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We evaluated covariation in eight life history traits within the family Salmonidae.
Principal components analysis defined a primary tactic ranking salmonids from large,
early-maturing, semelparous individuals bearing few, large, rapidly developing eggs
to the opposite suite of characters in small, iteroparous individuals. The analysis also
defined a secondary cline from anadromous to freshwater forms, and a tertiary tactic
describing variation in development. Clustering of species on the basis of life history
traits reflected taxonomic affiliations. Life history traits appear to co-evolve and form
successful life history strategies best suited to the biology and environment of a given
taxon. Migratory behaviour and life histories are closely linked. The correspondence
between behaviour and life histories may lead to unanticipated but nevertheles suc-
cessful life history strategies.

J. A. Hutchings and D. W. Morris, Dept of Biology, Memorial Univ. of Newfound-
land, St. John's, Newfoundland, Canada AIB 3X9.

Mi OLEHHBAIM KOBAPHALDG) 8 NMapaMeTpoB #MM3HEeHHEX LMKIIOB B CceMedcTBe Salmonidae.
AHAIMZ OCHOBHSI{ KOMIIOHEHTOB BEABWI NEPBHYHOS TaKTHHMECKOS DaHiMpOBaHHE JOCO—
CEBEIX OT KPYIHEX, PaHO COIpeBaruMX OOHOKPATHO HEPECTAUMXCHA OCOBeH, BEMETHBAa—
HIMX HEMHOTO KPYTHEX OHCTPO PasBHBAFIMXCA MKPHHOK OO0 [MROTHBOMOMOWHOrD Hadopa
MPHIHAKOR YV MENKHX MHOMOKpPATHD HEpeCTAMXCR oCoGel. AHAMM3 BHFEMN Talke BTO-
PHUHSF KITHH OT aHampoMHel 0 MReCHOBOMHEX (opM M TAKTHKY TpeThelo NOpAmKa,
OIMMCHBRUYH DAHIHMA B PASBHTHH. [pyITHMPOBaHHE BHIOOE Ha OCHOBE OCOOEHHOCTEH
FHIHSHHODD IHMIIA OTPAKAST TAKCOHOMMHMECKHEe CBAZH. OTOeNbHEE OCOGeHHOCTH #Mi3-—
HEHHOTO UMKIA MO-BHIFMOMY KOBBOHLIMOHMPYIT M GOPMADYIT CTPATEIHH) HM3HEHHOTO
LHKNa, Havbonee Nonxofmpe U GMONoTHH W YCNOBHH OGHTaHMA OaHHOTYD TakcoHa.
MurpauHoHHOe MOBENSHHE M MH3HEHHSE UMKIH  TeCHO CBA3abkl. COOTEETCTEHE MEk-—
Oy MoBeleHHeM H ¥HM3IHeHHEM LHMKIIOM MOWeT NMpHBeCTH K GopMHMpOBaHMIn HeonMOAHHEDL,
HO TEM HE MEHEE VCTEUHS CTPATErHH #HMIHEHHOTO IHMKIA.
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Introduction

Suites of life history traits should co-evolve to form
adaptive tactics of reproduction and survival (Stearns
1976). Genetic, physiological, and developmental path-
ways constrain these tactics so that any given phylogen-
etic lineage has a limited number of reproductive and
survival alternatives (Stearns 1980, 1983, Brown 1983).
Similarly, allometric constraints with body size limit or
preclude certain life history tactics within and between
phylogenetic lines. This raises several interesting ques-
tions (Stearns 1980, 1983): To what degree does our per-
ception of life history tactics depend upon phylogeny?
How many of these perceived tactics are really allo-
metric constraints of body size? What is the relationship
between behaviours and life histories?

Mammalian life histories are related to body size
(Millar 1977, 1981, Tuomi 1980, Eisenberg 1981) which
accounts for most of the covariation among traits
(Stearns 1983). Weight and phylogenetically-related co-
variation among mammalian life history traits define a
primary tactic of r- to K-strategists and a secondary tac-
tic of altricial to precocial forms (Stearns 1983).

Reptilian life history tactics are also constrained by
body size but to a lesser degree than in the mammals
(Stearns 1984). Again, the first classwide component
describes a tactic ranking reptiles from r- to K-strat-
egists. Life history tactics appear to be lineage depen-
dent in reptiles and mammals (Stearns 1983, 1984). This
general dependency of life histories on phylogeny sug-
gests that microevolutionary trends in life histories are
constrained within evolutionary lines.

But this gives little insight into how traits may have
co-evolved in those ancient lineages. Did the common
ancestors possess a wide or narrow array of life history
traits? How many of the observed phylogenetic con-
straints have evolved through selective elimination of
alternative tactics, as opposed to divergence of tactics
along different phylogenetic lines?

We suggest that the answers to these questions can be
found by careful examination of life history variation in
closely related groups of organisms. We begin this anal-
ysis by looking at the Salmonidae, a well-studied fish
family with complex life histories. We ask three explicit

questions related to covariation and evolution of salm-
onid life histories: 1) How do life history traits covary
within the family Salmonidae? 2) Does size effect pat-
terns of covariation in life history traits among salm-
onids? 3) What is the relation between life style (i.e.
anadromy, freshwater residency) and life history?

The family Salmonidae contains three subfamilies,
nine genera, and about 68 species (Behnke 1972). Five
genera are recognized within the subfamily Salmoninae
(salmons, trouts, chars): Brachymystax, Hucho, Oncor-
hynchus, Salmo, and Salvelinus. The subfamily Thymal-
linac (graylings) consists of a single genus, Thymallus,
with four species. Three genera (Coregonus, Pros-
opium, and Stenodus) are recognized within the sub-
family Coregoninae (whitefishes, ciscoes).

Truly anadromous forms are found only in the sal-
monines. Oncorhynchus spp. (Pacific salmon) make ex-
tensive oceanic migrations and mature at sea, although
freshwater forms of O. masu, O. nerka, and O. tshawyt-
scha do exist. All individuals are semelparous. Salveli-
nus spp. exhibit the least degree of anadromy (e.g. S.
namaycush has no anadromous form) and undergo re-
stricted coastal and estuarine migrations. All members
are iteroparous. Salmo spp. are intermediate between
the other two genera in extent of oceanic migrations and
degree of iteroparity.

Materials and methods

We selected only those species for which we could com-
pile data on eight life history traits: hatching time of
egg, egg size (diameter), number of eggs, age at matu-
rity, length at maturity, maximum length, maximum
age, and inter-brood interval. The references used to
compile these data have been coded in Tab. 1 (cf. Refer-
ences). The final data set included 21 species, 29 forms
(13 anadromous migrant, 16 freshwater resident), and
seven genera representing all three subfamilies (Tab. 1).
Values were recorded for females only. Maximum age
was not used directly in the analyses because of in-
creased error associated with the ageing of older indi-
viduals. Instead, maximum age and inter-brood interval
were incorporated in an estimation of maximum broods
per life where

Maximum age — minimum age at maturity

Maximum broods per life =

We used a modification of Stearns’ (1983, 1984) pro-
tocol for evaluating size constraints on life histories.
First, we regressed each trait on maximum length. Next,
we constructed principal components (PC1 method;
Anon. 1983) using all life history traits on all 29 forms.
We repeated the principal components analysis (PCA)
excluding maximum length. We repeated the PCA
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inter-brood interval

again, after removal of body size effects by subtracting
b; X maximum length (b, = slope of the regression of
the ith trait on maximum length) from the ith trait on
each form (Stearns 1984). We then used hierarchial
clustering, based on Euclidean distances (Wishart 1978)
of the component scores, to generate groups of fish with
similar degrees of covariation in life histories.
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Tab. 1. Mid-range values for each of seven traits in twenty-nine forms of the family Salmonidae.

Hatching Number Egg Age at  Length at Maximum Maximum Reference

time of size  maturity maturity broods/  length code
Taxon (d) eggs  (mm) (yr) (cm) life (cm)
Coregonus artedii . .................. 124.0 26374 1.95 4.0 31.8 12.0 57.2 A
C. clupeaformis;vivasvisismisnos 130.0 65272 2.50 6.5 42.5 21.5 64.0 B
Cohoyi ..o 106.5 7851 2.00 2.5 25.0 9.0 315 C
Prosopium cylindraceum . .......... .. 140.0 10538 2.80 4.5 23.8 12.0 56.1 D
PowillamSont, . cvans cissssmns s ae 135.0 12785 2.80 3.0 38.5 16.0 57.2 E
Stenodus leucichthys . ................ 182.0 272500  2.50 10.5 60.5 4.7 150.0 F
Thymallus arcticus :.coocoviiiinaiis 15.5 9953 2.35 3.5 34.3 10.0 75.7 G
Salmo clarki (A).................... 45.5 2323 4.70 4.0 393 6.0 99.0 H1
Stttk (E) o msmmopmommmmmssas 45.5 1255 4.70 3.5 20.0 7.0 99.1 H2
S gairdneri (A).ccovvaoviames v 47.5 4483 4.00 4.0 50.0 5.0 122.0 11
S, gairdnent (EY vaiveserssnssanus 47.5 1500 4.00 4.0 42.0 5.0 91.5 12
StSaler (A) SR TR 175.0 11196 6.00 5.0 67.0 11.0 140.0 11
Sosalar (F)................. ... .. 175.0 2384 5.25 5.0 21.5 10.0 99.0 2
S UG (A o cvmmmommmm s s v 89.5 1510 4.50 4.0 51.5 10.0 102.0 K1
Sa (F) c.ovmmmmtasinsm 115.0 10588 4.25 3.5 29.0 11.0 82.6 K2
Salvelinus alpinus (A) ............... 180.0 4582 4.35 7.0 63.0 18.0 96.0 L1
S.alpinus (F). ..., 72.0 1576 4.30 8.0 21.7 12.0 55.0 L2
S. fontinalis (A)..................... 125.0 2550 4.25 4.5 27.0 5.0 80.0 M1
e fontinglis (F)....commsmmveamios 125.0 2550 3.85 2.5 20.0 8.0 86.0 M2
Somalma (A cosmmnsessssmsones 225.0 4250 4.50 8.0 37.5 11.0 127.0 N1
Somalma (BY s vovimsvesimsisnnsry 225.0 1412 3.55 55 15.1 12.0 75.0 N2
S, namaycush. ...................... 117.5 10996 5.25 115 46.5 29.0 157.5 O
Oncorhynchus gorbuscha. ............ 94.0 1500 6.00 2.0 50.5 1.0 76.0 P
O ket covvnnmsevs s s 120.0 3580 5.50 4.0 64.0 1.0 100.0 Q
Ouckisutch o mssmmavnmssresses 75.0 3570 5.25 4.0 53.0 1.0 96.0 R
O A L N e e 57.5 2286 7.00 35 55.0 1.0 74.3 S
O.nerka (A)..........ooooiiiia.. 96.0 3643 5.95 4.5 60.0 1.0 84.0 Tl
O HErka (B). somrmmmsnnanmasmsmis 140.0 1031 4.75 4.5 35.5 1.0 53.3 T2
L SRAWVISCRA oo vviasainis v 56.0 8931 6.50 5.0 .5 1.0 149.0 U
(A) = anadromous.
(F) = freshwater resident.
Tab. 2. Correlation and regression of each trait on maximum length.
Trait* Mean® r p Slope Intercept
Hatching time . ....... ... .. .. ... ... ........... 113.2 0.00 0.491 0.007 1.979
BB BIZ oy rvwvwasmis e s o S A A S 4.32 0.45 0.007 3.928 —3.283
NUmMBEr Of €888 v iminnms s 16989.6 0.17 0.188 0.591 2.555
Ageatmatunty. oo reimnnnnsasmny 4.90 0.48 0.004 0.533 -3.796
Length at maturity ............................... 41.69 0.49 0.004 0.572 0.478
Maximum broods/life................. ... .. ... 8.70 —0.01 0.470 -0.111 2.917

a. Hatching time, egg number, age at maturity, and length at maturity were log-transformed. A square-root transformation was
performed on maximum broods/life. Egg size was not transformed.

b. Untransformed means.

Results

All traits showed considerable variation among salm-
onid forms and, in general, there appeared to be more
variation among taxa than within (Tab. 1). Maximum
length accounted for significant variation in only three
traits (egg size [r = 0.45], age at maturity [r = 0.48], and
length at maturity [r = 0.49]), all of which were pos-
itively correlated with body size (Tab. 2).

Loadings on all three principal components remained
essentially unchanged whether maximum length was in-
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cluded or not (Tab. 3). In both cases, the first com-
ponent described an axis at one end of which were
small, late-maturing fish bearing many, small, slowly
developing eggs in many broods per lifetime, and at the
other end of which were large, early-maturing fish with
few, large, rapidly developing eggs in a few broods per
lifetime. The second component distinguished large,
late-maturing forms with many, large eggs from small,
early-maturing forms having few, small eggs. The third
component described a cline from small fish bearing
few, large, slowly developing eggs to large fish having
many, small, rapidly developing eggs.
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Tab. 3. Unrotated component loadings for principal compo-
nents 1, 2, and 3 before and after removal of length effects.

Tab. 4. Arithmetic means of seven life history traits in ana-
dromous and freshwater forms of Salmo clarki, S. gairdneri, S.
salar, S. trutta, Salvelinus alpinus, S. fontinalis, and §. malma

Trait PC1 PC2 PC3 (calculated from mid-range values recorded in Tab. 1).

A. Length effects not re- Trait Anadromous Freshwater
moved, maximum length migrant resident
included _

g;‘;‘:g‘z’;g tme. .ousan i g8 23 =~ Hatching time (d)............. 126.8 115.0

Number of eggs ........... .606 .442 —-.554 Eﬁi}%i‘: (()?:1)'5 """""""" 441‘.:'61 ;033'2?

Age at maturity ........... 438 725 .234 A at matul%% (r} """""" 1.7 e

Length at maturity. . .... ... -.405 705 -.388 T agth o mad it T 479 Pou

Maximum broods/life . ... .. 821 067 136 Moxitwmm broods/iite. . oo 0.0 23

Maximum length .......... -.197 .838 .068 e ot LT : :

Maximum length (cm)........ 109.3 84.0

S natinnoe Cxpliingd . o - 327 303 14.9 *Trait values are significantly (p<<0.05) different between the

B. Length effects not re- two forms.
moved, maximum length
excluded

Hatching time............. .499 210 .651 ing large, slowly developing eggs to early-maturing fish

Eggsize.................. -714 468 A15 bearing small, rapidly developing eggs. Many of these

Number of eggs ........... .675 399 -.515 : il PIIE CEES. hoamy ;

Age at maturity . .......... ‘563 ‘539 268 relations with size may be a reflection of differences in

Length at maturity. ........ _ 3 861 ~.309 anadromy within species. Anadromous forms were sig-

Maximum broods/life ... ... 822 -.166 .102 nificantly larger than their freshwater counterparts

; ; (Tab. 4).
% varianc lained . . . ... 38.0 25.6 17.3 B . . .
il ol secomi Differences in the second and third principal com-

C. Length effects removed ponents before and after removal of length effects were

Hatching time............. 476 -.095 -.739 caused by changes in the dependence structure among

Eggsize.................. - 796 058 -505 traits following removal of length effects. Removing the

Number of eggs ........... .682 617 -.191 . & : g : g

Age at maturity . .......... 684 086 440 correlations with maximum length reduced the correla-

Length at maturity. ........ -.306 886 179 tions of egg size and age at maturity with length at matu-

Maximum broods/life ... ... 813 -.257 -.082 rity, the trait with the highest loading on PC2 (Tab. 5).

% vasisince cxplaned 05 20.9 17.8 This explains why loadings on egg size and age at matu-

Following removal of length effects, the total ex-
plained variance increased marginally from 77.9% to
81.2%. The first component remained relatively un-
changed, whereas the second described a gradient from
large fish having many eggs to small fish having few
eggs. The interpretation of the third principal com-
ponent differed substantially after length effects were
removed, with a gradation from late-maturing fish bear-

rity were reduced on PC2 following the removal of
length effects. Correlations of all traits with hatching
time, the most important trait on the third principal
component, remained unchanged, whether the correla-
tion with length was included or not. With length effects
removed, the correlation of egg size with age at matu-
rity increased whereas that with length at maturity de-
creased. This accounted for the inclusion of age at ma-
turity and exclusion of length at maturity on PC3.

The cluster analysis revealed an interesting conver-
gence of life histories among five groups of salmonids

Tab. 5. Correlation among salmonid life history traits with lengths effects included (below diagonal) and with length effects re-

moved (above diagonal).

Trait

Trait Hatch Eggsize Eggs Agemat Lengmat Maxbrood
Hateh oo mosimannsianmmg -0.07 0.21 0.40 -0.13 0.28
Bppsize oo caisanaiiiiiiniunngs -0.06 0.65 —0.30 0.29 —0.57
Eggs. .o 0.20 —0.49 0.34 0.22 0.34
ATEINAE i covmm oo emomeiss s S 0.35 -0.01 0.37 -0.05 0.48

L E0PMAT o s s AR -0.11 0.45 0.27 0.20 -0.37
Maxbrood, .. sossie s 0.28 —0.51 0.34 0.41 -0.33

Mazlength: . ... .0 v e 0.00 0.45 0.17 0.48 0.49 -0.01

Abbreviations: Hatch = hatching time; Eggsize = size of egg; Eggs = number of eggs; Agemat = age at maturity; Lengmat =
length at maturity; Maxbrood = maximum broods/life; Maxlength = maximum length.
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Fig. 1. Life history clusters
of salmonids. The numbers
correspond to species as
follows (A = anadromous
migrant, F = freshwater
resident): 1. Coregonus
artedii. 2. C. clupeaformis.
3. C. hoyi. 4. Prosopium
cylindraceum. 5. P.
williamsoni. 6. Stenodus
leucichthys. 7. Thymallus
arcticus. 8. Salmo clarki
(A). 9. 8. clarki (F). 10. S.
gairdneri (A). 11. 8.
gairdneri (F). 12. S. salar
(A). 13. 5. salar (F). 14. 5.

trutta (A). 15. 8. trunta (F).
16. Salvelinus alpinus (A).
17. 8. alpinus (F). 18. §.
fontinalis (A). 19. S.
fontinalis (F). 20. S. malma
(A). 21. 8. malma (F). 22.
S. namaycush. 23.
Oncorhynchus gorbuscha.
24. O. keta. 25. O. kisutch.
26. O. masu. 27. O. nerka

[T Py

! 3526 42217201216 8 1110141518 9 19 1321 23262427252928

(A). 28. O. nerka (F). 29,
O. tshawytscha.

Clusters

1 2 3 4

Subfamily

(Fig. 1). The largest group (11 members) was comprised
of the coregonines, S. namaycush, both forms of S. al-
pinus, and the anadromous forms of S. malma and S.
salar. Both forms of S. clarki, S. gairdneri, S. trutta and
S. fontinalis clustered in a second group. All Pacific
salmon clustered together. The final two clusters con-
sisted of the freshwater forms of S. salar and S. malma
in one and T. arcticus in the other.

Oncorhynchus spp. are primarily anadromous fish
that return from the ocean to spawn in fresh water. All
individuals are semelparous. Eggs are large (6.8 mm),
few in number (3900), and hatch over a short period of
time (81 d) (Tab. 6). Maturity is achieved at a young age
(3.8 yr) and large size (60 cm). In contrast, the corego-
nines (whitefishes, ciscoes) which reside in freshwater
are iteroparous. Eggs are small (2.2 mm), numerous
(47000) and require 136 d for hatching to occur. Rela-

Coregoninae

Salmoninae
(Salmo, Salvelinus)

7
5
[
Salmoninae &
(Oncorhynchus) 3
E
E-.
tive to pacific salmon, maturity is delayed (5.4 yr) and is
attained at a small size (31 cm). Life history traits of the
salmonines Salmo spp. and Salvelinus spp. are interme-
diate to those of Pacific salmon and coregonines. With
the exception of S. namaycush, the species of both gen-
era have anadromous and freshwater forms. For species
with both anadromous and freshwater forms, egg size of
the anadromous form was always equal to or greater
than their freshwater counterparts (Tab. 1). Life history
data on the freshwater T. arcticus are singularly distinct
among salmonids, an appropriate reflection of its sepa-
rate taxonomic designation.

Discussion

Previous studies on other vertebrates identified a pri-
mary reproductive tactic along an r — K continuum

Tab. 6. Arithmetic means of six life history traits in the family Salmonidae (calculated from mid-range values recorded in Tab. 1).

Subfamily
Salmoninae Coregoninae Thymallinae

Trait Oncorhynchus*® Salmo, Salvelinus

Hatching time (d) ................... 81 121 136 16
Epg:size (mm) . s osovvvinivnaimas 6.8 4.5 2.2 2.4
Number of eggs..................... 3900 4200 47000 10000

Age at maturity (yr)................. 3.8 a3 5.4 3.5
Length at maturity, (Vo) «coswsovavos 60 37 31 34
Maximum broods/life . ............... 1 11 11 10

*Excludes freshwater form of O. nerka.
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