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The impact of climate change on biodiversity is now evident, with the direct impacts of changing temperature
and rainfall patterns and increases in the magnitude and frequency of extreme events on species distribution,
populations, and overall ecosystem function being increasingly publicized. Changes in the climate system are also
affecting human communities, and a range of human responses across terrestrial and marine realms have been
witnessed, including altered agricultural activities, shifting fishing efforts, and human migration. Failing to account
for the human responses to climate change is likely to compromise climate-smart conservation efforts. Here, we use
a well-established conservation planning framework to show how integrating human responses to climate change
into both species- and site-based vulnerability assessments and adaptation plans is possible. By explicitly taking
into account human responses, conservation practitioners will improve their evaluation of species and ecosystem
vulnerability, and will be better able to deliver win-wins for human- and biodiversity-focused climate adaptation.
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Introduction

Rapid, human-forced climate change is well under-
way1,2 and is an increasingly documented threat
to species, ecosystems, and ecological processes
across the planet.3–5 The conservation community
has responded to this challenge by attempting
to design strategies that are robust to climate
change impacts.6–10 “Climate-smart” conservation
has been described in differing ways in the pub-
lished literature9,11 but the fundamentals remain
constant—first, identify the feature targeted for
conservation and specify a management objective;
second, assess the potential effects of plausible
future climate scenarios on the chosen conservation
feature and identify management actions to achieve
the stated objective under each scenario; third,
prioritize and implement management actions
and; finally, monitor action effectiveness and adjust

ineffective actions, or revisit planning as needed
(framework shown in Fig. 1).

The science underpinning climate-smart con-
servation has progressed rapidly in recent years.
The uptake of climate-smart principles in practice,
however, remains slow.12 Rare examples of active
implementation include protected area planning
in the Albertine Rift in Africa12 and beaver (Castor
canadensis) conservation in North America.11 To
facilitate more adoption in practice, it is now
becoming a prerequisite to demonstrate phases
of climate-smart conservation when accessing
climate adaptation funding. For instance, the Doris
Duke Charitable Foundation13 and the MacArthur
Foundation14 are two of the largest funders of
climate adaptation grants, and both ask for all
applicants to follow climate-smart conservation
principles.
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Figure 1. The climate-smart conservation cycle.9 Indirect impacts from human responses to climate change require consideration
in four phases of the cycle (indicated by the dashed boxes). Schematic adapted from Stein et al.9 (Photo credits: (A) Neil Palmer,
(B) Petterik Wiggers, (C) Francesco Veronesi, (D) Brent Stirton/Getty Images, (E) James Allan, (F) Sean Maxwell, (G) Conservation
International, and (H) Jo Munday).

The primary focus of climate-smart conserva-
tion to date has been to assess and plan for
the direct impacts of climate change,12,15–18 where
direct impacts on biodiversity refer to those that
arise from changes in the climate, such as coral
bleaching19 or changes in phenology20,21 or climate-
driven habitats.22 Direct impacts also include those
that arise from interactions between climate change
and more traditional biodiversity threats, including
habitat fragmentation23 or ecological processes such
as fire24 or invasive species.25 Documented direct
impacts of climate change include declines in body
size26 and chick survival27 in birds, reduced popu-
lation growth rates in mammals,20 changes in turtle
nesting seasonality,21 and constriction of biodiverse
cloud forests.28

Climate change is also affecting human societies
around the world,29 with humans responding to
the challenges and opportunities that climate
change presents (Table 1; Box 1).30,31 For
example, there are now many instances of farm-
ers experimenting with new crops and cropping

regimes to maintain otherwise declining yields
in the face of changing seasons and rainfall
patterns.32,33 Some communities that cannot main-
tain yields are now migrating away from their
agricultural lands entirely.34 Recent temperature
and rainfall anomalies in sub-Saharan Africa, for
example, caused the net displacement of five mil-
lion people between 1960 and 2000,35 and are
also leading some coastal fisher communities to
shift their fishing grounds.36 The rapidly chang-
ing climate in the higher latitudes of the northern
hemisphere, which is reducing permafrost, snow,
and ice, is already altering transportation net-
works and infrastructure associated with mining,
oil, and gas developments.37 Because of the increas-
ing frequency and magnitude of extreme weather
and climate events witnessed around the world,29

there are now many examples of coastal communi-
ties preparing for natural disasters by constructing
physical barriers38 or by planting or protecting nat-
ural defense mechanisms against coastal inundation
and erosion, such as mangroves and reefs.39 There
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Table 1. Published examples of different human responses to local climatic changes that have, or are likely to cause,
indirect impacts to species and ecosystems of conservation concern

Climate-related pressure Human response Potential indirect impacts on species and ecosystems

Increased rainfall variability Build water storage infrastructure

(dams, reservoirs, bores)

Changes in natural river flows186

Disruption of migratory processes91

Distribution changes in

economically important

fish species

Associated shifts in fishing effort Overfishing if not accounted for in management

practices36

Climate-induced changes in

agricultural suitability

Shift or intensify agriculture in

regions that become more

climatically suitable

Progressive fragmentation and loss of wildlife

habitat120,129

Reduced sea ice and permafrost

in the Arctic

Shift or intensify transport,

fishing, and oil extraction

activities

Increased risk of oil spills, marine mammal boat strikes,

bycatch, and entanglement impacts from these

activities187

Inundation from sea level rise Human displacement and

relocation of agriculture

Mammalian habitat loss due to relocation of urban and

agricultural areas38,188

Erosion from sea level rise Construction of physical barriers

for coastal armoring

Changes in trophic structure and reduced species

diversity92

Coral reef destruction38

Recurrent severe drought Increased groundwater extraction Exacerbated drought impacts on endemic cave-dwelling

species101

Switching to alternative forms of

income or food

Increased poaching of elephants or resource extraction

within protected areas120,189

Pastoralists increase herd size to

facilitate herd recovery

Competitive displacement or harassment of wildlife by

livestock and herders190–192

has also been a shift in the global policy realm, with
regional-scale adaptation now playing an impor-
tant part in international climate negotiations.40 In
the last few years, governments have increasingly
recognized the importance of implementing poli-
cies to safeguard or promote ecosystem services in
a changing climate to allow humans to better adapt
to climate change, including protecting forests to
reduce avalanches and landslides,41 restoring urban
forests to prevent heat traps, improve air quality
and regulate stormwater runoff,42 and implement-
ing agroforestry programs to help farmers adapt to
irregular rainfall patterns.41,43

A growing literature argues that the majority of
human responses to climate change are inextri-
cably linked to environmental changes that inter-
fere with the natural adaptive responses to climate
change that species and ecosystems have relied upon
in the past.17,44,45 Impacts on species or ecosys-
tems that result from human responses to climate
change are increasingly referred to as the indi-
rect impacts of climate change,15,30,46,47 and the
present discussion follows this convention. Applica-
tions of the climate-smart conservation framework

very rarely accommodate the indirect impacts of cli-
mate change on biodiversity, constraining our abil-
ity to assess and plan for them.45,47 Here, we argue
that indirect impacts can be accommodated with-
out a radical departure from current climate-smart
conservation.

Building on four existing steps of the well-
established climate-smart conservation framework
(Fig. 1), this review will demonstrate different
ways to integrate the indirect impacts from human
responses to climate change into vulnerability
assessments and adaptation plans (Table 2). We first
show that it is possible for vulnerability assessments
to capture the degree to which human responses
alter species’ and ecosystems’ ability to adapt to
climate change. After assessing the potential indi-
rect impacts of climate change, we argue that revis-
ing conservation goals and objectives can reveal
more pragmatic conservation goals and objectives
that incorporate—or even take advantage of—likely
human responses to climate change. Current cli-
mate adaptation actions that involve resisting indi-
rect impacts, accommodating change in land and
seascapes, and promoting dual benefits for humans
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Examples of human adaptation responses to climate change that can have positive and negative indirect
impacts on biodiversity. Shown are (A) drought-driven Mulga harvesting in Queensland, Australia;96 (B) a
protective sea wall built using blasted coral in Papua New Guinea;38 (C) agroforestry plantations encourage a
microclimate that supports high yields while providing migration corridors for species that are threatened by
climate change;43 (D) mangrove forest restoration for coastal defense in the Philippines.141 (Photo credits: (A)
Michelle Venter, (B) U.S. Department of Agriculture, (C) James Watson, and (D) Trees for the Future,
http://flic.kr/p/b8256t).

Box 1

and biodiversity can address the indirect impacts of
human responses to climate change. However, these
actions have different levels of risk and feasibility,
both of which are important to consider when eval-
uating and selecting adaptation actions. This review
clarifies the connections between climate-induced
changes in human behavior and the current think-
ing on climate-smart conservation, and in so doing,
facilitates the integration of human responses into
climate vulnerability assessments and adaptation
plans.

Assessing climate impacts and
vulnerabilities

Current methods for assessing vulnerability to
climate change
Vulnerability assessments are an important early
phase of climate-smart conservation (step 2 in

Fig. 1) because they can identify if, and for what
reason/s, climate change may pose a threat to the
persistence of species or ecosystems of conservation
importance (herein referred to as a conservation
target). Vulnerability in this context refers to the
extent to which a conservation target is predisposed
to be adversely affected by climate change.9 Climate
change vulnerability assessments provide the crit-
ical foundation upon which conservation actions
or policies are developed. Beyond planning, vulner-
ability assessments also play an important role in
informing conservation inventories (e.g., the Inter-
national Union for Conservation of Nature (IUCN)
Red List of Threatened Species),10 which guide sig-
nificant conservation investment as well as some
national legislation.48

The Intergovernmental Panel on Climate Change
(IPCC) define vulnerability to be a product of
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Table 2. Suggested methodologies, data, and tools to aid conservation practitioners, organizations, or agencies when
attempting to address indirect impacts from humans responding to climate change in the climate-smart planning
cycle

Planning phase Possible methodologies, data, and tools Examples of implementation

Assess climate impacts

and vulnerabilities

� When feasible, use social–ecological modeling to

evaluate how human responses to climate change

indirectly impact conservation targets
� Seek out spatially explicit information on likely

human responses to climate change from

unconventional sources (e.g., World Bank,193

United Nations,111 government planning

documents)114 and use such information to

explore how responses could influence dispersal

pathways and climate refugia

� Holdo et al.106 use a social–ecological

model of the Greater Serengeti ecosystem

to explore the impacts of changing

climate and human activities on the

migratory wildebeest (Connochaetes

taurinus) population

Revise conservation

goals and objectives

� Agree on a methodology that will allow for the

revision of goals and objectives when conservation

targets are found to be vulnerable to indirect

climate impacts, or when human responses to

climate change will make it difficult to achieve

original goals and objectives

� Segan et al.46 recommend revising goals

to include the long-tailed ground roller

(Uratelornis chimaera) after assessing

likely indirect climate impacts across

southern Africa

Identify possible

adaptation actions

� Use expert elicitation194 and semi-structured

interviews with climate-vulnerable human

communities to identify pragmatic dual-benefit

actions
� If required, negotiation tools (e.g., collaborative

learning)195 can reduce conflict between

stakeholders
� Integrate expected indirect impacts into decision

theoretic approaches (e.g., Marxan with Zones)174

� McClanahan et al.110 identify

conservation actions that consider human

adaptive capacity to climate change across

Western Indian Ocean countries

Evaluate and select

adaptation actions

� Use methodologies that are designed to simulate

outcomes of alternative management actions under

uncertain states of the world (e.g., management

strategy evaluation,196 project prioritization

protocol,146 multi-criteria decision analysis),194 or

evaluate the benefits of learning more about the

conservation target before implementing

management action (e.g., value-of-information

analysis)172

� Runge et al.194 use multi-criteria decision

analysis to identify a preferred

management strategy for whooping

cranes (Grus americana) in Maryland

three measurable elements: exposure, sensitivity,
and adaptive capacity,49 with exposure being a mea-
sure of change in climate (e.g., temperature, wind,
precipitation) and climate-induced environmental
impacts (e.g., sea-level rise, ocean acidification)
within the area occupied by a species or system.9,50

Sensitivity is a measure of how much a species or
system will be affected by particular changes in
climatic variables,3,16 and together, exposure and
sensitivity determine how susceptible conservation
targets are to climate change. The third element
of vulnerability, adaptive capacity, is “the poten-

tial, capability, or ability of a species or ecosystem
to adjust to climate change, to moderate potential
damages, to take advantage of opportunities, or to
cope with the consequences.”49 Species or ecosys-
tems that have high exposure and sensitivity, and
low adaptive capacity, are said to have high vulner-
ability to climate change (Fig. 2).3

It is generally accepted that sensitivity is governed
by intrinsic factors, such as physiological traits (e.g.,
temperature or pH tolerance), phenology cycles
(e.g., timing of insect emergence),51 ecological link-
ages (e.g., predator–prey cycles),52 and strict habitat
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Figure 2. Conceptual framework for assessing species and
ecosystem vulnerability to climate change. Yellow and pink
circles represent exposure and sensitivity, respectively, where
exposure is a measure of change in climate and climate-induced
environmental impacts within the area occupied by a species or
system, and sensitivity is a measure of how much a species or
system will be affected by particular changes in climatic vari-
ables. The blue circle represents low adaptive capacity, which is
the inability of a species or system to adjust to climate change.
Where the circles intersect, “V” represents overall vulnerabil-
ity to climate change. Exposed and sensitive species or ecosys-
tems with low adaptive capacity are highly vulnerable to climate
change. Schematic adapted from Foden et al.3

dependencies (e.g., wading birds and mudflats).53

In contrast, adaptive capacity is thought to be a
function of both intrinsic factors, including life his-
tory characteristics (e.g., dispersal and colonization
ability),54,55 evolutionary potential (e.g., generation
time, genetic diversity),56 and phenotypic plastic-
ity (e.g., acclimation),57 and extrinsic factors, such
as habitat quality and connectivity, pollution, and
water availability.58,59

Species persisted through past periods of climate
change via a number of adaptive responses.44,55

Microevolution, for instance, refers to genetic
changes that occur over time within a population
and can occur rapidly to help species keep up with
environmental changes. Confronted with altered
temperatures in their wetlands, wood frog (Rana syl-
vatica) populations have undergone microevolution
in thermal preference60 and temperature-related
development rate61 in less than 40 years. Dispersing
away from unfavorable changes in climate has
also been an important adaptation response for

species in the past,62,63 particularly for long-lived
species with slow rates of microevolution (e.g.,
penguins (Pygoscelis sp.)).64 Climate refugia are
locations where species survive periods of regionally
adverse climate, and are thought to be critical for
species persistence through climate change.65,66

European beech (Fagus sylvatica) colonization
across Central and Northern Europe since the last
glacial maxima originated predominantly from
climate refugia in the northern periphery of the
Mediterranean (e.g., Eastern and Western Alps).67

Human influence on climate vulnerability
During past periods of climate change, human influ-
ence on the environment and ecosystem processes
did not limit the adaptive responses of species. This
is clearly no longer the case. Humanity’s footprint
now covers at least 83% of the earth’s surface, and
almost 98% of the areas where rice, wheat, or maize
can be grown is influenced by one or more of these
crops.68 Furthermore, 41% of marine ecosystems
are strongly affected by human activities.69 Such
modification of land and seascapes leaves many
species and ecosystems with little chance to use
their full range of adaptive responses to climate
change.70–72

In addition to the anthropogenic forces that have
already altered the function and state of many
ecosystems, human responses to climate change will
influence the ability of species to cope, adjust, or
disperse away from climate impacts (Fig. 3). For
example, when tropical forested ecosystems become
more accessible during the wet season due to
changes in the length and severity of the dry season,
humans responded opportunistically by increasing
logging and hunting efforts.73 This change in behav-
ior can restrict animal and plant dispersal across the
landscape,74–76 exacerbating their vulnerability to
the drying conditions. In contrast, agroforesty is an
adaptive strategy being adopted by farmers in trop-
ical regions to adapt to the impacts of a drying cli-
mate on banana, coffee, and cocoa plantations.43,77

By intentionally managing shade trees within food
crops to encourage a microclimate that supports
high yields, agroforestry can provide migration cor-
ridors for tropical species that are threatened by
climate change.43 The adoption of agroforestry by
farmers is also linked with declines in unsustainable
timber harvesting and illegal grazing of livestock in
nearby natural areas.78
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Figure 3. Conceptual demonstration of how human responses to climate change can have positive and negative influences on
species and ecosystem vulnerability to climate change. Colors in vulnerability diagrams reflect those in Fig. 2. Biodiversity-friendly
human responses present opportunities to enhance the adaptive capacity of climate-imperiled conservation targets, reducing
their overall vulnerability to climate change. Non-biodiversity-friendly responses exacerbate climate vulnerability of species and
ecosystems by reducing their adaptive capacity.

Increased frequency and magnitude of extreme
weather and climate events are now triggering a
series of human responses that have implications
for species threatened with climate change. Planned
and unplanned resettlement of communities that
reside in flood- or drought-prone areas79,80 precip-
itates a variety of environmental problems, includ-
ing legal and illegal land colonization, deforestation,
fires, and overhunting.81–86 These indirect impacts
place additional stress on species coping with flood
and drought impacts themselves, and are often exac-
erbated by poor governance.30,83,87

Human resettlement is occasionally required
to make way for dams, which serve to secure
potable water or mitigate flood impacts for vulner-
able communities.88,89 These constructions impose
additional indirect climate impacts by blocking
animal migrations90 and increasing temperature-
related stress in aquatic organisms.91 Sea walls and
other physical barriers constructed for protection
from storm surge events, flooding, and coastal
erosion can similarly result in damage to coastal
ecosystems without appropriate planning.92 How-
ever, there are more biodiversity-friendly options
for coastal defense that are being adopted by local
communities and governments, such as restoring

or conserving mangrove and coral ecosystems,93

which could enhance species and system adaptive
capacity to climate change by providing vital nurs-
ery habitat for marine organisms94 and connecting
remnant mangrove communities. The Chinese gov-
ernment recently restored several thousand square
kilometers of floodplains to attenuate climate vari-
ability and flooding impacts. This process involved
the removal of dikes and other hard structures,
allowing for improved water quality and conser-
vation of threatened species.95

Indirect impacts are increasingly likely in
drought-affected arable landscapes. For example,
after ground forage is exhausted during drought in
Queensland, Australia, large areas of mulga (Acacia
aneura) forest are felled for livestock, which use the
tree’s phyloids as fodder.96 While this practice has
a relatively benign effect on plant diversity,97 the
indirect impacts of resource shortage on dependent
bird, small mammal, and invertebrate communi-
ties in times of drought could be significant.98 Fur-
thermore, extraction of groundwater for agriculture
or human consumption often increases in response
to drought events, which can degrade riparian
habitat99—in some cases making it more fire
prone100—and can exacerbate drought impacts on
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endemic cave-dwelling species.101 Conversely, there
is potential for climate-imperiled species to benefit
from some human responses to drought. Agricul-
tural land abandonment due to climate-driven crop
failures34 may enable species to inhabit or move
through previously impermeable landscapes.102,103

Some well-intentioned human efforts to limit
greenhouse gas emissions have led to perverse bio-
diversity consequences. Palm oil plantations, many
of which are grown to produce biofuel, now cover
over 13 million hectares of the earth’s surface (pri-
marily in Southeast Asia).104 As these plantations
continue to replace tropical rainforest, they impose
restrictions on the range of climate adaptation
responses for forest-dependant species. Recognizing
the biological and climate impacts of tropical forest
clearance, climate change mitigation strategies have
started to put a monetary value on intact tropical
rainforest through programs such as Reduced Emis-
sions from Deforestation and Forest Degradation
(REDD+).45,105 REDD+ is one human response
that has significant positive potential for increas-
ing species adaptive capacity to climate change, as
it may enhance conservation efforts in the world’s
most biodiverse ecosystem.

Integrating human responses to climate
change into vulnerability assessments
Addressing the indirect impacts from climate
change will require a far greater understanding of
dynamic human behavior than the conservation
community currently has. This greater understand-
ing will only come from conservation organizations
and agencies that recruit more social scientists to
increase their capacity to use the social and eco-
nomic tools, data, and skills needed to advance our
understanding and treatment of indirect climate
impacts (Table 2). For example, there is increas-
ing evidence that social–ecological models play a
critical role in linking land and seascapes with
human behavior, and are valuable tools when pre-
dicting how complex system dynamics will play out
over long time scales.106,107 These models enable
explicit modeling of how human responses to cli-
mate change influence species or ecosystem vulner-
ability to climate change (and vice versa), which
makes them a very useful approach to integrating
indirect impacts of climate change into conservation
vulnerability assessments. Social–ecological models
have been used to great effect in the tropical marine

conservation realm to expose the high degree of
codependency between the social and ecological sys-
tems, where vulnerability to climate change is visibly
and quantitatively influenced by each system.108,109

These models are also usefully applied when evalu-
ating and selecting between different conservation
adaptation actions.110

The challenge for the conservation science com-
munity is to capture within vulnerability assess-
ments the indirect impacts of humans responding
to climate change when social–ecological models
are not available for the species or site of conserva-
tion interest. One obvious way for doing this is to
utilize existing information from non-conservation
sectors, on likely human actions under different sce-
narios of climate change. Where this information is
spatially explicit, it is possible to undertake con-
servation vulnerability assessments that integrate
how landscapes or seascapes may be modified as
humans respond to climate change, and how these
modifications can influence dispersal pathways and
climate refugia (see Pacifici et al.16 for a review on
approaches used to model vulnerability to climate
change).

The United Nations Framework Convention on
Climate Change (UNFCCC) coordinates National
Adaptation Programmes of Action (NAPA), which
identify urgent and immediate actions needed in
the least developed countries to prevent damaging
impacts from climate change.111 The actions
proposed in NAPA involve land-use change (e.g.,
coastal reforestation in Bangladesh and Cambodia,
dam construction in Burundi and Lao), future
land acquisitions, and population displacement
and resettlement.112 Spatially explicit information
sourced from funded NAPA projects would provide
valuable insight into human climate adaptation
that is likely to influence species and ecosystem
climate vulnerability in surrounding regions.
Wheeler113 provided another freely available data
set that ranks 233 countries according to their
vulnerability to weather-related disasters, sea-level
rise, and loss of agricultural productivity. The data
set acts as a decision-making tool for donors who
wish to identify and fund the most cost-effective
adaptation actions within countries, and thus may
help identify where and how human adaptation
efforts will be undertaken.

Government planning documents used in concert
with predictions of agricultural suitability under
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climate change114 can provide realistic scenarios
of where future agricultural expansion is likely to
occur. Laurance et al.115 mapped global regions
where the expansion of transportation routes is
likely to have large social and agricultural bene-
fits under future climate change. Such information
could be usefully applied when assessing climate
vulnerability of species, particularly those reliant on
dispersal ability to adapt to climate change.

There are now some examples, when spatially
explicit data on likely human responses are avail-
able, of how likely human responses to climate
change can be integrated into climate-smart
vulnerability assessments. Segan et al.,46 for
example, used the mean impact of climate change
on human populations forecasted in 2050 (as
assessed by Midgley et al.)116 in order to inform
climate vulnerability for threatened bird species
and important bird areas117 across southern Africa.
A key finding of this study was that one-fifth of
species and one-tenth of sites previously thought to
be at relatively low vulnerability to climate change
shifted to high vulnerability when the likely indirect
impacts of climate change were integrated into the
assessment.46 However, these types of assessments
are still rare, and additional studies using infor-
mation on where human populations are likely
to respond to climate change to inform species
and ecosystem range changes118,119 and extinction
risk24 are needed to improve our understanding of
how indirect impacts of climate change effect the
vulnerability of conservation targets.

Revise conservation goals and objectives

In the context of climate-smart conservation, a goal
refers to an overarching vision as to why conserva-
tion effort is needed (e.g., to make harlequin frogs
(Atelopus sp.) less vulnerable to climate change).
An objective refers to a more specific statement
about what can be done to meet the goal (e.g.,
secure cool and wet microhabitats). Put together,
goals and objectives frame the design, implementa-
tion, and measurement of conservation actions, and
pausing to revise goals and objectives after assessing
climate impacts ensures that they are still mean-
ingful and likely to lead to desired outcomes.9,11

Depending on the outcome of a vulnerability assess-
ment, goals and objectives may change in subtle
or substantial ways, or may not require revision
at all. However, there are at least two broad rea-

sons why it is important to ask whether goals and
objectives remain relevant after integrating indirect
impacts of climate change into vulnerability assess-
ments (step 3 in Fig. 1). First, if human responses
to climate change are found to exacerbate species or
ecosystem vulnerability to climate change, conser-
vation goals must be revised so that they adequately
focus on those species or sites threatened by this
response. Segan et al.46 showed that climate change
clearly poses a threat to the endangered long-tailed
ground roller (Uratelornis chimaera), but this threat
was only apparent when likely human responses
to climate change were incorporated into the vul-
nerability assessment (the species is not vulnera-
ble to the direct climate change impacts) (Fig. 1C).
Similarly, in Manus Island (Papua New Guinea),
a recent assessment showed that many coral reefs
were considered resilient to the direct impacts of
climate change, but this vulnerability changed con-
siderably when social vulnerability of nearby fish-
ing villages was considered.109 In instances such as
these, failing to revise goals and objectives to focus
on the indirect impacts of climate change will lead
to inefficient allocation of conservation resources,
or the selection of conservation actions that do
not address the most pressing threats to species
persistence.

Second, there will be cases when human
responses to climate change will make it very
difficult or impossible to reach the goals and
objectives that were originally agreed upon. In
the Virunga National Park (Democratic Republic
of the Congo), for example, the economic and
physical displacement of people in response to
changing crop suitability with climate change12,120

undermines efforts to conserve critically endan-
gered Virunga mountain gorillas (Gorilla beringei
beringei).121 In 2007, ten gorillas were massacred to
send a message to the park staff not to interfere with
economic interests in the park (Fig. 1D).121 A more
pragmatic conservation goal in this case may be to
reduce human vulnerability to climate change, and
by doing so, mitigate indirect impacts of climate
change on conservation targets. Other human-
orientated conservation goals include sustaining or
restoring key ecosystem services (e.g., pollination,
water purification, or carbon sequestration), main-
taining sustainable levels of harvestable or extracted
resources (e.g., fish, timber), or providing physical
protection from extreme events (e.g., storm surges
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Figure 4. Schematic diagram of how indirect climate change impacts can be integrated into steps 4 and 5 of the climate-smart
conservation cycle. Colors in vulnerability diagrams reflect those in Fig. 2. Vulnerability diagrams on the left represent species or
ecosystem vulnerability to the indirect impacts of climate change, while circle diagrams on the right represent climate vulnerability
for human communities in the same region. Solid lines in circle diagrams measure elements of vulnerability before action is taken to
address indirect impacts of climate change. Dashed lines in circle diagrams measure potential changes in elements of vulnerability
after conservation action is taken. “Risk” is the probability that actions fail to meet conservation goals and broader social values
and needs under climate change and the likely consequences of this failure. “Feasibility” refers to how practicable it is to implement
alternative actions from knowledge, resource, and legal standpoints.

and flooding), and are likely to be important to
consider in these circumstances.9,41,122,123

Identify possible adaptation actions

Conservation actions lay out how objectives and
goals are to be achieved. Here, we discuss actions
to avoid, mitigate, and offset the indirect impacts
of climate change on conservation targets. The par-
ticular action or suite of actions chosen to address
indirect impacts will always be context dependent,
but they generally fall into one of three broad strate-
gies: resistance actions, actions that accommodate
change, and actions that simultaneously address
the vulnerability of people and biodiversity (Fig. 4;
Table 2). These strategies are not mutually exclusive,

and practitioners may adopt multiple actions from
more than one strategy, or a single action that itself
spans more than one strategy.

Resistance actions
Indirect impacts can be mitigated by resisting
human responses to climate change in regions of
conservation importance. Resistance actions aim
to increase the adaptive capacity of species and
ecosystems relative to a scenario where humans
could potentially respond to climate change with-
out being restricted by these actions. Where
human responses to climate change are likely to
erode biological values, there may be options for
conservation practitioners to resist this erosion
through resistance actions such as the expansion of
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existing protected areas or better enforcement of
existing ones. For example, Bradley et al.120 found
that areas set aside for biodiversity conservation in
South Africa are likely to be increasingly exploited
for food and fuel under future climate change. One
option to combat this is to invest in stronger enforce-
ment of extractive-use regulations within reserve
boundaries (e.g., anti-poaching patrols (Fig. 1E)).
Furthermore, Visconti et al.124 coupled predictions
of climate-induced land-use change (as assed by
IMAGE 2.4)125 with habitat suitability models to
identify regions where local extinction of terrestrial
mammals is highly likely. Resisting such indirect
impacts could involve expanding or establishing
new protected areas in places that are likely to be
affected by humans in the future.

Accommodating change
When used to address indirect climate change
impacts, actions that accommodate change essen-
tially aim to offset losses in species and ecosystem
adaptive capacity in places where humans have
increased their impacts, by restoring adaptive
capacity in places where humans are reducing their
impacts.126 Forecasts show that suitable conditions
for current crops are likely to shift with climate
change (e.g., sugar maple127 and wine),128 while
others predict that currently unsuitable areas will
become increasingly suitable, suggesting that agri-
culture may intensify or shift into these regions.129

If these shifts eventuate, they will allow for novel
opportunities to restore land previously used for
agriculture. Restoration can occur passively if the
soil of abandoned land still houses a viable seed
bank or if natural vegetation exists within the
dispersal distance of the native species.130 For large
areas that have been farmed for a long period,
more intensive active restoration action efforts
will be required to restore functioning native
ecosystems.103 These restoration opportunities are
not limited to terrestrial areas; as fish distribution131

and associated fishing efforts shift with climate
change,36 opportunities for restoration will also
arise in marine and freshwater environments that
become less affected by destructive fishing practices.

In regions where humans are reducing their
impact, planners may choose to reintroduce a
species that has previously been extirpated,132

release individuals into an existing population
of conspecifics to enhance population viability

(termed reinforcement),133 or translocate species on
the basis of their direct climate vulnerability.132,134

Other opportunities to accommodate change
may arise from the abandonment and poten-
tial decommissioning of ecologically damaging
infrastructure. Changing demands for water and
hydroelectric power in North America, for instance,
is increasingly presenting opportunities to remove
dams that impede the movements of migrating
salmon, although dam removal is still a challenging
undertaking.135

Dual benefits
Resistance actions and actions that accommodate
change typically involve retrofitting conservation
efforts around human-focused priorities that affect
land and sea use. The final strategy to combat indi-
rect impacts of climate change provides a unique
opportunity for conservation needs to drive human
welfare and development decisions. Dual-benefit
actions explicitly aim to increase human adaptive
capacity in ways that also increase the adaptive
capacity of conservation targets. The concept of
ecosystems providing essential services for human
survival has successfully increased the importance
of nature conservation in policy agendas,123,136 par-
ticularly in countries with the poorest and most
vulnerable communities who have immediate adap-
tation needs.137

A plethora of ecosystem service approaches to
climate adaptation have emerged that use elements
of nature to buffer human communities against
the adverse impacts of climate change (e.g.,
ecosystem-based adaptation,138 payments for eco-
system services,139 Integrated Island Manage-
ment)140 and are heralded as promising approaches
to finding dual-benefit solutions when environ-
mental problems threaten human communities.
Mangrove forests are being established and
conserved in the Philippines to increase coastal
resilience to storm surges, flooding, and erosion.141

Similar actions have been implemented around
primary water sources in Haiti to reduce erosion
and landslides in order to secure potable water
supplies.77 Fishing communities across Melanesia
depend heavily on marine resources for their liveli-
hoods and have established locally managed marine
protected areas in an effort to bolster coral diversity
and likely resilience to climate change.19,138,142

CASCADE (Central American Subsistence and
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Coffee farmer ADaptation based on Ecosystems) is a
research project run by Conservation International
that aims to help vulnerable smallholder coffee
farmers adapt to climate change in Costa Rica, Hon-
duras, and Guatemala (Fig. 1G).143 Dual-benefit
actions can be implemented at the community level,
as in the previous examples, or as a top-down strat-
egy led by governmental bodies. For example, the
Chinese government offers payments to landowners
to increase or restore forests on steep slopes or in
areas subject to desertification, a strategy that has
led to globally significant forest expansion.144

Evaluate and select adaptation actions

The next step in the climate-smart cycle is to eval-
uate and select which action, or suite of actions,
is most likely to deliver the conservation goals
and objectives. We propose that actions to com-
bat indirect climate change impacts should be eval-
uated across at least two broad criteria—risk and
feasibility. Here, we define risk as the probabil-
ity that actions fail to achieve conservation goals
and broader societal values and needs under cli-
mate change, and the likely consequences of this
failure.145 Feasibility refers to how practicable or
realistic it is to implement alternative actions from
a knowledge, resource, and legal standpoint. These
evaluation criteria are drawn from the decision sci-
ence literature, which has shown that their con-
sideration increases the likelihood of actions being
implemented and the capacity to measure conser-
vation progress over time.9,146,147 Here, we provide
a hypothetical assessment of risk and feasibility lev-
els associated with resistance, change, and dual-
benefit actions to address indirect climate change
impacts.

Risk
Perhaps the most obvious factor to consider
when deciding between alternative actions is how
likely an action is to achieve conservation goals
and objectives. While the three broad strategies
proposed in Fig. 4 all have the potential to reduce
species and ecosystem vulnerability to indirect
climate change impacts, the realized efficacy of
these strategies will depend on a number of
ecological factors, including, but not limited to,
species disease dynamics, landscape patterns and
natural disturbance regimes, population size and
structure, and the quality of habitat maintained

or restored.9,148 However, a paradox of conserva-
tion efforts is that social variables (e.g., human
well-being, cultural values, economic output) often
underpin their effectiveness.109,149,150 Actions taken
to conserve biodiversity sometimes conflict with
human needs and interests, and when these con-
flicts are ignored in climate adaptation planning,
conservation actions stand little chance of being
implemented effectively.107,150 Thus, it is important
when evaluating risk of alternative actions to also
consider how well they satisfy societal values and
needs under climate change.

Studies regularly identify protected areas and
effective enforcement of conservation laws as being
crucial to conservation success.151–155 However,
resistance actions such as these essentially aim
to interfere with natural human responses to cli-
mate change, as they exclude a range of adaptation
options that they could have undertaken. By doing
so, these actions can inadvertently reduce human
capacity to adapt to climate change, making humans
more vulnerable to its impacts. Hence, when used
to combat indirect climate change impacts, we
view resistance actions to be the most risky when
compared with change-oriented and dual-benefit
actions. This is particularly the case for commu-
nities that are poorly equipped to cope with even
short-term restrictions on resource use imposed by
resistance actions.110 At the same time, resistance
actions may be less risky when the adaptive capacity
of nearby communities is high, enabling them to
readily adapt to conservation restrictions and take
advantage of new opportunities, such as increased
tourism.110

A resistance action that inadvertently increases
human vulnerability to climate change can also
lead to perverse environmental outcomes, where
climate-imperiled human communities ignore or
break conservation regulations out of desperation.
Such actions are also more likely to foster hostile
human communities who feel that environmen-
tal welfare was chosen over their own, undermin-
ing future engagement with conservation efforts,
or more worryingly, potentially create cases when
people intentionally jeopardize conservation efforts
out of spite.156,157 Some resistance actions, especially
those that involve expanding or gazetting new pro-
tected areas, are made more risky when they rely
on uncertain predictions of climate-induced human
migration or land use change. However, this risk
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can be reduced through the use of detailed human
adaptation plans or by developing more robust
models of likely human adaptation actions.

Actions that accommodate change avoid some of
the risk associated with resistance actions because
they do not interfere with natural societal responses
to climate change and do not necessarily require
human responses to be predicted before they unfold.
However, permitting communities to adapt as nec-
essary means indirect impacts on biodiversity go
unchecked outside of regions where conservation
actions are being carried out, which makes achieving
conservation goals challenging at large spatial scales.
Restoration actions are often used as a change-
oriented strategy and imply long time delays and
a low certainty of recreating ecological conditions
needed for climate adaptation.158–160 In the best
case, ecosystem restoration can enable species rich-
ness to recover to predisturbance levels within a cen-
tury, while enabling a similar set of species to return
can take about twice as long.161 Active restoration
significantly accelerates these recovery times,161 but
potentially not enough to bring about timely reduc-
tions in a conservation targets’ vulnerability to cli-
mate change. Despite success being more likely if
individuals are released into high-quality habitats or
in the center of a species’ range, reviews of reintro-
duction and reinforcing actions have revealed failure
rates to be as high as 77%, where failure is the inabil-
ity to establish a self-sustaining population.133,162,163

Hence, while actions that accommodate change do
not need to compete with societal needs under cli-
mate change, the strategy remains moderately risky
with respect to its ability to deliver on conservation
goals and objectives.

Dual-benefit actions are, at least hypothetically,
a relatively low-risk approach to combating indi-
rect climate change impacts because they provide
practitioners with a platform to understand com-
munity needs and values under climate change,
and importantly, an avenue to help shape their
response.164 However, dual-benefit actions are still
in their infancy, and their ability to effectively reduce
climate vulnerability for both humans and conser-
vation targets remains uncertain.165 Furthermore,
some have argued that dual-benefit actions are con-
strained in what they can do for climate-imperiled
species.166–168 For the realized risk associated with
dual-benefit actions to remain low, conservation
goals and objectives cannot be over-compromised

or forgotten in the pursuit of societal needs under
climate change.

Feasibility
Evaluating the feasibility of alternative actions is
not intended to guide practitioners toward imple-
menting only the simplest actions, but rather to
help them identify barriers and obstacles to actions
being effectively implemented in the real world that
may have otherwise been ignored.9 Common cri-
teria for assessing feasibility include technical and
knowledge demands,169 direct costs and oppor-
tunity costs,170,171 information availability,172 and
consistency with existing laws and policy.9 While
some of these criteria can be used to compare among
alternatives (e.g., the relative technical demands of
each action), others may be an absolute limitation
that actions can not violate (e.g., legalities).9 It is
difficult to generalize about how practicable resis-
tance, change, and dual-benefit actions are without
knowing the specific ecological and social context
in which they are implemented. Nonetheless, our
hypothetical assessment of the relative feasibility of
these three broad strategies is as follows.

We consider a resistance strategy to be the most
feasible approach to combat indirect climate change
impacts because it involves actions that the con-
servation community have already employed across
broad scales and for multiple decades. Expanding or
designating new protected areas requires significant
ecological information, but much of this informa-
tion can be found in large, publically available data
sets.173 Furthermore, designing effective marine and
terrestrial protected areas is made easier with free
and readily available decision-support tools (e.g.,
Marxan with Zones).174–176 At the same time, the
heavy financial demands to purchase and manage
protected areas can reduce their feasibility in some
regions.154 Improving the enforcement of conserva-
tion laws and regulations can be achieved simply by
increasing on-the-ground personnel, although this
is expensive, and optimizing enforcement efforts to
be more cost-effective presents a substantial chal-
lenge for conservation.177

Using conservation actions to accommodate
change is a relatively young and untested approach
to climate adaptation. Although there is a large liter-
ature on restoration ecology, which includes priority
regions for restoration,158 there is little consensus
on what the best restoration approaches are (e.g.,
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passive versus active restoration),178 which is often
site and context dependent.161,179 The lack of pre-
dictive tools and general conceptual framework to
guide restoration mandates careful and precise anal-
ysis before implementation, particularly for restora-
tion in ecologically and socially complex regions.180

Reintroduction and reinforcement efforts are also
knowledge and resource intensive, and require a
formal decision process to evaluate the potential
benefits and risks.132

Relative to actions that promote resistance and
change, we consider dual-benefit actions to be the
most difficult approach to managing indirect cli-
mate change impacts because they require broad
skills across not only conservation practice but also
human development practice. Moreover, a variety of
policy and legal barriers can pose significant chal-
lenges to operationalizing dual-benefit actions,136 as
can unstable technical capacity within government
departments.181 There will also be cases where prac-
titioners will be constrained in their ability to imple-
ment dual-benefit actions because of uncooperative
stakeholders or uncertainty about who the key stake-
holders are. The success of dual-benefit actions ulti-
mately depends on the ability to effectively engage
human communities with nature-based solutions
to environmental problems, which demands a com-
prehensive understanding and analysis of human
behavior, values, and needs. While engaging in
the needs of local communities and utilizing their
traditional ecological knowledge is the norm in
places such as Melanesia,139,182 many conservation
scientists have little or no formal background in
sociology, which often makes this a daunting task.
However, dual-benefit actions could be made more
feasible with the use of negotiation tools that facil-
itate effective environmental agreements between
conflicting stakeholders,183 or learning from how
numerous community conservation programs have
met or failed to meet human needs in the past.

Conclusion

Conservation efforts largely target anthropogenic
threats, especially those that lead to habitat loss,
pollution, or overexploitation of natural reso-
urces.184,185 Climate change is shifting these threat-
ening processes around the land and seascape,
demanding a new perspective on climate adaptation
efforts. As the first real impacts of human-forced
climate change are being felt across Earth,2 we need

to think about how changes in human behavior as
a result of climate change will present new threats,
and also new opportunities, for conservation. One
way to immediately improve the capacity to deal
with these indirect impacts is for the conservation
science community to collaborate more with social
scientists who are formally trained in understand-
ing and analyzing human behavior. A mechanistic
integration of indirect impacts of climate change
into conservation vulnerability assessments will
require the strengths of social–ecological models
and utilizing information from nonconservation
sectors on likely human responses to climate
change. Conservation goals and objectives will need
to be revised to ensure that they are pragmatic and
capture species and ecosystems that are vulnerable
to indirect climate change impacts. Addressing
indirect impacts will require a portfolio of actions
that either promote resistance, accommodate
change, or create dual benefits for biodiversity
and human well-being, and while we provide a
hypothetical assessment of the risk and feasibility
associated with these alternatives, determining
actual risk and feasibility levels will require greater
implementation and monitoring of how these
alternatives perform in the real world. Addressing
indirect impacts using the climate-smart conser-
vation cycle outlined in this review will ultimately
permit more realistic assessment and pragmatic
planning for conservation needs in the near future.

Acknowledgments

We thank Stuart Butchart, Jamie Carr, Molly Cross,
Camila Donatti, David Hole, Shaun Martin, Erika
Rowland, Dan Segan, Bruce Stein, and Bruce Young
for energizing discussions around human responses
to climate change and, in particular, to Dan Segan
and two anonymous reviewers for providing helpful
suggestions on how to improve earlier drafts.

Conflicts of interest

The authors declare no conflicts of interest.

References

1. Hansen, J., M. Sato & R. Ruedy. 2012. Perception of
climate change. Proc. Natl. Acad. Sci. U. S. A. 109:
e2415–e2423.

2. IPCC. 2014. Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Contribution of Working Group II to the
Fourth Assessment Report of the Intergovernmental Panel on

111Ann. N.Y. Acad. Sci. 1355 (2015) 98–116 C© 2015 New York Academy of Sciences.



Indirect climate impacts and conservation planning Maxwell et al.

Climate Change. C.B. Field, et al., Eds.: Cambridge, U.K.
and New York, USA: Cambridge University Press.

3. Foden, W.B. et al. 2013. Identifying the world’s most cli-
mate change vulnerable species: a systematic trait-based
assessment of all birds, amphibians and corals. PLoS One
8: e65427.

4. Thomas, C.D. et al. 2004. Extinction risk from climate
change. Nature 427: 145–148.

5. Urban, M.C. 2015. Accelerating extinction risk from cli-
mate change. Science 348: 571–573.

6. Schmitz, O.J. et al. 2015. Conserving biodiversity: practical
guidance about climate change adaptation approaches in
support of land-use planning. Nat. Areas J. 35: 190–203.

7. Groves, C.R. et al. 2012. Incorporating climate change into
systematic conservation planning. Biodivers. Conserv. 21:
1651–1671.

8. Hansen, L. et al. 2010. Designing climate-smart conserva-
tion: guidance and case studies. Conserv. Biol. 24: 63–69.

9. Stein, B.A. et al. 2014. Climate-Smart Conservation: Putting
Adaption Principles into Practice. Washington, DC: National
Wildlife Federation.

10. Akcakaya, H.R. et al. 2014. Preventing species extinctions
resulting from climate change. Nat. Clim. Change 4: 1048–
1049.

11. Cross, M. et al. 2012. The adaptation for conservation tar-
gets (ACT) framework: a tool for incorporating climate
change into natural resource management. Environ. Man-
age. 50: 341–351.

12. Seimon, A. et al. 2011. A Review of Climate Change Adap-
tation Initiatives within the Africa Biodiversity Collaborative
Group NGO Consortium. Arlinton, VA: Africa Biodiversity
Collaborative Group.

13. Doris Duke Charitable Foundation. 2013. Land conserva-
tion in an era of climate change. New York, NY. Accessed
April 9, 2015.
http://www.ddcf.org/Programs/Environment.

14. MacArthur Foundation. 2015. Financial overview.
Chicago, IL. Accessed April 12, 2015. http://www.mac
found.org/about/financials.

15. Chapman, S. et al. 2014. Publishing trends on climate
change vulnerability in the conservation literature reveal a
predominant focus on direct impacts and long time-scales.
Divers. Distrib. 20: 1221–1228.

16. Pacifici, M. et al. 2015. Assessing species vulnerability to
climate change. Nat. Clim. Change 5: 215–225.

17. Tingley, M.W., E.S. Darling & D.S. Wilcove. 2014. Fine-
and coarse-filter conservation strategies in a time of climate
change. Ann. N. Y. Acad. Sci. 1322: 92–109.

18. Lawler, J.J. 2009. Climate change adaptation strategies for
resource management and conservation planning. Ann.
N. Y. Acad. Sci. 1162: 79–98.

19. Hughes, T.P. et al. 2003. Climate change, human impacts,
and the resilience of coral reefs. Science 301: 929–933.

20. Lane, J.E. et al. 2012. Delayed phenology and reduced fitness
associated with climate change in a wild hibernator. Nature
489: 554–557.

21. Dalleau, M. et al. 2012. Nesting phenology of marine tur-
tles: insights from a regional comparative analysis on green
turtle (Chelonia mydas). PLoS One 7: e46920.

22. Hamilton, S.G. et al. 2014. Projected polar bear sea ice
habitat in the Canadian Arctic archipelago. PLoS One 9:
e113746.

23. Mantyka-Pringle, C.S., T.G. Martin & J.R. Rhodes. 2012.
Interactions between climate and habitat loss effects on
biodiversity: a systematic review and meta-analysis. Global
Change Biol. 18: 1239–1252.

24. Keith, D.A. et al. 2008. Predicting extinction risks under cli-
mate change: coupling stochastic population models with
dynamic bioclimatic habitat models. Biol. Lett. 4: 560–563.

25. Bradley, B.A., M. Oppenheimer & D.S. Wilcove. 2009. Cli-
mate change and plant invasions: restoration opportunities
ahead? Global Change Biol. 15: 1511–1521.

26. Gardner, J.L. et al. 2011. Declining body size: a third
universal response to warming? Trends Ecol. Evol. 26:
285–291.

27. Aubry, L.M. et al. 2013. Climate change, phenology, and
habitat degradation: drivers of gosling body condition and
juvenile survival in lesser snow geese. Global Change Biol.
19: 149–160.

28. Ponce-Reyes, R. et al. 2012. Vulnerability of cloud forest
reserves in Mexico to climate change. Nat. Clim. Change 2:
448–452.

29. Seneviratne, S.I. et al. 2012. “Changes in climate extremes
and their impacts on the natural physical environment”.
In Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation. C.B. Field, Ed.: 109–
130. Cambridge, UK, and New York, NY: Cambridge Uni-
versity Press.

30. Turner, W.R. et al. 2010. Climate change: helping nature
survive the human response. Conserv. Lett. 3: 304–312.

31. Lesnikowski, A.C. et al. 2015. How are we adapting to cli-
mate change? A global assessment. Mitig. Adapt. Strateg.
Glob. Change 20: 277–293.

32. Howden, S.M. et al. 2007. Adapting agriculture to climate
change. Proc. Natl. Acad. Sci. U. S. A. 104: 19691–19696.

33. Liu, C., D. Golding & G. Gong. 2008. Farmers’ coping
response to the low flows in the lower Yellow River: a case
study of temporal dimensions of vulnerability. Global Env-
iron. Change 18: 543–553.

34. Feng, S., A.B. Krueger & M. Oppenheimer. 2010. Linkages
among climate change, crop yields and Mexico–US cross-
border migration. Proc. Natl. Acad. Sci. U. S. A. 107: 14257–
14262.

35. Marchiori, L., J.-F. Maystadt & I. Schumacher. 2012. The
impact of weather anomalies on migration in sub-Saharan
Africa. J. Environ. Econ. Manage. 63: 355–374.

36. Pinsky, M.L. & M. Fogarty. 2012. Lagged social–ecological
responses to climate and range shifts in fisheries. Clim.
Change 115: 883–891.

37. Prowse, T.D. et al. 2009. Implications of climate change
for economic development in northern Canada: energy,
resource, and transportation sectors. Ambio 38: 272–281.

38. Grantham, H. et al. 2011. Ecosystem-based adaptation in
marine ecosystems of tropical Oceania in response to cli-
mate change. Pac. Conserv. Biol. 17: 241–258.

39. Rao, N.S. et al. 2013. An economic analysis of ecosystem-
based adaptation and engineering options for climate
change adaptation in Lami Town, Republic of the Fiji

112 Ann. N.Y. Acad. Sci. 1355 (2015) 98–116 C© 2015 New York Academy of Sciences.

http://www.ddcf.org/Programs/Environment
http://www.macfound.org/about/financials
http://www.macfound.org/about/financials


Maxwell et al. Indirect climate impacts and conservation planning

Islands. Technical report. Apia, Samoa: Secretariat of the
Pacific Regional Environment Programme.

40. Hsu, A. et al. 2015. Towards a new climate diplomacy. Nat.
Clim. Change 5: 501–503.

41. UNFCCC. 2011. Ecosystem-based approaches to adaptation:
compilation of information. Durban, South Africa: United
Nations Framework Convention on Climate Change.

42. Edmonton City Council. 2012. Urban forest management
plan. Edmonton, Canada: Edmonton City Council.

43. Bhagwat, S.A. et al. 2008. Agroforestry: a refuge for tropical
biodiversity? Trends Ecol. Evol. 23: 261–267.

44. Mackey, B.G. et al. 2008. Climate change, biodiversity con-
servation, and the role of protected areas: an Australian
perspective. Biodiversity 9: 11–18.

45. Brodie, J., E. Post & W.F. Laurance. 2012. Climate change
and tropical biodiversity: a new focus. Trends Ecol. Evol. 27:
145–150.

46. Segan, D.B. et al. 2015. Considering the impact of climate
change on human communities significantly alters the out-
come of species and site-based vulnerability assessments.
Divers. Distrib. 21: 1101–1111.

47. Watson, J.E. 2014. Human responses to climate change will
seriously impact biodiversity conservation: it’s time we start
planning for them. Conserv. Lett. 7: 1–2.

48. Walsh, J.C. et al. 2013. Trends and biases in the listing and
recovery planning for threatened species: an Australian case
study. Oryx 47: 134–143.

49. IPCC. 2007. Climate Change 2007: Impacts, Adaptation,
and Vulnerability. Contribution of Working Group II to the
Fourth Assessment Report of the Intergovernmental Panel on
Climate Change. M.L. Parry, et al., Eds.: Cambridge, UK:
Cambridge University Press.

50. Dawson, T.P. et al. 2011. Beyond predictions: biodiversity
conservation in a changing climate. Science 332: 53–58.

51. DeLucia, E.H. et al. 2012. Climate change: resetting plant–
insect interactions. Plant Physiol. 160: 1677–1685.

52. Hunsicker, M.E. et al. 2013. Climate and demography dic-
tate the strength of predator–prey overlap in a subarctic
marine ecosystem. PLoS One 8: e66025.

53. Iwamura, T. et al. 2013. Migratory connectivity magni-
fies the consequences of habitat loss from sea-level rise for
shorebird populations. Proc. R. Soc. B 280: 20130325.

54. Berg, M.P. et al. 2010. Adapt or disperse: understanding
species persistence in a changing world. Global Change Biol.
16: 587–598.

55. Sandel, B. et al. 2011. The influence of late quaternary
climate change velocity on species endemism. Science 334:
660–664.

56. Hoffmann, A.A. & C.M. Sgro. 2011. Climate change and
evolutionary adaptation. Nature 470: 479–485.

57. Matesanz, S., E. Gianoli & F. Valladares. 2010. Global
change and the evolution of phenotypic plasticity in plants.
Ann. N. Y. Acad. Sci. 1206: 35–55.

58. Glick, P. et al. 2011. Scanning the Conservation Hori-
zon: A Guide to Climate Change Vulnerability Assessment.
Washington, DC: National Wildlife Federation.

59. Beever, E.A. et al. 2015. Improving conservation outcomes
with a new paradigm for understanding species’ funda-
mental and realized adaptive capacity. Conserv. Lett. doi:
10.1111/conl.12190.

60. Freidenburg, L.K. & D.K. Skelly. 2004. Microgeographical
variation in thermal preference by an amphibian. Ecol. Lett.
7: 369–373.

61. Skelly, D.K. 2004. Microgeographic countergradient varia-
tion in the wood frog, Rana sylvatica. Evolution 58: 160–165.

62. Younger, J.L. et al. 2015. Too much of a good thing: sea
ice extent may have forced emperor penguins into refugia
during the last glacial maximum. Global Change Biol. 21:
2215–2226.

63. Gilmore, S., B. Mackey & S. Berry. 2007. The extent of
dispersive movement behaviour in Australian vertebrate
animals, possible causes, and some implications for con-
servation. Pac. Conserv. Biol. 13: 93–103.

64. Forcada, J. & P.N. Trathan. 2009. Penguin responses to
climate change in the Southern Ocean. Global Change Biol.
15: 1618–1630.

65. Gavin, D.G. et al. 2014. Climate refugia: joint inference
from fossil records, species distribution models and phylo-
geography. New Phytol. 204: 37–54.

66. Lovejoy, T.E. & L. Hannah. 2005. Climate Change and
Biodiversity. New Haven, CT: Yale University Press.

67. Magri, D. 2008. Patterns of post-glacial spread and the
extent of glacial refugia of European beech (Fagus sylvatica).
J. Biogeogr. 35: 450–463.

68. Sanderson, E.W. et al. 2002. The human footprint and the
last of the wild. Bioscience 52: 891–904.

69. Halpern, B.S. et al. 2008. A global map of human impact
on marine ecosystems. Science 319: 948–952.

70. Eastwood, R. et al. 2008. Taxonomy, ecology, genetics
and conservation status of the pale imperial hairstreak
(Jalmenus eubulus) (Lepidoptera:Lycaenidae): a threatened
butterfly from the Brigalow Belt, Australia. Invertebr. Syst.
22: 407–423.

71. Lawler, J. et al. 2013. Projected climate-driven faunal move-
ment routes. Ecol. Lett. 16: 1014–1022.

72. Kareiva, P. et al. 2007. Domesticated nature: shaping land-
scapes and ecosystems for human welfare. Science 316:
1866–1869.

73. Robinson, J.G., K.H. Redford & E.L. Bennett. 1999.
Conservation-wildlife harvest in logged tropical forests.
Science 284: 595–596.

74. Peres, C.A. & E. Palacios. 2007. Basin-wide effects of game
harvest on vertebrate population densities in Amazonian
forests: implications for animal-mediated seed dispersal.
Biotropica 39: 304–315.

75. Brodie, J.F. et al. 2009. Bushmeat poaching reduces the
seed dispersal and population growth rate of a mammal-
dispersed tree. Ecol. Appl. 19: 854–863.

76. Corlett, R.T. 2009. Seed dispersal distances and plant migra-
tion potential in tropical East Asia. Biotropica 41: 592–598.

77. Birdlife International. 2010. Partners with Nature: How
Healthy Ecosystems Are Helping the World’s Most Vulnerable
Adapt to Climate Change. M. Heath, et al., Eds.: Cambridge,
UK: Birdlife International.

78. McNeely, J.A. & G. Schroth. 2006. Agroforestry and
biodiversity conservation–traditional practices, present
dynamics, and lessons for the future. Biodivers. Conserv.
15: 549–554.

79. McGranahan, G., D. Balk & B. Anderson. 2007. The ris-
ing tide: assessing the risks of climate change and human

113Ann. N.Y. Acad. Sci. 1355 (2015) 98–116 C© 2015 New York Academy of Sciences.



Indirect climate impacts and conservation planning Maxwell et al.

settlements in low elevation coastal zones. Environ. Urban.
19: 17–37.

80. Arnall, A. 2014. A climate of control: flooding, displace-
ment and planned resettlement in the Lower Zambezi River
valley, Mozambique. Geogr. J. 180: 141–150.

81. Laurance, W.F., M. Goosem & S.G.W. Laurance. 2009.
Impacts of roads and linear clearings on tropical forests.
Trends Ecol. Evol. 24: 659–669.

82. Laurance, W.F. et al. 2001. The future of the Brazilian Ama-
zon. Science 291: 438–439.

83. Fearnside, P.F. 2006. Containing destruction from Brazil’s
Amazon highways: now is the time to give weight to the
environment in decision-making. Environ. Conserv. 33:
181–183.

84. Laurance, W.F. et al. 2006. Impacts of roads and hunting
on Central African rainforest mammals. Conserv. Biol. 20:
1251–1261.

85. Blake, S. et al. 2007. Forest elephant crisis in the Congo
Basin. PLoS Biol. 5: e111.

86. Adeney, J.M., N.L. Christensen, Jr. & S.L. Pimm. 2009.
Reserves protect against deforestation fires in the Amazon.
PLoS One 4: e5014.

87. Fearnside, P.M. 1986. Settlement in Rondonia and the token
role of science and technology in Brazil’s Amazonian devel-
opment planning. Interciencia 11: 229–236.

88. Hirji, R. & R. Davis. 2009. Environmental Flows in Water
Resources Policies, Plans, and Projects: Findings and Recom-
mendations. Washington, DC: World Bank.

89. Watts, R.J. et al. 2011. Dam reoperation in an era of climate
change. Mar. Freshwater Res. 62: 321–327.

90. Raymond, H.L. 1979. Effects of dams and impoundments
on migrations of juvenile chinook salmon and steelhead
from the Snake River, 1966 to 1975. T. Am. Fish. Soc. 108:
505–529.

91. Preece, R.M. & H.A. Jones. 2002. The effect of Keepit Dam
on the temperature regime of the Namoi River, Australia.
River Res. Appl. 18: 397–414.

92. Dugan, J.E. et al. 2008. Ecological effects of coastal armoring
on sandy beaches. Mar. Ecol. 29: 160–170.

93. Barbier, E.B. et al. 2008. Coastal ecosystem-based man-
agement with nonlinear ecological functions and values.
Science 319: 321–323.

94. Barbier, E.B. et al. 2011. The value of estuarine and coastal
ecosystem services. Ecol. Monogr. 81: 169–193.

95. Pittock, J. & M. Xu. 2013. World Resources Report Case
Study. Controlling Yangtze River Floods: A New Approach.
Washington, DC: World Resources Institute.

96. Everist, S.L., J.M. Harvey & A.T. Bell. 1958. Feeding sheep
on mulga. Qld. Agric. J. 84: 352–361.

97. Fensham, R. et al. 2012. The effect of clearing on plant
composition in mulga (Acacia aneura) dry forest, Australia.
Austral. Ecol. 37: 183–192.

98. Maron, M. et al. 2015. Climate-induced resource bottle-
necks exacerbate species vulnerability: a review. Divers.
Distrib. 21: 731–743.

99. Bond, N.R., P.S. Lake & A.H. Arthington. 2008. The
impacts of drought on freshwater ecosystems: an Australian
perspective. Hydrobiologia 600: 3–16.

100. Webb, R.H. & S.A. Leake. 2006. Ground-water surface-
water interactions and long-term change in riverine ripar-

ian vegetation in the southwestern United States. J. Hydrol.
320: 302–323.

101. Shu, S.-S. et al. 2013. Drought and China’s cave species.
Science 340: 272–272.

102. Bowen, M.E. et al. 2007. Regrowth forests on abandoned
agricultural land: a review of their habitat values for recov-
ering forest fauna. Biol. Conserv. 140: 273–296.

103. Smallbone, L.T., A. Matthews & I.D. Lunt. 2014. Regrowth
provides complementary habitat for woodland birds of
conservation concern in a regenerating agricultural land-
scape. Landscape Urban Plan. 124: 43–52.

104. Danielsen, F. et al. 2009. Biofuel plantations on forested
lands: double jeopardy for biodiversity and climate. Con-
serv. Biol. 23: 348–358.

105. Venter, O. & L.P. Koh. 2012. Reducing emissions from
deforestation and forest degradation (REDD+): game
changer or just another quick fix? Ann. N. Y. Acad. Sci.
1249: 137–150.

106. Holdo, R.M. et al. 2010. Responses to alternative rainfall
regimes and antipoaching in a migratory system. Ecol. Appl.
20: 381–397.

107. Ban, N.C. et al. 2013. A social–ecological approach to
conservation planning: embedding social considerations.
Front. Ecol. Environ. 11: 194–202.

108. Cinner, J.E. et al. 2013. Evaluating social and ecological
vulnerability of coral reef fisheries to climate change. PLoS
One 8: e74321.

109. Maina, J. et al. 2015. Integrating social–ecological vulner-
ability assessments with climate forecasts to improve local
climate adaptation planning for coral reef fisheries in Papua
New Guinea. Reg. Environ. Change. doi: 10.1007/s10113-
015-0807-0.

110. McClanahan, T. et al. 2008. Conservation action in a chang-
ing climate. Conserv. Lett. 1: 53–59.

111. UNFCCC. 2009. National Adaptation Program of Action
(NAPA) Priorities Database. Bonn, Germany: United
Nations Framework Convention on Climate Change.
Accessed February 3, 2015. http://unfccc.int/adaptation/
workstreams/national_adaptation_programmes_of_
action/items/4583.php.

112. McDowell, C. 2013. Climate change adaptation and mit-
igation: implications for land acquisition and population
relocation. Dev. Policy Rev. 31: 677–695.

113. Wheeler, D. 2011. Quantifying vulnerability to climate
change: implications for adaptation assistance (January
24, 2011). Center for Global Development Working Paper
No. 240. Accessed July 25, 2015. http://ssrn.com/abstract=
1824611.

114. Tubiello, F.N., J.F. Soussana & S.M. Howden. 2007. Crop
and pasture response to climate change. Proc. Natl. Acad.
Sci. U. S. A. 104: 19686–19690.

115. Laurance, W.F. et al. 2014. A global strategy for road build-
ing. Nature 513: 229–232.

116. Midgley, S.J.E., R.A.G. Davies & S. Chesterman. 2011. Cli-
mate Risk and Vulnerability Mapping in Southern Africa:
Status Quo (2008) and Future (2050). Capetown, SA:
OneWorld Sustinable Investments.

117. Fishpool, L.D.C. & M.I., Evans. 2001. Important Bird
Areas in Africa and Associated Islands: Priority Sites for

114 Ann. N.Y. Acad. Sci. 1355 (2015) 98–116 C© 2015 New York Academy of Sciences.

http://unfccc.int/adaptation/workstreams/national_adaptation_programmes_of_action/items/4583.php
http://unfccc.int/adaptation/workstreams/national_adaptation_programmes_of_action/items/4583.php
http://unfccc.int/adaptation/workstreams/national_adaptation_programmes_of_action/items/4583.php
http://ssrn.com/abstract=1824611
http://ssrn.com/abstract=1824611


Maxwell et al. Indirect climate impacts and conservation planning

Conservation. Newbury and Cambridge, UK: Pisces Publi-
cations and BirdLife International.

118. Barbet-Massin, M., W. Thuiller & F. Jiguet. 2012. The fate
of European breeding birds under climate, land-use and
dispersal scenarios. Global Change Biol. 18: 881–890.

119. Rondinini, C. et al. 2011. Global habitat suitability models
of terrestrial mammals. Phil. Trans. R. Soc. B 366: 2633–
2641.

120. Bradley, B.A. et al. 2012. Predicting how adaptation to
climate change could affect ecological conservation: sec-
ondary impacts of shifting agricultural suitability. Divers.
Distrib. 18: 425–437.

121. Maekawa, M. et al. 2013. Mountain gorilla tourism generat-
ing wealth and peace in post-conflict Rwanda. Nat. Resour.
Forum 37: 127–137.

122. Ingram, J.C., K.H. Redford & J.E. Watson. 2012. Applying
ecosystem services approaches for biodiversity conserva-
tion: benefits and challenges. S.A.P.I.EN.S. 5: 1–10.

123. Skroch, M. & L. Lopez-Hoffman. 2010. Saving nature under
the big tent of ecosystem services: a response to Adams and
Redford. Conserv. Biol. 24: 325–327.

124. Visconti, P. et al. 2011. Future hotspots of terrestrial mam-
mal loss. Phil. Trans. R. Soc. B 366: 2693–2702.

125. Bouwman, A., T. Kram & K. Klein Goldewijk. 2007.
Integrated Modelling of Global Environmental Change: An
Overview of IMAGE 2.4. Bilthoven, The Netherlands:
Netherlands Environmental Assessment Agency.

126. Morecroft, M.D. et al. 2012. Resilience to climate change:
translating principles into practice. J. Appl. Ecol. 49: 547–
551.

127. Brown, L.J., D. Lamhonwah & B.L. Murphy. 2015. Pro-
jecting a spatial shift of Ontario’s sugar maple habitat in
response to climate change: a GIS approach. Can. Geogr.
59: 369–381.

128. Hannah, L. et al. 2013. Climate change, wine, and conser-
vation. Proc. Natl. Acad. Sci. U. S. A. 110: 6907–6912.

129. Ramankutty, N. et al. 2002. The global distribution of cul-
tivable lands: current patterns and sensitivity to possible
climate change. Global Ecol. Biogeogr. 11: 377–392.

130. Morrison, E.B. & C.A. Lindell. 2011. Active or passive forest
restoration? Assessing restoration alternatives with avian
foraging behavior. Restor. Ecol. 19: 170–177.

131. Sumaila, U.R. et al. 2011. Climate change impacts on the
biophysics and economics of world fisheries. Nat. Clim.
Change 1: 449–456.

132. Schwartz, M.W. & T.G. Martin. 2013. Translocation of
imperiled species under changing climates. Ann. N. Y. Acad.
Sci. 1286: 15–28.

133. Seddon, P.J. et al. 2014. Reversing defaunation: restoring
species in a changing world. Science 345: 406–412.

134. McDonald-Madden, E. et al. 2011. Optimal timing for
managed relocation of species faced with climate change.
Nat. Clim. Change 1: 261–265.

135. Stanley, E.H. & M.W. Doyle. 2003. Trading off: the ecolog-
ical effects of dam removal. Front. Ecol. Environ. 1: 15–22.

136. Gomez-Baggethun, E. et al. 2010. The history of ecosys-
tem services in economic theory and practice: from early
notions to markets and payment schemes. Ecol. Econ. 69:
1209–1218.

137. Chong, J. 2014. Ecosystem-based approaches to climate
change adaptation: progress and challenges. Int. Environ.
Agreements 14: 391–405.

138. Jones, H.P., D.G. Hole & E.S. Zavaleta. 2012. Harnessing
nature to help people adapt to climate change. Nat. Clim.
Change 2: 504–509.

139. Manzo-Delgado, L., J. Lopez-Garcia & I. Alcantara-Ayala.
2014. Role of forest conservation in lessening land degrada-
tion in a temperate region: the Monarch Butterfly Biosphere
Reserve, Mexico. J. Environ. Manage. 138: 55–66.

140. Jupiter, S.D. et al. 2014. Principles for integrated island
management in the tropical Pacific. Pac. Conserv. Biol. 20:
193–205.

141. Alongi, D.M. 2008. Mangrove forests: resilience, protection
from tsunamis, and responses to global climate change.
Estuar. Coast. Shelf Sci. 76: 1–13.

142. Weeks, R. & S.D. Jupiter. 2013. Adaptive comanagement of
a marine protected area network in Fiji. Conserv. Biol. 27:
1234–1244.

143. Conservation International. 2014. The CASCADE Project:
ecosystem-based adaptation for smallholder subsistence
and coffee farming communities in Central America.
Arlington, VA. Accessed April 29, 2015. www.conservation.
org/cascade.

144. FAO. 2010. Global forest resources assessment 2010: Main
report. Rome, Italy: Food and Agriculture Organization of
the United Nations.

145. Burgman, M.A. & D. Yemshanov. 2013. Risks, decisions
and biological conservation. Divers. Distrib. 19: 485–489.

146. Joseph, L.N., R.F. Maloney & H.P. Possingham. 2009. Opti-
mal allocation of resources among threatened species: a
project prioritization protocol. Conserv. Biol. 23: 328–
338.

147. Wilson, K.A., J. Carwardine & H.P. Possingham. 2009. Set-
ting conservation priorities. Ann. N. Y. Acad. Sci. 1162:
237–264.

148. Blaustein, A.R. & J.M. Kiesecker. 2002. Complexity in con-
servation: lessons from the global decline of amphibian
populations. Ecol. Lett. 5: 597–608.

149. Cowling, R.M. & A. Wilhelm-Rechmann. 2007. Social
assessment as a key to conservation success. Oryx 41: 135–
136.

150. Stephanson, S.L. & M.B. Mascia. 2014. Putting people on
the map through an approach that integrates social data in
conservation planning. Conserv. Biol. 28: 1236–1248.

151. Bruner, A.G. et al. 2001. Effectiveness of parks in protecting
tropical biodiversity. Science 291: 125–128.

152. Hilborn, R. et al. 2006. Effective enforcement in a conser-
vation area. Science 314: 1266.

153. Craigie, I.D. et al. 2010. Large mammal population declines
in Africa’s protected areas. Biol. Conserv. 143: 2221–2228.

154. Tranquilli, S. et al. 2012. Lack of conservation effort rapidly
increases African great ape extinction risk. Conserv. Lett. 5:
48–55.

155. Watson, J.E.M. et al. 2014. The performance and potential
of protected areas. Nature 515: 67–73.

156. West, P., J. Igoe & D. Brockington. 2006. Parks and peoples:
the social impact of protected areas. Annu. Rev. Anthropol.
35: 251–277.

115Ann. N.Y. Acad. Sci. 1355 (2015) 98–116 C© 2015 New York Academy of Sciences.



Indirect climate impacts and conservation planning Maxwell et al.

157. West, P. & D. Brockington. 2006. An anthropological per-
spective on some unexpected consequences of protected
areas. Conserv. Biol. 20: 609–616.

158. Shoo, L.P. et al. 2011. Targeted protection and restoration to
conserve tropical biodiversity in a warming world. Global
Change Biol. 17: 186–193.

159. Bekessy, S.A. et al. 2010. The biodiversity bank cannot be a
lending bank. Conserv. Lett. 3: 151–158.

160. Maron, M. et al. 2012. Faustian bargains? Restoration real-
ities in the context of biodiversity offset policies. Biol. Con-
serv. 155: 141–148.

161. Curran, M., S. Hellweg & J. Beck. 2014. Is there any empir-
ical support for biodiversity offset policy? Ecol. Appl. 24:
617–632.

162. Wolf, C.M., T. Garland & B. Griffith. 1998. Predictors
of avian and mammalian translocation success: reanalysis
with phylogenetically independent contrasts. Biol. Conserv.
86: 243–255.

163. Griffith, B. et al. 1989. Translocation as a species conserva-
tion tool: status and strategy. Science 245: 477–480.

164. Roberts, D. et al. 2012. Exploring ecosystem-based adapta-
tion in Durban, South Africa: “learning-by-doing” at the
local government coal face. Environ. Urban. 24: 167–195.

165. Doswald, N. et al. 2014. Effectiveness of ecosystem-based
approaches for adaptation: review of the evidence-base.
Clim. Dev. 6: 185–201.

166. McCauley, D.J. 2006. Selling out on nature. Nature 443:
27–28.

167. Ghazoul, J. 2007. Challenges to the uptake of the ecosystem
service rationale for conservation. Conserv. Biol. 21: 1651–
1652.

168. Redford, K.H. & W.M. Adams. 2009. Payment for ecosys-
tem services and the challenge of saving nature. Conserv.
Biol. 23: 785–787.

169. Nichols, J.D. & B.K. Williams. 2006. Monitoring for con-
servation. Trends Ecol. Evol. 21: 668–673.

170. Bottrill, M.C. et al. 2008. Is conservation triage just smart
decision making? Trends Ecol. Evol. 23: 649–654.

171. McDonald-Madden, E. et al. 2010. Monitoring does not
always count. Trends Ecol. Evol. 25: 547–550.

172. Maxwell, S.L. et al. 2015. How much is new information
worth? Evaluating the financial benefit of resolving man-
agement uncertainty. J. Appl. Ecol. 52: 12–20.

173. International Union for Conservation of Nature
(IUCN). 2014. Conservation databases. Gland, Switzer-
land. Accessed February 22, 2015. http://www.iucn.org/
knowledge/tools/databases.

174. Watts, M.E. et al. 2009. Marxan with Zones: software for
optimal conservation based land- and sea-use zoning. Env-
iron. Model. Softw. 24: 1513–1521.

175. Segan, D.B. et al. 2011. An interoperable decision support
tool for conservation planning. Environ. Model. Softw. 26:
1434–1441.

176. Watson, J.E.M. et al. 2011. “Systematic conservation plan-
ning: past, present and future.” In Conservation Biogeogra-
phy. R.J. Whittaker & R.J. Ladle, Eds.: 136–160. London,
U.K. John Wiley & Sons.

177. Plumptre, A.J. et al. 2014. Efficiently targeting resources to
deter illegal activities in protected areas. J. Appl. Ecol. 51:
714–725.

178. Shoo, L.P. & C.P. Catterall. 2013. Stimulating natural regen-
eration of tropical forest on degraded land: approaches,
outcomes, and information gaps. Restor. Ecol. 21: 670–
677.

179. Suding, K.N., K.L. Gross & G.R. Houseman. 2004. Alter-
native states and positive feedbacks in restoration ecology.
Trends Ecol. Evol. 19: 46–53.

180. Wang, P. et al. 2015. A critical review of socioeconomic and
natural factors in ecological degradation on the Qinghai-
Tibetan Plateau, China. Rangeland J. 37: 1–9.

181. Hills, T. et al. 2013. A social and ecological imperative for
ecosystem-based adaptation to climate change in the Pacific
Islands. Sustain. Sci. 8: 455–467.

182. Gurney, G.G. et al. 2015. Efficient and equitable design
of marine protected areas in Fiji through inclusion of
stakeholder-specific objectives in conservation planning.
Conserv. Biol. 29: 1378–1389.

183. Maxwell, S.L. et al. 2015. Being smart about SMART envi-
ronmental targets. Science 347: 1075–1076.

184. Evans, M.C. et al. 2011. The spatial distribution of threats
to species in Australia. Bioscience 61: 281–289.

185. Baillie, J., C. Hilton-Taylor & S.N. Stuart. 2004. 2004 IUCN
Red List of Threatened Species: a global species assessment.
Gland, Switzerland and Cambridge, UK: IUCN.

186. McCartney, M. & V. Smakhtin. 2010. Water storage in an
era of climate change: addressing the challenge of increas-
ing rainfall variability. Blue paper. Colombo, Sri Lanka:
International Water Management Institute.

187. Burek, K.A., F.M.D., Gulland & T.M., O’Hara. 2008. Effects
of climate change on Arctic marine mammal health. Ecol.
Appl. 18: S126–S134.

188. Wetzel, F.T. et al. 2012. Future climate change driven
sea-level rise: secondary consequences from human dis-
placement for island biodiversity. Glob. Change Biol. 18:
2707–2719.

189. Greste, P. 2009. Kenya hit by killer drought. BBC News.
Samburu National Park, Kenya.

190. Ogutu, J. et al. 2009. Dynamics of Mara-Serengeti ungu-
lates in relation to land use changes. J. Zool. 278: 1–
14.

191. Boydston, E.E. et al. 2003. Altered behaviour in spotted
hyenas associated with increased human activity. Anim.
Conserv. 6: 207–219.

192. Mukinya, J.G. 1973. Density, distribution, population
structure and social organization of the black rhinoceros
in Masai Mara Game Reserve. Afr. J. Ecol. 11: 385–
400.

193. World Bank. 2015. World Bank open data. The World
Bank Group, Washington, USA. Accessed August 30, 2015.
http://data.worldbank.org/.

194. Runge, M.C., S.J. Converse & J.E. Lyons. 2011. Which
uncertainty? Using expert elicitation and expected value of
information to design an adaptive program. Biol. Conserv.
144: 1214–1223.

195. Daniels, S.E. & G.B. Walker. 2001. Working Through Envi-
ronmental Conflict: The Collaborative Learning Approach.
Westport, CT: Praeger Publishers.

196. Bunnefeld, N., E. Hoshino & E.J. Milner Gulland. 2011.
Management strategy evaluation: a powerful tool for con-
servation? Trends Ecol. Evol. 26: 441–447.

116 Ann. N.Y. Acad. Sci. 1355 (2015) 98–116 C© 2015 New York Academy of Sciences.

http://www.iucn.org/knowledge/tools/databases
http://www.iucn.org/knowledge/tools/databases
http://data.worldbank.org/

