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Abstract
There is ongoing interest to assess what factors affect offspring sex ratio, especially in ungulates. Wildlife managers might be
interested in influencing this sex ratio for two reasons: either in order to limit population growth more effectively by reducing the
proportion of females born or to increase revenues by a higher proportion of trophy bearing males in the population. While
previous studies mostly focused on howmaternal traits affect offspring sex ratio, we included here alsomale traits in our analysis.
We achieved this by investigating data from 30 areas covering entire Lower Austria, collected over the past 12 years from both
hunted red deer and those killed in road accidents. We focused our analyses on parameters that can be easily assessed by
managers on the population and individual level, i.e. the numbers of animals culled in different age/sex classes and their body
mass. We found that the proportion of females among calves increased with population density. Furthermore, we found that calf
sex ratio (i.e. the proportion males among calves aged between 2 and 7 months) increased with increasing proportions of adult
females and males older than 10 years, independent of the density effect. We conclude that wildlife managers interested in the
effective reduction of red deer abundance and/or increasing the proportion of males among offspring should select a culling
regime leading to a low population density dominated by adult, prime-aged females and males. This can be achieved by over-
proportional removal of young females and warranting that a high number of strong males reach an age of at least 10 years.
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Introduction

Despite a long history of studying offspring sex ratio varia-
tion, there is ongoing interest in this field (Cameron 2004;
Gomendio et al. 2006; Hamel et al. 2016; Trivers and
Willard 1973). This is especially true for ungulates in temper-
ate zones where offspring sex ratio is an important issue in the
management of game species (Clutton-Brock and Lonergan
1994). On one hand, managers are interested in maximising
the number of high-quality mature males for trophy hunting
(Clutton-Brock and Lonergan 1994). However, on the other

hand, there might be an interest in limiting population growth
rate and thus population size effectively in order to reduce
economically costly damages to forests and agriculture
(Reimoser and Putman 2011), to limit the spreading of wild-
life diseases (Gortázar et al. 2006), or to reduce the risk of
traffic collisions with wildlife. These conflicts of interest exist
in all overabundant wildlife species subject to trophy hunting.

Red deer hunting bags have increased considerably during
the last decades across Europe (Fig. 1), presumably indicating
increases in population size such as it happens in wild boar
(Sus scrofa) (Apollonio et al. 2010; Vetter et al. 2015), and
causing exactly the afore mentioned problems. A male-biased
offspring sex ratio could support controlling population
growth via reduced recruitment of females into the population
and simultaneously increase the relative abundance of the
trophy-bearing sex.

In some species, and also red deer, offspring sex ratios have
been shown to be affected by the reproducing female as an
evolutionary strategy to maximise its inclusive fitness (e.g.
Landete-Castillejos et al. 2001, 2004). On the one hand, local
resource competition (LRC) predicts that females which are in
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bad shape, e.g. due to high competition or low resource avail-
ability, should produce mainly dispersing male rather than
stationary female offspring in order to reduce direct competi-
tion with own offspring (Clark 1978). On the other hand, the
Trivers and Willard model (TWM) predicts that in highly di-
morphic and polygynous species, only females in good shape
should produce male offspring. Weak mothers will produce
weak male offspring with poor chances to produce
grandchildren, whereas condition-dependent fitness differ-
ences between female offspring are much less pronounced
(Trivers and Willard 1973). Nevertheless, these two models
are not necessarily mutually exclusive (compare Landete-
Castillejos et al. 2001), and both, LRC and TWM, make
predictions about how female condition influences the pri-
mary sex ratio of the offspring, i.e. sex ratio at conception
(Bodmer and Edwards 1960). In fact, most studies investi-
gating offspring sex ratio in ungulates focused on potential
influences of maternal traits like age, condition, or social
rank (e.g. Bonenfant et al. 2004; Clutton-Brock et al. 1984;
Clutton-Brock and Iason 1986; Côté and Festa-Bianchet
2001; Flint et al. 1997; Gomendio et al. 1990; Kruuk
et al. 1999; Landete-Castillejos et al. 2004, 2005; Post
et al. 1999; Wauters et al. 1995).

The sex of offspring, however, not only might be affected
by the mother but also can be affected by the father. Only a
few studies so far investigated whether male traits were asso-
ciated with offspring sex ratio (white-tailed deer (Odocoileus
virginianus): Ozoga and Verme (1985); moose (Alces alces):
Sæther et al. (2004); reindeer: Holand et al. (2006); bighorn
sheep (Ovis canadensis): Douhard et al. (2016)). Concerning
red deer, only one study investigated paternal effects on

offspring sex ratio (Gomendio et al. 2006) and showed that
male red deer bearing large antlers sire a higher proportion of
sons (Gomendio et al. 2006). Whether this highly interesting
effect, found in an artificial insemination experiment under
very controlled conditions, also exists in free ranging and
naturally reproducing red deer, however, has never been tested
so far.

Finally, biased offspring sex ratios may result from differ-
ential mortality of male and female offspring, in utero and
after birth, which are unrelated to maternal or paternal evolu-
tionary strategies, but caused by environmental factors like
food availability (Clutton-Brock et al. 1985; McMillen
1979). Especially in dimorphic species, the sex with the higher
energetic requirements (males in red deer) might show in-
creased mortality rates (Clutton-Brock et al. 1985). Given that
primary sex ratios are impossible to measure or to infer in a
natural setting (Fiala 1979), it is difficult to differentiate such
sex-specific mortality from potential parental evolutionary
strategies affecting offspring sex mentioned above.

In red deer, previous studies investigating effects on off-
spring sex ratio yielded inconsistent results. For instance, in
some studies, higher population densities, which are a good
indicator for per capita food availability in ungulates (Messier
1991), caused decreasing sex ratios, i.e. lower proportions of
males (e.g. Kruuk et al. 1999; Mysterud et al. 2000) which
would support TWM. Other studies, in contrast, found no
effect (Bonenfant et al. 2004) or even a higher proportion of
male offspring (Post et al. 1999), which would support LRC.
This inconsistency might reflect that relative differences be-
tween mothers within a population affect offspring sex ratio
more than absolute body mass or condition, as to be expected
from TWM (Charnov 1982).

Another explanation for the observed inconsistent effect of
the condition of mothers on offspring sex ratio is provided by
Saltz and Blaustein (2001). They argue that conception, birth,
and lactation occur in most ungulates in different seasons due
to long gestation time and that the condition of a mother at
conception, therefore, is a poor predictor for her condition
during lactation, the period of highest maternal investment
(e.g. Oftedal 1984, 1985; Speakman and McQueenie 1996),
in contrast to age (Carrión et al. 2010; Saltz and Blaustein
2001). Thus, if mother’s age is not accounted for, spurious
correlations between offspring sex ratio and age-dependent
factors like social rank (Clutton-Brock et al. 1982) may be
found (Saltz and Blaustein 2001). In fact, several studies on
ungulates identified an effect of maternal age on offspring sex
ratio with older mothers producing a higher proportion of sons
compared to younger females (e.g. roe deer (Capreolus
capreolus): Wauters et al. (1995); mountain goat (Oreamnos
americanus): Côté and Festa-Bianchet (2001); red deer:
Landete-Castillejos et al. (2004)). However, other studies
failed to identify such an effect (e.g. reindeer (Rangifer
tarandus): Reimers and Lenvik (1997); fallow deer

Fig. 1 Development of red deer hunting bags (in thousands) from
Germany (black, left axis), Austria (red, left axis), and Switzerland
(white, right axis) over most of the last century
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(Dama dama): Birgersson (1998); red deer: Landete-
Castillejos et al. (2005); mountain goat (Oreamnos
americanus): Hamel et al. (2016)).

In our analyses of potential parameters affecting offspring
sex ratio in wild red deer, we focused on measures that are
easy to assess for managers, i.e. the number of animals culled
in different age/sex classes and the average bodymass in these
classes. We thus included not only effects of females on
juvenile sex ratio in our analysis but, for the first time, also
tested whether males affect juvenile sex ratios in free rang-
ing and naturally reproducing red deer. We choose Lower
Austria as study area, because total juvenile sex ratio dur-
ing the study period was strongly female biased, which is
rather unexpected for red deer (Clutton-Brock and Iason
1986). At the same time, however, there was considerable
variation in the sex ratio of calves (i.e. calves aged between
2 and 7 months) and population structure among different
sub-regions and years.

Methods

Study area and data availability

Red deer hunting bag data were collected between 2004 and
2015 along with data on traffic accidents involving red deer
from all hunting grounds in Lower Austria (geographical cen-
tre 48.27° N, 15.77° E) with information about sex and age
class (females: juvenile, yearling, adult; males: juvenile, year-
ling, 2–4 years old (class III), 5–10 years old (class II), and >
10 years old (class I)). Harvested animals and road kills were
classified/aged by the respective hunter retrieving the animal
based on tooth replacement, eruption, and wear (Lowe 1967).
For the analyses, only hunting grounds with at least 5 years of
bagged red deer were considered. Due to the small size of the
hunting grounds and the resulting low number of individuals
shot or killed in traffic accidents annually per class and
ground, the remaining hunting grounds were summarised in
37 larger, continuous areas (Fig. 2). Seven of these areas were
excluded from further analyses due to small overall hunting
bags (less than a total of 50 animals have been shot there per
year, i.e. approximately less than 0.5 animals per 100 ha and
year). Including these seven areas would have made the anal-
ysis unreliable due to low total numbers, especially when con-
sidering single classes (e.g. adult females, class I males, etc.).
The resulting data set thus covered 30 areas (mean ± SD =
153.29 ± 61.60 km2, Fig. 2) and 12 years. Data from one area,
however, was only available for 11 years leading to a final N
of 359 area-years.

Hunting in (Lower) Austria is organised via hunting
grounds that are leased by one or more hunters. The number
of deer to shoot in a given year and game class is applied for
by the tenant(s) of the respective hunting ground every 3 years

with respect to previous hunting bags (with yearling red deer
being included in adult females and class III males depending
on their sex). Importantly, especially for abundant age classes
(i.e. calves, adult females and class III males), these numbers
represent minimum numbers rather than an allowedmaximum
and therefore do not impose a limit on red deer hunting bags.
Accordingly, numbers applied for are regularly exceeded by
actual hunting bags, in 62% of all years and areas for adult
females and class III males (adult females 0.82 ± 0.13 (mean ±
SEM) surplus animals shot/100 ha, t = 6.16, P < 0.001; class
III males 0.51 ± 0.09 surplus animals shot/100 ha, t = 5,67,
P < 0.001) as well as in 59% of all years and areas for class
II males (0.31 ± 0.02 surplus animals shot/100 ha, t = 5,67,
P < 0.001). Only class one males were not shot more than
applied for (0.01 ± 0.02 surplus animals shot/100 ha, t =
0.96, P = 0.491), likely due to the low abundance of this class.
Thus, with exception of class one males, hunting bags are not
limited by any legal regulations. An overview about the aver-
age number of animals hunted or killed in traffic accidents per
year and area in each age class is shown in Fig. 3.

Testing the reliability of hunting bag data

The goal of the present study was to determine effects on
juvenile sex ratio in Lower Austrian red deer populations
based on hunting bag and roadkill data. Use of this data is
only justified if it reflects changes in the abundance of single
game classes within populations largely unbiased. Thus, we
performed two pre-analyses before testing our main question
concerning effect on juvenile sex ratio. First, in order to test
whether hunting bag data reliably reflect the number of red
deer as well as the calf sex ratio (i.e. proportion ofmale calves)
present in a given area and year, we calculated separate linear
mixed effects models (R-package nlme; Pinheiro et al. 2015)
correlating the log-transformed hunting bag data of each game
class (see below) with the respective roadkill data including
area as random effect, assuming that road kills represent a
random sample from the population (Mysterud 2004;
compare Vetter et al. 2015 for a similar approach). This was
done for the number of adult females, yearling females, class I
males, class II males, and class III males, yearling males, and
total number of animals (all N = 359), as well as for calf sex
ratio (N = 51, Table 1). The lower sample size in the model on
calf sex ratio was due to the fact that in this analysis, we
considered only data points with at least three calves killed
in traffic accidents in a given area and year as otherwise sex
ratios calculated from roadkill data might have been highly
unreliable due to chance effects. We chose this number as a
compromise for obtaining reliable sex ratio estimates and a
reasonable sample size, because the number of animals killed
in traffic accidents was low.

Second, in order to assess the effect of hunting on red deer
populations, we compared numbers from 1 year with those of
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Fig. 2 Map showing the federal state of Lower Austria and in colour
the 30 areas used for the analyses. The seven areas that were
excluded from the analyses due to low numbers of bagged red deer
(see above) are shown in dark grey, black borders indicate political

districts. Areas mostly free of red deer (i.e. red deer bagged in less
than five of the 12 years) are shown in light grey. We included a small
map of Austria at the bottom for size comparison where Lower
Austria is indicated in grey

(a)

−0.2 0 0.2

No. of animals shot / 100 ha

Adult females

Yearling females

Juvenile females

(b)

−0.4 0 0.4−0.2 0.2

No. of rodkills / 100 ha (*10−2)

class I, 

class II, 

class III males

Yearling males

Juvenile males

Fig. 3 Number of a red deer shot
per 100 ha and b red deer
roadkills per 100 ha in Lower
Austria between 2004 and 2015
averaged over years and areas for
all game classes. Error bars show
the standard error of the means
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the previous year. We calculated seven linear mixed effects
models with the previous year’s hunting bags as predictors.
For four models, we used hunting bags as the dependent var-
iable because they reflected abundance well (total numbers,
numbers of yearling and adult females, numbers of class III
males, see ‘Results’). For three models, we used numbers of
road kills as dependent variable because hunting bags did not
reflect abundance (numbers of class I, class II and yearling
males, see ‘Results’). For the yearling class, the hunting bag of
the previous year was the number of shot calves. For female
adults and class III males, previous year’s hunting bags were
calculated as the sum of female yearlings and female adults
and the sum of male yearlings and class III males shot in the
previous year, respectively. Given that in males class I, class II
and class III encompass several years of age and the actual age
of the shot individuals was not known; we used only the
numbers of shot class I and class II males in the previous year
as the previous year’s hunting bags for these classes. All seven
models additionally contained area as a random effect.

Standardising body mass data

In addition to sex, age class and harvest date location, hunters
also delivered data on dressed body mass (i.e. body mass after
removing all internal organs) from 4965 animals shot between
2013 and 2015. They noted whether the carcasses have been
weighed with or without the head. Body mass of red deer is
subject to seasonal variation and differs between sexes
(Mitchell et al. 1976). In order to make body mass data com-
parable within age/sex classes despite seasonal changes and
different weighing methods (i.e. with/without head), we com-
puted separate generalised additive models (R-package mgcv
(v. 1.8–7), Wood 2011) for adult females, 2 to 4-year-old
males (class III; minor reproductive effort Yoccoz et al.
2002), and older males (class I and II; major reproductive
effort Yoccoz et al. 2002) including a smooth spline of day

of year as fixed effect, area, year of harvest and weighing
method (with vs. without head) as random effects. For model-
ling body mass of juveniles and yearlings, both sexes were
pooled and sex was included as an additional fixed effect.
Based on these models (see Supporting Information, Fig.
S1), we predicted the body mass of each individual for 1st
of August of the respective harvest year. This was done by
adding the residual of the each data point to the value predict-
ed by the model of the respective sex and age class at that date.
In order to make body mass data comparable across different
weighing methods, in the model prediction, the weighing
method was set to ‘with head’ for all animals. Standardised
body mass data were subsequently averaged for each age/sex
class, area and year of harvest.

Testing effects on body mass

Although body mass was mainly intended to serve as an in-
dependent variable in the analysis of effects on offspring sex
ratio (see below), we were also interested in whether body
mass itself was affected by density (total number of animals
shot/100 ha). Therefore, we computed a linear mixed effects
model on bodymass using the R-package nlme (Pinheiro et al.
2015), where we allowed different intercepts and slopes for all
age/sex classes and also included area as a random effect.

Testing effects on sex ratio

Our prior analyses showed that sex ratios calculated from
hunting bags reflect those calculated from a random sample
(i.e. roadkill data). Asmuchmore calves are shot than killed in
traffic accidents, sex ratios calculated from hunting bags are
likely more accurate than those calculated from roadkill data
and thus were used for further analyses. Due to gestation time
and regulations concerning hunting season, all harvested
calves were between 1 and 7 months of age (see also
Supplementary Material, Fig. S1a). In order to identify factors
affecting the sex ratio in calves, we computed a linear mixed
effects model (R-package nlme; Pinheiro et al. 2015) on the
percentage of male calves as a function of the previous year’s
(i.e. the year of mating and early foetal development) numbers
of individuals of the three major reproductive classes (i.e.
female adults, class I males and class II males (Clutton-
Brock et al. 1982)), as well as the total number of animals shot
in the previous year. Including the total number of animals
harvested not only allowed testing for effects of population
density (see ‘Results’, Table 1) but also adjusted the number
of individuals from the three classes for the total number of
individuals so that, for the single game classes, we in fact
tested the effect of their relative abundance (i.e. their propor-
tion) within the population. All variables were normalised to
100 ha in order to make them comparable between the areas of
different sizes. Hereby, sex ratio, number of female adults and

Table 1 Regressions between hunting bag and road kills for different
age classes to test for testing the reliability of red deer hunting bag data
from Lower Austria (2004–2015)

Slope ± SE t P N

Juvenile sex ratio 0.113 ± 0.037 3.06 0.004 51

Total no. animals 0.011 ± 0.003 3.25 0.001 359

No. adult females 0.032 ± 0.015 2.14 0.033 359

No. yearling females 0.060 ± 0.019 3.19 0.002 359

No. class I males 0.132 ± 0.072 1.83 0.068 359

No. class II males 0.023 ± 0.042 0.54 0.590 359

No. class III males 0.064 ± 0.019 3.36 < 0.001 359

No. yearling males − 0.058 ± 0.056 − 1.04 0.299 359

Significant correlations between number of roadkills and number of shot
deer are italicized
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density (i.e. variables for which the hunting bag correlated
significantly with the roadkill data; Table 1) were taken from
the hunting bag due to the larger sample size and thus higher
accuracy of the estimate (compare Vetter et al. 2015). Because
hunting bags of class I and class II males did not reliably
reflect changes in abundance, as indicated by comparison with
the roadkill data (Table 1), roadkill data were used as indica-
tors of abundance of these age classes. Similar to all other
analyses, area was included as a random effect in this model
(N = 329; nareas = 30, nyears = 11(10)). We did not include the
number of class III males and yearling females in this model,
as this would have decreased the quality of the model drasti-
cally due to co-linearity issues (i.e. variance inflation factors >
5). Preliminary analyses further showed that including class
III males showed no significant effects on juvenile sex ratio if
density was considered (P > 0.7). In contrast, the number of
female yearlings showed a negative effect on juvenile sex
ratios, reflecting the same age effect as we found with adult
females (see ‘Results’ and ‘Discussion’). R2 statistics for the
model was calculated utilising the R package piecewiseSEM
(Lefcheck 2016). To test how influential very high-density
populations were, we repeated this analysis excluding areas
and years with a total density above three red deer shot per
100 ha, which also excluded those where more than 0.65 adult
female were shot.

Body mass variables have not been included in this analy-
sis, as body masses from animals of different classes were
only available for the last 3 years. Including these body mass
data would have decreased the available sample sizes for the
model too much. Therefore, potential effects of previous
year’s female adult, class I and class II male body mass on
the juvenile sex ratio, were tested in a separate linear mixed
effects model (R-package nlme; Pinheiro et al. 2015), also
including area as a random effect (N = 23).

All statistical analyses were performed in R.3.2.2 (R Core
Team 2015). Inspection of the distribution of residuals of gen-
eralised linear mixed effects models by means of histograms,
quantile-quantile and residual versus fitted values plots gave
no evidence for serious deviations from normality (after log-
arithmic transformation of the response variable in the case of
the models on the reliability of hunting bag data; see above).
Further, we tested for temporal and spatial autocorrelation for
all models calculated using the autocorrelation function (acf)
and spatial and temporal variograms (R-packages gstat (Gräler
et al. 2016; Pebesma 2004) and nlme (Pinheiro et al. 2015),
respectively). Some models showed autocorrelation and
few showed evidence for heteroscedasticity. For these
models, the best correlation and/or variance structure was
determined via the Akaike’s Information Criterion (AICc;
Akaike 1973) corrected for small sample size (Hurvich and
Tsai 1989). A table with all models and their respective
correlation and/or variance structure is given in the
Supporting Information (Table S1).

Results

Evaluating demographic data

The calf sex ratio calculated from the hunting bag and the
numbers of adult females, yearling females, class III males
and the total number of animals shot were significantly corre-
lated to the respective numbers in the roadkill data (Table 1).
In contrast, this was not true for the number of class I males,
class II males, and yearling males (Table 1).

Hunting bag of the previous year was significantly and
positively correlated with the current hunting bag for the total
bag, and bags of adult females and class III males. No signif-
icant correlation was found in yearlings of either sex as well as
in class I and II males (Table 2).

Effect of population density on body mass

Density was negatively associated with body mass of all age/
sex classes in Lower Austrian red deer (Fig. 4).

Effects on calf sex ratio

The calf sex ratio in Lower Austria was during the study
period female biased (hunting bags mean ± SD = 44 ± 8%
male juveniles, X2 = 388.5, P < 0.001; roadkill 40 ± 22%male
juveniles, X2 = 9.7, P = 0.002) and ranged from 21 to 64%
male calves in the different areas.

The proportion of male calves correlated negatively
with the total number of bagged individuals per 100 ha as
a measure for population density (Fig. 5a, Table 3). In
contrast, the number of shot adult females per 100 ha, as
a measure of the proportion of this age class in an area in
the population, correlated positively with the proportion of
males among calves (Fig. 5b, Table 3). Finally, we also
could identify, independent from other so far found effects,
a trend for an positive effect of the number of class I males
involved in traffic accidents per 100 ha, the best measure

Table 2 Correlations of deer shot in each age and sex class between
numbers in previous and current year for evaluating the effect of hunting
on red deer in Lower Austria between 2004 and 2014

Slope ± standard error t P N

Total no. of red deer 1.03 ± 0.01 121.71 < 0.001 329

No. of yearling females 0.12 ± 0.07 1.82 0.070 329

No. of adult females 1.03 ± 0.02 52.91 < 0.001 329

No. of yearling males 0.004 ± 0.002 1.85 0.065 329

No. of class III males 0.99 ± 0.02 59.32 < 0.001 329

No. of class II males − 0.001 ± 0.005 − 0.18 0.856 329

No. of class I males 0.003 ± 0.003 1.03 0.305 329

Significant correlations are italicized
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for the proportion of this age class in an area, on calf sex
ratio (Fig. 5c, Table 3). The amount of class II males within
an area, as indicated by the number of class II males in-
volved in traffic accidents per 100 ha, was not significantly
related to calf sex ratio (Table 3). Conditional R2 of the
model was R2 = 0.27.

When we excluded areas and years with total densities
above three deer shot per 100 ha and adult female densities
above 0.65 animals shot per 100 ha from the model, these
results changed only marginally and we still found the nega-
tive effect of density (− 0.05 ± 0.02; p = 0.02), the positive
effect of the number of adult females (0.30 ± 0.10;
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p = 0.005) and no effect of class II males (0.77 ± 1.86, p =
0.68). Only the effect of class I males changed slightly and
turned out to be significant now (7.30 ± 3.60, p = 0.044).
Conditional R2 of the reduced model was R2 = 0.28.

Neither the average body mass of adult females (slope ±
SE = 1.2*10−3 ± 2.6*10−3, t = 0.45. P = 0.658) nor that of
class I (slope ± SE = 6.9*10−4 ± 9.3*10−4, t = 0.32. P =
0.466) or class II (slope ± SE = −7.3*10−4 ± 10.0*10−4, t =
−0.73. P = 0.474) males was significantly related to calf sex
ratio.

Discussion

Reliability of hunting bag data and selective hunting

Our analyses show that total hunting bags were significantly
correlated to numbers of roadkills in our study areas and there-
fore can be considered a good proxy for the actual number of
red deer present, like for the wild boar (Vetter et al. 2015). This
holds true for the total hunting bag, female age classes and
class III males. In contrast, not only class I and class II males,
which are subject to trophy hunting and thus are likely hunted
selectively, but also male yearlings, which are usually spared
by hunters to judge their individual potential later in life when
they became class III males, showed no such correlations be-
tween hunting bags and numbers of roadkills (Table 1).
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Fig. 5 Partial effects on juvenile sex ratio in Lower Austrian red deer
between 2004 and 2015 by a population density (i.e. total number of red
deer shot per 100 ha), b the number of adult females (i.e. number of adult
females shot per 100 ha), and c the number of class I males (i.e. the
number of class I males killed in traffic accidents per 100 ha)

Table 3 Results of the linear mixed effects model on calf sex ratios (i.e.
proportion of male calves) in Lower Austrian red deer

Slope ± standard error t P

Population density − 0.04 ± 0.02 − 2.32 0.020

No. of adult females 0.23 ± 0.09 2.62 0.010

No. of class I males 6.59 ± 3.51 1.88 0.061

No. of class II males 0.55 ± 1.80 0.31 0.760

Explanatory variables in the model were population density (i.e. total
number of bagged individuals per 100 ha), the number of adult females
(i.e. number of bagged adult females per 100 ha), and class I and II males
(i.e. the respective numbers of individuals killed in traffic accidents per
100 ha in these two reproductively most active classes). Given the long
gestation, time-independent variables were taken from the respective
previous year, i.e. the year when mating and insemination happened.
Due to collinearity issues, class III males and yearling females have not
been considered in this model but proved non-significant in preliminary
analyses. Themodel had a conditional R2 of 0.27. Significant correlations
are italicized

R
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The effects of hunting (i.e. previous year’s hunting bag) on
abundance of red deer (Table 2) confirmed these results. In
class I, class II and yearling males as well as in yearling fe-
males, abundance was not correlated to the previous year’s
harvest. However, in adult females, class III males and also
for the total number of individuals across all game classes, a
significant link could be identified between abundance and
previous year’s harvest. If hunting had a major influence on
red deer populations, one would expect a negative correlation
between the previous year’s harvest and the current abundance
or harvest (i.e. the more deer were shot in a given year the
fewer animals should be present the following year).
Interestingly, however, the identified correlations were posi-
tive indicating that hunting in Lower Austria had no or only
very little regulatory effect on the red deer population. Thus,
for adult females, class II males and total abundance of red
deer hunting bags can be considered as a random sample, and
changes represent a good proxy for the actual population
trends.

In addition to absolute numbers in different classes, also the
calf sex ratio found in traffic accident data was well reflected
in the hunting bag, indicating the lack of sex-specific selective
hunting of calves. This is important from an analytical point of
view, as hunting bags vastly exceed the numbers of road kills
and thus provide better estimates of true sex ratios.

Effects of body mass and density

We found that density negatively affected bodymass of all age
classes in both sexes (Fig. 4). Thus, our results here match
findings of previous studies showing similar effects of density
on red deer body mass (e.g. Mysterud et al. 2001; Post et al.
1999) and are therefore in line with the general assumption
that population density in ungulates is a good indicator for
LRC (Messier 1991), which itself might affect offspring sex
ratio via maternal condition (Cameron 2004).

LRC predicts that females should produce predominantly
the dispersing sex (typically males) under low food availabil-
ity (i.e. high densities). Our results, however, showed that
population density negatively affected the proportion of males
among calves (Fig. 5a). Raising a male offspring is energeti-
cally more demanding for a female red deer than raising a
female offspring (Clutton-Brock et al. 1981) and, due to the
higher competition between males and the resulting much
higher variation in male reproductive success compared to
females, a less than optimal investment in a son has more
severe fitness consequences for the mother than a similarly
reduced investment in a daughter (Trivers and Willard
1973). Thus, it seems reasonable to deduct that females are
selected for producing a higher proportion of daughters at
higher densities which indicates a reduced per capita food
availability (Messier 1991). This deduction is corroborated
by previous studies of red deer (e.g. Kruuk et al. 1999;

Mysterud et al. 2000), and the results presented here rather
suggest an effect according to the Trivers-Willard model.
Both, LRC and TWM, however, make predictions about
adaptive manipulation of offspring sex ratio by the mother
(Clark 1978; Trivers and Willard 1973). Clutton-Brock et al.
(1985) propose a different mechanism and argue that in di-
morphic species like red deer, the faster growing sex, due to
higher energy requirements, is more susceptible towards food
shortage. Such a mechanism affecting foetal and/or juvenile
mortality differently in male and female offspring could also
explain our result of increasingly female-biased offspring sex
ratios with increasing population density (i.e. reduced per
capita food-availability). The data presented here, however,
does not allow for differentiating between effects of parental
evolutionary strategies like TWM and sex-specific foetal/
juvenile mortality independent of such strategies, which are
also not mutually exclusive, as neither primary sex ratios nor
maternal investment were assessed. Nevertheless, our analysis
confirms also for Lower Austria a negative link between pop-
ulation density and the proportion of male calves which can be
used by wildlife managers to affect red deer sex ratio.

In contrast, the average body masses of adult females, class
I and class II males were in Lower Austrian red deer not
associated with the sex ratio of calves. It seems likely that this
lackwas due to the rather small sample size, as bodymass data
were only available for the last three sampling years and not
for all hunting areas. However, a meta-analysis on this issue
indicated, first, that maternal condition should be used instead
of body mass and, second, that maternal condition reliably
shows an effect on the sex of the offspring in ungulates only
when measured around conception but not at other times dur-
ing the reproductive cycle (Cameron 2004). Body mass data
in the present study, however, were not corrected for body size
and collected throughout the hunting season and thus are like-
ly too heterogeneous to allow for the identification of potential
effects. Saltz and Blaustein (2001), in contrast, argue that, due
to the long gestation time, maternal condition at the time of
implantation of the embryo is only a poor indicator for the
maternal condition during lactation, when maternal condition
becomes most critical due to the high energetic demands of
lactation for females. Other parameters like social rank,
population density or age better predict future maternal
condition and therefore should have a higher influence on
offspring sex (Saltz and Blaustein 2001). Accordingly, it
has been found that milk production was not affected by
hind weight at mating but only by post-calving hind weight
(Carrión et al. 2008) which in turn also was not affected by
hind weight during mating but by age (Carrión et al. 2010).
It is therefore not surprising that we did not find an effect
of previous years’ body mass on offspring sex ratio, al-
though, however, potential effects on offspring sex could
have been also masked by sex-specific foetal/juvenile mor-
tality as discussed above.
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Effect of female and male age

Our results show that calf sex ratios in Lower Austrian red
deer were independent of the density effect described above,
additionally related to the age structure of females present in
an area (Fig. 5b). In populations with a higher proportion of
adults among females, the calf sex ratio tended to be more
male-biased. As to be expected from this result, the proportion
of juveniles among females in a population correlated nega-
tively with the proportion of males among calves (results not
shown). Unfortunately, the strong negative correlation be-
tween proportions of adult and juvenile females in populations
prevented testing for the independent influence of both female
age classes on calf sex ratio in a single model. Studies on
different ungulate species yielded contrasting result on this
issue (e.g. positive effects of female age on offspring sex ratio
are reported for roe deer (Wauters et al. 1995) and mountain
goats (Côté and Festa-Bianchet 2001), but no such effects
were found in reindeer (Reimers and Lenvik 1997) and fallow
deer (Birgersson 1998)). However, the majority of studies
targeting this issue specifically in red deer are in line with
our results (e.g. Landete-Castillejos et al. 2004; Lowe 1969).
In fact, social rank and post-calving body mass of female red
deer, which is a good predictor for energy availability during
lactation, are positively associated with age (Carrión et al.
2008, 2010; Clutton-Brock et al. 1986; Thouless and
Guinness 1986), and female body condition is known to peak
in prime age females (Clutton-Brock et al. 1982). Social rank
and age both have been demonstrated to be positively associ-
ated with the probability of producing a male calf by red deer
mothers multiple times (Clutton-Brock et al. 1984, 1986;
Clutton-Brock and Iason 1986; Flint et al. 1997; Gomendio
et al. 1990; Kruuk et al. 1999; Luna-Estrada et al. 2006). No
matter how this age effect is mediated (i.e. via maternal mod-
ification of the primary sex ratio, via sex-specific maternal
investment, or via an increased mortality of male calves from
younger mothers with less energy available for lactation), it
shows that managers could increase the proportion of male
calves by fulfilling the majority of the required harvest in
female classes preferentially with younger females.

Interestingly, not only maternal but also paternal age seems
to be an important factor affecting juvenile sex ratio in red
deer, as indicated by our finding that the proportion of males
among calves increased with the proportion of class I males in
an area (Fig. 5c). Although this result is in line with those from
other ungulate species (reviewed in Mysterud et al. 2002), it
needs to be interpreted with care. Class I males were only
killed in traffic accidents in few areas and years, whereas in
the majority of area-years, no class I roadkills occurred (see
Fig. 5c). Due to the low number of roadkills, such data are a
very rough proxy for actual abundance. There were likely
some areas where no class I males have been killed in traffic
accidents although there were some present in the population.

This could also explain the large variation in calf sex ration
that we found in populations where no class I males were
involved in traffic accidents (Fig. 5c). Nevertheless, it was
also shown in moose (Sæther et al. 2004), reindeer (Holand
et al. 2003, 2006), and by trend in white-tailed deer (Ozoga
and Verme 1985), that older males sire a higher proportion of
male offspring. And finally, also the only previous study in-
vestigating paternal effects on offspring sex ratio in red deer,
Gomendio et al. (2006), showed that males with larger antlers
are not only more fertile but also produce more sons, indepen-
dent of the date of conception. Further, this study clearly dem-
onstrated that the male effect on sex determination of off-
spring was independent of maternal influences as females
had been inseminated artificially, thus excluding any potential
influence of female choice. The authors attribute the identified
differences in offspring sex ratios mainly to genetically
inherited individual differences in male quality (Gomendio
et al. 2006). Although antler size is known to be affected by
age, Gomendio et al. (2006) unfortunately neither incorporat-
ed male age into their statistical models nor did they report the
age of the sires. This renders it difficult to interpret their results
with respect to our study. Our results suggest two potential
explanations for a mother-independent effect of paternal age
on offspring sex: It might have been a real age effect in the
sense that class I males produced a higher proportion of sons.
Alternatively, if physical strength and the tendency to produce
sons are genetically linked, it might also be that this was rather
an effect of competitiveness than of age, i.e. strong males
always sired a higher percentage of sons, but these males were
alsomore competitive, survived better and were more likely to
become class I males. Such a genetic link could also explain
the observed increase in the proportion of male calves with the
increase in the proportion of class I males in an area.

Implications for managers

The unusual low proportion of male red deer calves in
Lower Austria leads to an increased proportion of females
in the population enhancing the growth potential of the
population. This effect creates a positive feedback loop
as higher population densities further reduce the propor-
tion of male offspring born or surviving to about 6 months
of age, or both. In order to break up this vicious circle, it is
mandatory to reduce population density. This would not
only result in an increase in the proportion of male calves
but might additionally even reduce mortality also in older
male classes which are known to be less efficient in
extracting energy from overgrazed pastures than females
and thus suffer even more from food shortage and high
densities compared to female red deer (Clutton-Brock
et al. 1982). Our results implicate further that the reduced
population should contain a high proportion of prime-aged
females and males in order to achieve a more balanced, or

30 Page 10 of 12 Eur J Wildl Res (2018) 64: 30



even male-biased calf sex ratio. Altogether, such a culling
regime would not only effectively reduce overabundant
populations and the associated problems but also increase
the number of trophy bearers and hence revenues from
hunting.
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