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Harvesting and sex differences in demography

Jan Lindstrom

Lindstrom, J. 1998: Harvesting and sex differences in demography. - Wildl. 
Biol. 4: 213-221.

In studies of population dynamics and harvesting, differences in the demo­
graphic parameters of males and females are rarely dealt with explicitly. 
However, polygyny and sexual dimorphism, commonly observed in game 
animals, often result in sex differences in demographic parameters. A struc­
turally simple deterministic two-sex model was used to study the equilibri­
um population size and adult sex-ratio under constant-quota harvesting. The 
model allowed varying harem and brood size, condition dependent sex allo­
cation and sex differences in recruitment probability and adult survival. The 
results show that demographic sex differences may lead to a recommenda­
tion for female biased culling. Adult sex-ratio optimal for population growth 
is not evolutionarily stable. However, constant-quota harvesting can lead to 
the optimal adult sex-ratio for population growth in situations in which the 
mating system and female reproductive strategies would result in a radical­
ly different adult sex-ratio if the population were left unharvested.
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The usual practice in both harvesting theory and pop­
ulation ecology in general has been to describe pop­
ulation growth either by not distinguishing the sexes 
explicitly or by excluding m ales (e.g. M ay 1976, 
Getz & Haight 1989). Excluding males, population 
growth can be described with the num ber of off­
spring produced by an adult individual, or the num ­
ber o f fem ale offspring produced per adult female. 
This is justified if life cycles o f both sexes are iden­
tical or the population dynam ics are governed by one 
sex, independently o f the relative abundance o f the 
other (Caswell 1989). In reality, these assumptions 
are often violated in gam e animals. For instance, the 
m ortality rates o f the sexes com m only differ for at

least som e life stage in birds (Linden 1981, Angel- 
stam 1984, W hitehead, Freeland & Tschim er 1990), 
ungulates (Clutton-Brock, M ajor & Guinness 1985b, 
Takatsuki, M iura, Suzuki & Ito-Sakam oto 1991, 
Owen-Sm ith 1993) and other m ammals (Norbury, 
Coulson & Walters 1988, Desportes, Andersen & 
Bloch 1994). This pattern is m ore typical in dim or­
phic and polygynous species than in species with 
m ore equal sized sexes, where sex differences in 
m ortality are small or absent (Clutton-Brock, Albon 
& Guinness 1985a, Berger & Cunningham  1995, 
Cooch, Lank & Cooke 1996). A lthough m ale-biased 
m ortality is m ost com mon, in some cases female 
mortality rates exceed those o f m ales or there is intra­
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specific variation in the direction o f m ortality differ­
ences (Clutton-Brock 1991 and references therein).

Large size-dim orphism  is generally related to in­
trasex m ating com petition and consequently, in both 
dim orphic birds and mam m als, m ales are likely to be 
larger than females. In size-dim orphic species, small 
males may have m ore difficulties acquiring mates, 
and thus transfer few er genes to the next generation. 
In contrast, small or otherw ise poor-quality females 
do not have difficulties finding mates. This differ­
ence com m only leads to greater variation in male 
than fem ale reproductive success and led Trivers & 
W illard to form ulate their hypothesis concerning the 
sex-ratio o f offspring in relation to m aternal condi­
tion (Trivers & W illard 1973). Some o f the m ost un­
am biguous evidence for the Trivers-W illard hypoth­
esis has been found in gam e mammals. Red deer 
Cervus elaphus (Clutton-Brock, A lbon & Guinness 
1984, 1986), A m erican bison Bison bison  (Rutberg 
1986), reindeer R angifer t. tarandus (Skogland 1986, 
K ojola & Eloranta 1989, see however, K ojola & 
Helle 1994), southern elephant seals M irounga leoni- 
na  (Am bom , Fedak & Rothery 1994), bighorn sheep 
O vis canadensis (Wauters, de Crom brugghe, N our & 
M atthysen 1995) and roe deer Capreolus capreolus 
(Berube, Festa-B ianchet & Jorgenson 1996) have 
been shown to alter the sex-ratio o f their offspring 
according to body condition and/or size o f female.

Strong sexual dim orphism  in body size has im por­
tant im plications for juvenile growth rates as male 
offspring have m ore stringent growth requirem ents 
than fem ales (Clutton-Brock, G uinness & Albon 
1982, L inden, M ilonoff & W ikm an 1984). The con­
sequences o f size dim orphism  can also be seen in sex 
differences in adult m ortality  (C lutton-B rock & 
Albon 1985 and references therein) or in first w inter 
calf m ortality (Coulson, A lbon, Guinness, Pem berton 
& Clutton-Brock 1997).

Theoretical and em pirical studies o f harvesting 
(Fowler 1981, Basson, Beddington & M ay 1991, 
Smith 1992, W ickens, Shelton, David, Field, Oost- 
huizen, Roux & Starfield 1992, C lutton-Brock & 
Lonergan 1994, Ginsberg & M ilner-Gulland 1994, 
M ilner-Gulland 1994, van Rooyen 1994, Cruywagen 
1996) or fisheries (Tyutyunov, Arditi, Biittiker, D om ­
brovsky & Staub 1993) have seldom  taken sex into 
account. To m y knowledge, no study has exam ined 
separately the effect o f  sex differences in dem o­
graphic param eters (e.g. recruitm ent and adult m or­
tality) on the outcom e o f  harvesting. In this paper, I 
study the effect and relative im portance o f sex differ­

ences in recruitm ent, adult mortality, unequal off­
spring sex-ratio and polygyny on sustainable harvest­
ing. As polygyny is com m on in gam e animals, the 
optim al sex-ratio for population growth may lie far 
away from  the one which would evolve in the popu­
lation w ithout culling. This discrepancy between the 
evolutionarily stable sex-ratio (Fisher 1958) and the 
optim al sex-ratio for population growth (Caswell
1989) is o f im portance, for instance, in trophy hunt­
ing. Here the num erical solution is found for a struc­
turally sim ple two-sex model under varying assum p­
tions, and the relative im portance o f dem ographic 
sex differences on harvesting outcom e is evaluated. 
In order to concentrate on the effects o f sex differ­
ences on sustainable harvesting, I consider a highly 
sim plified age-structure only.

Model description

In a discrete two-sex m atrix m odel the transition 
matrix A can be written as:

0 Fm Ff
A = Jm Sm 0 , ( la )

Jf 0 Sf

where Fm and Ff are the fecundity values o f males and 
fem ales, Jm and Jf  give the probability o f m ale and 
fem ale newborn to recruit into the adult population, 
and Sm and Sf  denote the survival o f adult m ales and 
fem ales (Caswell 1989). Then the population size, 
N(t) = Njuv(t) + N m(t) + b l/t) , grows according to

N(f + 1) = AN(/). ( lb )

This m atrix can be modified to let sex-specific juve­
nile recruitm ent, adult survival and probability o f 
giving birth to a m ale change as functions o f popula­
tion density. First, writing the recruitm ent probabili­
ties of m ale and fem ale calves, J m and Jf, as

Jm(t) = p m( t - l ) j m(t) (2)
Jf (t) = ( l - p m( t - l ) ) j , ( t ) ’

where the coefficient p m(t-1) expresses the probabili­
ty that the juvenile recruiting to adult population at 
tim e t, was bom  as a m ale (1 - p  then gives probabil­
ity o f a fem ale). Hence, the sex determ ination 
depends on the population density before juvenile 
recruitment. The juvenile survival probabilities j m and
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jf, for m ales and fem ales, respectively, were also set 
to depend linearly on population size, and they 
becom e

p j t )  = Pm0-  cN(t). (6)

jm (t) = j m0-  amN(t) 
j f ( t )  = j f o - a f N ( t )

(3)

Here j „l0 and j f ,  represent the m ale and juvenile sur­
vival in zero population density (i.e. the model inter­
cept), am and af give the slope for density dependence 
for m ales and females. N egative values are interpret­
ed as zeros. Survival param eters for adult m ales and 
fem ales, Sm and Sf, were m odified to describe sex dif­
ferences in a sim ilar manner:

Sm(t) = Sm0 -  bmN(t) 
S f(t)  = S fo -b fN ( t)

(4)

Sm  and Sf„ denote the survival o f adult m ales and 
females, respectively, in zero population density and 
negative values are set to zero as in Equation 3. The 
slopes for dependency on density are given by bm for 
males and bf  for females.

Also, in a two-sex m odel, one has to decide the 
form  o f the fecundity function, which relates the 
num ber o f births to the num ber of m ales and females. 
As the harm onic mean birth function is considered 
the least flawed one (Caswell 1989), it is used here 
with a m odification allowing for polygyny (Rosen 
1983, Caswell & Weeks 1986). Then, the fecundities 
Fm and F, become:

Fm(t) =

Ff(t) =

kNf(t)

(5)
kNm(t)

Nm(t) + Nf ( t)h '

where k  is the average num ber of fem ale offspring a 
fem ale produces and h represents the harem  size.

Here, using num erical exam ples I show the effect 
o f different plausible density-dependent parts o f the 
model on the harvesting outcom e in four categories 
o f exam ples: 1) M ales and fem ales alike (jmU = j f0, 
am = af, Smo = Sfo and b,„ = bj), 2) Sex-dependent recruit 
survival (jm0 = jp, am * aj), 3) Sex-dependent adult sur­
vival (Sm = S/o, bm * bf) and 4) Density-dependent 
probability o f giving birth to a male, where the prob­
ability o f giving birth to a male, p m, decreases with 
population size according to

p mo sets the level for the proportion o f m ales bom  in 
zero population density and c shows the slope o f den­
sity dependence in this probability, and again, as in 
Equations 3 and 4 negative values are interpreted as 
zeros.

All the num erical solutions were searched using a 
constant harvesting strategy, because usually there is 
a desire to m axim ise the actual num ber o f harvested 
animals rather than the proportion o f the population 
which can be harvested. Also, while the sustainable 
quota has been found by m odelling, it can later be 
approached as a corresponding proportional strategy 
for any given num ber o f m ales and females, as the 
population will stabilise at the same level as in the 
constant quota strategy, but with safer properties, i.e. 
counterbalancing downward fluctuations. So, even 
though the constant quota harvesting is unlikely to be 
the best strategy adopted in practice (e.g. Engen, 
Lande & Saether 1997), it relates here to the expect­
ed population response to a desired yield, and also 
defines an absolute upper lim it for the population 
culling w ithout pushing it into extinction.

The equilibrium  population size was obtained 
num erically for the equation

0
Vm (t) 
Vf(t)

(7)

where v„ and vy give the num ber o f males and females 
killed. The resulting equilibrium  population sizes 
were represented as proportions of the original popu­
lation equilibrium  size obeying Equation lb .

Optimal sex-ratio for population growth
The definition o f h requires some explanation. It is a 
param eter that relates sex ratios to the num ber of 
births in the population, and the value h = 1 has been 
equalled to m onogam y as it puts equal em phasis on 
the role o f m ales and fem ales in reproduction 
(Caswell 1989). However, m onogam y with m ore ef­
ficient m ate search may be better represented by h > 
1 (Lindstrom  & Kokko 1998). Therefore, the strict 
interpretation of h as a harem  size in the sense of 
num ber of fem ales that are fertilised by one male 
may be misleading. A pragm atic interpretation is that 
w ith an increasing h, a smaller sex ratio (proportion 
o f males in the population) suffices to yield a given 
per capita fecundity o f fem ales, and h is thus highest
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in polygynous species. The ratio of adult fem ales to 
m ales Nf :N m = V/? leads to m axim um  population 
growth rate (Caswell & Weeks 1986). Thus, the cal­
culation o f the optim al sex ratio for population 
growth rate only calls for the num ber o f m ales and 
fem ales and harem  size. It is therefore insensitive to 
the form  o f density dependence and sex differences 
in demography. It is im portant to notice that the opti­
m al sex ratio for population growth is evolutionarily 
unstable (Fisher 1958), but m anagem ent usually at­
tem pts to m axim ise population growth rate (Clark
1990). Therefore, the question of whether the optim al 
sex ratio for population growth is attainable using a 
certain m anagem ent strategy is important, since the 
optim al sex-ratio for m anagem ent does not m atch the 
evolutionarily optim al sex-ratio individual females 
should produce in polygyny.

Model elasticity
To test the robustness o f the model and its im plica­
tions for real situations, such as sustainable harvest­
ing, an elasticity analysis m ust be perform ed (e.g. 
Horvitz, Schem ske & Caswell 1997). Here popula­
tion growth rate was altered by increasing the values 
o f harem  size, h, num ber o f female offspring, k, and 
decreasing the values o f am (Equation 3) and bm (E- 
quation 4) by one percent. Thus, the m agnitude of 
change caused by a given param eter alteration in the 
outcom e can be com pared with the corresponding 
changes in the other parameters.

Results

Initially, the model was run with the same m ale and 
female parameters. The situation presented in Figure 
1 represents a m onogam ous system (h -  1) and the 
fem ales have, on average, 0.7 fem ale offspring in 
each tim e step. In such a situation the maxim um  
yield per any given end population size is obtained 
by culling both m ales and fem ales equally (see Fig. 
1 A), a method, which also results in a sex-ratio of 0.5 
(see Fig. IB). Understandably, increasing the relative 
am ount o f fem ales in the bag makes the sex-ratio 
m ale-biased (see Fig. IB).

In polygyny the outcom e changes. The m ost re­
m arkable change com pared with m onogam y is that 
the m axim um  yield per given resulting population 
size is not necessarily obtained with equal hunting 
effort devoted to m ales and females. A t the most 
extrem e cases a certain am ount o f m ale culling,

Figure 1. Effects o f hunting on the equilibrium population size (A) 
and sex-ratio (B). The parameters used are h = 1, k  = 0.7, j M = j/o = 
0.95, am -  af = 0.00004 (Equation 3), Sm0 = S,» =  0.8 and bm = bf  = 
0.00001 (Equation 4) and thus the parameters for density-depen­
dent recruitment from juvenile to adult stage and adult mortalities 
are equal for males and females. Without hunting the population 
size would stabilise at 6250 and the sex-ratio would be 0.5. Here 
the contours depict the population size and sex-ratio obtained 
under sex-specific constant-effort harvesting.

while sim ultaneously keeping the population at a cer­
tain size, is only possible by also increasing the num ­
ber o f fem ales taken. This can be seen in Figure 2F. 
The highest sustainable harvesting quotas lead to an 
equilibrium  population size o f 60% o f the population 
size attained with the same param eter values without 
harvesting (depicted by the 0.6 contour in Figure 2F). 
For instance, taking a num ber o f m ales correspond­
ing to 7% of the non-harvested equilibrium  popula­
tion size is sustainable if 4% o f females are also 
killed, but not if  the fem ale harvesting pressure is 3%
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Figure 2. Equilibrium population sizes under different harvesting 
pressures with the number o f female offspring per female, k = 0.7 
and 1.5 and harem size, h = 5. To make the different parameter 
combinations more comparable, both population sizes after har­
vesting (contours) and percentages o f males and females killed (x 
and y-axes) are reported as proportions o f the equilibrium popula­
tion size reached with the corresponding parameter values without 
harvesting (harvesting strategy is not proportional itself, see text). 
The highest yield is achieved where the sum of the number of 
males and females killed reaches its maximum, i.e., on the brink of 
extinction in the upper right com er in the contours. In panels A and 
B the demographic parameters for male and female are equal, j m„ = 
jfo = 0.95, am = af  = 0.00004 (Equation 3), Sm0 = Sp = 0.8 and bm = 
bf  = 0.00001 (Equation 4). These parameter values are kept the 
same in the other panels unless otherwise stated. The effect o f sex 
difference in recruitment is shown in panels C and D, where am is 
set to 0.00005 (Equation 3). The effect o f sex-specific juvenile 
recruitment and adult survival (a„ = 0.00005 and bm = 0.000015) is 
shown in panels E  and F. In panels G and H the probability o f giv­
ing birth to a male, p m, is also allowed to vary according to 
Equation 6 and setting p m0 = 0.55 and c = 0.000006.

(param eter space outside the contours indicate ex­
tinction). Generally, if  a fem ale produces a low num ­
ber o f offspring, and no dem ographic sex differences 
exist, m ale biased hunting gives the highest sustain­
able yield (see Fig. 2A). This result is less pro­
nounced when the brood size is higher (see Fig. 2B). 
In more realistic cases where polygyny is related to 
sex-specific dem ographic values the result is more 
sim ilar to the one obtained in m onogam y (see Fig. 1)

*
COUJ

0.08

0.04

0 0.04 0.08
FEMALES KILLED

0 0.04 0.08
FEMALES KILLED

Figure 3. Optimal sex-ratio for population growth (see page 195) 
allows maximal hunting yield per given equilibrium population 
size. The contours depict the population size as a fraction of the 
equilibrium population size attainable without hunting. Likewise, 
the x and y-axes scales are set to correspond to the sex-specific 
harvesting quota as proportions of the non-hunted equilibrium 
population size attained with the corresponding parameter values. 
In this example, the number o f female offspring per female, k  = 
1.2. The thick solid lines show the contour for optimal sex-ratio for 
population growth, which is here 0.33 for h = 4. Thin diagonal 
lines indicate the tangents for remaining population fractions 0.8 
and 0.6 o f the original population. In panel A, the demographic 
parameters for males and females are equal (/'„„ = j p -  0.95, am = 
a, = 0.00004 (Equation 3), Sm0 = Sp = 0.8 and b„ = b ,=  0.00001 
(Equation 4)). In panel B only the male juvenile recruitment is 
decreased by setting am = 0.00005 and the other parameters are 
kept as in panel A. In panel C only adult male survival is dimin­
ished by setting bm = 0.000015 while keeping the other parameters 
as in panel A. The probability of giving birth to a male, p m, is 
allowed to vary as a function of population density (Equation 6) in 
panel D (pM = 0.55 and c = 0.000006). In panel E, all the sex dif­
ferences presented above act simultaneously (am = 0.00005, bm = 
0.000015 and p m is allowed to vary as in panel D; and the rest of 
the parameters are as in panel A).

if  the brood size is high enough (see Fig. 2D,F,H). On 
the contrary, w ith small brood sizes m ale biased 
culling is m ost profitable even with dem ographic sex 
differences (see Fig. 2C,E,F). W ith a high num ber of 
fem ale offspring per female, the m ost profitable 
hunting practice shifts from  male biased (see Fig. 
2B) to more balanced culling (see Fig. 2H) if dem o­
graphic sex differences exist.
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For the question o f whether the optim al sex-ratio 
for population growth is attainable by selective cull­
ing, the answer is yes, at least partly, even with con­
stant quota harvesting (Fig. 3). In a wide variety of 
param eter settings it is possible to achieve the opti­
mal sex-ratio although this requires rem arkably dif­
ferent culling efforts in different situations (see Fig. 
3).

Exploring the sensitivity o f the equilibrium  popu­
lation size and sex-ratio o f a harvested population to 
slight param eter changes revealed that the model 
structure is robust (Fig. 4). The model elasticity was 
studied by dividing the outcom e of the modified 
m odel with the result o f the original one, and hence a 
direct relationship between the 1% param eter change 
and the change in outcom e results in an elasticity 
value o f 1. In all cases there was a close match 
between the m agnitude o f param eter change and the 
change in the model outcom e for both equilibrium 
population size and sex-ratio (see Fig. 4). Elasticity 
values o f h, k  and bm deviated from  unity only at 
rather extrem e values. This indicates considerable 
robustness o f the model. The largest deviation from 
unity occurred in the form  o f density dependence 
when juvenile m ale survival, am (Equation 3), was 
varied. Increasing the juvenile m ale survival resulted 
in a change slightly greater than the original 1% 
alteration in the m axim um  num ber o f m ales in a sus­
tainable bag (see Fig. 4C). This was also seen in the 
higher than unity elasticity values of sex-ratio (see 
Fig. 4c).

Discussion

W ith the aid o f a sex-structured population model, I 
have shown here that sex differences in dem ography 
may lead to radically different sustainable m anage­
m ent strategies com pared to those assum ing no sex 
differences or considering fem ales only. Sometimes 
the results are counterintuitive as is the case when in­
creasing the num ber o f fem ales culled also increases 
the potential num ber o f m ale offtake. This result 
bears a qualitative sim ilarity to the results o f Clutton- 
Brock & Lonergan (1994). They built a harvesting 
model based on observed sex differences in red deer 
reproduction and survival and concluded that in­
creasing the num ber o f m ature fem ales culled also in­
creased the potential offtake o f mature males.

O f all the sex differences I studied, the effect o f the 
difference in juvenile recruitm ent appears to be the

Figure 4. Sensitivity analysis o f equilibrium population size and 
sex-ratio o f harvested populations to parameter changes. Elasticity 
is expressed as the ratio of the outcome of the model modified by 
1 % parameter changes and the original one. Hence elasticity value 
1 indicates an exact match between the magnitude o f the change 
and its effect. In the original model h = 10, k = 0.8 J m  =jjo = 0.95, 
a, = 0.00004, am = 0.00005, S„„ = S„ = 0.8 and b, = 0.00001, bm = 
0.000015. Note different scaling in x and y-axes.

strongest, while harem size, brood size and differ­
ences in adult survival are less im portant in their rel­
ative effects on the hunting stam ina o f the popula­
tion. This result o f the elasticity analysis does not 
imply, however, that the im portance o f the other 
dem ographic param eters were negligible since they 
m ay vary much m ore in natural populations. For 
instance, brood size shows m arked variation among 
gam e animals (e.g. Johnsgard 1983, Putm an 1988, 
Riedm an 1990). Larger brood sizes give higher pop­
ulation growth rates and thus increase sustainable 
harvesting quota. However, it also affects the most 
profitable hunting strategy, w hich is m ore male 
biased with low brood sizes and more equal with 
large brood size (see Fig. 2).

C onsidering practical m anagem ent situations,

Population size

218 © W IL D L IFE  B IO L O G Y  • 4 :4  (1998)

Downloaded From: https://bioone.org/journals/Wildlife-Biology on 24 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



where m anagem ent decisions have to be m ade under 
uncertainty, one m ight argue that the delicate model 
structure presented here is not useful, and thus the 
elasticity analysis also has no practical applications. 
A  detailed model containing com plicated evolution­
ary structures is usually not the best one either for 
m anagem ent planning or for forecasting population 
fluctuations (H ilbom  & M angel 1997). Yet, it m ay be 
beneficial to develop a detailed model to acquire a 
deeper understanding o f the system under study. In 
m anagem ent planning, a structurally sim pler model 
may be used sim ultaneously with the more com pli­
cated one, particularly in the beginning (Daellenbach 
1994, Starfield 1997). As knowledge o f the system 
accum ulates and is added into the detailed model, the 
results o f the detailed and sim ple model ideally con­
verge, although the sim pler one may rem ain a more 
robust tool for som e purposes despite this conver­
gence. Some questions may never be solved without 
the m ore detailed model. In adaptive m anagem ent 
strategies, harvesting itself is utilised in im proving 
the estim ates o f uncertain population param eters 
(e.g. W alters 1986, W illiams, Johnson & W ilkins 
1996). Here the practical value o f the elasticity anal­
ysis is seen as it shows the direction and magnitude 
of different changes and hence m ay show w hat is the 
likely source of m ism atch between model and the 
actual estimates.

The results achieved here support the idea that sex 
differences in dem ography and condition-dependent 
sex allocation have im portant im plications for plan­
ning harvesting. Furtherm ore, sex-specific behav­
ioural traits may low er the sustainable bag as, for 
instance, the im m igrant m ales in both lions Panthera  
leo and brown bears Ursus arctos tend to kill the 
young o f a group or an area if  the resident m ale is 
rem oved (Starfield, Fum iss & Smuts 1981, Swenson, 
Sandegren, Soderberg, Bjarvall, Franzen & Wabak- 
ken 1997). In species where infanticide is common, 
killing o f adult m ales m ay thus greatly decrease pop­
ulation growth rate. Hence, in gam e m anagem ent, it 
is im portant to note that the optim um  offspring sex- 
ratio for female, as well as other evolutionary stable 
behavioural strategies, m ay differ radically from the 
m anagem ent optim um  in term s o f maximal popula­
tion growth.
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