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Abstract
Purpose of Review  There is increasing evidence that land use and land cover (LULC) change interacts with climate change to 
shape biodiversity dynamics. The prevailing hypothesis suggests that generalist species have an advantage in novel climatic 
and land cover conditions, while specialists are expected to be more sensitive to both stressors (generalization hypothesis). 
Some posit, however, that specialization is key to success in the face of combined climate and LULC change (specializa-
tion hypothesis). The goal of this review is to examine recent evidence for the generalization and specialization hypotheses.
Recent Findings  Recent findings at population, species, and community levels provide initial support for the generalization 
hypothesis—i.e., that wide niche breadths are advantageous in the face of the combined threats of climate and LULC change. 
Evidence for the specialization hypothesis, however, also exists. Variation among studies in terms of their geographic con-
text, spatial and temporal extent, environmental conditions, taxonomic scope, and metrics used to quantify niche breadth is 
a likely factor underlying the contradictory evidence for the generalization and specialization hypotheses.
Summary  Recent research suggests that generalist species are likely able to withstand greater changes brought about by 
climate and LULC change than specialist species because they persist in environmental conditions that are typically further 
away from their thermal or resource limits. However, to fully understand factors driving species’ vulnerability to interaction of 
climate and LULC change, future work should adopt standardized descriptions of niche breadth, retain consistent taxonomic 
scope whenever possible, and provide increased replication across different geographic contexts.
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Introduction

In times of increasing anthropogenic pressure on many eco-
systems and the resulting global biodiversity loss on par with 
Earth’s past mass extinctions [1], understanding the main driv-
ers of biodiversity change is a pressing issue. Land use and 

land cover (LULC) change is currently the largest contributor 
to global biodiversity change, but climate change is emerg-
ing as an increasingly important factor in shaping biodiversity 
dynamics and is predicted to exceed the impacts of LULC 
change over the next several decades [2]. Ecological responses 
to climate change have not been uniform across populations, 
species, and communities, and there is increasing evidence 
that LULC change interacts with anthropogenic climate change 
to shape biodiversity across organizational levels [3, 4, 5•]. 
Despite this recognition, impacts of LULC change and climate 
change on biodiversity are often considered independently of 
one another, and projections of future states of biodiversity 
rarely account for synergies between both factors. Understand-
ing the interplay between these two processes will be critical 
to understanding and predicting changes to biodiversity as the 
climate crisis and habitat loss continue to unfold.

Climate change increases both average and maxi-
mum temperatures and shifts precipitation patterns 
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heterogeneously at a global scale [6]. Species might respond 
to changing climatic patterns in a variety of ways, through 
shifts in geographic ranges [7, 8], changes to phenologi-
cal [9], ecological, or morphological [10, 11] traits through 
either phenotypic plasticity or adaptation, or local extinc-
tions [7]. Land use and land cover change encompasses a 
number of different processes (e.g., agricultural conversion, 
habitat fragmentation, urbanization), which typically lead to 
thermal landscape modification through increases in direct 
solar exposure and evaporation rates, alongside structural 
changes associated with direct habitat conversion (e.g., loss 
of tree cover) [12, 13]. As such, LULC change has the poten-
tial to exert similar selective pressures on populations and 
species to those of climate change [5•]. Together, both pro-
cesses are likely to only benefit individuals and species that 
are able to tolerate physical and thermal landscape modifica-
tion, potentially leading to increased community homogeni-
zation at a regional scale [5•, 14].

The specific traits or characteristics of species that might 
make them more or less susceptible to the combined threat 
of LULC change and climate change (Fig. 1A) have not 
yet been fully elucidated. One prevailing hypothesis is that 
niche generalization is paramount to tolerating the syner-
gistic effects of LULC and climate change (hereafter, gen-
eralization hypothesis; [15–17]). The generalization hypoth-
esis suggests that individuals, populations, or species with 
wide niche breadths have an advantage in novel climatic 

conditions by being broadly tolerant of environmental 
changes [18], while those with narrow niche breadths are 
typically expected to be more sensitive to climate change 
because they are often near their upper climatic limit ([18, 
19]; Fig. 1B). In other words, the same amount of change in 
climatic conditions, both in terms of its mean and variability, 
is expected to exert a stronger negative effect on individuals, 
populations, or species with narrow niche breadths than on 
those with wide ones. Note that in the context of climate 
change, niche breadth is often defined as a range of thermal 
tolerance (thermal niche breadth) even though other climatic 
factors (e.g., precipitation) are equally important compo-
nents of the climatic niche.

Land use and land cover change is likely to compound 
these climate change effects. Open habitats, such as ones 
resulting from conversion of forest to agricultural cover, are 
largely characterized by more variable micro-climates [20, 
21••]. As per the thermal adaptation hypothesis [19, 22–26], 
thermally variable environments typically comprise species 
with wider thermal niches than less variable or aseasonal 
environments. It is thus reasonable to expect that climate 
and LULC change will synergistically lead to increased 
prevalence of generalization in communities exposed to 
both processes. Some studies of LULC and climate change, 
however, have found evidence for the relative success of 
specialist species over generalists [27, 28•] or for a combina-
tion of responses [29•]. Others have therefore argued, that 

Fig. 1   Communities along environmental and thermal gradients are 
comprised of habitat interior specialists, generalists, and anthropo-
genic specialists (A). Combined land use and land cover (LULC) and 
climate change might lead to communities characterized by either 

relative dominance of generalist (B) or anthropogenic specialist (C) 
individuals or species. Species silhouettes were taken from PhyloPic 
(PhyloPic-Free Silhouette Images of Life Forms) and colorized
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it is particular types of specialization—i.e., open habitat, 
often anthropogenic, specialists with narrow niche breadths 
but higher thermal margins—that are key to success in the 
face of combined climate and land cover change (hereafter, 
specialization hypothesis; [28•]) (Fig. 1C).

Here, we outline the evidence for the generalization and 
specialization hypotheses (Table 1). Our review is not based 
on an exhaustive or systematic literature review nor is it 
a formal meta-analysis. Rather, we simply highlight select 
latest research examples in support of each hypothesis and 
discuss potential confounding factors that might be contrib-
uting to any contrasting evidence.

Support for the Generalization Hypothesis

Evidence for the generalization hypothesis is perhaps most 
apparent in population level studies where thermal niche 
breadth is explicitly measured. For a number of taxonomic 
groups, wider thermal breadths have been found in popu-
lations of open, fragmentated, or otherwise more exposed 
habitats. For example, thermal tolerance limits of popula-
tions of a Central African butterfly Bicyclus dorothea in a 
mosaic of woody or herbaceous savanna—a thermally varia-
ble boundary ecotone—were wider than thermal breadths of 
populations found in more thermally stable tropical forests 
[21••]. Likewise, populations of black-capped chickadees 
(Poecille atricapillus) showed differences in thermogenic 
capacity, wherein individuals from fragmented landscapes 
were characterized by slightly higher thermal capacity and 
lower metabolic costs, resulting in higher absolute aerobic 
scope than populations of contiguous forests [30]. These 
results suggest that selection in environments that undergo 

human modifications such as land cover change and habi-
tat fragmentation indeed favors individuals that have wider 
thermal niches.

Species with generalist habitat strategies have also been 
shown to benefit from the synergistic effects of climate 
and LULC change. For instance, tropical butterfly com-
munities saw decreases in the proportion of narrow-range 
and forest-associated species when habitat was modified 
and temperatures increased [21••, 31]. Given that species 
with smaller geographic ranges often have narrower niche 
margins compared to species with large geographic ranges 
([32], but see [33, 34]), species that benefited the most from 
climate change and land cover conversion were likely those 
with generalist strategies. Bonebrake et al. (2016) further 
demonstrated, through projections, that warming and habi-
tat fragmentation exert similar pressures with respect to 
community composition and together lead to an increased 
proportion of widespread—i.e., presumably characterized 
by wide niche breadths—species [31]. Platts et al. (2019) 
showed that generalist invertebrate species expanded their 
ranges more than specialist invertebrates, and those range 
shifts were mediated by the amount of species-specific habi-
tat availability at the leading edge of the range expansion. 
One caveat is, however, that species with smaller geographic 
ranges tend to have lower probabilities of persistence in the 
face of environmental disturbance (e.g., [35]), regardless 
of their niche breadth. Disentangling the vulnerability of 
restricted-range species from the vulnerability of specialized 
species remains challenging.

Community level studies provide further support for 
the generalization hypothesis. Communities with a greater 
proportion of species near their upper temperature limit 
saw stronger declines in species richness as a result of 

Table 1   Evidence for generalist and specialist hypotheses given by the studies cited in this review. Study number is consistent with the in-text 
citation

Study Author(s) Hypothesis supported Spatial extent Biome Ectotherm/
endotherm

Taxa Biological level

[21••] Dongmo et al. 
(2021)

Generalist Cameroon Tropical Ecto Butterflies Population

[30] Latimer et al. (2018) Generalist County (Wisconsin) Temperate Endo Birds Population
[31] Bonebrake et al. 

(2016)
Generalist Vietnam, National 

Park
Tropical Ecto Butterflies Species/community

[3] Platts et al. (2019) Generalist Great Britain Temperate Ecto Invertebrates Species
[4] Jarzyna et al. (2015) Generalist State (New York) Temperate Endo Birds Community
N/A Jarzyna et al. 

(unpublished)
Generalist State (New York) Temperate Endo Birds Community

[29•] Mimet et al. (2019) Both Continental USA Temperate Endo Birds Species/community
[35] Prince et al. (2015) Specialist France Temperate Endo Birds Species/community
[36] Reino et al. (2018) Specialist Iberian Peninsula Temperate Edno Birds Species/community
[28•] Fishkoff et al. (2019) Specialist Dominican Republic Tropical Ecto Lizards Species/community
[27] Fishkoff et al. (2015) Specialist Costa Rica Tropical Ecto Amphibians/reptiles Species/community
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combined climate and land cover change. Jarzyna et al. 
[4] found weaker associations between avian commu-
nity change and climate change in highly fragmented 
landscapes, which they attributed to the fact that habitat 
generalists with wide thermal breadths—and thus poten-
tially greater tolerance for changing climatic conditions— 
tend to be more common in fragmentated than contiguous 
habitats. A follow-up study further showed that general-
ist birds showed lower change in their distributions than 
birds with more specialized habitat associations (Jarzyna, 
unpublished data). In human-dominated areas, decreased 
temperature stability resulted in, on average, less special-
ized avian communities and increased biotic homogeni-
zation [29•]. This combined evidence from population, 
species and community level studies suggests that indi-
viduals and species with wider niches might indeed be 
at an advantage in the face of the synergistically acting 
climate and LULC change.

Support for the Specialization Hypothesis

Evidence in support of specialization hypothesis appears 
scanter but can be found at both the species and com-
munity levels. Bird species with affinities for open and 
human-modified habitats (i.e., open habitat specialists) 
were on average more tolerant of current and future pre-
dicted climate and LULC change than generalist species 
[36, 37•]. Bird habitat specialists also showed stronger 
range expansions than generalists which tended to retract 
their ranges under climate change scenarios [37•]. In the 
tropics, warm-climate lowland specialist species of liz-
ards were better able to utilize deforested high eleva-
tion regions than thermal generalists [28•], suggesting 
that upper thermal tolerance rather than thermal range is 
adaptive in anthropogenic settings. Admittedly, however, 
Frishkoff et al. (2019) focused on land use and land cover 
change only and did not consider the effects of climate 
change per se, though previous studies of herpetologi-
cal communities in Costa Rica that included tempera-
ture measurements in an experimental setting also found 
that thermal tolerance was higher for species thriving in 
deforested areas [27]. Across 50 years of breeding bird 
surveys, prevalence of specialization increased over time 
in mountainous regions and high-altitude deserts that 
are typically characterized by dry, low-intensity land-
use, and historically low climate velocity, in contrast to 
wetter, more productive, and higher-intensity land use 
regions, where trends toward generalization were more 
apparent [29•].

Why the Discrepancy?

Can we reconcile findings supporting the specialization 
hypothesis with the evidence for the generalization hypoth-
esis? These disparate findings might result from a number of 
factors, including variation in the geographic location, spa-
tial and temporal variation, environmental conditions, taxo-
nomic scope, and ways in which niche breadth is calculated.

Geographic Factors

Thermal adaptation hypothesis posits that thermally variable 
environments tend to comprise species with wider thermal 
niches than less variable, aseasonal environments. Given a 
strong latitudinal and, to a lesser extent, elevational gradi-
ent in environmental variability (particularly with respect 
to temperature; [38]), it is expected that tropical communi-
ties are comprised of individuals and species with narrower 
niche margins than communities in high latitude regions. 
This increase in specialization toward low-latitude regions 
has been demonstrated for a number of taxonomic groups 
at both population- and species-level ([39–43]; but see [38, 
44]), suggestive of disproportionate sensitivity of tropi-
cal diversity to the combined threats of LULC and climate 
change [45]. Indeed, tropical biodiversity has shown strong-
est biodiversity loss [45] and range shifts [46] as a result 
of combined pressures of climate and land cover change, 
potentially providing an indirect support for the gener-
alization hypothesis. The studies presented in this review, 
however, do not show any discernible latitudinal gradient, 
with only a handful carried out in subtropical or tropical 
regions. Moreover, studies cited here show both support for 
[4, 21••, 30, 31] and repudiation of [28•, 36, 37•] the gen-
eralization hypotheses regardless of the latitudinal position 
of the study location. A formal meta-analysis and/or a more 
exhaustive literature review are needed, however, to dem-
onstrate whether latitude is the underlying factor leading to 
the contrasting support for the generalization hypothesis.

Spatiotemporal Variation in Niche Breadth

Evidence suggests that populations of the same species 
across the species’ range differ from one another in terms of 
their phenotypic and/or genotypic characteristics [47–49], 
which might affect their response to environmental variation 
and change [50]. For example, intraspecific trait differences 
mediated the effects of warming on a benthic grazer commu-
nity [51]. Likewise, the availability of resources shows clear 
temporal variability that results in many animals changing 
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their habitat, foraging, and dietary preferences across time 
[52] and potentially leading to seasonal variation in gener-
alization. For example, some resident birds that typically 
forage arboreally in the breeding season become frequent 
ground foragers outside of the breeding season presum-
ably because of increased prey availability near the ground 
[53]. Failure to capture the entire range of environmental 
and resource conditions a species experiences throughout 
its geographic range and across its life cycle might mischar-
acterize its niche and affect the conclusions in respect to the 
generalization versus specialization hypotheses.

Habitat Heterogeneity and Microclimatic Conditions

Microclimatic conditions play an important role in popula-
tions or species’ abilities to persist in the face of changing 
climate. Specifically, habitat and topographic heterogene-
ity create thermal refugia that buffer the individuals and 
populations from the effects of thermal stress [54]. In Eng-
land, high levels of microclimatic heterogeneity, resulting 
primarily from topographic variation, benefited species 
negatively impacted by climate change and reduced the risk 
of extirpation due to climate change by 22% and 9% for 
plant and insect species, respectively [55••]. Others have 
also demonstrated that topographic heterogeneity increased 
the resilience of the biota to climate change impacts across 
regional [56] and global [57] scales. Can topographic vari-
ability explain the contradictory findings regarding the 
generalization and specialization hypotheses? Mimet et al. 
(2019) found support for the specialization hypothesis in 
their study on North American breeding birds, but only in 
regions characterized by low climate velocity, such as highly 
topographically varied mountainous regions [58]. Likewise, 
Frishkoff et al. [28•] provided support for the specialization 
hypothesis in highly topographically heterogeneous region 
of Dominican Republic and showed that the effects of habi-
tat loss are less severe in high elevations. Topographic het-
erogeneity and the resulting microclimatic variation might 
thus play an important role in how specialists and general-
ists respond to the synergistic effects of climate and LULC 
change. However, LULC change has historically been more 
pronounced in low elevation and topographically homog-
enous regions, which hinders our ability to control for topo-
graphic and microclimatic variation in studies of LULC and 
climate change effects on biodiversity and thus arrive at any 
generalities.

Taxonomic Scope

The differences in thermal physiology between ectotherms 
and endotherms affect how species interact with and are 
constrained by their environment. This suggests that global 
change might have different consequences for ectotherms 

than for endotherms [59], including its impact across the 
specialization-generalization spectrum. Despite this expec-
tation, however, we do not find any discernible differences 
between responses of ectotherms and endotherms to the 
synergistic effect of LULC and climate change. A formal 
meta-analysis that focuses on the ectotherm-endotherm 
comparison, particularly in the context of the gradient of 
specialization to generalization, is warranted.

Furthermore, the placement of a species (or, alternatively, 
individuals) along the specialization-generalization gradi-
ent is most often determined by comparing niche breadths 
among species within a given taxonomic group. As a conse-
quence, a species might in principle be categorized both as a 
specialist and a generalist depending on the taxonomic range 
of a given study. The taxonomic scope of the study thus has 
the potential to affect the conclusions in respect to the gen-
eralization versus specialization hypotheses. For example, 
Princé et al. [36] and Reino et al. [37•] found specialist spe-
cies to be less adversely affected by combined climate and 
LULC change than generalist species (i.e., support for the 
specialization hypothesis), but their taxonomic scopes were 
restricted to species of farmland habitats. As argued earlier, 
open and anthropogenic environments are often character-
ized by more variable microclimatic conditions and might 
thus comprise individuals or species with wider thermal 
niches. Should the taxonomic scopes of both studies be 
extended to include species of forested habitats—i.e., those 
with presumably on average narrower niche breadths—the 
conclusions might have instead pointed toward the gener-
alization hypothesis, as seen in the case of Jarzyna et al. 
[4]. We thus find it plausible that the discrepancies in  
the taxonomic scopes among the studies cited in this review 
are a crucial factor underlying the differences in support for 
either of the hypotheses. Going forward, studies conducted 
in the same geographic region should consider a consistent 
taxonomic scope as vital to understanding factors driving 
species’ vulnerability to the combined threats of climate and 
LULC change.

Niche

The last, and perhaps most crucial, factor in identifying the 
characteristics of individuals and species that make them 
vulnerable to the combined threats of climate and LULC 
change is the description of the niche and its breadth. First, 
for the majority of examples presented in this review, niche 
breadths are derived from descriptors of realized rather 
than fundamental niches, even though abiotic favors and 
competition for resources can affect the observed niche 
characteristics and thus the level of generalization (e.g., 
[60, 61]). Second, niche is an n-dimensional object [18, 
62] whose breadth can only be approximated if its descrip-
tion is limited to its one or two components (axes). Despite 
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this multi-dimensionality of a niche, in the context of the 
synergistic effects of climate and LULC change, niche 
breadth is often defined either as a range of thermal toler-
ance (e.g., [21••, 31]) or as habitat affinity (e.g., [29•, 36, 
37•]). While thermal and habitat niche breadths are often 
correlated with one another [63], this is not necessarily 
always the case due to evolutionary cost–benefit trade-offs 
between the ability to tolerate a wide range of climatic 
conditions and exploiting a particular set of resources in 
an efficient manner [64]. Likewise, other axes of the cli-
matic niche might be particularly relevant to quantifying 
the responses to LULC and climate change. For terrestrial 
species, precipitation is an important niche component that 
determines resource availability and has shown a close 
association with certain land uses [45, 65]. Finally, the 
resolution at which niche breadth is measured in the stud-
ies cited in this review varies from continuous measure-
ments (e.g., [3, 21••, 29•]) to binary characterizations of 
specialization or generalization [36, 37•]. Ignoring trait 
resolution can have profound implications for the ability 
to detect ecological processes [66] and might affect the 
conclusions drawn regarding the specialization versus 
generalization hypothesis. Indeed, both Princé et al. [36] 
and Reino et al. [37•]—two studies that found support for 
the specialization hypothesis—used binary depictions of 
niche breadth (i.e., specialist versus generalist) in contrast 
to studies that have provided evidence for the generali-
zation hypothesis. To provide unequivocal evidence for 
the prevalence of generalization hypothesis, future work 
should adopt standardized descriptions of niche breadth 
both in terms of the niche axes as well as the resolution at 
which niche width is measured.

Conclusions

Recent research provides fairly strong support that individu-
als and species with wider niche breadths have an advantage 
in the face of the combined threats of climate and land use 
and land cover change. This is likely because the environmen-
tal conditions in which most generalists persist are typically 
further away from their thermal or resource limits, allowing 
them to withstand greater changes brought about by climate 
and LULC change. Still, evidence to the contrary also exists. 
These discrepancies among studies, however, can be mostly 
reconciled by considering the data-based and methodological 
decisions, and specifically the disparities in the taxonomic 
scope and ways in which niche breadth is quantified among 
the different studies. Future attempts to examine how land 
use and land cover change and climate change interact to 
impact biodiversity worldwide would strongly benefit from 
standardization of the methodological protocol.
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