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Abstract

Increasingly intensive strategies to maintain biodiversity and ecosystem function are being
deployed in response to global anthropogenic threats, including intentionally introducing
and eradicating species via assisted migration, rewilding, biological control, invasive species
eradications, and gene drives. These actions are highly contentious because of their poten-
tial for unintended consequences. We conducted a global literature review of these con-
servation actions to quantify how often unintended outcomes occur and to elucidate their
underlying causes. To evaluate conservation outcomes, we developed a community assess-
ment framework for systematically mapping the range of possible interaction types for 111
case studies. Applying this tool, we quantified the number of interaction types considered in
each study and documented the nature and strength of intended and unintended outcomes.
Intended outcomes were reported in 51% of cases, a combination of intended outcomes
and unintended outcomes in 26%, and strictly unintended outcomes in 10%. Hence, unin-
tended outcomes were reported in 36% of all cases evaluated. In evaluating overall con-
servations outcomes (weighing intended vs. unintended effects), some unintended effects
were fairly innocuous relative to the conservation objective, whereas others resulted in
serious unintended consequences in recipient communities. Studies that assessed a greater
number of community interactions with the target species reported unintended outcomes
more often, suggesting that unintended consequences may be underreported due to insuf-
ficient vetting. Most reported unintended outcomes arose from direct effects (68%) or
simple density-mediated or indirect effects (25%) linked to the target species. Only a few
documented cases arose from more complex interaction pathways (7%). Therefore, most
unintended outcomes involved simple interactions that could be predicted and mitigated
through more formal vetting. Our community assessment framework provides a tool for
screening future conservation actions by mapping the recipient community interaction web
to identify and mitigate unintended outcomes from intentional species introductions and
eradications for conservation.
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mundiales, incluyendo la introducción y erradicación intencionales de especies por medio
de la migración asistida, el retorno a la vida silvestre, el control biológico, la erradicación de
especies invasoras y la genética dirigida. Estas acciones son muy polémicas por el poten-
cial que tienen para generar consecuencias involuntarias. Realizamos una revisión de la
literatura mundial sobre estas acciones de conservación para cuantificar cuán seguido ocur-
ren las consecuencias involuntarias y cuáles son sus causas subyacentes. Para evaluar los
resultados de conservación, desarrollamos un marco de trabajo de evaluación comunitaria
para mapear sistemáticamente el rango de posibles interacciones para 111 estudios de caso.
Con la aplicación de esta herramienta cuantificamos el número de tipos de interacción
consideradas en cada estudio y documentamos la naturaleza y la fuerza de los resultados
involuntarios. Se reportaron los resultados voluntarios en 51% de los casos, una combi-
nación de resultados voluntarios e involuntarios en 26% de los casos y estrictamente los
resultados involuntarios en el 10% de los casos. Por lo tanto, los resultados involuntarios
fueron reportados en el 36% de todos los casos evaluados. En la evaluación general de los
resultados de conservación (sopesando los efectos voluntarios y. los involuntarios), algunos
efectos involuntarios fueron bastante inocuos en relación con el objetivo de conservación,
mientras que otros resultaron en consecuencias involuntarias severas para las comunidades
receptoras. Los estudios que evaluaron un mayor número de interacciones comunitarias
con la especie objetivo reportaron resultados involuntarios con mayor frecuencia, lo que
sugiere que las consecuencias involuntarias pueden estar subvaloradas debido al escrutinio
insuficiente. La mayoría de los resultados involuntarios reportados surgieron de los efectos
directos (68%) o de los efectos indirectos o mediados por la densidad (25%) vinculados
con la especie diana. Solamente unos cuantos casos documentados surgieron de interac-
ciones más complejas (7%). Por lo tanto, la mayoría de los resultados involuntarios involu-
cran interacciones simples que podrían ser pronosticadas y mitigadas por medio de un
escrutinio más formal. Nuestro marco de trabajo de evaluación comunitaria proporciona
una herramienta para la revisión de las acciones de conservación en el futuro mediante el
mapeo de la red de interacciones entre comunidades receptoras y para la mitigación de los
resultados involuntarios surgidos de las introducciones y erradicaciones intencionales de
especies a favor de la conservación.

PALABRAS CLAVE:

control biológico, efectos no considerados, erradicación de especies invasoras, genética dirigida, introducción de
especies, invasión biológica, migración asistida, retorno a la vida silvestre

INTRODUCTION

Management of natural systems in the Anthropocene is becom-
ing increasingly intensive. Threats to biodiversity, such as cli-
mate change, species extinctions, and biological invasions, are
being met with intentional species introductions in the name
of assisted migration (Hoegh-Guldberg et al., 2008), rewilding
(Corlett, 2016), and biological control (Hoddle, 2004). In other
cases, species are intentionally eradicated, fully or functionally,
over large areas, where they act as introduced (Glen et al.,
2013; Zavaleta et al., 2001) or native pests (Ripple et al., 2014).
Moreover, new technologies, such as gene drives, promise even
more powerful eradication tools (Webber et al., 2015). Inten-
tional species introductions and eradications successfully miti-
gate some very substantive conservation threats such as extir-
pating problematic invasive species (Brooke et al., 2018; Gurr
& Wratten, 2000; Jones et al., 2016; Prior et al., 2018; Zavaleta
et al., 2001). However, these approaches have also caused unin-
tended consequences to nontarget species, with negative, some-
times severe, effects permeating entire ecosystems (Bergstrom

et al., 2009; Courchamp et al., 2003; Doak et al., 2008; Pearson
& Callaway, 2006; Prior et al., 2018; Simberloff & Stiling, 1996;
Zavaleta et al., 2001). Such negative outcomes arising from
introductions and eradications have generated extensive contro-
versy over the application of each of these conservation strate-
gies (Hoddle, 2004; Lorimer et al., 2015; McLachlan et al., 2007;
Ricciardi & Simberloff, 2009; Rubenstein, & Rubenstein, 2016;
Simberloff & Stiling, 1996; Webber et al., 2015; Zavaleta et al.,
2001). Despite such warnings and documented impacts, these
conservation actions continue, driven by the substantial conser-
vation risks associated with taking no action (e.g., Hoddle, 2004;
Hoegh-Guldberg et al., 2008; Marvier & Kareiva, 2020).

Many unintended outcomes of intentional species intro-
ductions and eradications arise from relatively simple two-
and three-species interactions that could be predicted from
ecological theory. For example, introduced cats (Felis catus) were
eradicated from Macquarie Island to alleviate cat predation on
native seabirds. However, cat eradication generated an unin-
tended trophic cascade by releasing introduced rabbit (Oryctola-

gus cuniculus) populations from cat predation, allowing rabbit her-
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bivory to devastate native plant communities (Bergstrom et al.,
2009; but see Dowding et al., 2009). These herbivore-driven
declines in native plants then increased exotic plant popula-
tions via apparent competition. In another case, the introduc-
tion of red squirrels (Tamiasciurus hudsonicus) to Newfoundland,
an island, an action intended to bolster American marten (Martes

americana) populations via food subsidies, was linked to a seri-
ous decline of the endemic Newfoundland red crossbill (Loxia

curvirostra percna) due to marten-crossbill competition for black
spruce (Picea mariana) seeds (Benkman, 2010). Given that these
basic interactions represent well-understood community inter-
actions, such as resource competition (Gause, 1934), apparent
competition (Holt, 1977), and trophic cascades (Paine, 1980), an
important question is why have these core concepts from com-
munity ecology not been better integrated to avoid such unin-
tended outcomes in conservation?

Although many unintended conservation outcomes may
result from simple interactions, others can arise from more
cryptic and complex pathways associated with longer interac-
tion chains or trait-mediated indirect interactions (see Cour-
champ et al., 2003; McGregor et al., 2020; Pearson & Callaway,
2003; Simberloff & Stiling, 1996). Hence, effectively screen-
ing for such unintended outcomes requires assessment of mul-
tispecies assemblages participating in a variety of direct and
indirect interactions (Wootton, 2002). Yet, most ecological the-
ory has been built from basic community interactions focus-
ing on only a few species at a time (e.g., Gause, 1934; Holt,
1977; Paine, 1980; Tilman, 1980). Although pairwise Lotka–
Volterra type equations representing such interactions can be
integrated into quantitative community-level models (Godoy
et al., 2018), they carry high data demands, requiring precise
information on species abundances and interaction coefficients
for all key components within a web (but see Adams et al. [2020]
for caveats). Hence, ecological theory holds great potential to
inform management and conservation decisions, but traditional
modeling approaches are commonly too data hungry to satisfy.
Meanwhile, imminent anthropogenic threats are forcing inten-
sive, real-time management actions to be taken with incomplete
information. In short, better tools are needed to inform and
guide complex conservation actions.

In an effort to better understand and address the challenge
of unintended consequences of conservation management, we
first drew from theoretical and empirical work in community
ecology to develop a community assessment framework to
examine how species introductions and eradications can influ-
ence recipient communities. Next, we conducted a global liter-
ature review of large-scale studies to quantify unintended out-
comes arising from intentional species introductions (assisted
migration, rewilding, and biological control) and eradications
(invasive species removal and gene drives). Although these con-
servation strategies represent a range of disparate conservation
objectives, they share a critical commonality: by manipulating
an entire species (whether adding or removing them) each strat-
egy serves as a community-level perturbation with the poten-
tial to profoundly affect other organisms via similar community
interaction pathways. Hence, community ecology holds poten-
tial to inform and improve each of these practices similarly. Col-

lating the results from the literature review allowed us to assess
the rate of unintended outcomes arising from these conserva-
tion actions and identify the types of interaction pathways com-
monly associated with unintended outcomes to inform conser-
vation. We applied the community assessment framework to 111
case studies from aquatic and terrestrial ecosystems around the
globe to illustrate its potential as a tool for systematically consid-
ering and mapping the relevant recipient community interaction
web to screen for species most susceptible to unintended con-
sequences and mitigate such outcomes.

METHODS

Framework for assessing community-level
effects of species manipulations

In community ecology and network theory (Godoy et al., 2018;
May, 1972; Wootton, 1994), four basic components make up
a community interaction web: species in the web (i.e., network
nodes); linkages connecting interacting species or nodes; type
(e.g., predation, mutualism) and hence directionality of the link-
ages (i.e., positive or negative); and strength of the interactions
(May, 1972; Wootton, 1994). With information on each of these
components, it is theoretically possible to model community
interactions with a standard community interaction matrix to
determine the effects of changing the abundance (or presence)
of one community member on the remaining community
components (May, 1972; Ramsey & Veltman, 2005). Although
abundance information can be important for modeling, it is
not essential for determining community outcomes, so we
focused on these four elements. Hence, these are the basic
elements required for understanding a community’s response to
perturbations, such as species introductions and eradications.
Building from these basic elements, we determined which
of the multitude of species and interactions in the recipient
community were most likely to be affected by introducing or
removing a species targeted for management (hereafter, target
species). Fortunately, empirical studies in community ecology
demonstrate that most communities are composed of many
weak and few strong interactions (Neutel et al., 2002; Paine,
1992). Hence, most interactions and species can be ignored,
but determining which ones should be included to best capture
substantive changes within the community is a challenging and
potentially subjective process.

To address this problem, we drew from the wealth of research
in community ecology to construct a community assessment
framework for systematically considering the types of interac-
tion linkages most relevant to the species targeted for man-
agement (Figure 1). Although there are a multitude of specific
types of community interactions, most biotic interactions fall
into the broad categories of resource uptake (consumption or
intake of foods, nutrients, energy), competition (resource and
interference competition), consumption (including herbivory
and predation), parasitism (pathogen–host interactions), and
mutualism (Wootton, 1994). In addition, ecosystem engineer-
ing is a powerful interaction by which engineers may strongly
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FIGURE 1 Community assessment framework for generating a
community interaction web to understand how a target species intentionally
introduced or eradicated for conservation purposes may influence community
outcomes. Interactions included may link the target species to other network
nodes (species or system components) to identify the species most likely to be
affected by the action, the nature of each interaction linkage (i.e., positive or
negative), and the strength of each interaction. There can be multiple sets of
interactions in one interaction type (e.g., multiple competitors of the target
species) that may need to be considered. The initial community assessment
focuses on immediate linkages to the target species likely to be strong enough
to substantively alter the abundance or function of other system components.
If this assessment indicates the target species is likely to have strong effects on
particular community members, then the same process should be applied to
the affected species or node to extend the web and include indirect effects,
under the assumption that most strong indirect effects derive from strong
direct effects. Hence, this approach systematically identifies and follows out
strong linkages until they become weak, thereby delineating the relevant
community of concern

interact with many community members (Jones et al., 1997).
Of course, anthropogenic factors, including management, can
greatly influence organisms and their interactions and should
be considered. Finally, all organisms have physical requirements
that explicitly define their fundamental niches and determine
their realized niches as a function of biotic interactions that are
often environmentally conditioned (Hutchinson, 1957). By out-
lining the basic components of a community interaction web,
this framework provides a tool for systematically considering
the range of interactions directly linking a target species to
other community members in order to identify the key nodes of
the community interaction web and determine the nature and
strength of their linkages—the essential components for under-
standing community outcomes. Further, assuming that strong
interactions are those most likely to perpetuate indirect effects
(e.g., Paine, 1980), this same process can be repeated for any
organisms presumed to be strongly directly linked to the tar-
get species in order to incorporate potentially important indi-
rect interactions. In sum, the community assessment framework
provides a tool for understanding community interactions and
for systematically constructing a community interaction web rel-
evant to the management action that can help to elucidate past
outcomes and vet proposed actions.

Literature review

To quantify the prevalence of unintended outcomes across
a range of management actions and better understand the
community interaction pathways by which they arise, we con-
ducted a global literature search to generate a sample of peer-
reviewed publications addressing proposed or executed con-
servation actions involving intentional species introductions
(assisted migration, rewilding, and biocontrol) or eradications
(invader removal or gene drive). We used the Web of Science
All Databases search engine to generate a preliminary list of
papers on our five focal categories related to intentional species
introductions (assisted migration, rewilding, and biocontrol) or
eradications (invader removal or gene drive). Our search was
conducted on April 11, 2019. For all four searches, we included
a subject search term to focus on environmental sciences and
ecology (SU [subject], Environmental Sciences & Ecology) plus
additional search terms to screen titles and topics for each of
our four focal categories. For assisted migration and rewild-
ing, we included the following terms: TI [title search] (rewild-

ing OR “assisted migration” OR “assisted colonization”) AND TS
[topic search] (propos* OR outcome OR result OR consequence). This
generated a list of 131 papers. For biocontrol introduction, we
included the following terms: TI = (biocontrol OR “biological con-

trol”) AND TS = (intro*) AND TS = (plant OR insect OR inver-

tebrate) AND TS = (propos* OR outcome OR result OR consequence)
NOT TS = (crop OR agri* OR pathogen OR lab* OR greenhouse).
This generated a list of 179 papers. For invader removals, we
included the following terms: TI = (remov*) AND TI = (inva*
OR exotic OR introduced) AND TS = (propos* OR outcome OR
result OR consequence). This generated a list of 156 papers. For
gene drives used to eradicate pest species, we included the fol-
lowing search terms: TI = (gene drive) AND TS = (control). This
generated a list of 87 papers.

We further screened the preliminary list of 553 papers from
the above search results to include in our literature review. We
screened each paper to ensure that each study either proposed
or executed a species introduction or eradication and that it was
conducted at a large enough scale to be considered a realistic
community-level management action. We included studies that
were conducted on whole ecosystems (e.g., ponds, islands) or a
minimum of 1 ha. Studies were not included, for example, if an
invasive species was experimentally removed from small plots
(e.g., 1-m2 plots) or potential biocontrol insects were screened
on host plants in a lab. In addition, executed actions were
restricted to those that effectively established the introduced
species (e.g., for biological control, the control agent estab-
lished) or effected some reduction of the species targeted for
eradication to ensure that we only included studies that achieved
the minimal objective with the target organism. A small num-
ber of articles included multiple cases, which we included as
independent observations. In total, this resulted in 172 cases
in 140 articles of our original list of 553 potential articles. For
articles that met the above criteria, we classified each case based
on management action (introduction or eradication), manage-
ment status (proposed or executed), and management cate-
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gory (assisted migration, biocontrol, gene drive, invasive species
removal, or rewilding).

We recognize that the published literature may not repre-
sent a comprehensive assessment of all the factors and inter-
actions considered prior to each management action because
not all conservation actions are published in peer-reviewed jour-
nals (e.g., Wainwright et al., 2018). Many conservation actions
around the world are documented in part or whole in the
gray literature of government outlets or may go undocumented.
However, because the rules and regulations governing manage-
ment differ by local and national governments, as do the pro-
cesses for documenting such efforts, it is logistically infeasible
to acquire a globally representative, comprehensive accounting
of all such actions. This problem has been noted by others who
have gone on to demonstrate the value of reviewing the pub-
lished literature for advancing conservation, despite these lim-
itations (e.g., Wainwright et al., 2018). Accordingly, our infer-
ences are based on the assumption that our survey of the peer-
reviewed scientific literature established from our targeted key-
word search of this topic provides an index representative of the
underlying efforts and the types of outcomes that occur, rather
than an exhaustive evaluation of the underlying case studies.

Quantifying outcomes from the literature review

To understand the extent to which each management action
resulted in intended versus unintended outcomes, we scored the
outcomes of the management action based on the objectives of
the effort and assessments of the authors as follows. We cate-
gorized an outcome as intended when the management action
successfully accomplished the management goal (e.g., an exotic
pest was successfully extirpated from an island). We categorized
an outcome as unintended when the authors reported an out-
come occurred that was not part of the management objec-
tive (i.e., there was a change in a nontarget species abundance
or other community component). When the authors reported
both intended and unintended outcomes of the management
action, we categorized the outcome as “mixed,” and when no
detectable effect of the action was reported, we scored the out-
come as “neutral.” If an unintended or mixed outcome was
reported, we also recorded the nature of the unintended effects
(density mediated or trait mediated) and indicated whether it
was a direct or indirect effect, including the number of nontar-
get species involved (e.g., a direct density-mediated effect [D1],
an indirect trait-mediated effect [T2]) whenever possible.

In our assessment, we defined the terms unintended effects

and unintended outcomes (used synonymously) in an ecological
context relative to the intended management action and the
reported response of nontarget species or system components.
We considered an unintended effect negative or positive as
measured by the response of the nontarget organism or system
component (e.g., if a nontarget species declined, the effect was
negative; if it increased, it was positive). Hence, unintended
effects were objectively, ecologically defined relative to the
intended management goals. In contrast, interpreting whether
the overall conservation outcome was successful or deleterious

(i.e., evaluating the sum of the intended and unintended effects)
was far more subjective. For example, the Macquarie Island case
(Bergstrom et al., 2009) discussed in the INTRODUCTION
might be seen as a success by those focused on mitigating
impacts on seabirds, but those focused on the native plant
response might consider this a case of deleterious unintended
consequences. Because of this subjectivity, we did not attempt
to judge the overall conservation outcome for each case study.
Rather, we highlight in the DISCUSSION the general types
of overall outcomes observed, reserving the phrase unintended

consequences for deleterious overall outcomes as distinct from
specific unintended effects within a case study.

To determine the extent to which community-level interac-
tions may have been considered for each management action,
as reflected in the published literature, we also evaluated the
degree to which each study addressed the critical elements of a
basic community interaction web (Figure 1). We examined each
article and case to determine the number of types of interac-
tions with the target organism that were addressed (0–8) as well
as the number of associated interaction strengths that were at
least qualitatively considered (0–8) as identified in the commu-
nity assessment framework (Figure 1). Because the direction of
the interaction was almost always defined in the context of its
linkage to the target species (e.g., predation is negative for the
prey), we did not separately track this element. Finally, because
the quantification of community interactions ranged from none
to highly quantitative, we assigned scores to account for the
sophistication of the analysis of the community components
as follows: 0, no model; 1, qualitative model (e.g., verbal model
or path diagram); 2, quantitative model (e.g., linear model); and
3, mechanistic model (e.g., Lotka–Volterra models.). Summing
the scores across these categories provided a scale for evaluat-
ing results from the literature review across management actions
and management categories (range 0–19: 0–8 interaction types,
0–8 interaction strengths, and 0–3 analytical score). Obviously,
there can be many species and linkages represented in a sin-
gle interaction type (e.g., a target species could have many com-
petitors). However, we did not account for multiple interactions
within a single interaction type because our primary objective
was to determine the degree to which the range of key ele-
ments of a basic community interaction web were addressed
to account for potential unintended outcomes. Accounting for
only one interaction type, no matter how many interactions
within that type were addressed, would not sufficiently account
for the breadth of unintended outcomes that might arise from a
species-level community perturbation.

Data analyses

We carried out analyses in R (R Core Team, 2018). To under-
stand the relationship between the extent to which different
community components were addressed and the likelihood and
nature of unintended outcomes reported, we modeled the unin-
tended impacts as categorical variables, which described the
nature and complexity of unintended effects (see above), as a
function of the community assessment score. To do so, we used
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FIGURE 2 Proportion of studies identified from a review of the global literature on executions of species introductions or eradications for conservation
purposes for which outcomes were separated by management category (AM, assisted migration; BC, biocontrol; GD, gene drive; IR, invader removal; RW, rewilding)
for (a) management outcome (mixed, intended and unintended outcomes; unintend, unintended outcomes only; neutral, no changes among nontarget species [all
cases where a biocontrol agent established but neither controlled the target nor affected nontarget species]; intend, strictly intended outcomes; unknown, outcome
unclear) and (b) interaction web distance to unintended outcome (D1, density-mediated direct effects; D2, density-mediated indirect effect; 2T, trait-mediated
indirect effect)

multinomial log-linear models with the nnet R package (Ven-
ables & Ripley, 2002). To control for confounding differences
between each study in our statistical analyses, we also included
the variables management status and category, taxa (e.g., plant
vs. invertebrate vs. mammal), habitat, and region of the target
organism. We did not include management action in this analysis
because of collinearity with management category (e.g., rewild-
ing involves intentional introductions, not eradications). Starting
with a model containing all candidate explanatory variables and
interactions, we simplified models with backward selection until
we minimized the AIC, retaining only the top model (Burnham
& Anderson, 2003). Additionally, we generated summary statis-
tics (mean [SE]) for management action and management cate-
gories based on the scores for each community element.

RESULTS

Our screening of papers from the literature search generated
28 assisted migration, 15 rewilding, 63 biocontrol, 13 gene
drive, and 53 invasive species removal cases (Appendix S1).
These cases were widely, although not evenly, distributed glob-
ally (North America 91, Australia 22, Islands including New
Zealand 15, Europe 13, Asia 9, South America 8, Africa 7,
Antarctica 1, arctic regions of both Europe and North America
6). Overall, when outcomes from these management actions
were documented, 51% (57 of 111 cases that documented man-
agement outcomes) were classified as strictly intended effects,
10% as strictly unintended effects, 26% as mixed, and 6% as
neutral (i.e., biocontrol introductions neither reduced the target
nor affected nontarget species or had unknown outcomes)
(Figure 2a). Hence, 36% of cases reported some unintended
outcomes. For those unintended effects reported, most arose
from simple density-mediated direct effects of the manipu-
lated species on a community member (68%), followed by
simple density-mediated indirect effects (25%) and a few more

complex trait-mediated indirect interactions (7%) (Figure 2b).
However, most documented unintended outcomes arose from
invader removal and biocontrol cases. This result is linked to
the fact that these management actions have been executed
far more often than the newer management actions, such as
assisted migration, rewilding, and gene drives. Notably, higher
community assessment scores correlated with increased prob-
abilities of unintended outcomes (Appendices S2 and S3). This
result that was unaffected by potentially confounding factors,
such as taxa or geographic region (Appendix S2), suggesting
that our results are conservative and more comprehensive
screening would identify additional unintended outcomes.
Regarding the breadth of interaction types reported on, 51%
of studies addressed more than two interaction types, 39%
mentioned only one type of interaction, and 10% of studies
did not address any interactions between nontarget species and
recipient community members (Figure 3a). Fewer studies yet
discussed interaction strengths, even qualitatively; 42% of stud-
ies made no mention of interaction strength (Figure 3b). Finally,
few studies offered quantitative evaluation of community
outcomes (Figure 3c). Overall, eradication efforts touched on
more components than introduction efforts (sum of the scores
for total number of interaction types, interaction strengths, and
modeling scores was x̅ [SE] = 4.7 [0.3] vs. 3.2 [0.3], respec-
tively), whereas proposed actions addressed fewer components
than executed actions (2.7 [0.3] vs. 4.5 [0.2], respectively). These
results provide little evidence that newly proposed actions
involve greater consideration of unintended outcomes. The
published literature suggested that the extent to which commu-
nity components were considered was fairly limited across all
conservation action categories (mean [SE]: 3.8 [0.2]; range, 0–
13) (Figure 3c). Longer-standing fields, such as invasive species
removal and biological control, tended to address more compo-
nents (invader removal= 5.0 [0.3], biological control= 4.3 [0.3],
gene drive = 3.5 [0.5], rewilding = 2.9 [0.8], assisted migration
= 1.1 [0.3]).
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FIGURE 3 Results from a global literature review of studies proposing or executing species introductions or eradications for conservation purposes. Case
studies are broken out by (a) interaction type (e.g., competition vs. predation), (b) interaction strength, and (c) level of model sophistication (0, no model; 1,
qualitative model; 2, quantitative model; 3, mechanistic model) to show the proportion of cases addressing each category (e.g., the proportion of studies addressing
zero, one, … or six interaction types) by management category (AM, assisted migration; BC, biocontrol; GD, gene drive; IR, invader removal; RW, rewilding)

DISCUSSION

Management actions proposing intentional species introduc-
tions and eradications for conservation purposes are controver-
sial due to risks to nontarget species (Doak et al., 2008; Hoegh-
Guldberg et al., 2008; Ricciardi & Simberloff, 2009; Ruben-
stein, & Rubenstein, 2016; Webber et al., 2015). However, these
debates are largely founded in anecdotes and inference about
such risks because outcomes are not well quantified. In our
literature review, we found that collectively these conservation
actions generated intended outcomes most of the time, but
unintended outcomes were common side effects of success and
sometimes the sole outcome of well-intended efforts. Under-
standing whether unintended effects result in deleterious unin-
tended consequences in the context of the overall conserva-
tion outcome requires consideration of the relative strength of
intended and unintended effects. Although many unintended
effects are minor and can be written off as acceptable collat-
eral damage relative to overall benefits (Ferrero et al., 2013;
Johnson & Cushman, 2007; Leege & Kilgore, 2014; Linden-
mayer et al., 2017), others may result in serious unintended
consequences, including substantial declines in native species
populations (Bateman et al., 2015; Bergstrom et al., 2009; Dar-
rah & van Riper, 2018), secondary invasion following invader
removal (Dickie et al., 2014; reviewed in Pearson et al., 2016),
and increased disease risk to humans (Pearson & Callaway,
2006). Such strong unintended effects are particularly concern-
ing if the intended outcome is not achieved or is fully offset by
the unintended effects (Pearson et al., 2016). Although some
have suggested that unintended consequences are visages of
past conservation failures from the 1960s and 1970s (Marvier &
Kareiva, 2020), most of the cases we reviewed took place since
that time (up through 2019). Moreover, we found the likelihood
of unintended outcomes being reported increased as studies
addressed more interaction types, suggesting that unintended
outcomes may be underreported because they are undervetted.
Most importantly, our finding that most unintended outcomes
arose from simple direct effects (68%), instead of more com-

plex interactions, suggests that many unintended effects could
potentially be identified by more formal screening.

The finding that 51% (87 of 172) of the cases we reviewed
addressed two or more types of interactions with the target
species (with multiple sets of interactions within an interac-
tion type commonly considered) suggests that managers are
attempting to account for unintended outcomes much of the
time. However, 10% of the articles mentioned no interactions
with nontarget species and 39% addressed only a single type
of interaction with the target organism. If one assumes that
most organisms targeted for conservation management expe-
rience minimal resource requirements, competitors, and top-
down interactions (e.g., a consumer, predator, or parasite), then
one might expect most organisms to have at minimum three
substantive types of interactions within the affected community
that should be considered. Our finding that studies reporting
on more interaction types with the target species also reported
more unintended outcomes suggests that more formal vetting
of these conservation actions prior to their enactment may high-
light these unintended consequences and help managers plan
for them.

Our review of the published scientific literature provides evi-
dence that managers are attempting to address nontarget species
and unintended outcomes. However, our results also indicate
that potentially important nontarget species (e.g., an impor-
tant predator or competitor of the target species) and system
components are commonly not considered. Lacking is a sys-
tematic means for both vetting potential unintended outcomes
and documenting this process in a transparent manner. For
example, even in the most comprehensive and well-quantified
assessments of intentional species eradications, where multiple
potential direct and indirect interactions are identified and out-
comes are predictively modeled (e.g., Dexter et al., 2012; Ray-
mond et al., 2011), it is often unclear what process was used
to identify the system components that were assessed, which
ones were evaluated and disregarded as irrelevant, and which
were not considered due to oversight. Even in classical bio-
logical control of exotic plants, a field with arguably the most
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rigorous and well-documented prescreening testing of any of
the conservation actions we assessed (e.g., Briese, 2005), only
one type of interaction is normally considered—the direct
attack or consumption of nontarget species by the target (but
see Todd et al., 2020). Yet, many unintended outcomes of these
biological control introductions have arisen through other inter-
action pathways (Carvalheiro et al., 2008; Pearson & Callaway,
2003; Veldtman et al., 2011). Finally, certain types of inter-
actions that can be among the most important may not be
recognized or considered for their potential to cause strong
unintended outcomes. For example, introducing artificial water
sources to facilitate the rewilding of tortoises on desert islands
(Falcón & Hansen, 2018) could strongly affect other endemic
and non-native species in such water-limited systems. A frame-
work for systematically and objectively considering the range of
biotic, abiotic, and anthropogenic factors that may strongly link
a species targeted for management to other community mem-
bers could provide a simple tool for identifying potential unin-
tended outcomes for further consideration before introductions
as well as provide a means for consistently documenting this
process.

The community assessment framework we developed for elu-
cidating how species introductions and eradications may affect
recipient communities (Figure 1) provides a formal assessment
tool that could be applied to more holistically consider how an
organism proposed for conservation action interacts with other
species in the community and how these interactions may per-
meate through the ecosystem. Because the framework is built
from foundational ecological theory reinforced by decades of
empirical work, it provides a generic tool for systematically eval-
uating the basic components common to all communities to
identify which components may be most relevant to a specific
conservation action. In conducting our review and applying this
framework to a variety of systems from saltwater to freshwa-
ter to terrestrial ecosystems, ranging from deserts to tropical
forests, we found it to be widely applicable. This tool can be
readily implemented by using natural history information, avail-
able literature, and, if available, empirical data from the sys-
tem to systematically assess the range of possible interactions
that might strongly link the target organism to other commu-
nity members. This process can be used to quickly generate
a community interaction web that highlights strong direct and
indirect interactions linking the target organism to other com-
munity members, thereby identifying potential unintended out-
come pathways (Figure 1).

Although this method is more systematic and objective than
the various approaches we found in the literature, it is still a sub-
jective process to decide which interactions are strong enough
to consider. This sort of subjectivity can be further addressed by
gathering managers, subject experts, and stakeholders as appro-
priate to assimilate the relevant information and define the
community interaction in a consensus approach (e.g., Özesmi
& Özesmi, 2004). Once the interaction web is completed, the
risks associated with potential unintended outcomes can then
be weighed against the potential benefits of taking the conserva-
tion action (Marvier & Kareiva, 2020) through consensus deci-
sion or additional research can be conducted to explicitly assess

the identified risks prior to action to determine whether the pro-
posed action is warranted. Although this strategy does not com-
pletely remove subjectivity, it establishes a process for broader
input that can help overcome subjective bias, and it establishes
a formal, systematic, and transparent process that can be clearly
defined and defended on the grounds that important factors are
considered and documented and stakeholders have opportunity
for input.

Another limitation of the tool as presented above is that it
provides a purely qualitative back-of-the-envelope approach to
map and identify possible community outcomes. Although our
literature review suggested that simply formalizing this mapping
approach could help reduce many fairly obvious unintended
outcomes in conservation management (68% were simple direct
effects), qualitative modeling tools have been developed that
can incorporate the basic information derived from applying
the framework in Figure 1 to formally evaluate the potential for
the various interactions to play out (Baker & Bode, 2020; Baker
et al., 2018; Geary et al., 2020; Hobbs et al., 2002; Ramsey &
Veltman, 2005; Ramsey et al., 2012; Ramsey & Norbury, 2009;
Raymond et al., 2011). These approaches greatly add objectivity
to the process and are highly recommended. However, as noted
above, identifying the community interaction web to be applied
in these models remains fairly arbitrary; the types of interactions
evaluated, species selected, and the depth to which the web is
extended into the community are not always clearly justified or
systematically applied. For example, in one of the more rigorous
qualitative modeling attempts to vet unintended effects of a con-
servation action, Raymond et al. (2011) state, “Our particular
situation is further complicated by another form of ambiguity:
model structure uncertainty (there are a number of interactions
that could potentially be included or excluded from the model).”
They addressed this problem by “considering a large number
of model structures, encompassing all possible combinations of
unknown interactions.” We propose that our community assess-
ment framework provides an ecologically based and systematic
means for delineating the community interaction web that is
prerequisite to such modeling approaches. Hence, whether the
community assessment is used to map the relevant community
interaction web for purely qualitative evaluation or as the basis
for applying modeling approaches, this tool provides a mecha-
nism for systematically assessing the community of interest in
a manner that is more ecologically grounded, systematic, and
reproducible than current methods.

Our literature review revealed that unintended outcomes
commonly arise from intentional species introductions and
eradications. Although many unintended outcomes may be rel-
atively minor, some are serious. Importantly, most documented
cases of unintended outcomes arise from basic direct and sim-
ple indirect interactions that could potentially be identified
and managed through formal vetting of proposed management
actions prior to execution. Toward this end, we drew from
community ecology theory to develop a community assess-
ment framework that provides a generic tool for systemati-
cally defining the community interaction web most strongly
linked to the target organism in order to highlight poten-
tial unintended effects on nontarget community members. We
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propose that applying this simple tool in conservation plan-
ning is not overly burdensome, and doing so could greatly
reduce unintended outcomes. The tool also provides increased
transparency and defensibility for executing these conserva-
tion actions. Finally, this tool provides a systematic approach
for developing the information necessary for more formal
modeling of both intended and unintended outcomes, thereby
delineating a pathway toward more advanced conservation to
reduce unintended consequences.
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