Title: Human adaptation strategies are key to co-benefits in human-wildlife systems

Authors: Alexander K. Killion™", Julianna M. Ramirez?, Neil H. Carter

T

Author Affa

!Schoolforgemui@ament & Sustainability, University of Michigan

440 ChurclhArbor, MI 48109

2Departmeuogical Sciences, Boise State University
1910 W Urww, Boise, ID 83725
*Corresponding AShor

Email Addgses: E Killion: killion@umich.edu; J. Ramirez: julieramirez@u.boisestate.edu; N. Carter:

nhcarter@umich.edu

Running Tit an adaptation strategies and coexistence

Keywords: aggi re; conflict; conservation; development; global; review; shared landscapes;

sustainability; transdisciplinary

Article Typkv

Abstract

Manuscript Word Count: 5,196

Referencesi 75

Tables: 0 I '

Figures: 4 :

This is the anuscript accepted for publication and has undergone full peer review but has not
been th copyediting, typesetting, pagination and proofreading process, which may lead to
differences be this version and the Version of Record. Please cite this article as doi:

10.1111/conl.12769.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1111/conl.12769
https://doi.org/10.1111/conl.12769
https://doi.org/10.1111/conl.12769

Corresponding Author Contact Information:
Alexander Killion
Universi

Dana Build @

440 Churc
[ |
Ann Arbor giM| 48109

an

[

killion@umi : Phone: 815-601-2535

Abstract

Su development goals such as global food security and biodiversity conservation

can conflict beca these efforts create situations where humans and wildlife share landscapes,

i |

often leading to interactions that detrimentally affect both groups. Therefore, coexistence between

=

humans an is more likely when adaptation strategies produce and sustain co-benefits,

rather tha ing one group only. However, we lack a good understanding of how different
social and ecological factors contribute to co-benefit outcomes, which limits our opportunities to
address local is and scale up successful conservation actions. Here, we performed the first global
review n-wildlife interaction literature to assess which human adaptation strategies
generated s-benefits and how stakeholder involvement and other context-specific conditions
mediated t tcomes. We found that active guarding, fencing, repellents, and socio-economic
mechanis ently led to co-benefits across species and contexts. Thus, these interventions
might bﬁandidates for scaling up coexistence from local to regional or national scales.
Surprisinder involvement was less consequential than other variables, yet, overall, it
played an i role in sustaining co-benefits regardless of adaptation strategy or social-

ecological context. We highlight future research directions to help manage tradeoffs and achieve

istence outcomes in shared landscapes.
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Introduction

]

Sustai development is exceedingly difficult when multiple priorities conflict with each
other. For anding or intensifying agriculture to increase crop yields can potentially
I

increase fog security worldwide (Laurance, Sayer, & Cassman, 2014). However, the associated land

clearing an@ce competition can also lead to habitat loss and population declines of wildlife
o)

species (W pple, 2017). On the other hand, interactions between humans and wildlife, like

large carniwmphants, can sometimes lead to risks to human safety (e.g., attacks on people)
and livelihoods (€%g., livestock depredation or crop raiding), thereby reducing support for wildlife

conservation in those circumstances (Redpath et al., 2013). Indeed, facilitating the sustainable

coexistencEans and wildlife in shared landscapes (e.g., areas where people and wildlife

frequently [€0- ) is @ major conservation challenge globally because interventions often promote
one goal at the expense of others and consequently lead to counterproductive outcomes (Carter et
al., 2017; Duf ohn, Blscher, & Brockington, 2016). Finding solutions that generate benefits for
both h ildlife, or co-benefits, are therefore urgently needed. This is particularly evident
given that !e interface between human and wildlife populations continues to expand with humans
encroachinmldlife habitats, and in some cases, wildlife populations recovering and expanding

back into p f their historic ranges that are now occupied by dense human settlements (Lamb

etal., 20135ch|ossberg, Chase, & Griffin, 2018).

Wxistence is mutual adaptations between humans and wildlife, such that both are

able to change thei behavior, learn from their experiences, and pursue their own interests with
respect to ea r (Carter & Linnell, 2016; Lute & Carter, 2020). Unlike wildlife, human
adaptat@s are subject to influence by regulation and social norms, and thus capable of
being changed through concerted action (Bautista et al., 2019). By focusing on adaptations that
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underlie deep leverage points such as the design and intent of the system, long-term coexistence

may be better supported (Abson et al., 2017; Hartel et al., 2019). With increasing attention on the

t

X

looming extinction crisis, research on which human adaptation strategies can, or should, be adopted
has becom on and elicited strong debate in the literature (Eklund, Lépez-Bao, Tourani,

Chapron-, rank, 2017; Miller et al., 2016; Treves, Krofel, & McManus, 2016; van Eeden, Crowther,

£

et al., 2018; yan Eeden, Eklund, et al., 2018). For example, recent work recommends suspending

C

predator c orts that lack empirical evidence for decreasing the likelihood of livestock

depredatial (Feeves et al., 2016). Other research suggests that producers who switch from lethal

$

control to I methods (e.g., livestock guarding dogs) experience less depredation and

financial lo

U

anus, Dickman, Gaynor, Smuts, & Macdonald, 2015). In other systems, installing

electric fenges have proven effective in deterring hippopotamuses (Hippopotamus amphibious) from

A

rice fields ( et al., 2017). Audio and visual repellents, while initially effective, were found to

d

only deter |a¥fg nivores from livestock for a few months (Miller et al., 2016). Although recent

reports pro cial insights in how different adaptation strategies affect human outcomes, such

\

as dam or livestock, they often overlook the direct outcomes on animals and focus on

single taxa (e.g., apex predators). Thus, the effects of various adaptation strategies on both humans

[;

and wildlife, across species and contexts, are unclear.

O

Ce discussions on the efficacy of adaptation strategies is the role of stakeholder

involvement. Recent work highlights the importance of effective stakeholder participation in

q

conserv ng to increase trust and ensure sustainable decisions are reached (Redpath et al.,

{

2013). Who'is invalved and has power in the implementation of group adaptations, such as building

U

conservation fences, is also noteworthy because defining boundaries and access rights is a highly

politica (Evans & Adams, 2016). Other work underscores the importance of conservation

A

incentives fitting within existing cultural values (Expdsito-Granados et al., 2019; Hazzah et al., 2014).

4
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However, the numerous and often complex relationships that stakeholders can have with wildlife

generate uncertainty in their role of producing co-benefits (Pooley et al., 2017). Furthermore, we

t

P

have scantnfi ation on how stakeholder involvement influences the likelihood of coexistence
across con cies, limiting the generalizability of insights. As a result, we still lack a crucial

understgn ng ot how stakeholder involvement mediates the effect of human adaptation strategies

3

on co-benefj

The socjal and ecological contexts within which human-wildlife interactions occur have also

oC

been show i ence conservation outcomes (Lischka et al., 2018; Pooley et al., 2017). For

example, forage aV@ilability and subsistence farming practices can influence crop-raiding behavior

Ul

(Branco et . Land-use and ownership can influence the likelihood of livestock depredation

1

and the av f methods for mitigating damage (Woodroffe, Frank, Lindsey, Ole Ranah, &

Romafiachf20 Iso, institutional structures may either inhibit or encourage cross-sectoral

3

collabo erefore greatly impact conservation and sustainability outcomes, although

structures var ss global regions (Hartel et al., 2019). However, it is equivocal whether social and
ecological contexts consistently lead to co-benefits, or lack of, across different study systems.
Without a SIistic evaluation of adaptation strategies capable of promoting both human and wildlife

well-being, t be overlooking opportunities to advance coexistence and reach sustainable

developme ts.

£rformed the first global review of the human-wildlife interaction literature

puinshea km 2000 to 2018 to assess: 1) how various human adaptation strategies relate to co-

benefits for both himans and wildlife; 2) how adaptations that generate co-benefits differ from
those that a benefit for humans or wildlife only; 3) how different contextual factors, such as
geographic ien or taxa, mediate the influence of those adaptation strategies on outcomes; and
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4) how the involvement of stakeholders in the implementation of adaptation strategies increase the

likelihood of producing co-benefits in various contexts. We conclude by identifying key

cript

characteri those adaptation strategies that successfully lead to co-benefits and lend

themselve ing, as well as provide recommendations on future research on coexistence.

Methods

Rapid Evi AsSessment

S

To better dttribute causal relationships, we only reviewed studies that evaluated human and

U

wildlife ou llowing the implementation of an adaptation strategy. We conducted a rapid

I

evidence a t (Dicks et al., 2017) of peer-reviewed literature on Web of Science and Google

Scholar databad nd collected articles published from 2000 to 2018 that: 1) evaluated the

d

effectiv daptation to reduce a negative human-wildlife interaction; and 2) captured both

human and outcomes (Notes S1). We defined benefits to wildlife as outcomes that did not

V]

reduce individual animal fitness; to humans as a reduction in the level of impact imposed by wildlife;

and co-bengfits as when both occurred simultaneously. Keywords included "humans", "wildlife",

E

"conflict", , "coexist" (among others, Notes S2). Article abstracts were read by a single

0

authorand t paper was read if it met the inclusion criteria or was unclear. We extracted

informatiofkrelated to the type of interaction, how an adaptation was implemented, and descriptive

h

informa

L

he study design and outcomes (Table S1). Ultimately, only variables which were

available across allstudies were included. We also relied on snowball sampling, where we included

Ul

studies that w ed by selected papers in our primary search. Two coders independently

classifie al articles and coding discrepancies were negotiated until a classification agreement

A

was reached (Notes S3). Four independent reviewers were given the same classification rules and
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coded a random 10% sample of all articles, and primary coder reliability was measured using

Krippendorff's Alpha (Krippendorff, 2012). We conducted a rapid evidence assessment of the

t

P

literature it lieu of a meta-analysis because studies were inconsistent in their application of
treatment r measures of effectiveness, thus making it difficult to quantitatively compare

effect sEes cross studies. Each included study was ultimately attributed with a set of social and

1

ecological vagiables where we focused on three classified outcomes: wildlife-only benefits; human-

only benefi -benefits. We analyzed these data by evaluating outcome likelihoods given the

C

presence aff ab§enge of a single variable, as well as quantifying the relative effects of different

$

variables o es using random forest models and classification trees.

Outcome Lik s

iU

First, we Calculated the proportion of studies with each benefit outcome relative to the

presence or a of all other variables. Based on these proportions, we calculated Fisher’s exact

\1

test to hether an adaptation strategy was significantly more likely than another to lead

to a specifigoutcome (i.e., co-benefit). In addition to the Fisher’s exact test, we calculated odds

[

ratios to co the odds of co-benefit outcomes when stakeholders were involved in the

implement he adaptation versus when they were not.

ho

{

Random Forest Models

U

We generated random forest models to compare the relative importance of variables in

explain different outcomes: co-benefits (i.e., both humans and wildlife benefit); human-

A

only benefits; and wildlife-only benefits. The random forest classifier relies on an ensemble of single
7
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classification trees and are well suited for high dimensional data and multiclass problems (Breiman,
2001; Gutiérrez, Hilborn, & Defeo, 2011). Multicollinearity of explanatory variables can influence
variable im!o nce (Nicodemus, Malley, Strobl, & Ziegler, 2010) and if two variables were found to

2

be collinea > 0.65) the variable with the fewest classes was removed (Table S2). Since

the bina-ry F!ucome variables were imbalanced (i.e., more benefits than losses or conversely), we

balanced all modegl datasets to a ratio of 1:1 using the random over-sampling technique (Lunardon,

Menardi, & 2014). We then analyzed the dataset (i.e., the original or over-sampled) with the

greatest m@racy and area under the ROC curve (Fig. S1). Models were built using the

"randomF kage in R software (Liaw & Wiener, 2002; R Core Team, 2019). We grew 500
—

trees by e how many trees it took to stabilize the classification rate for all models and then

doubled th! highest value since computational time was not a restraining factor (Fig. S2). To
determinemy variables would be randomly sampled as candidates at each split, we
generated old cross validations and chose the value associated with the highest average
accuraES). We also tested the sensitivity of tree depth (i.e., node size). Because this
presen hanges in accuracy, we chose the default value of one (Gutiérrez et al., 2011).
Variable imsortance was measured by the percentage of mean decrease in random forest model

accuracy when that variable was removed (Breiman, 2001). That is, the greater the decrease in

accuracy, tr importance that variable plays in classifying outcomes.

Classificatlln Trees

Si;m forests do not generate a final, single tree which is useful to interpret variable

gle classification trees were built to identify and visualize the hierarchy of

categorical factors Tost associated with certain binary human-wildlife outcomes. Trees were built in
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R using the "rpart" package (Therneau, Atkinson, & Ripley, 2015). For each outcome model, the tree
was grown to balance tree complexity with prediction accuracy (Gutiérrez et al., 2011). To ensure
the finamot atypical and that we did not overfit the model, we performed 50 10-fold cross
validations he smallest tree within 1-standard error of the lowest error rate (Breiman,

2001; D&'a abricus, 2000)

O
Results (D
Bi

Adaptatio es

Ba tcome frequencies, 93% of cases using active guarding strategies led to co-
benefits a e most common adaptation (31%; Fig.1, Table S3). Approximately three-
quarters o@ing fencing (22% of total adaptations) and 69% of cases using repellents (21% of
total a ig. 1) led to co-benefits. When a combination of multiple adaptations from the
same CE (e.g., night guarding and livestock guarding dogs) a mutually beneficial outcome

occurred in 71% of the cases compared to 61% with a single technique. Based on Fisher’s exact test,

active guarsﬂﬁ strategies were significantly more likely than repellents to support co-benefits given

all species @, especially for large animals (p < 0.01).

x random forest models indicated the adaptation strategy was the most
influen ssociated with co-benefit outcomes (Fig. 2). In the human-only model,
adaptation strategy was also the most important variable, however contextual factors played a
larger role j ining human-only outcomes compared to other models (Fig 2). Classification

trees indi o-benefits to be associated with active guarding (e.g., livestock guarding dogs,

watchtowers, tive herding, etc.), fencing, repellents, and socio-economic mechanisms (e.g.,

This article is protected by copyright. All rights reserved.



compensation or awareness); whereas, aversive conditioning, lethal removal, translocation, and
physical manipulation were associated with losses for either humans or wildlife (Fig. 3). The wildlife-
only clawee included aversive conditioning, and the human-only tree also included the
physical m f wildlife. Only the variable indicating the type of adaptation implemented
was nee%eEesingle classification trees, because the addition of other explanatory variables did

not significagtly improve model accuracy (Fig. 3).

P,

Contextual Factors

Com;tpercentages were highest in Africa (74%) where active guarding practices were
the most cgmonl; used adaptation (43%) and when implemented, resulted in co-benefits 91% of
the time (Fig contrast, co-benefits were the least frequent in Asia (45%) and North America
(49%). In Asia, trahslocation was the most common adaptation strategy (32%) however it was never
linked to co- its, while guarding strategies (14%) did every time (Fig. 1). In North America,
repelle most common strategy (30%) and were linked to co-benefits 64% of the time,

whereas feging (15%) was less common but more consistently led to co-benefits (83%). When

accounting f variables, geographic location was among one of the strongest predictors of

benefit ou et was commonly a quarter less important than the adaptation type (Fig. 2).
A&; wildlife conflict activities, domestic animal predation (45%) and crop raiding (41%)

were thHon, followed by food scavenging (5%), human harm (4%), property damage

(4%), and disease fiansmission (1%). Co-benefits were achieved in 65% of animal predation studies
and in 69% of aiding studies. The random forest models indicated that wildlife activity was a
reIative¢dictor of benefit outcomes compared to the other variables, but was still
commonly a quarter less important than the adaptation type (Fig. 2).

10
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Omnivores were the least likely group to experience co-benefits (39% of omnivore studies)
or wildlife-only benefits (57%) whereas primates were most associated with co-benefit outcomes
(85%) fowarnivores (65%) and herbivores (62%; Fig. S3). In animal predation studies, 52%
experience killing, of which 57% resulted in co-benefits following implementation of

adaptatl-onr rategies. Barring stakeholder involvement, retaliatory killing, wildlife size and type were

some of thefas:’mportant variables for predicting co-benefits (Fig. 2).

Stakeholder involvement

Sta;e;o;;er involvement was the least important variable in the random forest models of

co-benefitsﬁhen accounting for the other factors (Fig. 2). However, the odds of stakeholder
invoIveme@ to co-benefits were 4 times greater (95% Cl: 2-7) than without stakeholder
involvement. Stakeholder involvement was the least important variable in the random forest models
of co—beneE\ accounting for the other factors (Fig. 2). In contrast, co-benefits were more
likely in rth America when stakeholders were involved (p < 0.01; p < 0.01; Fig. 4). Co-
benefits wie also more likely to occur when stakeholders were involved when adapting to large and
mega-sized wildlife (p < 0.01; p = 0.04). However, stakeholder involvement did not significantly alter

the likeliho benefits when grouped by type of wildlife or when sample sizes were small (e.g.,

South Ameliiica; Fig. 4).

Discuss#

Syrm insights of what social and ecological factors contribute to outcomes that

benefit b ans and wildlife is important to enable biodiversity conservation and improve

human livelih in shared landscapes. We found that the most influential factor in predicting co-
11
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benefits was the type of adaptation used. The relative importance of adaptation type for co-benefit
outcomes was nearly four times greater than any other variable (Fig 2). It is encouraging that
adaptatHo strongly related to co-benefits, as it suggests that management and

conservati i e. deep leverage points) have a high potential to promote coexistence
outcom&.@co-beneﬂts were more likely to be produced when stakeholders were involved in
the implemeatation of the adaptation strategy compared to when they were not. However, when
compared factors the effect of stakeholder involvement was relatively small and the
associatiommneﬁts was limited to specific circumstances. Below, we use our review of the
literature t ey characteristics of adaptation strategies, contextual factors, and stakeholder

involveme ontributed to co-benefit outcomes across diverse shared landscapes, and provide

guidance fs future work and policy supporting human-wildlife coexistence.

(O

Adapta rategies

de range of ways people can adapt to wildlife, and the consequences of those
decisions o! human-wildlife outcomes, generalizable insights on what strategies generate co-
benefits is n . We found that active guarding strategies (e.g., livestock guarding dogs,
watchtow ive herding, etc.) were the most common adaptation strategy and had the

highest pe‘entage of co-benefit outcomes. Although these strategies require someone to be

present duI'ng vuI'erabIe times, they were generally more effective and were so across diverse

contexts in arious wildlife groups, conflict activities, and geographic locations. This suggests
a single ad can be applicable for multiple species and that more active behavior such as
guardin rom watchtowers or using livestock guarding dogs may be the most effective at

generating co-benéfits. However, in many communities children are responsible for guarding duties,

12
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which can take priority over their education. Training dogs or other guard animals (e.g., llamas;

Meadows & Knowlton, 2000) have upfront training costs and maintenance, just as repellents or

i

P

fences do, Yet are less prone to habituation by wildlife, can deter many types of animals (Gehring,
VerCauter Cellar, 2010), and could relieve guarding expectations of children. Studies

seldomﬁc ed adaptation costs (Notes S3), which influences where certain adaptations can be

1

implemented. Fqr example, active guarding strategies may be a less viable option in regions with

C

high labor ereas electric fencing may not be feasible in low-income areas. The length of

effectivendss aff aclive guarding strategies has also shown to vary (Khorozyan & Waltert, 2019) and

S

owners ne ttentive of domestic guarding animals and their potential to influence other

U

wildlife (Le & Linnell, 2014). These active guarding practices were common hundreds of years

ago when wWildlife, specifically predators, were more abundant (Rigg et al., 2011). With the

A

extirpation s once competing with humans for resources, these active guarding activities

d

have becom€ | ommon, leading to aggravated conflict with predators as they recolonize or their

population Gehring et al., 2010). A shift to relearning these practices may alleviate human

1

losses icial to wildlife.

Soffie strategies led to co-benefits, but were less likely to lead to human-only benefits. For

[

example, a the use of fencing and repellents were associated with co-benefits, they were

O

significantly ely to produce benefits for humans alone. These adaptations may have been

overlookedfas effective means if only human outcomes were considered. However, when accounting

P

for the | at those adaptations can also benefit wildlife, they rank as a more effective

{

alternative. A cav@at, however, is that an animal’s aversive response to repellents (e.g., light or

Ul

noise) can atten over time. Others have also noted a tradeoff often exists for the effectiveness

of dete ed methods and the amount of time they remain effective (Miller et al., 2016), and

A

recommend they primarily be used in times of high risk or while long-term strategies are being

13

This article is protected by copyright. All rights reserved.



prepared (Khorozyan & Waltert, 2019). Repellents also require more sensors and devices to
effectively protect a larger perimeter. Likewise, fencing costs increase with field area and might

become financially infeasible in larger holdings. When materials and cost are prohibiting, fencing is

t

P

primarily u ct higher value crops, which often require more labor to grow, and thus are

grown in-f er quantities and in smaller fields. However, some repellent techniques (e.g., chili

[

powder or bges)rovide additional income opportunities by selling leftover chilies or honey (King,

C

Lala, Nzum bingu, & Douglas-Hamilton, 2017). Fencing had limited impacts on the fitness of

nearby wildlifelin the studies we analyzed, but has the potential to cause negative impacts on

S

population r species, for example, by fragmenting habitats and hindering migrations (Jakes,

u

Jones, Paiges r, & Huijser, 2018; Lgvschal et al., 2017; Said et al., 2016). These effects were

seldom acdgunted for in studies. Watchtowers above unfenced fields are one alternative that appear

fl

effective w ting and manually deterring large or mega-sized wildlife such as elephants

d

(Thapa, 20109, equire several towers in larger fields.

Our fi suggest that lethal removal, translocation, physical manipulation, and aversive

WA

conditioning are not likely to produce co-benefits and corroborates similar doubts in effectiveness

from previ@Us studies (Boast, Good, & Klein, 2016; Miller et al., 2016; Treves et al., 2016).

[

Translocati imal, for example, can disrupt intra-specific interactions (e.g., territoriality; Stahl,

0

Vandel, Her idt, & Migot, 2001) and relocated animals are likely to return to their original

location (Wleilenmann, Gusset, Mills, Gabanapelo, & Schiess-meier, 2010) or produce losses

i

wherev moved. In other words, translocating an animal also translocates the problem

{

(Fernando, LeimgRuber, Prasad, & Pastorini, 2012). Translocation is also financially impractical for

U

animals that occugin high densities. Although these strategies did not typically lead to co-benefits,

their us times desirable or required in some cases. For example, translocation or lethal

A

removal might be the best available method to immediately remove a large predator that is

14
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frequently attacking livestock or people. Furthermore, it is important to note that we defined animal
fitness at the individual level and thus all lethal removals and physical manipulations were, by
definitiom as wildlife losses. Outcomes from these specific adaptation strategies might
have differ&

efined animal fitness as the average across the animal population. However,

we were-u!wi e to do this as the included studies rarely measured population-level effects on

)

Stakeholder Involvement

Weouqmt involving stakeholders in the design or implementation of the adaptation was
significantlgore likely to produce co-benefits. Adaptations that included stakeholders occurred
primarily i countries and corroborates the findings of others who found stakeholder
involvement to 6Ccur more frequently in developing areas (Baynham-Herd, Redpath, Bunnefeld,
Molony, & Ke 018). However, the role of stakeholder engagement in specific contexts was less
clear.D a common occurrence in Africa, stakeholder involvement was significantly more

likely to prguce co-benefits in only Asia and North America and for large or mega-sized wildlife (Fig.

4). The non-sjgaificant addition of stakeholders or large confidence intervals within certain

contextual mits our understanding of what exactly about stakeholder involvement drives

co-benefit Itcomes.

Hesult was not that stakeholders were any better at implementing the strategy
but rather @cessary for them to support the adaptation strategy being tested if it were to be
sustained (Hill llace, 2012). Producers would stop using certain methods during the study
because not see the benefit, or conversely, became falsely optimistic about effectiveness

and did not remain vigilant, resulting in greater losses (Gunaryadi & Hedges, 2017). Another benefit

15
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of including stakeholders during the design of the adaptation strategy is the opportunity to find
locally sourced alternative materials (Osborn & Parker, 2003). Building fences, bomas, or noise
makers out’of iliar materials may make users more likely to adopt those strategies and can
reduce ma&sts (Osborn & Parker, 2003). Others have noted conservation failures solely
due to n‘ot@community-based approach nor resolving disagreements within communities
about what drives negative outcomes (Pooley et al., 2017). Conflict displacement can also occur
when not € in the community adapts (Carter, Baeza, & Magliocca, 2020). For example, fladry
can shift dwn by wolves (Canis lupus) onto pastures that are not protected (Musiani et al.,
2003). Sim redation has been displaced to places that did not have accessibility to

technologi ighttime lights (Lesilau et al., 2018). These characteristics suggest a

transdiscipgary approach is well suited for human-wildlife coexistence research (Lozano et al.,

2019). Tra ary research and participatory scenario planning, provide stakeholders a
platform toThc their perspectives, work across institutions to co-create a shared vision for the
future, an a framework to evaluate outcomes and adapt to changes (Lang et al., 2012;
Oteros- 2015). In general, stakeholder involvement plays an important role in co-benefits

but the studies included in our analysis were inconsistent in their specificity of involvement, making

it difficult to capture nuances. This underscores the need for greater attention and better accounting

of stakeho glvement in future studies.

Contextua#actors

Th tion of co-benefits varied greatly depending on the contextual factors

ven human-wildlife interaction. Nearly three-quarters of the studies conducted in
Africa led to co-beRefit outcomes. Notably, the use of active guarding strategies was quite common

16
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in the region (Fig. 1). In contrast, the relative paucity of co-benefits in North American studies was

primarily due to the use of strategies that favored outcomes for humans only or those that were not

t

P

associated With benefits for wildlife. Specifically, black bears (Ursus americanus) in North America
were com f strategies that rarely generated co-benefits, perhaps because they are a
highly adagtive species and learned that repellents or aversive conditioning were not life

threatening.ln Sguth America, risks from wildlife to livestock and human poaching of wildlife are

ongoing ch to conservation (Ohrens, Treves, & Bonacic, 2016). However, we lacked studies

Cl

from that f€gidh that met our inclusion criteria and therefore are unable to make inferences about

S

outcomes tion strategies that are consistent with our larger analysis.

U

Ret killing is considered a major threat to species worldwide. Although we

1

document er retaliatory killing occurred in the study, this variable was challenging to

identify as{d cd br consequence of human-wildlife interactions. Regardless, the presence of

d

retaliat d low variable importance in our random forest model, suggesting that it was

not influentiali livering co-benefits, nor human-only benefits. This indicates the need to work

with stakeholders to understand the multitudinous drivers of conflict (Pooley et al., 2017).

Moving Fo

or

Th&ke are elements of how we share landscapes with wildlife that should be considered in

1

future

L

g land-tenure and planning, as well as human values and perceptions. A

combination of anfexpanding human footprint and a growing interest in protecting areas to recover

Ui

animal populatj is creating more opportunities for human-wildlife interactions. In many

circums t is difficult to reverse land-use decisions to reduce losses and residents are left to

b

deter wildlife forever, or adopt new livelihood strategies (O’Connell-Rodwell, Rodwell, Rice, & Hart,

17
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2000). Insights from sustainability and transdisciplinary sciences can help in these circumstances. For
example, incorporating how likely land managers are to adopt alternative strategies can better
uncovermms to increase spatiotemporal multifunctionality, support dynamic conservation,
and coexis ndscapes (Killion et al., 2018). Differences in how interactions are
concepﬂa@d can also influence the type of adaptation used and subsequent outcomes.

Human pschoIOj, broader social norms, or policies in the community or region can all influence
’

adaptation the ease of implementation, and likelihood of adoption (Bennett et al., 2017;

van Eedenwr, et al., 2018). For example, it was found that conservation professionals

favored en t and awareness adaptations when conflict was occurring in more highly
)

developed (Baynham-Herd, Redpath, Bunnefeld, & Keane, 2019). Thus, lessons learned
from susta‘ability science and transdisciplinary research are well suited to support human-wildlife

coexistenc h, practice, and policy. Greater effort is needed to capture a wider range of social

Carter, 20198

and ecological rs in human-wildlife interaction studies (Ceausu, Graves, Killion, Svenning, &
analysis is evidence to this fact, in that the majority of studies focused on the

respon to human actions, rather than factors that led to a change in human behavior
(4%) and lacked rich anthropological information which limited a deeper analysis of the human
variables. LaBor and material costs of adaptations were rarely considered (16%) and emphasizes the

need for bé @ orting on cost-effectiveness of preventative measures over time (lacona et al.,

2018; KE, Kénig, & Montgomery, 2019).

Mcale habitat quality and availability can affect human-wildlife interactions (Kioko,

Okello, & Muru 006), and seldom did studies account for conspecifics or prey/forage abundance

and availability, which could have a large impact on the frequency of livestock depredation or crop

raiding. tation strategy aimed to decrease depredation in an area with low prey abundance

may result in lower benefits than in an area with greater prey abundance (Woodroffe et al., 2007).
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Conversely, this may not be the case if depredation in a system is opportunistically driven (Herfindal
et al., 2005). Similar to other analyses, there was a bias in our analysis for studies involving large
carnivochit certain types of adaptation strategies as well as geographic location (Lozano
etal., 201 dies that adopt a standard data collection protocol (Treves et al., 2016; van
Eeden, H(I ﬁ., 2018), include population-level effects, and capture greater variety in
geographic, socigscultural, and types of human-wildlife interactions will help alleviate those biases in

future anal

o

Th rigias direct implications on wildlife conservation policy. First, this research provides

much-needed evidgnce of efficacy for different adaptation strategies, while also identifying gaps.

Ul

These data tegrated directly into adaptive governance mechanisms that require evidence-

[

based solu ynamically improve sustainability outcomes (Armitage et al., 2009). Second, by

identifyingfpra that simultaneously protect wildlife while minimizing negative interactions on

dl

shared ur results point to win-win options sought after in national- or regional-level

policy framew. nd international agreements, such as the US Endangered Species Act, European

\

Habitats Directive, and the Convention on Biological Diversity. Third, focusing on co-benefits better

accounts f@f trade-offs in different strategies, helping design more successful and longer-lasting

[

benefit-tra chanisms. Many studies consider effective implementation of benefit-transfer

O

mechanisms; as performance payment schemes (Zabel & Holm-Miiller, 2008), as key to

promoting\€oexistence in areas that disproportionately incur costs from wildlife (O’Bryan et al.,

M

2018). L thesizing social and ecological factors and focusing on co-benefits, our study

{

provides a useful template for a broader research agenda that informs the eventual development of

u

national-level coexistence policy based on cross-sectoral collaboration, adaptive governance, and a

nsive set of performance indicators. Such an effort could be modeled on the

legislation of the Collaborative Forest Landscape Restoration Program aimed to accelerate and
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financially support monitoring and collaboration across communities, organizations, and agencies

(Butler & Schultz, 2019).

Conclusionmms

Findimg s to create co-benefits on shared landscapes has the potential to advance

Gl

sustainable pment goals. We found that adaptations based on improving active guarding

strategies Wer@ mast likely to result in co-benefits. Adaptations based on improving responsible

O

animal or uction behavior are low-cost, easy to adopt, and have potential to provide the

U

foundation for humans and wildlife to sustainably share landscapes around the world. These findings

represent itive elements (or bright spots) of existing practices which support a good

1

Anthropoc ell as areas needing additional research (Bennett et al., 2016). Since this was a

d

global analysis, inferences are not intended to be used for making specific site

recommenda s each system can have a unique host of complex conditions. Instead, this work

V]

addres to capture trends in efficacy that can be scaled to, and tested on, many different

landscapesgwith similar characteristics. Transdisciplinary planning efforts coupled with stakeholder-

[

driven adapt s to anticipate and respond to change holds promise in promoting human-wildlife

O

coexistenc

th

U
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Figure 1. Cm’cudies in each region and type of adaptation strategies used. Bars above the line

indicate studies that produced co-benefits, bars below the line indicate those that did not.
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Figure 2. Relative variable importance values to explain each binary outcome, determined by

random forest models. The area of the bubbles is proportional to the mean decrease in model

indicates t

accuracy. !r mple, the size of the bubble for human adaptation in the co-benefits model
&four times more important than wildlife activity when predicting co-benefit

| | . - . .
outcomes iie., co-Eeneflts or not). Wildlife- or human-only outcomes were either benefits or losses.

Relative Variable Importance

Human Adaptation

Wildlife Activity
Location
Retaliatory Killing .
Wildlife Size ?
Wildlife Type .
Stakeholder . ° d
Involvement
Co-Benefits  Wildlife-Only Human-Only
Outcome Outcome
28

This article is protected by copyright. All rights reserved.



Figure 3. Plned s"gle classification trees for models of (a) co-benefits, (b) wildlife-only outcomes,

and (c) hu%comes. The only variable selected for in all models was the type of

adaptation d. Values in boxes indicate number of studies in each node. First number is
H I

the count af studies with that node outcome.
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Figure 4. OIds of ,-benefit outcomes when stakeholders are involved in the adaptation process

compared my are not. In panel (a), adaptations were grouped based on similarities in
approache sample size. Fisher’s exact tests were used to produce p-values (value

H I
provided alQove odds ratio dot, red star when significant; p < 0.05) and 95% confidence intervals

(gray Iines)@k dashed line indicates odds ratio of one.
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