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Abstract
Numerous studies have addressed the question of whether hunting is capable of limiting the abundance of ungulates in the
northern hemisphere. We investigated whether the hunting of red deer (Cervus elaphus) has reduced their abundance in the
Southern Black Forest (area 17,500 ha), Southern Germany, since 2006. Red deer abundance was estimated using data obtained
from visual counts at winter feeding sites, track counts, and bag records. An age- and sex-structured population model to estimate
the winter population size was also constructed using bag records. The estimated red deer population size was evaluated
according to a non-invasive genetic mark-recapture approach. The results showed that the hunting of red deer can reduce their
population size if the hunting regime is part of a holistic management concept that takes into account the uncertainty of population
size estimates and is implemented at scales appropriate to the management of this species.
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Introduction

The case has been made that the exploitation of natural re-
sources, including hunting should be based on clear goals
(Morellet et al. 2007) which, in practice, frequently include
the satisfaction of human needs (Holling and Meffet 1996).
Thus, the question of whether hunting quotas should be in-
creased or decreased is usually answered by decision-makers
(Warren 2011), who must also consider economic and ecolog-
ical constraints. Over the last few decades, the number of
hunted roe deer (Capreolus capreolus) (Apollonio et al.
2010b; Hagen et al. 2014a) and red deer (Cervus elaphus)

(Milner et al. 2006) has increased throughout Europe. In this
context, management objectives changed from species protec-
tion to population control (Milner et al. 2007). The current
attitude towards abundant large cervids might be summarized
as seeking to minimize both the economic damage they cause
to forestry and the collisions of these animals with vehicles,
while maximizing the economic benefits related to ecosystem
services and hunting (Seiler 2004; Mysterud et al. 2006;
Morellet et al. 2007). Management actions therefore frequent-
ly involve the hunting of cervid populations to reduce their
population size (Milner et al. 2006; Heinze et al. 2011; Kuijper
2011). However, although it is obvious that annual variations
in the number of cervids shot can lead to variations in popu-
lation size (Fryxell 1991; Byrom et al. 2000), hunting is not
able to modulate fluctuations at large spatial scales (Milner et
al. 2006; Simard et al. 2013; Hagen et al. 2014a). Additive
effects have been documented for small geographical ranges
and highly managed hunting systems (Fryxell 1991; Giles and
Findlay 2004). Accordingly, if the management goal is to
reduce the size of the cervid population, then the question is
whether hunting-related cervid mortality is additive or com-
pensatory (Kokko 2001; Sandercock et al. 2011). To reduce
cervid population size, wildlife managers often manipulate the
length of the hunting season, the overall bag limits, or the age
and sex composition of hunting quotas (Milner et al. 2007,
2011; Ueno et al. 2010). For polygamous species, a female-

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10344-018-1204-z) contains supplementary
material, which is available to authorized users.

* Robert Hagen
Robert.Hagen@Forst.bwl.de

Alexandra Haydn
Alexandra.Haydn@Forst.bwl.de

Rudi Suchant
Rudi.Suchant@Forst.bwl.de

1 Forest Research Institute of Baden-Württemberg (FVA),
Freiburg, Germany

European Journal of Wildlife Research (2018) 64: 42
https://doi.org/10.1007/s10344-018-1204-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s10344-018-1204-z&domain=pdf
http://orcid.org/0000-0002-4342-9216
https://doi.org/10.1007/s10344-018-1204-z
mailto:Robert.Hagen@Forst.bwl.de


biased hunting is assumed to be more effective in reducing
population size (Ueno et al. 2010), even though hunting tra-
ditions, economic considerations (Milner et al. 2006), and
ethical considerations might conflict with this strategy. In ad-
dition to female-biased selective hunting, Simard and co-
authors (Simard et al. 2013) concluded that the bag records
of ungulates have to be at least 30–50% of the total population
size to become additive which further depends on the sex ratio
in bag records and the age and sex structure of the hunted
population. Thus, estimates of the population size of ungulates
are frequently the principal component not only to inform
management decisions (Williams and Johnson 2017), but also
in evaluating the success of management actions (Hauser et al.
2006). Unfortunately, evidence of problems of bias and im-
precision in estimating the abundance of ungulates has accu-
mulated over the last decade (Morellet et al. 2007; Hagen et al.
2014b). Those findings highlight the necessity of comparing
multiple abundance indices (Uno and Kaji 2006; Morellet et
al. 2007), which allows not only the quantification of meth-
odological errors arising from each single method but also the
detection of reliable trends in species abundance (Hagen et al.
2014b). Techniques for estimating population size of large
mammals include capture-mark recapture, distance sampling,
ecological indices, and for hunted species population recon-
struction (Buckland et al. 2000). To satisfy population control
objectives in terms of a predefined population size interval,
Hagen and co-authors suggested the implementation of long-
term monitoring and pair-wise comparisons of different abun-
dance estimates as part of an adaptivemanagement framework
(Hagen et al. 2014b). Simard and co-authors pointed out the
need for control sites to differentiate between the roles of
hunting and extrinsic factors in inducing variations in popula-
tion size (Simard et al. 2013).

In this study, we present estimates of the red deer popula-
tion size in the Southern Black Forest (area of 17.500 ha) from
2006 to 2015 and examine whether hunting was successful in
reducing red deer abundance. The latter topic currently con-
stitutes one of the major subjects of discussion in the manage-
ment of large and abundant ungulates in North America,
Europe, and Asia (Apollonio et al. 2010a; Ueno et al. 2010;
Simard et al. 2013).

Our investigation of potential changes in red deer abun-
dance in the Southern Black Forest since 2006 relied on (i)
visual counts at feeding stations, (ii) bag records (including
not only the number of red deer shot but also carcasses found
by hunters and/or foresters in the management area), (iii) deer
movements during the winter season to assess the number of
animals leaving or entering the red deer management area, and
(iv) the results of an age- and sex-structured population model
(2006–2015). If red deer management practices in the
Southern Black Forest were successful in reducing red deer
abundance, then all indicators of red deer abundance should
point to a decrease in population size since 2006. To increase

confidence in the calculations based on bag records, we used a
non-invasive capture-mark-recapture (CMR) approach based
on fecal samples collected in April 2016. In addition, we com-
pared bag records of the Southern Black Forest to bag records
of other red deer management areas in Baden-Württemberg
(control sites). We expect a decrease in bag records in the
Southern Black Forest owing to a decrease in red deer num-
bers and an increase in red deer bag records in the other man-
agement areas since 2006.

Data and methods

Red deer management in Baden-Württemberg

The federal state of Baden-Württemberg has five red deer
management areas Odenwald (19.000 ha), Nordschwarzwald
(Northern Black Forest, 105.000 ha), Südschwarzwald
(Southern Black Forest, 17.500 ha), Schönbuch (4.000 ha),
and Adelegg (4.000 ha). The mean Euclidean distance of the
Southern Black Forest where this study was conducted, to the
other red deer management areas is 115 km (edge to edge, a
minimum of ~ 50 km from the Southern Black Forest to the
Northern Black Forest and a maximum of ~ 180 km from the
Southern Black Forest to the Odenwald). Elevations in the red
deer management area of the Southern Black Forest are be-
tween 690 and 1410m above sea level. The spatial isolation of
the red deer management areas in Baden-Württemberg and the
fact that each red deer individual outside the management
areas that is seen by a hunter has to be shot (exception: vital
male red deer with valuable antlers) have resulted in each red
deer management area resembling an island. A telemetry
study of 15 red deer individuals [five males and ten females
roughlycomprising three age classes: 1–3 years (11), 3–5 years
(2), and > 5 years (2)] in the Southern Black Forest between
2007 and 2009 (Coppes et al. 2017) revealed that none left the
red deer management area. However, no juveniles were col-
lared, which are the most likely cohort to permanently dis-
perse from natal to adult home ranges.

Red deer management in the Southern Black Forest

Most (77%) of the area of the red deer management area in the
Southern Black Forest consists of managed forest (timber pro-
duction) dominated by Norway spruce (Picea abies),
European silver fir (Abies alba), and beech (Fagus sylvatica)
(Coppes et al. 2017). About half of the forest area is govern-
mental property which centers at the core region of the man-
agement area. For the Southern Black Forest, the annual bag
record has been documented by governmental authorities
since 1968. In 1994, governmental institutions developed a
zonation scheme, subsequently implemented in 2008 by a
management group consisting of hunters, scientists, foresters,
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nature conservationists, and landowners (Coppes et al. 2017).
The group has met regularly (two to three times a year) since
2004 and developed a management concept that includes a
spatial zonation, a feeding program, and regulations for hunt-
ing and recreational activities (Coppes et al. 2017). The aims
of winter feeding include minimizing forest damage (Arnold
et al. 2018) and minimizing seasonal migration, with the latter
reducing the number of deer-vehicle collisions. In accordance
with different management objectives, the management group
suggested a reduction in the red deer winter population size to
a target level of 400 individuals. However, an increase in bag
records between 1999 and 2006 raised the question of whether
a high bag record can be sustained by solitary hunts without
drastic increases in both the disturbance of the deer by hunters
and the total effort expended by hunters (the estimated mean
time per red deer shot in the Southern Black Forest was 26 h,
the shortest time of all red deer management areas in Baden-
Württemberg; unpublished results Schmieder 2008). Annual
hunting quotas were set by the management group at the first
annual meeting and took into consideration the amount of
food consumed at the feeding locations, the duration of the
feeding period, the number of red deer counted at those feed-
ing locations, and the results of track surveys at the border
between the core and outer zones. Further, hunting quotas
were compared annually to bag records (see Fig. S3,
Online Resource 1) which included not only the number of
individuals shot but also the number of individuals found dead
(i.e., mortality owing to deer-vehicle collisions or to any other
reason, known or unknown).

To limit human disturbance resulting from hunting activi-
ties, hunting has been regulated according to a spatial scheme
and modified stepwise since 2006 (Coppes et al. 2017). First,
driven hunts (red deer were driven out by trained dogs; hunt-
ing was conducted from hunting stands) were implemented in
2006, and information on the sex and age of the red deer shot
was used to set future hunting quotas. Between 2006 and
2016, the proportion of deer shot during driven hunts in-
creased up to 40% of the total amount of red deer shot
(Hagen 2017). Second, in 2008, a zonation scheme consisting
of an outer zone, a border zone, and a core zone containing the
refuge areas was implemented (Coppes et al. 2017), and the
length of the red deer hunting season was limited (August–
November in the core zone; August–December and, addition-
ally, May 1–June 15 for individuals age 1–2 years in other red
deer management areas). Third, although between 2006 and
2010 the sex ratio in the bag records was already female-bi-
ased, for 2011 scientists recommended a higher quota of fe-
males shot in order to reduce red deer abundance. For bag
records since 2006, we determined that the data were com-
plete and accurate (Fig. S1A Online Resource 1). Red deer
bag records in the management area between 2006 and 2015
(252, 315, 283, 237, 234, 236, 255, 238, 180, 165) included
the number of red deer shot (red deer shot outside of the

management area were not included) and the number of red
deer found dead by the foresters (18, 7, 12, 10, 7, 7, 4, 1, 3, 5)
whereas large predators such as lynx (Lynx lynx) or gray wolf
(Canis lupus) were absent (Coppes et al. 2017).

In addition, the number of deer using the feeding location
between 2006 and 2016 and the number of red deer leaving or
entering the red deer management area during winter were
documented. The number of deer approaching/leaving a feed-
ing location was counted once a week (2–4 times in January if
the snow height was > 1 m) by foresters from special obser-
vation points that afforded good visibility to count the deer
sequentially (red deer had to jump over a runlet to approach
the feeding location). Thereafter, the foresters roughly estimat-
ed the mean number of individuals that used a feeding loca-
tion. Red deer tracks in snow were recorded until the end of
February (only in years where snow conditions were ade-
quate). Tracks were searched by one person from a car, on
foot or using skis/snowshoes. If tracks were found, the direc-
tion and number of deer were recorded. The number of deer
counted each year at two of the four feeding sites between
2006 and 2016 was 210, 170, 170, 170, 160, 140, 155, 145,
135, 125, and 129, respectively. The number of red deer
leaving/entering the border zone, as determined by counting
deer tracks outside that zone, was 301 (2005); 40 (2006); 48
(2009); 44 (2010), 72 (2012), 65 (2013); 17 (2015), and 57
(2016). The Spearman rank correlation coefficient (ρ) be-
tween bag records and all other red deer abundance indicators
was also calculated.

Structured population model

The population size of red deer in the Southern Black Forest
was estimated using an age- and sex-structured population
model that included both the total bag record and the sex
and age-class of each individual. In 2006, the size of the red
deer winter population estimated by local foresters ranged
between 696 and 736 individuals. This estimate included the
count data from the foresters at the feeding locations and the
deer track data from the border between the core and outer
zones. According to visual counts conducted in 2006 at the
feeding locations, the estimated sex ratio (females ≥
1 year:males ≥ 1 year) was 1.2:1. Based on the ratio of adult
females older than 1 year:1-year-old females in the bag record
of 2005/06, the initial proportion of 1-year-old living females
was set to 0.2.

The sex ratio at birth was set according to the sex ratio of
shot juveniles, as we assumed that year to year changes in the
sex ratio of juveniles shot reflected year to year changes in the
sex ratio at birth (i.e., hunters did not select for a specific sex
of juveniles). The age- and sex-structured population model
considered five classes: female adult (age ≥ 2 years, FA); fe-
male subadult (age 1–2 years, FSA); female juveniles, male
juveniles (age < 1 year, FJ and MJ), and male adult red deer
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(all individuals > 1 year, MA). The number of individuals in
each class was calculated for each year as follows:

FAiþ1 ¼ FAi−BaRFAi þ FSAi–BaRFSAi

FSAiþ1 ¼ FJi–BaRFJi

FJiþ1 ¼ FAi � r � PFi
MJiþ1 ¼ FAi � r � 1−PFið Þ
MAiþ1 ¼ MAi−BaRMAi þMJi−BaRMJi

ð1Þ

with i being 2006, 2007,…,2015; BaR the bag record includ-
ing red deer found dead by foresters (death owing to deer-
vehicle collisions, starvation or any other reason), PF the pro-
portion of female juveniles at birth, and r the recruitment rate
of > 1-year-old female red deer. The recruitment rate r (Eq. 1)
was set to 0.75 (Briedermann 1982), which is smaller than the
expected conception rate in red deer (i.e., 50–60% of 1-year-
old and 80–100% of older females conceive, cf. Langvatn et
al. 1996; Langvatn et al. 2004). To evaluate changes in red
deer population size, we calculated the annual population
growth rate lambda as follows:

lambdaiþ1 ¼ Niþ1=Ni ð2Þ
with i being 2006, 2007,…,2015 and N the estimated popula-
tion size (see Eq. 1).

Non- invasive genetic mark-recapture

The non- invasive genetic CMR approach was designed ac-
cording to Ebert and co-authors (Ebert et al. 2012). Red deer
feces were collected within 78 plots of 1 km × 1 km located in
the central part of the red deer management area. Each plot
was sampled by one person on 1 day, and only fresh feces
were collected. In case of fecal pellet group, only one pellet
was taken. In 2016, sampling took place from April 12 to
April.15 The daily track and the locations where feces were
collected were recorded using a GPS device (GARMIN etrex
30). A total of 1549 feces samples were collected. The track
length within plots varied between 5.5 and 13.94 km, with an
average length of 9.11 km. Samples were stored frozen (−
30 °C) until their analysis. DNAwas extracted from 1000 of
these samples, selected according to the location (at least one
sample per square) and using the freshest samples. DNA ex-
traction was conducted by Seq-It GmbH & Co. KG
(Kaiserslautern, Germany). For the genotyping of individuals,
seven markers and for sex determination one marker were
used (Ebert et al. 2012). The software GENECAP (Wilberg
and Dreher 2004) was used to determine matching genotypes,
capture frequency, and the probability of identifying siblings
(PI sib).

This CMR approach is widely applied in non-invasive ge-
netic investigations to estimate the population size of the spe-
cies of interest (Miller et al. 2005; Ebert et al. 2012).
Population size estimates were obtained using the urn models

implemented by Miller and co-authors (Miller et al. 2005)
assuming a closed red deer population and the R package
Capwire (Pennell and Miller 2015).

More specifically, we calculated the even capture probabil-
ity model (ECM), which assumes that every individual is
equally likely to be captured, and the two innate rate model
(TIRM) (Miller et al. 2005), which assumes that the monitored
population consists of two groups of individuals that differ
according to their capture probability. For both models, con-
fidence intervals were calculated using a parametric bootstrap
with 1000 iterations (function bootstrapCapwire; Pennell and
Miller 2015). To select between the ECM and TIRM, we used
the function lrtCapwire (Pennell and Miller 2015), which pro-
vides an estimate of population size under the ECM and then
simulates the capture data. After the data were compared to
both the ECM and the TIRM, a likelihood ratio test was con-
ducted to select between ECM and TIRM. Significance was
assessed by comparing the observed likelihood ratio to the
distribution of the likelihood ratio obtained by simulation.

Results

Between 2007 and 2016, red deer bag records of the Southern
Black Forest decreased by 150, such that the bag records in
2007 were almost twice as large as those in 2016 (Fig. 1a).
Mortality due to hunting ranged between 31.2 and 45.3% of
the estimated population size (Fig. 1b). Based on the ratio
between bag records and estimated population size (structured
population model), hunting was more likely to lead to a de-
crease in red deer population size (i.e., lambda < 1) when the
mortality due to hunting exceeded 38% of the estimated pop-
ulation size (Fig. 1b).The bag records correlated significantly
with the visual counts (positive association - ρ= 0.79; N = 10;
p < 0.01) but were not significantly related to the track counts
(positive association - ρ= 0.66;N = 7; p = 0.18) (cf. Fig. 2). In
2016, the structured population model (Fig. 1a) predicted a
population size between 360 and 712 (Nmean = 536). Although
this interval overlapped with the initial interval of the popula-
tion size estimates for 2006 (696–736), the calculated mean
population size (Nmean) correlated significantly with the bag
records of 2006–2015 (positive association - ρ = 0.7; N = 10;
p = 0.03) indicating a decline in population size. A microsat-
ellite analysis was used to evaluate the model estimates ac-
cording to the non-invasive CMR approach, resulting in the
assignment of 636 useable consensus genotypes to 306 indi-
viduals (females = 157, males = 149): 157 individuals (84 fe-
males, 73 males) were sampled once, 61 (35, 26) twice, 38
(15, 23) three times, 24 (11, 13) four times, 16 (6, 10) five
times, and 8 (5, 3) six times; 1 (1, 0) was sampled seven times,
2 (1, 1) were sampled eight times, and 1 individual (1, 0) was
sampled ten times. The probability of two samples having the
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same genotype and thus representing closely related individ-
uals (PI sib) was smaller than 0.001.

Estimates for red deer population size were calculated as
373 (CI95 = 339–405) in the ECM and 500 (CI95 = 486–651)
in the TIRM. The estimated sex ratio (f:m) according to the
twomodels was 1.12 (ECM) and 1.14 (TIRM). The likelihood
ratio was 157.75 and the estimated p value < 0.001 pointing to
the fact that there is no within-population heterogeneity in the
probability of capture. Consequently, the TIRM value was
selected. To account for the unknown number of red deer in
the outer zone that might not have been sampled in the core
area during the sampling period, we added the recorded num-
ber of individuals (57) that in 2016 used the border area be-
tween the outer zone and core zone.Whether these individuals

had been sampled during the sampling period was unknown,
as was the exact number of red deer living in the outer zone of
the red deer management area during the winter period.
However, the sum of the TIRM value (500) and the track
counts (57) yielded a first estimate of the total winter red deer
population size. Further, the estimate of 557 individuals in
2016 increases confidence that the number of red deer de-
creased since 2006. A comparison of bag records between
the red deer management areas of the Southern Black Forest,
Northern Black Forest, and Odenwald revealed that the de-
crease in bag records in the Southern Black Forest since 2007
did not reflect a general pattern in red deer bag records in
Baden-Württemberg. While red deer bag records increased
in all three management areas between 1999 and 2005, the
increase was particularly noteworthy for the Northern Black
Forest and Odenwald between 2006 and 2016 (Fig. 3).

Discussion

All indicators of red deer abundance (bag records, visual
counts, track surveys) were assessed over a period of 10 years
and pointed to a decrease in the Southern Black Forest since
2007. The modeled population density (Eq. 1) for the period
between 2006 and 2016 correlated positively with red deer
bag records. However, the reliability of structured population
models depends on knowledge of the initial conditions as well
as correct assumptions regarding the population dynamics.
The structured population model predicted a mean population
size in 2016 of 534 individuals (range 360–712). Estimates of
the population size based on the genetic CMRmethod (TIRM:
500 individuals) supported the predictions of red deer popu-
lation size in 2016 obtained by the structured population mod-
el. In addition, application of the CMR method provided an

Fig. 2 Index values of red deer abundance in the Southern Black Forest.
Filled squares represent red deer bag records, open circles the red deer
number determined at the feeding locations, and crosses the results from
deer tracked at the border between the outer and core zones. To facilitate
visual comparisons, all time series were normalized by the value for 2006

Fig. 1 a Estimated abundance of red deer in the Southern Black Forest,
represented by the gray polygon (N), using the age- and sex-structured
population model. Annual bag records (BaRs) are shown as filled circles.
The black line within the polygon indicates the estimated mean number
(in 2006: 710) while the polygon indicates the standard deviation. b The

relationship between the ratio of the bag records and the estimated pop-
ulation size (BaR/N_Mean) and population growth rate (lambda). The
bars indicate the standard deviation of lambda for the initial population
size in 2006 (range 696–736), with lambda > 1 (horizontal dashed gray
line at lambda = 1) indicating an estimated increase in population size
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independent evaluation of the estimated population size ob-
tained by the structured population model, thus increasing
confidence in the accuracy of the calculations based on bag
records. These results are in line with the conclusion reached
by Norton and co-authors (Norton et al. 2013), that a struc-
tured population model approach drawing on detailed infor-
mation from bag records may be appropriate to predict trends
in both population size and population structure. For red deer
in the Southern Black Forest, mortality due to hunting ranged
between 31.2–45.3% of the estimated population size, with a
mortality > 38% increasing the likelihood of a decline in the
population size. These findings are in line with those of
Simard and co-authors, who stated that a harvest mortality
of 30–50% of the total population size is necessary (Simard
et al. 2013). Although the female-biased bag records (Figs.
S1A and S1B of Online Resource 1) affected the sex ratio of
the population, the female bias (estimated female:male ratio of
1.14) of the population in 2016 was unexpected. Ueno and co-
authors demonstrated that female-biased hunting did not lead
to a balanced sex ratio for skia deer in Japan (Ueno et al.
2010).

However, as red deer population size and population struc-
ture are affected not only by hunting, trends in bag records
might reflect systematic variations in the environmental con-
ditions. Winter conditions, for instance, are well known to
impact both the population density and the bag records of
large herbivores (Kruuk et al. 1999; Hagen et al. 2017).
During the course of our investigation (2006–2016), the win-
ter conditions in the Southern Black Forest were milder than
the mean winter conditions of 1961–1990 (Fig. S2
Online Resource 1). Even though the decrease in bag records
in 2006 can be attributed to the severe winter conditions in

2005/2006 (Fig. S2 Online Resource 1), the continuous de-
crease in bag records cannot. Moreover, if large-scale changes
in the environmental conditions were the main driver of the
decrease in red deer bag records, then a similar pattern should
have been found in other red deer management areas in
Baden-Württemberg, which was not the case (Fig. 3).

Although management practices were successful in reduc-
ing red deer abundance during the last decade, the successful
control of a winter population of 500 individuals or a further
reduction in red deer population size (400 individuals) may be
challenging. First, adaptive behavioral responses by the deer
to hunting can be expected, such as their use of dense cover
during hunting (Lone et al. 2015). Second, the sex ratio of shot
juveniles in 2015 suggests a current shift towards female ju-
veniles (Fig. S1A Online Resource 1). A similar sex ratio in
juveniles shot was documented in 2006 (Fig. S1A), after the
severe winter of 2005/2006 (Fig. S2 Online Resource 1). A
drastic shift in the sex ratio of shot juveniles towards females
likely reflects a stress situation in the managed population (for
instance caused by a drastic decrease in red deer numbers or
severe winter conditions). In the study of Kruuk and co-
authors (Kruuk et al. 1999), the proportion of males born
declined with (nutritional) stress during pregnancy. Third, it
can be assumed that, at a low red deer density, females will
have a higher probability of conceiving (Albon et al. 1983;
Langvatn et al. 1996). In red deer, body weight positively
affects the fertility of females (Albon et al. 1983) but is neg-
atively related to abundance (Langvatn et al. 1996).

The success in reducing red deer abundance in the
Southern Black Forest can largely be attributed to the partic-
ipative decision-making process of the management group,
which chose to conduct research and management simulta-
neously as part of an adaptive resource management strategy
(Lancia et al. 1996; McCarthy and Possingham 2007).

Conclusion

The results of this case study highlight that a successful reduc-
tion of cervid populations can be achieved by: (1) the long-
term monitoring of species abundance by wildlife manage-
ment authorities as the basis for implementing changes in
hunting practices and setting annual hunting quotas (Fig. S3
Online Resource 1) and (2) the coordination of management
actions over areas of appropriate size (Meisingset et al. 2017)
(in this study, a red deer management area of 17.500 ha).
Given the increasing bag records of ungulates, including roe
deer and wild boar [Sus scrofa] in Europe (Apollonio et al.
2010b; Vetter et al. 2015), white-tailed deer [Odocoileus
virginianus] in North America (Simard et al. 2013), and sika
deer [Cervus nippon] in Asia (Ueno et al. 2010), and a decline
in public acceptance of hunting activities (Lexer et al. 2005),

Fig. 3 Annual bag records in the Southern Black Forest (black circles),
Northern Black Forest (light gray triangles) and Odenwald (gray squares)
for the years 1999–2015. The vertical line separates the time with (2006–
2015) and without (1999–2005) an adaptive management approach in the
Southern Black Forest
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our results will contribute to an understanding of the role of
hunting in adaptive management.
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