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Abstract

The growing needs for agricultural expansion and intensification will likely continue to reduce and
fragment the terrestrial habitats fundamental to mammalian carnivores. Recent research identified
benefits of agroecosystems to carnivores recognizing their multifunctionality, mostly for common
species. However, the variability of carnivore ecology investigated in agroecosystems, biases in
agriculture types and species targeted, and methodological approaches may affect available
knowledge to reconcile conservation and production goals. To fill this gap, we conducted a
systematic literature review to identify which aspects of and how is carnivore spatial ecology being
investigated within agroecosystems. Of the 110 reviewed studies, most focused on agricultural
crops (55%) and grasslands (47%) and half referred to monocultures. We found that 61% of the
studies were conducted in Europe and North America. Eighty-four species were studied, 73%
classified as Least Concern, with 67% of the studies targeting a single species and 30% focused on
only seven common species. Almost all studies included some form of habitat use analysis and
species’ home-range and its attributes (e.g. size, resource selection) were the most common spatial
ecology aspects studied. Most studies suggested that agriculture act as food provisioning areas
(69%) but few used direct food availability measures. Our results highlight that studies tend to be
descriptive and geographically biased towards northern hemisphere and to non-forested agricultural
types. We suggest that future carnivore spatial ecology research in agroecosystem should be
hypotheses-driven, with greater focus on the mechanisms and processes through which
agroecosystems might affect carnivore spatial ecology in high priority regions for carnivore

conservation.

Key words

Agriculture, Carnivora, biodiversity conservation, land use, landscape functionality, research
synthesis, space use
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Introduction

Unprecedented rates of agricultural expansion and intensification (Foley et al., 2011; Tilman et al.,
2011) are leading to biodiversity loss, habitat loss and fragmentation, and the deterioration of
ecosystem services (Cardinale et al. 2012; Visconti et al. 2016; IUCN 2016; Joppa et al. 2016).
Currently, about 40% of the terrestrial earth surface is agricultural land (FAO 2015), and further
expansion and intensification is expected to meet growing demands for food (Tilman et al. 2011).
Land use conversion to agriculture (crops, production forests, pastures) is responsible for increasing
local extinction and species turnover, decreasing local and regional diversity (Newbold et al. 2015),
altering the distribution and abundance of species (Dobrovolski et al. 2013), and ultimately
influencing species demographic and evolutionary processes (Verdade et al. 2014). Agriculture may
have additional deleterious effects on species, through environmental contamination (Novotny
1999) or favoring the spread of invasive species (Turbelin et al. 2017). Some biodiversity might,
however, be able to cope and thrive in agricultural systems with certain conditions (Cox and
Underwood 2011; Mendenhall et al. 2014). For example, agroecosystems (ecosystems in which
indigenous plants and animals are partially or completely replaced with crops and livestock; Altieri
and Koohafkan 2004) can support moderate to high biodiversity levels depending on agricultural
intensity and presence of residual native vegetation (Daily et al. 2003). However, more evidence is
needed about the role of agroecosystems in conservation (Chazdon et al. 2009), as their associated
biodiversity and functions are not yet clear (Henle et al. 2008). We thus need to better understand
under which conditions goals for biodiversity conservation and agricultural production can be
aligned (Adams et al. 2004; Scherr and McNeely 2008; Kueffer and Kaiser-Bunbury 2014).
Research about biodiversity in agroecosystems has grown exponentially over the last two
decades, and it has also increased for terrestrial mammalian carnivores (hereafter ‘carnivores’)

(Ferreira et al. 2018). Agriculture is considered the leading driver of carnivore extinctions and
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population declines (Visconti et al. 2011; Di Marco et al. 2014). Losses of carnivore species can
have major cascading effects on ecosystems, as they play an important role in ecosystem regulation,
via resource facilitation or top-down control of lower trophic levels (Sergio et al. 2008; Roemer et
al. 2009; Prugh et al. 2009; Ripple et al. 2014). Agricultural impacts on carnivore populations may
also disrupt the benefits these species provide to human wellbeing (O’Bryan et al. 2018), such as
disease mitigation, carrion removal, or even as pest control agents indirectly increasing agricultural
production (e.g. Williams et al. 2018).Future agricultural expansion is predicted to greatly overlap
important areas for carnivore conservation (Dobrovolski et al. 2013). In recent decades, however,
there is growing evidence that agroecosystems might also provide carnivore habitat (e.g. avocado
orchards: Nogeire et al. 2013; cork oak agroforestry: Rosalino et al. 2005, Santos et al. 2016;
agroforestry: Verdade et al. 2014, etc) and allow connectivity (Matos et al. 2009), being potentially
multifunctional for many species, especially those requiring large areas for their territory and
movements (Norris 2008). Agroecosystems may thus support biodiversity depending on the type of
agriculture, its intensity, and whether residual native vegetation is maintained (Daily et al. 2003).
Therefore, if agroecosystems provide habitat and support biodiversity, they can also act
complementary to networks of protected areas to increase regional ecological integrity, by
supporting population persistence and promoting connectivity (Ekroos et al. 2016).

A detailed understanding of how wildlife, specifically carnivore species, use agroecosystems
is needed to answer the challenge of including agroecosystems in conservation portfolios
(Sutherland 2003). Such information can be affected by literature biases and knowledge shortfalls
(e.g. Wallacean, Prestonian and Darwinian; Hortal et al. 2015). Here, we conducted a systematic
literature review to identify trends and inform gaps in conceptual and methodological approaches to
carnivore spatial ecology research in agroecosystems. We specifically focused on spatial ecology
since spatial patterns are often the starting point for more detailed ecological investigations

(Cottenie 2005). Moreover, we opted to review studies conducted at the landscape scale, because
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this is the most suitable scale for land management. We review the literature to describe: 1) which
geographical locations, agriculture systems and carnivore species, are being studied? 2) which
spatial ecology patterns are being investigated and which methodological approaches are current
practice? and 3) which ecological functions and properties of agroecosystems are considered to
explain the observed spatial patterns? Finally, we build on the information gathered through the

literature review to provide a road-map for future research needs.

Materials and Methods

Data collection

In July 2016 we performed a literature search of peer-reviewed scientific articles using the
ISI Web of Science (https://apps.webofknowledge.com) and Scopus
(https://www.elsevier.com/solutions/scopus) databases, and the Google Scholar search engine. We
searched for terms within article title, abstract and keywords. The search terms included:
‘carnivore’, ‘Carnivora’, ‘agriculture’, ‘agricultural systems/landscapes’, ‘farm’, ‘crops’, ‘forestry’,
‘pasture’, ‘orchards’, ‘grove’ and ‘predator’, as isolated and as combined terms. We extended the
search by including bibliographic references cited in the initial set of articles identified in the
search. We selected articles that met five criteria: 1) published between 1996-2016, to cover the
most recent findings about carnivores in agricultural areas, 2) targeted at least one carnivore
species, 3) focused on spatial ecology, 4) conducted at local or regional levels using landscape
approaches and 5) carried in landscapes where agricultural land covered more than 15% of the
study area, to assure that the proportion of this land use would be non-negligible.

For each study, we recorded information on: 1) geographical location; 2) agricultural
system(s); 3) carnivore species; 4) spatial ecology aspects; 5) methodological — sampling and
analytical - approach(es); 6) functions attributed to agriculture; and 7) properties of the

agroecosystem considered (e.g. disturbance, production cycle). This information was coded as
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categorical binary variables (Table 1), except for species lists. The resulting data was used to

calculate the frequency of each category in all reviewed studies.

Results

Our search generated a total of 146 articles, from which 110 fit our criteria and were used for more
detailed review (a list of reviewed studies is provided in S1 Data sources). The number of
publications per year increased significantly until 2016 (Spearman’s Rank Correlation, rs=0.816,

p<0.001; Fig. 1) with a 25% average annual growth rate.

Characteristics of the studies

More than half of the studies were conducted in Europe and North America. Europe was the
continent with the higher number of studies (38%), followed by North America (23%), while
remaining studies were evenly distributed between South America (15%), Asia (13%) and Africa
(12%) (Fig. 1-2). Our selection did not include studies conducted in Oceania given that the Order
Carnivora is not native of this continent.

The four agricultural types were not evenly represented in the sample of studies we analyzed
(Table 1). Studies on crops (55%) and grasslands (47%) dominated the literature, followed by those
targeting forestry (31%) and groves (17%) (Fig. 2). Nearly half of the reviewed studies targeted a
single agroecosystem type, i.e. monocultures (48%), while the remaining were conducted in mixed
agroecosystems. The types of agricultural systems most studied varied per continent, with
grasslands most studied in Europe and Africa, crops in North America and groves in Asia (Fig. S1).
These mixed agriculture systems were mainly combinations of croplands and grasslands, and of
forestry and grasslands. Groves were most often monocultures. There is a geographical bias to

common agricultural systems, namely: croplands in Europe (e.g. central European farmlands;
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Cervinka et al. 2013; Salek et al. 2013) and North America (e.g. row-crop plantations in Indiana;
Beasley et al. 2007; Gehring and Swihart, 2003); forestry and grasslands in Europe (e.g.
Mediterranean silvo-pastoral systems; Galantinho and Mira, 2009; Hipdlito et al. 2016);
combination of forestry, grasslands and croplands of South America (e.g. multi-use agriculture
system in Southeast Brazil; Dotta and Verdade, 2011a; Lyra-Jorge et al. 2008); groves in Asia (e.g.
oil palm plantations; Jennings et al. 2015; Rajaratnam et al. 2007); and grasslands in Africa (e.g.
rangeland; Marker et al. 2008).

Most studies targeted a single carnivore species (67%). Studies spanned a total of 84
carnivore species, about one third of the world’s carnivore species (n=284) (Fig. 2, Table S1). The
highest number of species in one study was 18, in oil-palm agriculture in Peninsular Malaysia
(Azhar et al. 2014) and two other studies each reported 13 carnivore species in multi-use agriculture
in South America (Daily et al. 2003; Dotta and Verdade 2011b); on average studies reported on
2.7%3 species. Despite the considerable diversity in species richness across studies, seven species
accounted for ~30% of all records, namely the red fox (Vulpes vulpes), coyote (Canis latrans),
European badger (Meles meles), stone marten (Martes foina), mountain lion (Puma concolor), and
raccoon (Procyon lotor) (see Table S1). Regarding species’ IUCN conservation status, 73% were
classified as ‘Low Concern’ IUCN status, 11% as ‘Near threatened’ and the remaining 17% had a
higher threat status. Despite the predominance of low concern conservation status, 54% of the target

species were reported to have decreasing population trends, 28% stable and only 4% increasing.

Spatial ecology and methodological approaches

Home-range studies (36%, e.g. Dellinger et al. 2013; Nakashima et al. 2013) were the most
common, followed by the assessments of species distributions (22%, e.g. Nogeire et al. 2013;
Ramesh and Downs 2015), and density or relative abundance (18%, e.g. Dotta and Verdade 2011a;

Kent and Hill 2013; Fig. 2). Few studies focused on inventories of carnivore species (11%, e.g.



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

Azhar et al., 2014; Daily et al., 2003), and even fewer analyzed animal movements (6%, e.g. Elliott
et al. 2015; Nogeire et al. 2015). Independently of the studied spatial ecology aspect, the vast
majority of the studies (92%) focused on determining habitat use. Radio-tracking was the most
common method used (45% of the studies), while sign surveys and camera-trapping were conducted

in 29% and 23% of the studies, respectively.

Underlying processes

Three-quarters of the reviewed studies attributed at least one function to agriculture (Fig. 2),
food provisioning being the most common function (69%, e.g. Caruso et al. 2016; Jennings et al.
2015). Fewer studies suggest agricultural land functions as shelter provider (22%, e.g. Carvalho et
al. 2014; Moreira-Arce et al. 2016) or movement path (6%, e.g. Nogeire et al. 2015). About one-
third of the reviewed studies associated temporal heterogeneity of the studied agroecosystem with
carnivore spatial ecology patterns (36%, e.g. Marker et al. 2008; Santos et al. 2016), but only 16%
related this with the agriculture’s production cycle (e.g. Borchert et al. 2008; Timo et al. 2015).
Similarly, 35% of the studies considered direct disturbance linked to carnivore spatial ecology (e.g.
Lara-Romero et al. 2012; Vanthomme et al. 2013). Even fewer studies, 25%, integrated direct

resource availability measurements (e.g. Salek et al. 2010; Silva-Rodriguez et al. 2010).

Discussion

The growing needs for agricultural expansion and intensification will likely continue to reduce and
fragment the terrestrial habitats fundamental to mammalian carnivore species, forcing carnivore
conservation portfolios to extend beyond the boundaries of wilderness and consider land-sharing
options (Lopez-Bao et al. 2017). Wildlife-friendly farming, specifically, has been proposed as a
solution to meet both needs for food and provide benefits for biodiversity (Scherr and McNeely

2008; Verdade et al. 2014). Mounting evidence on carnivore species’ ability to exploit the
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heterogeneity of agroecosystems at large spatial scales (Ferreira et al. 2018) suggests the potential
for agroecosystems’ multifunctionality at multiple scales (see Ekroos et al. 2016). Yet, the ability to
harness potential biodiversity benefits of agroecosystems hinges on our understanding of species’
ecology in these altered environments. Here we reviewed conceptual and methodological
approaches to carnivore spatial ecology research in agroecosystems. Our results show an
exponential growth in publications and in the variety of systems studied, as well as in spatial
ecology aspects assessed, and methodologies employed. However, we found a geographical bias
towards research in the northern hemisphere and that most carnivore species researched in
agroecosystems were of low conservation concern. Of the studies we reviewed, most described
spatial ecology patterns based on species use of space, but only few have linked these patterns to
population’s demography, that ultimately determines the conservation potential of agroecosystems.
Perhaps most fundamental was the lack of hypothesis-driven studies aimed to understand

agroecosystem functionality.

Target systems

Most studies concentrated in Europe and North America, continents with historical and
large-scale land conversion to agriculture (Diamond 1997). Conversely, regions like Africa and
South America which are experiencing more recent and ongoing agriculture expansion (Gibbs et al.
2010; FAO 2015) were less often targeted, although these regions are projected as future hotspots of
terrestrial mammal loss (Visconti et al. 2011). Most studies occurred in areas of low priority for
carnivore conservation (Di Minin et al. 2016), except for several studies conducted in South East
Asia, a carnivore diversity hotspot facing intense agricultural expansion (Koh et al. 2011). A recent
review by Ferreira et al. (2018) assessed the global determinants in the use of agricultural lands by
carnivores. They found distinct geographical research patterns and highlighted a higher interest for

the topic in South America that was not captured by us. However, the reviewed studies included
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numerous ‘grey literature’ (e.g. Ph.D. and M.Sc. theses) for the region, which were not captured by
our review criteria, and Ferreira et al. (2018) did not consider pastoral systems associated with
livestock husbandry (here ‘grasslands’) which are prevalent in Europe and Africa.

Our review highlighted that the majority of studies were conducted on crops and grasslands,
and fewer in forestry or groves. Production forests create low-contrast matrices with native forests
and the afforestation of agricultural land has been suggested to provide complementary habitat,
buffer edge effects and promote connectivity to a greater extent than the sharper ecotones associated
with agricultural types that lack a tree layer (Brockerhoff et al. 2008). Such knowledge biases
towards non-forested agriculture may impair our ability to verify and harness benefits of
agroecosystems with proposed greater potential for carnivore conservation. Indeed, Ferreira et al
(2018) reported eucalyptus, pine and oil palm plantations as the agricultural habitats most
frequently used by carnivores. There is, however, some uncertainty in labelling the studied
agroecosystems, because many of the studies only provide vague descriptions of the agricultural
types and often only state “agriculture”.

We found studies targeted a wide variety of carnivore species that occur in agroecosystems
but had a greater focus on species with low conservation status, presumably more common in these
systems (Ferreira et al. 2018). It remains unclear, however, how agroecosystems contribute to these
species conservation since most studies were based on occurrence data, which conveys little
information on population persistence (Grouios and Manne 2009), nor on individual condition (e.g.
body condition, parasite burden, etc.).

Further, many of the carnivore presence records were obtained in remaining native
vegetation fragments surrounding or interspersed with agricultural areas (e.g. Azhar et al. 2014).
These results corroborate the need to further evaluate the challenges and opportunities for carnivore
conservation in agroecosystems (Visconti et al. 2011; Dobrovolski et al. 2013; Di Minin et al.

2016), specifically a detailed understanding of its ecological functionality (Ferreira et al. 2018)

10
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(discussed further below). Moreover, the predominance of studies targeting single focal species
suggests many carnivore species present in agroecosystems remain overlooked. Studies should be
expanded to a large fraction of the carnivore species globally, for example by targeting carnivore
diversity hotspots in southern hemisphere areas, where agroecosystems expansion is more

challenging, as also highlighted by Ferreira et al. (2018).

Spatial ecology and methodological approaches

We found a strong predominance of ‘habitat use’ descriptive studies, likely because
understanding species-habitat relationships is fundamental to understanding the response of species
to land-use change, and species-habitat relationships also form the basis of many management plans
(Scherr and McNeely 2008). Home-ranges were the most studied aspect of spatial ecology,
providing detailed inferences on individuals’ behaviour and resource use (e.g. home-range
establishment and associated environmental determinants; Magrini et al., 2009). Most of the studies
were based on high-resolution spatio-temporal information mainly from radio-tracking (Boitani and
Powell 2012). Home-range shapes, size and composition, which underlie many of the local
ecological adaptations of carnivores (e.g. Gittleman and Harvey 1982), are driven by carnivore
body-mass, physiology and interactions such as competition and co-existence, and are fundamental
to scale individual behavior to understand population structure (e.g. Johnson et al. 2001), meta-
populations, dispersal, and the dynamics of geographical range contraction and expansion.

Assessing distribution patterns was the second most common goal of the reviewed studies,
providing spatially explicit and population level estimates of species occurrence, often for several
species simultaneously. Such information of geographical distributions is important to identify
areas and/or landscape features of conservation value for species-level dynamics and to determine
threats (Boitani and Powell 2012). However, the robustness of species occurrence estimates is

highly influenced by the sampling method and inherent caveats of presence and absence data. Only
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30% of reviewed distribution studies attempted to correct survey data for imperfect detection (for
example, by using hierarchical occupancy modelling, Mackenzie et al. 2006; e.g. Cruz et al. 2015),
thus potentially generating biased inferences of distribution (Guillera-Arroita et al. 2014).

The detailed description and high-resolution data used to elucidate carnivore space use in
agroecosystems with the above approaches, contrasts with the lack of knowledge on the
demography of individual species in these environments. Fewer studies estimated carnivore relative
abundance or density, and of those about two thirds related the estimates with environmental
conditions by, for example, comparing estimates across landscapes with different proportions of
agriculture cover (Swanepoel et al. 2015). Only a small fraction of studies provided explicit density
estimates. This could be because accurate inferences on density are hard to obtain for low-abundant,
wide-ranging and often cryptic carnivore species, particularly for species lacking morphological
traits that allow individual identification and use of common capture-recapture approaches (Boitani
and Powell 2012). Alternatively, researchers often resort to the use of relative abundance indices, in
the format of capture rates, to describe disproportionate distributions of unmarked individuals
across heterogeneous agroecosystems. However, such measures can rarely be used for inference
about absolute population size as they need to be calibrated to do so, and are particularly susceptible
to imperfect and variable detection (Sollmann et al. 2013). This lack of information on population
abundance, and more importantly population size and density, hinders the evaluation of carnivore
population demographics and landscape features associated with population persistence (discussed

below) and limits meaningful comparisons across systems.

Underlying processes

The large majority of reviewed studies associated agriculture lands with its capacity to
directly (e.g. cereals, fruits) or indirectly (e.g. rodents) provide food for carnivores (e.g. Athreya et

al. 2013; Caruso et al. 2016; Jennings et al. 2015; Kaneko et al. 2006; Prange et al. 2004). This
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longitudinal function of food provisioning is common to several agriculture types, and is in line
with previous reviews that suggest that agriculture provides a surplus of food, driving carnivore’s
space use, and increases carrying capacity (Verdade et al. 2011). Compared to natural vegetation
areas, many agroecosystems support a higher abundance of rodents (Gheler-Costa et al. 2012) and
ground beetles (da Silva et al. 2008), two taxa often consumed by carnivores (e.g. Verdade et al.
2011). Furthermore, fruit production increases the amount of available food used by carnivores,
particularly in Mediterranean areas (Rosalino and Santos-Reis 2009). However, only a third of the
studies hypothesized a priori this function of agriculture and less than 20% explicitly coupled this
hypothesis with resource availability data (e.g. Rajaratnam et al. 2007; Salek et al. 2010; Silva-
Rodriguez et al. 2010). Most often, food provisioning is a post-hoc explanation for observed spatial
patterns, suggesting functionality (e.g. Chamberlain et al. 2009).

The role of agricultural lands as shelter for carnivores (e.g. Carvalho et al. 2014; Moreira-
Arce et al. 2016) and as movement paths, facilitating connectivity between habitats (e.g. Nogeire et
al. 2015), is much less often mentioned. However, this could be due to the way we extracted
information from the studies on the ecological functions attributed to agriculture . When such
information was not explicitly mentioned by authors, we made our own interpretation of their
discussion, which can be subjective. Despite the caveats associated with this approach, we
considered this information valuable as it summarizes the most common functions associated with
agricultural lands.

Fundamental characteristics of agroecosystems were seldom considered. Most studies did
not consider the influence of phenology on carnivore spatial patterns and only a small fraction
investigated the effect of temporal heterogeneity in ecosystem structure linked to agriculture
production cycles (e.g. Borchert et al. 2008). This is an important aspect to consider, as temporal
heterogeneity is an inherent characteristic of agroecosystems (Verdade et al. 2014). Previous studies

have shown that this higher temporal heterogeneity of agroecosystems often compensates for the
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temporal discontinuity in resource availability in natural ecosystems (see Driscoll et al. 2013) and,
consequently, drives space use patterns by carnivores (e.g. Timo et al. 2015). For example, biomass
in sugarcane plantations can range annually from virtually zero to 100 ton ha™* year* (Goldemberg
et al. 2008), and its availability may induce strong temporal dynamics in the populations of
mammalian prey species (Beatriz Villa et al. 1998). Another issue often disregarded was the effect
of human-induced disturbance, expected to be particularly relevant in agroecosystems with a
modest to high level of human intervention, mainly around harvesting seasons (Timo et al. 2015).
Direct human disturbance factors were only considered in 35% of the studies (e.g. roads,
Vanthomme et al. 2013; settlements, Lara-Romero et al. 2012; carnivore interaction with domestic
species, Galantinho and Mira 2009; Silva-Rodriguez et al. 2010). Not accounting for such effects
will likely lead to misleading results, as disturbance may disrupt species-habitat relationships
(Muhly et al. 2011; Vanthomme et al. 2013). Similarly, the demographic impacts and behavioral
responses (human-induced fear) of carnivore persecution following human-wildlife conflicts (e.g.

crop-raiding, livestock depredation) requires further research (Ferreira et al. 2018).

Implications for future research

While impacts of agriculture and its expansion on carnivore populations are widely
acknowledged, empirical evidence on the functional role of agroecosystems is lacking. By
synthesizing previous research approaches we were able to pinpoint two main areas of research that
should be prioritized, namely studying the ecological function of agroecosystem components for
carnivore species and understanding carnivore population dynamics in these landscapes.

Currently, we have considerable information on species richness, diversity and distribution,
space use at the home-range and population level, and how these correlate to agroecosystem
attributes (e.g. composition, configuration and connectivity). As we show here, there are many

potential roles of agroecosystems and more information is needed to understand the suitability and
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the potential ecological functions agricultural matrices may provide for carnivores (Driscoll et al.
2013). Our first and main suggestion is to move towards a greater understanding of processes
underlying carnivore spatial patterns by establishing mechanistic links between species’ space use
and resources available. Information on available resources in native and agriculture components of
the agroecosystem, and how these vary in relation to their surroundings and across production
cycles, can be used to test hypothesis on agroecosystems’ functionality (Kupfer et al. 2006). For
example, croplands and sugar-cane plantations in Brazil both support high rodent density that serve
as prey for a suite of local carnivore species, while open pastures do not (Gheler-Costa et al. 2012).
Further, the same agricultural type may vary its function with production management or types of
harvestable species; e.g. different forestry schemes may provide distinct shelter opportunities
dependent on control of understory vegetation (Moreira-Arce et al. 2016). Resulting insights should
be further integrated with carnivores’ morpho-ecological traits, as suggested by Ferreira et al.
(2018). These mechanistic insights can then guide management options that build on the
complementary role between agricultural lands and remnant native vegetation fragments (Fahrig et
al. 2011).

The second suggestion is to gain more understanding on the links between agroecosystem
attributes and carnivore population dynamics. Estimates of population abundance/density are the
basis for designing conservation actions resilient to dynamic environments, the assessment of
conservation progress, and the evaluation of system responses to management options (Nichols
2014). The state of populations can then be matched with the agroecosystem’s structural and
functional characteristics and across sets of management options. Manipulative experiments of land
conversion to agriculture, e.g. Before-After-Control-Impact study designs, are hard to implement at
carnivores’ spatial scale and require long-term studies. Pair-wise comparisons or space-by-time
substitution approaches may be more efficient in and sufficient to retrieve this information in the

short-medium term (Pickett 1989).
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Conclusions

Our ability to reconcile biodiversity and production in agroecosystems depends on detailed
understanding of species ecology in these altered environments. This is particularly crucial for
species such as carnivores, whose primary threats are tightly related to agriculture expansion and
intensification. In the present review, we synthesized the current research on carnivore spatial
ecology in agroecosystems and identified knowledge gaps fundamental to inform conservation
practice (e.g. determine the amount, configuration and fragmentation of protected habitat, establish
vegetation corridors, increase matrix quality; Arroyo-Rodriguez et al. 2020). We encourage
researchers to expand or revisit available data to complement such gaps. Ultimately, we hope our
findings can act as a catalyst towards a greater research variety and understanding of the role of
agroecosystems for carnivores and other biodiversity globally, to ultimately assess and promote the

conditions under which multi-functionality is possible.

Declarations

Funding

The study was funded by the University Research Priority Program in Global Change and
Biodiversity at the University of Zurich and the Fundacdo para a Ciéncia e a Tecnologia (FCT)
(PD/BD/114037/2015; UID/BI1A/00329/2013; UID/AMB/50017/2019), through national funds, and
the co-funding by the FEDER, within the PT2020 Partnership Agreement and Compete 2020, and
supported by the project POCI-01-0145-FEDER-028204 funded by FEDER, through

COMPETE2020 - Programa Operacional Competitividade e Internacionalizagdo (POCI), and by

national funds (OE), through FCT/MCTES.

16



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

Conflicts of interest/Competing interests

Not applicable

Ethics approval

Not applicable

Consent to participate

Not applicable

Consent for publication

Not applicable

Availability of data and material

Not applicable

Code availability

Not applicable

Authors' Contributions

GCS and LMR conceived the ideas; LMR led the literature search; GCS conducted the review
process, collected and analysed the data; All authors contributed critically during the discussion of

results; GCS and MJS led the writing with the contribution of all co-authors.

Acknowledgements

GCS was funded by a doctoral grant from Fundacéo para a Ciéncia e a Tecnologia (FCT)
(PD/BD/114037/2015). MJS was supported by the University Research Priority Program in Global
Change and Biodiversity at the University of Zurich. MSR had support from FCT
(UID/BIA/00329/2013). LMR was funded by FCT/MCTES (UID/AMB/50017/2019), through

national funds, and the co-funding by the FEDER, within the PT2020 Partnership Agreement and

17



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

Compete 2020, and supported by the project POCI-01-0145-FEDER-028204 funded by FEDER,
through COMPETE2020 - Programa Operacional Competitividade e Internacionalizacdo (POCI),

and by national funds (OE), through FCT/MCTES.

References

Adams WM, Aveling R, Brockington D, Dickson B, Elliott J, Hutton J et al (2004) Biodiversity
conservation and the eradication of poverty. Science 306(5699):1146-1149.

https://doi.org/10.1126/science.1097920

Altieri MA, Koohafkan P (2004) Globally Important Ingenious Agricultural Heritage Systems
(GIAHS): extent, significance, and implications for development. Available online:
http://www.fao.org/3/ap021e/ap021e. pdf (accessed on 24 June 2020).

Arroyo-Rodriguez V, Fahrig L, Tabarelli M, et al (2020) Designing optimal human-modified
landscapes for forest biodiversity conservation. Ecol Lett 1915:ele.13535.
https://doi.org/10.1111/ele.13535

Athreya V, Odden M, Linnell JDC, Krishnaswamy J, Karanth U (2013) Big cats in our backyards:
persistence of large carnivores in a human dominated landscape in India. PLoS ONE 8(3):2-9.
https://doi.org/10.1371/journal.pone.0057872

Azhar B, Lindenmayer DB, Wood J, Fischer J, Zakaria M (2014) Ecological impacts of oil palm
agriculture on forest mammals in plantation estates and smallholdings. Biodivers Conserv
23(5):1175-1191. https://doi.org/10.1007/s10531-014-0656-z

Beasley JC, Devault TL, Rhodes OE (2007) Home-range attributes of raccoons in a fragmented
agricultural region of northern Indiana. J Wildl Manage 71(3):844-850.
https://doi.org/10.2193/2006-022

Beatriz Villa C, Lopez-Forment W, Prescot C (1998) Not all Sigmodontine rodents in the sugarcane

fields in coastal Veracruz , Mexico, are pests. Proceedings of the Eighteenth Vertebrate Pest

18


https://doi.org/10.1126/science.1097920

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

Conference 78:236-241.

Bennett AF, Radford JQ, Haslem A (2006) Properties of land mosaics: Implications for nature
conservation in agricultural environments. Biol Conserv 133(2):250-264.
https://doi.org/10.1016/j.biocon.2006.06.008

Boitani L, Powell RA (2012) Carnivore ecology and conservation: a handbook of techniques.
Oxford University Press, Oxford

Borchert M, Davis FW, Kreitler J (2008) Carnivore use of an avacado orchard in southern
California. Calif Fish Game 94(2):61-74

Brockerhoff EG, Jactel H, Parrotta JA, Quine CP, Sayer J (2008) Plantation forests and
biodiversity: Oxymoron or opportunity? Biodivers Conserv 17(5):925-951.
https://doi.org/10.1007/s10531-008-9380-x

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P et al (2012) Biodiversity
loss and its impact on humanity. Nature 489(7415):326-326.
https://doi.org/10.1038/nature11373

Caruso N, Lucherini M, Fortin D, Casanave EB (2016) Species-specific responses of carnivores to
human-induced landscape changes in central Argentina. PloS One 11(3):e0150488.
https://doi.org/10.1371/journal.pone.0150488

Carvalho F, Carvalho R, Mira A, Beja P (2014) Use of tree hollows by a Mediterranean forest
carnivore. For Ecol Manage 315:54-62. https://doi.org/10.1016/j.forec0.2013.12.013

Cervinka J, Salek M, Padysakova E, Smilauer P (2013) The effects of local and landscape-scale
habitat characteristics and prey availability on corridor use by carnivores: A comparison of two
contrasting farmlands. J Nat Conserv 21(2):105-113. https://doi.org/10.1016/j.jnc.2012.11.004

Chazdon RL, Harvey CA, Komar O, Griffith DM, Ferguson BG, Martinez-Ramos M et al (2009).
Beyond reserves: A research agenda for conserving biodiversity in human-modified tropical

landscapes. Biotropica 41(2):142-153. https://doi.org/10.1111/j.1744-7429.2008.00471.x

19



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

Cottenie K (2005). Integrating environmental and spatial processes in ecological community
dynamics. Ecol Lett 8(11):1175-1182. https://doi.org/10.1111/j.1461-0248.2005.00820.x

Cox RL, Underwood EC (2011) The importance of conserving biodiversity outside of protected
areas in mediterranean ecosystems. PLoS ONE 6(1):1-6.
https://doi.org/10.1371/journal.pone.0014508

Cruz J, Sarmento P, White PCL (2015) Influence of exotic forest plantations on occupancy and co-
occurrence patterns in a mediterranean carnivore guild. J Mammal 96(4):854—865.
https://doi.org/10.1093/jmammal/gyv109

da Silva PM, Aguiar CaS, Niemel& J, Sousa JP, Serrano ARM (2008) Diversity patterns of ground-
beetles (Coleoptera: Carabidae) along a gradient of land-use disturbance. Agric Ecosyst
Environ 124(3-4):270-274. https://doi.org/10.1016/j.agee.2007.10.007

Daily GC, Ceballos G, Pacheco J, Suzén G, Sanchez-Azofeifa A (2003) Countryside Biogeography
of Neotropical Mammals: Conservation Opportunities in Agricultural Landscapes of Costa
Rica. Conserv Biol 17(6):1814-1826. https://doi.org/10.1111/j.1523-1739.2003.00298.x

Dellinger JA, Proctor C, Steury TD, Kelly MJ, Vaughan MR (2013) Habitat selection of a large
carnivore, the red wolf, in a human-altered landscape. Biol Conserv 157:324-330.
https://doi.org/10.1016/j.biocon.2012.09.004

Di Marco M, Boitani L, Mallon D, Hoffmann M, lacucci A, Meijaard E et al (2014) A
Retrospective evaluation of the global decline of carnivores and ungulates. Conserv Biol
28(4):1109-1118. https://doi.org/10.1111/cobi.12249

Di Minin, E., Slotow, R., Hunter, L. T. B., Montesino Pouzols, F., Toivonen, T., Verburg, P. H., ...
Moilanen, A. (2016). Global priorities for national carnivore conservation under land use
change. Sci Rep 6:23814. https://doi.org/10.1038/srep23814

Dobrovolski R, Loyola RD, Guilhaumon F, Gouveia SF, Diniz-Filho JAF (2013) Global

agricultural expansion and carnivore conservation biogeography. Biol Conserv 165:162-170.

20



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

https://doi.org/10.1016/j.biocon.2013.06.004

Dotta G, Verdade LM (2011a) Medium to large-sized mammals in agricultural landscapes of south-
eastern Brazil. Mammalia 75(4):345-352. https://doi.org/10.1515/MAMM.2011.049

Dotta G, Verdade LM (2011b) Medium to large-sized mammals in agricultural landscapes of south-
eastern Brazil. Mammalia 75(4):345-352. https://doi.org/10.1515/MAMM.2011.049

Driscoll DA, Banks SC, Barton PS, Lindenmayer DB, Smith AL (2013) Conceptual domain of the
matrix in fragmented landscapes. Trends Ecol Evol 28(10):605-613.
https://doi.org/10.1016/j.tree.2013.06.010

Ekroos J, Odman AM, Andersson GKS, Birkhofer K, Herbertsson L, Klatt BK et al (2016) Sparing
land for biodiversity at multiple spatial scales. Front Ecol Evol 3:1-11.
https://doi.org/10.3389/fev0.2015.00145

Elliott S, O’Brien J, Hayden TJ (2015) Impact of human land use patterns and climatic variables on
badger (Meles meles) foraging behaviour in Ireland. Mamm Res 60(4):331-342.
https://doi.org/10.1007/s13364-015-0242-0

Fahrig L, Baudry J, Brotons L, Burel FG, Crist TO, Fuller RJ et al (2011) Functional landscape
heterogeneity and animal biodiversity in agricultural landscapes. Ecol Lett, 14(2):101-112.
https://doi.org/10.1111/j.1461-0248.2010.01559.x

FAO (2015) FAOSTAT Online Statistical Service. Food and Agriculture Organization of the

United Nations. http://www.fao.org/faostat/en/#data/EL

Ferreira AS, Peres CA, Bogoni JA, Cassano CR (2018) Use of agroecosystem matrix habitats by
mammalian carnivores (Carnivora): a global-scale analysis. Mamm. Rev. 48:312-327.

Fischer J, Lindenmayer DL (2006) Beyond fragmentation: The continuum model for fauna research
and conservation in human-modified landscapes. Oikos 112(2):473-480.
https://doi.org/10.1111/j.0030-1299.2006.14148.x

Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, Johnston M et al (2011) Solutions

21


http://www.fao.org/faostat/en/#data/EL

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

for a cultivated planet. Nature 478(7369):337—42. https://doi.org/10.1038/nature10452

Galantinho, A., & Mira, A. (2009). The influence of human, livestock, and ecological features on
the occurrence of genet (Genetta genetta): a case study on Mediterranean farmland. Ecol Res
24(3):671-685. https://doi.org/10.1007/s11284-008-0538-5

Gehring, T. M., & Swihart, R. K. (2003). Body size, niche breadth, and ecologically scaled
responses to habitat fragmentation: mammalian predators in an agricultural landscape. Biol
Conserv 109(2):283-295. https://doi.org/10.1016/S0006-3207(02)00156-8

Gheler-Costa C, Vettorazzi CA, Pardini R, Verdade LM (2012) The distribution and abundance of
small mammals in agroecosystems of southeastern Brazil. Mammalia 76(2):185-191.
https://doi.org/10.1515/mammalia-2011-0109

Gibbs H, Ruesch AS, Achard F, Clayton MK, Holmgren P, Ramankutty N, Foley JA (2010)
Tropical forests were the primary sources of new agricultural land in the 1980s and 1990s.
Proc Natl Acad Sci 107(38):16732—16737. https://doi.org/10.1073/pnas.0910275107

Gittleman JL, Harvey PH (1982) Carnivore home-range size, metabolic needs and ecology. Behav
Ecol Sociobiol 10(1):57-63. https://doi.org/10.1007/BF00296396

Goldemberg J, Coelho ST, Guardabassi P (2008) The sustainability of ethanol production from
sugarcane. Energy Policy 36(6):2086—-2097. https://doi.org/10.1016/j.enpol.2008.02.028

Grouios CP, Manne LL (2009) Utility of measuring abundance versus consistent occupancy in
predicting biodiversity persistence. Conserv Biol 23(5):1260-1269.
https://doi.org/10.1111/j.1523-1739.2009.01253.x

Guillera-Arroita G, Lahoz-Monfort JJ, MacKenzie DI, Wintle BA, McCarthy MA (2014) Ignoring
imperfect detection in biological surveys is dangerous: A response to “fitting and interpreting
occupancy models.” PL0oS ONE, 9(7):€99571. https://doi.org/10.1371/journal.pone.0099571

Haila Y (2002) A conceptual genealogy of fragmentation research: from Island Biogeography to

Landscape Ecology. Ecol Appl 12(2):321. https://doi.org/10.2307/3060944

22



538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

Henle K, Alard D, Clitherow J, Cobb P, Firbank L, Kull T et al (2008) Identifying and managing
the conflicts between agriculture and biodiversity conservation in Europe-A review. Agric
Ecosyst Environ 124(1-2):60-71. https://doi.org/10.1016/j.agee.2007.09.005

Hipdlito D, Santos-Reis M, Rosalino LM (2016) Effects of agro-forestry activities, cattle-raising
practices and food-related factors in badger sett location and use in Portugal. Mammal Biol
81(2):194-200. https://doi.org/10.1016/j.mambio.2015.11.005

Hortal J, Bello Fd, Diniz-Filho JAF, Lewinsohn TM, Lobo JM, Ladle RJ (2015) Seven shortfalls
that beset large-scale knowledge of biodiversity. Annu Rev Ecol Evol Syst 46(1):523-549.
https://doi.org/10.1146/annurev-ecolsys-112414-054400

Jennings AP, Naim M, Advento AD, Aryawan AAK, Ps S, Caliman JP et al (2015) Diversity and
occupancy of small carnivores within oil palm plantations in central Sumatra, Indonesia.
Mamm Res 60(2):181-188. https://doi.org/10.1007/s13364-015-0217-1

Johnson DDP, Macdonald DW, Newman C, Morecroft MD (2001) Group size versus size in group-
living territory badgers : a test of the Resource Dispersion Hypothesis. Oikos 95(2):265-274.
https://doi.org/10.1034/j.1600-0706.2001.950208.x

Joppa L, O’Connor B, Visconti P, Smith C, Geldmann J, Hoffmann M et al (2016) Filling in
biodiversity threats gaps. Science 353:416-418. https://doi.org/10.1126/science.aaf3565

Kaneko Y, Maruyama N, Macdonald DW (2006) Food habitats and habitat selection of suburban
badger (Meles meles) in Japan. J Zool, Lond 270:78-89. https://doi.org/10.1111/j.1469-
7998.2006.00063.x

Kent VT, Hill RA (2013) The importance of farmland for the conservation of the brown hyaena
Parahyaena brunnea. Oryx 47(3):431-440. https://doi.org/10.1017/S0030605312001007

Koh LP, Miettinen J, Liew SC, Ghazoul J (2011) Remotely sensed evidence of tropical peatland
conversion to oil palm. Proc Natl Acad Sci 108(12):5127-5132.

https://doi.org/10.1073/pnas.1018776108

23



563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

Kueffer C, Kaiser-Bunbury CN (2014) Reconciling conflicting perspectives for biodiversity
conservation in the Anthropocene. Front Ecol Environ 12(2), 131-137.
https://doi.org/10.1890/120201

Kupfer JA, Malanson GP, Franklin SB (2006) Not seeing the ocean for the islands: The mediating
influence of matrix-based processes on forest fragmentation effects. Glob Ecol Biogeogr
15(1):8-20. https://doi.org/10.1111/j.1466-822X.2006.00204.x

Lara-Romero C, Virgds E, Escribano-Avila G, Mangas JG, Barja I, Pardavila X (2012) Habitat
selection by European badgers in Mediterranean semi-arid ecosystems. J Arid Environ
76(1):43-48. https://doi.org/10.1016/j.jaridenv.2011.08.004

Lopez-Bao J, Bruskotter J, Chapron G (2017) Finding space for large carnivores. Nat Ecol Evol
1:0140. https://doi.org/10.1038/s41559-017-0140

Lyra-Jorge MC, Ciocheti G, Pivello VR (2008) Carnivore mammals in a fragmented landscape in
northeast of Sdo Paulo State, Brazil. Biodivers Conserv 17(7):1573-1580.
https://doi.org/10.1007/s10531-008-9366-8

Mackenzie DI, Nichols JD, Royle JA, Pollock KH, Bailey LL, Hines JE (2006) Occupancy
estimation and modelling: inferring patterns and dynamics of species occurrence. Amsterdam:
Elsevier Publishing.

Magrini C, Manzo E, Zapponi L, Angelici FM, Boitani L, Cento M (2009) Weasel (Mustela nivalis)
spatial ranging behaviour and habitat selection in agricultural landscape. Acta Theriol
54(2):137-146. https://doi.org/10.1007/BF03193169

Marker LL, Dickman AJ, Mills MGL, Jeo RM, Macdonald DW (2008) Spatial ecology of cheetahs
on north-central Namibian farmlands. J Zool 274(3):226-238. https://doi.org/10.1111/j.1469-
7998.2007.00375.x

Mendenhall CD, Karp DS, Meyer CFJ, Hadly EA, Daily GC (2014) Predicting biodiversity change

and averting collapse in agricultural landscapes. Nature 509(7499):213-217.

24



588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

https://doi.org/10.1038/nature13139

Moreira-Arce D, Vergara PM, Boutin S, Carrasco G, Briones R, Soto GE, Jiménez JE (2016)
Mesocarnivores respond to fine-grain habitat structure in a mosaic landscape comprised by
commercial forest plantations in southern Chile. For Ecol Manage 369:135-143.
https://doi.org/10.1016/j.foreco.2016.03.024

Muhly TB, Semeniuk C, Massolo A, Hickman L, Musiani M (2011) Human activity helps prey win
the predator-prey space race. PLoS ONE 6(3): e17050.
https://doi.org/10.1371/journal.pone.0017050

Nakashima Y, Nakabayashi M, Sukor JA (2013) Space use, habitat selection, and day-beds of the
common palm civet (Paradoxurus hermaphroditus) in human-modified habitats in Sabah,
Borneo. J Mammal 94(5):1169-1178. https://doi.org/10.1644/12-MAMM-A-140.1

Newbold T, Hudson LN, Hill SLL, Contu S, Lysenko I, Senior RA et al (2015) Global effects of
land use on local terrestrial biodiversity. Nature 520(7545):45-50.
https://doi.org/10.1038/nature14324

Nogeire TM, Davis FW, Crooks KR, McRae BH, Lyren LM, Boydston EE (2015) Can orchards
help connect Mediterranean ecosystems? Animal movement data alter conservation priorities.
Am Midl Nat 174(1):105-116. https://doi.org/10.1674/0003-0031-174.1.105

Nogeire TM, Davis FW, Duggan JM, Crooks KR, Boydston EE (2013) Carnivore use of avocado
orchards across an agricultural-wildland gradient. PLoS ONE 8(7):e68025.
https://doi.org/10.1371/journal.pone.0068025

Norris K (2008) Agriculture and biodiversity conservation: opportunity knocks. Conserv Lett
1(1):2-11. https://doi.org/10.1111/j.1755-263X.2008.00007.x

O’Bryan CJ, Braczkowski AR, Beyer HL, Carter NH, Watson JEM, McDonald-Madden E (2018)
The contribution of predators and scavengers to human well-being. Nat Ecol Evol 2(2):229-

236. https://doi.org/10.1038/s41559-017-0421-2

25



613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

Pickett STA (1989) Space-for-time substitution as an alternative to long-term studies. In: Linkens G
(ed) Long-Term Studies in Ecology, Springer, New York, pp 110-135. doi:10.1007/978-1-
4615-7358-6_5

Prange S, Gehrt SD, Wiggers EP (2004) Influences of anthropogenic resources on raccoon
(Procyon Lotor) movements and spatial distribution. J. Mammal 85(3):483-490.
https://doi.org/10.1644/BOS-121

Rajaratnam R, Sunquist M, Rajaratnam L, Ambu L (2007) Diet and habitat selection of the leopard
cat (Prionailurus bengalensis borneoensis) in an agricultural landscape in Sabah, Malaysian
Borneo. J Trop Ecol 23(2):209. https://doi.org/10.1017/S0266467406003841

Ramesh T, Downs CT (2015) Impact of land use on occupancy and abundance of terrestrial
mammals in the Drakensberg Midlands, South Africa. J Nat Conserv 23:9-18.
https://doi.org/10.1016/j.jnc.2014.12.001

Rosalino LM, Santos-Reis M (2009) Fruit consumption by carnivores in Mediterranean Europe.
Mamm Rev 39(1):67-78. https://doi.org/10.1111/j.1365-2907.2008.00134.x

Salek M, Cervinka J, Pavluvkcik P, Polkova S, Tkadlec E (2013) Forest-edge utilization by
carnivores in relation to local and landscape habitat characteristics in central European
farmland. Mamm Biol 79:176-182. https://doi.org/10.1016/j.mambio.2013.08.009

Salek M, Kreisinger J, Sedlacek F, Albrecht T (2010) Do prey densities determine preferences of
mammalian predators for habitat edges in an agricultural landscape? Landsc Urban Plan
98(2):86-91. https://doi.org/10.1016/j.landurbplan.2010.07.013

Santos MJ, Rosalino LM, Santos-Reis M, Ustin SL (2016) Testing remotely-sensed predictors of
meso-carnivore habitat use in Mediterranean ecosystems. Landsc Ecol 31(8):1-18.
https://doi.org/10.1007/s10980-016-0360-3

Scherr SJ, McNeely JA (2008) Biodiversity conservation and agricultural sustainability: towards a

new paradigm of “ecoagriculture”landscapes. Philos Trans R Soc B-Biol Sci 363:477—-494.

26



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

https://doi.org/10.1098/rsth.2007.2165

Sergio F, Caro T, Brown D, Clucas B, Hunter J, Ketchum J et al (2008) Top predators as
conservation tools: ecological rationale, assumptions, and efficacy. Annu Rev Ecol Evol Syst
39(1):1-19. https://doi.org/10.1146/annurev.ecolsys.39.110707.173545

Silva-Rodriguez EA, Ortega-Solis GR, Jiménez JE (2010) Conservation and ecological implications
of the use of space by chilla foxes and free-ranging dogs in a human-dominated landscape in
southern Chile. Austral Ecol 35(7):765-777. https://doi.org/10.1111/}.1442-9993.2009.02083.x

Sollmann R, Mohamed A, Samejima H, Wilting A (2013) Risky business or simple solution -
Relative abundance indices from camera-trapping. Biol Conserv 159:405-412.
https://doi.org/10.1016/j.biocon.2012.12.025

Sutherland W (2003) Evidence-based Conservation. Discrepancy between practice and evidence led
to the development of evidence-based medicine. Do we need a similar revolution for
conservation? Conservation in Practice 4(3):39-42. https://doi.org/10.1111/j.1526-
4629.2003.th00068.x

Swanepoel LH, Somers MJ, Dalerum F (2015) Density of leopards Panthera pardus on protected
and non-protected land in the Waterberg Biosphere, South Africa. Wildl Biol 21(5):263-268.
https://doi.org/10.2981/wlb.00108

Tilman D, Balzer C, Hill J, Befort BL (2011) Global food demand and the sustainable
intensification of agriculture. Proc Natl Acad Sci U S A 108(50):20260—-20264.
https://doi.org/10.1073/pnas.1116437108

Timo T, Lyra-Jorge M, Gheler-Costa C, Verdade L (2015) Effect of the plantation age on the use of
Eucalyptus stands by medium to large-sized wild mammals in south-eastern Brazil. iForest
8(2):108-113. https://doi.org/10.3832/ifor1237-008

Vanthomme H, Kolowski J, Korte L, Alonso A (2013) Distribution of a community of mammals in

relation to roads and other human disturbances in Gabon, Central Africa. Conserv Biol

27



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

27(2):281-291. https://doi.org/10.1111/cobi.12017

Verdade LM, Lyra-Jorge MC, Pifia Cl (2014). Applied ecology and human dimensions in
biological conservation. Springer-Verlag, Berlin-Heidelberg.

Verdade, L. M., Gheler-costa, C., & Lyra-jorge, M. C. (2016). The multiple facets of agricultural
landscapes. In: Gheler-Costa C Lyra-Jorge MC, Verdade LM (eds) Biodiversity in agricultural
landscapes of southeastern Brazil, De Gruyter, Warsaw/Berlin, pp 2-13

Verdade LM, Penteado M, Gheler-Costa C, Dotta G, Rosalino LM, Pivello VR et al (2014) The
conservation value of agriculture landscapes. In: Verdade LM, Lyra-Jorge MC, Pifia Cl (eds.)
Applied ecology and human dimension in biological conservation. Springer-Verlag, Berlin: pp
91-102

Verdade LM, Rosalino LM, Gheler-costa C, Pedroso NM, Lyra-Jorge MC (2011) Adaptation of
Mesocarnivores (Mammalia: Carnivora) to Agricultural Landscapes in Mediterranean Europe
and Southeastern Brazil: A Trophic Perspective. In: Rosalino LM, Gheler-costa C (eds.)
Middle-sized carnivores in agricultural landscapes. Nova Science Publhishers, Inc, New York,
pp 1-38

Villard MA, Metzger JP (2014) Beyond the fragmentation debate: A conceptual model to predict
when habitat configuration really matters. J Appl Ecol 51(2):309-318.
https://doi.org/10.1111/1365-2664.12190

Visconti P, Pressey RL, Giorgini D, Maiorano L, Bakkenes M, Boitani L et al (2011) Future
hotspots of terrestrial mammal loss. Philos Trans R Soc B-Biol Sci 366:2693-2702.
https://doi.org/10.1098/rsth.2011.0105

Watson JEM, Dudley N, Segan DB, Hockings M (2014) The performance and potential of
protected areas. Nature 515(7525):67—73. https://doi.org/10.1038/nature13947

Williams ST, Maree N, Taylor P, Belmain SR, Keith M, Swanepoel LH (2018). Predation by small

mammalian carnivores in rural agro-ecosystems: An undervalued ecosystem service? Ecosyst Serv

28



688

30(1):362-371. https://doi.org/10.1016/j.ecoser.2017.12.006

29


https://dx.doi.org/10.1016/j.ecoser.2017.12.006

689

690

691

692

693

694

&
3
-
5
2
3
2
2 10
7
=
3
B
5
3
o

Cumulative reviewed studies

0-7% T-15% B 15-25% M 25-40% [l 40 - 100%

Figure 1. Geographical distribution of the reviewed studies on carnivore spatial ecology in agroecosystems.
White dots represent the approximate location of each paper included in this review. The grey shading on
the map represents the percentage of country area dedicated to agriculture in 2015 (FAO 2015). The bar
chart shows the distribution of reviewed studies per year and the cumulative number of studies reviewed

(dark grey area).
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701 Table 1. Variables recorded from the literature selected with the systematic search approach.

Category Variable

Description

Target systems

1. Geographical location Continent

2. Agricultural system Crops

Forestry

Grasslands

Groves

Africa, Asia, Europe, North America, South
America

Arable land planted with annual or perennial crops,
mainly row crops; includes all plantations without
pronounced vertical/arboreal strata (e.g. soybean,
corn, sugarcane, coffee)

Production forest established through planting or
seeding one or more tree species in the process of
afforestation or reforestation, often exotic species,
usually to produce timber or fuel wood (e.g.
eucalyptus, pine stands)

Herbaceous forage crops, either cultivated or
growing wild; usually grazed (e.g. meadows,
pastures)

Tree plantations for food production or similar
commodities, with pronounced vertical strata (e.g.

oil palm, olive trees, orchards)

3. Carnivore species Species list

Red list category

Population trend

Single/multi-
species

List of species, native or non-native, mentioned in
the study with exception of domestic carnivores
(cats Felis silvestris catus and dogs Canis lupus
familiaris)

Reported IUCN red list category* for each species
Reported IUCN population trend (decreasing,
stable, increasing) for each species

Whether studies targeted one or more species

Spatial ecology and methods
4. Spatial ecology Diversity

aspects Distribution

Metrics of carnivore species richness, diversity, etc.
Information on spatial distribution (e.g. occupancy,

occurrence, geographic range)

32



Abundance Metrics of relative abundance or density

Home-range Estimates of home-range sizes (and/or
complementary metrics, e.g. core area)

Movement Movement metrics and behaviour (e.g. travel speed,
travel distance)

Habitat use Information on habitat use (i.e. relationships
between carnivore presence and habitat covariates)

5. Methodological Sampling Camera-trapping, radio-tracking, sign surveys, other

approach(es)

Detectability

Explicitly accounts for imperfect detection in data
analysis. Not applicable to studies based on radio-

tracking

Underlying processes

6. Ecological function

Food

Shelter
Movement path
None/Avoidance

Not considered

Function proposed

a priori

Agroecosystem is foraging habitat

Agroecosystem is refuge

Agroecosystem connects habitat

Agroecosystem is considered 'non-habitat’

No ecological function is attributed, but not
explicitly classified as 'non-habitat'

Agroecosystem ecological function is hypothesized
and tested

7. Agroecosystem

characteristics

Phenology

Production cycle

Disturbance

sources

Resource

provision

Includes phenology (e.g. daily, seasonal, annual) of
the agroecosystem related to spatial ecology
patterns

Includes agroecosystem’s production cycle (e.g.
harvest and non-harvest) in the assessment of
spatial patterns

Assesses effects of anthropogenic disturbance (e.g.
roads, settlements, hunting or livestock presence)
explicitly

Explicitly includes measurements of resource
availability (e.g. prey abundance) in the assessment

of spatial patterns
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* JUCN categories: NT — Not Threatened, LC — Least Concern, VU — Vulnerable, EN —
Endangered, CR — Critically Endangered
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