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areas. Research mostly focused on detrimental NCP. However, the number of publications mentioning beneficial
contributions increased after the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services
conceptual framework was implemented. Human-ungulate interactions' research was biased towards the Global

Perissodactyla North and Cervidae, Suidae and Bovidae families. Regarding detrimental NCP, most publications referred to produc-
tion damage (e.g. crops), followed by biodiversity damage, and material damage (e.g. traffic collisions). Regarding
beneficial NCP, publications mainly highlighted non-material contributions (e.g. recreational hunting), followed
by material NCP and regulating contributions (e.g. habitat creation). The main actions taken to manage wild ungu-
late populations were lethal control and using deterrents and barriers (e.g. fencing), which effectiveness was rarely
assessed. Increasing research and awareness about beneficial NCP and effective management tools may help to im-
prove the conservation of wild ungulates and the ecosystems they inhabit to facilitate people-ungulate co-existence
in the Anthropocene.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nature's contributions to people (NCP) include all contributions of
nature that are both beneficial (i.e. ecosystem services) and detrimental
(i.e. disservices, damages or conflicts) to societies' quality of life (Diaz
et al,, 2018). The NCP concept builds on the Ecosystem Services frame-
work and aims for a more inclusive approach to people and nature
research (Kadykalo et al., 2019; Dean et al., 2021). Biodiversity contrib-
utes in many ways to societies' well-being (Brooks et al., 2006; Hevia
et al.,, 2017) by, for instance, the provision of meat and recreational or
cultural values via harvesting vertebrate animals (Alves, 2012). At the
same time, nature can cause a reduction of human well-being, for in-
stance via pest damages to agriculture, pollen allergens or snake bites
(e.g. Lyytimadki, 2015; Shackleton et al., 2016). Depending on cultural
and environmental contexts, different ecological processes or species
can be conceived by society as providers of beneficial or detrimental
NCP (Rasmussen et al., 2017; Morales-Reyes et al., 2018). In turn,
human perceptions of NCP may impact biodiversity conservation
(Bennett, 2016). Moreover, NCP are being altered by human impacts
(e.g. Vanbergen, 2013; Johnson et al., 2017), which affect the structure
and functioning of ecological communities (Schwartz et al., 2000;

Mooney et al., 2009). Thus, studying NCP can be a useful tool to fully un-
derstand our relationship with nature and to improve the conservation
of natural communities in a rapidly changing world.

Of all the animal groups that have historically benefitted humans,
ungulates stand out. Ungulate species are distributed throughout
Africa, America, Asia and Europe, and also appear in Australia as intro-
duced species (Wilson and Mittermeier, 2011). The species belonging
to this diverse group are typically herbivorous and inhabit a wide
range of diverse habitats, including forests, steppes, mountains, and
deserts. Perissodactyla (odd-toed) and Artiodactyla (even-toed) orders
are the groups typically considered to be true ungulates. The
Perissodactyla order includes three families with a total of 16 species.
The Artiodactyla order is represented by 10 families and 380 species
(Fennessy et al., 2016; Wilson and Mittermeier, 2011).

Humans around the world have historically interacted with wild
ungulates since they were scavenged, hunted and later domesticated
(see Moleon et al., 2014), and societies have benefited from them by
the many NCP they provide (see e.g. Pascual-Rico et al., 2020;
Velamazan et al., 2020). Besides being a source of food and materials,
such as bushmeat, leather and bones, some human groups are linked
with wild ungulates through cultural aspects; for instance, some
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Sahelo-Saharan clans have totemic species like dama gazelle (Nanger
dama), and Barbary sheep (Ammotragus lervia) (Tubiana, 2005). Ungu-
lates are also key species in many ecosystems by, for example, condi-
tioning nutrient cycles and influencing forest dynamics (Danell et al.,
2006). Despite ungulates being a group closely linked to humans, we
lack a global synthesis of the beneficial and detrimental NCP associated
with them.

The way humans and wild ungulates interact varies vastly
worldwide. In many African and Asian countries, most wild ungu-
late populations are declining because of changes in land use and
direct persecution, to the extent that urgent conservation measures
are needed (Havemann et al., 2016; Ghoddousi et al., 2017). How-
ever, in European and North American countries, the abundance
and distribution of some ungulate populations have increased in re-
cent times throughout a passive or unintentional rewilding process
(Carpio et al., 2020; Valente et al., 2020a). In turn, passive rewilding
has led to enhanced impacts (i.e. direct negative interactions;
Redpath et al., 2013) of wild ungulates on human activities, such
as damage to agriculture and forestry, and ungulate-vehicle colli-
sions (Carpio et al., 2020; Linnell et al., 2020). Also, some wild un-
gulate populations are establishing around and inside cities,
particularly in the Northern hemisphere. This promotes direct en-
counters with urban people, which may lead to damages to humans
and their properties (e.g. Castillo-Contreras et al., 2018; McDonald
etal., 2012).

Different management tools have been used to avoid or mitigate
these emerging detrimental NCP related to wild ungulates. For ex-
ample, increasing hunting, habitat fencing or supplementary feeding
are popular management tools designed to alleviate detrimental NCP
(e.g. Hildreth et al., 2012; Pascual-Rico et al., 2018; Walter et al.,
2011). However, these management tools often prove ineffective
for solving the problems associated with this animal group
(Apollonio et al., 2010, 2017). These strategies might also have
negative effects on wild ungulate populations, such as demographic
imbalance, disease transmission, behavioural alterations, and limita-
tion of their evolutionary potential (Geisser and Reyer, 2004;
Hayward and Kerley, 2009).

Overall, there is a complex link between people and ungulates with
both positive and negative interactions that results in different manage-
ment measures to facilitate the co-existence of modern human societies
and wild ungulate populations. Our aim is to synthesise and appraise
scientific evidence on human-wild ungulate interactions, and to identify
key knowledge gaps and future research priorities. We performed a sys-
tematic review to: (1) identify different research lines in human-
ungulate interactions (i.e. thematic clusters); and (2) characterise the
current scientific literature on human-ungulate interactions according
to: (i) temporal and geographical distribution (i.e. continents; biomes);
(ii) biological components (i.e. taxonomy); (iii) nature of the interac-
tions (beneficial vs. detrimental NCP); (iv) ungulate management strat-
egies mentioned, recommended and evaluated.

2. Material and methods
2.1. Literature review

We reviewed scientific articles that characterised detrimental and
beneficial interactions between humans and wild ungulates (i.e.
Perissodactyla and Artiodactyla orders; Table S1) following the guide-
lines for systematic reviews by Pullin and Knight (2009). The protocol
followed a strict method to guarantee transparency and to minimise
sources of bias. We searched the Scopus database by using a search
string that combined different terms related to detrimental NCP, bene-
ficial NCP, human-ungulate interactions and ungulates (see Appendix
S1 for the full search string). The search was made in titles, abstracts
and keywords in English-written articles published from 2000 to 2019
in the Scopus database. We found 995 articles of potential relevance,

Science of the Total Environment 801 (2021) 149652

which were restricted to 575 articles after excluding book chapters or
conference papers (see Appendix S2 for the list of articles). We screened
the articles to ensure that they reported empirical studies (i.e. we ex-
cluded reviews or theoretical papers), and analysed human-ungulate
detrimental and beneficial contributions provided by wild ungulates
(i.e. if the article studied or mentioned detrimental NCP or beneficial
NCP).

From each publication, we extracted information about: (1) its
general description (year of publication, journal, and ungulate
species examined); (2) any detrimental contribution (i.e. conflict,
damage, disservice) of wild ungulates to humans' well-being (detri-
mental NCP mentioned and studied); (3) any beneficial contribution
(i.e. ecosystem services) of wild ungulates to humans' well-being
(beneficial NCP mentioned and studied); and (4) type of manage-
ment strategy mentioned, recommended or evaluated (based on
Lozano et al., 2019). We associated the species included in each
study with the beneficial and detrimental NCP mentioned or studied
in the publication.

The classification of detrimental NCP was based on Pascual-Rico
et al. (2020) (Table 1). Beneficial NCP were categorised according to
the Intergovernmental Science-Policy Platform on Biodiversity and Eco-
system Services (IPBES) classification, including regulating, material
and non-material NCP (Diaz et al,, 2018; Table 2).

2.2. Clusters of human-ungulate interactions research

We used the words taken from the entire text of the reviewed arti-
cles to identify different research lines that studied human-ungulate in-
teractions. Once the words from articles had been extracted, we
excluded meaningless words, such as prepositions and articles. Then,
we conducted a cluster analysis of the meaningful words' dataset (i.e.
terms related to ungulates and research) to classify articles into groups
(i.e. thematic clusters) based on a permutation test, in which signifi-
cantly higher word co-occurrences were compared among clusters. Af-
terwards, these word groups were graphed and analysed by a
detrended correspondence analysis (DCA; Hill and Gauch, 1980). Closer
words in the two-dimensional space performed by the DCA co-occurred
together in articles (for more details, see Dufrene and Legendre, 1997;
Paterlow et al., 2017; Lozano et al., 2019). This analysis allowed us to
identify research clusters on human-ungulate interactions research. A
DCA analysis was conducted using R (http://www.r-project.org/R)
with these packages: ‘tm’ for text mining, ‘plyr’ for data sorting,
‘vegan’ for the DCA analysis, ‘cluster’ for cluster analyses and ‘labdsv’
to estimate the importance of the words for each cluster (see Roberts
(2016) for more details).

2.3. Statistical analyses

We used Chi-square contingency tables and Fisher's exact tests
(o0 = 0.05) to test whether there were any significant associations be-
tween the identified clusters and the detrimental and beneficial NCP in-
cluded in the scientific literature. We also conducted Kruskal-Wallis
tests (o« = 0.05) and posteriori multiple comparison Tukey's post hoc
contrast to determine any differences among the obtained clusters as
regards the quantitative variables for the number of: (1) detrimental
and beneficial NCP mentioned or studied; and (2) management tools
mentioned, recommended or evaluated.

We also ran a unpaired two-samples Wilcoxon test to compare
the number of publications per year that mentioned beneficial NCP
during three time periods by pairs: (1) 1st period from 2000 to
2004 (before the ecosystem services framework formalised in the
Millennium Ecosystem Assessment; MEA (Millennium Ecosystem
Assessment), 2005) vs. (2) 2nd period from 2005 to 2015 (between
the ecosystem services and the IPBES framework Diaz et al., 2015);
and (2) vs. (3) 3rd period from 2016 to 2019 (after the IPBES
framework). Here, the aim was to assess if the conclusions and
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Table 1
Categories of detrimental NCP related to wild ungulates taken from the literature review. The classification of detrimental NCP is based on Pascual-Rico et al. (2020).

Categories of detrimental NCP Description
Vegetation . Lo . . . . . S .
damage Negative effects on vegetation, including rooting (i.e. foraging activity within surface soil layers).

Damage to Animal

. g . biodiversity Negative effects on wild animal species with no direct economic interest.
biodiversity

damage
Soil alteration  For instance, negative effects of wild ungulates on soil properties.
Grazing Wild ungulates consume pasture and other natural resources that could be used by livestock. For
competition example, the European bison (Bison bonasus) competes directly with livestock.
Disease to . . . . .
livestock Risk of disease transmission from wild ungulates to livestock.

Damage to Silvicultural

production damage Impairment of natural forests or plantations intended for forestry.

Crop damage Direct physical impairment of croplands and orchards.
Damage to Direct physical damage caused by ungulates to livestock, and big and small game species. For
animals example, the wild boar as the main nest predator of the common pheasant (Phasianus colchicus).

Damage to

ngul ing injuries, frightening and/or transmitting infecti n humans.
human safety Ungulates causing injuries, frightening and/or transmitting infectious agents to humans

Property Ungulates damaging human properties, particularly buildings and/or physical structures, such as
Material damage fences.
damage I:lfif:icons Ungulates damaging vehicles by ungulate-vehicle collisions and/or causing traffic accidents.

Human-human
conflict

Conflict related to human disagreements about management decisions of wild ungulates or deriving from distinct
opinions and interests by different social actors.

Garcia-Bocanegra et al., 2016
Duarte et al., 2015

Colino-Arrabal et al., 2018

Gerhardt et al., 2013; Valente et al.,
2020b

Bold signifies damage or changes in physical, chemical or biological soil properties.

recommendations of those seminal publications influenced subse-
quent scientific literature.

Finally, we also explored whether some ungulate families were asso-
ciated with certain detrimental and beneficial NCP, using Chi-square
contingency tables and Fisher's exact tests.

3. Results
3.1. Clusters of studies on human-ungulate interactions
The DCA identified seven research clusters (Silvicultural damage

in Eurasia; Herbivory and natural vegetation; Conflicts in urban
areas of North America; Agricultural damage in Mediterranean

Table 2

agro-ecosystems; Social research in Africa and Asia; Agricultural
damage in North America; Research in natural American Northwest
areas; Fig. 1) distributed along two axes. Each cluster represented
research on human-ungulate interactions in different ways and
focused mainly on diverse detrimental NCP and associated species
(see Table 3). The words characterising each cluster according to
the DCA are shown in Fig. S2.

3.1.1. Detrimental and beneficial NCP

We found positive associations between some clusters and several
detrimental NCP ( y* = 125.9, df = 78, p < 0.001; see Table S2). The
clusters did not show any significant association with the identified
beneficial NCP (y? = 35.5, df = 72, p = 1.0). We found differences

Categories of beneficial NCP provided by wild ungulates taken from the literature review. Classification of beneficial NCP based on Diaz et al. (2018) and Pascual-Rico et al. (2020).

Categories of beneficial NCP

Description

References

Habitat maintenance

Regulating Dispersal of seeds
Maintenance of soils
Regulation of organisms
Food

Material Materials and assistance

Medicinal, biochemical
and genetic resources

Supporting identities

Learning and inspiration

Non-material
Physical and
psychological
experiences

Maintenance of options

The formation and continued production by ungulates of ecological conditions necessary or
favourable for important organisms to humans, e.g. to contribute to maintain semiopen habitats and
nutrient cycling.

Facilitation by ungulates of seed dispersion of important species to humans. For example, grass or
small herbs species via coats, hoofs or faeces.

Maintenance of soil structure (e.g. aeration or contribution with nutrients).

Removal of animal carcasses by wild boars, i.e. acting as a scavenger and/or reducing attacks on
livestock due to the presence of alternative prey.

Production of food from wild ungulates, such as meat from red deer.

Production of materials deriving from organisms in wild ecosystems, clothing, ornamental purposes
(e.g. skin, horns, antlers).

Production of materials deriving from ungulates used for medicinal, veterinary and pharmacological
purposes.

Source of satisfaction deriving from knowing that a particular ungulate exists in the present. This is
also referred to as existence value.

Provision of opportunities for developing capabilities that allow humans to prosper through
education, knowledge acquisition and skills for well-being, information, and inspiration for art and
technological design.

Extractive experiences: provision by ungulates of opportunities for physically beneficial leisure
activities that are extracted from nature, such as recreational hunting.

Non-extractive experiences: provision by ungulates of beneficial opportunities related to being in
close contact with nature, such as the aesthetic value that derives from species.

Species' capacity to keep human options open to support subsequent good quality of life.

Diaz et al,, 2018; Danell et al.,
2006
Gill and Beardall, 2001

Asner et al., 2004
Sebastidn-Gonzalez et al.,
2020; Sidorovich et al., 2003
Milner et al., 2006

MacMillan and Phillip, 2008
Haule et al., 2002
Pascual-Rico et al., 2020
Pascual-Rico et al., 2020;

Garcia-Llorente et al., 2012

Gamborg et al., 2017; Naidoo
et al, 2011, 2016

Naidoo et al., 2011, 2016
Ferndndez-Olalla et al., 2016

Bold signifies ungulates influence and condition ecological processes that affect habitats, structuring plant composition or how nutrients flow through the ecosystem.
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Fig. 1. Results of the detrended correspondence analysis showing the seven research clusters on human-ungulate interactions (differentiated by colour), and their relation in the space

shaped by both axes.

among clusters regarding the number of detrimental ( y* = 41.5, df = 6,
p <0.001) and beneficial ( y> = 54.1, df = 6, p < 0.001) NCP mentioned
(see Fig. S1A and B).

3.1.2. Management tools

We did not find any relationship between the clusters and the men-
tioned, recommended or evaluated management tools (> = 44.9;
47.7; 17.6, all df = 90, all p = 1.00). However, we found differences
when comparing the number of mentioned, recommended and evalu-
ated management tools (y?> = 48.2; 37.9; 36.2, all df = 6, all
p < 0.001; Fig. S1C-E). Clusters “Conflicts in urban areas of North
America”, and “Social research in Africa and Asia” included the most man-
agement tools mentioned and recommended, while the cluster

“Agricultural damage in Mediterranean agro-ecosystems” was the one
that included more evaluated management tools.

3.2. Temporal and geographical distribution

The number of published studies on human-ungulate interactions
has increased since 2000 (Fig. 2), with 2018 being the year with the
highest number of publications (n = 66). Publications mentioning ben-
eficial NCP increased significantly from first to second period (W = 59,
p = 0.002) after the MEA conceptual framework (MEA (Millennium
Ecosystem Assessment), 2005). Between period 2 and 3, publications
mentioning beneficial NCP also increased, but not significantly (W =
31,p = 0.14).

Table 3
Clusters on human-ungulate interactions identified in the detrended correspondence analysis, the main characteristics of each one, and the number of papers included in each cluster (N).
Cluster Description Area/biome Family NCP Social actors Management tools N
Silvicultural damage in . . oo
1 . 8 Eurasia Cervidae Silvicultural damage Foresters - 96
Eurasia
. Habi i i I, F .
Herbivory and natural . abltaF mamtengnce, seed dispersal, orgsters, Deterrents and barriers; lethal
2 . Temperate forest ~ Cervidae extractive experiences/forest environmental 87
vegetation control
damage managers, hunters
Conflicts in urban areas of . L . Deterrents and barriers; lethal
3 . Urban Cervidae Traffic collisions Residents, hunters 100
North America control
Agricultural damage in .
: . . Deterrents and barriers; lethal
4 Mediterranean Mediterranean Suidae Crop damage Farmers, hunters control 87
agro-ecosystems
. . . Temperate & Bovidae, Deterrents and barriers;
Social research in Africa h R . . Farmers, local . X
5 R tropical Equidae, Crop damage, livestock competition . livestock/crop guardians; lethal 87
and Asia . communities, hunters
forest/grassland Suidae control
Agricultural damage in . .
6 & . g Agrosystem Cervidae Crop damage Farmers Deterrents and barriers 28
North America
7 Research in natural Temperate Bovidae, Habitat maintenance; extractive %0
American Northwest areas  forest/grassland Cervidae experiences
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The largest proportion of research, according to the number of pa- America (5.2%) and Oceania (1.7%) received less scientific attention
pers reviewed, was performed in Europe (37.9%) and North America (Fig. 3A; Table S3). Regarding the biomes, most studies were performed
(32.3%). In contrast, Asia (15.6%), Africa (7.3%), Central and South in temperate forests (52.7%) and agro-ecosystems (23.0%). At the other
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extreme, islands (3.3%), freshwater (3.1%), coastal (1.7%) and polar
(0.3%) ecosystems were poorly represented. Urban environments
were studied in 8.0% of articles (Fig. 3B).

3.3. Biological components

The most studied ungulate families were Cervidae (deer; 65.9% of
the publications), Suidae (pigs; 23.1%) and Bovidae (bovines, ibexes
and sheep; 17.9%). When evaluating the number of publications in rela-
tion to the proportion of species in each family, we found that scientific
attention was taxonomically biased, with families Antilocapridae,
Bovidae, Moschidae, Rhinocerotidae, Tapiridae and Tragulidae being
underrepresented (Fig. 3C).

Most studies focused on a single species (77.9% of the publications),
with the most studied species being red deer (Cervus elaphus; 21.2%),
wild boar (Sus scrofa; 21.0%), white-tailed deer (Odocoileus virginianus;
18.1%), moose (12.0%), roe deer (Capreolus capreolus; 9.6%) and sika
deer (Cervus nippon; 7.8%). Furthermore, 11.0% of the publications ad-
dressed exotic species like red deer, wild boar, aoudad (Ammotragus
lervia) or cheetah deer (Axis axis), introduced into non-native environ-
ments (Table S3).

3.4. Detrimental and beneficial contributions of ungulates

Publications focused mostly on detrimental NCP alone (49.7%), and
on both detrimental and beneficial NCP (44.0%). The articles that men-
tioned only beneficial NCP represented 6.3% of the publications. Regard-
ing families, most publications addressed both kinds of NCP, except for a
single publication on Tragulidae, which focused only on detrimental
NCP (see details per families in Fig. S3).

3.4.1. Detrimental NCP

Among the publications that focused on detrimental NCP (n = 539),
71.8% referred to production damage (studied: 25.0% of articles; only
mentioned: 46.8% of articles), particularly crop damage (37.9% of the
publications), silvicultural damage (26.3%) and disease transmission to
livestock (13.4%). Biodiversity damage, the second most important det-
rimental NCP, was referred to in 41.6% of the publications (studied:
17.4%; only mentioned: 24.1%), mainly about vegetation damage
(33.4%). Material damage was included in 23.0% of the publications
(studied: 3.3%; only mentioned: 19.7%), including traffic collisions

A B

Ve ion damage
Animal biodiversity
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Soil alteration
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(16.7%) and property damage (11.1%). Other detrimental NCP (i.e. dam-
age to human safety and human-human conflicts) were included in less
than 10% of the publications (Table 1; Fig. 4). We found no associations
between particular detrimental NCP and the ungulate families men-
tioned as a cause of damage (3 = 66.3, df = 156, p = 1.00).

3.4.2. Beneficial NCP

Regarding the publications about beneficial NCP (n = 289), 80.6% re-
ferred to non-material contributions (studied: 2.4%; only mentioned:
78.2%), mainly extractive experiences (recreational hunting; 33.6% of
the publications), followed by non-extractive experiences (e.g. aesthetic
value of wild ungulates; 10.1%); only 6.1% of the publications mentioned
supporting identities and 1.0% referred to learning and inspiration. The
second most important beneficial NCP was material contributions,
which was included in 29.4% of the publications (studied: 8.7%; only
mentioned: 20.8%), and particularly considered wild ungulates to be a
food resource (12.0%). Finally, regulating contributions appeared in
24.9% of the publications (studied: 1.7%; only mentioned: 23.2%;
Table 2; Fig. 5). We did not find associations between beneficial NCP
and the ungulates providing them (y? = 27.3, df = 132, p = 1.00).

3.5. Management actions

Authors frequently mentioned (63.7% of articles) or recommended
(57.2%) some management tools to mitigate human-ungulate conflicts,
but these were evaluated only in 19.3% of the reviewed publications.
Firstly, among the publications that mentioned management tools
(n = 366), the most widely mentioned were lethal control (44.0% of
the publications) and deterrents and barriers (e.g. fencing; 38.3%),
regulation of local hunting (20.8%) and economic compensation
(12.6%). Supplementary feeding, zoning, aversive conditioning, co-
management, education and awareness raising, translocation of ani-
mals, and livestock/crops guarding were mentioned to a lesser extent
(2£9.3%; Table S4). Secondly, among the publications that recommended
management tools (n = 329), the authors referred to lethal control
(28.3% of the publications), deterrents and barriers (25.8%), habitat
management strategies (17.9%), regulate local hunting (16.4%), co-
management (14.9%), education and awareness raising (11.9%) and
zoning (10.3%). Other recommended tools were less frequently recom-
mended (< 7.6%; Table S4). Finally, among the publications that in-
cluded evaluations of management tools (n = 110), deterrents and
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barriers (32.4% of the publications), lethal control (25.2%) and aversive
conditioning (13.5%) were the most evaluated tools. The remaining
management tools were less evaluated (< 11.7%; Table S4). In general,
the evaluated management tools were partially (31.8% of 110 papers)
or totally effective (49.1%). Among the most effective evaluated man-
agement tools were lethal control (totally effective in the 60.7% of 28 pa-
pers where were evaluated), the use of deterrents and barriers (55.6% of
36 papers), and aversive conditioning ( partially effective 60.0% of 15 pa-
pers; Table S5).

4. Discussion
4.1. Towards a more positive vision of ungulates?

In accordance with previous reviews that evaluated both the benefi-
cial and detrimental NCP of different wildlife groups (see e.g. Kansky
and Knight, 2014; Lozano et al.,, 2019; Methorst et al., 2020), our find-
ings revealed that human-ungulate interactions research is clearly bi-
ased towards detrimental NCP, as evidenced by the DCA. Some
thematic clusters (usually linked to the Bovidae, Cervidae and Suidae
families) were related to several detrimental NCP, but none was associ-
ated with beneficial NCP. However, we observed that after the imple-
mentation of the ecosystem services framework (MEA (Millennium
Ecosystem Assessment), 2005) and, especially, the IPBES conceptual
framework (Diaz et al., 2015), the number of publications that focused
on beneficial NCP have increased. This trend could help to raise increas-
ing awareness about the numerous positive contributions that ungu-
lates can provide to societies' quality of life, which could favour
human co-existence with wild ungulates, particularly in human-
dominated landscapes subject to rewilding (Pascual-Rico et al., 2020).

4.2. Global trends in human-ungulate interactions research

4.2.1. The Global North bias

Despite the recent increase in published studies on human-ungulate
interactions, we found a global geographical bias in research effort, as
most studies were conducted in Europe and North America. This con-
trasts with the fact that these regions only include c. 7% of the existing
ungulate species (Wilson and Mittermeier, 2011). Only the thematic
cluster “Social research in Africa and Asia” was specific of the Global
South, whereas Central and South America were not included in any

cluster. This geographical pattern, which has been previously described
for other faunal groups (e.g. Lozano et al., 2019; Martin et al., 2012),
likely led to the overrepresentation in the reviewed literature of some
ungulate families that are frequent in the Global North (e.g. Cervidae,
Suidae, Bovidae), as well as the underrepresentation of ungulates that
inhabit other regions. Interestingly, studies conducted in the Global
South, particularly in Africa, highlighted proportionally more beneficial
NCP compared to the Global North (see Table S3), which could be
related to the local importance of ecotourism and big game hunting
industries (Naidoo et al., 2011, 2016). In Oceania, represented in our
review by Australia and New Zealand (Global North countries), all
ungulate species were exotic and produced negative ecological impacts
on native ecosystems. This very likely determined the preponderance of
detrimental NCP in this continent (e.g. Bee et al., 2007; Natusch et al.,
2017). In fact, exotic species are generally associated with more detri-
ments than benefits, being the latter normally related to hunting (e.g.
Kerr, 2019).

The geographical bias was also related to the investigated biomes, so
that temperate forests, which occupy one quarter of the Earth's terres-
trial surface (Ashton et al., 2012), was represented in more than half
of the publications. In contrast, tropical grassland covers one fifth of
the Earth's land surface (Sankaran et al., 2005), but this biome was
very poorly studied (c. 5% of the publications). The fact that we consid-
ered only English-written articles for our systematic review may have
reinforced this bias, at least partially. This may be related to the higher
resource capacity of European and North American countries to face
publication in international journals (e.g. Martin et al., 2012), but also
with the fact that studies of more local scope are frequently written in
the local language.

4.2.2. Management tools: frequently mentioned, but rarely evaluated
Management actions were neither highlighted in the cluster analysis
nor associated with any specific cluster, despite they are essential to fa-
cilitate human-wildlife co-existence in areas where a rewilding process
is ongoing (Apollonio et al., 2010) and where human activities are
spreading (e.g. Kurten, 2013). We found that 64% of the reviewed pub-
lications mentioned management tools, but only a few publications
evaluated them (21%; e.g. Gilsdorf et al., 2004; Perea and Gil, 2014;
Jenkins et al., 2002). Most articles mentioned lethal control, and deter-
rents and barriers. However, lethal control is sometimes limited or
avoided because of public opinion (see Walter et al., 2011). Moreover,
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compensatory reproductive success in response to increased mortality
of species such as the wild boar could compromise the effectiveness of
lethal control (see Boadella et al., 2012. Fencing is a common strategy
to manage human-ungulate conflicts (e.g. Hildreth et al.,, 2012; Honda
etal., 2009), often applied on a large scale. Some paradigmatic examples
of this are veterinary cordon fences around many African protected
areas (Osofsky, 2019), and wild boar fences along borders of European
countries to mitigate African swine fever spread (Mysterud and
Rolandsen, 2019). However, this management tool can cause undesired
effects on wild species ecology and conservation (Gadd, 2012). More-
over, fence installation and maintenance involves high economic costs
(Ferguson and Hanks, 2012). Despite its effectiveness being questioned,
fences are usually recommended in combination with other manage-
ment tools (e.g. Geisser and Reyer, 2004; Martinez-Pastur et al., 2016).

In relation to the studies that evaluated management techniques,
the most frequently evaluated tool were deterrents and barriers, and le-
thal control. In general, these studies found that the evaluated measures
were effective (76.6% of the publications that included evaluations of
management tools), at least partially. Apart from evaluating the effec-
tiveness of these tools, wild ungulate management should consider bio-
logical aspects of the targeted species, and assess potential effects on the
ecosystem to avoid undesirable ecological cascade effects (e.g. Barbosa
et al., 2019; Teichman et al., 2013).

4.2.3. From ecosystem functioning to nature's contributions to people

The studies of ungulate ecology published in the second half of the
20th century generally addressed topics from a purely ecological per-
spective, such as regulation of vegetation and primary productivity
(e.g. Hobbs, 1996), and competitive interactions (e.g. Lamprey, 1936;
Leuthold, 1978). Much of this early research aimed to understand the
role of ungulates in ecosystem functioning in relatively natural land-
scapes. By then, very few studies were primarily approached from a
socio-ecological perspective. Currently, much of the scientific literature
explicitly considers that ecological systems interact positively and neg-
atively with humans (Diaz et al., 2018), as revealed by our literature re-
view. We recognise that our systematic review was focused on human-
wildlife interactions, and we did not consider studies beyond our search
criteria, which could limit our framework. However, given the wide-
spread occupation of ecosystems by humans (Goudie, 2013), today it
is difficult to find unaltered areas in which wildlife is unconnected to
human activities (Di Marco et al., 2019).

4.3. Biodiversity conservation and future perspectives

Wild herbivores, such as ungulates, especially those with body
weights exceeding 1000 kg (i.e. megaherbivores; Owen-Smith, 1989),
have been important ecological engineers globally until the rise of agri-
culture some 12,000 years ago, when humans triggered their extinction
outside of Africa (Bocherens, 2018). This megafaunal extinction led to
profound ecological and evolutionary impacts (Galetti et al., 2018). In-
terestingly, extant megaherbivores are able to reverse negative impacts
of livestock on ecological processes such as nutrient cycling (Sitters
et al.,, 2020). Currently, ungulates, especially the largest species, are at
the forefront of conservation and management strategies for contrast-
ing reasons. On the one hand, wild ungulates are recolonising large
areas of Europe and North America (Apollonio et al., 2010; Valente
etal,, 2020a). On the other hand, some species and populations continue
to decline and face extinction in other world regions, e.g. in Africa,
where wild ungulates are suffering a general decline (e.g. Durant
et al., 2014; Rduch and Jentke, 2021). However, in some regions of
Africa there are emerging new forms of conservation and maintenance
of ecosystem functioning, such as wildlife ranching (Cousins et al.,
2008; Taylor et al., 2020). This activity allows financial self-sustaining
of private lands with conservation interests, and profits generation to
landowners from biodiversity resources through tourism and hunting
(i.e. beneficial NCP) (Naidoo et al., 2011, 2016).
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Despite these attempts, introduction of non-native species and
predators removal still continue in some regions, which strongly af-
fects ungulate population dynamics and ecosystem functioning (e.g.
Gass and Binkley, 2011; Nuifiez et al., 2010). Moreover, anthropo-
genic activities often occur close to the habitat (or even constitute
the habitat itself) of some ungulate species (e.g. Boan et al., 2011;
Hegel et al., 2009). All these disturbing factors can increase conflicts
between wild ungulates and human activities. In addition, strategies
to mitigate human-wildlife conflicts that propose the recovery of
natural ecosystem functioning are still scarce (e.g. Beschta et al.,
2013; Licht et al., 2010).

5. Conclusions

Despite the negative aspects traditionally associated with wild un-
gulates, it has been increasingly demonstrated that they may also pro-
vide benefits to socio-ecological systems by providing numerous
material, regulating and non-material NCP, such as tourism, hunting,
and habitat maintenance, thus generating economic benefits and pro-
moting conservation and awareness raising. The future management
of wild ungulates, especially the largest species, will require co-
operation between different social actors to apply the most appropriate
management measures that favour the co-existence between humans
and wildlife. Increasing conservation concern about wild ungulate pop-
ulations in some world regions is being voiced, while important man-
agement problems and dilemmas arise in those regions undertaking
passive rewilding processes. We argue that more studies dealing with
the full role (i.e. including both detrimental and beneficial, NCP) of un-
gulates in the ecological functioning of human-dominated ecosystems
are urgently needed. In addition, further research is needed to evaluate
the effectiveness of the management tools aimed to reduce human-
ungulate conflict. This will facilitate people-ungulate co-existence in
an increasingly anthropized planet.
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