
Forum

https://academic.oup.com/bioscience 	 XXXX XXXX / Vol. XX No. X • BioScience   1   

BioScience XX: 1–12. © The Author(s) 2020. Published by Oxford University Press on behalf of the American Institute of Biological Sciences.  
All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com.  
doi:10.1093/biosci/biaa139�

Management Policies for Invasive 
Alien Species: Addressing the 
Impacts Rather than the Species

PABLO GARCÍA-DÍAZ, PHILLIP CASSEY, GRANT NORBURY, XAVIER LAMBIN, LÍA MONTTI, J. CRISTÓBAL PIZARRO, 
PRISCILA A. POWELL, DAVID F. R. P. BURSLEM, MÁRIO CAVA, GABRIELLA DAMASCENO, LAURA FASOLA, 
ALESSANDRA FIDELIS, MAGDALENA F. HUERTA, BÁRBARA LANGDON, EIRINI LINARDAKI, JAIME MOYANO, 
MARTÍN A. NÚÑEZ, ANÍBAL PAUCHARD, EUAN PHIMISTER, EDUARDO RAFFO, IGNACIO ROESLER,  
IGNACIO RODRÍGUEZ-JORQUERA, AND JORGE A. TOMASEVIC

Effective long-term management is needed to address the impacts of invasive alien species (IAS) that cannot be eradicated. We describe the 
fundamental characteristics of long-term management policies for IAS, diagnose a major shortcoming, and outline how to produce effective IAS 
management. Key international and transnational management policies conflate addressing IAS impacts with controlling IAS populations. This 
serious purpose–implementation gap can preclude the development of broader portfolios of interventions to tackle IAS impacts. We posit that 
IAS management strategies should directly address impacts via impact-based interventions, and we propose six criteria to inform the choice 
of these interventions. We review examples of interventions focused on tackling IAS impacts, including IAS control, which reveal the range of 
interventions available and their varying effectiveness in counteracting IAS impacts. As the impacts caused by IAS increase globally, stakeholders 
need to have access to a broader and more effective set of tools to respond.
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Invasive alien species (IAS) are those alien species   
 that successfully transition the three initial invasion 

stages (transport, introduction, and establishment) and 
subsequently establish multiple self-sustaining populations, 
composed of individuals that breed, survive, and disperse, 
in a landscape beyond their native range (Blackburn et  al. 
2011). A subset of IAS produce a range of negative envi-
ronmental, social, and economic impacts at various spatial 
scales (Bradshaw et al. 2016, Linders et al. 2020, Pyšek et al. 
2020). For clarity, we consider an impact to be any measur-
able change in a social, economic, or environmental feature 
caused by an IAS (Ricciardi et al. 2013, Jeschke et al. 2014, 
Cassey et al. 2018).

The eradication of IAS is the ideal outcome of interven-
tions aimed at eliminating their environmental impacts, 
albeit sometimes resulting in unintended and even detri-
mental consequences (Jones et al. 2016, Torres et al. 2018). 
Unfortunately, eradication is frequently unfeasible, particu-
larly on continental landmasses, in oceans, and when IAS 
have been present in the region for a long time (Bomford 
and O’Brien 1995, Clout and Williams 2009). When eradi-
cation of IAS is highly uncertain or unlikely, often nothing 

further is attempted (Mačić et  al. 2018, Robertson et  al. 
2020). Alternately, policies and strategies are developed 
and implemented for the long-term management of IAS 
(figure 1; Bomford and O’Brien 1995, Pyšek et  al. 2020, 
Robertson et  al. 2020). These policies and strategies deal 
with IAS that cannot be eradicated and, therefore, need to be 
continually managed over medium and long-term horizons.

In the present article, we aim to understand current 
policies and implementation strategies for the long-term 
management of IAS and identify opportunities for their 
improvement. We do so in three steps. First, we analyze 
key international and transnational policies and strategies 
for the long-term management of IAS to understand both 
their fundamental objectives and the proposed interventions 
to address the threat of IAS. We complement this analy-
sis with a review that reveals consequential gaps between 
the stated objectives of those policies and strategies and 
the prescribed interventions to achieve them. Second, we 
argue for the paramount importance of bridging these gaps 
through impact-based management to craft effective policies 
and strategies for the long-term management of IAS. We 
conclude by describing criteria and reviewing examples for 
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aligning policy objectives and management interventions. 
Our ultimate goal is to showcase tools for creating long-term 
management policies and strategies that are fit for the task of 
addressing and mitigating IAS impacts.

State of the art: How are we managing IAS in the 
long term?
The long-term management of IAS is a loosely defined 
practice, and its meaning and implications can be best 
understood by examining the objectives and interventions 
proposed in policies and strategies. At the global level, the 
UN Sustainable Development Goal 15, concerned with 
life on land (Division for Sustainable Development Goals, 
United Nations), states its target 15.8 to “reduce the impact 
of invasive alien species on land and water ecosystems and 
control or eradicate the priority species.” The indicator 
for the accomplishment of this target is the “proportion 
of countries adopting relevant national legislation and 
adequately resourcing the prevention or control of IAS.” 
This means that addressing IAS impacts is the objective, 
but progress is tracked through species-based population 
control. IAS population control (hereafter, control) is the 
ongoing suppression of IAS abundance or population size 
(Robertson et  al. 2020). This includes control to maintain 

current abundance levels and to reduce 
the current IAS abundance (Mack et  al. 
2000, Kopf et  al. 2017, Robertson et  al. 
2020). The rationale for the Aichi bio-
diversity target 9 of the Convention on 
Biological Diversity is that IAS pose a 
threat to biodiversity and ecosystem 
services, and it recommends prioritiz-
ing species for control (Convention on 
Biological Diversity 2020a). The recently 
released “Zero Draft of the Post-2020 
Global Biodiversity Framework” for 
the Convention on Biological Diversity 
is similarly fashioned (Convention on 
Biological Diversity 2020b). The 2030 
action target 3 states a goal to “control 
invasive alien species to eliminate or 
reduce their impacts by 2030 in at least 
[50%] of priority sites.” In both cases, the 
focus is on addressing impacts, and the 
prescribed intervention is again control-
ling the IAS populations at designated 
priority sites.

Transnational entities have created 
policies and strategies along the same 
lines. The European Union’s regulations 
for dealing with IAS highlights their 
impacts and damage as their justification 
(European Union 2014). The EU regula-
tion refers to long-term management of 
IAS included in its priority list that are 
widespread in the territory of at least 

one member state. Rapid interventions for more localized 
populations are outside the scope of long-term management 
under this regulation. The EU regulation recognizes the 
potential for increasing the resilience of the recipient envi-
ronment to IAS in conjunction with control because “where 
appropriate, management actions shall include actions 
applied to the receiving ecosystem” (article 19.2). Despite 
this recognition, long-term management interventions other 
than control were found in only 3.8% of the technical notes 
on “measures and costs for prevention, early detection, 
rapid eradication, and management” (two out of 53 plant 
and animal technical notes reviewed by PG-D on 19 March 
2020 from here: www.iucn.org/theme/species/our-work/
invasive-species/eu-regulation-invasive-alien-species).

This list of policies and strategies shows that the main-
stream prescription for counteracting the impacts of IAS 
is invariably species-based control. This implicitly assumes 
that IAS control is the tool of choice for managing their 
impacts. We contend that this represents a serious discon-
nect: Addressing IAS impacts is the focus and justifies 
these long-term management policies, but this is meant 
to be achieved solely by focusing on control interven-
tions, rather than through impact mitigation interventions 
(table 1). Therefore, addressing IAS impacts is conflated 

Figure 1. Defining long-term management strategies for IAS that cannot be 
eradicated. The ongoing long-term management of an IAS commences when the 
species has already spread through a portion of its suitable area of occupancy 
(shaded part of the curve). The proportion of the region occupied, the time since 
invasion (x-axis), and the knowledge about the impacts of the IAS (y-axis) help 
define the objectives of management strategies and guide justifiable interventions. 
Scant context-specific information on impacts of long-established IAS (bottom 
right) will require assessing the effects of such heavy uncertainty on the success 
of the intervention and proposing ways to contend with that lack of information. 
Control interventions may be part of all strategies, but their use needs to be 
evaluated on the basis of their capacity to address the impacts of the IAS.
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Table 1. Examples of strategies and interventions for managing invasive alien species (IAS) that focus on impact-based 
applications.

Case example

Problem 
statement and 
objectives Approach Outcomes

Supporting 
references

Working for Water program
Scale: Country level 

Mitigating the 
reduction in 
water availability 
for human use 
produced by 
invasive alien 
plants.

Two options considered: IAS 
control and construction of a 
new dam.
IAS control was chosen as the 
cheapest option.
Job creation through IAS control 
interventions prioritized. 

Improved water availability, IAS 
cleared from large areas, and 
abundant jobs created.
IAS control effort not sufficient to 
contain the spread of those IAS.
IAS control efforts allocated to low 
priority areas. 

(van Wilgen et al. 
2012, Mandle et al. 
2019)

IAS-free sanctuaries
Scale: Landscape and 
patch level (islands and 
sanctuaries

Offsetting of 
IAS impacts by 
creating insurance 
populations.

Translocation of the species 
or asset affected to an IAS-
free place to create insurance 
populations. 

Frequent in Australia and New 
Zealand. It is often a last-resort 
option.
Effective at conserving native 
biodiversity seriously affected by IAS.
Costly, operationally challenging, and 
not always feasible.

(Dickman 2012, 
Miskelly and 
Powlesland 2013, 
Innes et al. 2019, 
McInturff et al. 
2020, Smith et al. 
2020)

Restoration
Scale: Landscape and 
local levels

Preemption of 
plant IAS impacts 
by restoring 
diverse native 
plant communities 
on disturbed or 
degraded sites.

Active restoration or promotion 
of natural regeneration of native 
plant communities.

Increased ecosystem resilience to 
IAS impacts.
Active restoration of plant 
communities potentially affected by 
plant IAS.
Costly, likely only suitable for 
localized vulnerable sites. 

(Bakker and Wilson 
2004, Funk et al. 
2008, Gaertner 
et al. 2012)

Genetically modified pest-
resistant crops
Scale: Local level 
(properties and 
plantations)

Adaption of 
production crops 
to IAS agricultural 
pests.

Creation and plantation of crop 
varieties that are resistant to 
agricultural pests.

Reduction in the quantities of crops 
lost to agricultural pests.
GMO crops are a source of societal 
controversies.
GMO plants can themselves become 
IAS.

(Qaim and Zilberman 
2003, Buttel 2005, 
Gatehouse et al. 
2011)

Exclusion fences
Scale: Local level 
(properties, paddocks, and 
patches)

Protection of 
livestock, poultry, 
nesting grounds, 
and insurance 
populations from 
mammalian IAS. 

Use of fences to exclude 
mammalian IAS.

Commonly used method.
Mitigates losses to mammalian IAS.
Fences may not be effective in 
increasing population sizes of 
the species affected by IAS; e.g., 
reptiles in Australia.
Costly and unfeasible to cover large 
areas.

(Aviss and Roberts 
1994, Moseby et al. 
2009, Bode and 
Wintle 2010, Smith 
et al. 2011, 2020, 
Breton et al. 2014, 
Doherty and Ritchie 
2017, McInturff 
et al. 2020)

Guard dogs
Scale: Local level 
(properties and paddocks)

Protection from 
mammal IAS 
predators.

Use of dogs to protect poultry, 
livestock, and biodiversity from 
mammalian IAS predators (e.g., 
wild dogs and foxes)

Guard dogs have been successful in 
protecting livestock and biodiversity 
in a variety of contexts.
Uptake not widespread.
Not adequate for all mammalian IAS 
predators.

(Van Bommel and 
Johnson 2012, 
Doherty and Ritchie 
2017)

Netting and fences
Scale: Very local level (e.g., 
orchards within properties 
or individual trees)

Protection of 
food production 
crops from IAS 
agricultural bird 
and insect pests.

Use of nets and fences to 
cover and exclude IAS insects 
and birds from crops and fruit 
production trees. 

Commonly used methods.
Reduces losses to IAS birds and 
insects.
Costly and time-consuming to cover 
large areas. 

(Tracey et al. 2007, 
Ebbenga et al. 
2019)

Nest cages
Scale: Very local level (prey 
population and individual 
nests)

Protection of 
individual nests of 
birds and turtles 
from predation.

Deployment of individual nest 
cages excluding predators 
(including IAS)

Effective in increasing hatching 
success.
Results can vary considerably 
depending on the prey species 
being protected, the predator being 
excluded, and the location.
Finding the nests to protect can be 
costly and time consuming.

(Isaksson et al. 
2007, Pauliny et al. 
2008, Smith et al. 
2011, Buzuleciu 
et al. 2015)

Behavioral change: prey 
avoidance
Scale: Local level (predator 
populations)

Mitigation of the 
impacts of an IAS 
prey on a native 
predator.

Australian northern quolls 
(Dasyurus hallucatus) prey 
on toxic invasive cane toads 
(Rhinella marina).
Use and delivery of toxic 
sausages to train quolls to avoid 
eating the poisonous toads. 

Quolls exposed to the sausages 
tend to avoid preying on cane toads.
Broadscale deployment can be 
challenging. 

(Webb et al. 2015, 
Indigo et al. 2018)

Behavioral change: 
concealment and 
deterrence of predators
Scale: Local and very local 
levels (prey populations 
and individual nest levels)

Reduction of 
IAS predation 
pressure on 
vulnerable native 
bird nests

Use of compounds to conceal or 
deter IAS predators (e.g., rats, 
Ratus spp., and hedgehogs, 
Erinaceus europaeus) from bird 
nests 

Reduced nest mammalian IAS 
predation rates in field trials.
IAS predators can get accustomed 
to the used compounds, leading 
to reduced efficacy and increased 
predation over time.
Broadscale use would likely be 
costly and unfeasible. 

(Baylis et al. 2012, 
Price and Banks 
2012, Latham et al. 
2019)

Note: These are sorted in decreasing order of spatial scale. We provide selected references, not a comprehensive list, to support each case.
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with species-based control. Unless IAS control is explicitly 
linked to the management of impacts, there is a purpose–
implementation gap that leads policies and strategies to mis-
take the ends for the means (i.e., tackling IAS populations 
rather than their impacts).

There are many challenges to conducting a systematic 
review on how the purpose–implementation gap affects the 
effectiveness and efficacy of IAS long-term management 
policies and strategies. As the policy examples above show, 
interventions other than IAS control are rarely considered 
in concert or in comparison to control. The presumption 
that IAS control will necessarily or invariably be effective 
to address impacts is not warranted (Reddiex and Forsyth 
2006, Thomas and Reid 2007, Walsh et al. 2012, Byrom et al. 
2016, Doherty and Ritchie 2017, Kopf et al. 2019). The out-
comes (i.e., the extent to which the intervention mitigated 
the IAS impacts) and outputs (e.g., percentage of IAS popu-
lation removed) might be monitored during IAS control 
interventions. Unfortunately, the outcomes of IAS control 
interventions are seldom monitored adequately, making 
independent assessments difficult (Reddiex and Forsyth 
2006, Thomas and Reid 2007, Artelle et al. 2018, Rytwinski 
et al. 2019, Hulme 2020).

A Web of Science search for the terms invasive species 
control efficacy yielded 682 publications (García-Díaz et al. 
2020). A total of 373 studies were relevant, and less than a 
quarter evaluated the outcomes of IAS control interventions 
(21.7%, 81 out of 373). Of these 373 studies, 37% included 
assessments of the effects of IAS control on nontarget spe-
cies and other side effects. However, these are not proper 
evaluations of outcomes because they tested the specificity 
of the control methods, not their efficacy nor effectiveness 
in addressing IAS impacts. Similarly, a survey of 1915 IAS 
mammal control interventions aimed at protecting native 
biodiversity in Australia (1990–2003) reported that over 
72% of interventions did not monitor outcomes (Reddiex 
and Forsyth 2006). A global survey of IAS fish removal, 
including control and eradication, showed that 76% of inter-
ventions (out of 158) were poorly designed and documented 
(Rytwinski et al. 2019). The latter did not provide informa-
tion on outcomes but on the efficacy of interventions in 
removing IAS fish species. A meta-analysis of the efficacy of 
IAS plant biocontrol agents in Australia (n = 290) revealed 
only two related to outcomes (i.e., effects on the recipient 
plant communities, 0.69% of all measures reported; Thomas 
and Reid 2007). A global meta-analysis of the effectiveness 
of biological control (n = 173) reported only 11 measures of 
outcomes in terms of changes in IAS impacts. Of these 11 
measures, 3.5% measured native plant abundance (n = 6), 
and 2.9% quantified native plant diversity (n = 5; Clewley 
et al. 2012). A further meta-analysis investigating the man-
agement of the invasive field bindweed (Convolvulus arven-
sis) showed that only 27% (n = 560) reported the short-term 
effects of IAS control on crop yields (Davis et al. 2018).

Despite the paucity of information, existing quantita-
tive research paints a mixed picture of the efficacy and 

effectiveness of IAS control as the main tool for impact man-
agement. Even for the well-known role of invasive mam-
malian predators on biodiversity loss (Bellard et  al. 2016, 
Jones et al. 2016), there are inconsistencies in the reported 
responses of biodiversity to IAS mammalian control. A 
quantitative 23-year study in Australia showed that control 
of invasive foxes (Vulpes vulpes) to conserve malleefowl 
(Leipoa ocellata) populations delivered little benefits to this 
threatened bird and was not cost effective (Walsh et al. 2012). 
A population viability analysis showed that malleefowl rein-
troductions would be more cost effective than fox control 
in slowing population declines, and a combination of both 
was the best intervention (Bode and Brennan 2011). In a 
manipulative experiment in Western Australia, native small 
mammals responded positively to fox and cat (Felis catus) 
control, whereas native reptiles showed no response (Risbey 
et al. 2000). On the other hand, a meta-analysis of 35 stud-
ies on the efficacy of invasive brushtail possum (Trichosurus 
vulpeculus) control in New Zealand showed generalized 
benefits to native biodiversity (Byrom et  al. 2016). On the 
basis of 32 invasive mammal control interventions in New 
Zealand, another study showed no overall benefit to bird 
communities (Fea et  al. 2020). However, a detailed exami-
nation of individual bird species revealed a wide range of 
responses to IAS mammal control. This included positive, 
negative, and no changes in bird population abundance in 
response to invasive mammal control (Fea et al. 2020). The 
situation appears similar for IAS plant control. For example, 
a global meta-analysis of 61 studies showed that control of 
IAS plants with biocontrol agents increased overall native 
plant diversity while making no difference to their abun-
dance, and these effects depended on the time since the 
biocontrol release (Clewley et al. 2012). However, these con-
clusions were based on small sample sizes, using six and five 
measures of abundance and diversity, respectively (Clewley 
et al. 2012). The efficacy of IAS control in counteracting IAS 
impacts, therefore, is not ubiquitous and certainly scantly 
documented. The benefits of control are more likely to be 
realized when reductions in IAS abundance are well linked 
to impact mitigation through empirical abundance–impact 
relationships, so the target reduction in IAS abundance is 
evidence-based rather than arbitrary (Yokomizo et al. 2009, 
Sofaer et al. 2018).

The need for impact-based long-term management 
of IAS
In the present article, we argue that mitigating the nega-
tive impacts caused by IAS should be at the core of policies 
and interventions for the long-term management of IAS. 
These interventions will aim to reduce, minimize, offset, 
locally eliminate, protect from, and adapt to the diverse 
array of impacts caused by IAS (table 1). In other words, the 
focus should be on interventions that target impact-based 
management including, but far from exclusively, species-
based control. Mandating and evaluating long-term IAS 
management policies and strategies on the basis of control 
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interventions alone can preclude a broader integration of 
alternative and complementary interventions tailored to the 
relevant impacts and local circumstances.

Previous authors have raised the need for interventions 
to mitigate and adapt to IAS impacts (Mack et  al. 2000, 
Lodge et al. 2006, Dunham et al. 2020). However, these have 
typically lacked detailed articulations of the practicalities 
and actions for integrating impact-based interventions into 
IAS management policies, or the interventions have been 
suggested as alternatives when control was impossible. We 
describe a more coherent approach to impact-based long-
term management of IAS. First, we do not treat control and 
other IAS management interventions as mutually exclusive 
but, rather, as part of a broader array of potential interven-
tions available. Second, we describe six explicit guideposts 
to design and evaluate impact-based interventions. Third, 
we explain how to deal with the uncertainties associated 
with IAS impacts and their management. Finally, we provide 
examples of impact-based interventions to illustrate their 
application and potential shortcomings (table 1).

A proper understanding of impact-based long-term 
management of IAS reveals another fundamental feature 
that deserves proper consideration. IAS belong to social–
ecological systems and, by extension, are embedded within 
the broader society. Multiple societal values and percep-
tions of IAS impacts can coexist, generating tensions among 
stakeholders and between stakeholders and government 
agencies tasked with IAS management. Some of the impacts 
of IAS can be positive, and some IAS have both positive 
and negative impacts (Estévez et al. 2015). Moreover, these 
positive and negative impacts may occur within contrasting 
domains such as socioeconomic, cultural, and environmen-
tal IAS impacts. These nuances are not always well captured 
in species-based control and can lead to societal conflicts 
and controversies and, in turn, ineffective policies (Estévez 
et al. 2015).

Examples of IAS causing opposite impacts abound 
(figure 2). For instance, IAS such as the rainbow trout 
(Oncorhynchus mykiss) or the brown trout (Salmo trutta) 
are a source of recreational and economic activity where 
they have been deliberately introduced (angling: positive 
socioeconomic impact), but among other negative envi-
ronmental impacts they depredate native amphibians and 
alter the dynamics of vulnerable freshwater ecosystems 
(Izaguirre et  al. 2018, Bosch et  al. 2019). Multiple types of 
pastures and crops are essential for sustaining human and 
domestic animal nutritional needs (positive economic and 
social impacts) but have local negative impacts in many of 
the places in which they have become IAS (Driscoll et  al. 
2014, Xing et al. 2020). Likewise, agroforestry and commer-
cial plantations are a substantial source of economic activity, 
but at the same time, some planted tree species are a major 
IAS threat to native biodiversity and negatively affect other 
economic activities such as tourism whenever they spread 
outside plantations (Taylor et  al. 2016, Nuñez et  al. 2017, 
Bravo-Vargas et al. 2019). In the ranches of Tierra del Fuego, 

introduced beavers (Castor canadensis) are both a nuisance 
and a welcome ecosystem engineer (Ogden 2018). Beavers 
dislodge fence posts (negative: nuisance) and create new 
ponds that can be used by livestock (natural dam building; 
Ogden 2018).

These cases demonstrate the complexities associated with 
the long-term management of IAS. An appropriate strategy 
could attain a (imperfect) balance between both positive 
and negative impacts by taking an impact-based approach 
suited for context-specific interventions (figure 2). For 
example, interventions for mitigating negative impacts and 
fostering positive impacts could be implemented separately, 
either in space or in time. Likewise, control as an impact-
based management intervention can maintain sustainable 
IAS abundances, which allow for the reaping of positive 
impacts, while ensuring that negative impacts are mitigated 
adequately. This could increase the odds of obtaining soci-
etal support for the IAS management policy and reduce the 
likelihood of conflicts between stakeholders (Estévez et  al. 
2015, Crowley et  al. 2017). Alternatively, an appropriate 
impact-based strategy could help elucidate the magnitude 
of those conflicting impacts and proceed accordingly if 
some impacts (positive or negative) are deemed sufficiently 
important to outweigh any other consideration.

Impact-based IAS policies and strategies also link 
directly to Sustainable Development and the Sustainable 
Development Goals (SDGs). The livelihoods of many dis-
advantaged groups, such as those with limited access to 
resources, are likely to be most vulnerable to the impacts 
of IAS and IAS control (when there are positive benefits), 
because they have a more limited ability to mitigate and 
adapt to the impacts relative to other groups within 
society (Reynolds et  al. 2020). Therefore, considering 
the overall impacts but also which groups are affected is 
important. In many regions, but especially in developing 
economies, significant investments are made to support 
economic development and the SDGs to improve the live-
lihoods of individuals and the disadvantaged in society 
(Mandle et al. 2019). Impact-based IAS policies and strat-
egies are more likely to align with these wider economic 
development goals.

Traditionally, obtaining resources for biodiversity-focused 
projects in developing countries is challenging, and NGOs 
and research groups conducting these projects usually need 
to pursue external (international) funding. The success 
of these projects hinges on well-defined objectives and a 
demonstrable benefit to threatened species or ecosystems. 
In this context, IAS control in itself may not be a winning 
tactic for securing resources for IAS management. In con-
trast, impact-based policies more explicitly couple IAS man-
agement with societal and biodiversity benefits and offer a 
way to ensure both the delivery of desired outcomes and 
improve the odds of IAS management being resourced and 
supported (van Wilgen et al. 2012, Ministerio de Ambiente 
y Desarrollo Sustentable, Presidencia de la Nacion 2017, 
Mandle et al. 2019).
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Figure 2. The devil is in the details and prioritizing species-based control of IAS can miss those details. (a) Invasive 
gorse (Ulex europaeus) can have both positive and negative impacts. The species has invaded extensive areas in New 
Zealand, where it can affect native vegetation and farming practices (negative impacts panel). On the other hand, this 
IAS is used for promoting the restoration of native vegetation in the Hinewai Reserve (Banks Peninsula, New Zealand), 
as was shown by the native plants growing through the flowering gorse (panel on positive impacts) and explained in 
the pictured informative panel. (b) Invasive red swamp crayfish (Procambarus clarkii) in the Iberian Peninsula have 
negatively affected native amphibians such as the pictured marbled newt (Triturus marmoratus; illustrated in the negative 
impacts picture alongside an invasive crayfish). On the other hand, the abundance and widespread availability of this 
crayfish have helped foster the recovery of the native Eurasian otter (Lutra lutra; positive impact panel). To protect the 
local community of amphibians from invasive crayfish and invasive mosquitofish (Gambusia holbrooki), this pond in 
Madrid (Spain) was treated with the poison rotenone and drained resulting in the removal of both IAS. An intervention 
for protecting amphibians in a different pond only applied rotenone, removing all invasive fish and leading to an apparent 
release of invasive crayfish, a testimony to the importance of evaluating the potential for unintended consequences 
(criterion 5). Photographs: Alberto Álvarez (pond treated with rotenone and drained), Valentín Arévalo (crayfish), 
César Ayres (crayfish with newt) and Pablo García-Díaz (all gorse photos and the otter).
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In summary, IAS impacts require careful attention if a 
long-term management policy is to succeed. A main obstacle 
to impact-based management is that our understanding of 
the impacts of a target IAS will often be incomplete, which 
can result in some impacts being neglected when initially 
formulating a long-term management strategy (Dunham 
et al. 2020). We address these uncertainties and challenges in 
the next section. Notwithstanding these hurdles, the alterna-
tive of exclusively resorting to IAS control runs the risk of 
encountering the problems discussed above. Importantly, 
focusing on IAS control may result in prioritizing inter-
ventions for IAS species that have low or unmanageable 
impacts, at the cost of tackling IAS that are known to cause 
impacts that are more amenable to intervention.

Designing and planning impact-based long-term 
management: It’s not just about control
Long-term management policies and strategies to address 
IAS impacts should be based on the tenets of adaptive man-
agement and policymaking cycles (Conroy and Peterson 
2013, Dunn 2017). From a policy and strategy perspec-
tive, deciding on interventions for the impact-based long-
term management of IAS should be guided by six criteria 
(see figure 1 for the interplay between the first three cri-
teria): how widespread the IAS is; the time of residency of 
the IAS in the recipient region; the uncertainty about the 
impacts produced by the IAS; the range of interventions 
that are available and socially, economically, and technically 
feasible; the risks of potential negative and unintended con-
sequences of the proposed interventions (Kopf et al. 2017); 
and the capital and recurring costs and benefits associated 
with the impacts and interventions. Producing generalized 
recommendations for the use and ranking of these criteria 
is purposeless because we anticipate that their application 
will be highly dependent on the context of the strategy. For 
example, there will be a limited number of possible interven-
tions (criterion 4) available for managing a widespread IAS 
(criterion 1), and these interventions will likely be costly 
(criterion 6). Nevertheless, in this section we delve further 
into four critical criteria: time of residency, costs and ben-
efits, uncertainties, and available interventions.

The time of residency is a prominent criterion for decid-
ing on a course of action because there might be a delay 
between when the species becomes invasive and when it 
starts having noticeable impacts (Sapsford et  al. 2020). It 
might also take time for an impact to be detected and acted 
on by researchers and managers (Lockwood et  al. 2013), 
and the strength and reversibility of the impacts might 
change with the time of residency (Sapsford et  al. 2020, 
Crystal-Ornelas and Lockwood 2020a).

The criterion on costs and benefits will be critical for 
ranking interventions and uncovers an underestimated facet 
of relying primarily on IAS control. Focusing exclusively 
on control neglects opportunity costs (Shwiff et  al. 2013). 
These opportunity costs will be those incurred because 
of the foregone benefits of choosing IAS control without 

considering potentially better alternative or complementary 
interventions (Shwiff et al. 2013). Opportunity costs should 
be included in evaluations of the costs of potential interven-
tions. Not considering options other than control at the out-
set of the strategy formulation will underestimate the costs 
of IAS control interventions.

The adequacy of IAS control to manage impacts needs 
to be evaluated against its capacity to deal with those 
impacts following the six criteria outlined above. In this 
way, a defensible case can be made to start early con-
trol interventions for recently arrived IAS with localized 
populations, which may not be feasible to eradicate and 
which may have poorly understood impacts at the location 
(figure 1). Notwithstanding examples outlined earlier of 
little or unknown effect of IAS control on impacts, there is 
evidence of reductions in impacts on primary production 
and biodiversity following control interventions (Norbury 
et  al. 2015, Sofaer et  al. 2018, Bradley et  al. 2019). The 
precautionary principle, together with a narrow window of 
opportunity, supports a call for acting rapidly in these situa-
tions (Hone et al. 2015).

For widespread IAS, which have been present in an area 
for some time already, it is reasonable to expect greater 
planning of interventions, including control, to address 
their impacts (figure 1). The impacts of these IAS are likely 
to be better understood compared with recent arrivals. 
Understanding does not mean comprehensive information 
on the IAS impacts including their intensity, extent, mech-
anisms, and other characteristics. A suitable management 
strategy should have room for uncovering and tackling 
critical knowledge gaps, fundamental to adaptive manage-
ment approaches (Conroy and Peterson 2013). We are 
referring to a level of knowledge that permits an appraisal 
of the negative and positive impacts using one of the many 
existing standardized impact measurement and assessment 
tools (Blackburn et al. 2014, Nentwig et al. 2016, Dick et al. 
2017, Bacher et al. 2018, Martinez-Cillero et al. 2019). This 
includes poorly understood impacts that will merit further 
exploration and interdisciplinary research (Crowley et  al. 
2017, Crystal-Ornelas and Lockwood 2020b). Although 
our ability to forecast the likely impacts of any IAS remains 
limited (Hulme et  al. 2013, Ricciardi et  al. 2013, Cassey 
et  al. 2018), adopting an impact-based perspective for 
long-term management strategies will facilitate the use of 
functional classifications of IAS that could be helpful in 
data-poor situations (Hulme et  al. 2013, Milanović et  al. 
2020, Novoa et al. 2020). For example, existing information 
on the functional ecology of species that are related to the 
target IAS can act as a proxy for the impacts when data for 
the target IAS are unavailable or scant (Gallardo et al. 2016, 
Milanović et al. 2020, Novoa et al. 2020). Moreover, value 
of information analyses and social impact assessments can 
be used to evaluate whether there is sufficient information 
and social license for sound interventions to address the 
impacts of the target IAS (Canessa et  al. 2015, Crowley 
et al. 2017).
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Regardless of the chosen intervention, the outcomes—and 
not just the outputs—should be monitored for investigating 
the effectiveness of the intervention (Reddiex and Forsyth 
2006, Thomas and Reid 2007, Walsh et  al. 2012, Hulme 
2020). Monitoring the outcomes will enable the evalua-
tion of the performance of the intervention and whether 
the intervention has achieved the policy objectives or has 
led to undesirable negative and unintended consequences 
(Conroy and Peterson 2013, Dunn 2017, Kopf et al. 2017). 
As was discussed above, to ensure that impact-based IAS 
management strategies are linked to the wider economic 
development goals and the SDGs, any evaluation should 
consider the distributional impacts of IAS interventions (i.e., 
who gains and who loses, with a particular focus on groups 
most frequently disadvantaged; e.g., indigenous populations, 
landless youth, and women). Furthermore, impact-based 
interventions should incorporate a component that allows 
for the collection of new data to reduce uncertainties, espe-
cially gaps in our understanding of IAS impacts (Conroy 
and Peterson 2013, Dunham et al. 2020, Crystal-Ornelas and 
Lockwood 2020b).

What do impact-based management interventions look 
like? To date, alternatives to IAS control have been imple-
mented for only a small subset of long-term management 
policies and strategies. We describe illustrative examples of 
strategies and interventions that give greater centrality to the 
impact-based long-term management of IAS in table 1. In 
addition, it is worth showcasing two generic types of inter-
ventions in more detail to exemplify the concept.

In the first case, restoration of native plant communities 
may be used to target IAS impacts by either reducing the 
likelihood of invasions in the first place or by mitigating 
impacts by actively promoting the recovery of native spe-
cies affected by the IAS (Bakker and Wilson 2004, Funk 
et al. 2008, Sapsford et al. 2020, Weidlich et al. 2020). These 
interventions are underpinned by the observation that intact 
ecosystems possess greater resistance to invasions than dis-
turbed or degraded ecosystems (Funk et al. 2008, Sapsford 
et al. 2020, Weidlich et al. 2020). In rare cases, IAS may be 
beneficial in restoring native plant species, as is exemplified 
by the use of gorse (Ulex europaeus) as a nursery species in 
some regions of New Zealand (figure 2). Restoration inter-
ventions should always be carefully designed and tailored to 
local environmental conditions as well as the traits of native 
species and potential IAS (Funk et al. 2008, Sapsford et al. 
2020).

The establishment of IAS-free sanctuaries is an inter-
vention sometimes used for offsetting IAS impacts on 
native animals (Dickman 2012, Innes et al. 2019). IAS-free 
sanctuaries are established at sites that are naturally free 
from IAS (e.g., islands) or following local eradication or 
control (Dickman 2012, Norbury et  al. 2014, Innes et  al. 
2019). Vulnerable native animals are then translocated and 
maintained in these sites to act as insurance populations. 
Although in many instances this is a last resort intervention, 
IAS-free sanctuaries are becoming common in New Zealand 

and Australia for the recovery of native animals whose 
viability in the wild does not depend solely on creating 
insurance populations (Dickman 2012, Innes et  al. 2019). 
Therefore, IAS-free sanctuaries are not just a last-resort 
intervention but a complementary effort for conserving 
vulnerable species. Recently, Christmas Island blue-tailed 
skinks (Cryptoblepharus egeriae), a species extinct in the 
wild because of IAS negative impacts (Smith et  al. 2012), 
have been bred in captivity and translocated to an IAS-free 
island in Cocos (Keeling) to establish the first new wild 
population (www.abc.net.au/news/2019-09-09/near-extinct-
blue-tailed-skink-recovers-on-cocos-islands/11486788). In 
New Zealand, both IAS-free islands and IAS-free sanctuar-
ies exist throughout the country (Norbury et al. 2014, Innes 
et  al. 2019). The iconic kākāpō (Strigops habroptilus) was 
saved from extinction from predation by IAS mammals by 
creating insurance populations on IAS-free islands (Elliott 
et al. 2001).

There are important lessons from these examples and 
those presented in table 1. First, these interventions are 
designed and tailored to each case and may not have broader 
applicability or be scalable, nor is that necessarily their goal 
or intention. Notably, these interventions are not mutually 
exclusive, and multiple interventions can be implemented 
sequentially or simultaneously in space and time to deal 
with specific circumstances. Both the restoration and IAS-
free sanctuaries cases demonstrate the complementarity of 
control and other interventions. The Working for Water 
program case demonstrates how IAS control can be the most 
effective intervention available for dealing with IAS impacts, 
while also showcasing the role of evaluating alternative 
interventions to arrive at such a conclusion. The outcomes of 
all of these exemplary interventions show how, just like IAS 
control, their efficacy and effectiveness are also mixed. More 
broadly, it is clear that the long-term management of IAS is 
a complex, multifaceted problem and no single intervention 
can be expected to always be the best option. The suitability 
of impact-based interventions needs to be assessed against 
the six criteria outlined above, and the outcomes of such 
interventions monitored properly.

Conclusions
Relying on species-based control is not a guaranteed 
approach for the long-term management of IAS impacts, as 
many policies and strategies assume. IAS control should be 
seen as one of a wider range of potential interventions avail-
able for impact-based long-term management policies and 
strategies. We stress that IAS control remains vital, but this 
is not the only intervention available, nor should it be taken 
as a synonym for long-term management of IAS. Policy and 
decision-makers, managers, practitioners, and researchers 
need to be aware of the purpose–implementation gap that 
we have highlighted, and work toward dealing with it if they 
want to see progress toward effective long-term management 
policies and strategies. A better alignment between objec-
tives and implementation, while emphasizing impacts as the 
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raison d’être, will ensure that the long-term management 
policies are legitimate, transparent, and sound. In turn this 
is also likely to improve acceptance by the broader society 
and reduce, but not eliminate, conflicts and controversies. 
There are no easy and simple solutions to the multifaceted 
issue of long-term IAS management. However, having a 
diversified toolbox and developing impact-based policies 
and strategies that adapt to the local conditions and existing 
opportunities will be invaluable. Moreover, maintaining a 
focus on impacts is a straightforward way to measure and 
monitor progress. More generally, strategies and interven-
tions should be underpinned by formal approaches such as 
adaptive management and policymaking cycles (Conroy and 
Peterson 2013, Dunn 2017). This will ensure that lessons 
are learned from the interventions that are implemented, 
including those carried out elsewhere, and that scientific 
evidence is integrated with policies and interventions where 
appropriate.

Acknowledgments
The research and a workshop (December 2019, Centro 
Científico Tecnológico Patagonia Norte, San Carlos de 
Bariloche, Argentina) where the ideas presented in the 
manuscript arose and were discussed were funded by 
Project CONTAIN funded under the Latin American 
Biodiversity Programme as part of the Newton Fund (grant 
no.  NE/S011641/1), with contributions from NERC, the 
Argentine National Scientific and Technical Research Council 
(CONICET grant no. 2019-74-APN-DIR#CONICET), the 
Brazilian São Paulo Research Foundation (grant no. FAPESP 
2018/14995-8), and the Chilean National Commission for 
Scientific and Technological Research (CONICYT). Three 
anonymous reviewers provided feedback that helped us 
improve earlier versions of our article. AF was supported by 
a productivity grant (no. CNPq 303988/2018-5). GD was 
supported by PhD scholarship FAPESP no.2018/09054-0. 
JCP thanks the support of the Center for the Socioeconomic 
Impact of Environmental Policies, CESIEP of The 
Millennium Science Initiative (MSI) of Chile. Servicio 
Agricola y Ganadero, Gobierno de Chile, is one of the 
CONTAIN project partners, and it is represented by ER in 
this article. However, the opinions and results presented in 
this document are entirely those from ER and may not rep-
resent SAG position on the topic.

References cited
Artelle KA, Reynolds JD, Treves A, Walsh JC, Paquet PC, Darimont CT. 

2018. Hallmarks of science missing from North American wildlife man-
agement. Science Advances 4: eaao0167.

Aviss M, Roberts A. 1994. Pest Fences: Notes and Comments. New 
Zealand Department of Conservation. Threatened Species Occasional 
Publication no. 5.

Bacher S, Blackburn TM, Essl F, Genovesi P, Heikkilä J, Jeschke JM, Jones 
G, Keller R, Kenis M, Kueffer C. 2018. Socio-economic impact clas-
sification of alien taxa (SEICAT). Methods in Ecology and Evolution 
9: 159–168.

Bakker JD, Wilson SD. 2004. Using ecological restoration to constrain bio-
logical invasion. Journal of Applied Ecology 41: 1058–1064.

Baylis SM, Cassey P, Hauber ME. 2012. Capsaicin as a deterrent against 
introduced mammalian nest predators. Wilson Journal of Ornithology 
124: 518–524.

Bellard C, Cassey P, Blackburn TM. 2016. Alien species as a driver of recent 
extinctions. Biology Letters 12: 20150623.

Blackburn TM, Essl F, Evans T, Hulme PE, Jeschke JM, Kühn I, Kumschick 
S, Marková Z, Mrugała A, Nentwig W. 2014. A unified classification of 
alien species based on the magnitude of their environmental impacts. 
PLOS Biology 12: e1001850.

Blackburn TM, Pyšek P, Bacher S, Carlton JT, Duncan RP, Jaro�ík V, Wilson 
JR, Richardson DM. 2011. A proposed unified framework for biological 
invasions. Trends in Ecology and Evolution 26: 333–339.

Bode M, Brennan KE. 2011. Using population viability analysis to guide 
research and conservation actions for Australia’s threatened malleefowl 
Leipoa ocellata. Oryx 45: 513–521.

Bode M, Wintle B. 2010. How to build an efficient conservation fence. 
Conservation Biology 24: 182–188.

Bomford M, O’Brien P. 1995. Eradication or control for vertebrate pests? 
Wildlife Society Bulletin 23: 249–255.

Bosch J, Bielby J, Martin-Beyer B, Rincon P, Correa-Araneda F, Boyero L. 
2019. Eradication of introduced fish allows successful recovery of a 
stream-dwelling amphibian. PLOS ONE 14: e0216204.

Bradley BA, Laginhas BB, Whitlock R, Allen JM, Bates AE, Bernatchez G, 
Diez JM, Early R, Lenoir J, Vilà M. 2019. Disentangling the abundance–
impact relationship for invasive species. Proceedings of the National 
Academy of Sciences 116: 9919–9924.

Bradshaw CJ, Leroy B, Bellard C, Roiz D, Albert C, Fournier A, Barbet-
Massin M, Salles J-M, Simard F, Courchamp F. 2016. Massive yet grossly 
underestimated global costs of invasive insects. Nature Communications 
7: 12986.

Bravo-Vargas V, García RA, Pizarro JC, Pauchard A. 2019. Do people care 
about pine invasions? Visitor perceptions and willingness to pay for 
pine control in a protected area. Journal of Environmental Management 
229: 57–66.

Breton V, Forestier O, Guindon O, Evette A. 2014. Ecological restoration 
under pressure from invasive animal species: Use of Salicaceae cuttings 
in a river bank overrun by coypu. River Research and Applications 30: 
1002–1012.

Buttel FH. 2005. The environmental and post-environmental politics 
of genetically modified crops and foods. Environmental Politics 14: 
309–323.

Buzuleciu SA, Spencer ME, Parker SL. 2015. Predator exclusion cage for 
turtle nests: A novel design. Chelonian Conservation and Biology 14: 
196–201.

Byrom AE, Innes J, Binny RN. 2016. A review of biodiversity outcomes 
from possum-focused pest control in New Zealand. Wildlife Research 
43: 228–253.

Canessa S, Guillera-Arroita G, Lahoz-Monfort JJ, Southwell DM, Armstrong 
DP, Chadès I, Lacy RC, Converse SJ. 2015. When do we need more data? 
A primer on calculating the value of information for applied ecologists. 
Methods in Ecology and Evolution 6: 1219–1228.

Cassey P, García-Díaz P, Lockwood JL, Blackburn TM. 2018. Invasion biol-
ogy: Searching for predictions and prevention, and avoiding lost causes. 
Pages 3–13 in Jeschke J and Heger T, eds. Invasion Biology: Hypotheses 
and Evidence. CABI.

Clewley GD, Eschen R, Shaw RH, Wright DJ. 2012. The effectiveness of 
classical biological control of invasive plants. Journal of Applied Ecology 
49: 1287–1295.

Clout MN, Williams P. 2009. Invasive Species Management: A Handbook of 
Techniques. Oxford University Press.

Conroy MJ, Peterson JT. 2013. Decision making in natural resource man-
agement: A structured, adaptive approach. Wiley.

Convention on Biological Diversity. 2020a. Target 9: Technical Rationale 
extended (provided in document COP/10/INF/12/Rev.1). Convention 
on Biological Diversity. www.cbd.int/sp/targets/rationale/target-9.

Convention on Biological Diversity. 2020b. Zero draft of the post-2020 
Global Biodiversity Framework. Convention on Biological Diversity. 

biaa139.indd   9 19-11-2020   05:41:28 PM

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/advance-article/doi/10.1093/biosci/biaa139/6006378 by U

niversity of N
ew

castle user on 07 D
ecem

ber 2020



Forum

10   BioScience • XXXX XXXX / Vol. XX No. X	 https://academic.oup.com/bioscience

www.cbd.int/doc/c/efb0/1f84/a892b98d2982a829962b6371/wg2020-
02-03-en.pdf.

Crowley SL, Hinchliffe S, McDonald RA. 2017. Invasive species manage-
ment will benefit from social impact assessment. Journal of Applied 
Ecology 54: 351–357.

Crystal-Ornelas R, Lockwood JL. 2020a. Cumulative meta-analysis identi-
fies declining but negative impacts of invasive species on richness after 
20 yr. Ecology 101: e03082.

Crystal-Ornelas R, Lockwood JL. 2020b. The “known unknowns” of inva-
sive species impact measurement. Biological Invasions 22: 1513–1525.

Davis S, Mangold J, Menalled F, Orloff N, Miller Z, Lehnhoff E. 2018. A 
meta-analysis of field bindweed (Convolvulus arvensis) management in 
annual and perennial systems. Weed Science 66: 540–547.

Dick JTA, et  al. 2017. Invader relative impact potential: A new metric to 
understand and predict the ecological impacts of existing, emerging and 
future invasive alien species. Journal of Applied Ecology 54: 1259–1267.

Dickman CR. 2012. Fences or ferals? Benefits and costs of conservation 
fencing in Australia. Pages 43–63 in Somers M, Hayward M, eds. 
Fencing for Conservation. Springer.

Division for Sustainable Development Goals, United Nations. Sustainable 
Development Goal 15. United Nations. https://sustainabledevelopment.
un.org/sdg15.

Doherty TS, Ritchie EG. 2017. Stop jumping the gun: A call for evidence-
based invasive predator management. Conservation Letters 10: 15–22.

Driscoll DA, Catford JA, Barney JN, Hulme PE, Martin TG, Pauchard A, 
Pyšek P, Richardson DM, Riley S, Visser V. 2014. New pasture plants 
intensify invasive species risk. Proceedings of the National Academy of 
Sciences 111: 16622–16627.

Dunham JB, Arismendi I, Murphy C, Koeberle A, Olivos JA, Pearson J, 
Pickens F, Roon D, Stevenson J. 2020. What to do when invaders are out 
of control? WIREs Water 7: e1476.

Dunn WN. 2017. Public Policy Analysis: An integrated Approach. 
Routledge.

Ebbenga DN, Burkness EC, Hutchison WD. 2019. Evaluation of exclusion 
netting for spotted-wing drosophila (Diptera: drosophilidae) manage-
ment in Minnesota wine grapes. Journal of Economic Entomology 112: 
2287–2294.

Elliott GP, Merton DV, Jansen PW. 2001. Intensive management of a 
critically endangered species: The kakapo. Biological Conservation 99: 
121–133.

Estévez RA, Anderson CB, Pizarro JC, Burgman MA. 2015. Clarifying val-
ues, risk perceptions, and attitudes to resolve or avoid social conflicts in 
invasive species management. Conservation Biology 29: 19–30.

European Union. 2014. Regulation (EU) No 1143/2014 of the European 
Parliament and of the Council of 22 October 2014 on the prevention 
and management of the introduction and spread of invasive alien spe-
cies. Official Journal of the European Union 57: 35.

Fea N, Linklater W, Hartley S. 2020. Responses of New Zealand forest birds 
to management of introduced mammals. Conservation Biology.

Funk JL, Cleland EE, Suding KN, Zavaleta ES. 2008. Restoration through 
reassembly: Plant traits and invasion resistance. Trends in Ecology and 
Evolution 23: 695–703.

Gaertner M, Fisher J, Sharma G, Esler K. 2012. Insights into invasion and 
restoration ecology: Time to collaborate towards a holistic approach to 
tackle biological invasions. NeoBiota 12: 57.

Gallardo B, Clavero M, Sánchez MI, Vilà M. 2016. Global ecological 
impacts of invasive species in aquatic ecosystems. Global Change 
Biology 22: 151–163.

García-Díaz P, et  al. 2020. Summary data on the outcomes of inva-
sive alien species control interventions from published litera-
ture. NERC Environmental Information Data Centre. https://doi.
org/10.5285/7b274f84-0d93-416d-a5b3-54f3387cebd5.

Gatehouse AMR, Ferry N, Edwards MG, Bell HA. 2011. Insect-resistant 
biotech crops and their impacts on beneficial arthropods. Philosophical 
Transactions of the Royal Society B 366: 1438–1452.

Hone J, Drake VA, Krebs CJ. 2015. Prescriptive and empirical principles of 
applied ecology. Environmental Reviews 23: 170–176.

Hulme PE. 2020. Plant invasions in New Zealand: Global lessons in 
prevention, eradication and control. Biological Invasions 22:  
1539–1562.

Hulme PE, Pyšek P, Jarošík V, Pergl J, Schaffner U, Vilà M. 2013. Bias and 
error in understanding plant invasion impacts. Trends in Ecology and 
Evolution 28: 212–218.

Indigo N, Smith J, Webb JK, Phillips B. 2018. Not such silly sausages: 
Evidence suggests northern quolls exhibit aversion to toads after train-
ing with toad sausages. Austral Ecology 43: 592–601.

Innes J, Fitzgerald N, Binny R, Byrom A, Pech R, Watts C, Gillies C, 
Maitland M, Campbell-Hunt C, Burns B. 2019. New Zealand ecosanc-
tuaries: Types, attributes and outcomes. Journal of the Royal Society of 
New Zealand 49: 370–393.

Isaksson D, Wallander J, Larsson M. 2007. Managing predation on 
ground-nesting birds: The effectiveness of nest exclosures. Biological 
Conservation 136: 136–142.

Izaguirre I, Lancelotti J, Saad JF, Porcel S, Marinone MC, Roesler I, del 
Carmen Dieguez M. 2018. Influence of fish introduction and water 
level decrease on lakes of the arid Patagonian plateaus with importance 
for biodiversity conservation. Global Ecology and Conservation 14: 
e00391.

Jeschke JM, et  al. 2014. Defining the impact of non-native species. 
Conservation Biology 28: 1188–1194.

Jones HP, Holmes ND, Butchart SH, Tershy BR, Kappes PJ, Corkery I, 
Aguirre-Muñoz A, Armstrong DP, Bonnaud E, Burbidge AA. 2016. 
Invasive mammal eradication on islands results in substantial conser-
vation gains. Proceedings of the National Academy of Sciences 113: 
4033–4038.

Kopf RK, Boutier M, Finlayson CM, Hodges K, Humphries P, King A, 
Kingsford RT, Marshall J, McGinness HM, Thresher R. 2019. Biocontrol 
in Australia: Can a carp herpesvirus (CyHV-3) deliver safe and effective 
ecological restoration? Biological Invasions 21: 1857–1870.

Kopf RK, Nimmo DG, Humphries P, Baumgartner LJ, Bode M, Bond NR, 
Byrom AE, Cucherousset J, Keller RP, King AJ. 2017. Confronting 
the risks of large-scale invasive species control. Nature Ecology and 
Evolution 1: 0172.

Latham MC, Anderson DP, Norbury G, Price CJ, Banks PB, Latham ADM. 
2019. Modeling habituation of introduced predators to unrewarding 
bird odors for conservation of ground-nesting shorebirds. Ecological 
Applications 29: e01814.

Linders TE, Bekele K, Schaffner U, Allan E, Alamirew T, Choge SK, Eckert 
S, Haji J, Muturi G, Mbaabu PR. 2020. The impact of invasive species on 
social–ecological systems: Relating supply and use of selected provision-
ing ecosystem services. Ecosystem Services 41: 101055.

Lockwood JL, Hoopes MF, Marchetti MP. 2013. Invasion Ecology, 2nd ed. 
Wiley.

Lodge DM, Williams S, MacIsaac HJ, Hayes KR, Leung B, Reichard S, 
Mack RN, Moyle PB, Smith M, Andow DA. 2006. Biological inva-
sions: Recommendations for US policy and management. Ecological 
Applications 16: 2035–2054.

Mačić V, Albano PG, Almpanidou V, Claudet J, Corrales X, Essl F, 
Evagelopoulos A, Giovos I, Jimenez C, Kark S. 2018. Biological inva-
sions in conservation planning: A global systematic review. Frontiers in 
Marine Science 5: 178.

Mack RN, Simberloff D, Mark Lonsdale W, Evans H, Clout M, Bazzaz FA. 
2000. Biotic invasions: Causes, epidemiology, global consequences, and 
control. Ecological applications 10: 689–710.

Mandle LA, Ouyang Z, Daily GC, Salzman JE. 2019. Green Growth That 
Works: Natural Capital Policy and Finance Mechanisms around the 
World. Island Press.

Martinez-Cillero R, Willcock S, Perez-Diaz A, Joslin E, Vergeer P, Peh 
KS-H. 2019. A practical tool for assessing ecosystem services enhance-
ment and degradation associated with invasive alien species. Ecology 
and Evolution 9: 3918–3936.

McInturff A, Xu W, Wilkinson CE, Dejid N, Brashares JS. 2020. Fence 
ecology: Frameworks for understanding the ecological effects of fences. 
BioScience 70: 971–985.

biaa139.indd   10 19-11-2020   05:41:28 PM

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/advance-article/doi/10.1093/biosci/biaa139/6006378 by U

niversity of N
ew

castle user on 07 D
ecem

ber 2020



Forum

https://academic.oup.com/bioscience 	 XXXX XXXX / Vol. XX No. X • BioScience   11   

Milanović M, Knapp S, Pyšek P, Kühn I. 2020. Linking traits of invasive 
plants with ecosystem services and disservices. Ecosystem Services 42: 
101072.

Ministerio de Ambiente y Desarrollo Sustentable, Presidencia de la 
Nacion. 2017. Estrategia de comunicación y concientización. Versión 
1. Estrategia Nacional sobre Especies Exoticas Invasoras, Argentina. 
Ministerio de Ambiente y Desarrollo Sustentable, Presidencia de 
la Nacion Argentina; Organizacion de las Naciones Unidas para la 
Alimentacion y la Agricultura; Fondo para el Medio Ambiente Mundial.

Miskelly CM, Powlesland RG. 2013. Conservation translocations of New 
Zealand birds, 1863–2012. Notornis 60: 3–28.

Moseby KE, Hill BM, Read JL. 2009. Arid recovery: A comparison of reptile 
and small mammal populations inside and outside a large rabbit, cat 
and fox-proof exclosure in arid South Australia. Austral Ecology 34: 
156–169.

Nentwig W, Bacher S, Pyšek P, Vilà M, Kumschick S. 2016. The generic 
impact scoring system (GISS): A standardized tool to quantify the 
impacts of alien species. Environmental monitoring and assessment 
188: 315.

Norbury G, Hutcheon A, Reardon J, Daigneault A. 2014. Pest fencing or 
pest trapping: A bio‐economic analysis of cost‐effectiveness. Austral 
Ecology 39: 795–807.

Norbury GL, Pech RP, Byrom AE, Innes J. 2015. Density-impact functions 
for terrestrial vertebrate pests and indigenous biota: Guidelines for con-
servation managers. Biological Conservation 191: 409–420.

Novoa A, Richardson DM, Pyšek P, Meyerson LA, Bacher S, Canavan S, 
Catford JA, Čuda J, Essl F, Foxcroft LC. 2020. Invasion syndromes: A 
systematic approach for predicting biological invasions and facilitating 
effective management. Biological Invasions 22: 1801–1820.

Nuñez MA, Chiuffo MC, Torres A, Paul T, Dimarco RD, Raal P, Policelli 
N, Moyano J, García RA, Van Wilgen BW. 2017. Ecology and manage-
ment of invasive Pinaceae around the world: Progress and challenges. 
Biological Invasions 19: 3099–3120.

Ogden LA. 2018. The beaver diaspora: A thought experiment. Environmental 
Humanities 10: 63–85.

Pauliny A, Larsson M, Blomqvist D. 2008. Nest predation management: 
Effects on reproductive success in endangered shorebirds. Journal of 
Wildlife Management 72: 1579–1583.

Price CJ, Banks PB. 2012. Exploiting olfactory learning in alien rats to 
protect birds’ eggs. Proceedings of the National Academy of Sciences 
109: 19304–19309.

Pyšek P, et al. 2020. Scientists’ warning on invasive alien species. Biological 
Reviews. https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12627.

Qaim M, Zilberman D. 2003. Yield effects of genetically modified crops in 
developing countries. Science 299: 900–902.

Reddiex B, Forsyth DM. 2006. Control of pest mammals for biodiversity 
protection in Australia. II. Reliability of knowledge. Wildlife Research 
33: 711–717.

Reynolds C, Venter N, Cowie BW, Marlin D, Mayonde S, Tocco C, Byrne 
MJ. 2020. Mapping the socioecological impacts of invasive plants in 
South Africa: Are poorer households with high ecosystem service use 
most at risk? Ecosystem Services 42: 101075.

Ricciardi A, Hoopes MF, Marchetti MP, Lockwood JL. 2013. Progress 
toward understanding the ecological impacts of nonnative species. 
Ecological Monographs 83: 263–282.

Risbey DA, Calver MC, Short J, Bradley JS, Wright IW. 2000. The impact of 
cats and foxes on the small vertebrate fauna of Heirisson Prong, Western 
Australia. II. A field experiment. Wildlife Research 27: 223–235.

Robertson PA, et  al. 2020. A proposed unified framework to describe the 
management of biological invasions. Biological Invasions 22: 2633–2645.

Rytwinski T, Taylor JJ, Donaldson LA, Britton JR, Browne DR, Gresswell 
RE, Lintermans M, Prior KA, Pellatt MG, Vis C. 2019. The effective-
ness of non-native fish removal techniques in freshwater ecosystems: A 
systematic review. Environmental Reviews 27: 71–94.

Sapsford SJ, et al. 2020. Towards a framework for understanding the context 
dependence of impacts of non‐native tree species. Functional Ecology 
34: 944–955.

Shwiff SA, Anderson A, Cullen R, White PCL, Shwiff SS. 2013. Assignment 
of measurable costs and benefits to wildlife conservation projects. 
Wildlife Research 40: 134–141.

Smith D, King R, Allen BL. 2020. Impacts of exclusion fencing on target and 
non-target fauna: A global review. Biological Reviews. https://onlineli-
brary.wiley.com/doi/abs/10.1111/brv.12631?af=R.

Smith MJ, Cogger H, Tiernan B, Maple D, Boland C, Napier F, Detto T, 
Smith P. 2012. An oceanic island reptile community under threat: The 
decline of reptiles on Christmas Island, Indian Ocean. Herpetological 
Conservation and Biology 7: 206–218.

Smith RK, Pullin AS, Stewart GB, Sutherland WJ. 2011. Is nest preda-
tor exclusion an effective strategy for enhancing bird populations? 
Biological Conservation 144: 1–10.

Sofaer HR, Jarnevich CS, Pearse IS. 2018. The relationship between invader 
abundance and impact. Ecosphere 9: e02415.

Taylor KT, Maxwell BD, Pauchard A, Nuñez MA, Rew LJ. 2016. Native ver-
sus non-native invasions: Similarities and differences in the biodiversity 
impacts of Pinus contorta in introduced and native ranges. Diversity 
and Distributions 22: 578–588.

Thomas MB, Reid AM. 2007. Are exotic natural enemies an effective way 
of controlling invasive plants? Trends in Ecology and Evolution 22: 
447–453.

Torres A, Alarcón PA, Rodríguez-Cabal MA, Nuñez MA. 2018. Secondary 
invasions hinder the recovery of native communities after the removal 
of nonnative pines along a precipitation gradient in Patagonia. Forests 
9: 394.

Tracey J, Bomford M, Hart Q, Saunders G, Sinclair R. 2007. Managing 
bird damage to fruit and other horticultural crops. Bureau of of Rural 
Sciences, Australian Government.

Van Bommel L, Johnson CN. 2012. Good dog! Using livestock guardian 
dogs to protect livestock from predators in Australia’s extensive grazing 
systems. Wildlife Research 39: 220–229.

Walsh JC, Wilson KA, Benshemesh J, Possingham HP. 2012. Unexpected 
outcomes of invasive predator control: The importance of evaluating 
conservation management actions. Animal Conservation 15: 319–328.

Webb J, Legge S, Tuft K, Cremona T, Austin CC. 2015. Can we Mitigate 
Cane Toad Impacts on Northern Quolls? Charles Darwin University.

Weidlich EWA, Flórido FG, Sorrini TB, Brancalion PHS. 2020. Controlling 
invasive plant species in ecological restoration: A global review. Journal 
of Applied Ecology 57: 1806–1817.

van Wilgen BW, Forsyth GG, Le Maitre DC, Wannenburgh A, Kotzé JD, 
van den Berg E, Henderson L. 2012. An assessment of the effectiveness 
of a large, national-scale invasive alien plant control strategy in South 
Africa. Biological Conservation 148: 28–38.

Xing Y, et  al. 2020. Global cropland connectivity: A risk factor for inva-
sion and saturation by emerging pathogens and pests. BioScience 70: 
744–758.

Yokomizo H, Possingham HP, Thomas MB, Buckley YM. 2009. Managing 
the impact of invasive species: The value of knowing the density–impact 
curve. Ecological Applications 19: 376–386.

Pablo García-Díaz (pablo.garciadiaz@abdn.ac.uk), Xavier Lambin, David 
F. R. P. Burslem, and Eirini Linardaki are affiliated with the School of 
Biological Sciences at the University of Aberdeen, in Aberdeen, United 
Kingdom. Phillip Cassey is affiliated with the School of Biological Sciences 
at The University of Adelaide, in Adelaide, Australia. Grant Norbury 
is affiliated with Manaaki Whenua—Landcare Research, in Alexandra, 
New Zealand. Lía Montti is affiliated with the Instituto de Investigaciones 
Marinas y Costeras (IIMyC), FCEyN-Universidad Nacional de Mar del 
Plata-CONICET, and the Instituto de Geología de Costas y del Cuaternario 
(IGCyC), FCEyN-Universidad Nacional de Mar del Plata-CIC, in Mar del 
Plata, Argentina. J. Cristóbal Pizarro is the principal investigator of the 
Laboratorio de Estudios del Antropoceno, Facultad de Ciencias Forestales 
at the Universidad de Concepción, in Chile. Priscila A. Powell is affiliated 
with the Instituto de Ecología Regional and with the Facultad de Ciencias 
Naturales e Instituto Miguel Lillo at the Universidad Nacional Tucumán, in 

biaa139.indd   11 19-11-2020   05:41:28 PM

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/advance-article/doi/10.1093/biosci/biaa139/6006378 by U

niversity of N
ew

castle user on 07 D
ecem

ber 2020



Forum

12   BioScience • XXXX XXXX / Vol. XX No. X	 https://academic.oup.com/bioscience

Tucumán, Argentina. Mário Cava, Gabriella Damasceno, and Alessandra 
Fidelis are affiliated with the Lab of Vegetation Ecology in the Instituto de 
Biociências at the Universidade Estadual Paulista, in Rio Claro, Brazil. Laura 
Fasola is affiliated with the Consejo Nacional de Investigaciones Científicas 
y Técnicas Dirección Regional Patagonia Norte de la Administración de 
Parques Nacionales, in San Carlos de Bariloche, Río Negro, Argentina and 
with the Programa Patagonia, in the Departamento de Conservación de 
Aves Argentinas and the Asociación Ornitológica del Plata, in Buenos Aires, 
Argentina. Magdalena F. Huerta, Ignacio Rodríguez-Jorquera, and Jorge 
A. Tomasevic are affiliated with the Centro de Humedales Río Cruces at 
the Universidad Austral de Chile, in Valdivia, Chile. Bárbara Langdon and 
Aníbal Pauchard are affiliated with the Laboratorio de Invasiones Biológicas, 
in the Facultad de Ciencias Forestales at the Universidad de Concepción, 
Chile, and with the Institute of Ecology and Biodiversity, in Santiago, 

Chile. Jaime Moyano and Martín A. Núñez are affiliated with the Grupo 
de Ecología de Invasiones, Instituto de Investigaciones en Biodiversidad 
y Medioambiente, part of Argentina’s National Scientific and Technical 
Research Council, at the Universidad Nacional del Comahue, Quintral, in 
San Carlos de Bariloche, Argentina. Euan Phimister is affiliated with the 
Business School at the University of Aberdeen, in the United Kingdom, and 
with the University of Stellenbosch Business School, in Bellville, South Africa. 
Eduardo Raffo is affiliated with the Servicio Agrícola y Ganadero, Gobierno 
de Chile, in Valdivia, Chile. Ignacio Roesler is affiliated with the Laboratorio 
de Ecología y Comportamiento Animal, Instituto de Ecología Genética 
y Evolución de Buenos Aires, part of Argentina’s National Scientific and 
Technical Research Council, at the Universidad de Buenos Aires, in Buenos 
Aires, Argentina, and with EDGE of Existence-Zoological Society of London, 
in the United Kingdom.

biaa139.indd   12 19-11-2020   05:41:28 PM

D
ow

nloaded from
 https://academ

ic.oup.com
/bioscience/advance-article/doi/10.1093/biosci/biaa139/6006378 by U

niversity of N
ew

castle user on 07 D
ecem

ber 2020


