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Abstract

Species are disappearing worldwide and the expectation is this will get worse in the future. The most
important factors responsible for this are changes in climate and land use, with land use ranked the
most important. Changes in the latter resulting in the destruction of natural habitats are thought to
be the primer driver. Climate change is, however, also often cited as one of the major driving forces.
To reduce the effect of climate change on the decline in biodiversity, it should be moderated by
adopting the so called “climate smart conservation”. For this, it is important to know, how climate
change will affect the abundance and distribution of species in the future. While it is thought that
changes in land use are now more important than climate change in the reduction of biodiversity, it
is expected that the latter will play an increasingly important role in the future. On top of that, there
exist many other contributing factors: e.g., overexploitation, eutrophication and the introduction of
pathogens and herbivorous mammals that also play an important role.

Keywords: climate change; decline; extinction; habitat suitability; land use change; species

1. Introduction

Species are disappearing worldwide and the expectation is this will get worse in the future [1].
The most important factors responsible for this are assumed to be changes in climate and land use
[2,3], with land use often ranked the most important [4]. Changes in land use resulting in the
destruction of undisturbed or slightly disturbed habitats are thought to be driving the decline in
biodiversity [5]. It is assumed that the global transformation of land cover will shortly increase the
rate at which species go extinct [6-9]. Climate change is, however, also often cited as one of the major
driving forces [1,10-16]. To reduce the effect of climate change on the decline in biodiversity, its
effects should be moderated by adopting proactive actions, so called “climate smart conservation”
[17]. For this, it is important to know how climate change will affect the abundance and distribution
of species in the future [18,19].

The negative interactions between the effects of changes in climate and land use are often
addressed [20-23], but attempts to include changes in climate and land use in predictions of future
trends in biodiversity are still rudimentary [24,25]. Nevertheless, it is highly likely that the interaction
between changes in climate and habitat loss will be disastrous [26]. While it is thought that changes
in land use are more important than climate change in the reduction of biodiversity [8,27,28], it is
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expected that climate change will play an increasingly important role in the future [14,29-32]. In
addition, there are many other contributing factors: e.g., overexploitation, eutrophication and the
introduction of pathogens and herbivorous mammals [33-36].

Potential future distributions of species are usually presented on habitat suitability maps. These
maps are generated by species distribution models (SDMs), whose inputs are locations of species in
nature and climatic variables generated by climate models [37-39], abiotic factors such as geological
substrate and soil [40,41], and in a few cases also biotic factors such as magnet species or potential
distributions of pollinators [42—44]. The use of SDMs has recently become very popular. According
to the Web of Science, more than 6,000 papers using SDMs were published over the last 25 years and
this number is rapidly increasing [39]. Many of these studies predict how the distribution of species
will be affected by climate change [43,45-47]. However, it is impossible to verify the accuracy of such
predictions, because they refer to scenarios 30, 50, or more years from now and include lots of
uncertainties, such as Tsiftsis et al. [48]: (i) future climatic scenarios, (ii) adaptation capacity, (iii)
speed of n organisms’ spread to more favourable areas [49-52], (iv) effect of the spatial scale of the
analyses [27], (v) extinction rates associated with increased temperature [49], (vi) life history and
(meta)population dynamics of the species studied [53], etc.

Thus, it is worth questioning the reliability of these predictions, as according to Aratjo et al. [54]
it is estimated that the habitats of 63% of the species of European concern will become climatically
unsuitable in the Natura 2000 network by 2080. But are the predicted shifts and losses of species
realistic? Santini et al. [55] assessment of the reliability of species distribution projections associated
with climate change concludes that the ability to predict future species distributions is on average
low and the application and interpretation of such SDM projections should be treated with caution.
Thus, there is a need to determine the reliability of SDM predictions.

A step forward was made by Valentin et al. [56] who used species distribution models (SDMs)
and projected range changes for 31 orchid species in Estonia under moderate (SSP245) and high-
emission (SSP585) scenarios, integrating land use change projections through the 21st century. They
found that under both scenarios, many calcicole tuberous species are expected to shift eastward.
However, significant losses in orchid richness are predicted as early as 2040, severely impacting
western orchid hotspots (western islands and coastal areas) and large parts of central and eastern
Estonia, with non-calcicole rhizomatous species inhabiting forest and wet forest habitats emerging as
the most vulnerable taxa [56]. According to their analyses, the period up to 2040 emerges as a critical
bottleneck, especially for rare and threatened species. While some recovery is projected after 2060
under high-emission scenarios, earlier population declines may lead to irreversible losses [56].

2. Climate Change (CC)

Climate change is an important threat to the world’s plant and animal species, including those
on which humans depend. However, predicting how species will respond to future climate change
is very difficult. Climate change has strong direct global effects and affects other drivers. Rises in
atmospheric concentrations of GHGs (namely carbon dioxide, methane and nitrous oxide) over at
least the last 800,000 years have probably been the dominant cause of the present trends in warming
worldwide. Natural variations in global temperatures are low compared to human-induced warming
[57].

Human-induced warming reached ~1°C (+0.2°C) above pre-industrial levels in 2017, with rises
of 0.2°C (+0.1°C) per decade. Effects include thermal stress, coral bleaching, and melting of sea and
land ice [57]. The highest changes in temperature are reported in flat landscapes and at high latitudes
[57,58]. Most land is warming faster and oceans slower than the average [57]. Evidence of long-term
geophysical and biological changes due to warming is now clearer in many parts of the world, such
as, in the retreat of mountain glaciers, the earlier arrival of spring [57,59], changes in the phenological
responses of vegetation [57,60] and in primary productivity [57,61]. Changes in precipitation have
also occurred. Areas in tropical regions have experienced increased precipitation while areas in
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subtropical regions have experienced decreased precipitation [57,62]. Precipitation has decreased
most in Northern and Central African Countries and Western Asia [57,63].

Climate models predict the effects of anthropogenic forcing described above on increases in the
frequencies and intensities of extreme events [57,64], e.g., heat waves, droughts, heavy rainfall,
storms and coastal flooding [57,65]. These events result from sporadic weather patterns [57,66] and
can be intensified by climate variability (e.g., El Nifio/Southern oscillation) [57,67-70]. The increase
in the frequency and intensity of such extreme events has considerable effects on well-being, with
losses of life, injuries, and other negative health effects, together with damage to property,
infrastructure, livelihoods, service provision and environmental resources. In particular, increases in
the frequency and intensity of hurricanes are predicted [57]. The cumulative effects of all these
changes in temperature, precipitation, and frequency and intensity of extreme weather events are
likely to interact and result in unexpected nonlinear changes, with irreversible effects on nature and
nature’s contributions to people and society, including economic growth and food and water security
[57,71]. Climate driven changes can interact with other direct drivers, at times exacerbating effects on
nature and society. Interactions of climate with other factors could also initiate nonlinear climate
responses, yielding more extreme and/or rapid effects of climate change [57].

2.1. CC as a Cause of Extinctions

Climate change may be an important threat to global biodiversity, potentially leading to the
extinction of numerous species. Wiens and Zelinka's [16] review of recent SDM studies, indicates
~17% loss of species due to climate change in worst case scenarios. However, this review shows that
many SDM studies are biased in excluding the most vulnerable species (those recorded at a few
localities), which may lead to underestimating global species loss. Their preliminary estimates
tentatively forecast climate-related extinction of 14%-32% of macroscopic species in the next ~50
years, which for intermediate climate changes is potentially 3-6 million (or more) animal and plant
species [16].

Conservation of biodiversity in a changing climate requires both limits on change and
concentration on strategies that respond to the inevitable changes. Conservation at a scale and with
objectives that explicitly address the potential effects of climate change are required. Here these are
referred to as “climate change integrated conservation strategies” (CCS) although they must be
tailored to individual regions; to be successful, each CCS needs to include the following [72]:

1.  regional modelling of the response of biodiversity to climate change;
systematic selection of protected areas with climate change as an integral factor;

3. management of diversity across regional landscapes, including protected areas and their
surroundings, with climate change as an explicit parameter;

4. mechanisms to support regional coordination of management, both across international borders
and across the interface between park and non-park Conservation areas; and

5. provision of resources from wealthy countries that have had a major role in generating climate
change in countries where its effects on biodiversity are highest. To adequately respond to the
uncertainties posed by climate change, the provision of resources will be required on a much
larger scale than at present.

Hannah et al. [72] claim that no conservation system can succeed in the face of unlimited change.
Temperatures predicted for the end of the century may already represent the warmest global climate
in over 2 million years. Landmark events, such as the melting of all glaciers, will result in an
environment different from that experienced in the evolutionary history of most modern species.
Further changes may exceed the capacity of many species to survive.

Hannabh et al. [72] also state that reductions in emissions is essential if loss of biodiversity is to
be kept at a reasonable level for the survival of natural systems, which as a benchmark is already
recognized in international agreements and the UN Framework Convention on Climate Change
specifically recognizes the critical link between climate change and the capacity of ecosystems to
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continue functioning. Thus, it falls to biologists to advocate that the benchmark of functioning is the
full complement of the world's species and not just a few, fast-dispersing subset. Present international
greenhouse gas emissions will result in increases in temperature that will result in large scale shifts
in vegetation and increase in the risk of the widespread extinction of species unable to spread
elsewhere due to poor dispersal or disappearance of suitable habitats. It is also likely to increase the
risk of a breakdown of human food production systems in ways that will encourage increased
pressure on natural areas. Effective lobbying for more rapid reductions in emissions and stabilization
of greenhouse gas concentrations closer to present levels could help avoid these changes. Essentially,
conservation must extend beyond terrestrial and marine realms and include the atmosphere.

Climate change is expected to result in changes of the distribution and abundance of many
species. Predictions of climate-induced population extinctions are supported by changes in
geographic range that correspond to climatic warming, but few extinctions have been directly linked
to climate change. Shifts in the abiotic environment are also likely to increase the risk of species
becoming extinct [73], and references therein. These authors modelled checkerspot (Figure 1)
populations and show that changes in precipitation amplified population fluctuations, leading to
rapid extinctions. As populations of checkerspots and other species become further isolated by
habitat loss, climate change is likely to cause more extinctions, threatening both species diversity and
critical ecosystem services. They also report that checkerspot extinctions were caused by interactions
among these factors. When distributions become insular because of habitat loss, populations become
more vulnerable to climate change and other threats. Extinctions caused by the interaction between
habitat loss and climate change are particularly likely in species like checkerspot, with limited
dispersal ability [74]. As the interacting factors increasingly overlap, they are likely to cause
extinctions in many other taxa.

Figure 1. Checkerspot (Euphydryas editha bayensis), one of many species studied for its vulnerability to effects of

climate change.

Climate change may reduce and/or result in changes in the ranges of plants thereby increasing
their vulnerability and need for targeted conservation to facilitate their survival. Summers et al. [75]
quantified the vulnerability to climate change of plants based on exposure, sensitivity, and adaptive
capacity and assessed the effects of including these components in complementarity-based spatial
conservation prioritization. They conclude that whilst taking an integrated approach to mitigating
vulnerability to climate change can ensure rare species are well-represented in a conservation
network, this can come at the cost of a reduced representation of other species. They also stress that
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conservation decisions aimed at reducing species' vulnerability to climate change need also to
consider the sensitivity of spatial conservation priorities to individual components of vulnerability
and the trade-offs associated with focusing on rare species.

Climate change has already resulted in the local extinction of many plants and animals, based
on surveys spanning many decades. As climate change accelerates, the pace of these extinctions may
also accelerate, potentially leading to large-scale, species-level extinctions. Holzman et al. [76] tested
this hypothesis for a montane lizard. Contrary to their expectations, populations at two of the hottest
sites survived. They also report that genomic data helped predict which populations survived and
which went extinct and that overall, the increasing risk to biodiversity posed by accelerating climate
change is constrained by only having the opportunity to study its effects over very short timescales.

2.2. Species Richness Affected by CC

Global climate change is increasingly influencing ecosystems [77]. In the past few decades, there
has been an increasing number of studies dealing with the responses of biological assemblages to
climate change. They have concentrated on more integrated measures of change, such as species
richness, community composition and ecosystem properties [78-80]. Although it is species that
respond to climate change, the consequences of these changes are changes in communities and
ecosystems [80]. Moreover, it is commonly believed that climate plays an important role in shaping
the patterns of plant and animal species richness [81]. It is also expected that plants and animals with
different lifeforms will respond differently to climate change [81].

Species-energy theory indicates that recent climate warming may cause an increase in species
richness in temperate, cool and species-poor parts of the Northern Hemisphere [80,82] and a decrease
in dry or tropical regions [81,83], which is confirmed by Menéndez et al. [80]. They provided the first
assessment, at a geographical scale, of how species richness has changed in response to climate
change and investigated changes in species richness using the well-monitored British butterfly fauna.
They found that the average species richness of British butterflies has increased, but much more
slowly than predicted, with only one-third of the predicted increase. The resultant species
assemblages are increasingly dominated by generalist species that can respond quickly. The time lag
is confirmed by the successful introduction of many species to climatically suitable areas beyond their
ranges. These results imply that it may be decades or centuries before the species richness and
composition of biological communities adjusts to the current climate. Another interesting study is
that of Lemoine et al. [77], who tested whether changes in the composition of bird communities are
associated with recent climate change. They studied migratory and resident bird species because they
are likely to respond differently to climatic change and report that they do differ significantly, and
that climate change has already influenced the species richness and composition of European bird
communities.

On the other hand, plants may respond differently than animals to increasing temperatures. In
drylands in China, plants in the mountainous regions and deserts respond differently to climate
change. Plant species richness in mountain-basin systems is more associated with climate change
than in other regions (meadows and steppes). Moreover, there are slight increases in the mean species
richness of herbaceous, woody and all species [81]. They propose that both the mountain-basin
regions and desert diversity hotspots should be given high priority for conservation, as many species
may be at high risk of extinction as the climate becomes warmer and drier.

Forests are another environment very prone to changes. It is predicted that the composition of
one-third of the planet’s forests could be altered markedly due to climate change [84,85]. A study in
the eastern United States, by Iverson and Prasad [85] reports a potential for significant changes in
forest communities associated with different climate change scenarios (Figure 2). The effect may be
greater regionally and could strongly affect regional biodiversity. Iverson and Prasad [85] report that
the distributions of the two types of forests most likely to increase are oak-hickory and oak-pine,
whereas that of other types of forest will decline. Spruce-fir is likely to spread beyond the US border,
aspen-birch is predicted to decline in the East and the loblolly-shortleaf and longleaf-slash pine
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forests are predicted to decrease in most scenarios [85]. Moreover, these increases and decreases in
distribution will be associated with secondary effects on the flora and fauna depending on the type
of forest. One example of the potential increase in oak is the conversion of some pine type to oak—
pine type forests. Oak-hickory supports a variety of species that rely on heavy mast production,
whereas pinelands provide valuable habitat for a different variety of mammals and birds [85], and
this balance might be disrupted. This study indicates that communities are ad hoc mixtures of species
that are unlikely to move together as intact communities if conditions change [85].

oak-hickory

longleaf-slash
pine

Figure 2. Changing composition of forests, represented by changes in distribution of six forest classes in eastern

United States due to climate change.
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Modelling the effects of climate change on species and communities on isolated islands is also
very important [86], as the species there have limited space in which to move or escape. Results of
Khalyani et al. [86] for the tropical island of Puerto Rico indicate that it is likely that the environmental
suitability for wet climate species will decrease and for dry and warm climate species will increase in
the future. This implies species will spread to high altitudes if unable to adapt to the new conditions,
which will increase species richness in uplands and an increase in the competition with wet and cold
climate species. Hence, the need for conservation of island biological diversity by protecting the wet
climate species in uplands [86].

Associated with climate change, there are three potential consequences for species: adaptation
in situ, tracking climate change spatially and/or temporally, and local extinction [87,88]. Short-term
experiments in which the temperature of tundra was increased resulted in a decrease in species
richness [89,90]. However, species that remain in situ and experience the consequences of climate
change will meet in the future and interact with species tracking climate change [91]. One of the
predicted consequences of climate warming is the spread of plant species to higher altitudes and
latitudes [82 and citations therein], which could eventually result in many new communities [82,91].
The results of Wang et al. [82] in which plant communities are transplanted indicate that transferring
to lower altitudes generally result in a net increase in species richness, whereas transfers to higher
altitudes result in either net increases or decreases in species richness. Moreover, Wang et al. [82]
show that ignoring gains in species in climate change experiments may result in inaccurate
conclusions about the responses of plant diversity to climate change. Wang et al. [82] conclude that
species that can track warming at low latitudes and altitudes are more likely to spread to and alter
plant diversity at high latitudes and altitudes in the region. Moreover, their study highlights the
importance of biotic factors, in addition, to the abiotic environment, when considering how climate
change will affect plant diversity.

2.3. Species Richness Affected by CC

O'NeEeill et al. [92] in their model point to the need to consider population differences when
modelling biotic responses to climate change and suggest that climate change will result in
populations being maladapted in many areas. Their model also indicates a way to mitigate the effects
of climate change by identifying populations expected to be best adapted in the next generation.
Finally, their study highlights the value of wide-ranging long-term tests in addressing key issues in
ecology and climate change.

Ahola et al. [93] concentrate on how climate change can alter competitive relationships between
resident and migratory birds (Figure 3). They claim that climate change could affect competition for
resources between resident and migratory species of birds by changing the time of onset of breeding
or by altering their population densities. On this basis they conclude that climate change has a great
potential to alter the competitive balance between the two species they studied [93].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1289.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2025 d0i:10.20944/preprints202509.1289.v1

8 of 33

Figure 3. The competitive relationship between pied flycatcher (Ficedula hypoleuca) and great tit (Parus major)

may be one example of the effect of climate change on changing balance of their respective populations.

Harrington et al. [94] mainly predict the effects of climate change on insect pests and beneficial
insects of agriculture and forestry in the northern hemisphere's temperature zones, although the
general principles may be applied more widely. They claim that both mean temperature and the
extent and frequency of extreme events can have major effects on insect populations. They outline
what one intuitively expects to happen to insects because of the general trend in temperature, and
then they consider various complicating factors that have the potential to confound these
expectations. They then give examples of changes that are already occurring and the consistent
expectations. Finally, they consider some of the possible implications of these changes for insect
management and insect conservation.

Many factors, including climate, resource availability and habitat diversity are proposed as
determinants of global diversity, but the links between them are rarely studied. Menéndez et al. [95]
studied the direct and indirect effects of climate and habitat factors on butterfly diversity and
reported that climate variables have strong effects on habitat generalists, whereas host-plant richness
and habitat diversity are more important for habitat specialists. Considering all these effects (direct
and indirect together), climate has the strongest association with butterfly species richness for all
groups of species. Their results indicate that the different mechanistic hypotheses concerning species
richness may be appropriate for habitat generalists and specialists, with generalists hypothesized to
show direct physiological limitations and that specialists are in addition constrained by trophic
interactions (climate affecting host-plant richness).

Van der Putten [96] review a number of studies on trophic interactions in a changing world in
relation to (i) the scale of ecosystem response to environmental change with emphasis on the soil
subsystem, (ii) the linkage of above- and belowground subsystems and (iii) natural selection and the
stability of community structure and ecosystem functioning. They discuss the need to bring together
isolated sub-disciplines of ecology to better understand the implications of global changes for
ecosystem processes.
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2.4. Potential Effects of CC on Different Communities

Human-induced changes in the global environment have long been known to affect organisms
by altering their physiology, distribution, or longevity [79,97]. However, the responses of species
differ widely, making it difficult to predict how entire ecosystems will respond in the future [98]. This
unpredictability is particularly evident when considering the complex interactions within food webs.

Tylianakis [99] emphasizes the importance of considering multitrophic interactions when
predicting ecological responses to climate change, as they can have cascading effects on biodiversity
and ecosystem services. Climate warming can modify interactions between predators and their prey,
leading to changes in predation rates and subsequent shifts in species populations within ecological
communities. In addition, increasing temperatures may disrupt mutualistic interactions, such as
those between plants and their pollinators, potentially leading to declines in plant reproduction and
alterations in community composition. Increase in temperature can also boost herbivore metabolism
and consumption rates and increasing herbivore pressure on plant communities, which may affect
plant diversity and ecosystem functioning.

In addition to changes in food web dynamics, climate change is now thought by some biologists
to be the main threat to biodiversity, though uncertainties remain about which species are most at
risk. Wilson and Maclean [100] report the threats posed by climate change to Lepidoptera (butterflies
and moths) and other insects and conclude that their ecological responses are likely to increase risk
of extinctions. Insects, particularly those with short life cycles, respond quickly to climate change,
making them valuable indicators for monitoring the effects of climate change on biodiversity.
However, extinction risks are not uniform globally. Certain regions, such as South America, Australia
and New Zealand, face particularly high risks, thus there is a need for region-specific conservation
strategies. Their research underscores the pressing threat that climate change poses for insect
populations and highlights the importance of integrating climate considerations into conservation
planning.

To predict changes in species distributions due to climate change, it is crucial to understand
populations at the poleward edges of their ranges. Ecologists generally expect range shifts as edge
populations spread into areas where conditions increasingly resemble their historical range.
Hellmann et al. [101] report the effects of variations in climate on two butterfly species at the northern
edge of their ranges to assess their potential for a poleward shift in range. Their findings suggest that
individual species respond uniquely to climate change, complicating predictions of range shifts. This
highlights the need for species-specific analyses to be included in conservation strategies, as general
assumptions about range extension may not hold for all taxa.

Another key factor influencing species' responses to climate change is behavioural
thermoregulation. Kearney et al. [102] explore how well ectothermic animals (e.g., reptiles,
amphibians and insects) can use behaviour to cope with rising temperatures. In habitats with diverse
microclimates, such as forests, animals can often mitigate the effects of climate change by seeking
shade or by changing their activity patterns (Figure 4). However, in open and homogeneous
landscapes, such as deserts, these options are limited, and species could reach thermal limits much
faster. Species living near their upper thermal limits, particularly in tropical regions, have far less
able to cope with additional warming. Kearney et al. [102] also highlight that behavioural buffering
is only effective if microhabitats exist; in degraded landscapes, such as deforested areas and urban
zones, thermoregulation may no longer be possible. This makes species in fragmented habitats
particularly vulnerable. If generalist species with broad temperature tolerances can adapt more
effectively than specialists, community structures may change and result in disruptions in food webs
and ecosystem processes. To summarize, Kearney et al. [102] underscore the importance of
preserving habitat complexity as a strategy for climate adaptation and highlight the unequal risks
faced by species in different environments.
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Figure 4. Blotched blue-tongued skink (Tiliqua nigroglutea), one of the Australian skinks which the findings in
Kearney et al. [102] refer to.

The effects of climate change on plant communities are also of great concern. Trivedi et al. [103]
report potential effects of climate change on montane plant communities in three Scottish nature
reserves using species distribution models. Their findings indicate that climate change could
significantly alter the distribution of suitable habitats for many montane species of plants. While
some species may experience reductions in suitable areas, for others new habitats become available.
This variability in species responses underscores the complexity of predicting community-level
effects. Conservation strategies may need to be adjusted to account for these changes, such as
enhancing habitat connectivity to facilitate the spread of species or prioritizing areas predicted to
remain suitable for threatened species.

To monitor shifts in plant diversity in response to climate change at a landscape scale, Stohlgren
et al. [104] used a multi-scale vegetation monitoring method in the Rocky Mountain National Park,
Colorado. Their research revealed that altitude and under-canopy solar radiation accounted for 64%
of the variance in understory species distributions, highlighting the role of broad-scale climatic
factors in shaping plant communities. However, small-scale environmental factors, such as light
availability, soil fertility and soil moisture, also had significant roles. This study stressed the
importance of monitoring ecotones, transitional zones between vegetation types, as important areas
for tracking changes in plant diversity and patterns of spread under climate change. Their approach
provides a framework for assessing climate change effects on plant communities by capturing both
broad and fine-scale environmental influences.

Klanderud and Totland [105] also report how climate warming might influence alpine plant
community diversity by considering the roles of dispersal ability and local biotic interactions. Their
experimental warming and vegetation removal treatments in Norwegian alpine Dryas heath reveals
that warming alone did not significantly affect species richness. However, when seeds from non-
resident species were added, species richness increased, indicating that dispersal ability has a major
role in shaping these communities. In addition, the removal of the natural vegetation facilitated the
establishment of new species, suggesting that competition with existing plants restricts species
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establishment. These findings highlight dispersal ability and local biotic interactions as crucial
determinants of the diversity of alpine plant communities and may have more immediate effects
under climate warming than temperature increases alone.

Montane mammalian species are also highly vulnerable to climate change. McDonald and
Brown [106] modelled the risk of extinction of these mammals in the Great Basin and predict that a
3°C increase in temperature could lead to the extinction of up to 62% of them. As suitable habitats
shrink, smaller areas will support fewer species, leading to significant declines in biodiversity. Their
findings indicate that species with restricted distributions on isolated mountain tops face particularly
high risks of extinction because of climate change.

Similarly, Burns et al. [107] assess the potential effects of climate change on the diversity of
mammals in U.S. national parks. Their study predicts a significant turnover of species due to climate-
induced changes in their distributions, with some species disappearing from certain parks and new
ones arriving. If atmospheric CO; levels double, then national parks may lose up to 20% of their
mammal species. These findings highlight conservation challenges, as protected areas may no longer
encompass the habitats needed to support their current biodiversity, underscoring the need for
adaptive conservation strategies.

Levinsky et al. [108] extended the above analysis to European mammals and report how climate
change might alter the distributions of 120 native species. Their bioclimatic envelope models predict
that, assuming none spread to other areas, 5-9% of European mammals could face extinction, while
70-78% may be severely threatened due to reductions around the suitable range exceeding 30%.
Endemic species are likely to be the most negatively affected, whereas widely distributed species less
so. In addition, mammalian species richness is expected to decline dramatically in the Mediterranean
area and increase in north-eastern Europe and at high altitudes. These findings highlight the need for
conservation strategies that account for species' varying vulnerabilities and potential ability to spread
into more suitable areas.

Finally, Emmerson et al. [109] explore how global changes in productivity might affect species
interactions and the stability of ecological communities. Their results indicate that increased
productivity could lead to a decline in the population sizes of the consumers due to the poor-quality
of the food. Furthermore, the interactions between species may weaken, and population fluctuations
could become more pronounced, making ecosystems more vulnerable to environmental
disturbances. This study highlights the complex ways in which global changes can influence trophic
interactions, with significant consequences for ecosystem stability and resilience.

Overall, these studies collectively highlight the far-reaching effects of climate change on
ecological communities. Whether through changes in species distributions, altered food web
dynamics, disruptions in mutualistic interactions, or increased risks of extinction, climate change
poses a multifaceted threat to biodiversity. Addressing these challenges requires species-specific
analyses, habitat conservation and adaptive management strategies to mitigate the effects of a
warmer world.

2.5. Effect of CC on Predator—Prey and Plant—Pollinator Interactions

Despite much effort over the past decade on the ecological consequences of global warming,
ecologists still have little understanding of the importance of interspecific interactions in species
responses to environmental change. Models predict that predation should mitigate species responses
to environmental change and that interspecific competition should aggravate species responses to
environmental change. To test this prediction, Jiang and Kulczycki [110] studied how predation and
competition affected the responses of two ciliates, Colpidium striatum and Paramecium tetraurelia, to
changes in temperature in laboratory microcosms. They found that neither predation nor competition
altered the responses of Colpidium striatum to changes in temperature and that competition but not
predation altered the responses of Paramecium tetraurelia to changes in temperature. Asymmetric
interactions and temperature-dependent interactions may have contributed to the disparity between
model predictions and experimental results. Their results indicate that models that do not include
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the inherent complexities in ecological communities may be inadequate for predicting species
responses to environmental change.

Anthropogenic climate change is widely predicted to increase the rate of extinction of species by
hampering individual survival and reproduction, by reducing the amount and accessibility of
suitable habitat, or by eliminating other organisms that are essential for the species in question [111].
They also stress that what is less well appreciated is the likelihood that climate change will directly
disrupt or eliminate mutually beneficial (mutualistic) ecological interactions between species even
before extinctions occur. Memmott et al. [111] studied the potential disruption of an ubiquitous
mutualistic interaction in terrestrial habitats, that between plants and their pollinators. They used a
network of interactions between 1420 different pollinators and 429 species of plants to simulate
consequences of changes in phenology that can be expected with a doubling of atmospheric CO2.
Depending on model assumptions, changes in phenology reduced the floral resources available to
17-50% of all pollinator species, which resulted in as much as half of the natural activity period of
the animals to occur when no food plants were available. Reduced overlap between plants and
pollinators also decreased the diet breadth of the pollinators. The predicted result of these disruptions
is the extinction of the pollinators and the plants that depend on them.

2.6. CC Affects the Phenology of Organisms

Numerous studies indicate that currently birds are migrating to their breeding grounds earlier
than previously, primarily due to the rise in average global temperatures e.g. [112-116]. Changes in
timing of bird migration are among the best-documented biological responses to global warming
[60,117]. Miller-Rushing et al. [118] report that currently many migratory birds are arriving at their
breeding grounds earlier in spring than previously. This change in the timing of migration is directly
linked to warmer springs. On average, birds have been arriving 2-4 days earlier per decade,
demonstrating a clear effect of increasing temperature on patterns in migration.

Spottiswoode et al. [119] report that sexual selection can also influence changes in the timing of
spring migration in birds in response to climate change. Species in which there is a strong sexual
selection with early-arriving males having a reproductive advantage, have advanced their spring
migration dates more significantly in recent decades than species with weak sexual selection. This
indicates that sexual selection can result in more rapid changes in phenology in response to climate
warming, highlighting the importance of considering mating systems when predicting species'
responses to environmental changes.

Global warming may also influence the number of generations per year in certain species. Gomi
et al. [120] report that climate change has affected the life cycle of the fall webworm (Hyphantria cunea)
in Fukui, Japan. Historically, this population was bivoltine (two generations per year). However,
within a span of seven years, the population became trivoltine (three generations per year). This
change is attributed to a shorter critical photoperiod for diapause induction and an increased
tendency for some individuals to not diapause, even under short photoperiods. These adaptations
that are likely the result of recent climate warming, enable this species to exploit longer favourable
seasons.

Climate change also significantly affects plants, which are now flowering markedly earlier than
in the past. Plants are highly attuned to the seasonality of their environment and shifts in the timing
of plant activity (i.e., phenology) provide some of the most compelling evidence that species and
ecosystems are being influenced by global environmental change. Researchers report changes in
phenology at many scales, including earlier spring flowering in individual plants and an earlier
"spring green-up" of the land surface as revealed by satellite images. Cleland et al. [121] report how
global environmental changes, particularly climate warming, are altering the timing of events in the
life cycle plants. They emphasize that changes in phenology associated with global change are diverse
and vary among species and in ecosystems. Understanding these varied responses is crucial for
predicting future effects on ecosystem functions and services.
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Miller-Rushing and Primack [122] analysed historical data on plant phenology from Concord,
Massachusetts, originally recorded by Henry David Thoreau in the 1850s. They report that many
plants in Concord over the past century and a half have flowered earlier in the spring due to rising
temperatures. However, not all species adjusted their flowering times to the same extent, which
resulted in changes in plant community composition. Species that were unable to change their time
of flowering have declined in abundance or disappeared from the area, while those that were able to
do so have persisted or even thrived (Figure 5). This study highlights how climate change can disrupt
ecological relationships and alter community structure by affecting species differently based on their
phenological plasticity.

Figure 5. Highbush blueberry (Vaccinium corymbosum) is one of the species which are particularly responsive to

changes in climate.

Historical data was also studied by Post [123], who analysed 50 years of flowering data for three
plant species in 26 populations in Norway. This study revealed that temporal fluctuations in
flowering times were highly correlated both within and among species in these populations.
Moreover, large-scale climatic fluctuations, particularly the Arctic Oscillation, synchronized
flowering times of these three species over distances up to 500 km. These findings demonstrate that
large-scale climate events can link populations by synchronizing their phenologies, which indicates
that climatic changes can simultaneously influence many species over wide geographic areas.

Investigating the effect of climate change on phenology requires not only historical data but also
an experimental approach. Dunne et al. [124] studied how climate change affects the flowering times
of 11 subalpine meadow species in Gunnison County, Colorado. By combining experimental
manipulations, such as advancing snowmelt dates and warming the soil, and observations along
natural environmental gradients, they found that earlier snowmelt and warming the soil resulted in
earlier flowering in most species. In addition, these conditions extended the flowering duration,
particularly for early-flowering species. This study highlights the importance of integrating the
results of many research approaches to understand the responses of species-specific phenology to
climate change, which can have significant implications for ecosystem dynamics and species
interactions.

Visser and Both [125] examine how climate change affects the timing of seasonal activities in
various species. They emphasized that to assess whether changes in phenology are adequate, it is
essential to compare them with an estimate of the optimum timing. Their analysis revealed that in
many species there are mismatches, with the change in their phenology either too little or too much
relative to the optimum. This misalignment has significant fitness consequences, potentially affecting
survival and reproduction. The authors advocate the need for long-term data on phenology to link
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them to the optimum as this approach is crucial for evaluating the full effects of climate change on
ecosystems.

When considering the effects of climate change on species, it is also necessary to consider what
is happening in the soil. Perry et al. [126] report how climate-induced shifts in plant species
distributions affect ecosystem stability, by focusing on interactions with what is happening in the
soil. They emphasize that the compatibility between incoming plant species and existing soil
mutualists, such as mycorrhizal fungi, is crucial for successful plant establishment. A lack of overlap
between the soil mutualists of resident and spreading species could lead to ecosystem instability,
potentially resulting in the proliferation of opportunistic species and soil degradation. The authors
highlight the importance of considering belowground ecological processes in conservation strategies
to maintain ecosystem stability during changes in climate.

2.7. Range Shifts Associated with CC

Current climate change may be a major threat to global biodiversity, but the extent of species
loss will depend on how species respond to changing climates. Wiens [12] use data on climate-related
changes in range to test the frequency of local extinctions related to recent climate change. The results
indicate that climate-related local extinctions have already occurred in hundreds of species, including
47% of the 976 species surveyed. This frequency of local extinctions is similar in different climatic
zones, clades and habitats, but significantly higher for tropical than temperate species (55% versus
39%), animals than plants (50% versus 39%), and in freshwater relative to terrestrial and marine
habitats (74% versus 46% versus 51%). Overall, these results indicate that local extinctions related to
climate change are already widespread, even though levels of climate change so far are modest
relative to those predicted in the next 100 years. These extinctions will presumably become much
more prevalent as global warming increases further by roughly 2-fold to 5-fold over the coming
decades. According to Hampe and Petit [127], modern climate change is producing poleward range
shifts of numerous taxa, communities and ecosystems worldwide. The response of species to
changing environments is likely to be determined largely by population responses at the margins of
a species range. In contrast to the poleward edge, the low-latitude limit (rear edge) of species ranges
remains understudied, and the critical importance of rear edge populations as long-term stores of
species genetic diversity and foci of speciation has been little acknowledged. Hampe and Petit [127]
review recent findings from the fossil records, phylogeography and ecology to illustrate that rear
edge populations are often disproportionately important for the survival and evolution of biota.
Hampe and Petit [127] conclude that their ecological features, dynamics and conservation
requirements differ from those of populations in other parts of the range, and some commonly
recommended conservation practices might therefore be of little use or even counterproductive for
rear edge populations.

Brooker et al. [128] emphasize the crucial role of biotic interactions (competition, predation and
mutualism) in influencing species' ability to shift their ranges in response to climate change. These
interactions can either facilitate or hinder the spread of species into new areas. The ability of species
to disperse over long distances is a key factor determining whether they can track changes in climate
zones. Species with limited dispersal abilities are unlikely to survive under the current pace of climate
change, resulting in range contractions or local extinctions. Rapid climate change can outpace species'
ability to adapt or spread elsewhere, resulting in changes in biodiversity and ecosystem composition.
Brooker et al. [128] highlight that accurate models of changes in species' range should incorporate not
only temperature and precipitation, but also biotic interactions and constraints on dispersal. This
allows for more realistic predictions of future patterns in biodiversity under climate change. They
also suggest that predicting species' range shifts in a changing climate is complicated by the
interactions between environmental, biological and dispersal factors. There is no one-size-fits-all
model, and predictions must consider local ecological contexts. In overall, this article stresses the
importance of incorporating ecological complexity into models of species distribution due to climate
change to better predict how biodiversity will be affected.
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Gao et al. [129] identify climate change as the primary factor driving the expansion and
contraction of alpine grasslands in the Mt. Qomolangma (Everest) National Nature Preserve on the
southern Tibetan Plateau. Increasing temperatures in the region have facilitated the upward spread
of alpine grasslands to higher altitudes, where warming allows plants to colonize previously
inhospitable areas. Gao et al. [129] also highlight that aridification (decrease in precipitation and
increase in evapotranspiration) can lead to contraction and degradation of grasslands at low
altitudes. Changes in grassland dynamics are altitude dependent. Grassland has spread at high
altitudes due to temperature increases, while at low altitudes they have contracted and become
degraded due to lack of moisture. This study reveals that variability in regional climate, such as
warming and different patterns in precipitation, has a significant influence on ecosystem responses,
especially in fragile alpine environments like the Tibetan Plateau. Gao et al. [129] indicate there is a
need for improved management strategies to mitigate the effects of climate change on alpine
ecosystems and ensuring the preservation of the biodiversity and ecosystem functions in this
sensitive region.

Harley and Paine [130] state that changes in a species’ distribution are often due to rare extreme
events acting in combination with gradual warming, highlighting the complexity and
unpredictability of species’ distributions. This study reveals that changes in distribution do not
always occur gradually in response to climate change. Instead, sudden changes in distribution can
occur when gradual warming is accompanied by rare major perturbations, such as heat waves or
other environmental stressors. These rare, extreme events act as triggers, subjecting species to
conditions outside their tolerance thresholds. Such events can have a disproportionate effect on
ecosystems, often facilitating sudden range increases or contractions. The combination of gradual
climate change and occasional extreme events destabilizes ecosystems, which results in the ranges of
species changing much faster than expected under gradual warming alone. In addition, ecological
contingencies, including interactions with other species, such as competition and predation have a
significant role in determining how and when changes in range occur.

These interactions can either amplify or mitigate the effects of climate-related perturbations. The
study by Harley and Paine [130] also highlights that there are thresholds in their responses to
environmental change. This means that slow and steady warming may not cause a change in
distribution until a critical threshold is reached. As predictions of species' responses to climate change
must consider the role of extreme events, ecological contingencies and gradual warming, otherwise
relying solely on average changes in temperature or precipitation risks underestimating the
likelihood of sudden and dramatic changes in range.

Hill et al. [131] reveal that there has been a northward shift in the distributions of butterflies
during the 20th century in response to climate warming. These shifts are associated with rising
temperatures, which create opportunities for species to colonize areas that were previously
unsuitable. The extent of these changes in range varies depending on the species and their ecological
traits. Butterflies with high dispersal abilities and broad habitat preferences are more likely to
successfully extend their ranges in response to warming. Many species have extended the northern
boundary of their ranges, some are also experiencing range contractions at their southern or low-
altitude boundaries where the climate has become too warm or dry. Hill et al. [131] report that
continued climate warming will drive further changes in range, but the success of these extensions
will depend on habitat availability, connectivity and the species' specific capacity for dispersal.
Habitat fragmentation poses a significant challenge, as it can limit the ability of some species to track
climate changes, even when suitable climatic conditions exist further north. Without connected
habitats, colonization of new areas may be hindered. Butterflies serve as valuable indicators of the
effects of climate change on biodiversity. Their changes in range are closely associated with changes
in temperature and offering insights into broader ecological responses. To summarize, this study
demonstrates that northward changes in range of butterflies are associated with climate warming
during the 20th century, with future shifts contingent on ecological constraints, habitat availability
and dispersal ability.
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Pelini et al. [132] report that poleward extension of butterfly populations, although expected to
occur due to climate warming, faces significant ecological and physiological limits that constrain their
spread into newly suitable habitats. Even when climatic conditions there are favourable, other factors
such as habitat quality, resource availability and biotic interactions, including competition and
predation, may restrict their establishment and survival. At the margins of their northern range,
butterfly populations often experience increased physiological stress, which can reduce survival and
reproduction, further limiting their ability to spread polewards. Biotic interactions, such as
competition with existing species or mismatches with host plants and resources hinder range
extension at newly colonized poleward sites. The study by Pelini et al. [132] emphasizes the value of
translocation experiments as a tool for testing species’ responses to climate change. These
experiments show that range extensions are not driven solely by climatic factors - they are also
influenced by ecological constraints. Efforts to facilitate changes in range, such as assisted spread,
must therefore consider habitat suitability, resource availability and biotic interactions along with
climatic factors to ensure the success of translocated populations. While climate warming creates new
opportunities for poleward spread, the ability of species, such as butterflies, to establish populations
in new regions is often restricted by physiological limits, habitat constraints and biotic interactions.

Parolo and Rossi [133] indicate that plants in the Alps have spread to higher altitudes in response
to recent climate warming. Rising temperatures have created more favourable conditions at high
altitudes and on average, plants have spread upwards by approximately 29 meters per decade, that
is, there is a strong association between increases in temperature and changes in the distribution of
species. However, not all species respond to climate warming in the same way, with some spreading
more rapidly than others. These variations are likely to be influenced by ecological traits, such as
species' ability to disperse (Figure 6) and its level of habitat specialization. The rate of upward spread
reported by Parolo and Rossi [133] is faster than the historical trend, suggesting an accelerated
response to the recent, more rapid warming in the Alps. The plants naturally growing at high
altitudes face a heightened risk of range contraction or even local extinction, as the extent of suitable
habitats at these altitudes decreases, leaving them with nowhere else to go. This upward spread of
plants is a clear biological indicator of climate change and highlights the sensitivity of alpine
ecosystems to rising temperatures. Such shifts may also result in changes in community composition,
introducing new dynamics and potential competition among species that could alter the structure
and function of alpine ecosystems. In conclusion, the study by Parolo and Rossi [133] highlights that
climate warming is driving the upward spread of plants in the Alps, which has important
implications for species persistence, biodiversity and the overall structure of high-altitude
ecosystems.
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Figure 6. Categories of diaspore morphology of plants studied by Parolo and Rossi. a) diaspores with no
apparent structures for dispersal (as in Saxifraga sp.); b) diaspores with wings, fringes, hooks or calices (as those

on Trisetum spicatum seeds); c) parachutists with plumes, pappi or similar structures (Leontodon sp.); d) spores.

Intraspecific competition is important in shaping how species shift their ranges in response to
climate change [134]. At the edges of their ranges, competition can hinder further spread. However,
density-dependent dispersal can alleviate the effect of competition and facilitate the colonization of
new habitats. The ability of species to track climate change is strongly associated with their ecological
traits, such as dispersal ability and sensitivity to competition. Species with strong density-dependent
dispersal are better able to extend their ranges than those with poor dispersal ability. The dynamics
at the edges of ranges is particularly important, as it reflects the interplay of dispersal, competition
and climate-driven shifts in habitat, which together determine the speed and success of changes in
range. Balancing the trade-off between competition and dispersal is important for species adapting
to climate change. While competition can slow spread at edges of ranges, density-dependent
dispersal acts as a compensatory mechanism, allowing species to overcome barriers and move into
newly suitable areas. This balance is essential for those species that extend their ranges under
changing environmental conditions. Accurate predictions of species' responses to climate change
must include intraspecific competition and dispersal dynamics. These factors are critical for
understanding which species are likely to adapt and thrive as the climate continues to warm.
Ultimately, species with dispersal strategies that mitigate the effects of competition are likely to be
better able to extend their ranges in response to changes in climate.

2.8. Future Perspectives of CC

It is one thing to agree on an international policy, quite another to achieve it [135]. The 192
signatories of the 1992 United Nations Framework Convention on Climate Change have committed
themselves to reducing the emissions of carbon dioxide and other greenhouse gases. But
policymakers around the world are still trying to work out how to achieve it. Unless emissions begin
to decline very soon, severe disruption of the climate system will entail expensive remedial actions
[135].

Thinking about worst-case scenarios is nothing new as climate scientists have been doing it for
many years. Schneider [136] explores what a world with 1,000 p.p.m. of CO2 in its atmosphere might
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look like and report that many unique or rare systems would probably be lost, including Arctic Sea
ice, mountain-top glaciers, most threatened and endangered species, coral-reef communities, and
many high-latitude and high-altitude indigenous human cultures. People would be vulnerable in
other ways too: Asian mega-delta cities would face rising sea levels and severe tropical cyclones,
creating hundreds of millions of refugees; valuable infrastructure, such as the London or New York
underground systems could be damaged or lost; the elderly would be at risk from unprecedented
heat waves; and children, who are especially vulnerable to malnutrition in poor areas, would face
food shortages [136]. The economic outlook is no better. With warming of just 1-3°C, it is predicted
there will be a mixture of benefit and loss. More than a few degrees of warming, however, and
aggregate monetary effects will become negative virtually everywhere; and in a 1,000 p.p.m. scenario,
current literature suggests the outcomes would be almost universally negative and could amount to
a substantial loss of gross domestic product. Millions of people who are at risk of flooding and water
supply problems would provide further economic challenges, tropical rainforests would become
more vulnerable to wildfires and a rise in sea levels of up to 10 metres is likely after the melting of
the Greenland and West Antarctic ice sheets [137]. It is obvious that there is an urgent need to keep
the CO2 level well below 1,000 p.p.m. A whole range of policies will be needed, with international
cooperation, and this should not be delayed by having to wait for the outcome of the current political
negotiations [136].

The ranges of plants and animals are changing in response to recent changes in climate [138].
With rising temperatures, ecosystems with ‘nowhere to go’ (e.g. mountains) are considered to be the
most threatened [139,140]. Loarie et al. [58] present a new index of the rate of change of temperature
derived from spatial gradients and multi-model ensemble of predictions of rates of temperature
increase in the twenty-first century. Loarie et al. [58] report that the rate of change of temperature is
most likely to be lowest in mountainous biomes, such as tropical and subtropical coniferous forests,
temperate coniferous forest and montane grasslands and highest in flooded grasslands, mangroves
and deserts.

Small protected areas exacerbate the problem in Mediterranean-type and temperate coniferous
forest biomes, whereas large protected areas may mitigate the problem in desert biomes. These
results indicate a need for management strategies for minimizing biodiversity loss due to climate
change. Montane landscapes may ensure the survival of many species into the next century [58].
Elsewhere, further steps must be taken. These include slowing the temporal gradient in climate
change by reducing emissions, increasing the ability of plants and animals to disperse by managed
relocation [141], or increasing the size of protected areas by means of habitat corridors and new
reserves [142].

2.9. Projections of CC and Their Shortcomings

Dorman [143] examines how global climate change influences species distributions and the
challenges of predicting these changes. Their paper reviews methods used to model species
distributions under different climate scenarios and assesses the reliability of these predictions and
discusses the use of species distribution models (SDMs) to predict how the geographic range of
species might change in response to climate change. These models often link current species
distributions to environmental variables (temperature and precipitation) to predict future
distributions based on predicted climate scenarios and highlight the limitations and uncertainties of
using SDMs for predicting future distributions. Some of the key challenges include limited data on
species ecological requirements, the assumption that current species-climate relationships will be the
same in the future and the complex interactions between species that are often not included in
models. A significant concern raised by this author is the potential for increased risk of extinctions,
particularly of species with small ranges, low dispersal ability, or those living in very specific habitats.
If species cannot spread elsewhere or adapt quickly enough to changing conditions, they may face
local or global extinction and climate is just one of many factors affecting species distributions. For
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more accurate predictions, models need to include other elements like land use changes, biotic
interactions (competition and predation) and adaptive capacity of species to new conditions.

2.10. Ecological Consequences of CC

McCarty [144] focuses on the observable effects of climate change on ecological systems and
reports that geographic ranges of many species are changing in response to increasing temperatures.
This often involves spreading into higher latitudes or altitudes where the climate is more favourable.
Such shifts can disrupt established ecological communities and interactions. Also, the timing of key
biological events like breeding, migration and flowering are altered due to climate change. McCarty
[144] points out that many species are experiencing earlier onset of these events as temperatures
warm. These shifts can lead to mismatches, such as between the availability of food resources and
the needs of migratory species. Climate change is a significant driver of ecological change, with wide-
ranging effects that require urgent attention from conservationists to mitigate effects and facilitate
adaptation.

3. Land Use and Habitat Loss

To date humans have changed the Earth in ways that will be detectable in a millennium from
now [145]. The problem of species extinction has received much attention globally [146]. Global
biodiversity will be affected by both climate change and changes in land use [6,21], the latter of which
is assumed to be the primary driver of species extinctions and reduction in biodiversity
[2,9,21,28,146]. Around three-quarters of the land have been modified by human activities [147],
resulting in major losses and fragmentation of natural habitats and an increase in the risk of species'
extinction [5,148]. Many currently threatened plant species will become extinct [6] and losses of local
species richness exceeding 20% are likely to substantially impair the functioning of ecosystems and
their services, and thus human well-being [149]. However, biodiversity is not evenly distributed, and
as a result, extinction rates may not be the same in all regions [150].

In countries overlapping Biodiversity Hotspots, plant species are endangered by increases in
climate change-driven habitat loss [6]. Le Roux et al. [150] reports more and faster accrual of absolute
numbers of extinctions in biodiversity hotspots compared to elsewhere. Another interesting result is
that higher levels of taxonomic uniqueness are being lost in areas outside biodiversity hotspots. There
are distinct temporal patterns in plant extinctions with agriculture, invasions and urbanization being
significant drivers in hotspots, whereas outside hotspots hydrological disturbance is an important
driver [150]. The work of Jantz et al. [21] on assessing the potential effect of future climate policy on
the loss of suitable habitats in biodiversity hotspots due to associated land use changes revealed that
future land use changes are likely to reduce natural vegetative cover by 26-58% in hotspots. These
estimates of potential future extinctions are based only on changes in land use, and it is likely they
would have been higher if the direct effects of climate change had been considered [21]. On the other
hand, direct effects of climate change may even increase local diversity in some regions [5]. How local
ecological assemblages are affected is less clear, which is of concern given their importance for the
functioning and services of ecosystems [5]. Moreover, quantifying its effects on global plant diversity
remains a challenge due to the limited data on their distributions and how they are affected by land
use [9].

Many assessments of biodiversity have focused on global metrics, such as rates of species
extinction, but ecosystem functions and services are more likely to depend on local diversity [5]. The
assessment of plant extinctions in Spain indicates that habitat loss has been the main cause of
extinction, and the effect of collecting plants is irrelevant [146]. Newbold et al. [5] report the results
of an analysis of a terrestrial assemblage database of unprecedented geographic and taxonomic
coverage focused on quantifying local biodiversity responses to land use and related changes. Their
models indicate land use changes and associated pressures strongly reduce local terrestrial
biodiversity, with global average reductions of 13.6% in within-sample species richness, 10.7% in total
abundance and 8.1% in rarefaction-based species richness. Rapid further losses are predicted if
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current land use remains unchanged with losses concentrated in biodiverse but economically poor
countries. Their predictions indicate that such widespread large losses are not inevitable. Results
presented by Moreira et al. [9], based on a novel approach, indicate that 11% (about 42 010) of plants
are threatened with extinction globally. They report that global plant species extinction risks are not
homogeneously distributed but concentrated in several regions in Venezuela, Colombia, Central
Eastern Brazil and Eastern Asia. This is likely to be because these regions have a high relative
endemism combined with a high degree of land conversion [9]. Because poverty and poor
governance can compromise conservation, Giam et al. [6] consider the economic condition and
quality of governance along with the degree of plant species endangerment and future habitat loss
to prioritize countries based on need for conservation. They identified Angola, Cuba, Democratic
Republic of Congo, Ethiopia, Kenya, Laos, Madagascar, Myanmar, Nepal, Tajikistan and Tanzania as
the countries in greatest need of assistance with conservation. Moreover, croplands of all levels of
intensity contribute most to the estimated extinction threat to plants [9]. Their estimate of 11% is
slightly higher than the 7-10% and 4% extinctions predicted by the models of Van Vuuren et al. [151]
and Di Marco et al. [152], respectively.

The only way to better understand the magnitude and processes determining the extinction
crisis faced by biodiversity in general, is to urgently initiate a regional- or at least country-level
biodiversity assessments and to update existing ones. Such assessments will be vital in more
accurately inferring the main drivers and trends in plant extinctions during the Anthropocene and
for making informed predictions about the future and preservation of Earth’s flora [150]. Future
extinctions could potentially be reduced by incorporating the preservation of habitats to reduce
projected future land use changes in hotspots or by lessening the effect of future land use activities
on biodiversity within hotspots as they are disproportionately located in the tropics, where most of
the future land use change is likely to occur [10]. There is the possibility of a positive relationship
between the level of climate-change mitigation and habitat preservation in biodiversity hotspots,
which indicates that the implementation of measures to prevent climate change could simultaneously
prevent habitat loss driven by land use change in highly biodiverse regions [21]. Taking into
consideration all aspects of changes in land use, with concerted action and the right societal choices,
global sustainability of local biodiversity may be an achievable goal [5]. To reduce biodiversity loss,
it is important to take conservation measures, particularly in areas identified as the most threatened
by risk of extinction. The most positive conservation steps include restoring and re-using croplands,
protecting the remaining wilderness areas, improving the management of existing protected areas,
and targeting the demands and supply chains [153-155] in countries with high need of conservation

[6].

4. Environmental Factors

Agriculture and climate change are the major drivers of biodiversity change in the UK: Burns et
al. [156] report that changes in the populations of species (~1970-2012) is most strongly associated
with an intensification of agriculture and climate change. The effect of the former was primarily
deleterious, whereas that of climatic change to date has been more mixed. Findings were similar for
the three major taxonomic groups assessed (insects, vascular plants and vertebrates). In general, the
way a habitat was managed had a greater effect than changes in its extent, which accords with the
relatively small changes in the areas occupied by different habitats during the period of this study,
compared to changes in habitat management. Of the drivers, conservation, management of
agricultural land and habitat creation had the greatest effect. Contrary to conventional predictions of
conservation and population biology, yearly fluctuations in climate may be essential for the
persistence of rare species in invaded habitats [157].

Devi et al. [158] predict habitat suitability and species richness of plants in the Great Himalayan
National Park under different climate change scenarios. Their model identifies precipitation in the
driest month followed by altitude and annual mean temperature as the most important variables
determining the distribution of plants. They report that the overall extent of suitable habitat increased
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for nine species, decreased for thirty-four and remained unchanged for one species. The species
richness is currently higher in the western and southwestern parts of Great Himalayan National Park
in the current scenario; however, it could change under future climatic scenarios.

Willard et al. [159] report the response of trees on islands in the Everglades to environmental
change. They used an analysis of pollen in sediment cores from the islands in the greater Everglades
ecosystem to reconstruct the timing of tree island formation, patterns in their development and
response to specific climatic and environmental stressors. This data provides evidence of the rapidity
of tree island response to specific hydrologic changes and facilitates prediction of the response to
future changes associated with the restoration of the Everglades.

5. Effect of Invasive Non-Native Species

The spread of plant species is a natural and continuous process [160]. However, nowadays the
rate of human - assisted spread (i.e. invasions sensu [161]) of plants is much higher than that by
natural processes. The Galapagos Islands are an example of how humans accelerated the slow process
of the natural spread of plants. It is estimated that the natural colonization rate (e.g. carried by birds
or sea currents) of these islands was approximately one species of vascular plant every 10,000 years,
whereas, over the past c. 500 years, the human assisted colonization increased to 1.2 species per year
[162].

In contrast to native species, which evolved in a region or arrived there naturally without human
intervention, there are many so called alien species, which are also known as "exotic," "introduced,"
or "non-native", which exist in an area due to direct or indirect human activities. Most of these species
are temporary colonists and cannot become established without human assistance. Naturalized
species, on the other hand, establish stable populations without human support, though they may
not always spread. Those capable of spreading are classified as invasive species [160]. Thus, invasive
alien species (IAS) are non-native organisms that have no natural predators in areas where they
invade and thus can spread rapidly and affect native plants and animals, harming the natural
environment. These plants pose a threat to biodiversity and ecosystems [163-165] as they can displace
native plants and crops by competing for essential resources like space, nutrients, water, and light
[166-168]. Moreover, it has been found that IAS can compete with native species for pollinators,
resulting in the reduced seed production of native species [169-172]. Their social and economic effects
are significant, as they affect human health, agriculture, fisheries and food production [173,174]. It is
worth noting that the former US President Bill Clinton pointed out that the economic losses caused
by the spread of alien (c.f. non-native, non-indigenous, foreign, exotic) species in the United States
were up to $123 billion annually [175].

Despite ongoing conservation efforts, biodiversity loss is occurring at rates 100-10,000 times
higher than that recorded in the Cenozoic era [176]. Alongside habitat loss due to land use changes,
direct exploitation, pollution and climate change, the spread of IAS is also a major reason for this
decline (Figure 7) [10]. In Europe, although most alien species are in human made habitats (industrial
areas, arable land, parks and gardens), 37% of the naturalized alien species are in grasslands, 32% in
woodlands, whereas the percentage in mires, bogs and fens is c. 10% [177-179]. However, the risk of
invasion is not uniformly distributed globally (Sala et al. 2000). For example, areas with a
Mediterranean climate and grassland ecosystems are at higher risk than others (e.g. northern
temperate ecosystems) [10,180].

Because of their usually higher levels of physiological, phenotypic and ecological flexibility, IAS
are often characterized by a greater ability to adapt to environmental changes than native species
[181-183]. Thus, they are less vulnerable than the native species to changes in temperature or CO2
concentrations and will likely thrive under future climatic scenarios [184-187].

The negative effect of the spread of IAS into natural and semi-natural habitats on the diversity
of local flora is well illustrated by their effect on orchids (both epiphytic and terrestrial orchids)
inhabiting these habitats in different ways. However, orchid survival is negatively affected when IAS
cover exceeds 20%, below which orchids are unaffected [188]. Moreover, natural and semi-natural
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grasslands in Europe, especially those in lowlands with a high number of orchids, are threatened by
the invasion of alien species [189]. Thus, according to Scramoncin et al. [190], the spread of IAS in
Italy was the most significant threat for four grassland orchids, especially those in non-protected
areas. Orchids could be also negatively affected by the spread of IAS because they can affect
interactions between orchids and fungi or/and pollinators. Specifically, such plants can adversely
affect fungal communities [191] and pollination of orchids [192-194].

However, IAS also occur in tropical and subtropical areas where there are many epiphytic
orchids. It is reported that in native forests invaded by IAS the native host trees are decreasing
dramatically [195]. The increased mortality of native trees means that fewer and fewer suitable host
plants are available for epiphytic orchids. Competition for light is only one of the direct threats that
IAS pose to native orchids. As invasion by alien plants increases over time [195], the density of native
trees continues to decline [196], leading to a gradual, long-term displacement of native trees by alien
species in the invaded forests. Invasive plants also slow the growth rate of native trees [197], which
is likely to result in smaller trees that are not suitable for epiphytic orchids. This reduction in tree size
also limits seed production and regeneration, as smaller trees generally bear less fruit.

Like most of the other IAS that invade natural or semi-natural habitats and threaten native
plants, there are also a few orchid species that are environmental weeds — species that invade native
ecosystems and cause alterations and problems [198]. Studies indicate that the spread of certain
orchids, considered invasive, will be facilitated by climate change, enabling them to spread into areas
they do not currently inhabit (e.g. Disa bracteata [199]; Eulophia graminea [200]). Plant species, such as
the orchid Spathoglottis plicata, is expected to negatively affect native plants [201].
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Figure 7. Five profoundly impactful mechanisms by which the world’s biodiversity is threatened. a) land use
changes (e.g. agriculture); b) direct overexploitation (e.g. fishery); c) pollution (e.g. carcinogenic PFAS); d)

climate change; e) invasive alien species.

6. Conclusions

As diversity continues to grow and expands its scope, we believe it is time to publish a
comprehensive review that covers interesting aspects of the scope and highlights of multidisciplinary
research in the field of ecology and diversity, which is this paper, a review of the relative importance
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of various environmental drivers that may affect the habitat suitability and survival of endangered
species in the coming decades. This is an important issue that should be publicized and broadly
discussed, and the hope is that this review will support and initiate this discussion.

Of course, as evident from the text of this review, the topic is so diverse that it is impossible to
cover all its aspects. Therefore, (subjectively) only those topics that are of interest or important for us
were selected. Of course, other authors might present a completely different comprehensive review
in the future.

There is also another side to this story. Future species distributions are usually presented on
habitat suitability maps [48], which are generated by species distribution models (SDMs), whose
inputs are locations of species in nature and climatic variables generated by climate models [37-39],
abiotic factors such as geological substrate and soil [40,41], and in a few cases also biotic factors such
as key species or distributions of pollinators [42—44]. The use of SDMs is currently very popular [48]
as according to the Web of Science, more than 6,000 papers using SDMs were published over the last
25 years, and this number is rapidly increasing [39]. Many of these studies predict how the
distribution of species will be affected by climate change [e.g., 43,45-47]. However, it is impossible to
verify the accuracy of such predictions, because they refer to scenarios 30, 50, or more years from
now and include lots of uncertainties [48]: (i) future climatic scenarios, (ii) adaptation capacity, (iii)
speed of organisms’ spread into more favourable areas [49-52], (iv) effect of the spatial scale on the
analyses [27], (v) extinction rates associated with increased temperature [49], (vi) life history and
population dynamics of the studied species, etc. [48].

Thus, it is worth questioning the reliability of these predictions. The answers are very important
as according to Araujo et al. [54], it is estimated the habitats of 63% of the species of concern in Europe
will become climatically unsuitable in the Natura 2000 network by 2080. But are all the predicted
changes in distribution and losses of these species realistic? Santini et al. [55] assessed the reliability
of species distribution projections in climate change research. They conclude that our ability to
predict future distributions of species is low on average and they advise caution in the application
and interpretation of SDM predictions under different climates. This further highlights the necessity
for determining the reliability of SDM predictions [48].
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