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ABSTRACT
Problem: Climate and land-use change are two key drivers of biodiversity change. Their widespread effects on species and com-
munities have prompted fears that interactions between the two drivers could cause severe biodiversity loss. As the literature on 
this subject expands rapidly, variation in methodological choices and the terminology used to describe results, combined with 
context-dependent or individualistic responses across taxa and systems, hinders our ability to systematically evaluate how spe-
cies and communities are affected by the interacting effects of climate and land-use change.
Clarification: We provide guidance for investigating climate-land-use interactions, following clear definitions and including 
recent examples from natural and semi-natural systems. We highlight how variation in methodologies, language inconsistencies, 
data limitations, and the inherent variation among populations and species can affect the analysis of climate-land-use interac-
tions. Importantly, we demonstrate how failing to consider interactive effects can negatively impact the outcomes of conservation 
interventions designed to protect biodiversity.
Communicating Climate-Land-Use Interactions: We provide a roadmap to guide future work, highlighting important 
considerations for understanding and communicating climate-land-use interactions relevant for both policy and conservation. 
Outlining how different factors can complicate our understanding of interactive effects is a key step towards the accurate detec-
tion, interpretation and communication of the effects of climate and land-use change on biodiversity in a rapidly-changing world.
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1   |   Introduction

Climate and land-use change are two of the most prominent 
drivers of biodiversity change, leading to range shifts, popula-
tion declines, and increased extinction risk (Newbold et al. 2015; 
Spooner et al. 2018; IPBES 2019). The broad scale and increasing 
magnitude of these drivers makes them a key threat to meeting 
global targets to halt biodiversity loss (IPBES 2019; WWF 2024). 
Where changes in land use (or land cover, see Box 1) result in 
biodiversity loss through habitat loss or degradation (Drakare 
et al. 2006; Fahrig 2013; Chase et al. 2020), climate change may 
lead to parts of a species' range becoming more or less suitable 
due to the direct or indirect effects of warmer temperatures, 
altered precipitation patterns, and increased frequency and 
intensity of extreme weather events (Johansson et  al.  2020; 
Antão et  al.  2022). When both climate and land-use changes 
act simultaneously, their combined effects might be expected to 
result in larger impacts (positive or negative) on species or pop-
ulations than if either of the changes had occurred individually 
(Figure  1A). However, changes in biodiversity due to climate 
and land-use changes can also be larger or smaller than would 
be expected from a simple combination of their individual ef-
fects (Figure 1B), that is, climate and land-use change can inter-
act to affect biodiversity.

The prevalence of concurrent changes in climate and land use, 
and their potential to negatively affect biodiversity, is an issue 
that has been regularly investigated during recent decades. 
Earlier reviews discussed the potential problem of interactive 
effects and some potential mechanisms (Dale 1997; de Chazal 
and Rounsevell  2009; Oliver and Morecroft  2014), while later 
work has argued that we should look beyond the classification 
of interactions and onto the risk that they pose to biodiversity 

(Schulte to Bühne et al. 2021). Concurrently, research has also 
highlighted how the effects of a combination of different ecosys-
tem stressors can be more than, less than, or equal to their indi-
vidual effects (e.g., Piggott et al. 2015; Burgess et al. 2021). Such 
frameworks could broadly include climate and land-use change 
as stressors, but much of the existing literature is related to ex-
perimental aquatic systems, where stressors are often factors 
that can be added in a controlled manner (e.g., Orr et al. 2020).

Unlike experimental systems, where comparisons of individual 
and combined effects are relatively straightforward, the rapidly-
expanding literature aiming to quantify the effects of climate 
and land use on biodiversity in natural and semi-natural sys-
tems is based on heterogeneous data collected across large 
temporal and geographical gradients (e.g., Hudson et al. 2017; 
Dornelas et  al.  2025). These gradients—usually across con-
tinuous variables of climate and/or land use—combined with 
other issues with such data biases (Boyd et  al.  2023), make it 
challenging to understand and communicate their interactive 
effects on biodiversity using the same framework that has been 
proposed for other environmental stressors (Piggott et al. 2015; 
Burgess et al. 2021). Importantly, studies that rely on these kinds 
of data have so far been unable to reach a consensus regarding 
the extent to which species and communities are affected by the 
interacting effects of climate and land-use change. As an ex-
ample, high-profile research investigating the species richness 
of insect assemblages have reported interactions resulting in 
both larger (Outhwaite et al. 2022) and smaller (Montràs-Janer 
et al. 2024) impacts than would be expected from their individ-
ual effects, whilst another did not detect interactive effects at 
all (Uhler et al.  2021). There are several potential reasons be-
hind these contrasting findings, including differences in how 
individuals, populations, species and communities respond to 

FIGURE 1    |    A simple example of additive and interactive effects of climate and land-use change on biodiversity. Climate and land-use changes can 
both have detrimental effects on biodiversity (represented here by butterfly symbols). The bottom left square in each panel shows initial conditions, 
while changes in either climate or land use can reduce biodiversity (from five to three individuals). When both changes occur simultaneously (top 
right square), the effect on biodiversity is worse than if only one had occurred. In panel A, the combined effect equals the sum of the effect of climate 
and land use: Five initial butterflies minus the loss of two butterflies to climate and two to land use. In panel B, the combined effects are worse, with 
the simultaneous effect of climate and land use being stronger than the sum of their individual effects—an interactive effect. Note that interactions 
between climate and land use can also result in less biodiversity loss than expected (not shown).
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environmental pressures, variation in these responses in time or 
in space, as well as in the methods and data used to investigate 
potential interactions.

As research on the effects of climate and land-use change on 
biodiversity continues to expand across taxa, spatio-temporal 
scales and biodiversity metrics, any attempt to synthesise and 
apply these findings will depend on a common understanding 
regarding how climate-land-use interactions are described, in-
vestigated and interpreted. Using recent examples, we describe 
ways in which climate and land use can interact to affect biodi-
versity, and how methodological choices and terminology can 
impact whether or not interactions are detected. We provide a 
roadmap for understanding and communicating climate-land-
use interactions, giving urgently needed guidance when nav-
igating this important topic, given that failing to detect and 
effectively communicate climate-land-use interactions can have 
serious impacts for conservation and policy.

2   |   Defining and Interpreting Interactions

Climate-land-use interactions arise when a change in a climate 
variable affects the biodiversity response to a land-use variable 
for a given population or community, and vice versa. For in-
stance, denser canopy cover can buffer local temperatures within 
forests relative to regional temperatures, resulting in cooler day-
time temperatures. This variation in local microclimate can 
allow the persistence of cool-adapted plant species below can-
opies, despite regional temperatures becoming unfavourably 
high due to climate warming (Greiser et  al.  2020; Zellweger 
et al. 2020; Samira Geres et al. 2025). In these circumstances, 

we cannot predict the effect of regional temperatures on biod 
without knowing the canopy cover. For warm-adapted species, 
increasing temperatures may change a species' preferred habi-
tat, for example allowing butterflies to lay eggs in denser patches 
of vegetation that would previously have been too cold (Davies 
et al. 2006). By failing to observe and quantify such interactions, 
we risk misinterpreting and misattributing observed population 
or community trends (Figure 2).

The term ‘interaction’ is used with different definitions and in 
different contexts throughout the scientific literature (Box  1). 
We focus on statistical interactions, since assessing the pres-
ence, direction, and strength of interactions between drivers 
in ecological systems usually involves fitting statistical models. 
Specifically, we discuss interactions between variables of cli-
mate and land use, but the principles apply to any interaction be-
tween two drivers of biodiversity change. Statistical interactions 
can arise through different ecological mechanisms, directly 
or indirectly driving a biodiversity response. In the example 
above, describing how canopy cover buffers local temperatures, 
the mechanism is a direct effect of local temperature on cold-
adapted species, but in practice, this pattern would be detected 
by a statistical interaction when modelling the effect of variation 
in regional temperature and canopy cover (Figure 2).

Interactions are clearly important to consider and model in 
ecology. However, when a species responds to both climate and 
land-use variables, and the effect of, for example, temperature is 
constant for all land-use values, the modelled effects are addi-
tive, and not interactive (Figures 1A and 3A). Interactive effects 
between two variables occur when the effect of each variable is 
not constant across the measured interval of the other variable 

FIGURE 2    |    Example showing how climate and land use can interact to affect biodiversity, and how modelled statistical interactions can arise due 
to the scale at which variables are measured. In closed habitats, vegetation buffers local (experienced) temperature, creating a cooler microclimate, 
hence the butterfly experiences cooler conditions than temperatures measured at the regional scale. Butterfly abundance responds to experienced 
temperature (points on lower panel), generating an interaction between regional temperature and habitat (open vs. closed) when modelled statisti-
cally (fitted lines on upper panel), with stronger negative effects of warming observed in the open habitats.

Effect of experienced temperature on 
abundance. There is a negative effect of 
experienced temperature on butterfly 
abundance.

Modelled interactive effect of measured 
regional temperature and land use on 
abundance. There is a negative effect of 
regional temperature on butterfly abundance, 
and this negative effect is stronger in open 
habitats.
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(Duncan and Kefford 2021; Spake et al. 2023; Figures 1B and 3B). 
In this case, we cannot know the effect of one variable (plotted 
on the x-axis) without also knowing the value of the second vari-
able. Interactive effects can be classed as ‘synergistic’, ‘antago-
nistic’ or ‘crossover’. The term ‘synergistic’ means that the effect 
of the second variable is stronger at higher values of the first 
(x-axis) variable, that is, the difference in effect between low and 
high values of the second variable increases along the measured 
interval of the first variable (Figure 3B). The term ‘antagonis-
tic’ means that the effect of the second variable is less strong at 
higher values of the first variable, that is, the difference in effect 

between low and high values of the second variable decreases 
along the measured interval of the first variable (Figure  3C). 
The term ‘crossover’ means that the effect of the second variable 
changes from positive to negative (or vice versa) within the mea-
sured range of the value of the first variable (Figure 3D), chang-
ing from antagonistic to synergistic.

Examples of all the above categories of interactions between 
climate and land-use variables have been detected. An exam-
ple of a synergistic effect includes the positive effect of climate 
warming on insect species richness in primary vegetation, with 

FIGURE 3    |    Additive and interactive effects of climate and land use on biodiversity. Overview of potential (modelled) effects of climate and land-
use variables (continuous scales, for example temperature and proportion of arable land) on a biodiversity response variable, for example, number of 
individuals or number of species. The plots allow us to see the direction of effects of both predictor variables, as well as the moderating effect of each 
predictor variable on the other. The slopes show the effect of climate at a given value of land use, while at any point on the x-axis, the direction of the 
colour gradient indicates the effect of land use; for example, comparing x1 and x2 shows how the value of the land-use variable modifies the effect 
of the climate variable. (A) additive effects, where the effect of land use is constant for all climate values; (B) synergistic interactions, where higher 
values of the climate variable make the effect of land use stronger, that is, the difference in effect between lower and higher land-use values increases 
with higher climate values; (C) antagonistic interactions, where higher values of the climate variable make the effect of land use less strong, that is, 
the difference in effect between lower and higher land-use values decreases with higher climate values; and (D) crossover interactions, where the 
effect of the climate variable switches sign according to the value of the land-use variable within the climate variable's measured range. In the left 
panels in A, B and C the effects of climate and land use are both negative, while in the panels to the right, both effects are positive. In the left panel in 
D, the effect of land use switches from negative to positive, while in the right panel, the effect of land use switches from positive to negative.
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negative effects of agriculture on richness becoming stronger 
at higher temperatures (Outhwaite et  al.  2022). Increases in 
canopy cover have decreased the effect of warming on commu-
nity shifts in European forest understorey plant communities 
(Zellweger et  al.  2020), demonstrating an antagonistic inter-
action. A crossover effect has been shown in stream-breeding 
amphibians in tropical forests, whose abundance was relatively 
high in areas of primary vegetation where maximum tempera-
tures were also high, while in agricultural areas, abundances 
were lowest in sites with the highest maximum temperatures 
(Murray et al. 2021). Importantly, the synergistic and antagonis-
tic terminology does not refer to the direction of the individual 
drivers, only to their interactive effect. That is, the difference 
between the effect of a climate variable on biodiversity at higher 
compared to lower values of a land-use variable can be larger 

(synergistic effect, Figure  3B) or smaller (antagonistic effect, 
Figure  3C), independently of the direction of the individual 
effects.

Ambiguities in terminology can obscure the interpretation of 
climate-land-use interactions on biodiversity. Several additional 
terms have been used to describe additive and interactive effects 
of climate and land-use change on biodiversity (Box 1). For exam-
ple, ‘compounding effect’ has been used to describe a synergis-
tic interaction (Forister et al. 2010; Auffret and Svenning 2022), 
but linguistically could equally refer to an additive effect. 
However, it is not only language that can affect our understand-
ing of climate-land-use interactions. Different methodological 
approaches can influence the detection or strength of interac-
tion effects, including model structure, numerical scaling and 

BOX 1    |    Glossary of terms.

Additive effect: When the modelled effect of one variable is constant for all values of a second variable (Figures 1A and 3A).

Climate: Climate is defined by the World Meteorological Organisation as the average weather conditions at a specific location 
over long time periods, ranging from months to millions of years (WMO 2025). Climate change is defined as changes in the state 
of the climate that persist for an extended period, typically decades or longer, although the standard period used to determine 
climate change is 30 years (WMO 2025). Given these definitions, climate and climate change can be described and detected over 
shorter time periods than 30 years, which is common throughout the ecological literature. Here, we use the collective term ‘cli-
mate variable’ to describe variables such as temperature and precipitation while acknowledging that they can be used to describe 
both weather and climate, depending on the time frame.

Crossover effect: When the modelled effect of one variable on the response ‘switches sign’ across the measured interval of the 
other (Figure 3D). This can also be referred to as a ‘crossed’, ‘qualitative’ or ‘reversal’ effect, or as a ‘non-removable’ interaction. 
Non-removable refers to the fact that interactions that involve a change of sign (e.g., from positive to negative) are not affected by 
transformations of the response variable (Spake et al. 2023).

Interaction (linguistic and ecological): The linguistic definition of the word interaction is reciprocal action. In the scientific 
literature, the term has been applied to myriad phenomena, including interactions between individuals or species (species inter-
actions, biotic interactions, trophic and non-trophic interactions, etc.) and the effect of one environmental variable on another, 
such as the effect of increased frequency of drought events on the degradation of forest habitats.

Interaction (statistical): A statistical interaction is when the effect of one variable depends on the value of another variable 
(VanderWeele and Knol 2014), that is, the response is context dependent. Note that this effect is an interaction between the meas-
ured variables, which can be either directly or indirectly related to the ecological mechanisms driving the biodiversity response.

Land cover and land use: Land cover refers to the observed cover of the land, while land use refers to how land is used by hu-
mans. These terms are often used interchangeably, with land use tending to be inferred from observed land cover. At the same 
time, the same broad category of land cover (e.g., agriculture) can have a variety of land uses (e.g., arable vs. pastoral). We consider 
both to be relevant in terms of interactions with climate variables change, but use the term land use throughout, as it is more 
common in the ecological literature.

Synergy and antagonism (linguistic and ecological): The linguistic definition of synergy is something that is mutually re-
inforcing, while antagonism is mutual resistance. For example, when used to describe ecological symbiotic interactions, the words 
synergy and antagonism can refer to mutualistic and parasitic interactions, respectively. As such, the words are primarily used to 
describe the direction of the interaction, that is, positive or negative effects on an organism's fitness.

Synergistic and antagonistic interactions (statistical): In statistics, the terms synergistic and antagonistic refer to the 
strength of the effect. A synergistic interaction is when higher values of one variable make the effect of the other stronger, inde-
pendent of the direction of the effect (Figure 3B). An antagonistic interaction occurs when higher values of one variable make the 
effect of the other less strong (Figure 3C). Depending on the direction of effects, synergistic effects have been described as ampli-
fying, magnifying or concordant (used for both positive or negative effects) or as compounding (mostly used for negative effects). 
Antagonistic effects can be described as opposing, mitigating, buffering or dampening. The words synergistic and antagonistic, 
as well as their synonyms, have also been used elsewhere to refer to additive effects alone (e.g., ‘synergistic’ where both effects are 
positive, even if there is no statistical interaction).
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potential correlations and transformations of the predictor and 
response variables. Such statistical matters are well-described 
elsewhere (Schielzeth  2010; Duncan and Kefford  2021; Spake 
et  al.  2023), but perhaps most importantly for the interpreta-
tion and communication of climate-land-use interactions is the 
so-called symmetrical nature of statistical interactions (Spake 
et al. 2023). This symmetry means that if the effect of a climate 
variable is not constant across the measured land-use interval, 
then also the inverse is true: the effect of the land-use variable 
will not be constant across the climate interval. Understanding 
this property of climate-land-use interactions, as well as the dif-
ferent ways in which statistical interactions are described, will 
help the effective interpretation and communication of research 
in the field.

3   |   Climate-Land-Use Interactions Across Species 
and Assemblages

3.1   |   Variation in Responses Between Species

Different species require specific conditions to survive and 
thrive (Grinnell  1917; Hutchinson  1957). When the environ-
ment changes, some species will benefit, some will suffer, and 
some will be unaffected. As such, studies at the species level 
show a range of responses to climate variables (Lynn et al. 2021; 
Antão et al. 2022), land-use variables (Negret et al. 2021) or both 
(Beissinger et al. 2023; Suggitt et al. 2023), while the results of 
studies undertaken at the community level (e.g., considering 
species richness) often show high levels of variation (Blowes 
et al. 2024; Montràs-Janer et al. 2024). In addition to exhibiting 
different responses (positive, negative or neutral) to climate and 
land-use change, different species or organism groups can vary 
in whether they respond additively or interactively to these driv-
ers (Murray et al. 2021; Latimer and Zuckerberg 2021; Auffret 
and Svenning 2022; Lauck et al. 2023). For example, occupancy 
change of plants, butterflies and moths in Great Britain re-
sponded additively to climate warming and land conversion at 
the group level (with persistence positively associated with both 
variables), while birds showed an antagonistic interaction (the 
positive effect of one variable becoming less strong at higher val-
ues of the other; Suggitt et al. 2023). At the individual species 
level, the study revealed that there was substantial variation in 
the direction of responses to climate and land use, and in fact 
species were found to be just as likely to respond additively as 
interactively. The mechanisms underlying species-level vari-
ation in responses to climate and land use range from physio-
logical tolerance limits of temperature (Moore et  al.  2023), to 
life-history traits associated with vulnerability to environmental 
change (Hof 2021). For instance, taxa that are more mobile and/
or have shorter life spans often respond faster to environmen-
tal change (Figueiredo et al. 2019). Further examples of species 
groups exhibiting different relationships with climate and land 
use include findings that cup-nesting birds in the United States 
showed lower nesting success in agricultural areas with highest 
maximum temperatures compared to those nesting in cavities, 
potentially due to the former types of nest being more exposed 
(Lauck et al. 2023). On the other hand, reproductive mode deter-
mined the extent to which maximum temperatures and agricul-
tural land uses affected local abundances of tropical amphibian 
species (Murray et  al.  2021). Finally, range shifts in Swedish 

plant species in response to climate warming were more pro-
nounced in warm than cool-associated generalist species, while 
grassland specialist species declined regardless of their thermal 
affinity (Auffret and Svenning 2022).

That species may differ in their responses to the combined pres-
sures of climate and land-use variables is perhaps not surprising. 
Aggregating individual responses into community-level biodi-
versity metrics can mask this variation (Cazalis  2022), while 
synthesising species-level responses across large spatial scales 
will often produce results that exhibit neither clear positive nor 
negative effects on the assemblage as a whole. Results based on 
different metrics, aggregation and scales can generate disagree-
ment among studies (Boënnec et al. 2024) and cause issues when 
communicating with policymakers. It is therefore important to 
highlight that among-species variation in responses to climate 
and land-use variables means that assemblage-level studies 
might not always show strong directional responses to climate 
and land-use change.

3.2   |   Variation in Responses Within Species

In addition to different species responding differently to land use, 
climate and their interactions, individuals and populations of the 
same species can show differential responses across climate and 
land-use gradients (Figure 4). This can arise when variation in 
land use modulates local climate, causing species to respond 
differently to one driver depending on the status of the other 
(Williams et al. 2022). For example, the level of canopy shading 
can moderate individual species' responses to climate along alti-
tudinal temperature gradients (Samira Geres et al. 2025), while 
a change in climate at a single location can alter species' habitat 
preferences (Davies et al. 2006; Anthes et al. 2008; Box 2).

While populations of a species can respond differently to cli-
mate and land-use variables along environmental gradients, 

FIGURE 4    |    Variation in the response of a species across gradients of 
climate and land use. The climate gradient could for example represent 
temperature at a single location over time, or different temperatures ex-
perienced across a species range. At different values of the climate and 
land-use variables, a species' interactive response to these two variables 
can differ (points 1–4). A measured response to climate and land use 
can therefore depend on which part of the curve is being sampled.
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7 of 14Global Ecology and Biogeography, 2026

many species also exhibit intraspecific trait variation across 
their geographic ranges, which can influence their responses to 
environmental change. Characteristics that have been shown to 
vary along gradients of climate and/or land use include body size 
(Liker et al. 2008; Henry et al. 2023), the timing of life cycle events 
(Menzel et al. 2020), thermal tolerance (Howells et al. 2012), re-
production and dispersal ability (Schroeder et  al.  2021). These 
characteristics are directly and indirectly linked to population 
persistence, and therefore this intraspecific variation could re-
sult in different types of climate-land-use interactions depending 
on where along these gradients a study is being conducted.

To fully understand a species' response to climate-land-use 
interactions, we would therefore need to study the full range 
of environmental gradients (e.g., multiple points across the 
climate variable range in Figure 4), while also understanding 
the potential role of intraspecific trait and behavioural vari-
ation. Any empirical model fitted to data from one place or 
time is unlikely to capture the full range of species' responses, 
and will likely lead to contradicting results when compared 
to other studies of the same species from another place or 
time. Just as empirical models should never be used to predict 

responses outside the range of the training data, we must be 
mindful of the climate and land-use contexts of a specific 
study when interpreting its findings.

4   |   Implications of Data, Metrics and Scale

It is clear that differing responses both between and within spe-
cies can make it difficult to make general statements about the 
effects of climate and land use on biodiversity. The choices or 
availability of both biological and environmental data are also 
critical. These choices, in addition to the spatial and temporal 
coverage and resolution of the data being analysed, are another 
source of variation affecting the quantification of biodiversity 
change and its attribution to changes in climate and land use.

4.1   |   Variation in Biodiversity Metrics

Observations of species can be used to calculate hundreds of 
metrics aiming to represent biodiversity (Burgess et  al.  2024). 
At the species level, responses to climate and land-use variables 

BOX 2    |    Within-species responses to climate and land use.

The butterfly Hamearis lucina. Image from the public domain, licence: CC0 1.0.

The butterfly Hamearis lucina was until the early 20th century found in open deciduous woodland in the UK (Frohawk 1934). 
As traditional management ceased, deciduous woodlands became more densely vegetated, resulting in population declines and 
local extinction of H. lucina and its Primula host plants. However, the abandonment and woody encroachment of calcareous 
grassland resulted in shaded slopes that were suitable for the host plants and the butterfly (Anthes et al. 2008; Turner et al. 2009). 
As climate warming can accelerate this encroachment (Buitenwerf et al. 2018) and H. lucina responds positively to temperature 
change (Anthes et al. 2008), prevailing land-use changes and climate change could result in increased occupancy and population 
size (Figure 4, climate range position 1). However, if temperatures continue to increase, more open habitats may become too dry 
for the host plants, and butterfly populations could be expected to decline. This interaction can be described as antagonistic: the 
positive effect of openness becomes less strong as temperatures increase (Figure 4, climate range position 2). As the climate con-
tinues to warm, ambient temperatures may exceed H. lucina's optimum at existing sites, especially in more open areas (Bladon 
et al. 2020). These habitats would offer fewer cool microclimatic refuges, potentially leading to lower butterfly abundances, while 
forest-dominated regions that contain more shaded and moist areas could support higher abundances. The interactive effects 
in this scenario are “crossover”, as the effect of openness changes from positive to negative as temperature increases (Figure 4, 
climate range position 3). In the future, the use of calcareous grasslands may no longer be an option for H. lucina, as the species 
may become restricted to the few forest openings still available locally, and where increasing temperatures and conservation 
efforts to reduce grassland encroachment could result in greater butterfly declines than would be expected from either change 
alone (Figure 4, climate range position 4).
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are typically determined by changes in abundance (Northrup 
et  al.  2019; Whitehorn et  al.  2022; Neff et  al.  2022), occupancy 
(Soroye et al. 2020; Ramesh et al. 2022) or colonisation-extinction 
dynamics (Howard et al. 2023; Suggitt et al. 2023). These measures 
can exhibit different responses to the same pressures, including 
both the detection of change, and any attribution to climate and 
land use (Uhler et al. 2021). For example, when subject to an en-
vironmental change, a species might show a decline in abundance 
across a number of sites in a study area (a negative response), but a 
metric related to occupancy might show no change or even a pos-
itive response if there are few or no local extinctions, and/or small 
populations establish in new locations.

There are also many metrics that can be used to describe eco-
logical assemblages. Species richness, despite an ongoing de-
bate over its utility (Valdez et al. 2023), is still among the most 
common ways to measure biodiversity and estimate the ef-
fects of climate and land-use change (Antão et al. 2020; Keck 
et  al.  2025). A more powerful approach to attribute biodiver-
sity change to climate, land use and their interactions is to use 
metrics that focus on species' traits (e.g., habitat specialists; 
Warren et al. 2021; Neff et al. 2022) or are related to the envi-
ronmental pressures being investigated (e.g., the relative abun-
dances of warm- and cold-adapted species; Fadrique et al. 2018; 
Zellweger et al. 2020). In cases where classical measures such 
as species richness and total abundance show no directional 
trend, analysing such group-wise responses will increase our 
understanding of the types of species that are more likely to be 
negatively affected by climate-land-use interactions (Sweeney 
and Jarzyna 2022).

4.2   |   Variation in Research Data: ‘State’ and ‘Flux’

One major way in which analysed data might affect how cli-
mate and land-use variables are found to affect biodiversity is 
related to the spatio-temporal scale of the data being used to 
explain biodiversity change. Climate, land-use and biodiver-
sity variables can be categorised in terms of what we refer to as 
‘state’ and ‘flux’. ‘State’ refers to a measured value at a partic-
ular point in time (or averaging period), while ‘flux’ describes 
changes in variables over a particular time period (quantified 
for example in absolute or percentage terms). For example, 
space-for-time substitution analyses relate climate and land-
use variables to biodiversity data at one point in time across 
an environmental gradient (i.e., using spatial gradients as prox-
ies for temporal trends; Peters et al. 2019; Ganuza et al. 2022; 
McKeon et al. 2023). In such cases, it is the ‘state’ of climate and 
land use that are analysed. Alternatively, sourcing biodiversity 
and environmental data from a specific location (or set of loca-
tions) over time allows researchers to examine temporal trends 
explicitly, that is, examining the effect of ‘flux’ in both climate 
and land use (Marta et al. 2021; Neff et al. 2022; Montràs-Janer 
et al. 2024).

It is also common for a combination of state and flux variables to 
be analysed within a single study. For example, when historical 
land-use data are unavailable, temporal biodiversity responses 
(flux) to climate change (flux) can be compared across areas with 
contrasting land use (state; Fourcade et al. 2021; Comte et al. 2021; 

Nowakowski et al. 2023). Other variations include assessing biodi-
versity (state) response to past climate change (flux) across a space-
for-time gradient of land use (state; Outhwaite et al. 2022), while 
both past and contemporary climate and land-use data (both state 
and flux) have been used to explain present patterns of biodiversity 
(state; Haddou et al. 2022). While all of the above approaches can 
be valid, care must be taken in the interpretation and communica-
tion of climate-land-use interactions arising from studies that use 
differing combinations of state and flux. For example, observed 
differences in the estimated effect of habitat destruction (flux) be-
tween two or more climatic regions (state) may not be comparable 
to observed differences in the estimated effect of habitat destruc-
tion (flux) between two or more regions experiencing different 
rates of climate change (flux; Lovell et al. 2023).

4.3   |   The Effect of Temporal Resolution 
and Spatial Scale

The values of both climate and land-use variables, and their mod-
elled effects on biodiversity will depend on the length of time and 
the spatial grain over which those data have been collected. This 
is especially critical for climate variables, which can represent for 
example minimum, maximum, or mean values for different times 
of the year, or metrics aiming to quantify extreme events (Suggitt 
et al. 2017). When studying flux in climate variables, that is, cli-
mate change, it is good practice to use long data series (decades) 
and to clearly state the time period used to assess the trends. When 
measuring state, values from each location on the gradient should 
represent averages of values collected over long time periods. For 
meaningful climate-land-use interactions to be detected, studies 
should ideally span large enough gradients in the chosen climate 
and land-use variables (Box 2; Müller et al. 2015). However, long-
term and large-scale historical land-use data are rarely available 
digitally, while difficulties in predicting future land use mean that 
it is rarely included in projections of climate-driven species distri-
bution shifts (Frans and Liu 2024).

Spatial resolution of both biological and environmental data can 
introduce further variation in detected outcomes. For example, 
species-area relationships are non-linear, and coarser spatial 
resolutions make the threshold for local extinction higher, and 
the threshold for colonisation lower (Kuczynski et  al.  2023). 
This makes comparison or synthesis of results difficult when 
studies aggregate data at a range of scales, from local field sites 
(Zellweger et al. 2020), through grid squares (Marta et al. 2021; 
Suggitt et al. 2023), to counties and regions (Neff et al. 2022). 
In terms of climate, species and communities respond strongly 
to local microclimatic variables, reflecting the conditions that 
organisms directly experience over their lifespans (Zellweger 
et  al.  2020; Maclean and Early  2023; König et  al.  2024). One 
example where differences in the spatial scale of climate vari-
ables can affect the detection of interactions is related to the 
effects of temperature and canopy cover on cold-adapted spe-
cies (Figure 2). For land use, measured variables become more 
similar at larger spatial scales (at least within bioregions and 
ecoregions; Turner et  al.  1989), which potentially affects the 
strength of any relationship with biodiversity and can reduce 
the gradient being studied, with implications for the detection 
of interactions.
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9 of 14Global Ecology and Biogeography, 2026

FIGURE 5    |    Climate-land-use interactions and their consequences for conservation. We show eight potential responses to climate (red) and land-
use change (yellow) that could be generated by a statistical model: Positive or negative response to climate × positive or negative response to land 
use × interactive effects, divided into four panels (A–D). Each section has four sub-panels showing example interaction plots (synergistic: Where the 
effect of land-use change is stronger at higher values of climate change; or antagonistic: Where the effect of land-use change is less strong at high val-
ues of climate change). Sub-panels for each scenario (I or II) plot the effect of both climate and land use moderated by the other variable, illustrating 
the symmetrical nature of interactions. In (C and D), this shows how the same model can produce results that can be described as either synergistic 
or antagonistic, depending on the driver plotted on the x-axis. We then give an example of a species shown to exhibit specific responses to climate 
and land use, and the implications of statistical interactions for both that species and conservation in general. References for examples: (A) Stroh 
et al. (2023); (B) Moss et al. (2001) and Balmer et al. (2014); (C) Oliver et al. (2015) (D) Goodwin et al. (2018) and Crawley et al. (2020).
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5   |   Importance of Climate-Land-Use Interactions 
for Conservation

The potential confusion caused by the multitude of biological and 
environmental variables that could be included in an analysis 
could make it tempting not to look for statistical interactions at 
all, as this would produce simpler messages for conservationists, 
land managers and policymakers (Côté et  al.  2016). However, 
there are risks associated with failing to detect these interactions, 
because if present, they mean that we cannot predict the effect of 
one driver without knowing the value of the other. This can have 
real-world consequences for biodiversity conservation and policy 
(Figure 5) because it would mean that future projections of spe-
cies distributions could be incorrect, and that subsequent conser-
vation actions are insufficient, unsuitable, or even maladaptive 
or detrimental.

Failing to detect synergistic interactions means that we would 
underestimate the effect of overall environmental change on a 
species or community. This can mean that the situation could be 
worse than expected, and that stronger actions are likely needed 
to conserve current levels of biodiversity. For example, fore-
casts of mammal species' responses to environmental change 
in southeast Asia show that the negative effect of predicted oil 
palm expansion is expected to be stronger at higher compared to 
lower scenarios of climate warming (Brodie 2016). Synergistic 
interactions between climate and land-use changes will often 
mean that efforts to conserve populations need to look beyond 
the protection and restoration of habitat to also facilitate species' 
adaptation to climate change. Where conservation actions are 
in place, synergistic interactions can also result in an overesti-
mation of the effect of the action. A species' positive response to 
habitat restoration could be enhanced (including a switch from 

FIGURE 6    |    A roadmap for understanding and communicating climate-land-use interactions. The roadmap guides researchers from study design 
and data selection, via testing for statistical interactions, to the clear communication of additive or interactive effects. Key decisions, methodological 
considerations, and potential sources of misinterpretation are highlighted at each step.

Choose and use biological, climate and land-use variables based on a sound understanding of the study system 
and across spatial and/or temporal gradients that allow the detection of any interactions.

You are interested in a study organism (or biodiversity metric) that is potentially affected by both climate and land 
use at the scale of interest.

for understanding and communicating climate-land-use interactions

Starting point

ROADMAP

What to do? Keep in mind!

3. Do you find an 
interactive effect?

Communicate the additive 
effects. 

Communicate that the effects 
are context dependent. 

Make sure you understand and 
describe your results clearly (see 
section 2 and Box 1).

2. Do you have data 
on both climate and 
land use?

Yes.

Analyse effects of only 
climate or land use, or try to 
generate the data that you 
are lacking. 

Communicate that the effect of the 
environmental variable that you do 
have data for may still be context 
dependent. 

The methodological approach you 
choose may affect the detection or 
strength of interactive effects (see 
section 2 and Box 1).

Test for interactions.

No.

Yes.

No. Clearly state whether interactions 
have been tested for. The statistical 
or ecological reasons for inclusion 
or non-inclusion should also be 
clearly stated. 

Communicate your results

Use clear and consistent language regarding whether effects are additive or interactive (see section 2 and Box 1).

Describe interactions using straightforward language. Rather than – or as well as – writing ‘an antagonistic effect  
between climate and land use’, an example could be ‘we found a stronger positive (or negative) effect of land use 
on species abundance at higher temperatures’ (see section 2 and Box 1). Well-chosen plots can reinforce these 
points.

Clearly communicate the resolution, extent and context of your study. The spatial, temporal and taxonomic focus 
of your data, as well as the metrics used to describe your predictor and response variables are likely to affect the 
detection of biodiversity change and its attribution to climate and land use (see sections 3 and 4). 

No.

1. Do you have data 
that describes 
change in variables 
over time? (see 
section 4.4) Time series data allows you to 

examine temporal trends 
explicitly (‘flux’).

Communicate that your results may 
change were you to analyse ‘flux’
instead. Phrase your results in terms 
of effects of ‘climate and/or land use’
not ‘climate and/or land-use change’.

Yes.

Your analysis will relate 
climate and land-use variables 
to biodiversity data at one 
point in time (‘state’).

Feel free to phrase your results in 
terms of effects of ‘climate change
and/or land-use change’.

Questions

Are your results relevant for conservation? Great! Be extra careful to communicate that a planned intervention 
can have unintended outcomes (see section 5).

Important implications for conservation
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negligible to positive effects) by climate change, which if unde-
tected could mean that the intervention is not transferable to 
areas with differing climatic conditions.

Antagonistic interactions can also result in under- and overesti-
mation of change that can be damaging for conservation. Most 
strikingly, climate change could mean that land-based conser-
vation actions are less (or in-) effective at preserving biodiversity 
(Müller et  al.  2015; Riddell et  al.  2021). Butterflies associated 
with open and semi-open habitats are expected to benefit from 
grassland conservation and restoration, while high-intensity 
management can reduce positive effects if the vegetation be-
comes too short to effectively buffer adverse extreme tempera-
tures (Rytteri et  al.  2021; Jones et  al.  2024). As temperatures 
increase, this antagonistic interaction could potentially cross-
over to a synergistic negative effect of management, whereby 
targeted management of hotter/drier habitats could ultimately 
become detrimental to extant butterfly populations (see also 
Box 2).

6   |   A Roadmap for Understanding and 
Communicating Climate-Land-Use Interactions

Studying biodiversity in a rapidly changing world is not an easy 
task (Boënnec et  al.  2024). Although climate-land-use inter-
actions have been shown to exacerbate biodiversity losses in 
particular taxa or regional contexts, there is as yet no emerg-
ing consensus on how they affect overall levels of biodiversity. 
Here, our aim was to describe climate-land-use interactions in 
a digestible way, and to explain how and why studies that may 
appear similar in their design can generate widely divergent 
results. As we have highlighted above, variation in species' re-
sponses to environmental change, in combination with data 
availability and specific research aims and methods, will result 
in a near-infinite number of ways that the same broad question 
can be addressed and analysed. Rather than providing detailed 
instructions on how to model interactions, we therefore offer a 
roadmap for understanding and communicating climate-land-
use interactions (Figure 6). In doing so, we hope to encourage a 
wider acceptance of the inherent complexity in studying, analys-
ing and interpreting interactive effects of climate and land use. 
We emphasise that clear communication of methods and results, 
together with a sound understanding of context-dependence, are 
critical for reaching consensus in this rapidly growing research 
field. Our roadmap provides a guide to alleviate some of the dif-
ficulties that researchers, practitioners and policymakers face 
when tasked to understand differences in results caused by this 
inherent variation and context-dependence. Most importantly, 
we stress that failing to understand and detect climate-land-use 
interactions may prove detrimental to the species we are trying 
to conserve. As this field continues to develop, we hope that a 
better understanding of the effects of climate and land use on 
biodiversity will generate conservation-relevant knowledge that 
will ultimately help to bend the curve of biodiversity loss.
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