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A B S T R A C T   

There is an urgent need to quantify the potential for conservation interventions to effectively manage the impacts 
of climate change on species' populations and ecological communities. In this first quantitative global assessment 
of biodiversity conservation interventions for climate change adaptation, we identified 77 peer-reviewed studies, 
including 443 cases describing the response of individual species' populations or assemblages to particular in-
terventions, whilst also accounting for responses to climate change or particular climatic variables. Eighty-two 
percent of studies were from Europe or North America. In 30% of reported cases, interventions were regarded 
as beneficial (having a significant positive impact on a population also affected by a climatic variable). However, 
beneficial outcomes were more likely to be reported when fewer responses were analysed, suggesting a publi-
cation bias in the reporting of beneficial responses. Management focused on particular species (e.g. targeted 
habitat management and species recovery interventions) was modelled to have a higher probability (73%) of 
being beneficial than more generic interventions such as land and water management (22%) or protection (17%). 
Although more data on the effectiveness of climate change adaptation for species conservation are required, the 
diversity of examples reviewed suggests that climate change adaptation can successfully reduce negative impacts 
of, or enhance positive responses to, climate change. Targeted interventions maximise the persistence of the most 
vulnerable populations, whilst expanding habitat management and site protection interventions may benefit the 
largest number of species and ecosystems. The effective monitoring and evaluation of adaptation interventions is 
required to improve this evidence-base for future decision-making.   

1. Introduction 

There is increasing evidence that climate change is affecting all 
components of the natural world (Scheffers et al., 2016); altering the 
timing of biological events (Thackeray et al., 2016), disrupting species' 
interactions (Ockendon et al., 2014), and changing ecological commu-
nities (Stephens et al., 2016), species' population sizes (Pearce-Higgins 
et al., 2015; Spooner et al., 2018) and species' distributions (Chen et al., 
2011). Future impacts are projected to be much greater than those 

previously experienced, leading to further community disruption, range 
shifts and increases in species' extinction risk (Urban, 2015; Warren 
et al., 2018). Projections of future impacts, however, are usually made 
without considering the potential for conservation interventions to help 
species and their habitats adapt to climate change. 

The Paris Agreement established a global adaptation goal and invited 
parties to review the effectiveness of adaptation (Dilling et al., 2019). 
While a range of conservation interventions for climate change adap-
tation have been identified (Heller and Zavaleta, 2009; Prober et al., 
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2019), their efficacy urgently requires testing (Greenwood et al., 2016; 
Morecroft et al., 2019). A number of studies have documented the 
impact that individual components of conservation practice have on 
species' responses to climate change. For example, protected areas have 
been shown to facilitate bird and butterfly range expansion in response 
to climate change (Thomas et al., 2012; Gillingham et al., 2015a, 
2015b), the maintenance of areas of woodland habitat have been shown 
to boost woodland bird population recovery from extreme weather 
events (Newson et al., 2014), and targeted management can reduce the 
negative impact of damaging weather conditions upon vulnerable black 
grouse (Tetrao tetrix) populations (Pearce-Higgins et al., 2019). How-
ever, it is unclear whether these are isolated examples or indicative of 
generally positive environmental responses to climate change adapta-
tion interventions. 

Clarifying the likely success of different adaptation interventions is 
important to guide future conservation strategies in a changing climate 
(e.g. Wintle et al., 2011; Pearce-Higgins et al., 2022). For example, if 
interventions can increase the resilience of vulnerable species and 
habitats to climate change, then conservation resources could be tar-
geted towards the most vulnerable species and habitats to minimise 
climate-driven extinction. However, if effective adaptation is not 
possible, then ongoing efforts to conserve and manage systems and 
species under significant threat from climate change may be misdirected 
or wasted (Oliver et al., 2012). 

Answering questions about the effectiveness of adaptation is chal-
lenging as the outcome of adaptation has no single definition of success 
(Dilling et al., 2019) and depends upon predetermined objectives 
(Pearce-Higgins et al., 2022). In the context of biodiversity conservation, 
adaptation may aim to reduce exposure or vulnerability to climate 
change, or to enhance the capacity of species and systems to adjust to 
climate change (Stein et al., 2013; Prober et al., 2019). Given this 
context, our approach was firstly to identify studies that were relevant to 
understanding the potential success of those interventions for climate 
change adaptation. Secondly, we quantified the likelihood of adaptation 
having a statistically significant impact on a species affected by variation 
in climatic variables, by assessing the effects of interventions on the 
demographic parameters (survival and productivity), abundance, pop-
ulation growth-rates or occurrence metrics reported. Thirdly, given that 
the impacts of climate change vary across the globe and between species 
and habitats (Pearce-Higgins et al., 2015; Thackeray et al., 2016; Warren 
et al., 2018), and that different conservation interventions also vary in 
their effectiveness (Rands et al., 2010; Franks et al., 2018; Sutherland 
et al., 2021), we tested how the impact of adaptation interventions may 
vary between the context of studies (habitat, taxon, location) and the 
interventions being tested. 

Given that we aimed to assess the effectiveness of climate change 
adaptation, we focused in particular on the likelihood of interventions 
being beneficial for the populations and systems being studied. Benefi-
cial interventions were defined as those that have a positive effect on the 
responses of populations or assemblages to changes in climatic vari-
ables, by either reducing climate vulnerability or enhancing adaptive 
capacity (Pearce-Higgins and Green, 2014). ‘Climate change adaptation’ 
can be defined as interventions intentionally implemented in response to 
specific climate impacts and risks (Mawdsley et al., 2009; Stein et al., 
2013). However, the science of climate change adaptation is very much 
in its infancy and so very few formally defined adaptation responses to 
climate change have so far been tested (Parmesan et al., 2022; see 
below). Therefore, in order to draw upon a much wider evidence-base, 
we also included literature that considered the effects of conservation 
interventions during a period of changing climatic conditions, irre-
spective of such intentionality (i.e. the intervention may or may not have 
been implemented as a response to climate change). We do so because it 
is the intervention itself that will influence species' responses, rather 
than the intention behind that intervention. However, recognising that 
specific adaptation interventions may be implemented differently to 
other conservation interventions, we tested for any difference in the 

probability of benefit between intentional adaptation and other con-
servation interventions. We focused on studies that examined impacts 
on species' populations and distributions, and on ecological commu-
nities, as metrics most relevant for species' conservation in the context of 
concerns over climate-driven extinction. 

2. Materials and methods 

We reviewed published studies of the effectiveness of conservation 
interventions that also consider the impacts of particular climatic vari-
ables, individual climatic events, or the longer-term impacts of climate 
change, to assess the extent to which those interventions are likely to be 
beneficial for more targeted climate change adaptation. We had three 
main aims:  

1. To describe the existing published information about the likely 
effectiveness of conservation interventions in the context of climate 
change, and how that varies geographically, with habitat, climatic 
variable, taxa, and conservation intervention.  

2. To quantify the extent to which conservation interventions are likely 
to have a beneficial impact upon species' populations, and to identify 
examples.  

3. To assess which types of conservation interventions are more likely 
to be beneficial than others, and whether that benefit varies with 
context. 

2.1. Source material and review process 

As noted, there are currently insufficient studies that test the effec-
tiveness of climate change adaptation for biodiversity conservation (i.e. 
conservation interventions specifically put in place in response to 
climate change) to justify the adoption of strict systematic review 
methodology. This restriction is exacerbated by the potentially con-
trasting outcomes that different adaptation interventions may seek to 
achieve. As a result, we consider all conservation interventions (whether 
they were initially undertaken for the purposes of climate change 
adaptation or not) as potentially relevant literature, but to be included, 
studies had to test the effect of an intervention on a species' population 
or assemblage whilst also considering responses to climatic variables, 
single climatic events, or longer-term impacts of climate change (Fig. 1). 
Because such studies were not easily identified using standard search- 
terms, we used a range of sources to gather literature using the 
following pre-agreed approaches. Firstly, we searched Conservation 
Evidence (www.conservationevidence.com), which provides an online 
resource of evidence for the effects of conservation interventions 
(Sutherland et al., 2019). We reviewed their online database of 5442 
summaries of studies testing interventions, as well as the abstracts of a 
further 3386 studies from their literature database not yet summarised 
online (summaries downloaded 27/08/2018). Secondly, we used the 
database of 1192 references from two reviews on responses of species' 
populations to climatic variables that we have previously undertaken 
(Ockendon et al., 2014; Pearce-Higgins et al., 2015), to identify those 
that also contain information about variables that describe species' re-
sponses to particular conservation interventions. Thirdly, we searched 
previous reviews of climate change adaptation (Heller and Zavaleta, 
2009; Greenwood et al., 2016; Prober et al., 2019) to identify another 
545 potentially relevant studies. Fourthly, we undertook a bespoke 
literature search of studies of climatic impacts on ecological commu-
nities and species' distributions that would not have been picked up by 
the other sources, using the search terms: ((shift* OR change* OR colon* 
OR extinc*) AND (rang* OR communit* OR expansion* OR distribut*) 
AND “climate change” AND (conserv* OR adapt*) AND (specie* OR 
ecolog*)) in Web of Science on 14th December 2018. We included 
studies of community or distribution responses that were consistent with 
previously observed climate change impacts (e.g. poleward range-shifts) 
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even if they were not specifically modelled in relation to climate change 
(e.g. Thomas et al., 2012). These approaches identified 12450 studies. 

These studies were firstly filtered by title and any irrelevant studies 
removed. Potentially relevant studies were then identified from the 
abstract to identify those that also tested variation in responses in 
relation to conservation interventions (Fig. A1). We excluded studies 
from the marine environment, where both the underlying responses to 
climate change, and potential for adaptation, differ fundamentally from 
those in terrestrial and freshwater environments (Burrows et al., 2011; 
Pinsky et al., 2019). However, coastal studies were retained. We also 
excluded modelling studies that did not document observed effects of an 
intervention or climatic response, as well as studies where the climatic 
response and the intervention were not tested together. In combination, 
the four complementary search techniques substantially improved our 
ability to identify relevant studies from both the conservation science 
and climate change impacts literature. The final database contained 77 
studies where it was possible to examine both the effect of an adaptation 
intervention and the impact of a climatic variable. Some studies re-
ported on multiple species and/or interventions and/or locations (me-
dian 2 cases per study, range 1–99), resulting in 443 specific cases (data 
rows). 

Data were extracted from these studies in order to undertake both 
qualitative and quantitative syntheses. Given the wide range of biolog-
ical responses measured, it was not possible to quantify effect sizes 
associated with different interventions. Instead, we assessed the prob-
ability of significant beneficial responses to interventions being re-
ported. We regarded a statistically significant (P ! 0.05) positive 
response to an intervention, or a positive response being identified in the 
best-supported model, as beneficial and a non-significant or significant 
negative response as not beneficial (Franks et al., 2018). Very few 
negative responses were reported (Fig. A3). By attempting to describe 
the existing evidence base, and quantify some initial patterns and 
quality of the data, this study is therefore closer to a systematic mapping 

study (e.g. James et al., 2016) than a true systematic review as described 
by Gurevitch et al. (2018), but in addition to describing and mapping the 
studies, we also include a subsequent meta-analysis of the results of 
those studies. A full description of our methodological approach to re-
view is given in Appendix A using the PRISMA 2020 checklist (Page 
et al., 2021). 

We extracted data on the following ecological variables against 
which to measure variation in adaptation responses (Table A2): 
ecological response, taxon, geographical location, habitat (using the 
IUCN Habitat Classification Scheme v3.1; IUCN, 2012a) and climate 
variable considered. Ecological responses were separated into abun-
dance, distribution/colonisation, species diversity/richness, growth, 
population trends, productivity, and survival. Climate variables were 
split into rainfall, temperature, increasing snowpack, and wind/storm 
severity, and associated sub-categories, following the IUCN Threats 
Classification Scheme v.3.2 (Salafsky et al., 2008; IUCN, 2012b). 

Conservation interventions were categorised using the IUCN Con-
servation Actions Classification Scheme (Table A1; Salafsky et al., 2008; 
IUCN, 2012c) to facilitate comparison with previous studies of the 
effectiveness of conservation action, adopting both broad intervention 
categories (e.g. land/water management, species management, law and 
policy) and sub-categories within these broad categories (e.g. species 
management, reintroduction, species recovery all within the broad 
category of species management). For example, providing elevated 
nesting ridges for birds threatened by flooding (Rounds et al., 2004) was 
categorised as Species Management (sub-category Species Recovery), 
while sowing native plant seeds to restore habitats vulnerable to drought 
(Piper, 2014) was categorised as Land and Water Management (sub- 
category Habitat and Natural Process Restoration). 

A range of additional ‘nuisance’ (see explanation below) parameters 
were also recorded (Table A2), which describe characteristics of the 
study associated with potential bias or that may affect the statistical 
probability being reported. These included sample size, number of 

a) No link to climate change – study not included

b) Climate variable and intervention additive (Frederiksen et al. 2004) 

c) Climate variable and intervention interactive (Pearce-Higgins et al. 2019)

Fig. 1. Schematic diagram describing three different types of studies assessed: a) were not be included due to a lack of climatic variable being considered; b) de-
scribes additive studies and c) interactive studies; both of which were included in the review. The graphs illustrate idealised responses in each case. 
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separate results reported in a study, the statistical test undertaken, the 
number of predictor variables in the model, study duration (years), 
study intentionality, and robustness. Study intentionality separated in-
terventions applied specifically in response to climate change or a 
particular weather event (denoted by 1) from those originally imple-
mented for conservation purposes without apparent consideration of 
climate change (denoted by 0). Robustness distinguished studies with a 
clear mechanistic understanding that linked the biological response 
underpinning the impacts of the intervention whose inference may be 
more robust (denoted by 1) from those that were simply correlative 
(denoted by 0). 

Given inconsistent reporting of the results of different studies, 
following Ockendon et al. (2014), we maximised our ability to make use 
of the greatest number of studies by scoring whether there was a sta-
tistically significant effect (P ! 0.05) of an intervention on the ecological 
responses. Although we also extracted information on the significance 
(P) and slope or effect sizes (! measures of error) of the impact of cli-
matic variables and adaptation intervention variables, insufficient data 
on slope or effect size were reported in a comparable way to be useable. 
We classified each extracted result as being either ‘interactive’ (based on 
a model that included an interaction term between the climate variable 
and intervention) or ‘additive’ (based on a model conducted with the 
climatic variable included in the same model, but with no interaction 
tested; Fig. 1). In some cases, formal statistical tests were not clearly 
reported, but we also identified studies where the authors still reported 
apparent effects of interventions during a period of change in climatic 
variables or a specific climatic event (e.g. comparing the effect of a 
treatment upon population responses to a storm surge event) for our 
systematic mapping. To ensure consistency, extracted data for each 
study were reviewed and discussed by at least two of the authors (KB, 
EK, JPH), prior to finalisation. 

2.2. Statistical analysis 

The aim of our statistical analyses was to determine the effectiveness 
of different interventions for climate change (current and potential), as 
measured as a probability that the intervention will be beneficial for the 
studied populations or communities. Given the non-independence of 
multiple rows of data from the same studies, we used generalised linear 
mixed models (GLMMs) for the modelling, specifying reference identity 
as a random effect with a binomial error distribution and a logit link 
function. This was achieved with the lme4 package in R, with the sig-
nificance of effects in the model estimated using ANOVA from the car 
package (Bates et al., 2015; Fox and Weisberg, 2019; R Development 
Core Team, 2020). Model estimates describe the probability of in-
terventions being regarded as beneficial, derived from whether indi-
vidual studies reported statistically significant positive responses. As a 
result, we regard estimates with 95% confidence intervals that exceed 
the null 5% probability for statistical significance, as being shown to 
have support for being effective for climate change adaptation (Franks 
et al., 2018). 

Given our focus on statistical significance as the main common 
metric that applies across studies (see Ockendon et al., 2014; Franks 
et al., 2018), it was important to consider a range of potentially con-
founding variables that may affect the likelihood of significance, but 
that we were not interested in per se (Table A2). Literature source was 
included to check if our different search-types were associated with 
different probabilities of detecting significant impacts of interventions 
and separated into 1) Conservation Evidence database, 2) reviews of 
responses to climatic variables, 3) reviews of climate change adaptation 
or 4) range shift literature. The total number of rows extracted from a 
study was used to test for potential publication bias, given the risk of 
significant effects being more likely to be published. Modelling para-
digm identified whether studies used statistical tests to identify signifi-
cance or information theoretic approaches such as AIC to identify the 
best supported models; these two approaches may be associated with 

different likelihoods of detecting ‘beneficial’ responses. Given the 
debate about whether climate change adaptation interventions should 
be intentional, we used the framing of each study to identify whether the 
interventions were specifically for climate change adaptation or not, and 
tested whether that impacted the probability of a beneficial response 
being identified. How a study analysed an intervention was additionally 
assessed either as additive or interactive depending on the formula used 
(Fig. 1) in the event that this had an impact on likelihood effectiveness. 
Study reference was fitted as a random intercept term in all models to 
account for the variance attributable to literature source. 

The response variable for an intervention was considered to be 
beneficial for the target species if there was a significant (P ! 0.05) 
positive effect on the ecological response measured for each species/ 
group of species (denoted as 1) and unbeneficial if there was a non- 
significant or negative impact on the population or community (deno-
ted as 0; Franks et al., 2018). The model structure is summarised below, 
with ! the intercept, "1…n the model coefficients, (1"Reference Number) 
the random effect, and #i the residual error. 

In the full models we conducted separate analyses testing the effect 
of 

a) interventions (using broad and specific categories separately; 
Table A2). 

logit#!i$ % "& #1Intervention& #2 Sample Size& #3Rows
&#1"Reference Number$& $i 

b) climatic threat (using broad and specific categories separately; 
Table A2). 

logit#!i$ % "& #1Threat& #2 Sample Size& #3Rows
&#1"Reference Number$& $i 

c) interventions plus one of the following additional variables 
(habitat, taxonomy, ecological response, additive / interactive, inten-
tionality) in turn, to test the generality of results. 

logit#!i$ % "& #1Intervention& #2 Sample Size& #3Rows
& #4 Additional Variable&#1"Reference Number$& $i 

To avoid problems with convergence and estimates being derived 
from a small number of studies, all classes included in the tests contained 
data from a minimum of 10 rows of data from 5 studies per level. As a 
result, we removed bacteria, fungi (both ecological responses), snow (a 
climate threat), and law and policy (an intervention) from all models 
and additional specific low levels of combinations for certain in-
teractions. This reduced the final dataset from the 443 rows of data from 
77 peer-reviewed studies presented in the overview of relevant studies 
to 432 rows of data from 75 studies. Of these, 396 rows were suitable for 
statistical modelling – the remainder either did not report statistical 
significance (31) or the direction of effect was unclear (5). 

3. Results 

3.1. Overview of relevant studies 

Most of the 77 studies were from Europe and North America (82%), 
and most were in forest, grassland, or wetland habitats (72%; Fig. 2); 
few were from the tropics. The most frequently encountered in-
terventions were associated with land and water management (60% of 
studies), which included habitat and natural process restoration, site/ 
area management, and problematic or invasive species control (Fig. 3). 
Habitat and natural process restoration included sowing native plants (e. 
g. Piper, 2014) increasing tree cover (e.g. Nimmo et al., 2016), 
increasing habitat connectivity (e.g. Melles et al., 2011), and direct 
habitat creation (e.g. Pilliod and Scherer, 2015), whilst site/area man-
agement can improve plant and animal responses to damaging effects of 
weather extremes, such as drought (e.g. Benigno et al., 2013; Clermont- 
Dauphin et al., 2016; Han and Young, 2014; Pilliod and Scherer, 2015; 
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Fig. A3a). Invasive or problematic species control was used to improve 
the survival, productivity, and abundance of target animal and plant 
species (Fig. A3a), for example, controlling red foxes Vulpes vulpes to 
counter negative impacts of warming on arctic foxes Vulpes lagopus 
(Angerbj!orn et al., 2013). 

Twelve percent of studies considered the impacts of land and water 
protection on animal populations (typically through the designation and 
management of formal protected areas); just under half of these found 
evidence of a significant benefit associated with protected areas for at 
least one species (e.g. Gaüz"ere et al., 2016; Gillingham et al., 2015a, 
2015b; Lawson et al., 2014, Figs. 3 & 4). Over a quarter (27%) of studies 
looked at the impact of species' management interventions on plants and 
vertebrates, roughly three-quarters (72%) of which considered species- 
recovery, including protecting nest sites from storm surges (Rounds 
et al., 2004; Moore, 2005) or extreme high temperatures (Patino-Mar-
tinez et al., 2012). 

The reviewed literature did not include any examples testing the 
impact of interventions relating to education and awareness, livelihood, 
capacity-building, and economic and other incentives on species. There 
was also an absence of studies on responses to changes in humidity, fire, 
water flow, or sea-level rise. 

Only 11 of the 77 papers described interventions that were inten-
tionally adaptive to climate change; the remainder were interventions 
that were not clearly linked to climate change adaptation but that were 
examined in the context of changes in climatic variables, single events, 

or long-term climate change responses. 

3.2. Variation in beneficial responses 

Across studies, 81% of papers reported at least one beneficial 
response (an average of 5.8 responses were reported per paper; Fig. 4). 
Five or more studies described successful conservation interventions in 
response to drought, flooding, changes in rainfall, and increases in mean 
temperature or reductions in cold extremes. There was the strongest 
evidence for positive responses to conservation interventions in birds, 
but also five or more studies reported positive responses in amphibians, 
insects and in each of eudicot, monocot, and piopsida plant groups. The 
conservation interventions with the greatest number of positive re-
sponses reported were habitat and natural process restoration, site/area 
management, site/area protection and species recovery, the latter 
particularly in birds (Fig. 4). 

Taking a modelling approach to quantify the likelihood of benefit, 
30% of individual statistical tests on those responses resulted in a sta-
tistically significant (P ! 0.05) positive impact of interventions, while 
accounting for potentially confounding biases in the published litera-
ture. These were sample size, positively associated with the probability 
of a benefit being reported ($2 % 9.618, P % 0.002), and the total number 
of rows reported from a study negatively correlated with the probability 
of benefit ($2 % 4.983, P % 0.026 see Table A2 and Fig. A4). These two 
nuisance parameters were retained in all the subsequent models. 

Fig. 2. Locations and number of studies looking at the effect of conservation interventions for species facing climate-related threats, the percentage of studies by 
continent, and the number of studies that tested interventions in different habitats. 
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The probability that an intervention would be beneficial varied 
significantly with intervention type ($2 % 6.996, P % 0.030; Fig. 5a). 
Species management interventions were estimated by the model to be 
beneficial in 73% (23%–95%, 95% CI) of cases, while land and water 
management interventions were beneficial in 22% (6%–57%, 95% CI) of 
cases, and land and water protection interventions in 17% (4%–55%, 
95% CI). The probability of benefit associated with the first two of these 
differed significantly from the 5% threshold of statistical significance, 
whilst the probability for land and water protection was close to this 
threshold. More specifically, species recovery interventions (which 
comprised 75% of the studies on species management and 20% of 
studies overall), were modelled to be beneficial in 78% (31%–97%, 95% 
CI) of cases tested (Fig. 5b,). These interventions appeared to improve 
the productivity and survival of birds, mammals, and flowering plants 
across climatic variables (Fig. 4). 

Beyond these effects there was no impact of climatic variable type on 
the probability of benefit when considering either the broad ($2 % 0.109, 
P % 0.947) or specific ($2 % 2.187, P % 0.823) climatic categories, or 
ecological response ($2 % 3.839, P % 0.279 for broad and $2 % 5.619, P 
% 0.132 for specific interventions). There was also no significant vari-
ation in the probability of benefit between different habitats (broad 
interventions $2 % 2.451, P % 0.653 and specific interventions $2 %
1.823, P % 0.768) or taxonomic groups (neither animals/plants nor 
plants/invertebrates/vertebrates; $2 % 0.220, P % 0.639 and $2 % 0.344, 
P % 0.842 respectively for broad interventions, and $2 % 1.044, P %
0.307 and $2 % 1.106, P % 0.575 respectively for specific interventions). 

There was also no difference ($2 % 0.194, P % 0.659) in outcome be-
tween studies that tested whether adaptation alters species' responses to 
climatic variables through an interaction (e.g. bird community re-
sponses to climate change vary between protected and unprotected sites; 
Santangeli et al., 2017), or had an additive effect (e.g. shading of 
leatherback turtle Dermochelys coriacea nests to alter sex-ratios of 
offspring; Patino-Martinez et al., 2012). Importantly, there was no dif-
ference ($2 % 0.117, P % 0.733) in the probability of benefit between 
interventions that were intentionally adaptive (for example adding 
water to malleefowl Leipoa ocellata nest mounds during drought; Booth 
and Seymour, 1984) and those based on existing conservation responses 
(e.g. the effect of active conservation management in protected areas 
upon range expansion in response to climate change; Lawson et al., 
2014), suggesting that our broad definition of studies to include in our 
analysis had not biased our results. 

4. Discussion 

Our results suggest that despite there being relatively few formal 
tests of interventions specifically for climate change adaptation avail-
able for inclusion in this review, a wide range of studies across taxa, 
interventions, and climatic variables provide evidence that conservation 
interventions can benefit species impacted by climate change. We 
describe how this evidence is distributed across taxa, habitats, climatic 
variables, and intervention types, achieving our first aim. Overall, four- 
fifths of studies reported at least one beneficial response to these 

Fig. 3. The number of studies on invertebrates, vertebrates, and plants testing the effect of conservation interventions (x axis) under different climatic threats (y 
axis). Note that some publications included more than one study, such as testing different interventions or testing the response of different animal or plant groups. 
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interventions, although when modelled as a probability per individual 
test the response rate was 30%, fulfilling our second aim. We then 
demonstrate how different types of conservation intervention were 
associated with different likelihoods of beneficial effect, whilst 
providing little evidence of variation in relation to other contexts (our 
third aim). 

Whilst the modelled 30% likelihood of beneficial response may seem 
a relatively low figure, this probability is similar in magnitude to the 
success of other conservation interventions from similar analyses (e.g. 
Franks et al., 2018). Given the significant negative relationship between 
the number of tests undertaken in a study and the probability of indi-
vidual tests being statistically significant, there may be a publication 
bias that studies reporting single tests are more likely to document 
significantly positive impacts of interventions than those that consider 
multiple species or multiple tests. This makes it difficult to accurately 
quantify the overall probability of interventions being successful, and 
indeed, given the heterogeneity that seems to exist between different 
intervention types and this probability, such a metric may not be 
meaningful. Given the range of examples described in the studies 
reviewed, our first conclusion is that there is a growing evidence-base in 
support for climate change adaptation interventions being beneficial for 
species' populations and assemblages in many circumstances, which our 
mapping highlighted and our modelling quantified. 

Despite any potential biases in the literature that affect the overall 

estimation of probability of benefit across studies, a significant contrast 
between different intervention types is likely to be robust. The higher 
probability of benefit associated with species management interventions 
(particularly for birds) than land and water protection interventions 
suggests that interventions targeted at management for individual spe-
cies were more likely to result in significant population-level benefits 
than other measures (Fig. 5); our second conclusion. This strongly sug-
gests that targeted interventions can be used to reduce the climate 
vulnerability of particular populations and species. Potential in-
terventions could range from habitat manipulations to protect specific 
species from extreme events (e.g. Moore, 2005; Patino-Martinez et al., 
2012; Rounds et al., 2004; Stokes and Boersma, 1998) to supplementary 
feeding in response to climate-driven food shortages (e.g. Angerbj!orn 
et al., 2013; Heath et al., 2008; Robel and Kemp, 1997; Smith et al., 
2008). In order to maximise their effectiveness, interventions should be 
supported by a good understanding of the species and the system being 
managed, building on a well-evidenced model of effective conservation 
science, but adapted for a climate change context (Pearce-Higgins, 
2011a). 

Our third conclusion is that more generic approaches to site pro-
tection and habitat management were less effective at providing benefit 
for individual species than management targeted at those individual 
species. However, we might expect that by their very nature, these in-
terventions are more likely to benefit a larger number of species overall, 

Fig. 4. The number of studies to find a positive or no/negative effect of conservation interventions on species under different climatic threats, and by animal/plant 
group. Note that some publications tested the same intervention, climate variable and animal/plant group, but found a positive effect of the intervention in one 
instance and a negative or no effect in another. Letters refer to high-level conservation actions: (a) land/water management; (b) land/water protection; (c) species 
management; (d) law & policy. Refer to Fig. A3 to see the negative responses separated out. 
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although further research is required to test this assertion. For example, 
the provision of protected areas as a mechanism for maintaining natural 
and semi-natural habitat for habitat specialists of conservation concern 
has been shown to support the poleward climate-driven expansion of a 
range of taxa in response to climate change (Thomas et al., 2012; 
Virkkala et al., 2014; Gillingham et al., 2015b; Lindstr!om et al., 2019), 
even if the proportion of individual species that demonstrate statistically 
significant positive responses across such multi-species studies was 
lower than reported compared with studies of interventions on single 
species. 

The benefit associated with interventions did not appear to vary with 
climatic variables, habitat, or among taxa, although there are significant 
limitations of the literature available, and variation in the effectiveness 
of different interventions undoubtedly exists. Our fourth conclusion is 
therefore that much more monitoring of the success of adaptation in-
terventions, and publication of the results in the peer-reviewed litera-
ture, is required, particularly given the relatively small proportion of 

studies that were specifically testing climate change adaptation in-
terventions. Our mapping of the literature highlighted that few studies 
were from the tropics, where species' responses to climatic variables 
differ from those at higher latitudes (Deutsch et al., 2008; Pearce-Hig-
gins et al., 2015), whilst there were also gaps in taxonomic coverage, in 
the types of interventions that were tested, and the climatic drivers 
considered. In particular, there was a lack of studies reporting on the 
effectiveness of interventions relating to education and awareness, 
livelihood, capacity building, and economics and other incentives on 
species; issues that apply more generally to biodiversity conservation 
(Hochkirch et al., 2020, Kusmanoff et al., 2020, Christie et al., 2021). 
Such gaps can be used to prioritise future evidence and monitoring 
needs. 

Although there was no evidence for the effectiveness of adaptation 
varying with habitat, taxa, and climatic drivers, more data needs to be 
collected across a range of circumstances to improve our ability to 
quantify the effectiveness of adaptation in different circumstances. We 

Fig. 5. Predicted probabilities (mean ! 95% confidence interval) that an intervention will result in a beneficial outcome (i.e. a positive impact on the population) for 
a) broad intervention type and b) specific intervention types as defined by the IUCN Conservation Actions Classification Scheme (IUCN, 2012c). The dotted line 
indicates 0.05, the 5% threshold above which interventions were successful more often than expected by chance. 
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therefore suggest repeating this review in a few years when more liter-
ature is available to quantify variation in adaptation effectiveness be-
tween taxa, habitats, locations, and in relation to different climatic 
drivers. We also recognise that only 11 of the studies considered were 
clearly testing responses to specific climate change adaptation in-
terventions; the majority examined responses to more standard conser-
vation interventions that could also help moderate species responses to 
climate change. Given these gaps and limitations in the published 
literature so far, ongoing monitoring and evaluation of adaptive con-
servation interventions is required to build this evidence base (Mor-
ecroft et al., 2019; Pearce-Higgins et al., 2022). Noting the potential for 
publication bias in the literature, we particularly urge the reporting of 
null results as well as significant effects, and a greater understanding of 
the potential for more generic approaches to habitat management and 
site protection to benefit a large number of species. 

Our analysis was based on the premise that conservation measures 
that currently appear to be ineffective are also less likely to work in the 
future, particularly as the current magnitude of climate change experi-
enced is less than that projected. Conversely, conservation interventions 
that our analysis suggests are beneficial for species under current con-
ditions might have the greatest prospect of future benefit. However, it is 
worth noting that some interventions may have a long time-lag before 
they are effective (Watts et al., 2020), and their impact may therefore be 
underestimated by short-term studies. In this context, the monitoring of 
interventions will be particularly important not just to help prioritise 
different options, but also to identify the limits to different adaptation 
interventions, in order to help understand the impact that interventions 
may have on species' vulnerability to climate change (Pacifici et al., 
2015; Foden et al., 2019). This evidence is starting to be collated. For 
example, targeted conservation action for a population of golden plover 
Pluvialis apricaria at the southern edge of the species' distribution, 
through habitat restoration and management to reduce predation risk, is 
expected to enable that population to resist 2 'C of warming (Pearce- 
Higgins, 2011b). Given the importance of monitoring for the evaluation 
of the success of adaptation interventions (M!akinen et al., 2018; Pearce- 
Higgins et al., 2022), we urge conservationists and the funders of 
adaptation actions to support the ongoing monitoring and evaluation of 
their actions to improve the effectiveness of such interventions into the 
future, particularly as many cases appeared to provide little evidence of 
benefit. 

Despite the uncertainties noted, our results suggest that species 
management interventions can help the species most vulnerable to 
climate change to adapt, while more generic habitat management and 
protection measures may benefit the widest range of species. There is 
debate about the implications of conservation triage (Bottrill et al., 
2008) for climate change adaptation. Deprioritising vulnerable trailing- 
edge populations has been suggested to be an important element of 
future conservation triage in a changing climate, but decisions are 
currently hampered by uncertainty (Gilbert et al., 2020). Quantifying 
the effectiveness of interventions in specific circumstances will improve 
decision-making (e.g. Wintle et al., 2011). In this context, our results 
suggest there may be more that can be done for vulnerable trailing-edge 
populations than previously assumed, but as noted, more evidence is 
required to inform specific decisions. Further consideration of the 
ethical dimensions around the triage approach to biodiversity conser-
vation (Wilson and Law, 2016) is also required. In the context of climate 
change adaptation, where synergies and trade-offs may exist between 
biodiversity conservation, climate change mitigation, and human 
adaptation, these issues are likely to be even more important (Morecroft 
et al., 2019). 

5. Conclusions 

This study provides an important evidence base to support invest-
ment in climate change adaptation, which appears beneficial in many 
contexts, in much the same way as current conservation action has 

significantly reduced extinction risk (Butchart et al., 2006; Monroe 
et al., 2019; Bolam et al., 2021). Gaps in the coverage of published 
studies, particularly in the tropics, and also across some habitats, taxa, 
and climatic drivers considered, highlight the need to prioritise the 
monitoring and evaluation of adaptation interventions to inform future 
optimisation of interventions for different species, habitats, and cir-
cumstances. Despite being at a relative early stage in the study of climate 
change adaptation effectiveness, sufficient studies were available to 
demonstrate that conservation interventions can have positive impacts 
on species being affected by variation in climatic variables or can alter 
the form of response to those variables. An appropriate response to 
growing concerns about impacts of climate change on species' extinction 
risk is therefore to catalyse targeted actions to reduce risks faced by the 
most climate-vulnerable species, which our analyses suggest can have a 
high likelihood of benefit. Although more generalised habitat manage-
ment and site protection measures appeared less likely to be successful 
for individual species, this does not mean that they are unlikely to be 
effective, as by their very nature, they may well impact a greater number 
of species overall. We therefore interpret our results as also supporting 
the value of expanding habitat management and site protection mea-
sures to enhance the ability of a broad array of species and ecosystems to 
persist in the face of changing climatic conditions. 

Glossary 

Adaptive capacity: The ability of systems, institutions, humans, and 
other organisms to adjust to potential damage, to take advantage of 
opportunities, or to respond to consequences (IPCC, 2014 Annex II 
Glossary). 

Climate change adaptation: The process of adjustment to actual or 
expected climate and its effects. In the context of this paper, climate 
change adaptation are conservation interventions that seek to moderate 
harm or exploit beneficial opportunities resulting from climate change. 

Nuisance variables: Variables not of primary interest but that are 
included in the model to account for additional potential variation or 
reduce potential impacts of bias or other confounding effects. 
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