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We use simple, multivariate evolutionary models to evaluate the short-term poten-
tial for size-selective harvest to reduce genetic variability and alter life history in
cervids. These genetic effects limit sustainable levels of harvest of the animals
because they determine how changes in sex ratio, generation length and traits
contributing to fitness influence population growth rate and local adaptation.
Our analysis of harvest-mediated adaptive evolution employs a genetic approach
that parameterizes models with empirical data obtained from European red deer
Cervus elaphus. The analysis indicates that harvest, if sufficiently high to reduce
the breeding ratio of males to females to below about 15:100, can reduce effec-
tive population size to a level that threatens adaptive potential. The reduction
in effective size is realized through decreases in both sex ratio of breeders and
the age of breeding males. Predicted selective effects of harvest on body size
indicates a weak potential to alter most life-history traits over 10 generations
under two harvest scenarios; the patterns suggest that current modes of harvest
are unlikely to produce substantial life-history changes in red deer over 10 or
fewer generations unless the genetic influences on red deer traits are consider-
ably higher than those predicted here. Nevertheless, male reproductive success
is expected to decline detectably if male harvest rate is sufficiently high (>30%).
Collectively, our results imply that harvest methods should permit higher post-
hunt male:female ratios (18:100 or higher) and ensure that a sufficient number of
larger, older males survive the breeding season. The capacity of selective harvest
to alter demography and life history depends heavily on the genetic covariance
structure underlying variation in these traits, information that is unknown for
many red deer populations. Prudent harvest management should therefore imple-
ment and monitor approaches to hunting that aim to conserve life-history vari-
ation; meanwhile, use of less selective methods can reduce the risk to long-term
adaptive potential and may permit higher sustainable harvest rates.
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Red deer and wapiti Cervus elaphus populations respond
readily to changes in density and environment. Attributes
that vary include differences in survival by sex (Peek et
al. 1967, Flook 1970, Kruuk et al. 1999, Clutton-Brock
et al. 2002), antler size (Schmidt et al. 2001, Kruuk et al.
2002), body size (Lowe 1969, Yoccoz et al. 2002), and
production and survival of young (Coughenour & Singer
1996, Taper & Gogan 2002). Harvest management is a
major means by which density and survival are altered
in this species.

Harvest management varies extensively for red deer
and wapiti. Unrestricted numbers of hunters, or limited
entry seasons of varying lengths for both sexes or only
for males occur in many areas in western North America
(Connelly et al. 2005). Limited entry seasons with hunt-
er participation determined by lottery are common in
areas where wapiti populations are highly accessible or
small enough to require restriction of hunting activity.
Emphasis is given to retaining as much recreational oppor-
tunity for as many hunters as possible in most North
American harvest regimes. Hunting regimes in Europe
are generally more highly regulated with more empha-
sis given to retention of adult males and culling of fe-
males or younger males to limit population size, main-
tain physical condition, and trophy quality (Ueckermann
1987, Clutton-Brock et al. 2002).

Concern over harvest regimes that reduced male sur-
vival to sex ratios of < 5:100 was prompted by observed
declines in calf production and survival in North America
(Noyes et al. 1996). Surveys of populations where sex
ratios were > 5:100 did not find correlations between
calf survival and low sex ratios (White et al. 2001, Ham-
lin & Ross 2002). The observed changes are reversible
by altering harvests to increase the proportion of males
in populations and to reduce population density (Lang-
vatn & Loison 1999).

Nevertheless, Hartl et al. (1991) reported differences
in allele frequencies among red deer populations man-
aged under different harvest regimes. Small, isolated pop-
ulations may show differences in genetic structure
(Kuehn et al. 2003) that may be accentuated by harvest
regimes that cause differences in survival of the sexes.
While there may be a demographic advantage from skew-
ing a sex ratio toward more breeding females if no adverse
physiological or behavioural changes accompany the
skew (Caughley 1977, Ginsberg & Milner-Gulland
1994, Noyes et al. 1996), there are potential detrimen-
tal effects of sex-based harvest on genetic structure (Scrib-
ner et al. 1985). By reducing the proportion of males
among breeding adults through harvest, the effective
population size (N,) can be reduced, thereby making a
small and isolated population more susceptible to effects
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of genetic drift (Harris et al. 2002). For example, Briton
et al. (1994) demonstrated in a model fruit fly Drosophila
melanogaster system that a skewed sex ratio will increase
inbreeding (the increase in homozygosity from matings
among relatives), decrease heterozygosity and decrease
relative fitness. Furthermore, Mills & Smouse (1994) re-
ported that the reduced fitness that accompanies in-
breeding depression can substantially decrease popula-
tion persistence in mammals over a range of inbreeding
costs, starting population sizes, and population growth
rates (see also Frankham 1995b).

The evolutionary consequences of harvest include loss
of genetic and genetically based phenotypic diversity
and loss of fitness through changes in adaptive charac-
teristics. Loss of genetic and phenotypic diversity may
involve characters that are neutral (i.e. largely transpar-
ent to natural selection) or those that contribute to adap-
tation (e.g. most life-history traits; Harris et al. 2002).

The most compelling empirical evidence for genetic
consequences of selective harvest comes from fisheries
(reviewed in Law 2000, Essington 2001, Ashley et al.
2003, Hard in press). In many fisheries, the largest fish
are most valuable, and several gears and regulatory mech-
anisms (e.g. net mesh size and minimum size thresholds)
tend to favour capture and retention of larger fish (Law
2000, Hard in press). Thus, selection on size in such fish-
eries can lead to evolution of smaller mean fish size
through the inheritance of size and age in progeny of
smaller, younger individuals (Conover & Munch 2002,
Hard 2004). Coupled with often marked demographic
effects, reductions in fish size from harvest can have cor-
related effects on traits that affect population growth, such
as earlier age at maturity (Hard 2004, Olsen et al. 2004),
depressed growth rates of larvae and juveniles (which can
expose immature individuals to higher predation), and
decreased egg sizes (Conover & Munch 2002).

Such patterns may also result from harvests of terres-
trial mammals. Hartl et al. (1991) reported that selection
for large body size, large number of antler points and
against yearling males with small spikes was related to
differences in length and intensity of the hunter harvest.
Changes in the length of main beam of antlers were also
noted. Selective hunting led to changes in allele frequen-
cies and could lead to the loss of rare alleles (see also Ma-
lo et al. 2005).

Assuming that the number of antler points in elk fol-
lows polygenic inheritance, Thelen (1991) used a sim-
ple stochastic model of harvest of antlered males to
hypothesize that the yield of trophy animals would de-
cline over time if male harvest was sufficiently high,
even as overall yield increased. Selective harvest for tro-
phy rams from an isolated mountain sheep Ovis canaden-
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sis population led to selection for lighter and smaller-
horned rams (Coltman et al. 2003); it is not yet known
whether this selection will also yield changes in genet-
ically correlated traits (e.g. female body weight, calving
rate or disease resistance).

As in other exploited species, genetic variability and
long-term adaptive potential in cervids can be affected
by breeding population size, aspects of mating structure
such as the proportions of males and females breeding,
harem size of dominant males, generation length and
adult longevity (Ryman et al. 1981, Martinez et al. 2002,
Mysterud et al. 2002, Wade & Shuster 2004). Harvest
will change the characteristics of the breeding population
by skewing the sex ratio of breeders and reducing adult
longevity. Both factors can reduce effective population
size, which estimates how rapidly genetic variation is
lost and inbreeding accumulates within a population. An
undivided population of a given size achieves its maxi-
mum N, when the number of males and females is equal
and there is no variance among parents in number of
progeny; N, is reduced when the breeding population
fluctuates in size, the adult sex ratio deviates from 1:1,
or the variance in reproductive success is elevated. Differ-
ing generation lengths of males and females can con-
tribute to each of these conditions, which are common
to red deer. Overlapping generations, also the case for
red deer, make predicting the consequences of these sit-
uations for adaptive potential more difficult (Lande & Bar-
rowclough 1987).

We provide an evaluation of two simple harvest sce-
narios, described below, to illustrate how size-selective
harvest can affect genetic and phenotypic diversity in
red deer populations. We adapt models of phenotypic
evolution, parameterized with genetic and phenotypic
data from studies of antlered game, to address two ques-
tions: 1) How do changes in life-history characteristics
of red deer induced by harvest influence effective popu-
lation size? 2) Is selective harvest likely to change life-
history characteristics of red deer over time frames of
primary concern to managers? In addressing these ques-
tions, we hope to illuminate key factors that reduce the
sustainability of harvest management strategies and to
identify alternatives that can minimize adverse genetic
consequences.

Material and methods

Effective population size

Simple models developed by Nunney (1993), based on
Wright (1938), assess the dynamics of N, under popu-
lation changes that could be affected by harvest. These
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models (Appendix I) of a single, isolated population in-
corporate the harem polygyny breeding structure of red
deer. This breeding structure is one of the most spectac-
ular departures from a random mating model, and the
consequences for sex ratio and variance in reproductive
success (especially of males) reduce N,. Nunney (1993)
showed that for many organisms with overlapping gen-
erations under harem polygyny, the ratio of N/N (where
N is the census size) is expected to be about 0.5 over a
wide range of sex ratios, generation lengths, and vari-
ance in reproductive success (but see Kuehn et al. 2003
for a counter-example in red deer).

Nunney (1993) assumed that survival and fecundity
are independent of age and that all animals mature at the
end of their first year. We varied survival with age accord-
ing to empirical data but used mean fecundity for all
ages; we also allowed for older ages at first maturity in
parameterizing the models. In applying these models to
red deer, we assumed that the variation in sex ratio was
due to a bias in survival to adulthood rather than a bias
in sex ratio at birth; although Clutton-Brock & Iason
(1986) suggested that significant variation in birth sex
ratios can occur, Kruuk et al. (1999) and Bonenfant et
al. (2003) did not detect such variation. For elk, Flook
(1970) and Peck et al. (1967) reported minor differences
in sex ratio at or near birth; for red deer, Clutton-Brock et
al. (1982) reported no significant deviation from parity
except for hinds > 12 years of age. The differences were
considerably smaller than those related to survival.
Nunney’s (1993) equations compute changes in N, under
varying conditions of generation time, sex ratio and
harem size. Assumptions are that a) all mature females
mate once per season; b) the harem bull does the breed-
ing; ¢) mean generation length is the sum of mean age
at maturity and mean adult reproductive lifespan (com-
puted for each sex and then averaged); d) the sex ratio
can be computed from the ratio of mean male reproduc-
tive lifespan to twice the mean adult reproductive life-
span; and e) harem size is a simple function of the pro-
portion of females breeding during the season, the pro-
portion of males among adults, and the proportion of

Table 1. N, model parameter values employed for red deer. Longevity
refers to reproductive lifespan.

Parameter Values
Annual adult male survival 0.87
Annual adult female survival 0.85
Mean male longevity (SD) 3.1 (1.0)
Mean female longevity (SD) 6.4 (1.0)
Male age at maturity 6.2
Female age at maturity 4.0
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Figure 1. Effective population size, N,, as a function of mean generation length for red deer populations of 1,000 (A) and 10,000 (B) breeding
individuals under four proportions of harem-holding males (o). These proportions increase from 0.1 to 0.4 in increments of 0.1. Sex variation in
survival is assumed. N, as a function of sex ratio (i.e. male proportion) for red deer populations of 1,000 (C) and 10,000 (D) breeding individuals
under four proportions of harem-holding males (c,,). These proportions increase from 0.1 (bottom curve) to 0.4 (top curve) in increments of 0.1.

Sex variation in survival is assumed.

males that breed during the season, and their age struc-
tures (Bonenfant et al. 2004). We varied the male pro-
portion from 0.1 to 0.6, and normal distributions of
harem sizes, adult reproductive lifespans, and sex ratios
were generated from these parameters (Table 1, Fig. 1).
We based our simulations on a census size, N, of 1,000
adults, unless otherwise indicated. The simulation results
are not very sensitive to changes in census size unless
they are much larger or smaller (J.J. Hard, unpubl.
data).

Because N, is difficult to estimate in natural popula-
tions and age structures are often not available, consid-
erable attention has focused on the N./N ratio as a means
of estimating N, from census data (e.g. Kalinowski &
Waples 2002, Waples 2002). We used Nunney’s (1993)
model to compute this ratio from data for mean harem
size, mean maturation age, reproductive lifespans of males
and females and adult sex ratio.
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Effects of selective harvest on size and correlated
traits

We investigated short-term evolutionary effects of size-
selective harvest on red deer by incorporating into a
model of phenotypic evolution estimates of genetic and
phenotypic parameters from the Isle of Rum (Scotland)
red deer population (provided by Kruuk et al. 2000,
2002). The model predicts responses of correlated traits
to size-selective harvest. Other models, notably those
developed by Barton & Turelli (1991) and Kirkpatrick
et al. (2002), provide more comprehensive means to pre-
dict evolution of polygenic characters under selection,
and they incorporate the potential to evaluate a more
comprehensive suite of factors that influence inheritance,
including allelic interactions within and among loci, link-
age and cytoplasmic inheritance. In this paper we use a
simple additive genetic model because of the lack of
empirical estimates for many of these factors, and be-
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cause most quantitative genetic investigations of har-
vest-induced selection have employed this approach.
Our objective was to determine whether size-selective
harvest could produce appreciable short-term responses
in body size and other red deer life-history characters
that are likely to affect productivity, based on applying
empirical genetic data to functional relationships based
on a predictable mode of inheritance.

For the simple additive model, we used genetic and
phenotypic variance component estimates to parameter-
ize a set of equations determining multivariate response
to directional selection (see Appendix I). An age- or
stage-structured model (Law 1991, Charlesworth 1994)
was not feasible because insufficient genetic and phe-
notypic data existed to parameterize such models (see
Hard 2004 for a counterexample). We therefore relied
on a discrete-generation form of the classic multivariate
breeder’s equation (Lande 1979, Falconer & Mackay
1996) relating mean phenotypes in generation t to the
genetic (G) and phenotypic (P) covariance matrices and
the vector of selection differentials resulting on each trait
from harvest in generation t (Hard 2004, in press). We
assumed that the covariance matrices and vector of selec-
tion differentials were constant over the number of gen-
erations simulated (10). To determine the selection dif-
ferentials on the traits, we assumed that traits were sub-
ject to natural stabilizing selection with the mean trait
value representing the selective optimum and fitness
decaying weakly with deviation of the mean from this
value; we computed the width of the fitness curve as 3-
4 phenotypic standard deviations, based on published
selection studies (Hoekstra et al. 2001, Kingsolver et al.
2001, Meriléd et al. 2001). We assumed an annual harvest
rate of males of 30%, based on estimates obtained from
European red deer and North American wapiti. Equations
for calculating selection differential on and fitness cor-
responding to each trait were taken from Law (1991)
and Hard (2004).

For each trait, we computed the selection differential
on red deer size (using leg length as a proxy for body
size; Table 2), under the assumption that mean size in a
cohort represents the mean size of its members suscep-
tible to harvest. We estimated the correlated selection
differentials on the means of the other traits from the
relation of the phenotypic covariance between each pair
of traits to the phenotypic variance of length (Falconer
& Mackay 1996). For each trait, we calculated the fit-
nesses, selection differentials and responses to selection
for males and females separately; we then combined these
values to determine overall population responses.
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Table 2. Means, standard deviations (SD), heritabilities (h? = SE),
and correlations with fitness (r) for Isle of Rum red deer. Data are
from Kruuk et al. (2000, 2002) in which descriptions of these terms
can be found. Antler weight data (approximate mean and SD) are
standardized to age seven; the heritability is age-corrected. Total
fitness is expressed as lifetime reproductive success (LRS).

Trait Mean SD h? SE(h?) r
Females
Total fitness (LRS) 291 3.57  0.00 0.06 1.00
Adult breeding success 5.18 331 0.00 0.00
Longevity 6.42 593  0.00 0.05 0.95

Adult longevity 11.52 3.85 0.00 0.00

Fecundity 7582 1405 046 0.15 0.23

Age at first breeding 4.00 0.76

Birth weight, kg 6.38 122 025 0.07 0.16
__Leg length, mm 186.49 7.82 0.37 0.17 0.21
Males

Total fitness (LRS) 2.09 557  0.02 0.06 1.00

Adult breeding success 6.45 8.25 0.08 0.08

Longevity 3.14 327 0.01 0.09 0.61

Adult longevity 10.55 2.54  0.00 0.00

Maximum annual 3.70 336 0.10 0.16 0.83

breeding success

Age at first breeding 6.24 1.55  0.19 0.30 0.30

Birth weight, kg 6.69 1.24  0.11 0.07 0.18

Leg length, mm 193.57 7.73  0.07 0.14 0.43

Antler weight, g ~700 ~165 0.33 0.12 -0.11

Genetic variation in life-history traits

The estimates of trait means and variation used to param-
eterize the model are summarized in Table 2; these esti-
mates are from Kruuk et al. (2000, 2002). These assump-
tions reflect the typically low heritabilities for morpho-
metric and life-history traits in wild populations. Kruuk
et al. (2000, 2002) estimated genetic variances and her-
itabilities using maximum-likelihood methods with a
mixed (‘animal’) model. An important advantage of this
model is that it provides unbiased estimates of the param-
eters even in situations where family structure is unbal-
anced and the resulting covariance matrices are sparse
(Shaw 1987, Hard et al. 1999), which is often the case
for pedigrees of natural populations.

Unfortunately, Kruuk et al. (2000, 2002) provided few
estimates of phenotypic or genetic covariances among the
traits. Therefore, to employ these genetic data we estimat-
ed the phenotypic correlation between traits x and y (r,,)
as the product of the correlations of each trait with fit-
ness (which Kruuk et al. did estimate), measured as life-
time reproductive success and the corresponding cova-
riance (cov,,) as rxy-\/(varx‘vary). We computed the
genetic variance for each trait x as the product of the
trait’s heritability (h?,) and its phenotypic variance (var,).
We computed the genetic covariance between traits x and

y as \/ilzx‘\/hzy‘covxy.
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We used these variances and covariances in one sce-
nario to seed the phenotypic and genetic covariance
matrices in the selection model. One limitation of this
method is that it does not allow for negative genetic cor-
relations in the presence of positive phenotypic correla-
tions (which are possible for any pair of traits), so the
responses to selection predicted by the model are likely
to be overestimated. In another scenario intended to eval-
uate the sensitivity of responses to higher heritabilities
for female life-history characters and a tighter covari-
ance structure, we assumed a heritability of 0.2 for each
life-history character, a heritability of 0.5 for each mor-
phometric character, and phenotypic and genetic corre-
lations between traits estimated as described above.

Results

Effects of generation length and sex ratio on N,

The effects of generation length on N, are depicted in
Figure 1, assuming census sizes of either 1,000 or 10,000
individuals, sex variation in adult survival, and varying
proportions of males participating in breeding. These
plots indicate that N, declines monotonically with mean
generation length, and more sharply as generation length
declines below eight years. For harem polygyny, this pat-
tern appears to reflect increasing variance in male re-
productive success with decreasing generation length.
For equivalent values of generation length, N, tends to
increase with the proportion of males holding harems,
reflecting the substantial effect that variability in male
reproductive success has on N.. If generation length is
very short, N, may decline below 200 in a population of

14
12}

1.0

Ng/N

081

0.6 |

0.4

70 75 80 85 90 95 100 105
GENERATION TIME, T

size 1,000, a value which could jeopardize long-term
persistence (e.g. Mace & Lande 1991). When mean gen-
eration length is as low as seven years, N, may be as low
as 200 to 400, depending on variance in male reproduc-
tive success. An N, of 350 for a population of 1,000 adults
would correspond to a rate of loss of genetic variation
per generation due to random genetic drift of 0.14%.
The effects of sex ratio on N, assuming sex variation
in adult survival and under varying proportions of males
participating in breeding, indicate that N, declines mono-
tonically with sex ratio, and becomes quite low as the
proportion of males in the adult population approaches
0.2 (see Fig. 1). As in the case for variation in mean gen-
eration length, N, increases with the proportion of males
holding harems for a given sex ratio. Again, this pattern
illustrates the substantial effect that variance in male
reproductive success has on N.. If the adult sex ratio is
highly skewed toward females, N, may decline below
200 in a population of size 1,000, if the proportion of
males breeding is small. Assuming a sex ratio during the
rut of 0.20, N, for a population of 1,000 animals would
vary between about 200 and 400, depending on the pro-
portion of males holding harems. Harvest of males that
results in an adult sex ratio during the rut much below
this value will reduce effective size considerably by in-
creasing variance in male reproductive success.

Effects of generation length and sex ratio on the
N¢/N ratio

The effects of generation length and sex ratio on the ratio
of N, to the number of adults are summarized in Figure
2, for proportions of males holding harems of 0.1-0.6.
Although the N/N ratio has no expected range (Nunney
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PROPORTION MALE, r

0.25

Figure 2. Ratio of N./N as a function of generation length (A) and sex ratio (B) for a red deer population under varying proportions of harem-
holding males (a,,), from 0.1 (bottom curve) to 0.6 (top curve) Sex variation in survival is assumed. Note that N is not constant in these scenarios

(see text).
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Figure 3. Simulated trajectories over 10 generations of means in the selected quantitative traits leg length (A; in mm), birth weight (B; in kg),
antler weight (C; in g), age at first reproduction (D; in years) maximum animal breeding success (E) and total fitness (F) expressed as lifetime
reproductive success (LRS) for male red deer under weak size-selective harvest assuming the empirical values in Table 2 (empirical G; —) or
assuming heritabilities for morphometric traits of 0.5 and for life-history traits of 0.2 (average G; ----).

1993), it generally varies from 0.1 to 0.5 in natural popu-
lations (Mace & Lande 1991, Frankham 1995a). The
plots indicate that, if < 20% of males hold harems, the
N/N ratio will not exceed 0.8, regardless of the gener-
ation length. The ratio declines more rapidly if the pro-
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portion of males holding harems is below 0.2 and gen-
eration length is below about eight years. If a small
minority (~ 10%) of males holds harems, the N/N ratio
is also rarely expected to exceed 0.6, regardless of the
breeding sex ratio. The N/N declines rapidly if the sex
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Figure 4. Simulated trajectories over 10 generations of means in the selected quantitative traits leg length (A; in mm), birth weight (B; in kg),
longevity (C; in years), fecundity (D), age at first reproduction (E; in years) and total fitness (F) expressed as lifetime reproductive success (LRS)
for female red deer under weak size-selective harvest assuming the empirical values in Table 2 (empirical G; —) or assuming heritabilities for
morphometric traits of 0.5 and for life-history traits of 0.2 (average G; ----).

ratio declines much below 0.2 (20 males:80 females, or
25 males: 125 females), and if the proportion of males
holding harems is below 0.1. Figure 2 indicates that the
N./N ratio can increase at shorter generation lengths or
lower proportion of males if the majority of males are
holding harems, due to increasing participation of young-
er males in breeding and to reduced variance in male
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reproductive success. However, these relationships do
not reflect a constant N; the N/N ratio is increasing in
these situations because the total census size is decreasing
more rapidly than is effective size. For a particular value
of N, N, always declines with declining generation length
or deviation of the adult sex ratio from 1:1 (see Fig. 1).
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Responses of life-history traits to selective
harvest
Based on the simulation modeling, the effects of size-
selective harvest (male harvest rate of 1-0 = 0.3, with a
threshold size for harvestable animals 1 SD above the
mean; female harvest rate = 0.05) on red deer fitness and
correlated life-history traits over 10 generations are sum-
marized in Figures 3 and 4. With some notable excep-
tions, the results under either of the two scenarios model-
ed (empirical G, the G estimated from empirical herita-
bilities and correlations as described in the methods and
shown in Table 2; average G, the G estimated as describ-
ed in the methods) predict minor declines in the traits
under weak directional selection imposed on size by a
male harvest rate of 30%. The greatest effects are expect-
ed in maximum annual male breeding success and total
male fitness, which are predicted to decline by 2 and
3.2%, respectively, if G reflects empirical values. If G
reflects average values, at this harvest rate appreciable
declines in male traits are predicted within 10 genera-
tions in longevity (3.1%), male adult breeding success
(3.9%), maximum annual breeding success (2.7%), and
total fitness (20.1%). Male antler weight is predicted to
decline by < 1% over 10 generations. Under this harvest
scenario, females are expected to show a decline in total
fitness of at most 1% over 10 generations (see Fig. 4).
As expected, trends are more pronounced under a high-
er harvest rate, even if harvest is no more selective on size.
For example, a harvest rate of 50% on males is expect-
ed to yield a decline in adult breeding success of > 5%
and in total fitness of >28% within 10 generations. Lower
harvest rates on males produce smaller projected trends
(data not shown), but trends in all reproductive traits
remain downward, implying that even low harvest rates
could depress productivity and fitness if population
growth rate is already low.

Discussion

Sustainable harvest strategies result from consideration
of both long- and short-term consequences of harvest
practices. Harvest has the potential to alter the genetic
and phenotypic characteristics of red deer populations
as well as change fitness and population growth (Hartl
etal. 1991, Harris et al. 2002; but see Kruuk et al. 2002).
Harvest practices that sharply reduce adult longevity or
skew adult sex ratios heavily toward females should be
avoided because they may appreciably increase loss of
genetic variability due to stochastic processes. Wedekind
(2002) found that the demographic benefit of skewing
toward females could increase the short-term popula-
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tion growth rate enough to prevent an immediate decrease
in N,; however, the models Wedekind (2002) used did
not include any negative feedback (inbreeding depres-
sion or loss in adaptive traits) arising from the low ini-
tial N, in the skewed populations.

The modeling results outlined here indicate that effec-
tive population size is nearly half the census size for red
deer over a relatively wide range of generation lengths
and adult sex ratios, but that N, drops sharply at short
generation lengths or adult sex ratios strongly skewed
towards females. Therefore, variation in reproductive
success, particularly of males, would be valuable infor-
mation to monitor in managed red deer; if tissue sam-
ples from identifiable animals can be obtained, this vari-
ation could be measured quantitatively. Under an assump-
tion of an isolated population, the model predictions are
optimistic, as they do not account for all the annual vari-
ance in reproductive success in red deer. Gene flow from
other metapopulation subunits would offset these losses
of genetic variation to some degree, especially if disper-
sal involved older harem-holding males. Nevertheless,
the potential consequences of low N, for a population’s
ability to respond to future environmental challenges are
serious, especially for small, relatively isolated popula-
tions. Over the short term, the reduction of effective pop-
ulation size due to harvest of older males could, in small
populations, increase the demographic effects of inbreed-
ing depression and thereby decrease the probability of
population persistence (Mills & Smouse 1994).

Different population characteristics and environmen-
tal conditions will produce different demographic tra-
jectories, and the interaction of factors such as starting
population size, environmental variation and inbreeding
cost on population growth rate make it impossible to
give a single number for an optimal sex ratio in a manage-
ment context. Also, the consequences of sex-ratio vari-
ation that might arise in natural populations from sex-
ratio bias at birth and subsequent mortality (Flook 1970,
Clutton-Brock & Iason 1986) is not considered, although
this phenomenon is seldom reported for red deer. The
findings reported here demonstrate potential disadvan-
tages to red deer population growth that could arise from
strongly skewing the male sex ratio in a relatively small,
isolated population.

The modeling results imply that harvest management
should strive to maintain at least a few older breeding
males, perhaps 10-20% of all breeding males, in exploit-
ed populations. This is particularly important for small-
er populations. Harvest regimes that drive mean age of
males below three years or sex ratios below approximate-
ly 0.15 (18 males:100 females) should be avoided be-
cause they are likely to lead to evolutionary changes that
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can reduce population viability in the short term, espe-
cially if the proportion of harem-holding males is low
(< 20%). It should be kept in mind that these results
assume that males successful in breeding each year are
chosen at random from the population; the models do
not account for annual variation in individual male
breeding success, which has been documented (Clutton-
Brock & Albon 1989, Rose et al. 1998). Consequently,
the model underestimates the reductions in N, that result
from a decline in mean breeding age.

The selective harvest model indicates that size-selec-
tive harvest can alter mean values of life history traits
affecting reproductive fitness, but the results depend
heavily on genetic information that has not yet been pub-
lished for most red deer populations (i.e. genetic and
phenotypic covariance structures). That correlations
among traits can influence response to selection has long
been understood by plant and animal breeders, and in
some cases this influence may be considerable. Conse-
quently, our results should be viewed as initial approx-
imations of consequences of harvest on demographics
and morphology of red deer and are essentially hypoth-
eses to be tested. The red deer data used in the model
indicate that, in general, expected trends in adult size
and reproductive traits are weak over 10 generations.
However, trends in male lifetime reproductive success
over this period may reach a loss of 3-20%, given the
genetic parameters evaluated here.

Our results appear to contrast with the analyses of
Coulson et al. (2003), who detected significant changes
in early life-history traits of red deer on Rum occurring
over three decades in the absence of hunting pressure.
They attributed these changes to environmental varia-
tion acting on population characteristics largely through
climate and deer density, and showed that the genetic
covariance among traits is an important element of such
changes. Our results, we believe, point to the importance
of analyses like those of Coulson et al. (2003); indeed,
such environmental factors are likely to mask any effects
of harvest similar to the scenarios modeled here. In light
of our work, the modeling results highlight the value of
parameterizing the phenotypic and genetic covariance
matrices (P and G, respectively; see Appendix I) with
empirical variance and covariance data. They identify
the additional and potentially detrimental effects that
harvest may have on productivity, particularly when pro-
ductivity is challenged by climate and density-depen-
dent factors limiting population growth.

Under the simple scenarios considered here, predicted
changes in life history resulting from directional selection
are modest. However, the results depend heavily on the
genetic and phenotypic covariances, and stronger re-

436

sponses are possible. Although insufficient data for red
deer were available to fully evaluate the evolutionary
consequences of harvest, nearly all trends reflected
depressed productivity and fitness. The patterns suggest
that current modes of harvest are unlikely to produce
substantial life-history changes in red deer over 10 or
fewer generations unless the genetic influences on red
deer traits are considerably higher than those predicted
here. However, it should be recognized that the popula-
tion used in our analyses may not reflect the actual re-
sponses of many other populations, including those
imperiled by harvest, habitat loss or other factors. The
primary assumptions of the analysis are that genetic and
phenotypic (co)variances are constant over time, that
phenotypes are determined simply by a breeding value
and an environmental deviation (i.e. additive gene action
and no genotype-environment interaction), that harvest
intensity and environmental influences on red deer demog-
raphy do not vary, and that the distributions of breeding
values, environmental deviations and phenotypes are mul-
tivariate normal and remain so under harvest.

Several additional caveats to recognize include: 1) the
genetic data do not adequately capture the covariance
structure of the important traits (in particular, no nega-
tive covariances exist in this model, a situation that could
seriously bias predicted responses, and G is assumed
constant under selection); 2) the discrete-generation
model is likely to underestimate selection responses
because it does not account for selection acting differen-
tially on multiple ages within a cohort; 3) only weak har-
vest intensity is considered; 4) harvest selectivity may
be more pronounced than that predicted from body size;
5) leg length may be a poor proxy for body size in eval-
uating size selectivity; 6) natural selection on these traits
may be stronger than modeled, which could alter the re-
sponses to harvest; and 7) no changes in the variability of
traits over time are permitted in the model, which will
affect selection responses. Clearly, most of these assump-
tions are violated in wild red deer populations.

Departures from the first two conditions may have
important implications for predicting harvest effects. For
example, if G varies appreciably under selection, pheno-
typic changes resulting from selective harvest may erode
quickly in traits with larger heritabilities, if selection is
primarily directional. However, these changes may be
offset by changes in the genetic correlations between
traits that influence fitness, which are likely to become
more negative under selection as positive genetic corre-
lations with respect to fitness are removed, leaving more
negative correlations maintained by antagonistic pleio-
tropy (Service & Rose 1985, Holloway et al. 1990). The
net outcome is difficult to predict, and emphasizes the
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value in estimating correlations among traits influenc-
ing reproductive fitness.

In addition, not accounting for age structure is also
likely to affect responses to selection. If selection on traits
varies, especially in direction but also in magnitude,
among animals of different ages, predicted responses to
selection may be more subtle than if age structure is not
considered. The effects depend heavily on the degree to
which heritabilities, genetic correlations, and selection
differentials differ among animals of different ages in
both sexes.

Nevertheless, the downward trends in life-history traits
with respect to fitness highlight the need to be cautious
about harvest methods that are selective, at least with
respect to size. The consequences of variable natural
selection for the distribution of adult size are likely to
interact with those of size-selective harvest in a com-
plex fashion. Empirical estimation of harvest selection
differentials and responses to selection over several gen-
erations would help to determine how size-selective har-
vest affects variation in life history and productivity of
antlered game. Where feasible, management biologists
should strive to obtain additional data from red deer popu-
lations (as has been collected systematically for decades
for a few European populations, such as the wild group
on the Isle of Rum) that could provide key information
on the genetic and demographic characteristics of these
managed populations. Ideally, this information would
include ages of adult males and females successfully
mating and those excluded from mating, sex-specific
reproductive lifespans and annual variation in individ-
ual breeding success, survival rates of calves born to par-
ents of different ages, annual variation in reproductive
success of harem-holding males of different ages, and
tissues for genetic information sufficient to identify par-
ent-progeny triplets. We recognize the difficulty in ob-
taining much of this information in freely ranging cer-
vid populations; therefore, harvest managers should in
the meantime adopt risk-averse management alterna-
tives for red deer populations under harvest, such as
hunts that reduce selectivity on size and age or permit a
greater proportionate take of antlerless animals. By pro-
moting less selective harvest methods, managers may
be able to support higher sustainable harvest rates on an
annual basis.
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Appendix I

Effective population size
Under an assumption of variation in sex ratio resulting from a bias in survival to adulthood, the effective popula-
tion size, N, depends on the census size N, the adult sex ratio p,, (proportion male), the probabilities of male and
female survival between breeding seasons (v, and vy, respectively), and harem size h (defined below) in the fol-
lowing way (Nunney 1993):

N - ON
* 2v, +v)+(1-v)(h+1)]

if pm = 1/(h + 1), or

N - N
* 2(v, + v+ (1-v, )(h+1)h]

ifp, < 1/(h + 1).

These equations compute changes in N, under varying conditions of generation time, sex ratio and harem size.
Assumptions are that all mature females mate once per season, that the harem bull does all breeding, that mean
generation length is the sum of mean age at maturity and mean adult longevity (computed for each sex and then
averaged), that the sex ratio can be computed from the ratio of mean male longevity to twice the mean adult lon-
gevity, and that harem size is equal to:

h= a‘f(l_pm)
P

where o is the proportion of females breeding during the season (assumed to be 1), p,, is the proportion of males
among adults, and a.,, is the proportion of males that breed during the season.
Nunney (1993) showed that, assuming sex variation in adult survival, the N./N ratio could be computed from:

M+A-1
A
Lo nad v+ ynar —adm]

where H = 1 for p,, =1/(h + 1), or else H = h (the mean harem size); M is the mean maturation age; A is the mean
adult longevity; A, and A; are the longevities of males and females, respectively; p,, is the sex ratio; and h is the
mean harem size.

Effects of selective harvest on size and correlated traits

We used genetic and phenotypic variance component estimates to parameterize a discrete-generation model deter-
mining multivariate response to directional selection on size. This additive genetic model, a multivariate form of
the breeder’s equation (Falconer & Mackay 1996), is expressed as (Lande 1979):

Az, = GP's,

where Az, is the vector of mean phenotypes in generation t, G is the genetic covariance matrix, P is the phenotyp-

ic covariance matrix, and s, is the vector of selection differentials resulting on each trait from harvest in generation
t. Mean fitness estimates under directional selection for trait x assuming normally distributed phenotypes are:

~ kx

W, = |

! exp[— Y dy +6T ! exp[— yi
276 + o) 21+0™) | 7 (e’ +0%) 2(1+0°%)
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where y, is the phenotype scaled as a deviation from the mean value in standard deviation units (0), k, is the thresh-
old size of harvestable red deer, w is the width of the fitness function in units of o, and 6 is the probability of har-
vestable red deer escaping harvest (1-6 is therefore essentially the harvest rate, although it includes the survival of
harvestable animals smaller than k, as well; Law 1991). The selection differential on trait X, S,, is

}cx

where O, is the trait’s phenotypic standard deviation (Law 1991).
We estimated the correlated selection differentials on the means of the other traits, S'y, from the relation:

171 1-6 [ i
W, - exp|— 3
J27(c? + o) 2(1+w7)

where cov,, is the phenotypic covariance between each pair of traits and var, is the phenotypic variance of x (size)
(Falconer & Mackay 1996).

© WILDLIFE BIOLOGY - 12:4 (2006) 441






