall et

al. I970; Melack I976; Hrbáðek 7969; Davis and l,rJarren 1965; t'lcConne'll

1963, 1965; Dobbins and Boyd 1976; and many others), benthic production

or biomass (Gerkjng 7962; Hall et al. 1970; Hrbacek i969; Vinberg and

Lyakhnovìch 1965), or zooplankton production and bìomass (Hall et al.

1970; Hrbáðek 1969; Vinberg and Lyakhnovich i965; Smith 1969; Goodyear

et al. 1972). The L226 experiment is somewhat unique; prìmary production,

epilimnetic chlorophyll concentrat'ions, dìpteran emergence and whjtefish

production have been measured over a series of years (F'ig. 15). As in

the above studies, there was generaìly good correlation between average

epì ì imnet j c chl orophy'l I concentrati ons and annual whi tef i sh product'ion

in L2?6 (r = 0.86, P < 0.01, rì = 8), or between dìpteran emergence and

whjtefish productíon (y = 0.77, P < 0.05, n = B). The relationship

between whitefish productíon and primary production was not as



Figure 15. Annual average epilimnetic chlorophyll concentrations,

prìmary productìon, d'ipteran emergence and whitefish

production for L2?6 from 1973 to 1976. Chiorophyil

concentrations are from Schindler and Fee (1974) and

D. [,rl. Schindler, Freshwater Inst'itute, unpublished data.

Primary production data are from Fee (1980). Dipteran

emergence data are from Davies (i980) and I. J. Davìes,

Freshwater Institute, unpublished data.

(ø) L226 uE (o) L226 sw
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pronounced (r = 0.67, P > 0.05, n = 8), but the relationship improved

if only data from L226 SW and the first two years of fertilization of

L2?6 NE were considered (r = 0.85, P < 0.05, fl = 6). primary productìon

and whitefish productíon were inverseìy related for LZz6 NE 'in i975

and 1976.

A plausible explanation for the L226 NE prìmary production and

whitefish production data for 1975 and 1976 was that a "use 'lag"

(McConnell 1963) was present. For example, primary production (and

chìorophyl'l concentrations) increased from I973 to I974; th'is was

reflected in increased whitefish product'ion from L974 to 1975. Primary

production and chlorophyìl concentrations decreased fron I974 to 1975;

this was reflected in a decrease in whitefish product'ion from 1975 to

I976. A one year 1ag improved the correlation between whitefish pro-

duction and primary production (r = 0.90, P < 0.01, r = 6) and sim'ilar

lags have been prev'iously descrjbed in other studies (V'inberg and

Lyakhnov'ich i965; Lellák 1965; Wolny and Gìereck I972). These ìags

have generalìy been attributed to the time needed for conversion of

dead algae to benthic biomass for fish consumption. The "time ìag"

explanation breaks down somewhat for 1976 data though. Based on L?26

Nt primary production data whjch increased from i975 to 7976, wh'ite-

fìsh production should increase from 1976 to 1977. Ch'lorophyll concen-

tratjons decreased from 1975 to I976, indjcating that whitefish product'ion

should decrease over this same period. Unfortunate'ly, or fortunately,

1226 NE whitefish production for 1977 is not presently available to

resolve this dichotomy.

Another anomolous datum, whìch is somewhat easier to expìain, is

the extremeìy low L226 NE dipteran emergence in 1976. l^Jhitefish b'iomass
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in L226 NE increased rap'idly durìng the first years of fertilization
(Table 10), h/hich would exert a very heavy predation pressure on

dipterans, the predomìnant food'item in whitefish djet (F'ig. lZ).

Therefore, even if dìpteran emergence was somewhat lower in 1226 Nt

than sl^J in r976, dìpteran production was still probably greater ìn

L226 NE.

A shortcoming of many of the earìy lake fertilizatjon studies

(summarjzed by Marciolek 1954) was that fertjlizations were conducted

generally over a one year perìod, and the response of fish growth or

y'ield measured the same year. Some one year experiments were success-

ful in increasing trout yieìd or growth (Tanner 1960; weatherley and

Nichols 1956); others gave poor responses (as summarized by l,lagner and

Parker 1973). Response ìags, as described above, were used sometimes

to expìain the poor growth and yield response of fish in fertilization

experiments. Probabìy of greater Ímportance is the realization that a

sudden increase in nutrient loading (or decrease) puts the lake'into a

disequilibrium and a certain number of years of sustained nutrjent

additions (or reductions) are necessary before a nev,/ equi'librium state

is reached. ldater renewal time for a lake (t*) is a critical component

of this response (Vollenweider 1975; Djllon and R'i91er 1974; D. hl.

Sch'indìer, Freshwater Institute, unpub'lished data). Newbury et al .

(1980) estimated the average water renewal tjme for L226 as 4.2 yrs.

L226 NE has a faster renewal time than 1226 Sl^l as described earlier and

it was probabìy somewhere between 4.2 yrs (similar water renewal times

between bas'ins) and 2.1 yrs (twice as fast in L?26 NE as Sl,l). Using

the method of Schindler et al. (19i8), the equilibrium annual total

phosphorus concentrations (rÞ¡ can be predicted for 1226 NE (Fig. 16).



Figure 16. The predìcted and observed rates of average totar

annual phosphorus (lÞ) equ'ilibrium for LZZ6 NE. Actual

data are indicated by "x". The equilibrium phosphorus

level was calculated after the I^V^-1 relat.ionship forpo
ELA lakes reported by Schindler et al. (1978). Where

I^ is total quantìty of phosphorus received by the lake
tJ

in m'ill'igrams and Vo is the volume of outflow in cubic

metres (inflsry + pFêcipitation - evaporation). The model

used to predict rF was:

ct = c. * (co - c.) e't/tw

where C, = predicted rÞ

C. = expected equ'ilibrium rP

calculated from tpVo-t

Co = initial rÞ before change

'in P loading

t* = water renewal tìme in years

t = time in years

(after D. l,J. Schjndler, Freshwater Institute, unpublished

data) .
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A simple model of the form Y = ff - Bexp(-kt) (Crowe and Crowe 1969)

has been used previous'ly to accurately model the response of Lake

Washington to decreased P inputs and the response of L227, ELA, to

increased P'loadìngs (D. W. Schjndler, Freshwater Institute, unpublished

data). This model was used for the disequilibrium period in L2?6

Nt (Fig. 16). Based on results from thjs model , 'it was not surprising

that there !4/as I i ttle or no growth response the f i rst year of ferti I i -

zation in L226 NE, and that equiljbrirr rÞ levels would not be reached

until the third to fifth years of fertilizatjon, depending on the true

t*. if a lag'is present for conversion of P to fish production, it ìs

l'ike'ly that L226 NE whitef ish production and biomass had not reached

equìlibrium in this study. Durìng the years of detectab'le response to

P additions in 1226 NE, I974-1976, average lake whjtefish b'iomass

averaged 33% hìgher tn L226 NE than Sr^J (Table i0). At equiìibrium,

the dífference would probably be greater.

Responses of lake whitefish populat'ions to expìo'itatjon and nutrjent

addi ti on

Both cropping and nutrient addition experiments give insight into

the mechanisms used by unexpìoited fish populations to return to pre-

disturbance condit'ions. In both situatjons, a deficit is created

between the carrying capacity of the environment and the whitefìsh

stock present. In a cropping experiment, this difference is created

by reducing the whitefish stock. In a nutrient add'it'ion experiment,

the difference is created by íncreasìng the carrying capacity of the

lake. [,lith extreme exploitation, a whitefish population age structure



77

is changed drasticalìy from the unexploited state to one whjch is very

djfferent from that of L226 at the begìnning of thÍs experjment. Under

less intens'ive expìoitation, the wh'itefjsh age structure present after

cropping can be very similar to the pre-exploìtation age structure and

the L?26 NE age structure at the start of nutrient addition.

In 1973 and 1974, Healey (i978,1980) cropped three lakes at rates

of 10, 20 and 30% respectiveìy and monitored a fourth as control. He

measured the response of each experjmental lake to cropping from 1975

to i978 and evaluated year-to-year variation 'in parameters used in

the L226 study: whjtefish growth, recruìtment and fecund'ity. Prior

to cropping, the whitefish popu'lation structure present 'in al I four

lakes was similar to that present in L226 at the beginnìng of the

nutrient add'ition experiment. The whitefjsh population age structure

after cropping in those lakes cropped at 10 and 20% was very similar

to that before cropping, while the whitefish population age structure

of the heavy exp'loited third lake was very differnet from the precropping

age structure. Few old físh remained.

Heaìey (1978, 1980) found that whitefish responded to exploitation

by increased growth, increased fecundity at ìength, and increased

recruitment. l^Ihitefish fron L226 NE responded sim'iìarly, though the

fine details of some responses were s'ignificant'ly different. Healey

(1980) found increased growth over pre-exploitation levels in all

exp'loited lakes, though he reports these changes were not significant

for older, mature fish (Healey 1978). Increased growth was evident for

1226 Nt whjtefish, and increases extended s'ignificantly to older, mature

fish. Though no signifícant interbasin differences in fecundity at

'length v',ere apparent in L226 in L976, indirect ev'idence suggested that
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an 'increase in L226 NE whitefjsh fecund"ity dìd occurin earl'ier years,

and that total population fecundity for L226 NE whitefish was greater

than L226 st,J all three years. Healey's (1980) data for whjtefish

fecundity ìn explojted lakes show pronounced year-to-year variation ìn

whjtefish fecund'ity at length. This apparentìy also occurred in L226

NE, though the supporting evidence was c'ircumstantial.

Responses of whitefish recruitment to croppìng and nutrient addj-

tion were very simjlar. In both studjes: !êâr classes aìready present

at the time of manipulatjon (ages 0+ and 1+ in Healey's lakes, age 0+

in L2?6 NE) became a dominant factor in later catch curves. Heaìey's

sampling gear, gillnets, did not permìt assessment of abundance levels

for these 0+ and 1+ fish in his lakes at the time of explo'itation,

while the trapnet catch-per-unit effort data from L226 showed that a

differential mortality between ages 0+ and 1+ for the i973 year class

was responsible for later abundance differences. Hea'ley's (1980) data

were consistent with this L226 observation for the 1973 year class.

Very large recruitment of young fish already present in the population

at the time of exploitation occurred'in all three manipuìated whitefjsh

populatjons, while little recruitment of these fish occurred jn the

control lake.

The duration of increased growth and recruitment in Healey's

moderately exp'loìted populat'ions was also similar to that in 1226 NE.

The growth response had abated in both ìightly explo'ited populations

three years after the croppìng, and recruitment of new year c'lasses

dominated overalì production. In L226 Nt a marked growth response

occurred for two years, but by the third year differences'in abundance

between 1226 basins were more important to overall production than

growth responses.



79

Applicat'ion of L226 results to the theory of the structure and regulat'ion

of northern whi tef ish popu'lati ons

Johnson (1976j and Fot¡er (1978) present conflicting hypotheses to

expìa'in the structure and regu'lation of unexploìted northern fish popu-

lations. Catches from these populations are characterized by (1) many

fish of relativeìy uniform large size, forming a domjnant mode in popu-

lation catch curves of age or ìength, and (2) many fish of reìat'ively

o1d age. The trad'itional exp'lanation for this type of catch curve is

that gear selectiv'ity, especialìy when using gillnets, is responsjble

for the abridged number of fish below the dom'inant mode (Ricker I975;

Everhart et al. 1975; Beverton and Holt 1957). Selectivity of gì1ìnets

in explo'ited popu'lations is well documented (see Ham'l ey 7975 for a

recent review). Johnson (1976) presents many g'illnet catch curves

from unexploìted northern popuìations which do not fit the more tradì-

tional form (Fig. 17); he also found similar catch curves using other

fishjng gear. Length frequency distributions for both Hea'ley's (1980)

whitefish prior to expìoitation and L226 whjtefish prior to nutrient

addition were similar to those of Johnson. After presenting Johnson's

hypothesis to exp'la'in these catch curves, I wìlì examine Power's

alternative hypothesis" It is difficult to test either Johnson's or

Power's hypotheses for unexpìojted populations. ttlan'ipuìat'ion experi-

ments such as Healey's or lhe L226 fert'ilization provìded ind'irect tests

for some of the mechan'isms proposed by Johnson and Power to reguìate

whjtefish abundance and growth.



Figure 17. Typ'ica1 g'i'linet selectivity of four mesh sizes for

lake whitefish from (A) an exploited population (after

Regier and Robson 1966), and (g) an unexpìo'ited popu-

lation (after Johnson L976).
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Johnson's hypothesis

Johnson (I972, 7976) hypothes'izes that unimodal and bimodal catch

curves are representative of the whitefish populations present in

unexplojted northern lakes. He suggests that populatjon regulation

occurs vja a complex growth and mortality sequence among whitefjsh.

The ìargerwhjtefish of the domìnant mode suppress the growth of smaller

fish. This suppressìon may take the form of re]egatìon of smaller

whjtefjsh to marginaì habjtats where their survival is lower (Johnson

1976). The dominant fish group is a closed popuìatÍon wjth reìatìvely

constant number and low mortalìty rate. Subordjnate fish filter into

the dominant mode as older fjsh dje. This expla'ins the presence of many

age groups in the dominant mode; fish enter the mode at d'ifferent ages.

There are some dífficulties that arise from Johnson's hypothesis,

and w'ith the data he uses to support his hypothesis. The first is that

there are few confirming data for the aging methods he used for many

of the whitefish populations. Accurate aging, or at least faìr1y

accurate agìng, for a large proportion of the catch from a lake'is

extremeìy important for forming catch curves based on age frequency

distrjbut'ions. A possible extension of this probìem is that many of

Johnson's (1976) catch curves have rap'idìy declining right hand

port'ions, indicatìng high mortal'ity rates for much of this dominant

mode. It is difficult to conceive of a mechanism for supress'ing younger,

smaller fish when a large portion of the domjnant mode is undergoing

high mortaììty. Second, it'is necessary to assume that fjsh essentiaì'ly

do not grow for a period of years, and then grow very rapidìy to the

approximate modal ìength of the domjnant group. There is some evidence

of individuals moving from the subordinate mode to the dominant mode in
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many of Johnson's ìength frequency distributions, but he presents no

detajìed growth histories for intermediate sized animals to support

his hypothesis. Third, it ìs dìfficult to concejve of a mechanism

that would allow on'ly some members of the subordinate group access to

the empty spaces jn the dominant fish group, whì1e suppression of other

members continues. Behavorial studies, under condjtions of limited

space, have shown that dominant fish can suppress the growth of subor-

dinates (Magnuson 7962; Noakes I978) but lakes are substantiaììy ìarger

than laboratory aquarìa. If subordinates are relegated to marginaì

habitats as Johnson hypothesizes, then behavioral factors may be

responsible for a hierarchy withín the subordinate fish mode, which

in turn may determine which fish advance later to the dominant mode.

Spatiaì segregation also is difficult to prove in field studies when it
involves catching very young fish. certain fishing gear, such as

electroshocking, catch many small fish in shallow water, but catch few

fish in deeper pelagic waters.

Power's hypothesis

Power (1978) hypothesizes that the age frequency d'istributions

observed many times for unexp'lo'ited northern populations are artifacts,
produced by grossly underaging many individuals in a catch. He believes

that unimodal or bimodal ìength frequency distributions for these

popuìations are the result of natural varjation in ìength at age, and

cites a model sjmijar to Baranov's (1919, as cited in Ricker rg75) to

show that bimodal ìength frequency djstributions are the natural

consequence of low annual mortality, 1ow growth rates, and increasing

variance in length of fish with older age.
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Power believes the use of scales'in Johnson's and other studies

results in gross'ly underaging many físh. In his opìnìon, the mode

pnesent'in many of Johnson's djstríbut'ions may be the point where the

ag'ing method fails. Fish would cluster around this point forming a

prominent mode. He believes sectioning otoliths js a more reliable

method for agìng sìow growing northern populations, though he presents

no comparisons between scale and otolith ages for the whitefjsh popu-

lations he exam'ined. Usualiy when discrepancies occur between otol'ith

and scale ages for an indÍvidual fish, the otolith age'is preferred

(Johnson r976; Power r978; and others). power concludes from his data

that no domjnant mode among older fish exists, but curves are very

similar to the classical catch curve (Fig. 17). He concludes that

no complex growth or mortal'ity sequence is necessary to explain the

length and age frequency djstributions from northern unexploited popu-

lations, onìy slow growth coupled with low mortality over much of a

fish's life. The unimodal or bimoda'l length frequency djstributjons

are then sìmply the outcomes of variance'in fish length for each age

group increas'ing as a function of fish age. He proposes that population

regu'ìat'ion occurs among young fish by density dependent predatjon from

other fish species, intraspec'ific density-dependent predation, or

competition between young fish.

There are some underlying prob'lems wjth Power's hypothes'is. First,

he presents no confirming ev'idence for otolith ages. He does reference

a paper where otolith ages for lake trout were approximate'ly twice

correspondìng scale ages, but trout scales are genera'l]y much harder

to age than those of whitefish (Johnson 1976). There are no comparisons

of otol'ith and scale ages for individual whitefish. A more important
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pnoblem is ínadequate sampìe sizes, especial 1y for his three whitefjsh

populations (n = 2, 15 and 2l respectively). constructìng age frequency

distribut'ions from the sanpìe of 27 fish distributed among 55 age groups

necessitates the runn'ing averages and multipìying length frequencìes he

uses to obtain reasonable lookìng catch curves. 0ther multipìicatìon

factors or calculatjng runnìng averages over a djfferent number of age

groups might gìve very different results, and by inference very d'ifferent

mortal ì ty rates.

Impl'ications of Healey's cropp'ing experiment and the 1226 nutrient

Healey (1980) conc'luded that results from his croppìng experiments

were more consistent with Johnson's hypothesis than Power's for three

reasons . F'i rst, vari at j ons 'in whi tef i sh growth were more cl ose'ly

related to year class than growth year in his populations. Fish of

one year class (or age class) grew consistent'ly faster over two or

more years than fish of other year cìasses aìso present. This

observat'ion supports Johnson's view of a compìicated pattern of

growth, where some individuals grow faster than others present at the

same time. second, periods of good recruitment of young fish were

associated with declines in numbers of adult fish. Good recruitment

occumed onìy in the expìo'ited lakes where adults had been removed.

Third, catchabiìity of young fish increased in exploited populations.

The many young fish which were recruited into the expìoìted populations

were present prior to exploitation but caught only rare'ly. All three

observatjons agree with the popu'lation reguìating mechanisms proposed

by Johnson. Healey used scaìe ag'ing for whitefjsh, and catch curves

addit'ion experiment for Johnson's and power's hvpotheses
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for his three whitefjsh populations prior to explojtatjon were very

similar to Johnson's (I976). He djsmjssed the occurrence of gross

aging errors for his popujatjons primarily on the strength of good

agreement between scale ages determjned by different readers and

supports this by mark-recapture results. Four of eight recaptured

whìtefish had ages at recapture the correct numbers of years greater

than at release. Mjlls and Beamish (tggo, Appendix G) point out that

agreement between readers represents consistency of age determinatjons,

not accuracy. Mills and Beamjsh also present age comparison data between

treatments of scale ages (from djfferent readers) and between these

scale ages and fin-ray ages. F'in-ray ages were generaìly greater than

scale ages' while agt^eement between scale readings was sometimes very

good between readers. It is certaìnìy poss'ib]e, based on power's

(1978) and Mills and Beamish's (1980) results that Healey has under-

estimated the severity of agìng errors for these whitefish populations.

These errors would not seriousiy bias the three generalizations cited

above because these were based on relatíveìy young fìsh, under age

five, where fewer aging errors are likely to occur (Mills and Beamish

1980, Appendix G).

I interpret the results of the L226 fertiljzation experiment to

support Power's hypothesis for the structure of unexploited northern

whitefish populations, and to support Johnson's hypothes.is for the

regu'lat'ion of these popuìatjons"

I found that the unimodal ìength-frequency d'istribution present

throughout the study in L226 St,rl and the bimodal d'istribution in 1226 NE

were a consequence of the low mortality rate of adult whitefish, slow

growth of adult fish and the many age groups present in the population
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beyond sexual maturity. Both age frequency and length frequency catch

curves for L2?6 NE and Sl,J wh'itefish were very simjlar to those hypothe-

sized by Power. The bimodal curves in L226 Nt were caused by the

hìghly successful 1973 year class which resulted from fert'ilization.

No comp'lex growth and mortality sequence was necessary to explain

L226 whi tef i sh age f requency and ì ength f requency di stribut j ons . l^lhi te-

fish mortality was constant over the three years of this study for fish

older than 1+. !.lhjle Healey (1980) found growth related more strongly

to age classes than growth years, I found the reverse for wh'itefjsh

in L226 (Figs. 6 and 7). Generalìy when high yearìy growth was present

for some age (or length) classes in L226, it was also present for

almost all of the other age (or'length) classes aìso present that year.

I found no evidence for greater mortality of older adult whitefish than

younger adult fish, which is necessary under Johnson's hypothesis.

Power predìcted a clustering of fish about the age where the aging

technique breaks down in age based catch curves. He believed this was

responsible for the domjnant mode in Johnson's age frequency distribu-

tions, though he presented no data to support this generalization. I

found a distínct mode in L226 whitefish scale age catch curves from

ages 4+ to 7+ similar to that in Fig. 2, the poìn, where scale agìng

broke down for th'is population (Mills and Beam'ish 1980, Append'ix G).

This mode was absent in fin-ray based age frequency dìstributjons.

Plots for other unexpìoited whitefish popu'lations reported in Mills

and Beamish (1980, Appendix G) were s'imilar, though the scale age where

the mode occurred varjed between popu'lations.

The structure of 1226 NE and SW whitefish popuìations'is reguìated

by hìghly variable mortaììty among young fish. Regulation occurred in
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fish under age 1+ either through year class failures or greater

mortaìity of fish from age 0+ to 1+. Both Healey,s results and results

for L226 whitefish suppont the hypothesis that food avajlabjlity ìim-its

the recruitment of whitefìsh. Healey found good recruftment only after
many adult fish had been removed from exploited whitefish populations.

Good recruitment in L226 NE occumed when more dipterans, the major

whitefish food resource, were present (Fig. 15). power suggests that

cannibaljsm or predation lim'it fish recruitment for northern físh

populations. I found no evidence of cannibalism among L226 whitefìsh,

and no sign'ificant predators were present i n LZZ6. The s'limy scuìp.in

was a potent'ia1 predator, but I found only dipterans in sculpin stomachs,

examined periodicalìy throughout the study. These observations support

Johnson's hypothesis for older fish suppressjng the growth of younger,

smaller fish, though the evidence is circumstantial.

The role of fish behavior in ljm'iting production or in the regu-

lation of fìsh population síze is only beginning to receive attention

(Noakes r978). Many studìes support the hypothesis that dominant

individuals can affect changes in subordinates' growth and survival.

Dom'inance hierarchies for many fìshes have been demonstrated repeatedìy

(see Noakes 1978 for a review) and artìficial crowding has intensified

dominance'interactions for mosquitofish, Gønbusia hoLbrooki (Martin

I975). There is evidence in salmonids that subordinate fish are forced

to move more, feed'less, and consequentìy suffer a much higher mortality

rate than dominant fish (Backiel and Lecren i978; chapman 1966; Miller

i95B; Noakes 1978). Raìnbow trout (saLmo gaiz,dnez"L) will show

territorial and/or dominance behavior when a restricted quantity of

food is present, but these actions disappear when the amount of avaìlable
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food ìs increased (Landless 1976). Magnuson (1962) showed that aggres-

sive behavior in the medaka (oz,Uzias Latípes) was largely responsìble

for growth differences among individuals under condit'ions of restrjcted

food or space. Aggressjve behavior is not necessarily an essentia'ì

component of this interaction for some spec'ies. For examp'le, Eaton and

Farley (1974) showed that larger zebrafish (Brachgdnnio rez,io) were

more efficient food gatherers than smaller fish when limited food was

avai I abl e . No aggress'ive behav j or was present. Under condi t'ions of

adequate food, such as the'inìtial increases jn benthic biomass in L226

NE, enhancement of feeding or social facilitation, common in domestic

animals (Scott 1969) may also occur. The significance of gregarìous

feeding behavìon has often been postulated for fish (as revìewed by

Noakes 1978). These interactjons may disappear later after the fish

bìomass has reached its new carrying capacìty. Certainìy this could

be an explanatìon for the decreasing importance of growth dìfferences

after the first two years of fertílizatjon in 1226 NE and for the

absence of growth differencesfor Lake Memphramagog perch a'long the

production gradìent present in the lake. Results of the L226 fertili-
zation w'ith those of Johnson (1976) and Healey (1978) strongìy suggest

that behavioral regulation of population size occurs in unexploited

wh'i tefi sh popuìations.

It might be argued that different mechan'isms are operating'in ELA

whitefish popu'latjons than the more northern populations of Healey

(tgZe, 1980), Johnson (1972, I976) or Power (i978). Certaìn]y the

maximum age Power found for lake whitefish (57+) was approxìmate'ìy

twice the max'imum age observed for L226 whjtefish" but Erickson (1980)

showed that extremely old whitefish also exist in southeastern Manitoba,
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near ELA. Healey (1975) showed that many unexploited southern whjte-

fÍsh populations grow at least as fast as northern populations. M1lls

and Beamish (tggO, Append'ix G) also found no d'ifferences in mortaì i ty

rates between northern and southern unexploited wh'itefish populations.

It i s only I ogi ca'l to concl ude that the same mechan j sms for ì'imjtì ng

the abundance and growth of northern arct'ic popuìations operate for

more southern populations also.
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Appendìx A. The closure assumption

The closure assumptíon is a basic assumption of the Jolly-Seber and

other mark-recapture models (Seber 1973, Rjcker 1975). In the most

general sase, 'for the "open" or somet'imes called the "full " model ,

this assumption consìsts of no non-permanent em'igration of indjvjduals

out of and back'into the population v¡ith'in the study period. Births,

or new imm'igrants, are estjmated by the model as new entries'into the

popuì ation. In the Jol'ly-Serber "death-on'ly" model , the cl osure

assumption is extended to include no immigration of ìndividuals into

the popuìation with'in the study perìod. It'is obvious that a population

which meets this extended closure assumpt'ion for the death-only model,

also meets the assumption for the full model.

Lak'e 226 is a small lake wjth one inlet entering the west end of

the lake from a diffuse source. The outlet fron L?26'is smalì, approx-

imately 1û cm deep where it originates from the lake and a small water-

fall aìong its course blocks any immigration into 1226 from 1468

(Cleugh and Hauser I97I). Both inlet and outlet run nonrally onìy

during three to four months of the seven month'ice-free season. Imm'i-

grat'ion into or non-permanent emìgration from L226 is therefore highìy

unìike1y. Both the full model or the death-only model, ìf new recruits

are excluded, are appropriate for L226 whitefish.

The possibil'ity of interchange of fish between basins must also be

consjdered when evaluatìng the closure assumption. Divers ensured that

there were no major or minor openings from one basin into the other

when the wall was installed, early June L973, by buryìng the wa'lì bottom

'in lake sediments and securing the waìl sides continuously from bottom
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to surface a'long lake shores w'ith boulders. in additjon, djvers examined

the wall from tjme to time between 1974 and 1977; only one small hole

was found resultíng from the splittìng of a zìpper joining sect'ions of

the wall (ìn July 1977). Th'is hole was promptly repaìred. In additjon,

floats which supported the wall top were perìodically repaired to mini-

mize water exchange between basins. Evidence of fish exchange between

basins can onìy come from the capture histories of indjviduaìly tagged

fish. By winter 1974, over 45% of all whitefish caught tn L?26 Nt and

over 30% in L226 SW were previousìy tagged and by winter I975, over 78%

of all whitefish in L226 NE and over 65% in L226 SW were marked. 0nly

one tagged whitefish, ìn 1975, was caught'in a bas'in other than where

it was tagged over the five year study perìod. No sìgn'ificant white-

fish interchange occurred between basins.

The Jolly-Seber death-only model was in'itialìy chosen to calculate

abundance estimates tÑrl and survival rates (ôr) for L226 whitefish

from each basin because an estimate of N1 can be obtained. No direct

estimate of Nf is available usìng the open model. The open model estim-

ates are generaìly'less precise than their.closed model equìvaìents

because an est'imate of new entries entering the population during the

study is also generated. New entries were excluded from analyses of

the L226 whitefish popuìation on the basis of ages from fjn-ray sections

(Mills and Beamish 1980, Appendix G). Arnason and Mills (1980) show

that there is a gain in prec'ision obtaìned by thìs subdiv'ision of the

population. New entries occurring during the study were separated for

addjtional anaìyses usìng the death-onìy model.
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Appendix B. Tag ìoss, ìts effects on Jolly-Seber estjmates and methods

for correctìng estimates

I NTRODUCT] ON

Impìicit to multiple mark-recapture technjques'is the assumption

that animals do not lose their marks. While it'is well known that tag

loss can b'ias estimates of popu'lation size (ñ.¡ ) ana survival (ôj )

(cormack 1968), the relative magnitude of bias that a gìven tag loss

rate produces in individual estimates is unknown. Arnason and Mills
(igat) present expìic'it methods for calculatìng bias in Jolly-seber

estimates when the tag loss rate is known and occurs homogeneousìy

throughout the population. These methods are on]y asymptoticalìy

correct, when samp'le sizes become "ìarge" and recapture rates',high"
(seber 1973). since "'large" and "high" cannot be specifically defined,

biases calculated analytically by the methods of Arnason and Mills

(1981) should be confirmed by sìmuiat'ions. In add'ition, Arnason and

Mills (tget) methods deal specificalìy with cases where the tag loss

rate'is homogeneous among tagged animals alive at a given time. If
the tag loss rate is heterogeneous, such as when two tag types are

used in a mark-recapture experiment and each is lost at a signìfìcant'ly

different rate, simulations provìde an emp'irical method for assessìng

tag'loss bias where other expììcit techniques do not exist. The pur-

pose of this appendix was to (1) calculate tag loss rates from field
data for two different tag types, (2) assess the bias introduced in

Jolly-Seber death-on'ly and open model Ñ., and $., by the loss of

each of these tag types, and (3) assess the bias introduced in estjmates
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when both tag types are used in combinatjon jn a mark-recapture

experi ment.

MATERIALS AND METHODS

Estimates of tag loss rates

Two types of individually numbered tags were used to mark lake

whitefish (conegonus cLupeafoynis) in a mark-recapture experiment

spanning six years in Lake 226 (referred to as LZZ6 hereafter), the

Experimentai Lakes Area, northwestern 0ntario (cleugh and Hauser

L971). L226 is a small (16.1 ha, Z*u* 14.7 m) double basin lake

d'ivided into halves (tzzø NE and LZz6 s[^J) using a vinyl curta.in.

Fìoy FD-6BB gun tags (Dell 1968) were used to mark 161 whitefish

captured and released durìng fall rg73 in L226 NE. Modjfied carlin

sew-on tags (l,rlhite and Beamish 7972) were used to mark the remaìning

whitefish caught in L226 NE from fall 1973 to fall 1977. When animals

lost tags, the sew-on tag was used to remark animals. This sew-on

tag was used in L226 sw from 1973 to r97l; gun tags were not used in

this basin. In addition to numbered tags, each fish was marked with

a partìal peìvic fjn clìp whjch was not regenerated during the course

of the study. l^Jhile fish were captured and released continuousìy from

7974 to 1977 during the ice-free seasons, more than 69% were caught

each year during a three week period each fall. Tag loss rates were

estÍmated us'ing onìy this fal I data; 'intervening samp'ling perìods were

omi tted.

when tag loss occurred, the type of tag lost was easily identified
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by the scar each left on the fish. The gun tag ìeft a scar only on

the side of the fish where it was jniected through the pterygionhores

beneath the dorsal fin. The sew-on tag left a scar on both sides of

the anìmal where the surgeon's needle was inserted during tagg'ing.

All animals wh'ich'lost tags were retagged wjth sew-on tags. Indirect

ev j dence that one coul d rel j ab'ly dì sti ngu'ish betr,leen tag tJ,oes I ost on

the basis of scar tissue comes from LZZ6 sw where no animals were

tagged wìth gun tags. 0f the fish recaptured from th'is basin that had

ìost tags, none had a tag scar on only one side of the fish as attri-
buted to gun tags jn 1226 NE. All had scars on both sides of the fish

beneath the dorsal fin.

The Robson-Regier (1966) model was used to estimate a tag loss

rate for those animals tagged wìth gun tags. t^lhile thjs model was

initjal'ly deve'loped for removal samp'lìng, where all animals were killed

at recapture, jt was still applìcable when recaptured an'imals were

returned to the popuìation (Arnason and Mills 1980). The necessary

conditions to use thìs model are that (1) recaptured animals that have

'lost tags are subsequently retagged so they are not confused with other

animals who have lost tags, (2) for all anima'ls captured and exhibìting

tag 1oss, the time when they were first captured and tagged is known,

and (3) tag ìoss occurs at a homogeneous rate per unit t'ime throughout

the experiment.

The Robson-Regier model was also used to estimate tag loss rates

for animals initialìy tagged with sew-on tags in both bas'ins. Since

fish were marked throughout the study with th'is type of tag, the model

is not strictly approprìate s'ince it was developed for estimating a

tag loss rate for animals marked on'ly during the first sampìing period.
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At this t'ime alternative models do not exist, so the tag ìoss rate for
seþr-on tags can be calculated as follows (Arnason and Mills 1980):

(1) construct a standard trellis diagram as in Ricker (197b)

for the number of observed tag retentíons for each year

of study.

(2) Distribute the total number of animals that have lost tags

among these strata in (1) according to the nroportion of each

caught and retaining tags in each sampìe.

(3) carry out the analysìs as descríbed in Robson and Reg.ier

( ie66) .

Simulation methods for determÍning bias

single tag type at a homogeneous rate

and from loss of a0iin Ñ.,

B'ias is the systematic error between the actual true value of a

parameter and an estimated value of that parameter (Arnason and Baniuk

l97B). The size of a b'ias (ìn expectation) can be defÍned as:

Bias = Estimated value - True value

= ñi-Nior
= oi-o'i

Mark-recapture computer s'imulations (Arnason and Baniuk 1978) were used

to determine the bias introduced in Ñ., and ô* from tag loss for aI"t
popu'lation s'imilar to LZZ6 NE wh jtefish. Prelimi nary L226 NE white-

fish populatjon parameters were used to construct the simulations where:

Nt = true populatjon at time 1, 683 fish

= true survjval rate between sampling

periods, 0.75

ô1
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= probabi ì ì ty an anima'l is captured,

0.22, at each sampìing períod

= total number of sampìes, each assumed

to be one year apart, 6

New entries, or birthse were not allowed in simurations; the popuìat.ions

were "cl osed", on'ly subject to d j I ut'ions by death. seven tag i oss

rates were tested: 0,5, 10, ?0,40 and 60% loss between each paìr

of successive sampììng perjods. Nine independent sìmulations were run

usi ng the Jol'ly-Seber "death-onìy" mode'l and the Jo'lly-seber "open',

model (;ot'ly 1965, seber 1973). The simulation technique (Arnason

and Baniuk i978) can be outlìned briefly as follows:

(1) The initial number of animals, 683 was first generated.

(2) A sampìe was drawn from thjs population and returned after

being marked

(3) The popuìat'ion underwent mortality at the specified rate.

(4) The marked subset underwent tag ioss at the specified rate;

animals that ìost tags joined the unmarked subset.

(5) A sample was dnawn from the population, recaptured animals

were tabulated, unmarked animals were marked and all animals

were then returned to the population.

(6) Steps three to five were repeated untjl the sampie number

equaled the total number specified.

(7) Ñi and $., were formed from the statistics gathered durìng

the simulat'ions along wìth Ñi and $, determined from the

known parameters.

All simulations were stochastic,

repì i cati ons (experimentaì runs

so successive N. and ô, for individualI"t
wi th the same true parameters but
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different random number streams) wil'l vary slightly. After nìne rep'lì-
cations' average values for N., , ôi, Ñr, ôr, and their standard errors

were câlculated. The standard errors were formed using the 'individual

Ni and 0., over the n'ine repì j cat j ons .

The criteria used to judge bìas ín Ñ., and ô., were:

(1) The relative size of the estjmated bias" or
;-
Ni - N.i or ôj _ 

O.i

whene the average sign impìies means over njne repiications"

(2) lllhether the bias was cons'istentìy posìtìve or negative over

success'ive ñ. o, ô, .tt

(3) whether the bias was significantìy different from "zero".

A bÍas was judged significant if it exceeded:

1.96 x standard error of the estimated bias

Arnason and Baniuk (ig7B) discuss this .in greater detail.

Simulation methods for determining bias in

where both tag types are used and tag loss

and ô., from a population

heterogeneous

N.l

is

In the case where two tag types were present in a population, and

each was lost at a different rate, generalized simulations at a variety

of tag loss rate combjnations as used in the prev'ious section were

impractìca'1. In this case, each subpopulation marked with a different

tag type was introduced as a cohort, with different tag loss rates for

each cohort:

cohort 1 - 161 animals all captured and tagged

at time 1 subjected to the gun-tag

loss rate, 18% per year.
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cohort 2 - 487 anjmals captured and tagged through-

out the sjmulation subjected to the sew-

on tag loss rate, L% per year.

Other parameters were the same as descnibed for the simulations of the

previous sectíon. The populations were closed; no births were allowed.

Twenty-five separate simulations were run for both the open and death-

only Jolly-seber models. The criteria used to judce bjas in Ñ. and-'ì
0i were as descrjbed in the previous section.

RESULTS

Estimates of tag loss rates for each tag type

Gun tags (Table 8.1) were lost at a much hìgher rate than sew-on

tags (Tables 8.2 and 8.3). The retention rate for gun tags was estim-

ated as 0.824 (standard error = 0.017), or if expressed as a loss rate,

17.6% per year. The retentjon rates for sew-on tags were s'imilar

between 1226 NE and L226 Sl,rl, 0.984 (S.E. = 0.00b) and 0.989 (S.E. =

0.004) respectìvely (or loss rates of 1.6?l and LI% per year).

The observed proportíons of animals retain'ing tags were very similar

to theoretical values generated from the Robson-Regier model (Tabìes

8.1 to 8.3) and goodness of fit tests confirmed that th'is model was

adequate for the data (gun tags: x2 = 0.70, p > 0.75, 3 cif ; ser,v-on

tags 1226 i'JE: x2 = 0.93, p > 0.75, 3df; sevr-on tags Lzz6 str: xz =

0.57, p > 0.7b, 3df) .
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Table 8.1. Tag retentìon frequency of gun tags from L?26 NE whitefish.
The expected retentjon for each sample is aìso presented,
based on results fror¡ the Robson-Reg'ier (1966) model where
the retention rate (i) = 0.824, SE (Ê) = 0.077,

Sampìe tjme
after release

(r) Year R.'l L.
'¡

Retenti on
R.'/(n,+1, )

Exp ected
retent'ion

(rt)

L

2

3

4

t97 4

r97 5

r97 6

r97 7

60

53

42

I2

11

25

36

13

0.845

0.679

0. 538

0. 480

0.824

0.679

0. 559

0. 461
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Table 8.2. The tag retention trellis (A) and estjmated tag retentìon
frequency of sew-on tags (B) tor LZZ6 NE whjtefish. The
distributjon of tag losses among release strata (j) is
indicated ìn parentheses. The expected retentjon for each
samp'le is also presented based on Robson-Reqier (1966) model
results where the retention rate (Ê) = 0.984, SE (Ê) = 0.005.

Year of
release

(i )

New tags
added

Year of recapture

7974 1975 197 6 1977

7973 122

1974 68

197 5 39

197 6 56

Total retenti ons

Total I osses

48(0) 4e(1)

53(1)

56(2)

7r(2)

54(1)

181

5

11(1)

16(1)

23(1)

i1(1)

61

4

4B

0

10?

2

Sampìe time
after release

(r) Rj L.
1

Retenti on
R./R.+1.l' 'l 'l

Expected
retenti on

(rt)

1

?

3

+

r66

143

72

11

3

4

3

1

0.982

0.97 3

0. 960

0.917

0.984

0.969

0.953

0.938
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Table 8.3. The tag retent'ion trellis.(n) and estimated tag retention
frequency of sew-on tags (B) tor LZ26 St,l whitei.ish. The
di stribut'ion of tag I osses among rel ease strata (j ) .is
'indicated ìn parentheses. The expected retention of each
sample is also presented based on Robson-Regier (i966) model
results where the retention rate (Ê) = 0.989, SE (Ê) = 0.004.

Year of
release

(J /

Year of recapture
New tags

added 797 4 197 5 197 6 1977

1973 85

1974 198

1975 7I

197 6 28

Total retent'ions

Total I osses

48(0) 43(o)

81(1 )

124

1

3o( o)

7 5(2)

33 (1 )

1e(1)

31(1)

13 ( 1)

6(0)

69

3

4B

0

138

3

D
L)

Sample time
after rel ease

(t) L.
I

Ri
Retention
(Rj/Ri+Lj )

Expected
retent'ion

(ñt)

1

2

J

4

i68

131

61

19

2

1

i

0.988

0.97 8

0. 984

0.950

0. 989

0.978

0.967

0.957
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the death-only model

UanV Ñ, were inflated as a result of tag loss (faUle 8.4), and

in general death-onìy Ñ., were very susceptible to bias from tag loss.

The first relatÍvely ìarge bias in Ñ., occurred between 5 and 10% tag

ioss per year. This was also the point when biases became consistent,

aìways resulting in sign'ifìcantìy'larger Ñ., than true Ñr. The biases

of Ñ., for eariy sampling periods were genera'l1y greater than those of
'later Ñ., regardless of tag 'loss rate.

Tag loss had no detectable effect on most surv'ival estimates

(Table 8.5). l,l'ith the exception of the extreme tag loss rate of 60%,

generaìlV ôi were rare'ly significantly different from true ôr. Other

signìficant differences at lower tag loss rates showed no consistent

pattern. Use of either tag type wouìd not result in detectable bias

in ô..,1

Bias 'introduced in Ñ., and ô., by each tag type: the open modeì

Open modeì N.' were very robust to violations of the no tag'loss

assumption regardless of the tag loss rate (Table 8.6). No estimate

of N1 is available using this model, but succeed'ing Ñi showed no

perceptibl e b'ias.

Open model $., were in generaì sporadic at tag loss rates greater

than or equal to 5% per year (Table 8.7). Many times $., were signifi-

cantly less than true ôr. In generaì, as the tag loss rate increased,

negat'ive bias of ô.¡ became ìarger.
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Table 8.4. Average bias of population est'imates (Ñ- ) from true N. over n.ine
independent simulations at each tag 1os{ rate, using t¡" ¿ollv-seber "death-onìy" model. see texi for a moré deùaileo --''r
.-*

Sampl e
(i )

Average true
popu ì ati on

size(ñ-) o.o o.o1 o.os''t'

Tag ìoss rate

0.10 0.15 0.20 0.40 0.60

Average b'ias of
***105 258 375
***38 I77 224

**
36 82 i69

*6 47 74

77 17 35*

**419 1330
**278 779

**211 444
**158 243
**110 r44

N.
1

1

2

J

4

5

683

511

382

289

218

i5

24

-10

-t7
oo

17

-16

0

21

35

2666

2242

1 056

979

256

ìk

*

Sìgnifi cant difference between ano Ñr, p < 0.05.ñ.
1

Table 8.5. Average bias of survival estimates (6.) from true 6* over nine
'independent s'imulatìons at each tag ìóss rate using'the Jol ly-
Seber "death-only" mode'l. See text for a more detailed
expl anati on .

Samp'ìe
(ì )

True survival
ra te
(01)

Tag loss rate

0.05 0.10 0.i5 0.200.0. 0.01 0.40 0.60

i

2

3

4

0.7 5

0.7 5

0.7 5

0.75

0.02 -0.04

-0.05 0.02

-0.02 0.05

0.02 -0.01

Average bias of

-0. 05 -0. 02 -0.05
*0.01 -0.07 0.01

-0. 03 -0 . 03 -0. 0B

0.03 -0.04 -0.04

-0. 0B 0.06

-0.08 -0.20
++

-0.13 -0.72

0.11 -0.25

ó."l

-0. 03

0.02

-0.12

-0.08

ìk

*

Significant difference between p., ana [r, p < 0.05.



Table 8.6. Average bias of popqlation estimates (Ñr) from true Ni over nine
independent simulatíons at each tag losd rate using the Joìly-
Seber "open" mod detaj l ed éxpl anati on .

Average true
popu I ati on

size
(Ni ) o.o o.oi o.o5

119

Tag loss rate

0.10 0. i5 0.?0 0.40 0.60
Sampì e
(i )

Average bias

aa
-27 30

-33 -6

30 -2

-25 2

aa
105 38

6 -7I

13 -92
*-54 -94

of N.'l

1

2

3

4

5

a

46

-7

46

16

683

513

384

289

216

a

-43

-1
-28

-1

a

-49

o

-22

L7

a

30

35

10

6

a No estimate available.
*

Significant difference between
:

andN'p<0.05.N.
't
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when both tag types were present and jostBi as i ntroduced

heterogeneous ìy

Death-only model N., were severely inflated due to tag loss (Tabìe

8.8) wh'ile death-onìy fr. were not perceptiveiy biased. Generally, early

N, were more biased than later estimates.

Open model Ñ, were generally not perceptìvely biased (Table 8.9)

except N' which was an underestimate by approximateìy 8.8%. Open

model ôi were sìgn'ificantly b'iased for two periods and three of the

four were underestimates.

DISCUSSION

The 18% gun tag loss rate and the one to two percent sew-on tag

loss rate determined'in this study were well within the range of those

previously reported. Tag loss has varied from essentialìy no tag loss

(MacCrìnmon and Robbins 1979) to over 70% per year (Armstrong and

Blackett 1966) using other tagg'ing methods. Whìte and Beamish (I972)

reported tag ìoss rates after three years of 17% for smallmouth bass

(aícropterus doLomíeui) and 0.6% for white sucker (Catostorm,Ls eorrunersoni)

using similar sew-on tags. Carline and Brynildson (tglZ) found that

brook trout (SalueLinus fontinaLis) lost gun tags at rates of 5.7 and

2.0% for two independent trials of eìght months each. Any convers'ion

of Carline and Bryn'ildson's rates to annual rates for comparison to the

whitefish gun-tag loss rate 'is probably m'isIeadìng. Their study

occurred over winter months when l'ittle fish growth was occurring.

Catch records for L226 whitefish indicated that most tag loss occurred

0i



Table 8.8. Results of
.824, yz =

722

25 simulat1ons when tag loss was heterogeneous (rr =
.984) using the death-õnìy model.

SE(Bias
x 1.96

SE(Bias ó. )
x 1-96 |

ñ., ) - Bjas
o. ó. ó.'l 'l 'i

Time 7 _ Bias
(i) Ni ñi ñi

i
2

3

4

5

740 648

546 486

407 365

312 273

212 205

*
92

*
61

+
43

+
37^

7

26

30

30

23

22

.7 42

.753

.7 59

.67 5

"7 48

.750

.7 57

.7 47

.045

. 057

.059

.078

-.006

.003

.002

-.072

SÍgnificant difference between ñ., and 0.05.

Table 8.9. Results of 25 simulations when tag'loss was heterogeneous (ri =
.B?4, 12 = .984) using the open módel

ñr, P.

Time
(i)

:
N.,) - Biasl^7 0. ó. ó.'l "t '1

7 - Bias
Nj Ni Ni

SE (Bi as
x 1.96

SE(Bìas
x 1.96

î'ai/

1

2

3

4

5

6

31

34

30

22

442

367

287

188

648

*485 -43

363 4

270 7

202 -14

153

.67 5

.737

.753

.644

.748

.7 48

.7 44

.749

.7 55

*
- .073

-.011

.009
*

-.105

.045

.055

.07 6

.080

N. or ã.'1 ''t
N.

1
and $r, p < 0.05.Sì gnificance dífference between and
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during the sunmer months when fish are actÍveìy growing. carrine and

Brynildson's estimates are therefore probab'ly underestjmates if con-

verted to annual rates.

The simulations'involving homogeneous tag loss indicate that the

use of gun tags would serjously bias death-on'ly modeì Ñ., and open model

ôj' The sjmulatjons also show that either model could be used to form

N.i and g, for an'imaìs tagged with the sew-on tags. The bias ìs part.icu-

larìy crucial for the death-only model Ñi. As a generaì rule, in any

multipìe mark-recapture experiment, Ñ.i for samples occurring earìy .in

the study have smaller standard errors, and therefore greater precisìon

than later Ñ., if true survival is in fact h.igh (say ôi = 0.5 or greater)

and samp'ling intensity is relative]y constant at reasonable levels
(say P.¡ = 0.1 or more). The obvious result of this is that when

interpretìng a string of successive Ñr, much greater confidence is
p'laced in the early Ñr. since early Ñ., are also those most subject

to tag loss b'ias, ìarge interpretive errors could result. The simu-

lations show that these early Ñ, can be sìgnÍf.icantìy biased at tag

loss rates as low as 5% per year. It is therefore essential that tag

loss be very low if the death-onìy model Ñi are used.

The results of the simulations show that under conditions of

homogeneous tag loss, even at low rates, sìgnificant]y biased death-

only Ñ, can occur, but that even in the presence of substantial homo-

geneous tag loss, valid Ñi can be formed usjng the open model on a

population which is in fact "closed". In this case, the est.imate of

births tarl that the open mode'r produces may be a rough estimate of

the number of fish that have lost tags, though the standard errors

assocìated with Bi are usual'ly so ìarge that B.¡ are essentially
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meaningless. In general, most Jolìy-Seber B¡ even under ideal simu-

lation condìtjons when there are no violations of any assumption, are

very poor unless a very ìarge proportion of the population is caught

in each sampìe (say P, t 0.4).

Valìd $t can be formed more readiìy with the death-only modeì than

wjth the open model under condjtions of homogeneous tag ìoss. gpen modeì

estimates of ôi are generally underestimates because they are the pro-

duct of the true fr.i and the tag retention rate. l.Jhile death-onìy $-

are sl ight]y negativeìy biased (Arnason and Mjlls 19g0), th'is bias is

negligible, usuaì]y with'in the precision of $, (bias << standard error

of ô.)."t '

The results of the simulations under the partìcular set of condj-

tions of heterogeneous tag'loss show that if the open model is used

when the popu'lation is in fact closed, estimates are fairìy robust.

0nly one biased Ñ., *u, detected, but the bias was small and could well

be within the experimental standard error of the estimate. Thjs situ-
ation could occur in many field studies, where one high ìoss tag type

is abandoned for another low loss type during the experiment. The bias

tag loss heterogeneity introduces in Ñ, would probab'ly be slight.

Based on these simulation results, the open model should be used to

form N.t for L226 NE whitefish where tag loss was occurring at a

heterogeneous rate.

The simulations involving tag loss lead to two obvious quest'ions:

(1) If open model Ñi are more robust to violat.ions of the no

tag 'loss assumption, why not use the open model exclusively

to deriu. Ñ., when'in fact the death-only model is more

appropri ate?
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(2) sjnce the open model Ni are very robust to tag loss when the

populatìon 'is closed, how robust to tag loss are open modeì

Ñ. when births are in fact occurring (the population is'l

open ) ?

The answer to the fjrst question 'is two-fold. First, an estìmate

of the population size is avaìlable for the first sample using the

death-only model while it is not available using the open model. The

fìrst Ñ, that can be formed is for the second samp'le usjng the open

model. Second, since the open model estimates an addjtional parameter,

Bt, compared to the death-on1y model, the precision associated w'ith

open modeì Ñ., and fr., is much poorer than death-only estimates. l^lhen

mark-recapture data are collected associated with mjnimal tag loss, ìt
is genenaì1y more efficient to use the death-only modeì than the open

model.

The answer to the second question is more complicated than the

evaluation of tag loss on the closed population s'ince an addjtjonal

parameter, Bi, is added. Arnason and Mills (1980) dìscuss the theoret'i-

cal bias in each parameter under these cond'it'ions. Some pre'liminary

simulations (Mills, unpublished data) with'the rur. ôr, N1, Pi as in

the previous death-on'ly simulations , indi cate that when b'irths occur

at a constant rate equaì to the death rate, that Ñ, are on'ly sìight'ly

posì ti veìy b j ased and probab]y due to smal l samp'le bi as rather than

than tag loss (Arnason and Mjlls 1981). This b'ias is very small and

not signifìcant compared to the precisìon of Ñr. The ô., under these

conditions are sometimes biased in a similar fashion to the open model

estimates for the closed population, but that assocjated precision

levels are poor. The B, are erratic, sometjmes reflecting the combina-



126

tion of new recru'its and animals that have lost tags, and other times

much larger than true values. Theoretical anaìyses (Arnason and Mills

1980) sfrow ô', estjmate a compìicated function of B- (the true recruits),

tag losses (artificia'l recrujts to the unmarked popuìation) and N.,.

Because the standard errors of Ê., are almost a'lways 1arge, the estimates

are of dubious value.

Tag loss can significantìy bias Ñ., anO [r. Every effort should

be made to minimize tag loss in mark-recapture popu'lation studies.

There is a great volume of previous'ly published tag loss rates for

many tag types. These should be used as a gu'ide for tag choice for a

specìes. In addition, aìì fish should be double tagged. Thjs can

consist of one numbered tag and a batch mark such as a fin c'l'ip as

used jn this study. In a more recent study usìng lake trout (saLueLinus

namaycush), I^lelch and Mills (1981) tagged fish with sew-on tags and

batch marked these fish'in two ways. First, by part'ial'ly c'lipping a

fin and second, by puncturing dorsal fin-rays systematicaììy according

to the samplìng period when captured. The puncture heals to form a

prominent lump where the ray was p'ierced. In this way, an entìre

fìsh's capture h'istory can be read from the rays of the dorsal fin.

Even is a fjsh loses its tag, the information necessary for the Jo'l'ly-

Seber models is stjll available and the tag loss will not bias any

est'imates.
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Appendix C. Tests of the assumption of equal catchabiìity

I NTRODUCT I ON

Almost all current mark-recapture techniques require that every

indjvidual alive ìn a population at a part'icular sample time has the

same probabjl'ity of being captured in that sampìe. More specÍfìcally,
'in actual experìments this assumption usually means that once an animal

is tagged, the probabil'ity of recapturing this animal is the same as

for other untagged animals or tagged animaìs, and that animals do not

become trap shy after beìng recaptured on multiple occasions. Docu-

mented violations of this assumption are numerous (see Cormack 1968 for
a review), but Buck and rhoits (1965) is a classic examnle. ln
this experjment, 15 ponds were drajned after conducting mark-recapture

experiments. The popu'lation estimates obtained from the Peterson model

were compared with the actual number of fish counted after the ponds

were drajned. A substantial portìon of many populatjons were uncatch-

abìe, resulting in popuìation estimates which were as much as 78% under

the true numbers. As a genera'l rule, violations of thjs assumptìon

involving trap avoidance by marked animals result in smaller numbers of

recaptures for individual sampf ing periods and subsequent overestimates

ot Ñ, using the Jolly-seber models (Arnason and Banjuk r97B;Otis et

al. 1978). Where unequal catchablìity is due to some animaìs having a

much h'igher than average probabil'ity of being caught or some animals

havi ng zero probab'iì'ity of bei ng caught, the reverse occurs, gi vi ng

underestimates of Ñr.
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MATERIALS AND METHODS

various tests have been proposed to evaluate the hypothesis of

equai catchabiìity for multjpìe mark-recapture experiments (Seber i973),

but the Leslie-Carothers test (Carothers I97I, 1973) has replaced others

as a general test of equaì catchabil'ity over the entjre string of samp'ìes

(i) ìn an experiment (Seber 1973). It makes more efficient use of mark-

recapture informat'ion and is more general in its application than previous

tests. In particular, the data matrix used for calculation of the test

statistic can be mod'ified according to the closure assumptions of the

mark-recapture model used for data analysis (Tabìe c.1). Generalìy,

the more restrictive the model, the larger the data base for anaìysìs

and therefore the more powerfu'l the analysis. It is essentiaììy a

randomization test, sjmjlar to Cochran's test for related observat'ions

(Conover 7971).

The Leslie-Carothers test of equaì catchabìlìty was appl'ied to the

individual capture histories from tagged animals for both L?26 NE and

Slrl. Since the populations in each basin were stratìfied to be "closed",

subject to death-on]y, capture histories were modified to reflect the

known presence of animals at sample time one even though they may have

been seen for the first t'ime later. changes in the data blocks from

the standard data format are ìllustrated in Table C.1. Since the data

blocks used in this analysjs were large, the Carother's suggested

minimal mean number of captures per individual per bìock for the test

was reduced from i.5 to 0.98. In addition, data used in this test

should satÍsfy the closure (death-on]y) assumptÍon and the no tag loss

assumption. To satisfy the no tag loss assumption, capture histories
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Table C.i. Capture histories for five fish arranged for (A) the "full"
Jo'ìly-seber modeJ and (B) the "death-onìy" Jo11y-Seber model,prior to forming bìocks for the Leslie-carothers test of
equal catchìbility. If an animal is seen at time (i), then
a ¡r1rr is recorded. If an anjmal .is not seen at tjme (j ), at'*

F'ish# Time 7 2 3

Capture h'istory

4 5 6 7 B 9 10 11

1

2

.)
J

4

5

0

1',

*
0

0

*
0

1

*
0

1

U

1'

1'

0

0

1

0

A

0

1

0

0

0

1'

1'

0

1',

1'

1',

1' 0

0

0

0

q

1

4

2

a
J

*
0

1

*
0

*
0

*
0

0

0

0

0

0

B

*
0

0

0

1

0

*
0

0

0

1'

1',

1',

1'0

1

1

0

1

0

0

0

0

i

01
0 1'

1 1'

1'
*

0

Captures which do not contríbute to

Addi t'ional capture h'istory data due
prior to first capture.

the test.

to known presence of animals
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from gun-tagged fish, were removed prìor to ana'lyses.

while the Leslie-carothers test ìs a generaì test covering the

ent'ire study, Po'llock (1975) suggests constructing two-by-two cont jn-

gency tables to test equa'l catabíiity for each individual sample

(j). These tests utilize the comp'lete capture histories of animals to

calculate the number of animals aljve at (j) as the sume of those

captured at (i) plus those captured for the first time.in subsequent

sampììng periods. The tests are independent, and indiv.idual ¡2 can

be added as an overall test of equal catchabilìty. Before individual

cont'ingency tables were constructed, data were abri dged to sat.isfy

the other Jo'l'ly-Seber death-onìy mode'l assumptions as .in the Lesl ie-

carothers test. In generaì, (mr) and (nr) must be fairìy ìarge through-

out the study to form meaningful tests. The Pollock tests are useful

for test'ing for specific causes of unequal catchabjlity, and so are a

useful supplement to the general Leslie-carothers test. The test in
Table c.3 stratifies the data into marked and unmarked classes, and

hence tests if mark status affects catchabiiìty. similarly, other

stratifícations (e.g.by age, sex, etc.) can be used (hJhite 197b).

RESULTS

No heterogeneous catchability was detected in either the Nt or Slal

basin wh'itefish data (Tables C.2 and C.3). Block sizes were extremely

large for the Leslie-carothers test, resulting 'in extremely powerful

tests.



Table C.2. Summary of Lesl'ie-Carothers test of equal catchibì'lity for,t- 
_

Mean no. capture/row
No. No.

Bl ock Rows Col umns Observed Expected
(var. )

133

Prob.
x2 df I evel

L226 NE

1

2

J

4

L226 SW

i

2

J

57

B9

4L

32

55

95

34

9

ôo

7

5

1.82(0.015)

1.54 (0.007)

0.e8 (0.01e)

1.44 (0.020)

i. e5( 0.014)

1.36( o. oo6)

1.09 ( 0.022)

274.8 278 0.50

798.2 183 0.76

1.96

1 .40

f.i4
0. 91

1.86

1.30

1 .11

I
o(J

7
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Table C.3. Comparìsons of capture frequencies of marked and unmarked
whj tefi sh to detect unequal catchabi I j ty. An exampl e tabl e(A) using Joì'ly,s (1965) notat.ion and räsults (B).'

Known number unmarked
and al'ive in populat'ion

Known number marked
and al íve in population

Seen at i Not seen at i

S.1 (nro) N.1 (rnro)
J>L

S.2 (m.' ) N.2 (ri)

D
L)

Basin Da te
Samp ì e
(i) s.l s.z N.1 N.2 x2 df

L226 NE

L226 SW

Ju'ìy 74
Sept 74
June 75
Juìy 75
Aug 75
Sept-0ct
May 76
Sept-0ct

i93 62
i34 73
92 94
72 118
70 r42
51 97
28 80
716

251 46
209 57
146 62
127 99
95 114
55 65
38 84
6 18

0.63
0.02
0.45
r.07
0. 06
O. BB

0.23
3.29

6.63 8b

3.74 1

2.80 1

0.01 1

0.40 1

3.26 1

2.61 1

0.26 1

0.01 1

13.09 B

1a
1

1

1

1

1

1

i

46
59
38
20

2
19
?3
19

229
425
63 26
25 25
26 L7
40 73
t7 45
32 94

4
5

6
7
ôo
9

10
11

2

5

6
7

C)

9
10
11

75

76

75

76

i1
31
36
¿5

Ã

49
56

r02

l{ay 7 4
Aug 74
}ct 74
May 75
Juìy 75
Sept-0ct
May 76
Sept-0ct

the P.OU = 3.84

the P.OU = 15.5
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DISCUSSiON

The value of using two technìques for capture-recapture of L2z6

whitefish 'is clear. Trapnet catch-per-unit effort (C/f) dropped

progressively jn both basins throughout the study (Table C.4). This

impiìes that ejther changes in catchabì1ity" heterogeneous survival,

or changes in activity were occurring. lrJhile heterogeneous survival

was occurring 'in ear'ly summer 1974 (Appendix D) , no additional periods

of unequal survival were detected durÍng the remainder of the study to

explaìn the decreasing C/f using trapnet data. The suppìementary

gillnetting in 1975 through L977 apparentìy compensated for the trapnet

bias.

tdhi le simulations have shown the Lesl'ie-Carothers test to be fai rly

efficient (Carothers 1971), both it and Pollock's tests are limited to

detecting di fferences in catchabì'lity between on'ly the f j rst capture

and last recapture of animals for the full Jolìy-Seber model, and only

between the first samp'ling period and the last recapture in the death-

oniy modeì. The tests wìll not detect unequal catchabjl'ity for a group

of animals which may be marked, but become compìeteìy uncatchable, never

recaptured throughout the experiment. These animals would probably be

detected during tests of survival heterogeneity (Appendix B), since

they would be treated in the model as mortalities.

A more severe situatjon occurs when a subset of the population

has zero catchab'ility, fish present in a lake but never caught through-

out the study. The only method for detecting thìs type of unequal

catchabi'l ì ty woui d be by dra'ining the I ake ,as Buck and Tho'its (1965 )

did in ponds. In a lake as small as L226, where two types of netting
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Table c.4. whitefish catch per unit effort using trapnets for
L226t the unit of effort was one net set îor one
overn'ight period. The number of trapnet overnìghtr.tt t.. t..r tt ttt

Year NE

Basin
Si^J Combi ned

1973

r97 4

197 5

197 6

7977

24.4

(to1

7. 53

(57 )

6. 89

(148)

6. 39

(72)

r,62

(Be)

15.3

(8)

4. 53

(66 )

2.56

(r7 4)

2.42

(54)

i .31

(34 )

2r.7

(24)

5.92

(i23)

4.52

(322)

4.63

(tzo¡

1. 53

(123)
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have occurred intensive'ly throughout the lake over a five year period,

it is highìy unlikeìy that a group of whitefish could exist without

being caught eventually.
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Appendix D. Tests of the assumption of equal surv.ival

I NTRODUCTION

Almost all mark-recapture methods requ'ire that each anìmal has

the same probabiìity of surviv'ing from time (i ) to (ì+t) as any other

an'imal. Examp'les of survival heterogeneity are numerous (see Cormack

i968 or Rìcker 1975 for reviews), but its effects on results from

Jolìy-seber models are relativeìy unknown. Manìy (19i0) has shown

that the Jolly-Seber model ìs fairiy robust to age-dependent morta'lity,

though h'igh infant mortality may bias estimates. Arnason and Baniuk

(1978) suggest estimates of population size (Ñ, using Jo'lly,s 1965

notat'ion) are robust to failure of thjs assumption, but'it can have

serious effects on the accuracy and meaning of survival estimates (ôi).

Manly's conclusions were based on a limìted number of s'imulatìons using

eìtherincreasìng morta'lity with fish age, or very high infant mortality

followed by homogeneous mortalìty at later age. Arnason and Banjuk's

conclusions were based on theoretical considerations.

I used Arnason and Ban'iuk's simulation methods to determine the

extent of bias introduced in both "fulI" and "death-on1y" Jolìy-Seber

model estimates when heterogeneous survival occurred. I used simulat'ion

parameters similar to those in Append'ix B (ôf = 0.75, N, = 700, P, =

0.22, Bl = 0). I simulated a form of heterogeneous mortaìity by setting

survival for all animals captured and released from sample three (si)

to 25% to sampìe four. Animals caught at time three experienced a

higher rate of mortality than other animals caught through the study or
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other animals present'in the popuìation but not caught at time three.

These simulat'ions (Table D.0) showed that both death_only and fuìì
model Ñ, *.r. severeìy b'iased by this heterogeneous mortality. In

addit'ion, the survival est'imates from sample two to sample three

(02) were consjstently greater than 100% for all simulatjons (severeìy

biased), and the survival estjmates from sample three to sampìe four
(ô3) were sìgnificant underestimates. l,lhjle the full model was an

acceptab'le alternative to the death-oniy model when tag loss was

present (Appendix B), both models produced seriousìy b'iased estjmates

under conditions of heterogeneous survjval. Simulat'ions of other, more

serious forms of heterogeneous survÍval with baselìne parameters similar

to those of rable c.1 gave similar results; both Ñ= and ô. can berl
seriously biased by heterogeneous survival. In addition, Arnason and

Banjuk (tgZg) have proposed alterations in Jol'ly-Seber formulae to com-

pensate for heterogeneous survival, but results from these anaìyses under

conditions of heterogeneous survival similar to Table 1 show little gain

in robustness of model est'imates.

Tests of the assumptions of equal survival using reaì populations

of animals are usually limíted by small sample sizes and low recapture

rates. Robson (1969) has suggested using two-by-two contingency tables

to test this assumption for detecting increased mortality among newly

marked animals. Capture-recapture data for L226 whitefjsh were adequate

to test the equa'l survival assumption for a wide range of causes of

unequa'l survi val def i ned bel ow:

(D.1) Handl Íng effects: whether an animal 's survival was influenced

by the sequence of events after capture (anesthetization,

weighing, tagging, etc. ).
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Table D.0. Results of 25 simulatjons us'ing the Jolly-Seber full and death-
only models when survìval heterogeneìty was occurrjng between
sample times three and four. Surv'ival of anjmals captured and
released from sample three was 25%, wh'ile all other anjmals
had survival rates of 75%. See text for a more complete
expì anati on.

Time
(i ) õió.''l

: - Bias
N. N. Ñ.111

;
SE(Bias N. )x1.96 |

SE(Bias
x i.96

Bi as
õi

ôr)

Ful I Model

1

2

3

4

Ã
J

6

700

524 527

1235 395

253 253

r.69 191

r44

-3

g40*d

0

-¿¿

54.9

534.3

31.8

19 .6

25.5

20.0

111.3

20.0

22.2

0.7 4

ì1.004

0.27

0.7r

0.7 4

ì 1.004

0.25

0.73

0 .7 5 -0.01

0.75 ì0.25b

0.64 0.37*d

0.7 5 -0. 04

0.75

0.75

0.64

0.75

0. 01

ì0.25

0. 3 g*d

0.02

0. 05

_c

0. 04

0.08

0.02

-c

0. 03

0. 0B

Death-only Mode'ì

1

2

3

4

5

6

700 700

514 522

1027 392

24r 249

183 189

r42

0

-B

63 5*d

o- (_)

-6

a Estimate 11.00, reset to 1.00.

b Minimal bias, since õi *u, ì1.00.
c No estimate possìbìe, since ô., ì1.00.
d Sign'ificant differencê, p < 0.05.
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{D.2) Method of capture: whether animals gillnetted at ('i) had

a different survival rate than animals trapnetted at (j ).
(D.3) Tagging: whether anímals first tagged at (i) had a different

survival rate after release than animals previously tagged

(Robson's (1969) "type 1" loss).

(D.4) Previous capture hìstory: whether the total number of

tìmes an animal was recaptured prìor to (i) affected its

survival after release.

(D.5) t,Jh'itefish age: whether an anjmal's survival rate after

release was correlated with his age.

(D.6) Whjtefish length: whether whitefjsh survival after release

was correlated with s'ize at capture.

(D.i) t.Jhitefish sex: whether males have a different survival rate

than females after sampìing and release.

MATERIALS AND MTTHODS

All tests of the equal survival assumption requ'ire that indivjdual

capture histories are collected for each rvhitefish; therefore, on'ly

data from tagged whitefish were used for these tests. In addition,

data should have previously satisfied (A) the closure assumptìon, (B)

the no tag ìoss assumption, and (C) the equa'l catchabjlity assumptìon

Since the presence of new'ly recru'ited whitefish from the 7973 to 1977

year classes violated the closure assumptìon, they were excluded from

all tests used to detect surv'ival heterogeneity. In add'ition, these

animals were batch marked, so that individual capture histories were

not avajlable. Similarìy, whitefish tagged w'ith gun tags violated the
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no tag loss assumptìon and these were also excluded. If these data

were included, test results would be confounded; signifjcant results

could occur either because of differential survival or tag loss among

s trata .

Contingency tables (Robson 1969; Seber L973) were constructed to

test each of the ind'ividual causes of survival heterogeneìty D.1 to

0.7. The test statjstic was ¡2; the level of signifìcance was the 5%

level and all tests were two ta'iled except D.1, which was one tailed.

Yates correction for continuity was not used; recent authors (summarìzed

in Conover I97L) have shown that jts use makes ¡2 overly conservative.

In general, 'individual contingency tables were constructed for

each sampling period (i) as follows: the animals released (s.,) from

samp'le (i) were divjded jnto two or more subgroups based on the presence

or absence of an attribute and recaptures from this sample (Rr) were

tabulated for each subgroup. An example contingency table for each

test'is presented in the results section. The criteria used to form

subgroups for each test are discussed below:

(D.1) Handìing: a population subset which has been captured (ni),

sampled and released (si) may have a lower survival rate

than fish not caught in the sample (nr). If fish die during

the capture-sampling procedure, the Jolly-Seber est'imates

can be adjusted for this type of loss on capture, but if fish

die of handlìng stress after release, a more serious problem

occurs. The problem can be difficult to diagnose, especial'ly

if animals initialìy sw'im away from the release site appar-

ently norma'1ly. Unless the genera'l recapture rate is high

over the popuìation study period, there is littìe hope of
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detecting this type of survival heterogeneity. If, in general,

the recaptune rate is high for most samp.ling períods, g¡¿ 1o*

for a few' excessive handling mortality may have been occurring

for these latter perìods.

A test of the above situatión is possible using an approximate

one taiìed x2 test described by conover (1971). cont.ingency

tables are constructed for consecutive pairs of sampììng periods,

(j) and (i-1). The test follows the form ouilined in Table D.1.

It is based on the assumption that animals caught at (i-1) under-

go the additional morta'lity between (i-1) and (i) that animals

caught at (i) escape. Therefore, more animals from (.i) should

be seen from (i+1) to the end of the experiment than from (i_1)

over the same time period.

An example of the above may clarify this test further:
(a) a sample is drawn from a population at time one

and animals are returned to the lake. A sampìe

'is drawn at time two and f.ish are also returned

to the lake. In this case (i) is second sampìe

and (i-1) is the first sampìe.

(b) the numbers of recaptures from each period are

tabulated from time three to the end of the string

of samples. These recaptures are represented

below bY "*n:

sampìe time 1

i-i
234567
i*****

*****

(c) if the proportion of recaptures reJative to

the number released is greater for (i-1) than
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for (i), the test is run. The assumption is

that a higher proport'ion of the animars rereased

from sample two should be necaptured from t.ime

three to tjme seven than those from sampìe one

over the same tjrne period. Animals released

from sample one undergo mortality between times

one and two prior to the capture of sample two.

If the reverse occurs, then animals handled and

released at time two have probab.ly undergone a

higher mortality than those released from sampìe

one.

since each samp'ling period can contribute to two tests,
a sìgnjficant result for a sampìing period (i) indicates

that the following test, (i) with (i+i) may be severely

biased and should be viewed w'ith caution. A further
pairing of (ì-1) and (i+t) should be performed since

the heterogeneous survival at (i) may b.ias any other

test in which ('i) is involved.
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(D.2) Method of capture: trapnets and gillnets were used durìng

sampling periods in Sept.-0ct. I975, May 1976 and Sept.-

Oct. 1976. Subgroups for tests were fìsh caught gi1'l-

netting and those caught us'ing trapnets. Because x2 tests

were independent, indivjdual x2 from each test are additjve

to gìve a more powerful overall test.

(D.3) Initial tagging mortaf ity: subgroups for each (i ) consisted

of newly tagged animals (nro) and anìmals whìch were tagged

previously (ri ).
(D.4) Previous capture hìstory: fish released at (i) were grouped

into classes according to the number of times prev'iousiy

seen: once, twìce, three or more times. When sample sizes

were very small for individual classes, samples were com-

bined. Since this test js identical to D.3 for sampìe tjmes

early in the experiment, samples two and three were omitted

from th'is analysis.

(D.5) t,'lh'itefish age: whitefish were aged usìng fin-ray sect'ions

(Mills and Beam'ish i980, Appendìx G). These ages were con-

verted into age in Sept.-0ct. 1973. Since capture-recapture

frequencìes were low for individual age classes, subgroups

were formed as follows:

Group

1

2

3

4

Agg.in i973

1+-3*

4*-6*
7+ - 10+

1i+ - ls+
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(D.6) tdhitef ish i ength: a.ll whitef ish lengths at f jrst capture

were converted to lengths in Sept.-0ct. Ig73 using back-

calculated lengths based on fin-ray ages (Appendix E).

l^lhitefish were then subgrouped as fol lows:

Group

55

Group

1

2

3

4

.l- J

16' - 25',

Fork lenqth in 1973 (mm)

776 - 250

251 - 300

301 - 350

35r - 425+

are a result of small sampìeThe unequal ìength intervals

sizes ìn groups one and four.

(D.7) Whjtefish sex: whjùefish were sexed durjng faì'ì sampììng

perìods in L226 SlnJ in 1974, 1975 and 1976 and in L226 NE 'in

1975 and I976. Sex was determined by gentiy squeezìng the

fish's abdomen, resuìting in egg or m'iìt expuìsion. Not

all fish were ripe since most spawning occurred at ice-up,

after fall sampl'ing. Sampìe sjzes for this test were very

small. Subgroups for the test consisted of males and females

released at each (i). Since indìvidual test were independent,

indjvidual x2 were combined to give a more powerfui test.

RESULTS

Results for each test D.1 to D.7 are presented in the corresponding

Tables D.1 to D.7, and summarized in Table D.8. Survival heterogene'ity

was detected for May and June 1974 in L226 NE, and for June and Juìy
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Table D.2. comparisons of trapnettìng and gìllnetting to detect
heterogeneity of survival due to capture method. An
example Table (A) wjth notatìon used in (B). S.ignífjcant
differences are jnd j catêd by ,'*".

(A)

seen not seen
I ater I ater

Caught by gillnet at (i)

Caught by trapnet at (i)

(B)

DFT.1
Samp'le
(j ) G.1 T.? x2G,2Basin Date

NE Sep-Oct i975

May 1976

Sep-Oct 1976

Tota I

Sep-0ct 1975

May i976

Sep-Oct 1976

Tota I

9

10

11

9

10

11

17 12 26 16

9 6 33 i9

22 41 22 23

74 74 6i

24294
32527

0.08 i
3.67 1

i.08 1

4.73 3

3.65 i
1.05 1

0.01 2

4.7r 3

9.44

Sld 25

2

12

NE&Sld
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Table D.3. Comparisons of recapture frequencies to detect survival
heterogeneíty due to initial tagging mortalìty (Robson's
typq I loss). An example table-(n) with notaiión usedin (B).

First seen at (j)

Seen prevì ous'ly

(A)

Seen not Seen
I ater I ater

F.1 I r.Z

R.i I R.2

(B)

Bas'in Date
Samp'le
(i )

2
Xr DFR.2R.1F.2F.1

L226 NE

L226 SW

llay 7 4
June 74
July 74
Sep 74
June 75
Juìy 75
Aug 754
Sep-0ct 75
14ay 7 6
Sep-0ct 76

l{ay 7 4
June 74
Juìy 74a
Aug 74
]ct 74
May 75
Juìy 75
Sep-Oct 75
May 76
Sep-Oct 76

10.36*
4.41
0.57
0.77
0.75
0.i1

3.72
0.05
0. 69

0. i1
3 .43

0.02
0.23
r.52
0.1i
1. 04
0.67
0.0i

6 11 9
10 31 4
32 12 10
35 21 22
22 16 25
14 6 15
103

13524
91029
3i029

2
J
4
5

6

7
aU

9

10
11

1385
29 44 11
561

26125
38 18 24
129Zo
L4 B 10
74 14 50
5623
5 11 26

2
J
4
5
6

7
oU

9

10
1i

i
2
2

i1
I4

8
IJ

26
29
64

4
6
0
2

9
7
7

32
25
53

Insufficient sample size.
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Table D'5' Comparisons-of,recäpture frequencies to detect survjval hetergeneity due to age of whitefish. Anexampìe table (A) wjth notation for (Bt.

Group Age

1-3

4-6

7- 10

il-15

16-25

seen not seen
I ater I ater

(A)

I

2

)

4

5

(B)

s.1 N.t

s.2 N.2

s.3 N.3

s.4 N.4

s.5 N.5

DFN.3N.2s.5s.4 N.Is.3s.2s.1 t{.4 N.5

Samp'le
tt J

Basin Age

6.38 3
0.30* I
1 0a a

1.70 2

U.¿/ J
0.51 2
2.20 3

0.22 3

2.3r 3

1.49 3

5.45 4
2.05 2
2.41 3

6.55 3
1.89. 3

0.68 2

1.72 2
4.46 4
0.30 3
1.24 4

4
i0
il

5

2
I
3
5
6

li
6

18

i
7

7

10
13

8
14

7
13

9
7

9
4
I

7
7

I9

3
9

13
I

7
i
2(
I

L2

I
2
9
¿

7
t2

9

7
7

L2

1a

2

6
l3
l9
l0
I

l3
23
37

65
72

?
6

15 t2 10
773
2102
6n
91411
86
537 ,
784
773
554
82013
655
6 15 tl
741
367

19 t4 20
\748

96
lt 20 t3
6 l0 77105

36
3

25
23
32
l4
I

20

l7

I
4

14

9
15

4
6

i
2
2
4

6
7_
go

9
l0
11

I
2
a

(
6
7

I
9

10
11

L226 NE Sep 73
l4ay 74
June 74
July 74
Sep 74
June 75
Juìy 75
Aug 75
Sep-Oct 75
l4ay 76
Sept-oct 76

1226 SW Oct 73
Hay 74
June 74
Juìy 74
Aug 74
9ct 74
Hay 75

Juìy 75
Sep-oct 75
Hay 76
Sep-Oct 76

10
6

16
4
1

4
3

T2
l1
10
t5

15
t4

6
15

a Insuffjcient sampìe sizes.
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Table D.7 Comparísons of
gene'ity due to
w'i th nota ti on
bY "¡,'

ma I es Sêêrl

females seen

recapture frequencies to detect survival hetero-
sex of an animal. A representative Table (A)

used in (B). Significant results are indjcated

(A)

seen not seen
I ater later

at

at

(r )

(j )

Basin Da te s.1 s.2 N.1 N.2 DFX2

L226 NE

L226 SW

NE&Sl^J

Sep-0ct

Sep-0ct

Total

}ct I974

Se p-0ct

Sep-0ct

Tota I

197 5

t97 6

197 5

r97 6

1i

22

6

Ã

2

I44

4

5

13

0. 15

0. 09

I

1

4

i0

9

10

T4

i9

4

5

13

2

1

1

1

0.24

1.03

0. 60

7.70

2 )').J..J.)

3.57
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1974 in 1226 Si.l. Handling mortaìity was detected also for L226 NE wh'ite-

fish sampled jn May and June 1974 along w'ith age related mortal'ity for

June 1974.

DISCUSS]ON

capture, tagging and later release of many fish specjes wjthout

excess'ive samp'l i ng mortal ì ti es ì s partì a1 ly dependent on the water

temperature used for holding fìsh during samplìng procedures (N'ikolsky

1963). As the lake epilimnet'ic temperature rises from early spring to

late summer, sampling mortalities increase. Detectíng losses during

sampling at high water temperatures is straightforward; fish general'ly

dje during samplÍng procedures. A more subtle situat'ion occurs when

fish appear to swim away satisfactori]y after sampring, only to die

shortly thereafter. It was obvious that fish were not reviving during

the July 7974 sampling period in L226 SW when epiljmnetic temperatures

were above 20oc. commencing with the follow'ing sampl'ing perìod, Juìy

1974 in L226 NE, the water temperature in contajners used for sampling

procedures was lowered below iOoC by using 'ice. After constructing
2injtial x similar to those in D.1 for detecting handìing mortality after

October 1974, it was obvious that this procedure was effective and that

handlìng mortalìty of fish that appeared healthy on release was occurrìng

before July 1974 sampììng. This mortaìity was detected for fish sampled

when epilimnetic temperatures were above 15oC. Therefore, duríng subse-

quent sampiìng ín 1975, 1976 and 1977, ice was used to lower the tempera-

ture of water used for field sampling when epíìimnetìc temperatures were

above r2oc. The handling mortality was probably responsible for the
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survival heterogeneity detected by test D.3 for LZ26 NE whitefish in

May and June 1974; mortality was greatest among newìy tagged fish. The

age related heterogeneity in June 1974 in L226 NE was also probabìy the

result of handììng mortality. This type of heterogeneìty was not present

in any other sampìing period throughout the study, and the interrelatjon-

shìp between mortalìty and age for the sample was comp'licated; both

younger and older fish suffered higher mortaf ity than those of intermed-

i ate age.

Inflated or erratic Ñ., result for (i) where survival heterogeneìty

occurs (Fig. D.1). The bias is large and makes interpretatjon of other

Ñj d'ifficult. In additìon, many fr, are inadmissible, greater than 1.0

(I00% survival). This might convince an investigator that some undetected

recruitment was occurring into the population and that the death-onìy

model should be abandoned in favor of the open model, which allows for

recruitment. Est'imates of bjrth (Êi ) would probab'ly be inconsistent and

hard to interpret.

Compensating for survival heterogene'ity can take two forms:

(1) Analyses that are robust to some.fa'ilures in the equal survivor-

ship assumption are available (Arnason and Banjuk 1978). These

technìques give Ñ., and $., that are somewhat less biased than

those from unmodified anaÌyses, but may result 'in a ìarge ìoss

of j nf ormati on or be no improvement over unmod'if ied est'imates .

This may take the form of a loss in the precision of Ñ, (Mills

unpublished data). Arnason's procedure a'lso requires the loss

of N1 and $r.

(?) An alternative is to omit data from samples when the assumption

'is v'iolated. StrÍctly speaking,'if onìy handling mortality is



Figure 0.1, Population estimates and confidence 'intervals for

L226 NE whitefish of the 1950-7972 age classes from

i973 to i975. Estimates where survival heterogeneìty

was detected are indicated bV (o). Capture histories

histories of gun-tagged fish were deleted prior to

analys'is, The asymmetric confidence intervals are

due to the inverse transformation used to correct

bi as i n the Jol I y-Seber formul ae.
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detected, and there is also no evídence of survival hetero-

geneity between animals caught at (i) based on some attrjbute
such as tag status, all capture histories should be deleted

where an'imals were caught at (i). Obviousìy a large amount

of capture information can be lost using th.is method.

(3) A third aìternative is to omit onìy those sampling periods

where the assumptÍon is violated. If only some capture histories

are affected by the survival heterogeneity, such as those

animals that are newly tagged at (i), omitting the sampling

period wi'lì delete all capture histories where animals were

first seen at (i) an¿ not seen again. Th.is technique aìso

offers the advantage of leaving other capture informatjon from

an an'imal's capture hìstory to contribute to the analysis.

There is a substantial gain in jnformation using this method

over the second technique.

The third alternative was the one followed for L226 whitefish.

Handling mortality affected animals which were first tagged at (i) while

a ìarge number of fjsh sampìed at (i) that were previously tagged were

seen again later (Table D.3). This method minimized the amount of infor-
mation lost by data deletion. The number of fish whose data h'istories

were deleted from 1226 NE was 42, and fron LZZ6 sill was 34. Since these

fish were known present prior to the samp'ling periods when survjval hetero-

gene'ity occurred, estimates for these periods could be mod'ified to account

for these animals. I chose not to make these changes sìnce re'lativeìy

s'imilar numbers of fish were deleted from each basin. Any corrections

would be similar between basins.
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Appendix E. A s'impìe method

whjtefjsh using

for back-cal cul atì ng 'lengths of I ake

fi n-ray secti ons

I NTRODUCTION

Back-calculations of ìength at age data have been used for many years

to obtain estimates of fish growth using scales (Tesch I97I; tverhart et

al. 1975). Similar measurements have been made on other bony structures

(DeBont 1967), but to date annual marks on fin-ray sections as a basis

for predicting fish length have not proved reliable (Tesch 1921).

Because scale ages are unreliable for many lake whitefjsh populations

(Mills and Beam'ish i9B0), then back-calculations based on these ages

are also many t'imes unreliable. The purpose of this study was to fjnd

a method for back-calculating lengths from fin-ray sectjons, and establish

its rel'iabilìty using a whole lake mark-recapture experiment.

MATTRIALS AND METHODS

Fin-rays were obtained from lake whitefish in Lake 226 (hereafter

referred to as L226) from 1973 to 1976 during a mark-recapture study of

the effects of nutrient addit'ion on wh'itefish populations. Details of

the fin-ray aging technique and tests of its validity are reported in

Mjlls and Beamìsh (1980).

Fìn-rays have not been used prevìously for back-calculatjons, probabìy

for three reasons : ( 1) trre 'ini t'ial poi nt of growth , the ,'focus " on scai es ,

js not distinguishable on fin-ray sections, (z) the shape of a f.in-ray

cross-section can change as a fish grows, and (3) as sections are cut
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progressively farther from the base of the fin, the number of dìstinguish-

able annuli can change, as does the shape of some fìn-ray sections. These

ptobìems were mìnimjzed by, (t) usíng the first annulus as an orjgín for
measuring fìn-ray lengths; (z) us.ing the same pìane of the upper part of

the first peìv'ic ray for alI back-calculations, and (3) only using one of

the finst five sections cut closest to the base of the pe]vic fjn. The

upper portion of the first peìv'ic ray (Fig.E.1) showed a mjnimal change

ìn shape as fish growth progressed. Growth of thjs sectjon was ììnearìy

related to growth in length of the fish (Fig. E.z). To test whether the

number of annuli in a section change in relation to how close a sect'ion

is cut from the base of a peìvic fin, fin-rays from z0 whitefish of a

variety of ìengths were sectioned unt'i1 onìy one-third of each remained.

The number of annuli observed in the upper part of the first ray did not

change over approximately one-third the ìength of the first fin-ray and

usually the first five sections make up less than one-tenth the length

of the ray, leaving a 'large marg'in for error. No significant differences

occurred between total cross-section fin-ray length and between distances

to'individual annuli within these sections among the five sections for
these twenty fish.

Fin-ray measurements were made using a compound mìcroscope wjth a

screen at 160x magn'ificat'ion. The relationship between individual white-

fish fork ìength and fin-ray ìength was ljnear but not direcily propor-

tional, so back-calculations were made according to the mod'ified direct

proportionalìty formuìa (Bagenal and Tesch I97g):

f.
li - c - --1- * 11 - c)

f
wherer li = length of fish when annuli I'i,, was formed



Figure E,1, The uppgr portion of the fjrst pe]vjc f.in-ray at

160x. The p'lane of the ray used for back calculation

is indicated by (- -).
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Figure E.2. The relationship between fin-ray section 'length in

cross secti on , as defi ned i n Fj gure E. 1 , and

corresponding fork 'length for 920 different whitefish

fron LZZ6. cross-sections were measured as in Fìgure

E.1 using a screen attachment on a m'icroscope (160x).
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I = length of fish at time fjn-ray was removed

fj = length to annulus',i" on the f.in_ray

f = total fin_ray cross_section length

c = correct'ion factor needed because the relationship

between fish ìength and fin-ray length is not dìrecily
proportional.

Four values of "c" were compared to determine wh'ich gave the minimal error
between back-caiculated fork-lengths and those observed jn the fjeld for
the same fish. Lengths back-calculated from fin-rays from recaptured

fish were compared to fork lengths observed for the same fish at initìal
marking one to three years earlier. The value of ,'c', is usualìy der-ived

from a regression of fish'length on fin-ray section length; "c" is the

intercept on the ìength axis. Two values of "c" were calculated using

the regression method, the first usìng the geometric regression (Steel

and rorrie (i960) of fish'length on fin-ray radius (c = 153) and the

second, using Rìcker's (tgZ¡) functional regression (c = i38) . The val ue

of "c" also should be that length when growth of the structure f.irst
occurs after first annulus format'ion. The other two values of ',c', were

based on averages calculated from observed fork lengths of whitefish.

The first was the average ìength of whjtefish in fall sampling prìor to

first annulus formatÍon (c = 9b) in 1923. The second was the average

l ength of wh'itef ish 'immedi ately af ter annul us formatíon duri ng spri ng

sampìing prìor to any observed growth on the fìn-rays in 1974 (c = 111).

The i973 year cìass was the on'ly successful year class between i973 and

L976 which could be followed through first annulus formatìon in this
s tudy.
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RESULTS AND DISCUSSION

Back-calculated'lengths us'ing "c" derived from Ricker's functional

regressjon on the average varied less from corresponding observed 'lengths

than other valLJes of "c" (Table E.1). The value of "c" calculated from

the geometrìc regression gave back-calculated lengths that were consjs-

tently greater than actual lengths observed for the same fish during

previous sampling. Ricker (I973) predìcts that this wjll occur when

using the geometric regress'ion for back calculations. In this caseo the

use of the geometric regression to derive "c" would result in under-

estjmates of whìtefish growth durÍng years prìor to capture.

The other two est'imates of "c", 95 and 111 mm were based on observed

ìengths of whjtefjsh immediate'ly prior and just after fìrst annulus

formation. Both these values of "c" give consistent underestimates of

length at age for L226 whitefish and would result in overestimates of

whitefish growth. since theoreticalìy the true value of ',c" would be

the average length imrned'iateìy prior to growth jn the fin-ray after
annulus formation and c = 111 g'ive consistent underestimates, the true

value of "c" should be greater than 111, observed jn May rg74, The next

field observations for fish age 1+ in 1974 was in Ju'ly rgl4, when growth

was clearìy evìdent on the fin-rays. Fish averaged 156 mm at this time,

so the true value of "c" should be between 111 and 156. The est.imate

from the functjonal regressìon, 138,'is therefore a very rea'listic value

for "c".

Many authors have observed that back-calculated'lengths show consis-

tent irregularities (Bagena'l and Tesch 1978). Lee,s phenomenon, the

tendency for back-calculated lengths at a gìven age to be sma'ller, the
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Table E.1. The mean differences between back-calculated fork lengths
and corresnqndlng lengths observed during field samp'ling
one, two and three years earJier for four varues of'''c""
the correction factor used 'in the back calculation formula.All lengths are for fall sampìing perìods (septernber -
0ctober): ^:'ignificant differencés are'in¿ìca[eã ¡v t.lt.

iyr 2yr 3yr Combi ned

Sign of difference considered

95

111

i38

153

**
5. 48

*
3. 15

-0 .07

-8.09

7 .39

6.52

6.42

13.19

+
7 .85

**
4. 33

*
-4.87

**
-6.00

5.30
*

9. 03

-2.12

-5.65

difference ignored

?2.73

IT.17

i0.36

13.65

6. 50

4.69

-2.38

-6.76

12.03

8.89

8.79

12.49

95

111

138

153

Sign of

i2.08

10.01

10. 68

11.33

Sampl e si zes 67 171))JJ71



older the fish from which

of these i rregul ari ti es.

for L226 whitefish using

168

they are computed , i s probab'ly the bes t known

There was no evidence of Lee's phenomenon

fork lengths from fin-ray sections and c = 138.
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Appendix F. Production calculations from

0ctober 7976 for 1226 llE and

May 1973 to September-

St¡J whitefish

Table F.1

Table F.2

Table F.3

Table F.4

Table F.5

Table F.6

Table F.7

Table F.B

I,Jhere:

L226 NE

1226 St^l

L226 NE

L2?6 SW

L226 NE

1226 Sl^J

1226 NE

L226 SW

May 1973 -

May 1973 -

Fal I 1973 -

Fal I 1973 -

Fal I 1974 -

Fall 1974 -

Fall 1975 -

Fall 1975 -

Fal I I973

Fal I 7973

Fal I 1973

Fal I 7974

Fal I L975

Fal I I975

Fal I 1976

Fal I 1976

Product'ion (p) = the instantaneous growth rate (G) x average

biomass (B)

Average biomass (À) = ttt. average of the biomass present at

and time two (Br)time one (BO)

Instantaneous growth rate (C) = log of the average weìght at
time two - log of the average weight at tjme one

Average weight for an age group was calculated from the average

length for that age group using the rength-weìght

relationship for the entire number of LZZ6 whitefish
caught from fall i973 to fall 1976

Average lengths for an age group were formed the average

back-calculated ìength for an age group at fall
samplìng, supprimented by direct observat.ion for
fish where back-calculations were impossib.le
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number for each age group (NO and N1) were formed

the sum of two components:

(a) stratum one fish, determined from separate

mark-recapture anaìyses us.ing the Joliy_Seber

ful I model for LZZ6 NE and the death_only

model for 1226 SþJ. Est.imates were pl otted

with t1 standard error of the estimates for
an age group from 1973 to L976, and a line
was eye-fitted. Appropriate stratum one

population estimates for production estimates

were read from the eye_fttted line.
(b) stratum two fish, determined from a Jo]ìy-seber

death-only ana'lysis for stratum two fish
of the ì973 year class for LZZ6 NE pìus

a proportion estimate for the remaining

1974-ì975 year classes in LZ26 NE. The L2Z6 Sl,j

estimates were based entirely on proport.ion

estimates. proportion estimates were formed

as:

NiZ=Ñit,rit/niz
Nif is the appropriate Jolly_Seber

estimate and the subscripts 1 and

2 refer to strata
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A.ppendix G. A comparison of fìn-ray and scaìe age determinations for
lake whitefish (coz'egonus clupeaformis) and their implì-

cations for est'imates of growth and annual survivall

ABSTRACT

Fifteen populations of lake whitefish (conegonus clupeaformLs) were

sampìed to compare the fjn-ray and scale aging techniques. There was

good agreement between agìng methods.in fast growing popuìations, but

usually fin-ray ages were ìarger than scale ages jn slow growing popu-

latjons. The validity of each aging method was tested by comparing fìn-
ray and scale ages taken from three populations of whitefjsh when marked

and when recapt.ured at least one year'later. when growth was rapid,

recaptured fish formed annular marks on both fin-rays and scales. When

growth was slower, annular marks were distinguished on fìn-ray sectjons

more often than on scales of recaptured fish. When growth was extremeìy

poor' annular marks on scales of recaptured fi'sh were rarely dìstinguìsh-

ab'le, but still recognizable on the majority of fin-ray sections. when

fìn-ray ages were consistent'ly larger than scale ages for a given popu-

lation, fin-ray based estimates of annual survival were h'igher and growth

slower than corresponding scale age based estimates. In general, the fin-
ray method was more rel'iable than the scale method for agìng'lake

whitefish.

Published in the Canadian Journal of Fisherjes and Aquatic Sciences

36: 534-544.
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I NTRO DUCTI ON

The purpose of this study was to compare the scale and fin-ray
methods of age determination for lake r¿rh jtefjsh (Coregonus cLtpeaformis),

examine the validity of each method in whole lake mark-recapture experì-

ments, and discuss some consequences of agìng errors on estimates of
growth and annual survival.

Scales are the traditjonal structures used for aging lake whitefish
and most other freshwater teleosts (Everhart et al. Ig75), but tests of

the method's validity are conflìcting. van Oosten (tgzz) and Hogman

(1968) held lake whitefish under art'ificìal conditions to determ.ine

whether annuli were formed yearìy on scales. Van Oosten could identìfy

annuli on scales held under constant conditions in aquariums, and Hogman

found two distinguishable marks formed on scales of fish held in hatchery

poo'ls. Neth (1955) compared scale ages of Iake whjtefish at release wjth

those at recapture one year later in a whole lake study and found most

fjsh formed one annulus, but felt that older, slower growing individuals

might be underaged. Sych (197I) compared scaìe ages from Swedish core-

gon'ids with known ages and found frequent underaging in many populatjons.

Crowding of annu'li, failure of annulus formation, resoprtion or diffi-
culties in ìnterpretatjon of scales are widespread for in uiuo popu-

lations (see Carlander (I974) for a review).

The scale method has rarely been compared with other methods of

agìng. Notable exceptions are Aass (1972) who compared otolith and

scale ages us'ing the cisco coz,egonus aLbuLa, Beamish and Harvey (1969)

who compared fin-ray and scale ages using the white sucker (catostom.ts

eotrunersoni), and Power (1978) who compared scale and otolith ages for
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lake whitefish. All three studies showed that when differences between

aging methods occurred, scaìe ages were usually lower than correspondìng

ages determ1ned by the al ternati ve method.

Alternatives to scale aging are available for most species, but

genera'lìy researchers have resorted to these onìy when scale aging was

very dìfficujt. Deelder and [^Jjll.iamsee (1923) showed that f.in-rays

were acceptabìe alternatives to scales for many European specìes.

Cuerrier (tg¡l) showed fin-ray aging was feasible for lake whitefjsh and

th'is aging method was chosen as an alternative for this study.

Age composition data are necessary for calculating many populatjon

parameters, but rareìy are errors in ages considered a serious source

of bias. The argument frequentìy used is that errors would affect onìy

a small portion of a sampìe, generalìy o1d indjvjduals whjch make up

only a small part of the population (Le Cren Ig74).

MATERIALS AND METHODS

Lake whitefish were collected from 15 Canadjan lakes using gil'lnets

in all lakes. Trapnets were also used in L226 (Lake 226). Seven lakes

were located within the Experímenta'l Lakes Area, Ontario. The other

eight were located across central and north-western Canada. Two lakes,

L226 and 1302, were divìded into halves us'íng vìnyl waìls for whole lake

experiments in eutrophication (schindler and Fee rgl4). Lakes were

selected to represent wíde ranges of surface area, maximum depth, and

geographical location (Table G.1). 0nly South Bay, Manitouljn Isìand,

was sampled in Lake Hunon. In other lakes ìarger than 1,000 km2 whjte-

fish were gathered from more than one locatjon.
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Table G.1. Location , whi tefi sh
characteristics of

samp'le si ze, and some physi ca1
the study lakes.

La ke Locati on
Surface

a rea
(km2)

Itlaximum
depth

(m)
Sampl e
size

Bel I

Cì ay

Dezadeas h

ELA: I22

226

259

302

305

310

468

Great Sl ave

Hu ron

0peongo

Southern I nd'i an

Wì nni peg

460N,81ol,J

5 ooN , 93ot,l

61oN,137ol^l

49oN,93otnl

620N,114or,.l

450N,3Zolnl

450N,4gow

57oN ,99oinl

s20N,98ol^l

30

77

<1

<1

1

<1

<1

<1

3

27 ,L95

59,596

59

2,250

?4,500

24

ô
Õ

13

15

20

T4

33

20

25

625

229

5¿

37

37

36

111

?73

200

410

43

76

37

78

82

62

164

i00

415

308
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After fish were weíghed, fork ìength recorded, and sex determined

where possible, at least three scales and two fìn-rays were removed from

each fish. Scales were taken from either the first or second row above

the lateral line beneath the posterior portion of the dorsal fin (Johnson

r976, Heaìey r975, Hogman 1968, and others). Fin-rays were clìpped from

ejther a pelvic or pectoral fin as close to the base of the fin as

possible. Ages determjned from pectora'l and peìvjc fìns from the same

fish do not differ significantly (Mills, unpublished data).

To determine whether whitefish formed one annulus per year on both

scales and fins, fish captured in L226 and 1302 were marked and returned

to theír respective capture locations after sampling. Fjsh wjth fork
'lengths greater than 15 cm were tagged wì th e'i ther i ndi vi dual ìy-numbered

dart or modified spaghett'i tags (Wfrite and Beamish 1972). A minjmum of

one year eìapsed after release of marked fish before recaptures were

sampìed again during routìne fall trapnettìng and giilnett'ing.

Three additional scales were removed from recaptured fish from the

same area as those taken prev'iousìy, and at least two fìn-rays were

removed from the unclipped pelv'ic fin for use in age determinations.

Rays were removed from a pectoral fin of fish which had had both peìvic

fins cl'ipped previousìy. Clipped fìn-rays did not regenerate on whitefish

larger than 22 cm and in smaller fish the regenerated rays were deformed

and easiìy recognizable. Regenerated fin-rays or scales were not used

for any age determinations. All age determinations usìng fin-rays or

scales were made without reference to lengths of fish or previously

assi gned ages.

Scales were read by scaìe readers'in whatever manner each thought

appropriate. All readers had extensive prìor experience in aging
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whitefish; two had routineìy aged whitefish for over 20 years using

scales. van Oosten (1923, rgzg) established the criterja used for
annulus determination: the crowding of c.ircuì i , ,'cuttjng over" of

circuli on the antero-lateral fields, or both (eett et al. 1977, Christje

1963, Edsall 1960, and others). Six different readers read the same set

of scales taken from 1310 whitefish. Three collaborated for one set of

readings; the others read the scales ìndependently. Sets of scales taken

from lakes other than 1310 were aged by one or another of the above

readers. The same individual read all scales taken from L226 and 1302

whitefish for each of the three years of sampling.

Fin-rays were mounted in clear epoxy, dried and sectioned with

jewelers' saws using 7/0 or B/0 blades. Ind'ividual sectjons about 0.5

mm thick were brushed clean and mounted on sljdes for age determinations

under a compound microscope. The translucent zone whÍch appeared as a

clear ring extending completeìy around the center of indjvidual rays

under transmitted light was considered an annulus. Fin-ray annuli were

similar in appearance to those described by Beamish (1973), Beamish and

Harvey (1969), and Scidmore (1953) for white sucker. Two individuals

read fin-ray sectíons from 1310 fish independentìy and sets of fin-ray

sections from other lakes were read by one or the other of these readers.

The same jndividual read all L??6 and 1302 fin-ray sections.

I chose growth curves and annual survival estjmates to demonstrate

some effects of aging disagreements on populat'ion parameters. These

were calculated for populatjons where more than 70 whìtefish were sampìed.

Smaller sample s'izes resulted in aberrant growth curves and age-frequency

distributions unsuited for catch curve ana'lysis. Growth curves were

constructed from mean length at age data using each agìng method.
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Surv'ival was estimated by catch curve analysis (Robson and Chapman 1961)

using length frequency distríbutjons based on each aging method.

RES ULTS

Comparisons of Fìn-Ray and Scale Ages

Agreement between fin-ray and scare ages was generaìly poor for
most populations (Table G.2). The i5 populations could be separated into

two groups based on agreement between pairs of correspondÍng fin-ray
and scale ages.

The fjrst group consisted of five populations and was characterized

by generally good agreement between aging methods. Either paìrs of fin-
ray and scale age agreed for most individuals or d'ifferences between the

ages were rareìy greater than one year. Fish collected from Clay Lake,

Lake Huron, Lake t^linnipeg, Bell Lake and Llzz (Fig. G.1) comprìsed thjs

group. Few indivíduals from all five populations were aged older than

six by either method of aging.

The second group was composed of the 10 remainÍng populations and

was characterized by poor agreement between aging methods and many compari-

sons where fìn-ray ages were more than 1 year greater than scale ages.

Many ìndividuals were aged as eight or older usìng fin-rays. Few were

aged as old as e'ight using scale ages.

The poorer the agreement was between methods of aging in the second

group, the younger the age classes which showed consistent differences.

In popu'lations where agreement between methods was approxìmateìy 35-50%,

as in L226 (FiS. G.1), fin-ray ages were consistently greater than scale
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pairs of fjn-ray and
popu'lat'ions .

La ke
Scal e =
fin-ray
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fi n-ray
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i
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I The best agreement between fin-ray and scale readers.



Figure G.1. Comparisons of fin-ray, scale age pairs for lake

whitefish from four populatìons. The Lake Huron and

Lake 122 plots are representatìve of group 1 popu-

lations. The Dezadeash Lake and Lake 226 plots are

representatìve of group 2 popuìations. See text for

complete explanat'ion. Numbers represent individual

pairs of ages falling in each age category. The

dìagonal line indicates comparisons where fìn-ray

ages = scale ages. Comparisons where scale ages

> fin-ray ages are above the line; comparisons where

fin-ray ages > scale ages are below the line.
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ages, starting at scale ages of four or fjve. In populatjons where

agreement was 30% or less, lìke Dezadeash Lake (rig. G.1), consistent

djfferences in aging started at scale ages of two or three. Indjviduals

with greater scaìe ages could have fjn-ray ages two or three times those

of the correspondíng scale ages.

The 1310 population samp'le exhibited poor agreement between methods

and was well suited for an examination of rep'l'icabìlity between readers.

Agreement between fìn-ray readers (6I%) was better than agreement between

any combination of scale readers (44%). The best agreement between any

combjnat'ion of fin-ray and scale readers was 15% and the worst agreement

was 6%. l^Jhile the fin-ray ages of one reader were sl'ightìy higher than

those of the second, the differences were much less than those between

scale readers. The variation in age assigned a partjcular fish was some-

times 'large, as much as 14 years between a fin-ray and a scaìe age. see

Beamish et al. (tglø) for a more detailed discussion of these results.

Fish length was a poor indicator of fish age for 1310 whitefish,

as was general'ly true for other populations in this second group. hlhile

the smallest indivÍduals lvere normaì]y younger than the largest ones,

large variations in age within 1cm'length groups obscured any c'lear

relationship. l'{ore variation within these'length groups was apparent

usjng fin-ray ages rather than scale ages in the 1310 sample, by as much

as 11 years, but scale ages also varied wideìy, by as much as e.ight years.

Age Validat'ion for L226 and 1302 Lake t^Ihitefish

0f the 923 marked

195 were recaptured in

whitefish released in

1974 and 1975 for age

L226 during 1973 and 1974,

comparisons. 0f the 61
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marked whjtefish released in 1302 in 1975, 29 were recaptured for age

comparÍsons in autumn L976. Results from the two separate bas'ins of
1302 were combined because the wall permìtted intermixing of fish

between bas'ins. Results from the two basins of LZZ6 are discussed

separately because there was no 'interchange of fish between basjns.

comparisons of age at release and age at recapture for Lz26 Nt

showed that both aging methods were valid (Table G.3). New annuli on

both f in-rays and scales u/ere very clear (F'ig. G.Z). While on the average,

fin-ray aging gave more reliable results than scale aging, no b.ias was

present in the number of recapture scale ages which were either greater

or less than that predicted knowing the scare age at markìng.

comparisons of age at release and age at recapture showed that

fin-ray ag'ing was valid and scale aging quest'ionable'in 1226 St^l (Table

G.3), New annuli on fin-rays were very clear but new annuli on scales

were frequently unclear or apparentìy absent. This was most pronounced

in fish recaptured two years after release (Fig. G.3).

Comparisons of age at release and recapture in 1302 showed that

the fin-ray method was of questìonable value and the scale method

invalid (Table G.3). New annuli on fin-rays were many times compressed

to the old but were distinguishable in the majorìty of cases. New annuli

on scales were rarely detected (FjS. G.4).

Growth

Growth curves based on scale ages (Fig.G.5) fell within the range

reported for other lake whitefish populations (Healey 19i5). Growth

curves based on fin-ray ages couìd be extended to older age groups more



Table G.3.

191

Summary of differences in age of individual whitefish deter-
m'ined at initial marking (M) to later recapture (R) using
the fin-ray and scale ageìng techniques. The number of
individuals whose change in age (R-M) equaied the number
of winters between mark'ing and recapture is indjcated by
il*ll

La ke

Change i n
age

( R-M)

No. recaptured
1 year after release

Scales Fin-rays

No. recaptured
2 years after release

Scal es Fì n-rays

L226
NE

L226
Sl^J

L302

-2 (s)r

-1

0

1

2

3 (ì)2

-2

-1

U

1

2

a
J

1

J

i3

34

5

3

J

19

?

(-. )

(ì)

2

1

o(J

+
42

9

1

*
68

2

7

*
?9

3

1

6

2I
*

3

1

i
37

2

+
23

1

*
56

1

-2 (-')

-i
0

1

2

3 (ì)

10

*
18

age

age

I

2

The

The

at recapture

at recapture
was 2

was 3

years or less than at marking.

years or greater than at marking.



F'i gure G. 2. Scales and pelvic fin-ray sections from a 1226 NE

whitefish taken at markìng (4, C) and recapture

(8, D) one year iater. Annuli are indicated by

(-). Both scales and fin-ray sections were aged

three at release and four a recapture.
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Figure G.3. Scales and pelvic fin-ray sections from a 1226 St¡J

whitefish taken at marking (4, C) and recapture

(8, D) two years later. Annuli are indicated by

(-). Both scales and fin-ray sections were aged

three at release. The fin-ray sections were aged

five at recapture whjle the scales were aged four.
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Figure G.4. Scales and pelvic fin-ray sections from a 1302

wh'itefish taken at marking (4, C) and recapture

(8, D) one year 'later. Annul i are ind'icated by

(-). Both scales and fin-ray sections were aged

five at release. The fin-ray sections were aged

s'ix at recapture while scales were aged f ive.
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Fi gure G. 5. A summary of individual comparisons between fin-ray

and scale age based growth curves for ii popu'lations.

A, the range of growth where fin-ray ages and scale

ages resulted in very similar growth curves. B,

the range where fin-ray age based curves differed

from scale based curves startÍng at age four or

five. C, the range where fin-ray age based curves

differed from those of scales starting at age two

or three. Dots ind'icate the prev'iously reported

range of whitefish growth based on scale ages

(Healey i975).
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readi'ly than those derived from scales and in many cases these indjcated

slower growth, The 11 populations could be divided jnto three groups

based on comparisons between pairs of fin-ray and scale growth curves.

The first group was made up of four populations which had sjmjlar
fin-ray and scale growth curves and were generaì1y'located in the upper

range of whiùefish growth (Fig. G.5A). Three of these popuìations

(Lake Huron, Lake I^JÍnnipeg and cìay Lake) exhjbited very rapid growth

rates and contained larger individuals than other populations . Ihe LI?Z

population also showed good agreement between scale and fin-ray growth

curves, but somewhat slower growth.

The second group was made up of three populations whose fin-ray
growth curves indicated moderately slower growth than those derived

from scales (Fig. G.58). The scale growth curves for these populations,

Southern Indian, Lzz6 and 1302, were generalìy in the middle range of

whitefish growth. The LZZ6 population (Fig. G.6) is representative of

thìs group and shows that differences between growth curves due to aging

methods start at age four, the age of sexual maturity for thjs populatjon.

Slower growth after sexual maturity using fin-ray ages was a common char-

acteristic of this group.

The thjrd group was made up of four populations whose fin-ray growth

curves indicated much slower growth than those derived from scales (Fig.

G.5C). The scale growth curves for these populations were generalìy in

the lower range of whitefish growth. The Dezadeash, 0peongo, 1310 and

L468 populations had fin-ray curves that indicated much poorer growth

than those derived from scales with differences starting in age groups

before sexual maturity. The Dezadeash Lake population, representative

of this group (Fig.G.6), showed that differences in growth curves can



Figure G.6. Growth curves determined from f.in-ray (o1 and scale

(a) mean lengths at age for Dezadeash Lake and

L226. The dashed lines are eye-fitted growth curves

based on scale ages, the solid l.ines based on fin-
ray ages. Brackets represent the 95% confidence

limits on each mean fork 'length at age.
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occur in fish as young as age two, well before sexual maturity. These

populations were composed almost entirely of small whìtefjsh from many

age groups. Few individuals 'larger than 30 cm were present.

Annual SurvÍval

Annual survival rates calculated from age data and previous'ry

published rates for the same populations are presented in Table G.4 for

11 of the popu'lations. My catch curve rates and prevì ously pub'l i shed

rates based on scale ages agree well. For four popuìations survival

estimates usìng fin-ray ages agreed well with correspond'ing scaìe

estimates. In most populations fin-ray estimates were much h'igher than

scale estjmates. in onìy two cases was the scale based annual surv'ival

greater than its fin-ray counterpart. Genera'lly, fin-ray survival rates

were greater than those using scales and could be as much as twice the

correspondì ng sca'le estimates. Two mark-recapture annual surv'ival

estimates'independent of age data are available for comparison with catch

curve rates. Both mark-recapture estimates are similar to fin-ray

estimates for Lake Huron and L226. The scale survival estimate was

similar to the mark-recapture estimate for Lake Huron, but welì below

the mark-recapture estimate for L226.

DiSCUSSION

l.lhitefish Age Determination

A common method employed by many researchers to determine the level
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Table G.4. Annual survivorshìp rates for 11 whitefish popu'lat'ions using
catch curves based on scale and fin-ray ages from Fig. Z.
The upper group ìs composed of populations undergoìng moder-
ate and heavy exploitatjonj the lower group of popuìatjons
undergoing light expìoitation or unexp'loited. Otherindepen-
dent estimates are presented for comparison where survivor-
ship = 1 - total mortality rate.

Annual Survival

La ke

Scal e
age

95%

Fìn-ray Scale
age Li terature
95% val ues

Mark
recapture

Hu ron

C1 ay

122

t^li nn i peg

468

302

Dezadeash

0peongo

226

Southern Indian

.17

.46

.49

.52

+

.11

.08

.05

.06

.I9 t .12

.48 t .08

.43 t .06

.50 r .06

.68

.64

.60

.75

.73

.70

.08

.10

.07

.05

.04

.04

.071 - .392 .116

.04 - .503

594

.7 57

.30 - .57 s

t

.27

.35

.44

.49

.59

.60

.10

.1i

.08

.07

.04

.04

t

J

t

t

+

+

.41

t

!

I

2

J

4

ÈJ

6

7

Budd and Cuc'in 1962.

Cucin and Regier i965.

Dav'idoff et al . 1973.

Ri cker 1947 , dwarf form excl uded

Ayles 7976.

Spang'ler 1970.

Mills, unpubì'ished data, Joìly-Seber estimate averaged for 3 years' data.
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of confidence pìaced Ín a set of age determinations is to read the same

set more than once, comparìng ages for 'indivjdual fish and reporting

percentage agreement between sets of ages, or reagÍng ind'ividuals where

disagreements occur. Rjcker (tgls) suggests that B0-go% agreement

between sets is good. 0nly the results from the Lake Huron sampìe, the

fastest growÍng population, exhìb'ited thjs level of agreement between

methods. Both Neth (1955) and Christie (1963) found close to B0% agree-

ment between sets of scale ages for other relatively fast grow'ing popu-

lations. For slower growing populationso we found agreement between

methods or readers to be much lower. But even if agreement between sets

of age determinations is good, it does not constitute validity for an

aging technique. It only Índicates consistency of the readerso clarity
of the annuli, or both.

Comparisons of percent agreement between sets of age determinations

can be an unreliable statistÍc with which to judge consistency between

aging methods. For examp'le, the 1122 sample showed poor agreement

between aging methods (30%) but rarely was the difference between ag1ng

methods greater than one year. More importantly, there was little con-

sistent bias between aging methods. The resulting growth curves and

survivorships using either method of aging were almost identical.

Despite the poor agreement between aging methods, the effects on para-

meters calculated from these ages was minimal. The LZZ6 data showed

better agreement between aging methods (47%) than the Lrzz data, but a

consjstent bias was present between the two aging methods. Fin-ray

ages were generaì1y greater than sca'le ages (Fig. 1). The resuìting

growth curves and survivorships for L?26 whitefish showed ìarge dìfferences

depending on which method of ag'ing was used. Despite better agreement
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between aging methods in L226 than L722, there !{ere great differences

in the parameters calculated from the age data depending on which method

of aging was used. Percent agreement only assesses whether ages deter-

mined by one method equaì those of another, without quantìfying the

magni tude of dìf ferences.

Aging techniques for each populatíon of interest should be valj-
dated in sttu. This certainly is not possibìe-in most cases. I suggest

instead that scales and fin-rays be examined for a lake wh'itefísh popu-

latÍon to determine if one method consistentìy results in greater ages

than the other. Simple data plots like Fig. G.1 are more valuable for
assessing aging accuracy than percent agreement between aging methods.

A simple glance at Fig. 1 indícates whether there is a significant
and consistent bias between the two methods, the magnitude of the bías,

and at what age consistent dífferences first occur. Otoliths (power

1978) or some other bony structure might also be used. Otolith ages

for lake whitefish can agree well with fin-ray ages for some populations

(personal comrnunicationo K. Machnjak, Department of Fisheries and Oceans,

Freshwater Institute), but it is necessary to sacrifice fish to obtajn

otolíths and they are not as convenient'ly removed as a few fìn-rays.

The processes involved in deposition of scales are different from those

of fin-rays or bone (Simkiss I974). Therefore, an alternatjve method

of age determination also has a physiological basis.

If consistent differences between fin-ray and scale ages occur,

we believe the fin-ray ages are more dependable than scale ages. The

different growth regìmes in L226 and 1302, combined with the age

validation possible in these lakes, provÍde a plausible explanation

for the aging disagreements found between different methods used for
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many lake popuìations. The productivìty of 1226 NE is much higher than

that of 1226 si^/ or 1302 (schindler and Fee 1974, Fee 1979). Marked

whitefish grew faster in L226 NE (averag'ing 3i mm/year), slower jn

L226 SE (16 mm/year), and slowest in 1302 (1 mm/year). After a year of

good growth, as in L226 NE, djstinguishable annul'i are formed on both

scales and fin-rays. Under conditions of moderate growth, as ìn 1226 SW,

annuli are easìly dístinguíshable on fin-rays, but not on scales. when

growth is mìnimal, annuli are rarely distinguishable on scales, and not

always apparent on fin-ray sections. combinations of years of good,

moderate, or minimal growth could easiìy explain the ìarge differences

in scale and fin-ray ages present in many of the lake whitefish popu-

lations of Table G.2.

Some Implicatjons of Aging Errors on t^Jh'itefish Growth, Survivorship

and Management

Since fin-ray ages are correct more often than scale ages, then

when cons'istent differences occur between the methods, parameters based

on fin-ray ages should be more reliable than those based on scale ages.

The good agreement between the mark-recapture and catch curve survjval

estimates for L226 supports this (Table G.4). This has important impli-

cations for lake whitefish management.

carlander (1974) has shown that over-estimates of growth often

result from aging errors. Growth of populations in the middle and lower

range of whitefish growth was overest'imated us'ing scales (Fig. G.5 ). Al I

of these popuìations were also unexploited except that of Southern Indian

Lake, which is onìy l ight'ly expìoi ted (Ayì es 1976). Al I these



203

populations contained large numbers of older individuals, beyond age

eight. [^Jh'ile our data based on fin-ray ages are not as extensjve as

those based on scale ages for many whitefish popuìations, it is very

likely that growth rates of other slower grow'ing lake whitefish popu-

lations have been overestimated using scaìes.

When scale and fin-ray ages differed marked'ly for a population, the

annual survìval based on fin-rays was higher than that using sca'les.

Popuìatíons wh'ich showed the greatest d'ifference between fìn-ray and

scale based annual survival were the unexploited or lightly exploited

populations (Table G.4). Alì prevÍous estimates of survivorship for

unexp'loited populations are from scale age structure data (Heaìey 1975).

It is very'likely that these previous estimates were very conservative,

underest'imatìng the true rates.

when using fin-ray ages, an inverse relationship between growth

and survivorship was apparent. slow growing populatjons had high

surv'ivorships. Fast growing populatíons had low survìvorships. If
growth and survivorship were calculated using scale ages, no re'latjon-

ship was apparent. Heaìey (1975) also found little correlation between

survivorship and growth in an extensive rev'iew of whitefjsh population

dynamics based on scale ages. I believe that errors'in aging whitefjsh

using scales might have obscured this relationshìp.

While our data show that scale age determinations are acceptable

for moderateìy or heaviìy exploited populations, and unacceptable for

lightly or unexpìoited popuìations, others which are in transìtion from

relatively unexp'loited to heavily exploited could also show errors due

to aging. Current management practice for northern lake whitefish

fisheries is to crop the populations more intensively. Many of these
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populations exhibit relatìvely slow growth rates. There is sufficient
evidence to suggest that an jncrease in harvest wilì produce an increase

in growth rate for lake whitefish (Heaìey 1975). The use of scale ages

jnstead of fin-ray ages for populations such as L226 or Dezadeash Lake

(Fig.G.6) before and after cropping couìd result in false conclusions

about the effects of íncreased cropp'ing. Ì,lhile scale ages might show

an increase in length at age for young age groups after increased

harvest, the full impact on older age classes might be lost because

larger sized, inìtialìy underaged fish were removed (Fig. G.7A). Simi-

ìarly, there is suffícient ev'idence to suggest lake whitefish respond

to increased cropp'ing by a decline in age at maturity (Healey 1975).

This could also be obscured by errors from scale ages (Fig.G.78).

If we are to have predictive management of lake whitefish and

other fish populations, we must recognize that significant, widespread

aging errors are possjble and that these errors can introduce sìgnjfi-
cant bias in parameters used for management decisions.



Figure G.7. Some possible consequences of incorrect scale aging

under cond'it'ions of changíng exploitation: (A)

growth curves and (B) age at sexual maturity.

Condjtion before exploitation (a) and after (b).
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