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Principal components analysis was used to determine the degree of covariance among life-history traits
in eight populations of the amphipod Hyalella azteca and four populations of the crayfish Orconectes

virilis inhabiting Canadian boreal lakes.

Assumptions of tightly coupled traits which vary

unidimensionally as a single fixed unit or "tactic" are untenable for these organisms. Instead, populations
are characterized by an independence among demographic traits which contradict some established
beliefs in life-history trade-offs. The degree to which organisms display traits which can vary
independently will influence the resulting phenotypic flexibility of life history responses to varying
environmental conditions and may dictate ranges of latitudinal distribution.
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INTRODUCTION

Life-history theory involves the study of compromises
among a set of traits operating through natural selection
through the differential allocation of energy between
somatic and reproductive activities (Stearns, 1976;
Fenwick, 1984) and is a current field of popular study on a
wide variety of organisms (for example, Wellington and
Robertson, 2001; Purchase et al., 2005; Ljubisavljevic et
al., 2007; Lardies and Bozinovic, 2008; Castaneda et al.,
2010). It is the particular combination of traits, adjusted in
response to prevailing environmental conditions that is
important in defining a specific life-history (Trendall, 1982).
In this respect, a life-history "tactic" or "strategy" may be
envisioned as a tightly integrated assemblage of such
traits functioning together as a coadapted whole. Although
there has generally been little work on the adaptive value
of life-history traits in freshwater invertebrates relative to
that on other taxa, most such research has followed the
aforementioned theory (Strong, 1972; Calow and
Woolhead, 1977; Browne and Russell-Hunter, 1978;
Brown, 1979, 1983; Lynch, 1980;

Schwartz, 1984; Bailey and Mackie, 1986; Etter,1989;
Chung et al.,, 2008). Work by Trendall (1982) on the
mosquito fish Gambusia affinis, however, has questioned
some assumptions implicit in life- history theory and
instead demonstrated a degree of independence in the
variability of specific traits for this particular species. Such
a mechanism of variable, rather than fixed, relationships
would of course put fewer restrictions on the patterns of
grouped traits, thereby increasing the range of possible
life-history expressions. Haukoja and Hakala (1978) and
Kllgour and Mackie (1991) both showed that the inter-
correlations among demographic traits for populations of
freshwater clams occurred in some circumstances
opposite to that expected by theory. As Trendall (1982)
stated:"Defining the extent to which traits are connected by
fixed relationships is therefore a means of defining life
history variation”.

Despite the statement by Stearns (1976) that life-history
has been regarded for over fifty years as "a set of adaptive
traits connected by relations that can be



mathematically analyzed", few either before or since have
actually attempted to define the mathematical inter-
dependency of such traits (Pease and Bull, 1988). Later,
Stearns (1980), recognizing the paucity of potentially
falsifiable empirical evidence on life-history theory,
highlighted the need to use "appropriate statistical
procedures, such as factor analysis (to observe) the
clustering of traits in phenotype space”. Unfortunately,
studies of phenotypic variation in demographic traits have
generally been restricted to analysis of unilateral changes
in specific traits or at best to correlating pairs of traits
(Saether, 1987, 1988; Harvey and Clutton-Brock, 1985;
Trendall, 1982; Brown, 1983; Stearns, 1983, 1984,
Dunham and Miles, 1985; Dodson and Murie, 1987;
Galillard et al., 1989). In contrast, the present study, like
that of Trendall (1982), uses principal component analysis
to examine the degree of covariance among life-history
traits, in this case, for populations of the amphipod Hyalella
azteca (Saussure) and the crayfish Orconectes virilis
(Hagen) inhabiting Canadian boreal lakes.

METHODS

The approach taken in the present study was to examine the
microgeographic variation in, and correlations among, life-history
traits of conspecific populations inhabiting contrasting environments.
The boreal lakes sampled are located in two locations on the
Canadian Shield of central and northwestern Ontario, are contained
within small, glacially-formed basins, and are ice-covered from
November to March. Lakes were selected to reflect a gradient in two
major anthropogenic influences - cottage development and
concomitant increase in system productivity, and elevated hydrogen
ion deposition and resulting lake acidification.

Consensus has yet to be reached with regard to which particular
life-history traits best encompass a "tactic”, and how to best go about
measuring these. As Haukoja and Hakala (1978) and Hedges (1985)
found careful attention must be paid to the particular parameters
used. For example, because of confounding with body size, the
regression statistics from fecundity relationships are superior to
simple measures of mean brood size; due to size-specific mortality,
adult body size may not be closely related to the average somatic
growth rate of the population; age at maturity is really but a poor
requisite relative to the statistical derivation of mean size/age at onset
of sexual maturity (Wenner et al., 1974); and longevity estimated
from a few old individuals may be an imprecise reflection of the true
rate of population mortality (Krementz et al., 1989). The present study
circumvented these problems wherever logistically possible.

Ecological data on the H. azteca populations are contained in
France (1987a, b, 1992a, b, 1993a, b, 1996), France and LaZerte
(1987) and France and Stokes (1988). Briefly, from 500 to 2000
amphipods were collected monthly from 8 lakes (little clear, red chalk
bay, red chalk main, blue chalk, gullfeather, dickie, crosson, heney)
during the ice-free seasons of two years. Sampling was conducted in
shallow macrophyte stands with use of a simple coring device.
Growth rates were calculated for young, juveniles and adults based
on analyses of population length-frequency distributions (Mathias,
1971). Because the increase in size in Hyalella is approximately
linear, rates of growth were obtained from the slopes of the least-
squares regressions of mean head lengths against time in weeks
(ranges across populations = young: 0.005 to 0.017 mm; juvenile:
0.001 to 0.005 mm; adult: 0.003 to 0.013 mm). Mean size at maturity
for females ranged from 0.452 to 0.593 mm

across the populations. Fecundities are expressed as mean number
of eggs per mm head length (population range = 12.8 to
16.5).Preamplexus values (Strong, 1973) are log transformed
proportions for each population (range = 2.30 to 4.49). Mortality rates
were calculated as the slopes of the least-squares regressions of in
+ 1 proportional densities per gram macrophyte biomass against time
in days for both adults and juveniles. Mortality rates for adults are
averaged for two summers (range = 0.009 to 0.018,) while those for
juveniles were calculated for the inter-winter period (range = 0.006 to
0.013). Mortality of young was calculated as the difference between
total expected recruitment and the juvenile standing crop after
recruitment had ceased (range = 27.0 to 63.9). Sample sizes ranged
from 65 for the mean fecundity calculations to over 6000 for the
growth rate derivations.

Ecological data for O. virilis are contained in France (1985,
1987c, 1993c), France and Graham (1985) and France et al. (1989).
From 68 to 200 crayfish were collected monthly from 4 lakes (Lake
224, 239, 240, and experimentally acidified Lake 223) during the ice-
free seasons of two years. Sampling was conducted in the littoral
zone with SCUBA. Growth rates are expressed as the relative
percentage increase in size based on length-frequency analysis
(France et al., 1989) (range across populations = 195.7 to 227.4 mm).
Mean sizes at onset of sexual maturity were obtained with the
method of Wenner et al. (1974) (population ranges = females: 19.2
to 21.8 mm; males: 21.8 to 23.6 mm). Instantaneous rates of mortality
were computed using catch curve procedures described in Ricker
(1975) (range = 0.95 to 1.44). Other life-history data included:
maximum size (range = 29.3 to 33.5 mm), mean egg weight (range
= 1.48 to 1.55 ug), mean ovarian fecundity range = 77.7 to 98.1
eggs/g), and slopes (that is relative) and intercepts (that is absolute)
of the size-specific fecundity regressions (ranges
=relative: 7.83 to 10.93), absolute: -108.3 to -191.6). Sample sizes
ranged from 178 for ovarian fecundity to over 4000 for the growth
rate derivations.

Principal component analysis (PCA) was used to test whether the
life history traits were either tightly coupled as an integrated unit
displaying unidimensional change or rather whether they displayed
independent flexibility in their patterns of variation. PCA is a relatively
objective procedure which provides insight into relationships among
individual traits by fitting a series of composite axes in ordinate space
(Gauch, 1982). This ordination in a small number of dimensions
emphasizes the major patterns of variation and co-dependence
among characters (Digby and Kempton, 1987).The percentage of
variation explained by each component measures the relative
strength of that component. Traits which are associated occur
together and provide interpretation of the particular component in
which they occur. Individual character loadings reflect the strength of
association. As per established procedure (Trendall, 1982), PCA was
run using life-history traits scaled with means = 0 and standard
deviations = 1. Standardization was important because of differences
among the traits with respect to measures of quantification and
variability.

RESULTS

In the PCA for amphipods (Table 1), the first three
components explained almost 80% of the variation, but
only three of the 9 traits had character loadings over 0.70.
Juvenile and young mortality rates and young growth rate
were positively associated with PC 1. Mean female size at
maturity and juvenile growth rate were negatively
associated with PC 2 and 3, respectively.

For crayfish, the first two components explained over
80% of the variation, with all 9 character traits displaying
loadings over 0.70 in one of the three principal



Table 1. Loadings of scaled life history traits for Hyalella azteca on

principal components (PC) 1 to 3.

PC 1 PC 2 PC 3
Fecundity 0.32 -0.69 -0.56
Preamplexus 0.50 0.50 0.69
Female size maturity 0.29 -0.74 0.45
Young growth 0.70 -0.63 0.10
Juvenile growth 0.03 0.62 -0.74
Adult growth 0.51 0.46 0.06
Young mortality 0.83 0.15 0.29
Juvenile mortality 0.92 0.13 -0.31
Adult mortality -0.33 -0.33 -0.01
% of variation 38.6 24.4 16.7

Table 2. Loadings of scaled life history traits for Orconectes virilis on

principal components (PC) 1 to 3.

PC1 PC 2 PC 3
Relative fecundity -0.09 0.14 -0.99
Absolute fecundity 0.12 -0.03 0.99
Ovarian fecundity 0.98 -0.08 0.17
Egg weight 0.32 0.79 -0.53
Female size maturity 0.92 -0.36 -0.14
Male size maturity 0.96 -0.25 0.15
Growth 0.97 0.03 -0.24
Maximum size 0.97 0.22 -0.10
Mortality 0.17 0.91 0.38
% of variation 54.1 28.1 17.8

components (Table 2). Growth rate, mean sizes at onset
of sexual maturity and mean ovarian fecundity were all
positively associated with PC 1. Grouped on the second
component were mortality rate and mean egg weight.
Relative and absolute fecundity were strongly associated
with PC 3.

If an organism's life-history evolved as a single
coadapted unit, the great majority of variation would be
expected to be explained solely through a single PCA axis.
Clearly this is not true for either H. azteca or O. virilis. In
both cases, a substantial portion of the total life-history
variation among populations is explained by each of the
three principal components. The high loadings of
preamplexus and juvenile growth for H. azteca, and of
relative and absolute fecundity for O. virilis, on the third
component suggests that PC 3 measures previously non-
described variation rather than being merely the third step
of a general summary (Trendall, 1982). Such results refute
the hypothesis of unidimensional change along a single
axis, the basis for much life-history theory (Stearns, 1984).
In contrast, relationships among life-history traits for these
organisms do not appear to be rigidly fixed. In other words,
proximally situated

populations of crayfish and amphipods in Canadian boreal
lakes display a marked degree of phenotypic plasticity in
their expression of life-history. Predetermined "tactics" do
not exist for these north-temperate, boreal populations.
The three principal components are independently
associated most strongly with traits representing mortality
and young growth, reproduction and maturation, and
reproductive activity and juvenile growth, respectively for
H. azteca; and are associated with growth, maturation and
ovarian fecundity, mortality and egg weight, and absolute
fecundity, respectively for O. virilis.

DISCUSSION

Life- history theory is often based on belief in the
expression of certain relationships among traits as general
principles (Stearns, 1976). In PCA, the loadings of
individual traits enables examination for the presence of
these general principles (Trendall, 1982). Covarying traits
will be associated with the same component. Positive
relationships are reflected by both traits having



the same sign. Opposite signs denote trade-offs between
traits. Trade-offs between somatic growth and fecundity in
these populations of amphipods and crayfish do not occur.
Likewise, trade-offs between fecundity and mortality rate
do not occur. The hypothesis of Strong (1973) concerning
increased amphipod preamplexus under conditions of high
mortality was not supported. An inverse relationship
between somatic growth and relative fecundity does not
exist for these populations. A strong trade-off between egg
weight and number (Stearns, 1980) also did not occur.
Maximum adult size was independent of embryo weight. In
conclusion, the traits characterizing mortality, growth, and
reproduction for these two species were not closely
interrelated. These findings are in support of contentions
by Haukoja and Hakala (1978), Trendall (1982) and Brown
(1983) that tight couplings of life-history traits at the
intraspecific level, although they certainly may exist,
should not be invoked “a priori” as a general principle.

Stearns (1980) questioned whether life history "tactics"
as such are real in an evolutionary sense, or rather
whether they exist as emergent epiphenomena through
collapsing taxonomic hierarchies. The present work,
together with that of Trendall (1982), Brown (1983) and
Stearns (1983), supports the contention that what we
perceive of as being a life-history "strategy" [implications
involved in use of such a noetic metaphor notwithstanding,
(Chapleau et al., 1988)] being based on a number of
covarying traits, is probably less likely to be recognized
within species than among species or even higher taxa.

Unfortunately, studies of the variation in demographic
traits among conspecific populations inhabiting different
environments are much less common than are those
based on comparisons among different species. As a
result, unless the research emphasis is shifted toward the
former, empirical tests of the predictions of life-history
theory will remain sorely lacking (Stearns, 1976, 1983;
Fenwick, 1984). It is extremely time consuming to obtain
the comprehensive data needed to examine intraspecific
variability in life-history, however. In consequence, studies
have been limited to comparing, for example, 2 (Brown,
1983), 3 (Ljubisavljevic et al., 2007; Landies and
Bozinovic, 2008), 4 (Trendall, 1982), 6 (Dobson and Murie,
1987), 8, 13 (Haukoja and Hakala, 1978) or 17 (Kilgour and
Mackie, 1991) populations.

What this means is that Stearns (1976, 1980) clarion call
for the need for mathematical testing of life-history theory
is compromised whereas in the present study using PCA,
the number of variables being examined is greater than the
number of replicate populations. This weakness has to be
acknowledged. Life-history theory, based on an
assumption of fixed relationships between traits, limits both
the degree and direction of phenotypic variation possible
toward environmental change (Trendall, 1982). The
present results indicate that for the species H. azteca and
O. virilis, populations even within a

localized region can display a flexibility of life-history
responses impossible under a system based on a single,
coadapted package of rigid trade-offs. Such a result is
perhaps not surprising considering that H. azteca and O.
virilis are the most ubiquitous species of freshwater
amphipods and crayfish in the Western Hemisphere
(Bousfield, 1958; Crocker and Barr, 1968). Both species
therefore have a wide "ecological amplitude" or tolerance,
enabling their successful colonization and occupation of a
vast variety of habitats (France, 1989e). Trendall (1982) in
G. affinis also has a ubiquitous natural distribution and has
been easily spread worldwide for mosquito control
(Stearns, 1977). Conceivably, all such wide ranging
species will display patterns of independent variation
among their life-history traits. Indeed, it is likely that it is
precisely just such an uncoupling of tight linkages among
traits that actually enables ubiquitous distributions to occur
in the first place. Alternatively, those species constrained
ecologically or physiologically to limited distributional
ranges at lower latitudes [that is Rapoport's Rule (Stevens,
1989)] may display a strong cannalization among their life-
history parameters. Whether this is a result of (a) higher
structural complexity of habitats which precludes
expression of colonizing or independently varying traits, (b)
a greater temporal period for cohesion to develop among
individual traits, or (c) stronger competitive pressure
pigeonholing organisms to specialized, individual
packages (or "tactics") of traits, all of which are more likely
to characterize low latitude environments (France, 1989e),
is unknown. Such answers might go far in helping to
provide insight into the species-richness gradient, which,
because it currently "mocks our ignorance", has been
referred to as "the major, unexplained pattern in natural
history" (Levin, 1989). Further, understanding patterns of
variability among life-history traits will aid in the
assessment of how different species might respond to, and
possibly recover from, anthropogenic stress, such as, for
example, the influence of climate change on species range
extensions or restrictions (France, 1991).
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