
Vol.:(0123456789)

Environmental and Resource Economics (2023) 85:385–408
https://doi.org/10.1007/s10640-023-00770-w

1 3

Accepted: 15 February 2023 / Published online: 17 March 2023 
© The Author(s) 2023

Abstract
The benefits and costs of wildlife are contingent on the spatial overlap of animal popu-
lations with economic and recreational human activities. By using a production function 
approach with dynamic spatial panel data models, we analyze the effects of human hunting 
and carnivore predation pressure on the value of ungulate game harvests. The results show 
evidence of dynamic spatial dependence in the harvests of roe deer and wild boar, but not 
in those of moose, which is likely explained by the presence of harvesting quotas for the 
latter. Results suggest the impact of lynx on roe deer harvesting values is reduced by 75% 
when spatial effects are taken into account. The spatial analysis confirms that policymak-
ers’ aim to reduce wild boar populations through increased hunting has been successful, an 
effect that was only visible when considering spatial effects.
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1 Introduction

Conflicts between wildlife and economic activities is a worldwide phenomenon. Some of 
the major reasons are large carnivores’ predation of livestock and wild game, and ungu-
lates’ browsing damage on agricultural and forest crops, creating conflicts with pastoral-
ists, hunters, and farmers, respectively (Gren et al. 2018, 2020; Treves and Karanth 2003; 
Shwiff et al. 2013). Conservation of wildlife is a major aim in most parts of the world, and 
involves benefits and costs to society that vary depending on the spatial distribution of the 
animal species populations, landscape, and the human activities that are affected (Boman 
et al. 2003; Treves et al. 2004; Van Eeden et al. 2018; Widman and Elofsson 2018). Dif-
ferent perceptions of the magnitude of costs and benefits of wildlife among different stake-
holder groups can often fuel other urban–rural and political conflicts (Krange et al. 2022).

The role of spatial spillovers for the benefits and costs from policies for wildlife con-
servation and management are relatively little studied. Boman et  al. (2003) use a static 
economic optimization model for wolf management, taking into account wolves’ within-
species density-dependent dispersal. Aadland et al. (2016) develop a spatial-dynamic pred-
ator–prey economic model on wolf and elk management, assuming that prey dispersal is 
a function of predation risk, while Aadland et al. (2015) model the optimal management 
of a pest, the mountain pine beetle, for which the dispersal is assumed to be driven by 
the density of their prey, in this case trees. Rollins and Briggs (1996) analyze the optimal 
design of contracts for wildlife damage prevention and compensation, when efforts to pre-
vent wildlife damage at a given location risks leading to increased damage in neighbor 
locations. A couple of studies show that economic activities could relocate in response to 
wildlife density, e.g., farming is shown to relocate to regions less prone to wildlife dam-
age (Hansen et al. 2019; Mmopelwa and Mpolokeng 2008), and hunters incur additional 
costs for travelling to locations with a higher abundance of game (Knoche and Lupi 2013; 
Sarker and Surry 1998). Also, Mensah and Elofsson (2017) identify the presence of spatial 
spillovers in hunting lease prices. With applications to fishery, a couple of studies elaborate 
theoretically on the economically optimal management of spatial-dynamic systems (see, 
e.g., Sanchirico and Wilen 2005, 2007; Smith et al. 2009), accounting for within-species 
density-dependent dispersal as well as the spatial reallocation of the profit maximizing har-
vesting effort. Also, Abernethy et al. (2007) study empirically whether the spatial pattern 
of artisanal fishery is consistent with the predictions of the Ideal Free Distribution (IFD), 
requiring that the average profit per hour of fishing should be equal among similar fishers. 
Results showed this was not the case, and neither did the fishing pressure increase with 
resource availability.

Common to the mentioned studies is that species’ dispersal is defined by an exog-
enously given parameter and a single driver. This contrasts with the ecological literature, 
which shows that the abundance and dispersal of a species is determined by multiple drivers 
including, e.g., the availability of food, the landscape structure (Saïd and Servanty 2005; 
Maier et al. 2005; Acevedo et al. 2014), and behavioral responses related to predator–prey 
dynamics (Houston et al. 1993; Kjellander et al. 2004; Lima and Zollner 1996; Hebblewhite 
and Merrill 2007; Bergerud et  al. 1984) and human-wildlife interactions (Cromsigt et  al. 
2013; Thurfjell et al. 2017). Also, none of the studies acknowledges the potential impacts of 
human activities, such as hunting and wildlife policies (e.g., local harvest quotas and zoning 
policies for conservation of large carnivores), on wild species’ dispersal propensity and the 
resulting spatial distribution of harvests. Thus, economic studies have neither explored the 
relative importance of different spatial-dynamic processes for the economic outcome, nor 
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taken into consideration the multiple natural and economic drivers of these processes. This 
is a problem because ignoring these factors could lead to biased results. Without knowledge 
on these processes and their economic impacts, policymakers will not be able to foresee the 
economic and ecological consequences of policy decisions related to conservation of large 
carnivores and harvesting of wildlife, and the distribution of the effects across space.

The purpose of this paper is to analyze the effects of human hunting and carnivore pre-
dation pressure1 on game harvests, acknowledging the spatial and temporal dimensions that 
arise due to ungulates’ avoidance of predation and hunting risk, and carnivores’ and hunt-
ers’ seeking game. To analyze this issue, we apply a production function approach, first 
developing a dynamic bioeconomic model accounting for the linkages between harvests, 
human hunting effort, and carnivore abundance. We subsequently implement dynamic spa-
tial econometric methods to analyze how carnivore and hunter abundance influence har-
vests of the three most harvested game species in Sweden: Roe deer (Capreolus capre-
olus), wild boar (Sus scrofa), and moose (Alces alces). The three species are subject to 
different policies: for moose, there are local harvesting quotas, roe deer harvests levels are 
unregulated, and wild boar hunting is encouraged by permitting more efficient methods 
and gear. Moreover, three large carnivores play an important role for the studied game pop-
ulations: Wolves (Canis lupus) predate on both moose and roe deer, the omnivorous brown 
bear (Ursus arctos) predates on moose calves, and the relatively smaller lynx (Lynx lynx) 
predates on roe deer. We expect to find difference across species that reflect the differences 
in harvesting policy and in predator–prey relationships. The methodological approach in 
our study is new, as there is no economic study, or unbeknownst to us, that incorporates 
both dynamic and spatial econometric techniques when assessing wildlife management and 
conservation based on empirical data, aiming to quantify spatial spillover effects within an 
ecological-economic framework, and the associated impact on benefits and costs associ-
ated to wildlife management. Our findings indicate that one additional lynx individual can 
decrease the harvest of roe deer in the short run by 2.8 within the same county and by 2 
in neighboring counties. Similarly, one added hunter reduces boar harvest by 0.35 within 
a county, while an additional wolf and an additional bear decrease the harvest of moose by 
about 15 and 4 respectively. Such marginal impacts are informative to policymakers that 
aim to achieve a balance between benefits and costs in carnivore conservation policies.

The remainder of the paper is organized as follows: Sect. 2 presents an empirical context 
of the hunting in Sweden, the game species and their large predators. Section 3 lays out a 
bioeconomic model that develops the theoretical benchmark of our analysis. Section 4 pre-
sents the econometric methodology used to investigate the spatial and time dynamics of the 
studied system, the econometric model selection criteria, and the method to calculate the 
marginal effects for the significant independent variables. Section 5 explains the data, and 
Sect. 6 presents the results. Section 7 provides a discussion and concludes.

2  Empirical Context

2.1  Hunting in Sweden

Recreation, game meat supply, and wildlife management are the main motivations for hunt-
ing in Sweden. There are about 300,000 hunters in the country, whose hunting activities are 
directly or indirectly associated with game population control and ecosystem management 

1 We use the term hunting in the case of human hunters, and predation in the case of large carnivores.
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practices (Lindqvist et  al. 2014). Most hunters hunt in the neighborhood of their home. 
Landowners own the right to hunt on their land, and hunters can access such hunting land 
by paying a lease to the landowner. This payment of the lease price transfers the hunting 
rights to the hunters and allows them to keep the game harvested within the property. Typi-
cally, the lease entitles the hunter to hunt all species defined as eligible according to the 
Hunting Ordinance on the land in question. Lease contracts are usually on a yearly basis 
and many hunters lease the same ground over long time periods, while others hunt when 
they are invited as guests or purchase short term leases. The roe deer, the wild boar, and the 
moose are three of the most popular hunted game animals in Sweden. About 104,000 roe 
deer, 98,000 wild boar, and 83,000 moose were harvested in 2015 (www. viltd ata. se).

2.2  Ungulate Game Species

The roe deer is a medium-sized ungulate spread nationwide with lower population densi-
ties in the northernmost areas of the country. Harvests levels are unregulated, and in most 
regions the hunting season occur during autumn and winter, spanning from 4 to 5.5 months 
depending on sex and age of the animal (Elofsson and Häggmark 2021). Roe deer can 
inflict browsing damage on valuable trees and agricultural crops, but the magnitude of the 
damage is small compared to that for moose and wild boar (Bergquist and Örlander 1998; 
Elofsson and Häggmark 2021).

The wild boar is an ungulate game with high dispersal capacity but low survival rates of 
the offspring under severe winter conditions. Boar populations are absent in northern Swe-
den (Engelmann et al. 2016), but widely present in the middle and the south of the country. 
The wild boar can cause considerable burrowing damage to agricultural crops (Gren et al. 
2020; Mensah and Elofsson 2017), and hunting of boar yearlings is permitted throughout 
the year, while adults can be hunted from April to February. In spite of this, population 
numbers are increasing and since 2018, more efficient hunting equipment such as variable 
lighting, light amplifiers and reticles with thermal imagery is permitted with an aim to con-
trol spread and abundance of boar.

The moose is a large ungulate widely present in most parts of Sweden. High moose 
populations provide large hunting benefits,2 but increase the number of moose-vehicle col-
lisions, and produce negative effects to forest crops due to browsing damages on valuable 
tree species (Angelstam et al. 2000; Seiler 2004). As a result, hunting moose is regulated 
through decisions at the regional (county) level, and yearly harvest rates are defined by the 
County Administrative Boards (CABs) for so-called Moose Management Areas (MMAs), 
which are territorial divisions confined by natural barriers and established to balance the 
interest of hunters with other stakeholders (Mensah et al. 2019, Franklin et al. 2020). There 
are several MMAs in each county, typically ranging between 50,000 and 100,000 hectares 
(Sandström et al. 2013). The hunting season is restricted to the autumn and winter.

2.3  Large Carnivore Species

Sweden is home of three large terrestrial carnivores: the wolf, the brown bear and the lynx. 
Wolves are mostly present in central Sweden and mainly preys on moose, but also on roe 
deer (Sand et al. 2016). In other countries, occasional predation on wild boar is observed 

2 Hunting benefits refer to the values provided by harvesting game, such as recreation and game meat con-
sumption.

http://www.viltdata.se
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(Mori et al. 2017), but this is extremely rare in Sweden, potentially because dispersal areas 
hardly overlap. Brown bears are mostly found in central and northern Sweden. They are 
omnivorous, but frequently prey on moose and reindeer3 calves in spring after hibernation 
(Dahle et al. 1998). Lynx, which are smaller than the two foregoing, are present all over 
the country, in particular in central Sweden where roe deer are abundant. The lynx mainly 
preys on roe deer, but can also take other small game such as hares (Andrén and Liberg 
2015).

The three large carnivores are all protected under the European Union’s Habitats Direc-
tive 91/43/EEC of February 2007, and hunting is prohibited unless the population substan-
tially exceeds favorable conservation status.4 Within our study period, the Swedish Envi-
ronmental Protection Agency (SEPA) and the CABs permitted license hunting of lynx and 
brown bear, but not wolf. On the other hand, wolves are subject to strict population control 
in the northern part of the country to avoid conflicts with reindeer herding.

3  Theoretical Model

In the following, we develop a theoretical model of time dynamics in game harvesting. 
This model serves as a basis for our approach to time dynamics in the econometric analy-
sis, which is described in Sect. 4. The development of the game population is determined 
by the size of the game population P , hunting effort E , and habitat conditions L , where the 
latter expresses habitat or landscape features that affect the survival and reproduction of the 
species such as predation risk or feed availability. Based on Barbier (2007), the change in 
game stock, Pt − Pt−1 , is assumed to be given by the biological growth in time period t − 1 , 
F(Pt−1, Lt−1) , net of harvesting in time period t − 1 , h(Pt−1,Et−1):

Following Foley (2010), we assume a biological growth function with facultative habi-
tat use, i.e., where the habitat conditions L affect the game species population growth, but 
the presence or absence of such conditions do not lead to extinction of the game population 
(Auster 2005):

where r is the intrinsic growth rate, and K is the carrying capacity, which relates to the 
maximum population without hunting and in the absence of the habitat conditions L (Clark 
1990). In our empirical application below, we assume that the habitat conditions L are 
associated with carnivore abundance. Accordingly, � is a (negative) parameter expressing 
the sensitivity of ungulate game to the presence of different carnivores, due to the impact of 
the carnivores on prey mortality and on prey’s habitat selection.5 Following Boman (1995), 
Bostedt and Grahn (2008), Zabel et al. (2014) and Skonhoft (2006), we assume that dep-
redation has no feedback effects on the size of the carnivore populations. This assumption 

(1)Pt − Pt−1 = F
(

Pt−1, Lt−1
)

− h
(

Pt−1,Et−1

)

.

(2)F
(

Pt−1, Lt−1
)

= rPt−1

[(

K + �Lt−1
)

− Pt−1

]

,

3 Reindeer is a semi domesticated ungulate species held in north Sweden.
4 Individuals of these species that constitute a threat to humans or livestock can also be killed. This requires 
a permission from the county administration or the Environmental Protection Agency.
5 Other habitat characteristics (e.g., climatic conditions, and vegetation types) could also affect prey mor-
tality and reproduction. In our empirical analysis below, we control for this by using county-fixed effects.
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is motivated given that carnivore population sizes in Sweden are determined by political 
decisions.

Further, we adopt a Schaefer harvest-effort relation (Schaefer 1954):

where q is the catchability constant, representing the hunting technology. Thus, harvest 
rates are increasing in catchability, game population size, and hunting effort in the same 
time period. Hunting effort is assumed to be exogenous, which is motivated by the focus on 
spatial spillovers and model tractability, in combination with the lack of suitable data for 
empirical modelling of hunters’ complex choice of effort.6 Substituting (2) and (3) into (1), 
we obtain:

Dividing by Pt−1 we get:

Since there are no data on game populations P, we cannot estimate Eq.  (5) directly. 
Instead, we follow Schnute (1977) by defining the harvest (or catch) per unit effort, ct , as:

Plugging this expression into (5), we obtain:

Rewriting Eq. (6), we obtain the following equation:

which can be redefined and estimated using the following regression model:

where St =
ct−ct−1

ct−1
 , �0 = rK ≥ 0 , �1 = r� ≤ 0 , �2 = −

r

q
≤ 0 , and �3 = −q ≤ 0.

Equation  (8) provides a workable theoretical model, which explains that the rate of 
change of the harvest per unit effort ( St ) is a linear and dynamic function of the four terms 
on the right hand side. First, the intercept �0 is expected to be positive given that the car-
rying capacity K and the intrinsic growth rate r are both positive numbers. Second, the 
term �1Lt−1 describes the impact of carnivores on the game harvest, hence the �1 coef-
ficient is inferred to be negative because carnivores reduce the game population. Third, 

(3)ht = qEtPt,

(4)Pt − Pt−1 = rPt−1

[(

K + �Lt−1
)

− Pt−1

]

− ht−1.

(5)
Pt − Pt−1

Pt−1

= r
[(

K + �Lt−1
)

− Pt−1

]

−
ht−1

Pt−1

.

(5*)ct =
ht

Et

= qPt.

(6)
ct − ct−1

ct−1
= r

[(

K + �Lt−1
)

− Pt−1

]

−
ht−1

Pt−1

.

(7)
ct − ct−1

ct−1
= rK + r�Lt−1 −

r

q
ct−1 − qEt−1,

(8)St = �0 + �1Lt−1 + �2ct−1 + �3Et−1 + �t,

6 This is a simplification as hunters can adjust the effort to ensure sustainable game populations and harvest 
values (Sirén and Parvinen 2019). For example, hunting effort can vary according to sex and age of the 
hunted species, which can have implications for population dynamics (Diekert et al. 2016). Also, effort can 
be determined by the local lease market, the hunters’ social networks, and demographic factors.
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the term �2ct−1 designates the effect of the lagged harvest per unit effort. Because q and r 
are both positive, the theoretical model predicts �2 to be negative. Fourth, the term �3Et−1 
describes the impact of hunting effort on the harvested game and given that q is positive,  
�3 is inferred to be negative.

The theoretical model expressed in Eq. (7) or (8) could also be interpreted using a level 
form mathematical formulation.7 By solving for ct in Eq. (7), it can be shown that the har-
vest per unit effort equates to the following level form model specification:

Equation (8*) can be interpreted in a very similar fashion as Eq. (7) because it is influ-
enced by the same explanatory variables. However, the dependent variable is expressed in 
levels ( ct ) as opposed to Eq. (7) which is expressed in change rates ct−ct−1

ct−1
 . This implies that 

Eq.  (8*) is a function of interaction and quadratic terms, hence non-linear. This is an 
important justification to adopt our empirical strategy, and it is carefully addressed in 
Sect. 4 hereafter.

4  Methodology and Empirical Strategy

Although Eq.  (7) or its level form equivalent (8*) represents an interesting theoretical 
model explaining the per unit harvest effort, its econometric implementation raises several 
issues and questions which need to be resolved. These issues are now first discussed before 
we proceed with the empirical analysis.

A preeminent problem stems from the fact that Eq.  (7) does not account for spatial 
interactions in the model. If Eq.  (7) is not a satisfactory workable empirical model, we 
could have had recourse to its level form equivalent represented by Eq. (8*). Because of 
the non-linear functional form with respect to its arguments, this alternative formulation of 
the theoretical model is not empirically operational in the context of a dynamic economet-
ric model which also includes a spatial dimension. To our knowledge, spatial economet-
ric techniques have not been yet developed to estimate dynamic non-linear specifications. 
Instead, a vast amount of literature has been addressed to account for spatial interactions 
in linear models (Anselin and Bera 1998; LeSage and Pace 2009). In particular, Elhorst 
(2014) describes a set of Dynamic Spatial Panel Model (DSPM) specifications that can be 
used in the context of stationary panel data. DSPMs are linear and vary according to the 
dynamics in space and time of the dependent variable, the regressors and the error term. To 
estimate our empirical model in the context of a DSPM, we formulate a linearized specifi-
cation, corresponding to a first-order Taylor series approximation of Eq. (8*):

where yt = ct , and where the expected signs of the coefficients are: �0 ≥ 0 , �1 ≤ 0 , 
�2 ≤≥ 0 , and �3 ≤ 0 . This empirical approach enables us to estimate a linear model that 
integrates spatial panel data interactions with the theoretical benchmark of the previous 
section.

(8*)ct = ct−1(1 + rK) + r�Lt−1ct−1 − qEt−1ct−1 − r

(

ct−1
)2

q

(9)yt = �0 + �1Lt−1 + �2ct−1 + �3Et−1 + �t,

7 Because Eqs. (7) and (8) are equivalent to each other, we will refer to them interchangeably hereafter.
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We construct a panel dataset with Swedish counties as cross-sectional units spanning 
from 2007 to 2015, described in detail in Sect. 5, where we consider the harvests of three 
game species as dependent variables: Roe deer, moose and wild boar. As a reference point, 
we begin by estimating the non-spatial model (Eq. 9) by ordinary least squares (OLS) for 
each game species. Because ignoring spatial autocorrelation leads to inconsistent OLS esti-
mates and erroneous inference (LeSage and Pace 2009), we extend this baseline model 
(Eq.  9) to include spatial interaction effects. To this end, we follow the conventional 
approach in applied spatial econometric studies (Marbuah et  al. 2021; Kim et  al. 2003) 
which compare the non-spatial model with different DSPM specifications. The selection 
of DSPMs addressed in this study is substantiated throughout this section. Because there is 
a relatively small number of time periods ( N > T  ), we set up DSPMs with cross-sectional 
(county) fixed effects as developed in Elhorst (2014).

To include spatial interaction effects in Eq. (9), we start by formulating a general spatial 
specification that nests the family set of spatial regression models:

where the cross-sectional unit is the county n for time periods t = {2007,…,2015}. The 
dependent variable yt is a column vector n × 1 , in which n = 20 for the cases of moose and 
roe deer, whereas n = 14 for wild boar.8 The scalar � is the response of the lagged depend-
ent variable, assumed to be restricted to (−1, 1) to ensure the existence of a long-term sta-
ble and convergent equilibrium path (Elhorst 2014). The � parameter measures the degree 
to which the harvest per unit effort is affected by the harvest of neighboring counties. The 
n × n weighting matrix W characterizes the degree of spatial dependence, and we define 
it as a first-order contiguity matrix with elements wij = 1 if i and j are neighboring coun-
ties and equal to zero otherwise. As commonly done in the literature, we standardize the 
weights in each row so that the sum of the row elements equals one. The variable Xt−1 is 
a n × k matrix of (lagged) independent variables, with k = 4 regressors. The four regres-
sors are the lagged hunting effort Et−1 , and the lagged population number of three large 
carnivores that prey on ungulate game in Sweden: Wolf, brown bear, and lynx. The three 
lagged carnivore populations correspond to the term Lt−1 , which are estimated as separate 
explanatory variables. The variable � is the 4 × 1 vector of partial effects of each of the 
four regressors. The variable � is a 4 × 1 vector of parameters that measures the sensitivity 
of the harvest to changes in the exogenous variables, that is, the extent to which carnivore 
numbers and hunting effort in a given county could influence the harvest in contiguous 
counties. The variable � refers to fixed effects across counties, which controls for all omit-
ted variables remaining constant during the nine-year period such as, e.g., landscape fea-
tures. Conversely, ut represents the time-variant omitted variables such as, e.g., weather 
conditions, and vt are residuals which are assumed to be normally distributed with zero 

(10)yt = �yt−1 + �Wyt + Xt−1� +WXt−1� + � + ut,

ut = �Wut + vt,

v ∼ N
(

0, �2
)

,

8 The number of panels n is lower for wild boar because there are counties with no boar presence for (some 
of) the years taken in this study. In order to have a balanced panel dataset, we take the counties with boar 
presence for the whole time period.
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mean and constant variance �2 . The � parameter measures the extent of spatial correlation 
in the omitted variables.

Due to problems of identification (Manski 1993), we do not estimate the most general 
spatial model expressed by Eq. (10). Instead, we reduce it to four (nested) spatial specifi-
cations: the Spatial Durbin Model (SDM), the Spatial Autoregressive Model (SAR), the 
Spatial Error Model (SEM) and the Spatial Autoregressive Combined model (SAC or 
SARAR). The SDM arises by imposing � = 0 , and it subsumes the SEM and the SAR 
models. Namely, the SDM can be reduced to a SAR model by imposing the restriction 
� = 0 , or conversely, it can be reduced to a SEM by imposing � = −�� . On the other hand, 
the SAC model emerges with a constraint � = 0 , which can be reduced to a SAR model 
by imposing the constrain � = 0 , or to a SEM by constraining � = 0. Our motivation to 
compare these four spatial specifications is that it allows us to inspect significant spatial 
spillovers either in the dependent variable, the independent variables and/or the residuals.

Our data covers the counties where game harvests are different from zero in at least 
one year during the period 2007–2015, therefore the sample represents the population of 
counties and not a random sample, in which case the estimation of spatial panels with fixed 
effects is more appropriate (Beenstock and Felsenstein 2010). We estimate a non-spatial 
model and four dynamic spatial specifications (SAR, SDM, SEM and SAC) for each of the 
three game species. The non-spatial model is produced with fixed effects (FE) estimators, 
while the dynamic spatial models are estimated with a quasi-maximum likelihood (QML) 
method using a mixed estimator for short time samples. This mixed estimator is based on a 
bias corrected maximum-likelihood (ML) estimator for the spatial � parameter in Wyt , and 
on an unconditional ML estimator for the other parameters in the model (Elhorst 2010).

In order to know which specification best fits the data, we follow the strategy described 
in LeSage and Pace (2009). We begin with the SDM and test the restrictions that derive 
the SAR and SEM. Failing to reject H0:� = 0 , with � ≠ 0, would favor a SAR specifica-
tion. On the other hand, failing to reject H0:� = −�� would favor the SEM specification. 
Because the SAC and SDM are non-nested, the Log-likelihood function value (LL), the 
AIC (Akaike’s Information Criterion) and the BIC (Bayesian Information Criterion) are 
used to choose the most appropriate model (Belotti et al. 2017; Elhorst 2014).

4.1  Marginal Effects

The derivative of the dependent variable with respect to each regressor represents an asso-
ciated marginal effect, namely the marginal impact of carnivores and/or hunting effort on 
the game harvests per unit effort. Depending on the dynamic spatial model, it is possible to 
calculate direct, indirect and total marginal effects for every explanatory variable. Moreo-
ver, it is possible to disaggregate these effects into short and long term. However, the SEM 
and FE estimations only allow for the computation of direct marginal effects (Golgher and 
Voss 2016).

In the results section, we identify the dynamic spatial-lag model (SAR) as the best fit for 
roe deer harvests, the dynamic spatial error model (SEM) for wild boar and the non-spatial 
model (FE) for moose. We therefore restrict the exposition of marginal effects to these 
models. The detailed procedure to calculate the marginal effects for the three spatial speci-
fications is included in Appendix A.
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4.2  Addressing Potential Endogeneity with System GMM

The estimated parameters in the dynamic SAR model for roe deer are biased and inconsist-
ent. This is especially true because the spatial lag term ( �Wyt ) is correlated with the error 
term, a classic case of endogeneity. The time-lagged dependent variable ( �yt−1 ) on the RHS 
also induces the so-called Nickell bias (Nickell 1981) since it could be correlated with the 
county fixed effects. The remaining controls, Xt−1 = (wolft−1, lynxt−1, beart−1, effortt−1) , 
are potentially endogenous in the model and are likely also correlated with the county fixed 
effects and the residual term. Purging the fixed effects through first differencing does not 
entirely solve the identification challenges in the model. This is because the remaining dif-
ferenced variables, for instance, might still be correlated with the residuals.

These econometric challenges thus render both the pooled OLS and ML estimators 
the least appropriate for purpose in this study. In order to consistently estimate unbiased 
model coefficients, we re-estimate the SAR dynamic version of Eq.  (10) using an aug-
mented system generalized method of moments (sys-GMM; Blundell and Bond 1998). 
Kukenova and Monteiro (2009)9 show that the spatial sys-GMM model outperforms other 
comparator estimators such as the ML and QML by consistently estimating the spatial 
lagged coefficient in addition to enhanced efficiency (lower bias) in finite samples and 
persistent data (see Blundell and Bond 1998; Elhorst 2012). The spatial sys-GMM not 
only corrects for the endogeneity of the spatially weighted dependent variable, but other 
covariates considered potentially endogenous. The sys-GMM approach proceeds by esti-
mating the model through first differencing to remove the fixed effect term. Sys-GMM 
uses internal lagged level and differences of the variables as (valid) instruments (Blundell 
and Bond 1998; Arellano and Bond 2001). In our roe deer application, we use the sec-
ond lagged ( roet−2 ) variable to instrument for roet−1 and   W2 × roet for W × roet . Further-
more, we use the first and second order spatially weighted variables ( WXt−1 and W2Xt−1 ) 
for Xt−1 = (wolft−1, lynxt−1, beart−1, effortt−1) following Kelejian and Prucha (1999; 2004).

We check the consistency of our adopted estimator by reporting the second order serial 
correlation test (Arellano and Bond 2001), and the Hansen J overidentification test.

5  Data

We use data on county level of game harvests, large carnivore populations and number 
of hunters. For the dependent variables (ct) , we use hunting bags10 of roe deer, wild boar 
and moose. Roe deer and wild boar harvests correspond to the annual hunting bag sta-
tistics, collected and administered by the Swedish Hunters’ Association (Viltdata 2020). 
Moose harvest is the annual cull reported by the County Administrative Boards (CAB 
2020) for moose management. To run estimations on roe deer and moose harvests, we 
construct a balanced panel data comprising nine periods T = 2007 − 2015 for N = 20 

9 Kukenova and Monteiro (2008) applied this model to study the impact of the differences in environmen-
tal regulations on bilateral foreign direct investment (FDI) flows between OECD and developing countries. 
They find among other things a negative association between environmental stringency and FDI flows after 
accounting for potential endogeneity and spatial spillovers using the system GMM methodology.
10 A hunting bag is the number of game killed in hunting activities.
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Swedish counties (Figure S1 in the supplementary appendix).11 For the estimations on 
wild boar harvest, we only consider N = 14 counties in order to run balanced panel regres-
sions for this species.12 Hence, the total number of observations available for wild boar is 
N × T = 126 , while for roe deer and moose, it is N × T = 180 . Note that the dependent 
variables are defined as harvest per unit effort, therefore harvests (i.e., bags) are divided by 
the hunting effort variable which will be explained.

For the explanatory variables related to carnivore presence (Lt−1) , we use information 
on the estimated populations of wolf, lynx and brown bear. Wolf and lynx inventories were 
obtained from the reports provided by the Swedish Wildlife Damage Centre (Viltskade-
center 2020). Wolf inventories in Scandinavia are based on snow tracks, droppings and 
geo-referenced collars from wolf packs and stationary individuals. Lynx inventories relate 
to the yearly counts of family groups, which are multiplied by an extrapolation factor to 
determine the population size, see Andrén et  al. (2002). The brown bear inventories are 
based on scat surveys that have been done in 2006 and 2013 by the Scandinavian Brown 
Bear Research Project. Using the inventory of 2006, we take the county level growth fac-
tors from Kindberg et al. (2009) to calculate the bear population series from 2007 to 2012. 
Similarly, we use the inventory of 2013 to calculate the series from 2014 to 2015 by tak-
ing the growth factors of Kindberg and Swenson (2014). From the brown bear inventories, 
we subtract the licensed bear killings, reported by the National Veterinary Institute (SVA 
2020).

We use data on number of hunting licenses per county and year, obtained from the 
SEPA (Eriksson et al. 2018), as a proxy for hunting effort (Et−1) . It is necessary for a hunter 
to acquire such a hunting license from the SEPA to be eligible to hunt and, thus, one hunt-
ing license corresponds to one eligible hunter. The licenses are valid for one year, and the 
cost for obtaining a license is minor, but it is necessary to have completed a course in wild-
life management, and to have proven shooting skills, to qualify for a license.

Due to the large size differences among the Swedish counties, all dependent and explan-
atory variables were divided by the county area in squared kilometers. County size was 
retrieved from Statistics Sweden. Table 1 describes all the variables used in this study.

6  Results

Because all the models include time-lagged covariates (T − 1 = 8) , the regressions are esti-
mated with a total of 112 observations for wild boar harvest, and 160 observations for roe 
deer and moose harvests. The dependent variable is the contemporaneous harvest per unit 
effort of the game species at issue 

(

ct =
ht

Et

)

 . The standard errors of the spatial models are 
obtained using Monte Carlo simulations (LeSage and Pace 2009), while the non-spatial 
models are estimated with conventional standard errors. Results are shown in Table 2. Each 
column corresponds to a model specification. The FE columns relate to the (non-spatial) 
fixed effects model, while the rest of the columns correspond to the dynamic spatial speci-
fications addressed in this study (SAR, SEM, SDM and SAC). Columns (1)-(5) display the 

11 There are 21 counties in Sweden. This study does not consider the Gotland county as no large carnivores 
reside in this region.
12 During the period 2007–2015, no wild boars were harvested in Norrbotten, Västernorrland and Jämt-
land. In the counties of Gävleborg, Värmland and Västerbotten there were no boar harvests in at least one of 
the years during this period.
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results for roe deer harvests per unit effort, columns (6)-(10) for boar harvests per unit 
effort, and columns (11)-(15) for moose harvests per unit effort. To validate our empirical 
estimations, we assessed the robustness of the results in Table 2 to alternative weighting 
matrices. The robustness checks have been included in Appendix C.

6.1  Roe Deer Harvests

The high and positive significance of the time-lagged roe harvest coefficient ( � ) in all 
specifications provides evidence of dynamic effects. The positive sign of the coefficient is 
intuitively reasonable as it can be associated to natural variability in the game populations. 
The high significance suggests that game harvests are time-dependent, and as a result, the 
roe deer harvest in the preceding year can be used to predict current harvest values. From 
all regressions, lynx is the only regressor to have a direct negative impact on roe deer har-
vest at the 5–10% level of significance. The lynx point estimates reveal an upward bias 
(in absolute terms) of the lynx coefficients when ignoring the spatial autocorrelation. This 
overestimation can go from 7 to 46% based on a comparison of the lynx coefficients of 
the spatial specifications with that of the non-spatial linear model. The significant spatial 
autoregressive parameter (�) for the SAR, SDM and SAC models show evidence of spa-
tial autocorrelation occurring in the dependent variable amid cross-sectional units. Namely, 
there are roe deer harvest spillovers into other counties that are statistically significant, and 
therefore justify the use of spatial econometric modelling. The positive sign indicates that 
game harvests may increase in neighboring counties as ungulates migrate trying to reduce 

Table 1  Descriptive statistics on a county level

The descriptive statistics are calculated with the total 180 observations, except the boar harvest which is 
calculated with 126 observations

Variable Description Mean Std. Dev Min Max

Roe harvest Annual harvest of roe deer (#) 5,214.73 4,632.49 329 26,171
Boar harvest Annual harvest of wild boar (#) 4,846.25 4,112.76 58 19,201
Moose harvest Annual harvest of moose (#) 4,451.04 3,990.98 87 15,028
Effort Number of hunting licenses (#) 13,198.1 6,813.46 4,676 34,587
Roe (t) Roe harvest in period t divided by Effort 0.4326 0.3086 0.0156 1.8441
Roe (t − 1) Roe harvest in period t − 1 divided by Effort 0.4337 0.3116 0.0156 1.8441
Boar (t) Boar harvest in period t divided by Effort 0.4718 0.3812 0.0038 1.5895
Boar (t − 1) Boar harvest in period t − 1 divided by Effort 0.4099 0.3635 0.0006 1.5895
Moose (t) Moose harvest in period t divided by Effort 0.3335 0.2463 0.0045 1.1892
Moose (t − 1) Moose harvest in period t − 1 divided by Effort 0.3309 0.2436 0.0045 1.1892
Wolf number Numbers of wolf (#) 11.4030 23.3164 0 134.4
Wolf (t − 1) Wolf number in period t − 1 divided by county area 0.0006 0.0013 0 0.0076
Lynx number Numbers of lynx (#) 64.65 63.94 0 324
Lynx (t − 1) Lynx number in period t − 1 divided by county area 0.0039 0.0032 0 0.0122
Bear number Numbers of brown bear minus licensed bear quota 

(#)
128.03 237.76 0 928

Bear (t − 1) Bear number in period t − 1 divided by county area 0.0035 0.0063 0 0.0274
Effort (t − 1) Effort in period t − 1 divided by county area 1.0757 0.6923 0.2104 3.6429
County area Size of the county in squared kilometers 20,390 22,727 2,941 98,911
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Table 2  Estimation results of the harvests of the three game species (roe deer, wild boar and moose) at the 
county level

Dependent variable: Roe (t)
[Roe deer harvest per unit effort]

Dependent variable: Boar (t)
[Wild boar harvest per unit effort]

FE SAR SDM SEM SAC FE SAR SDM

Regressor (1) (2) (3) (4) (5) (6) (7) (8)

Tao (τ) 0.25*** 0.23*** 0.23*** 0.18*** 0.11*** 0.47** 0.29*** 0.26***
(0.0639) (0.0506) (0.0527) (0.0593) (0.0432) (0.0851) (0.0549) (0.0542)

Wolf (t − 1) − 17.25 − 10.57 − 9.578 − 10.53 − 7.186 31.3 − 4.076 0.335
(17.06) (13.17) (14.28) (13.69) (11.21) (34.28) (20.54) (21.02)

Lynx (t− 1) − 16.98** − 12.55** − 15.11** − 15.72** − 9.090* − 6.799 − 0.265 1.808
(7.2669) (5.625) (6.903) (6.432) (4.673) (13.58) (8.09) (10.47)

Bear (t− 1) − 0.218 − 0.0603 − 1.29 − 1.618 1.001 − 2.476 − 18.55 − 17.01
(6.9731) (5.371) (5.545) (5.294) (4.654) (31.08) (18.53) (18.32)

Effort (t− 1) − 0.168 − 0.083 − 0.0852 − 0.17 − 0.11 0.0959 − 0.483** − 0.537**
(0.2368) (0.183) (0.192) (0.189) (0.161) (0.396) (0.24) (0.244)

Constant 0.569** 0.177
(0.262) (0.537)

Rho (ρ) 0.491*** 0.495*** − 0.467** 0.701*** 0.686***
(0.0656) (0.0673) (0.204) (0.0567) (0.0579)

Lambda (λ) 0.522*** 0.722***
(0.0674) (0.0816)

W*Effort 
(t− 1)

1.027**

(0.49)
W*Bear 

(t− 1)
LL (Log-

likelihood)
134.15 156.03 156.45 155.69 157.44 38.37 75.83 79.52

AIC 
(Akaike)

− 256.3 − 298.05 − 290.9 − 297.4 − 298.8 − 64.75 − 137.67 − 137.04

BIC (Bayes-
ian)

− 237.9 − 276.5 − 257.08 − 275.9 − 274.3 − 48.44 − 118.64 − 107.14

R-squared 
(overall)

0.2037 0.499 0.744 0.1206 0.041 0.6104 0.201 0.333

R-sq (within) 0.1453 0.1591 0.1657 0.1406 0.1429 0.2732 0.238 0.318
R-sq 

(between)
0.2143 0.5827 0.8761 0.121 0.0301 0.813 0.194 0.344

Dependent variable: 
Boar (t)
[Wild boar harvest per 
unit effort]

Dependent variable: Moose (t)
[Moose harvest per unit effort]

SEM SAC FE SAR SDM SEM SAC

Regressor (9) (10) (11) (12) (13) (14) (15)

Tao (τ) 0.31*** 0.28***
(0.0923) (0.0954)

Wolf (t − 1) − 7.116 − 6.663 − 23.48*** − 23.62*** − 25.38*** − 24.21*** − 24.42***
(19.23) (18.26) (8.191) (7.54) (8.148) (7.651) (7.66)

Lynx (t− 1) 1.001 1.488 − 4.474 − 4.502 − 4.684 − 4.54 − 4.499
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predation risk (Hebblewhite and Merrill 2007; Cromsigt et al. 2013). These positive spatial 
interactions in harvests are also consistent with the unregulated harvest levels, and the fact 
that hunters can choose harvest levels based on their preferences. The existence of spatial 
interactions is corroborated with the results for the spatial parameter of the residuals (�) , 
which is positive and significant for both the SEM and SAC specifications.

The specification tests for SDM fail to reject that � = 0(�2 = 0.78) , hence favouring the 
SAR model. Similarly, the SEM is favored over the SDM provided that the null hypothesis 
� = −�� cannot be rejected (�2 = 0.08) . However, the SAR is slightly but systematically 
superior to the SEM when comparing the log-likelihood (LL) function values, the AIC and 

Table 2  (continued)

Dependent variable: 
Boar (t)
[Wild boar harvest per 
unit effort]

Dependent variable: Moose (t)
[Moose harvest per unit effort]

SEM SAC FE SAR SDM SEM SAC

Regressor (9) (10) (11) (12) (13) (14) (15)

(10.1) (9.744) (4.391) (3.209) (3.906) (3.304) (3.378)
Bear (t− 1) − 22.82 − 21.54 − 6.403* − 6.471** − 7.070** − 6.911** − 7.209**

(17.08) (16.34) (3.349) (3.083) (3.157) (3.13) (3.143)
Effort (t− 1) − 0.541** − 0.488** 0.0228 0.0184 0.00161 0.0178 0.0199

(0.234) (0.234) (0.114) (0.105) (0.109) (0.105) (0.105)
Constant 0.368***

(0.125)
Rho (ρ) − 0.197 0.0708 0.0956 − 0.119

(0.234) (0.107) (0.107) (0.247)
Lambda (λ) 0.737*** 0.806*** 0.106 0.203

(0.0541) (0.0784) (0.109) (0.217)
W*Effort 

(t− 1)
W*Bear 

(t− 1)
10.12*

(5.382)
LL (Log-

likelihood)
76.73 77.01 250.9 251.1 253 251.4 251.5

AIC (Akaike) − 139.47 − 138.03 − 491.8 − 490.23 − 486.02 − 490.7 − 488.96
BIC (Bayes-

ian)
− 120.44 − 116.28 − 476.4 − 471.78 − 455.3 − 472.3 − 467.4

R-squared 
(overall)

0.158 0.164 0.332 0.321 0.055 0.313 0.309

R-sq (within) 0.204 0.1889 0.09 0.09 0.1089 0.09 0.09
R-sq 

(between)
0.179 0.1908 0.389 0.378 0.0764 0.37 0.368

*** p < 0.01, ** p < 0.05, * p < 0.1. Standard errors in parentheses. We do not include the spatially lagged 
explanatory variables (WX

t−1) from the SDM, because all coefficients (�) are not statistically different from 
zero. The results for the spatially lagged carnivore regressors have been omitted from the SDM column 
given that none are statistically different from zero
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the BIC. Similarly, the SAC model is preferred to the SDM given the higher LL and lower 
AIC and BIC. These information criteria yield rather similar results for the SAC and SAR 
specifications. The SAR and SAC have the same number of explanatory variables, hence 
the R2 is appropriate to compare the fit of the two models. The SAR model outperforms the 
SAC when accounting for the variation between panel units (58.27%), within panel units 
(15.91%) and overall (49.9%). Provided the statistical and behavioral reasons stated above, 
we choose the SAR specification to best describe roe deer harvest data.

To calculate the partial effects, we estimate the SAR model using a spatial dynamic 
sys-GMM estimator. The use of the sys-GMM method is necessary to identify the SAR 
coefficients, which are a combination of direct and indirect effects (StataCorp 2019). We 
proceed with the estimation using different weighting matrices (Table 3).

We choose the model capturing the largest variation (i.e., with highest adjusted R2), 
which corresponds to the sys-GMM model using inverse distance spatial weight matrix 
(model 2). The selected model has the least number of instruments in comparison to 

Table 3  Estimation of the spatial dynamic sys-GMM model using different weighting matrices

Dependent variable: Roe deer harvest per unit effort. Robust standard errors clustered at the county-level 
in parentheses. *** p < 0.01 (1%), ** p < 0.05 (5%), * p < 0.1 (10%). Results in columns (3)–(5) are based 
on k-nearest neighbour(s) spatial weight matrix, where k = 1,2 and 3 neighbours respectively. AR(2) implies 
residual autocorrelation of the  2nd order in each model whereas Hansen J and Difference-in-Hansen test sta-
tistics respectively correspond to testing the null hypotheses of validity and exogeneity of the instrumental 
variables. Computation of marginal effects is based on our preferred model (2) using the Delta method

Weight matrix Contiguity Inverse distance k = 1 k = 2 k = 3
Variables (1) (2) (3) (4) (5)

Roe (t − 1) 0.562***
(0.0926)

0.421***
(0.136)

0.669***
(0.0770)

0.400**
(0.158)

0.404**
(0.147)

Spatial ( �) 0.370***
(0.102)

0.521***
(0.151)

0.209**
(0.0958)

0.536**
(0.192)

0.515**
(0.187)

Wolf (t − 1) 8.490** 5.276 4.837 2.857 7.210
(3.753) (3.938) (5.342) (3.665) (4.598)

Lynx (t − 1) − 7.520** − 4.391** − 5.755** − 3.335 − 6.636**
(2.987) (2.090) (2.502) (2.687) (2.439)

Bear (t − 1) 0.641 − 0.441 − 0.433 − 0.0191 0.0381
(0.568) (1.128) (1.345) (0.797) (1.294)

Effort (t − 1) − 0.00151 − 0.0164 0.0122 0.00300 − 0.000733
(0.0202) (0.0358) (0.0155) (0.0106) (0.0145)

Constant 0.0252 0.0306 0.0374 0.0201 0.0335
(0.0212) (0.0364) (0.0372) (0.0259) (0.0307)

Observations 140 140 140 140 140
N of counties 20 20 20 20 20
N of instruments 15 13 19 17 17
Adjusted R2 0.856 0.862 0.843 0.822 0.851
Tests: p-values
AR(2) 0.271 0.101 0.116 0.261 0.149
Hansen J-statistic 0.262 0.284 0.239 0.332 0.343
Diff.-in-Hansen 0.283 0.323 0.580 0.573 0.698
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the others. The partial effects are calculated with the formulas in Table A1 (for the SAR 
model) using the parameters (�, �, �lynx) obtained in column (2) of Table 3.

The partial impacts show evidence of significant indirect effects in the short and long 
run. That is, lynx species seem to create both short- and long-term spillovers on roe deer 
harvests. The point estimate of the non-spatial model ( −16.98∗∗ ; column (1) of Table 2) is 
four times larger than the short-term marginal impact of roe deer ( −4.39∗∗ ; column (2) of 
Table 3). Namely, the non-spatial model overestimates the marginal effect compared with 
that of the spatial specification. Thus, if policy makers take the impact on roe deer hunting 
into account, and strive towards an economically optimal lynx population, the lynx popula-
tion level will be lower than optimal if the decisions is based on results from non-spatial 
studies.

6.2  Wild Boar Harvests

The results for wild boar yield highly significant dynamic effects in all specifications, that 
is, the time-lagged boar harvest coefficient ( � ) is always significant and positive. Similarly, 
the highly significant parameters of spatial autocorrelation of the dependent variable (�) 
and of the disturbances (�) indicate the presence of spatial influences in the harvest of this 
species. The highly significant � coefficient can be explained by relevant omitted variables 
contained in the residuals, e.g., landscape characteristics and habitat conditions influencing 
the growth rate of boar populations (Gren et al. 2016). Our findings indicate that hunting 
effort becomes significant only when the spatial structure is considered. The lagged hunt-
ing effort is significant at 5% level in all dynamic spatial models (�Effort ) , as well as the 
spatial lag of effort in neighboring panel units (�Effort ) . The former yields negative signs 
suggesting that the harvest decreases directly due to the hunters in the county. The lat-
ter positive outcome (1.027***; column (8) of Table 2) indicates that the harvest can also 
increase indirectly via incoming migration of wild boar caused by hunting efforts in neigh-
boring counties. None of the large carnivore species has a statistically significant impact on 
boar harvest either directly or indirectly, which is consistent with expectations.

Proceeding in a similar fashion as with roe deer harvests in Sect. 6.1, the performance 
tests yield the SEM as the best fit for the boar harvest data. The selection of this model 
implies the calculation of the direct marginal effect in the short and long terms (Belotti 
et al. 2017).

6.3  Moose Harvests

As opposed to roe deer and wild boar estimations, the results for moose are non-stable 
when considering the dynamic component in the spatial models. This is because the stabil-
ity condition 𝜏 + 𝜌 < 1 is not fulfilled when running the regressions (Elhorst 2014).13 As 
a result, our approach is to analyze the moose harvests assuming � = 0 in Eq.  (10), thus 
consider the spatial dimension without the dynamic component. Table A2 in Appendix A 
shows the results for moose using the spatial dynamic sys-GMM. The results reinforce our 
choice of the spatial FE model for this species, because no evidence is found of statisti-
cally significant spatial spillovers in the dependent variable or in the residuals for any of 

13 For instance, the dynamic spatial regressions that include the lagged dependent variable, Moose (t − 1) , 
yield � = 1.35 for the spatial Durbin model (SDM), and � = 1.30 for the spatial-lag model (SAR).
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the spatial specifications. This translates into relatively better performance indicators for 
the non-spatial model with the LL measure as the only exception. We also estimated a 
bias-corrected non-spatial dynamic panel fixed effects model for each species (Table A3, 
Appendix A). The interested reader can refer to Everaert and Pozzi (2007), De Vos et al. 
(2015), and Kiviet (1995) for further details. The lack of dynamic and spatial effects in 
harvests could be related with the use of harvesting quotas, as the administrative decision 
process may not be flexible enough to fully adjust quotas to changes in moose abundance 
due to migration.

The lagged wolf covariate yields a negatively significant effect at 1% level in all cases, 
which is intuitively consistent given that wolves are effective preying on large ungulates 
(Persson 1996). The lagged bear parameter is negatively significant at 10% level in the 
non-spatial specification. The brown bear is significant at the 5% level in the spatial estima-
tions, and the SDM specification yields some positive indirect effects from bears of neigh-
boring counties (at 10% level).

6.4  Calculation of Marginal Effects

For policy relevance and intuitive purposes, we express the marginal effects as that of one 
additional unit of carnivore or hunter on units of game harvested. We use the formulas in 
Table A1 and the parameters in Table A4 to determine the marginal effects for each game 
species. By holding constant the effort variable and the county area at their respective aver-
age values 

(

E = 13, 198.1;Countyarea = 20, 390

)

 Table  2, we can compute the average 
impact of an additional unit of the regressor (i.e., carnivore or hunter) on units of game 
bags, for details on the calculations see Appendix B. Table 4 shows the resulting marginal 
effects.

6.5  Marginal Implicit Prices of Carnivores and Hunting Effort

Based on the marginal effects calculated in Table  4, we calculate the marginal implicit 
price of an additional carnivore (or hunting effort) in terms of the impact on game harvests. 

Table 4  Marginal effects on game units of an additional carnivore or additional hunter

The marginal effects are obtained from the formulas in Table A1and the parameters in Table A4

Short-term Long-term

Direct Indirect Total Direct Indirect Total

Marginal effect of an added lynx
Change in roe deer numbers − 2.89 − 2.01 − 4.90 − 7.94 − 41.19 − 49.13
Marginal effect of an added hunter
Change in wild boar numbers − 0.35 0 − 0.35 − 0.50 0 − 0.50
Marginal effect of an added wolf
Change in moose numbers − 15.20 0 − 15.20 0 0 0
Marginal effect of an added bear
Change in moose numbers − 4.14 0 − 4.14 0 0 0
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This is done using estimated economic values of game harvesting in the literature. All 
results are presented in 2021 year value.14

Mattsson et al. (2008) estimates that the gross hunting value of roe deer in the hunting 
season 2005/6 was about 712 million Swedish kroner (SEK), or equivalently, 78 million 
US dollars (USD). That year the roe deer harvest was 129,000 (www. viltd ata. se). The aver-
age hunting value per roe deer can then be estimated to SEK 5,519 (USD 610). We use this 
value to estimate the implicit price of lynx in terms of its impact on roe deer hunting.

Mensah and Elofsson (2017) estimate that the average marginal willingness-to-pay for 
an extra unit of wild boar harvest is 2,709 SEK (299 USD). Provided our result and the 
latter study, an additional hunter (i.e., hunting license) reduces boar hunting value by 948 
SEK (104 USD) and by 1,354 SEK (149 USD) in the short and long run, respectively.

According to Boman et al (2011), the average willingness-to-pay per harvested moose is 
9,207 SEK (1,018 USD). Multiplying this with our estimated marginal effect implies that 
one additional wolf decreases moose hunting value by 139,946 SEK (15,480 USD). For 
brown bear, the same procedure yields 38,116 SEK (4,216 USD). The resulting values are 
presented in Table 5.

7  Discussion and Conclusion

We apply a novel approach to wildlife management and conservation, which captures the 
time dynamics of population development as well as spatial spillovers due to species’ and 
human mobility. Building on a bioeconomic model of a predator–prey system, with the 
prey being harvested, we apply spatial econometric techniques to quantify the impact of 
human hunting, and predation by three large carnivores, on the harvests of three major 
game species, as well as spatial spillovers in harvests. Our study contributes to the litera-
ture by quantifying the magnitude of spatial spillovers for a harvested prey species, and by 
comparing those across three game species for which the harvesting regulation differ.

Our results reveal the presence of dynamic effects and spatial spillovers in the har-
vests of roe deer, where harvest levels are unregulated, and wild boar, where harvest-
ing is encouraged due to the damage on agricultural crops. In contrast, results show no 
strong evidence of spatial spillovers in the moose harvests, consistent with the fact that 
moose harvesting is regulated at the regional level. If harvest opportunities decline within 
a Moose Management Area, hunters cannot travel to another Moose Management Area and 
increase the harvest there above the quota level. Intense predation within a county could, 
hypothetically, create moose populations to shift to nearby regions. This could allow for 
larger quotas in the neighbor regions. However, ecological research suggests wolf presence 
does not affect moose’ choice of habitat and location (Sand et al. 2019). Also, it might be 
that the administrative process to reach a decision on harvest quotas responds slowly to 
moose population changes caused by migration. Both of those could contribute to low lev-
els of spillovers.

After accounting for the dynamic spatial regimes, lynx predation is found to have a sig-
nificant negative influence on roe deer harvests in the same county in the short-term (a 
direct effect) as well as in the neighboring counties (an indirect effect). This is consistent 

14 Prices were adjusted using inflation data from https:// www. infla tion. eu/ infla tion- rates/ sweden/ histo ric- 
infla tion/ cpi- infla tion- sweden. aspx.

http://www.viltdata.se
https://www.inflation.eu/inflation-rates/sweden/historic-inflation/cpi-inflation-sweden.aspx
https://www.inflation.eu/inflation-rates/sweden/historic-inflation/cpi-inflation-sweden.aspx
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with the fact that the Eurasian lynx mainly preys on roe deer and therefore influences the 
roe population dynamics (Andrén and Liberg 2015). It is also consistent with lynx migrat-
ing to find prey. Our estimates of the impact of lynx on roe deer hunting values could be 
compared to hedonic pricing estimates of the impact of lynx on hunting lease in Men-
sah et al. (2019) and Lozano et al. (2020). The former study concludes that the marginal 
implicit price of an additional lynx territory is SEK 1.51 million (USD 180 thousand), 
whereas the latter estimates the same effect to be SEK 1.31 million (USD 145 thousand). 
Using our results above and applying a conversion factor of six (Andrén et  al. 2002) to 
account for the average number of lynx individuals in a territory, the total effect of an addi-
tional lynx territory in the short run would amount to SEK 0.16 million (USD 18 thou-
sand), which is smaller than the earlier estimates. One potential explanation is that the pre-
sent study does not account for impact of lynx on small game. However, another possibility 
is that the production function approach might yield lower costs estimates than the hedonic 
pricing method.

For wild boar harvests, there is significant evidence of spatial interactions in unobserved 
characteristics, suggesting the presence of spatial patterns not captured by hunting pressure 
or by carnivore abundance. Higher human hunting effort reduces boar harvests in the same 
county, indicating that deliberate efforts to reduce the considerable damages to agricultural 
crops by this species (Gren et al. 2020) have had some success. Such efforts can be driven 
by communication from national and regional wildlife management agencies, as well as 
local pressure from landowners on hunters that lease hunting land.

Our results show that an increase in wolf numbers limits locally the possible harvests 
of moose, which is in line with results in Boman et al. (2003) and Lozano et al. (2020). 
The latter estimates the marginal implicit price of a wolf territory, in terms of the impact 
on hunting lease prices, to SEK 1.5 million (USD 166 thousand). Based on Svensson et al. 
(2019), the ratio of wolf individuals and wolf territories in Sweden is about 5.8. Hence, 
the direct effect in this study corresponds to an implicit marginal price of a wolf territory 
in terms of the impact on moose harvest equal to SEK 0.81 million (USD 89 thousand). 
This is about half of the cost estimated by Lozano et  al. (2020). A lower effect should 
be expected in the present study, as wolves are large and can also prey on other species 
(Persson 1996). In spite of human harvest being the main limiting and regulating factor of 
moose population in Sweden (Ericsson 1999), our results do not provide statistically sig-
nificant estimates for hunting effort which is presumably due to the harvest quotas which 
entail that hunters’ own preferences have a very modest impact on moose populations.

A limitation of this study is the large size of the cross-sectional units, which is due to 
the fact that harvest data useful for the analysis is only available at the county level. This 
implies that the presence of spatial effects can be overlooked compared with more disag-
gregated data. A smaller spatial aggregation can potentially produce more accurate estima-
tions, but such data are currently not available.

Knowledge on the marginal implicit price of large carnivores, in terms of their impact 
on hunting, are important for policy because together with information on the marginal 
benefits, and on other costs, e.g. for depredation on livestock, they can inform on optimal 
population sizes. Existing environmental valuation studies applied to large carnivores in 
the Nordic countries using stated preferences methods do not inform on marginal benefits, 
but on the average willingness-to-pay for conservation. In addition, there are economic val-
ues associated with brown bear license hunting (Lozano et al. 2020). Yet, it is evident from 
the literature that the benefits substantially exceed costs (cf., e.g., Håkansson et al. 2011; 
Widman and Elofsson 2018). Our results reveal that the marginal implicit prices of car-
nivores can be substantially overestimated if non-spatial models are applied (such as in, 
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e.g., Bostedt and Grahn (2008) and Widman and Elofsson (2018)). In particular, our study 
shows that larger populations of lynx will be economically optimal when spatial spillovers 
are taken into account. Knowledge on the economic impact of large carnivores on hunting 
values is also important to avoid exaggerations in the debate, and conflict among stake-
holders regarding wildlife management.
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