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Abstract

Climate change is happening due to natural factors and human activities. It expressively alters biodiversity, agricul-
tural production, and food security. Mainly, narrowly adapted and endemic species are under extinction. Accordingly,
concerns over species extinction are warranted as it provides food for all life forms and primary health care for more
than 60-80% of humans globally. Nevertheless, the impact of climate change on biodiversity and food security has
been recognized, little is explored compared to the magnitude of the problem globally. Therefore, the objectives of
this review are to identify, appraise, and synthesize the link between climate change, biodiversity, and food security.
Data, climatic models, emission, migration, and extinction scenarios, and outputs from previous publications were
used. Due to climate change, distributions of species have shifted to higher elevations at a median rate of 11.0 m
and 16.9 km per decade to higher latitudes. Accordingly, extinction rates of 1103 species under migration scenarios,
provide 21-23% with unlimited migration and 38-52% with no migration. When an environmental variation occurs
on a timescale shorter than the life of the plant any response could be in terms of a plastic phenotype. However,
phenotypic plasticity could buffer species against the long-term effects of climate change. Furthermore, climate
change affects food security particularly in communities and locations that depend on rain-fed agriculture. Crops
and plants have thresholds beyond which growth and yield are compromised. Accordingly, agricultural yields in
Africa alone could be decline by more than 30% in 2050. Therefore, solving food shortages through bringing extra
land into agriculture and exploiting new fish stocks is a costly solution, when protecting biodiversity is given prior-
ity. Therefore, mitigating food waste, compensating food-insecure people conserving biodiversity, effective use of
genetic resources, and traditional ecological knowledge could decrease further biodiversity loss, and meet food
security under climate change scenarios. However, achieving food security under such scenario requires strong poli-
cies, releasing high-yielding stress resistant varieties, developing climate resilient irrigation structures, and agriculture.
Therefore, degraded land restoration, land use changes, use of bio-energy, sustainable forest management, and com-
munity based biodiversity conservation are recommended to mitigate climate change impacts.

Keywords: Adaptation, Conservation, Ecosystems, Extinction, Greenhouse gases, Habitat fragmentation,
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Introduction

Climate is defined as the average weather conditions,

characterized by long-term statistics for the meteoro-
*Correspondence: melese.genete@wu.edu.et; melesegenete2011@gmail.com logical elements in a given area [1]. While climate Change
Department of Forestry, College of Agriculture, Wollo University, PO. (CC) is described as the change in the climate of an area
Box 1145, Dessie, Ethiopia as a result of anthropogenic and natural disorders such as

©The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http//crea-
tivecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.



http://orcid.org/0000-0003-4273-9594
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40066-021-00318-5&domain=pdf

Muluneh Agric & Food Secur (2021) 10:36

the depletion of the ozone layer, and greenhouse effects
[2]. It may result from factors such as changes in solar
emission, long-term changes in the earth’s orbital ele-
ments (eccentricity, obliquity of the ecliptic, the proces-
sion of the equinoxes), natural processes, and human
forcing on a planet. Though CC is due to alteration in
external forcing (natural factors or human activities),
future projections consider the influence of only anthro-
pogenic increases in greenhouse gases and other human-
related factors [3, 4]. Therefore, the twentieth century
experienced the strongest warming trend of the last mil-
lennium with average temperatures rising by about 0.6 °C
[5]. However, future temperature rises are likely to exceed
this with a predicted rise of between 0.1 and 2 °C per dec-
ade [6, 7].

Biodiversity, agricultural production, and food secu-
rity are predicted to alter expressively in response to a
changing future climate globally [8-11]. Accordingly, the
movement of plants to higher elevations and latitudes
from the climate to which they are adapted is among the
predicted consequences of CC [12]. There is now consid-
erable evidence that such changes in plant distribution
are occurring [13]. For example; rises in elevation have
been reported in Alaska [14] Scandinavia [15], the Alps
[16], and the Mediterranean region [17]. As species move
towards higher latitudes and altitudes, populations at the
leading edge of the species range are expected to expand
and occupy new territory [18]. This resulted in a reduc-
tion of population sizes and extinctions at the contract-
ing edge [13]. For those species where geographical limits
are described by climate, poor reproduction, and survival
at the pole-ward and upper altitudinal limits of distribu-
tion are likely to be amended by increasing temperatures.
At the equatorial and lower altitudinal limit of its range, a
species may replace through competitive exclusion, most
likely influenced by both water availability and higher
temperature [19, 20]. However, changes in climatic con-
ditions are likely to differ between continental and oce-
anic environments, possibly leading to a lack of range
expansion and reductions [21].

CC has the potential to reduce species that are unable
to track the climate to which they are currently adapted
[12] and resulted in extinction risk [22]. However, the
realized effect will differ greatly between different spe-
cies. Consequently, the formation of novel communities
in response to CC had been observed [13]. These com-
munities are believed to result from differential migra-
tion rates during the past CC scenario [23]. Based on the
similarity of species relationships with a changing cli-
mate in their past and present distributions, it has been
suggested that adaptation has played only a minor role
in the response of species [24]. However, the frequent
differentiation of populations with respect to climate
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demonstrates that climate asserts strong selective pres-
sure on natural populations [25].

CC affects species, and ecosystem composition and
function both directly (increases in temperature, and
changes in precipitation; water temperature and sea
level) and indirectly (changes the intensity and frequency
of wildfires) [26]. This species in both terrestrial and
marine ecosystems are vulnerable to climate changes,
and die out in their present areas and colonize new sites.
At a changing climate in the future, there will be disrup-
tion of natural communities and extinction of species
[27]. For example, high-diverse ecosystems, in Melanesia
Islands, that has most of the diverse terrestrial ecosys-
tems on the planet and contain over half of the world’s
species of coral, have been vulnerable to a changing cli-
mate, habitat degradation, fragmentation, and losses in
the past 50 years [28].

Species have shown modification in their morphol-
ogy, physiology, and behavior due to changes in climatic
variables [29]. For example, painted turtles grew larger
in warmer years and reached sexual maturity faster
during warm sets of years [30]. Furthermore, the body-
weight of the North American wood rat (Neotoma sp.)
has declined with an increase in temperature over the
last 8 years. Besides, Juvenile red deer (Cervus elaphus)
in Scotland grew faster in warmer springs leading to
increases in adult body size [31]. Some frogs begin calling
earlier (to attract mates) or call more during warm years
[32]. Furthermore, there have been observed changes
in types, intensity, and frequency of disturbances (e.g.
fires, droughts, and blow-downs) due to CC, and land-
use practices [33]. They in turn affect the productivity
and species composition, particularly at high latitudes
and altitudes. The frequency of pests and diseases out-
breaks have also changed in forest ecosystems because
of changes in climatic variables [34]. Therefore, extreme
climatic events and variability (e.g. floods, hail, freezing
temperatures, tropical cyclones, and droughts) and the
consequences of these (e.g. landslides and wildfire) have
affected ecosystems as well. For example, climatic events
such as the Elino of the years 1997-1998 had major
impacts on terrestrial ecosystems globally [32]. Likewise,
human activities such as a change in land-use patterns,
the degradation, modification, and fragmentation of eco-
systems, exploitation of species, and the introduction of
invasive species have aggravated CC impacts [26]. How-
ever, the relative impact of CC are likely to vary regionally
due to variations in land use, biotic invasions, pollution,
human activities, fire, and ecosystem types [35].

CC is expected to bring about long-term changes in
weather conditions that have severe impacts on agricul-
tural production and food security, availability, accessi-
bility, and utilization [35]. Nevertheless, the impacts of
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CC on food security have tended to be viewed with most
concern in locations where rained agriculture is still the
primary source of food and income [36]. CC could have
also an impact on the global food market prices. The
higher market values for land and water, could result in
payments to farmers for environmental services [37].
Therefore, the links between CC and food security have
been explored in relation to impacts on crop productivity
and food production [20, 38]. For example, an increase in
temperature was considered sufficiently detrimental that
they would largely offset any increase in yield and growth
as a consequence of increased atmospheric carbon diox-
ide (CO,) concentration [39]. Therefore, it is evident that
the changing climate will extremely affect the sustainable
development goals [40—43].

Although sustainable food production is vital for sus-
tainable development, it is now jeopardizing the accom-
plishments of sustainable development strategies and the
2030 Agenda for Sustainable Development [41, 42]. In
this regard, the agriculture sector must improve its sus-
tainability performance and adaptation to the impacts of
climate change in ways that do not compromise global
efforts to ensure food security [44—46]. Thus analyzing
the impact of climate change on biodiversity and food
security based on the global viewpoints as CC is a global
phenomenon that requires global attention [46-48] is
helpful. Therefore, the objectives of this review are to
identify, appraise, and synthesize the scientific evidence
on the link between CC, biodiversity, and food insecurity.
Accordingly, the study is aimed to 1) Explore challenges
and options of feeding the future in a changing climate
and biodiversity loss scenarios, 2) Examine the impacts of
CC on biodiversity and species’ range shifts, 3) Explain
and investigate an interactive linkage between biodiver-
sity and food, 4) Analyze threats to biodiversity and their
impacts, 5) Explain the adaptation and mitigation meas-
ures for a changing climate.

Analyzing approaches and strategies to mitigate a
changing climate provides ways to reduce biodiversity
loss and options of feeding a future [46, 49, 50]. This is
also vital to illustrate the global CC and its multidimen-
sional impacts on biodiversity and food security via
actual scientific evidence. Moreover, the findings of this
study are important for tracing, quantifying, and investi-
gating current and predicted CC impacts on biodiversity
and global food security for policymakers, researchers,
and concerned bodies [51, 52]. This updated scientific
evidence and information on the global phenomena (such
as CC, biodiversity loss, and food security) and the inter-
action and linkage among the components are helpful to
have global solutions or insights [53]. Similarly, this paper
is aimed to create a better understanding and commu-
nication among the scientific communities, researchers,
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national, and international policymakers about the links
between CC, biodiversity, and food security [54]. Besides,
it is aimed at providing up-to-date scientific evidence
on CC impacts on biodiversity and food security, and its
adaptation strategies. Therefore, CC, biodiversity loss,
and food security require the combined concern and
intelligence of all nations and communities [53, 55]. For
this review, data and scientific outputs from the afore-
mentioned publications were used via reinterpretation in
the viewpoint of the impact of global CC on biodiversity
and food security. Accordingly, the relevant and prevail-
ing published articles were searched and used till 2021
to produce this paper. Quantitative data showing the
numerical impact of CC on biodiversity and food secu-
rity were taken from papers included in the review [56].
Besides, climate model-based scenarios and emissions
scenarios developed previously have been used [35].

Nevertheless, the impact of CC on biodiversity and
food security has been recognized, studies explaining,
exploring, and analyzing its impacts are few compared to
the magnitude of the problem globally [44]. Most stud-
ies emphasized the impact of CC on food security and
agricultural production [57-60] excluding its impact
on biodiversity which is a major source of food [61-63].
Besides, the existing few studies explore the impact of CC
on biodiversity and food security separately at the smaller
scale, at a certain area, and country [46, 64]. However,
the present study is different from the existing ones by
exploring these complex global phenomena (CC, biodi-
versity loss, and food security) in combination at a global
level. Thus it tried to bring impacts from different set-
tings. Therefore, the prevailing studies that illustrate the
impact of CC on biodiversity and food security are too
general to understand the magnitude of impacts and to
inform adaptation strategies and policy development
efforts [55, 65]. Moreover, this study provided challenges
and options of feeding the future in changing climate and
biodiversity loss scenarios, explained the adaptation, and
mitigation measures for a changing climate, and species’
range shifts which the other studies did not.

Results and discussion

State of the global biodiversity

The term biological diversity or biodiversity is defined
as the “changeability between existing creatures from all
bases counting, inter alia, terrestrial, marine, and other
aquatic ecosystems and the ecological multiplexes of
which they are part; this comprises variety in species,
between species, and of ecosystems” [66]. Life has been
on earth for at least three and a half billion years [67].
Though we are not sure exactly how many species exist
on the earth right now, the total number of described spe-
cies is assumed to be 10,000,000 to 1,747,851. However,
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some studies indicated that there are 100 million spe-
cies inhabit and distributed the Earth [68]. Besides, from
making it tough to describe, identify or distinguish a spe-
cies from one another, over-exploitation and utilization
of these species becomes a global challenge in recent days
[69]. Therefore, species extinction may take place even
without noting their presence or existence.

Biodiversity ensues in intensively and non-intensively
managed ecosystems, respectively (agriculture, planta-
tion forestry, and aquaculture) and (pastoral lands, native
forests, freshwater ecosystems, and oceans) [70]. In both
ways, it provides products such as food, medicines, mate-
rials, the ecosystem functioning services that are essen-
tial for life on earth (freshwater, soil conservation, and
climate stability [71]. It also has intrinsic uses, irrespec-
tive of human needs, and interests.

Causes of biodiversity loss

The existence of life predominantly depends on the
evaporative power of the atmosphere, along with solar
radiation, carbon dioxide level, ambient temperature,
and the availability of water and inorganic nutrients
[72]. However, those important parameters upon which
the existence of life depends are affected by human-
induced and natural factors. Consequently, over the
last century, the rapidly expanding human population
and economies place increasing demands on biodiver-
sity resources [73]. One-third to one-half of the world’s
terrestrial surface has been substantially altered by
human activity [74]. Species existing both at the Arctic
and Antarctic environments are tainted by pollutants

Table 1 Threats to global biodiversity and their impacts
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transported thousands of miles through the atmos-
phere. Thus, man is modifying the functioning of the
entire planet, changing the earth’s atmosphere through
the industrial release of carbon dioxide (which may dra-
matically change the earth’s climate) and diminishing
the ozone layer through the production of chlorofluor-
ocarbons [73]. Therefore, humans have endangered ter-
restrial and aquatic ecosystems, enhanced the survival
of some species, and affected many organisms to adapt
towards CC. Though there are a number of goods, and
services derived from biodiversity (such as, pollina-
tion, soil biodiversity, biological control, and nutrient
cycling), expansion and intensification of agriculture
continue to be major causes of biodiversity loss [75, 76].

The impact of man on biodiversity includes species
exploitation, land degradation, nitrogen deposition,
pollution, introduction of invasive or alien species,
water diversion, landscape fragmentation, urbanization,
and industrialization [4, 73, 77—-80]. However, recently
the interaction of CC with pre-existing threats to the
biota is the most serious and pressing problem above
all. Habitat fragmentation, invasive species, pollution,
overexploitation, and global CC are among the direct
threats to the biodiversity (Table 1) [67]. On the other
hand, the causes of biodiversity loss are more com-
plex and interrelated with many other factors. Among
which are overpopulation and overconsumption. This is
compounded by social, economic, and political forces.
Furthermore, socioeconomic structures, policies, weak
governance, and legislation, corruption, and lack of
enforcement, often intensify the threats to biodiversity
[81].

Factors

Impacts on biodiversity

Sources

Habitat loss and fragmentation

Decrease in natural habitat, homogenization of species composition, fragmentation

[40, 67]

of landscapes, and soil degradation

Invasive alien species

Competition with and predation on native species

[28,37]

Changes in ecosystem function
Extinctions and Homogenization

Overexploitation

Genetic contamination

[28,37]

Extinctions and decreased populations
Alien species introduced after resource depletion

Climate change
Extinctions

Homogenization and changes in ecosystem functioning

[28,37]

Expansion or contraction of species ranges

Pollution

Changes in species compositions and interactions

[28,37]

Higher mortality rates
Nutrient loading and acidification

Anthropogenic threats

species extinction

[82,83]

Habitat loss and conversion
Degradation and fragmentation

Over Harvesting
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Biodiversity and food: an interactive linkage

and implications

Bio-diverse ecosystems and biodiversity are critical for
the survival of the world’s food items and provide food
for humans, animals, and all life forms. It is the foun-
dation of all food industries and related services [84].
Human food forms derived from biodiversity resources
include: vegetables, fruits, nuts, meat, and adjuncts to
food in the form of food colorants, flavoring, and pre-
servatives. These food forms may originate from wild or
cultivated sources. From more than 300,000 flowering
plant species, about 12,500 are considered to be edible to
humans, although occasional use may embrace a much
larger number [85], consisting around 200 species which
have been domesticated for food. However, recently
above 75% of the food supply for the human population
is obtained, unswervingly or circuitously, from 12 types
of plant species (bananas, beans, cassava, maize, millet,
potatoes, rice, sorghum, soybean sugar cane, sweet pota-
toes, and wheat). For instance, the average global annual
production for the years 1996—-1998 was 2.07 billion tons
of cereals, 0.64 billion tons of roots, and tubers [84].

Biodiversity provides an important safety-net dur-
ing times of food insecurity, (at times of low agricultural
production), seasonal food gaps [86], and at a period of
climate-induced vulnerability [87]. Besides, it affords the
maintenance of watershed services, soil fertility, pollina-
tion, seed dispersal, nutrient cycling, natural pest, and
disease control [4, 76, 88]. These processes are critical to
the maintenance of agricultural systems [20, 89]. How-
ever, most intensive agricultural systems seek to remove
wild species as weeds, predators, and other pests that
are not compromising production [90]. The immediate
effects of intensification of agriculture leads to a decline
in avian and pollinator diversity and numbers. This often
leads to local extinction for habitat specialists [91, 92]
primarily due to the homogenization of insect popula-
tions [93]. Thus commercial agriculture often favors
synanthropic species (those that are adapted to live in
anthropogenic landscapes), often causing a reduction in
both species diversity and ecosystem function.

Although the diversity of animals that are exploited
for food are more difficult to enumerate, a wide range
of them provides products for consumption (e.g. milk
and meat). Animals which humans use is made directly
or indirectly include groups of insects (moths, bee-
tles, wasps, and bees), crustaceans (lobsters, crabs, and
shrimp), mollusks (bivalves, gastropods, and squid),
echinoderms (sea urchins, and sea cucumbers) and ver-
tebrates (fish, amphibians, reptiles, birds, and mammals)
[84]. For example, from the years 1996-1998, 1.33 billion
cattle, 1.76 billion sheep and goats, 0.12 billion equines,
0.18 billion buffaloes, and camels were maintained
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worldwide. Furthermore, global fisheries produce more
than 80 million tons per year. While wild-harvested meat
provides 30-80% of protein intake for many rural com-
munities [94] mainly in the absence of domesticated
alternative sources of protein. Likewise, more than 60%
of the world’s human population relies almost entirely
on biodiversity medicine for primary health care [95].
While in many developing countries, this number ranges
up to 80% [96]. However, species exploited remains nar-
row compared with their overall number, potential, and
diversity. Furthermore, industrial-scale agriculture led to
the loss of local genetic variations in crops, and livestock
resulted to replacement by uniform varieties. This has
been linked to the emergence and transmission of infec-
tious diseases with deleterious impacts on human health
and food security [4, 97]. Therefore, further exploitation
and domestication of wild species relatives and varieties
will be helpful to broaden the genetic bases [98—100].
Besides, wild relatives may improve crop resilience to
biotic and abiotic stresses.

One billion people rely on wild-harvested products for
nutrition and income globally [101]. In India alone, the
livelihoods of around 6 million people depend on har-
vested forest products [102] as India has one of the most
diverse and luxuriant tropical vegetation conditions in
the world (72% are tropical moist deciduous, dry decidu-
ous, and wet evergreen forests) [103, 104]. In areas that
lack basic infrastructure and market access, the collec-
tion of wild resources provides considerable subsistence
support to local livelihoods [105]. In addition, the har-
vest and sale of wild products often provide one of the
only means of access to the cash economy [106]. Though
today’s modern crop and livestock varieties are derived
from their wild relatives, natural and manmade threats
to habitats and farming systems make imperative to col-
lect, conserve and characterize traditional varieties (lan-
draces) and wild relatives [78, 107, 108]. However, from
1100 wild plant species, 15-37% of them are in danger of
extinction [22]. Besides, though agriculture is the main
cause of deforestation, forest biodiversity is vital to food
security as it provide diversified foods and supply the
energy needed to cook food for a third of the world’s
population [48]. Furthermore, 16—-22% of wild relatives of
species with direct value to agriculture are in danger of
extinction [109]. Being 30-40% world’s biodiversity out-
side protected areas, under sort of agricultural, in com-
plex multi-functional landscapes occupied by people and
their associated farming systems aggravated the extinc-
tion problem [63].

Climate, climate change, and variability
The term climate is defined as “the average weather con-
dition, characterized by long-term statistics (typically
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three decades) (mean values, variances, and probabili-
ties of extreme values) for the meteorological elements
in a given area” [1]. These magnitudes remain external
variables such as temperature, precipitation, and wind.
Though there is no agreed definition for the term “climate
variability” it is the inherent characteristic of climate
that manifests itself as changes of climate over time. The
grade of climate inconsistency could labelled through the
alterations among long-term statistics of meteorological
rudiments intended for dissimilar periods. Furthermore,
the term is often used to denote deviations of climate
statistics over a given period (such as during a specific
month, season, or year) from the long-term climate sta-
tistics relating to the corresponding calendar period
[110]. However, for meteorologists and climatologists,
climate variability refers only to the year-to-year varia-
tions of atmospheric conditions around a mean state. Cli-
mate variability can interact with pressures from human
activities [111]. For example, the extent and persistence
of fires such as those along the edges of peat-swamp for-
ests in southern Sumatra, Kalimantan, and Brazil during
recent Elifo events show the importance of the interac-
tion between climate and human action.

Though there is no internationally agreed definition
of the term “climate change” it can refer to the ‘variation
in climate over time’ [32, 40]. Change in the climate has
resulted in hazardous life occurrences including hurri-
cane, drought, tornados, blizzard, or monsoon. CC refers
to the rapid changes in earth system dynamics that have
been occurring at an increasing rate over the past two or
more centuries [112]. The term encompasses all forms of
climatic inconstancy (i.e. any differences from long-term
statistics of the meteorological elements calculated for
different periods but relating to the same area), regard-
less of their statistical nature or physical causes [110]. In
a more restricted sense, it denotes a significant change
in (economic, environmental, and social effect) and in
the mean values of a meteorological element (tempera-
ture or amount of precipitation) in the course of a certain
period, where the means are taken over periods of a dec-
ade or longer [1]. The climate of the earth has been in a
persistent condition of alteration through the earth’s 4.5
billion-year antiquity, however, most of these variations
happen on astronomical or geological time scales and are
too slow to be observed on a human scale [112].

Until the industrial revolution, CC occurred because
of natural forces acting on the climate system, and these
forces are still at work [113]. However, on an astro-
nomical time scale, the earth’s climate system alternates
between cold conditions that support large-scale con-
tinental glaciations and warm conditions that make the
planet extensively tropical and lacking in permanent
ice caps. Evidence suggests that this behavior is due
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to cyclical changes in the position of the earth’s orbit
around the sun and the angle of its rotational axis, usu-
ally referred to as “astronomical forcing of climate” [114].
Furthermore, natural powers that are supposed to pay to
variations in the climate system on a geological time scale
are sunspot activity, meteorite bombardment, erosion,
earthquakes, volcanic activity, mountain building, move-
ment of sea beds, and ocean trench formation [115].
Variations in the concentration of GHGs due to natural
geological processes have created alternating periods of
glacier advance and glacier retreat (interglacial) within
the longer astronomical cycles [116]. However, average
weather and features of the earth’s atmospheric envi-
ronment have been changing rapidly during the past
few centuries, due to technological advances and rapid
population growth, and which have led to deforestation,
erosion, desertification, urbanization, industrialization,
pollution, fossil fuel depletion, and overfishing [111].
Therefore, the anthropogenic CC has gradually emerged
since World War II due to the availability of cheap fos-
sil fuels. Accordingly, mean global temperatures have
been increasing since 1850, owing to the accumulation
of GHGs in the atmosphere due to the burning of fossil
fuels, and the spread of intensive agriculture [117].

Impact of climate change on biodiversity

The three main variables of CC (elevated CO,, altered
rainfall patterns, and temperature ranges) aggravate
seawater rise; drought, heatwaves, wildfires, storms,
and floods [118]. Increasing the global temperatures
by 0.798 °C and concentration of CO, level from 280 to
379 ppm equivalent on pre-industrial levels would have
an impact on timing seasons of flora, and fauna [119].
Furthermore, changes in temperature, flooding, and sea
level rise will change ecosystems. Likewise, changes in
rainfall and temperatures will increase species extinc-
tion rates [120]. Therefore, expansion of species ranges
(migration); changes in species compositions and inter-
actions (adaptation); changes in resource availability;
spread of diseases to new ranges; changes in the charac-
teristics of protected areas; and changes in the resilience
of ecosystems are among impacts of CC on biodiversity
[64, 121]. In addition, CC through alteration of precipi-
tation, temperatures, and flooding is exerting more pres-
sure on habitats and species. It directly affects the growth
and behavior of organisms, modifies population size
and age structure, and affects decomposition, nutrient
cycling, water flows, species composition, and interac-
tions [64]. It may also indirectly affect species and eco-
systems through altering water flows, dryland salinity,
and the frequency of extreme climatic events (floods,
hail tropical cyclones, and ocean acidity) [122]. Moreo-
ver, CC indirectly changes the disturbance regimes of an
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area. Therefore, species displaced by competition may
fail to survive under a changing climate [122]. For exam-
ple, the extinction rate of mammals for the period 1600
A.D.-2000 A.D. have been 50—100 times higher than the
background rate for mammals estimated from the fossil
record [123].

A greater number of species over 50 to 100 years will
either need to migrate rapidly to keep up with chang-
ing conditions or face extinction due to CC. It has been
estimated that the earth is losing species at the rate of
three every hour and 30,000 species per year [84]. There-
fore, nearly 99.9% of life that existed on earth has gone
to extinction in the past due to natural and manmade
factors [124]. However, current rates of extinction are
estimated to be 100 to 1,000 times faster [125]. Fore-
casts predict that between 17 and 35 percent of species
on earth will become extinct in the next 100 years. For
instance, 27 percent of the world’s coral reefs had been
degraded by increased water temperatures, with the larg-
est single cause being the climate-related coral bleaching
event of 1998 [61]. Furthermore, CC alters the timing of
biological events such as phenology. For example, modi-
fications in the timing of emergence, growth, and repro-
duction of cold-hardy invertebrate species were because
of warmer conditions during autumn-spring [126].
Accordingly, between the years 1978 and 1984, two frog
species at their northern range limit in the United King-
dom started spawning 2—-3 weeks earlier [64, 127]. Fur-
thermore, bird species in Europe, North America, and
Latin America had start breeding earlier due to CC. For
example, in Europe, egg-laying has innovative above the
previous 23 years; in the United Kingdom, 20 of 65 spe-
cies, counting long-distance migrants, advanced their
egg-laying dates by an average of 8 days among the years
1971 and 1995. Consequently, variations in insect and
bird migration through earlier arrival dates of spring
migrants in the United States, later autumn departure
dates in Europe, and changes in migratory patterns in
Africa and Australia is the result of CC [40].

CC will lead to animal extinction and migration [22].
Migratory mammalian species such as the Fennec fox are
forced to search harsh environmental conditions to sur-
vive because of CC. Rare bird species such as Hubara
bustard are under severe pressure and extinction. The
phonological effect of CC will also impact the seasons
for bird migration [128]. Some mammalian species such
as rodents could also be affected in terms of popula-
tion dynamics and distribution. Furthermore, CC may
likely change the migratory ways and period for species
that use seasonal wetlands (e.g. migratory birds) and
track seasonal variations in vegetation (e.g. herbivores).
This may increase conflicts between people and large
mammals such as elephants, particularly in areas where
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rainfall is low [129]. Subsequently, change in the intensity
and duration of the rainy vs. dry seasons could change
breeding rates and genetic structures in those popula-
tions [128].

Wild, narrowly adapted, and endemics species are vul-
nerable to CC as they do not receive management inter-
ventions [48]. For example, African elephants (Loxodonta
africana), breed year-round, however, dominant males
mate in the wet season and subordinate males breed in
the dry season. In contrast, invasive species with high
fertility and dispersal capabilities have been shown to
be highly adaptive to variable climatic conditions [127].
Therefore, strategies for future designations of protected
areas and projections of future CC need to be developed
in the geographic range of plant, and animal species to
ensure adequate protection. Furthermore, CC will alter
the patterns of net primary production and change the
growing conditions of species. For example, earlier flow-
ering and lengthening of the growing season of some
plants (e.g. across Europe by about 11 days from the years
1959 to 1993) had observed [130]. Therefore, in the long
term speciation and extinction events may associate with
CC, although moderate oscillations of climate do not
necessarily promote speciation despite forcing changes in
species’ geographical ranges [48].

Biodiversity in arid land which is a vital biological
capital is affected by CC. For example, growth in shrub,
and grassland vegetation depends highly upon the tim-
ing, intensity and duration of rainfall. Those species have
root systems that are shallow and dense. These plants
draw their moisture from water that is available in upper
soil layers and during dry months, less precipitation will
occur likely reducing the resilience of these plants [131].
Thus the driving force for bio-diversification in drylands
is water, soil nutrients, drought, salinity, herbivore, pres-
sure, and fires. Consequently, the degradation of vegeta-
tion cover decreases the carbon sequestration capacity
of drylands. Thus this increases emissions of CO, into
the atmosphere. Furthermore, the loss of vegetative
cover in the arid lands increases suspended dust in the
atmosphere. Therefore, CC affects drylands biodiversity
by influencing species distribution range, water supplies,
heat extremes, humidity, and temperature of soils, and
the albedo [132]. An increase in temperature by 38 °C
will increase the evapotranspiration rate due to warmer
conditions, which would result in drier soil. Therefore,
warming would lead to a decrease in plant productivity in
such areas. For instance, in East Africa, grass and shrub
savannahs, are known to be highly sensitive to the short-
term availability of water due to climate variability [131].
Furthermore, deciduous and semi-deciduous closed-
canopy forests may be very sensitive to small decreases
in precipitation during the growing season in Africa.
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Subsequently, deciduous tropical trees suffer severe water
stress at the beginning of the growing season, and that a
warmer climate may accelerate the depletion of deep-soil
water that tree species depend on for survival [133].

The projected rapid rise in temperature and destruc-
tion of habitats could easily disrupt the connectedness
among species, transforming existing communities, and
movements of species. These will lead to extinction of
species [127]. However, species that have the capability
to keep up with climate shifts may survive; others that
cannot respond will likely suffer. For example, deciduous
and semi-deciduous closed-canopy forests in Africa may
be very sensitive to small decreases in the amount of pre-
cipitation during the growing season. This illustrates that
deciduous forests may be more sensitive than grasslands
or savannahs to reduced precipitation [134]. For example,
ecosystems that are comprised of uniform herbaceous
covers such as savannah plant communities show the
highest sensitivity to precipitation fluctuations compared
to diverse communities with a mix of herbaceous, shrubs,
and trees [131].

Climate change-driven species’ range shifts

A range is a geographical area where a species can be
found. It is determined by climate, soil type, and species
interactions [135]. Over geological timescales, adaptive
radiation, speciation, and plate tectonics can also influ-
ence the range of a species. The range of a species can
shift owing to one or more changes in climate warm-
ing, land-use change, new ecological connections, or
artificial introductions of the species to a new environ-
ment [18]. However, if the land-use change is the main
driver, species’ range shifts would occur in more direc-
tions. Historically, CC has resulted in dramatic shifts in
the geographical distributions of species and ecosystems
[136]. However, the recent amounts of species migration
could have to be much higher than postglacial periods
for species to adapt [127]. Nevertheless, many reports
on current massive range shifts of species suggest that
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climate warming is a key driving factor [136-139]. A
meta-analysis approach showed that the dissemination of
species have recently shifted to higher elevations at a rate
of 11.0 m per decade, and to higher latitudes at a rate of
16.9 km per decade. These rates are approximately two to
three times faster than previously reported [140].

If climatic factors such as temperature and precipi-
tation change in a region go beyond the tolerance of a
species, the distribution changes of the species may be
inevitable [141]. Furthermore, changes in plants’ range
have the potential to not only affect species distribu-
tion but also render many species unable to follow the
climate to which they are adapted (Fig. 1). For example,
shifts from one climate zone to another could occur in
half of the world’s protected areas, with the effects more
pronounced in those at higher latitudes and altitudes
[142]. Climatically associated shifts in species ranges
have been noted on most continents, such as in the Polar
Regions, and within major taxonomic groups of animals
(i.e. insects, amphibians, birds, mammals and plants).
For example; the ranges of the sampled butterfly species
both in Europe and North America have been shifted
poleward and up due to temperatures raise. A study
of 35 non-migratory butterflies in Europe showed that
over 60% shifted north by 35-240 km over the twenti-
eth century [140, 143]. The population of several species
of forest butterflies and moths in central Europe in the
early 1990s, including the gypsy moth (Lymantria dis-
par), have been linked to increased temperature, as have
poleward range expansions of several species of damsel
and dragonflies (Odonata) and cockroaches, grasshop-
pers, and locusts (Orthoptera). Besides, the spring range
of Barnacle Geese (Branta leucopsis) has moved north
along the Norwegian coast. In South Africa, a reduction
in the range of a species is likely to have an increased risk
in local extinction [144]. This could be due to the posi-
tive inter-specific relationship between population size
and the range size. If range size decreases, there will be a
rapid decline in population size.

Fig. 1 Strategies that enable species to persist in a changing climate
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Climate change-driven species’ range shift responses
may depend on species types and altitude. For instance,
along an elevation gradient of 2400 and 2500 m above
sea level, shrubs expanded 5.6% per decade [145]. Nev-
ertheless, even in low-altitude areas, the effects of warm-
ing can be detected over a 20-year period [146]. At a
subarctic island, analyses of 40 years of species data
revealed an average upward elevation shift of half of the
plant species [147]. Curiously, although the species that
determined the pattern of upslope expansion may be con-
sidered highly responsive, the response is still lower than
expected based on the rate of warming. Such species-
specific range shift responses may result in non-equiva-
lent communities at higher elevations, consisting of the
original plant species and the range expanders. Further-
more, downbhill species shifts have also be observed, for
example in California where the water deficit at higher
elevations increased over time [148].

Range shift distances are relatively short in altitudinal
gradients [149]. Similarly, patterns of latitudinal range
shifts have been predicted based on the altitudinal shifts
[150]. Thus climatic effects of 1 m in altitudinal range
shift may be considered equal to 6.1 km in latitudinal
shift [142]. For instance, in northwestern Europe, large
vertebrates are much more limited in migration now than
they were in the past [151]. Such limitations may also
apply to insect range shifts. Furthermore, range expan-
sion by habitat-specialist butterflies was constrained
following climate warming because the specific habitats
lacked connections [152]. For example, in a comparison
of nematodes and microbial assemblages among 30 chalk
grasslands in the United Kingdom roughly scattered
across a west—east gradient of 200 km, the similarity in
both nematodes and bacteria declined with distance
[153]. Hence, range shifts in any direction can expose
that species to novel soil biota and disconnect it from the
usual biota with which it interacts [154].

In a 44-year study (1965-2008) of climate warming
in lowland and highland forests in France, latitudinal
range shifts were expected in the lowland forests. Con-
sequently, in lowland forests, the responses of latitudinal
range shifts were 3.1 times less strong than those of alti-
tudinal range shifts in highland forests [155]. This could
be due to lowland forests that may have proportionally
more species that are persistent in the face of warming.
Similarly, fewer opportunities for short-distance escapes
or the greater habitat fragmentation in lowlands may
prevent range shifting. Range-shifting tree species from
a temperate forest in Canada, such as red maple (Acer
rubrum), can establish in a boreal red pine (Pinus res-
inosa) forest only if there are large tree-fall gaps [156].
Native red pine forest species, in contrast, were not
influenced by gap size or gap age. The spread of species
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from tropical forests to cooler areas may be constrained
by long dispersal distances and poor colonization sites
along the dispersal routes. This is because of tropical
climate now is warmer than at any time in the past two
million years [157]. Even though range shifts of species
from tropical lowlands to highlands are possible, it may
result in depauperate lowland plant communities, which
will be increasingly dominated by early successional spe-
cies [138]. Therefore, species ranges are likely to become
more fragmented as they shift in response to CC. For
example, up to 66% of species may be lost due to pre-
dicted range shifts caused by CC in South Africa’s Krue-
ger National Park [158].

Drivers of range shifts other than climate change Species’
range shifts have occurred throughout the Earth’s history.
For instance, glacial cycles have caused the species’ range
alterations [159]. There have been approximately 20 cycles
of glaciation and deglaciation during the Quaternary (the
last 2.58 million years), particularly in the Northern Hem-
isphere [160]. Based on pollen records from late Quater-
nary Europe, pale vegetation maps have been constructed
at the level of formations. However, macroclimate in the
late Quaternary might have been completely different
from the present one [161]. Nevertheless, compared with
historical geographic range shifts such as those that have
taken place during Glaciation—deglaciation cycles over
the past two million years, the rate of current climate
warming is unprecedented [150].

Species abundance can be influenced by resource avail-
ability, predation, propagule availability, symbioses, com-
petition, and facilitation. As all these factors may vary
between the old and new ranges, species that can move
may not necessarily encounter suitable circumstances for
establishment, growth, and reproduction [29]. Moreo-
ver, these factors may also vary after a species has been
introduced to a new range, which can affect community
composition in a dynamic way. Therefore, species inter-
actions can drive evolution as seen in highly specialized
pollination, parasitism patterns and in other symbiotic
mutualisms. CC may also disrupt those evolutionary pro-
cesses as well as initiate new processes [162]. However,
investigators have not yet determined how adaptation,
and migration interact during range shifts [29].

Causes of range shifts other than climate warming or
cooling factors may include; intensified grazing and fire
regimes as in the case of expansion of shrubs in Colo-
rado [163]. Whereas the Elino in Southern Oscillation
influences the frequency and extent of wildfires, which
in turn influence tree stand composition in the southern
United States [164]. Furthermore, there are examples of
birds range expansion owing to land-use change [165].
While improved feeding or nesting sites can also drive
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such range shifts. For example, the Black-shouldered
Kite (Elanus caeruleus) has shifted range northward into
Spain because, during the last half of the previous cen-
tury, cultivated Dehesa systems became more similar to
African savannahs, where this species originated [166].
However, habitat fragmentation caused by intensified
land use can limit the capacity of species’ range shifts. It
might have also limited range shifts in postglacial periods
under specific conditions [167].

Climate change-driven migration, gene flow, and habitat
fragmentation

The most rapid responses of individuals in populations
subjected to CC are likely to be phenotypic [168]. How-
ever, in subsequent generations, natural selection acting
primarily during plant establishment will lead to some
degree of adaptation, assuming that genetic variation
for the traits under selection exists within the popula-
tion [169]. Considering adaptation as primarily depend-
ent on extant variation, the migration of plant species
in response to rapid climatic warming will frequently be
slower than phenotypic and adaptive genetic changes,
because of the uncertainties of population establishment
[170]. Migration involves the physical dispersal of prop-
agules such as seeds, plant fragments and the successful
establishment of new populations in previously unoccu-
pied territory. Arriving propagules to the new site will be
filtered out by a process of natural selection [12]. How-
ever, the adaptation to local conditions is often inher-
ent in migration. Thus as the climate warms, individuals
from populations throughout the species range are likely
to establish at higher altitudes and latitudes.

Migration will occur throughout the species range
in the form of both propagule and pollen dispersal, not
simply as a result of expansion and contraction at the
range margins [12]. However, for a plant species to
migrate across a landscape, its habitat patches must be
sufficiently well connected to allow gene flow by pol-
len and propagule between populations. Nevertheless,
in the heavily fragmented landscapes that have resulted
from the activities of humankind, this may not always be
possible, leading to the fragmentation of species ranges
and genetic isolation of populations [171]. Therefore,
demographic factors such as altered mating systems
and changes in pollinator behavior resulted in a reduc-
tion of individual fitness and increased risk of population
extinction [172]. However, species capable of migrating
at unlimited rates are more likely to survive than those
that migrate more slowly [173]. For example, extinction
rates of 1103 species in diverse parts of the world under
these two migration scenarios, providing extinction rates
of 21-23% with unlimited migration and 38-52% with
no migration [174]. The effects of habitat fragmentation
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are compounded by demographic stochasticity and the
inherently poor dispersal of many species [172]. There-
fore, the probability of population establishment declines
rapidly with increasing distance between habitats patches
[175].

Population isolation is a feature of many communities
that occur in natural habitat islands such as high alpine
ecosystems, where migration between populations is
absent or extremely restricted [176]. Habitat fragmenta-
tion and consequent population isolation pose particular
problems for species subject to rapid climatic changes as
isolated populations may leave outside their optimum cli-
mate space [171]. For example, the climatic response of
the species such as Pinus contorta and Pinus sylvestris
suggests that this decoupling of climate and local adap-
tation may significantly decrease both the growth and
survival of individuals [177]. Therefore, species ranges
are likely to become more fragmented as they shift in
response to CC. For example, up to 66% of species may
be lost due to predicted range shifts caused by CC in
South Africa’s Krueger National Park [158].

Climate change-driven genetic variability and phenotypic
plasticity within-population
The responses for CC arises not only among populations
throughout a species range but also between co-occur-
ring individuals within a population [178]. For instance,
there is a significant micro-geographical genetic differ-
entiation of populations of Triticum dicoccoides (wild
emmer wheat) in response to climate (solar radiation,
temperature, and aridity stress) over distances of sev-
eral meters within a habitat mosaic. A similar pattern
has been reported in Hordeum spontaneum (wild barley)
[179]. Within-population differentiation can be detected
using microsatellite, randomly amplified polymorphic
DNA and allozyme molecular markers across spatial
scales ranging from <10 m up to 1 km. Different geno-
types establish preferentially in warmer and cooler years
[180]. These cool year and warm year genotypes are inter-
mixed within the same populations, despite presumably
high levels of gene flow between neighboring species.
Further examples of micro-geographical adaptive differ-
entiation of species with respect to climate are found in
Picea engelmanii (Engelmann spruce), Pinus edulis (pin
on pine), and Pinus ponderosa (ponderosa pine) [181].
Climate-related genetic differentiation occurred across
a variety of different species such as Betula pendula and
Betula pubescens lengthen growing season as the cli-
mate warms [182]. Populations contained considerable
levels of heritable variation for budburst date, the lev-
els were inadequate to allow date of budburst to track
forecast changes in climate. Although genetic variation
for the traits is high, the rapid rate at which warming
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is predicted to occur will outstrip the potential rate
of adaptive evolution in Pinus sylvestris species [183].
Therefore, adaptation to future climates may require the
simultaneous evolution of a number of different traits
that may constrain by correlations between them [184].
The annual legume Chamaecrista fasciculata was unable
to respond fast enough to track predicted conditions,
despite the existence of significant levels of variation for
the quantitative traits investigated [25]. While a short-
lived outcrossing annual such as Brassica juncea experi-
mental populations failed to respond either genetically
or phenotypically to simulated CC in any of five fitness-
related traits [185].

The potential response of population to a changing cli-
mate will in part be governed by the average lifespan of
individuals and the age at which they reach reproductive
maturity. However, delayed reproductive maturity will
reduce the number of generations that can establish dur-
ing any given period of time, whilst the long lifespan (and
hence low turnover) of individuals will reduce the oppor-
tunities for the establishment of new genotypes within
existing populations [183]. For populations that show lit-
tle potential for an in situ adaptive response to CC, gene
flow from populations in warmer areas of the species
range will be of critical importance in permitting adapta-
tion to their new conditions [182]. Conversely, for many
species, gene flow between populations may be critically
low because of the effects of habitat fragmentation [186].

Phenotypic plasticity is an essential component of plant
response to an ever-changing environment. The term
phenotypic plasticity is used to describe the differences
in an organism’s physiology, morphology, and develop-
ment that arise in response to changes in its environ-
ment, thereby encompassing reversible (acclamatory)
and non-reversible phenotypic changes [187]. Plants
respond to changes in their environment over several
generations via genetic change. However, when environ-
mental variation occurs on a timescale shorter than the
life of the plant any response must be in terms of a plastic
phenotype [188]. If the possession of a plastic phenotype
buffers individuals against short-term environmental
fluctuation, then it might be expected that phenotypic
plasticity could buffer individuals against the long-term
effects of CC. This would reduce the genetic and dis-
tributional changes that we might expect based on the
species-typical climate response [189]. Therefore, species
may able to adapt autonomously to CC by dispersing to
suitable habitats, changing their phenotype, and genetic
change over generations [170, 190]. However some spe-
cies will be able to adapt better than others, depending
on generation times, ability to disperse, and depend-
ency on other species. For example pollinators, hosts for
parasites and symbiosis association [191]. Therefore, in
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future climatic scenarios, plant species will tend and are
expected to tolerate a changing climatic conditions. This
would require individuals to possess near-perfect plas-
ticity, tolerating all changes in climate with no apparent
fitness costs [192]. However, such widespread plastic tol-
erance of changing climate is not typical [13, 17].

Both the occurrence and magnitude of phenotypic
plasticity for any trait are themselves characteristics that
are under genetic control, with levels varying between
traits, individuals and populations [193]. Although a
plastic phenotype will allow plants to respond to climate
fluctuations over the lifetime, the capacity for a plas-
tic response to an event weakens for events of greater
extremes experienced at longer time scales [194]. How-
ever, species capacity to respond to environmental
change by phenotypic plasticity has its limits [190]. Con-
sequently, there will be selection pressure on many plants
for an increased plastic response to future climate [194].

Effect of climate change on food security
Food security will be maintained when “access to food by
all people at all times is adequate for an active and healthy
life” [195, 196]. Biodiversity is a key source of food [197].
If biodiversity is negatively affected by CC it goes to show
that the world food security is greatly threatened stem-
ming from an imbalance in the natural ecosystem [198].
Therefore, concerns over species extinction are war-
ranted because of the goods and services provided by
species such as pollination, natural pest control, food,
and medicine. CC is affecting those goods, services, and
ecosystem resilience through hurricanes, blizzards, heat
waves, drought, and extreme weather events [199]. For
example, rainfall and Elinio events between 1996 to 2003
[200] produce high amounts of precipitation in parts of
equatorial, East Africa, and resulted in flooding, reduc-
tion of crops, and agricultural yields. Therefore, change in
climatic effects has immediate impacts on food produc-
tion and distribution [48]. Moreover, changes in mean
temperatures and rainfall will affect the suitability of land
for crops, pasture, and productivity of marine resources.
It will also increases the incidence of pests and diseases;
loss of biodiversity, a decline of ecosystem functioning;
reduce the availability of water for crop, livestock, and
inland fish production, groundwater depletion, and sea-
level rise [201].

Globally, CC is expected to reduce cereal production by
1 to 7% by 2060 [202]. Besides, 22% of the cultivated area
under the world’s major crops is likely expected to prac-
tice adverse impacts due to CC by 2050 [203]. Accord-
ingly, CC is expected to lead to 5-170 million additional
people being at risk of hunger by 2080 [204]. Therefore,
CC through its extreme and unpredictable weather will
affect food security and crop yields too [11, 205]. It is
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estimated that agricultural yields in Africa alone could
decline by more than 30 percent by 2050 [206]. Such
yield reduction will largely distress the poor people who
are less capable of absorbing the global commodity price
changes that characterize a reduction in supply [207].
Three of the most recent famines in sub-Saharan Africa
were exacerbated by unexpected weather patterns that
pushed already vulnerable livelihoods into major food
insecurity and famine [208]. Furthermore, CC through
extreme weather events can have a devastating effect on
crops as the recent droughts in Russia and China, and
floods in Australia, India, Pakistan, and Europe indicated
[209]. Therefore, the impacts of rising temperatures will
likely hurt the rural poor too [206]. Furthermore, grow-
ing extreme weather events makes it highly likely that
asset losses attributable to weather-related disasters will
increase [210]. These losses involve loss of life and food
security status of millions of people in disaster-prone
areas. For example, an average of 500 weather-related
disasters is now taking place each year, compared with
120 in the 1980s. Similarly, the number of floods has
increased over the same period [211].

CC affects food security for communities that depend
on rain-fed agriculture making food security highly vul-
nerable to climate variability such as shifts in the growing
season [48, 201, 212]. For instance, from the year 1996 to
2003, there has been decline 50-150 mm rainfall per sea-
son (March to May) and failure in long-cycle crops (e.g.
slowly maturing varieties of sorghum and maize) [200].
For example, in Zimbabwe, past Elifio events and warm
sea surface temperatures in the eastern equatorial Pacific
reduce 60% of agricultural production of maize [213]. If
agricultural production in the low-income developing
countries of Asia and Africa is adversely affected by CC,
large numbers of the rural poor will be vulnerable to food
insecurity too. Thus, food processing, distribution, acqui-
sition, preparation, and consumption are affected by
CC as well. Moreover, as the frequency and intensity of
severe weather increase, there is a growing risk of storm
damage to transport and distribution of food items [214].
Therefore, CC affects the four components of food secu-
rity (food availability, food accessibility, food utilization,
and food system stability) [58]. In direct and indirect
ways, CC variables influence biophysical factors (plant
and animal growth, water cycles, biodiversity and nutri-
ent cycling), and the ways in which those are managed for
agricultural practices, and food production [215]. Fur-
thermore, CC induced variables have a large impact on
physical and human capital (roads, storage, and market-
ing infrastructure, houses, productive assets, electricity
grids, and human health). These indirectly fluctuate the
economic and socio-political factors that govern food
access and utilization [216].
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Change in climatic variables will alter suitable areas
for the cultivation of a wide range of crops. Current and
projected climate data for about 2055 under the climate
model based scenarios, indicate the impacts of CC on
areas that are suitable for several staple and cash crops
[217]. Therefore, there will be losses in a suitable areas in
sub-Saharan Africa, the Caribbean, India, and northern
Australia, and gains in the northern USA, Canada and
most of Europe. Consequently, 23 crops are forecasted to
gain fit areas while 20 are predicted to lose. Even though
similar trends in sub-Saharan Africa have been predicted,
developed nations will perceive a considerable expansion
of suitable arable land to higher altitudes and the poten-
tial to increase production if those lands are brought
under cultivation [218, 219]. Therefore, areas that are
currently most food-insecure will be most affected by
CC, and have the greatest need for new crop varieties
tolerant of extreme climate conditions such as drought,
heat, submergence, and salinity [59].

The impact of CC on food production must take into
account the characteristics of the agro-ecosystems [220].
For example, moderate warming (increases of 1 to 3 °C
in mean temperature) is expected to benefit crop and
pasture yields in temperate regions, while in tropical and
seasonally dry regions, it is likely to have negative impacts
on cereal crops. However, warming more than 3 °C is
expected to have negative effects on Agricultural pro-
duction in all regions. Furthermore, increases in air tem-
perature can accelerate crop growth and consequently,
shorten the growth period. Conversely, such changes
can lead to poor verbalization and reduced yield [221].
Therefore, CC may pose a threat to food security through
erratic rainfall patterns and decreasing crop yields, con-
tributing to increased hunger [11, 20, 222, 223]. Crops
have thresholds beyond which growth and yield are
compromised for climatic variables such as rainfall, soil
moisture, temperature, and radiation [20, 224]. For exam-
ple, cereals and fruit tree yields can be damaged by a few
days of temperatures above or below a certain threshold
[225]. Similarly, in the European heatwave of 2003, when
temperatures were 6 °C above long-term means, crop
yields dropped by 36% in Italy, and by 25% for fruit and
30% for forage in France [226]. Therefore, changing cli-
matic conditions could create crop losses, resulting from
contamination with microorganisms and their metabolic
products. This could lead to a rise in food prices. Further-
more, it increased the intensity and frequency of storms,
altered hydrological cycles, and precipitation [227].
Transport infrastructure is affected by CC too [228]. Heat
stress and increased frequency of flood events destroy
infrastructure in developing countries [229]. This has an
impact on food distribution and influence people’s access
to markets to sell or purchase food products [230]. Thus,
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declines in productivity of cropland could occur, with the
severest impacts in the currently food-insecure areas of
sub-Saharan Africa, which have the least ability to adapt
to CC or to compensate through greater food imports [2].

Poor people will be exposed to greater variability in
and uncertainties about food in a changing climate.
Non-farming low-income rural and urban households
whose incomes fall below the poverty line because of
CC impacts will face similar choices [212, 223, 231].
Most food is not produced by individual households but
acquired through buying, trading, and borrowing [232].
CC impact on income-earning opportunities can affect
the ability to buy food, and a changing climate or cli-
mate extremes may affect the availability of certain food
products, which may influence their price. For example,
in Cameroon, Haiti, Tunisia, and Egypt, there have been
increased prices of basic foodstuffs [233]. The change
in seasonality attributed to CC can lead to certain food
products becoming scarcer at certain times of the year
[234, 235]. These seasonal differences in the food sup-
ply, make human life vulnerable at certain times of the
year. Many areas will receive less annual rainfall, while
others may receive much due to CC [236]. In low lati-
tude regions, moderate temperature increases (1-2 °C)
are likely to have negative impacts on yields of the major
cereals [237]. Furthermore, warming will have increas-
ingly negative impacts on all regions. In cereal crop-
ping systems, changing varieties and planting times will
cause a 10-15% reduction in crop yield corresponding
to a 1-2 °C local temperature increase. Consequently,
the pressure to cultivate marginal land may increase land
degradation. For instance, there was a 5% decrease in
the yield of rice as a consequence of warming for above
32.8 °C [238].

CC may increase extinction risks for underutilized
plant species such as species suitable for biofuel produc-
tion (biodiesel, and ethanol technologies) [239]. Species
and genetic variety used for food (including wild species)
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and the direct ecosystem services that support agricul-
ture, including services such as pollination and nutrient
cycling are affected by CC too [109]. For instance, polli-
nation is likely to be problematic, as insect response to
CC is particularly sensitive. Besides, CC may have pro-
found impacts on the synchronicity between pollinators
and crop flowering, resulting in reduced productivity.
The projected impacts of CC on wild plant species dis-
tribution will affect the composition of plant and animal
communities, and biological control organisms as well
[22]. In warmer environments, CC may result in more
intense rainfall events between prolonged dry periods, as
well as reduced or more variable water resources for irri-
gation. Such conditions may promote pests and disease
on crops and livestock, as well as soil erosion, drought,
and desertification [80, 88, 240]. Conflicts over water
resources due to CC will affect food production, ani-
mals’ fodder, and people’s food access in affected areas
too [241]. Furthermore, drought and deforestation can
increase fire risk, with consequent loss of the vegetative
cover needed for grazing and fuelwood [242]. For exam-
ple, droughts increase livestock mortality in African
countries between 1980 and 1999 (Table 2).

Warming temperatures may negatively affect fisher-
ies by faster depletion of the limited oxygen and Lake
Overturn [252]. Consequently, many tropical fishes have
evolved to survive in very warm water. However, they
cannot survive at temperatures that exceed this thresh-
old. For example, spotted tilapia, (Tilapia mariae), native
to parts of Africa, prefer temperatures between 25 and
33 °C, depending upon acclimation temperature, and
have a critical thermal maxima of 37 °C [253]. Though
tropical fishes can endure temperatures near to their tem-
perature threshold, a slight (1-2 °C) increase in regional
temperatures may cause the daily temperature maxima to
exceed these limits, mainly for populations that currently
exist in thermally marginal habitats [253]. An increase in
mean temperature may also increase metabolism of fish

Table 2 Impacts of droughts on livestock in African countries for the year 1981 to 1999

Date Location Livestock losses Source
1981-1984 Botswana 20% of national herd [243]
1982-1984 Niger 62% of national cattle herd [244, 245]
1983-1984 Ethiopia (Borana Plateau) 45-90% of calves, 45% of cows, 22% of mature males [246]
1991 Northern Kenya 28% of cattle; 18% of sheep and goats [247,248]
1991-1993 Ethiopia (Borana) 42% of cattle [189, 249]
1993 Namibia 22% of cattle; 41% of goats and sheep [250]
1995-1997 Greater Horn of Africa (average of 9 pastoral ~ 20% of cattle; 20% of sheep and goats [247,251]
areas)

1995-1997 Southern Ethiopia 46% of cattle; 41% of sheep and goats [194]
1998-1999 Ethiopia (Borana) 62% of cattle [189, 249]
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and other aquatic organisms [254]. For example, anoxic
hypolimnia that serve as nutrient stores contain high
concentrations of hydrogen sulfide. This chemical is a
byproduct of anaerobic breakdown of organic substance
and it is toxic to fish. For instance, recent changes in the
limnology of Lake Victoria have also negatively affected
its fishery [255].

Plant diseases and insect epidemics are controlled
by climate and hence will be sensitive to CC to a large
degree [88, 240]. Beyond economic, and social impacts,
the disease also affects food security and nutrition as
well. Breeding crops for pest and disease resistance has
been relatively effective under stable climatic conditions
[92, 100, 256, 257]. However, the range of several patho-
gens is limited by climate requirements for vegetating or
over-summering. For example, higher winter tempera-
tures of — 6 °C vs. — 10 °C increase the survival of over-
wintering rust fungi (Puccinia graminis) and increase
subsequent disease on Festuca and Lolium [258]. Thus
atmospheric CO, reduces the ability of soybean to defend
itself against bean leaf beetle resulting in increased bee-
tle populations [259]. Biotic interactions, pest and disease
pressure, competition, and successional dynamics and
changes in symbiotic compositional interactions are also
affected by CC too [260].

Wild foods are important to households that struggle
to produce food or secure an income [261]. However,
a change in the geographic distribution of wild foods
resulting from changing rainfall and temperatures have
an impact on the availability of food. Therefore, changes
in climatic conditions have led to significant declines in
the provision of wild foods by a variety of ecosystems,
and further impacts can be expected as the world climate
continues to change [262]. From the 5000 plant species
examined in sub-Saharan African, 81 to 97% of the suit-
able habitats will decrease in size or shift owing to CC
[263, 264]. In the year 2085, 25 to 42% of the habitats
are expected to be lost altogether. For example, over the
next 40 years, the wild relatives of many crop species fall
into the category of threatened species. Furthermore, up
to 61% of peanut species, 12% of potato species, and 8%
of cowpea species could become extinct within 50 years
[265]. The threatened species include those with impor-
tant genetic traits for agriculture and upon which some
societies depend directly through wild harvesting. There-
fore, CC will impact the ability of wild species to survive.
Consequently, communities that use those plants as food
and medicine are affected too.

CC increases the genetic erosion of landraces and
threatening wild species, including crop wild relatives
[109, 265]. As a result, the existing varieties could be
lost as farmers are replacing them with other landraces
and improved varieties that are better adapted to the
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new conditions. For instance, Guinea sorghum varieties
in the Sudanian zone of southern Mali showed that the
range of varieties grown by families are heavily influ-
enced by CC, as the rainy season has shortened over the
last 20 years [266]. Being centers for diverse landrace
in CC prone regions aggravated the problem. However,
adapting crop varieties to local ecological conditions can
reduce the risk of CC [92, 267, 268]. Besides, the need for
adapting germplasm is urgent and requires characteri-
zation, evaluation, and the availability of materials now
housed in gene banks [269]. Since the beginning of the
twentieth century, about 75% of the genetic diversity of
agricultural crops has been lost [270, 271]. Therefore,
all countries relying on crop genetic diversity that pro-
vides potential adaptation to environmental and climatic
changes are challenged. On the other hand, crop wild rel-
atives will play a crucial role in providing the genes and
traits to help confront these challenges. Thus varieties
and cultivation practices have permitted agriculture to
withstand the moderate change in climate over the past
10,000 years [257, 265, 272].

Challenges and options of feeding the future

in a changing climate and biodiversity loss

Could global food security goals of the future be met
in the face of CC and biodiversity loss is a big concern
of twenty-first century [212, 273, 274]? Consequently,
achieving food security and conserving biodiversity is
among the most critical challenges of our time [257, 275,
276]. Currently>1 billion people are hungry and >2 bil-
lion are malnourished globally [63]. Furthermore, the
world’s population is expected to grow to nine billion by
the year 2050 [277]. Thus there is a need for 70-100%
more food [278]. Furthermore, developing countries will
account for 93% and 85% of cereal and meat demand
growth to 2050. Likewise, more than 30 million people in
African currently lack access to safe water and adequate
food [279]. Therefore, global food security will remain a
worldwide concern for the coming years. Furthermore,
flooding and desertification lead to loss of agricultural
lands and biodiversity, poisoning of water supplies, and
destruction of economic infrastructures thereby prevent-
ing buying and selling foods on the markets [280]. This
will, in turn, resulted a decline in irrigation, rural infra-
structure, and increasing water scarcity [48]. Likewise,
crop yield and growth has slowed in the face of global
environmental change and biotic threats [281]. Therefore,
poor communities tend to have more limited adaptive
capacities and are more dependent on climate-sensitive
resources such as water and food supplies [280, 282]. CC
is also a new challenge and crucial factor affecting food
security and biodiversity loss in many regions [109, 257,
272].
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In the past, the primary solution to food shortages has
been to bring more land into agriculture and to exploit
new fish stocks [278]. However, recently land shortage
and the competition for land from other human activi-
ties make this an increasingly unlikely and costly solu-
tion when protecting biodiversity and natural ecosystems
are given higher priority [108, 212, 235, 283]. Moreover,
the conventional model to achieve food security has
been to convert wildlands to intensive commercial agri-
cultural use [63] leading to the increased homogeniza-
tion of natural landscapes. An immediate result of this
model has been a drastic loss of wildlands, biodiversity,
and ecosystem services [284]. Agricultural land which
was productive in the past has been converted to urbani-
zation, desertification, salinization, and soil erosion in
recent decades [285]. Therefore, increasing yields need
to translate biodiversity or more land spared for nature
[286]. Thus if the current model of the commercialized
monoculture is to be followed, feeding the global popula-
tion is stated to require the conversion of yet more wild-
lands [287]. Consequently, a billion hectares of natural
habitat will need to be converted to agricultural produc-
tion, when the effects of CC on crop yields are taken into
account [92, 288]. However, mitigating food waste could
lessen the need for further land conversion and biodiver-
sity loss [90].

The three major yield-enhancing strategies include
researching to increase the harvest index, plant bio-
mass, and stress tolerance [100, 289, 290]. Furthermore,
breeding plants and animals for tolerance to drought,
heat stress, salinity, and flooding will be more important
[100, 257, 291]. In addition to conventional breeding,
recent developments in nonconventional breeding, such
as marker-assisted selection, cell, and tissue culture tech-
niques, could be employed for crops in developing coun-
tries. Similarly, novel technologies must be established to
quicken breeding via improved genotyping, and phenol-
typing methods. This is vital to rise the accessible genetic
diversity in breeding germplasm [292]. Furthermore, the
use of indigenous and locally adapted plants and animals,
the selection and multiplication of crop varieties that
are resistant to adverse climatic conditions could bring a
positive response [109]. Therefore, biodiversity loss and
food security problems can be achieved by effective use
of genetic resources and traditional ecological knowl-
edge under the CC scenario. Furthermore, providing
appropriate compensation for food-insecure people con-
serving biodiversity could guarantee a sustainable liveli-
hood [293]. Besides new crop management systems are
required that increase yields and reduce production costs
by enhancing the efficiency of input application, increas-
ing water use efficiency, and reducing greenhouse gas
emissions. Consequently, effective and fruitful rice-based

Page 15 of 25

invention arrangements are crucial for economic devel-
opment and improved the quality of life of the human
population globally [294]. This is due to rice varieties
exhibit enhanced nutritional value, require less water,
produce high yields in drylands, minimize post-harvest
losses, increased resistance to drought, and pests and
increased tolerance to floods and salinity. For example,
rice varieties with salinity tolerance have been used to
expedite the recovery of production in areas damaged by
the 2005 Asian tsunami [295].

Biodiversity provides an irreplaceable sources of food,
new drugs, and harbor genetic variation which may have
evolutionary importance for pest resistance, soil fertility,
and pollination. Therefore, food production is dependent
on biodiversity services [219, 290, 296]. However, once
the genetic material is lost, no information on what role
it may play in the future cannot obtain [273, 297]. Link-
ing these challenges has created a narrative dominated
by the notion of an inevitable trade-off between food
production and biodiversity conservation. Well-known
examples of frameworks that attempt to reduce such
trade-offs include the concept of land sparing vs. land
sharing [298]. Therefore, exploring typical relationships
between social-ecological system characteristics and
outcomes with respect to food security and biodiversity
conservation is a must [299]. Moreover, both the need to
provide food to local people, and pressure on biodiver-
sity are particularly acute in the global food security and
biodiversity conservation scenario. However, no global
systematic assessments on either food security or biodi-
versity are available at the landscape scale. Therefore, the
future rate of biodiversity loss must decline through well-
planned systems of protected areas [300]. Besides, bio-
diversity conservation strategies should involve deciding
what to conserve and where to conserve. However, the
manifestation of biodiversity at many organization levels
in dynamic spatial patterns that are being highly scale-
dependent makes it a challenge. Regarding what to con-
serve, we can distinguish conservation planning based on
habitat or ecosystem types [301]. Therefore, conservation
may also extend to sub-species or distinctive populations
and sustainable use of plant genetic resources.

“Biodiversity is supposed to be an accepted protection
strategy to CC” [268, 302]. Such approaches may rely on a
broader agricultural base integrated with diverse ecosys-
tems. Therefore, using agrobiodiversity to mitigate envi-
ronmental and climatic uncertainty is another option too
[290, 303-305]. Furthermore, the integration of natural
pest control and improving soil fertility resulted in yield
increases by up to 80%. Thus landscape complexity is vital
for agroecological functions such as pest management,
pollination, soil, and water quality improvement [306].
CC mitigation and adaptation using an ecosystem-based
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approaches is another way to increase food production.
This creates synergies, increase resilience, and produc-
tion efficiency. Furthermore, food security can be delayed
by including the matrix of adjacent wildland, given the
importance of landscape complexity for agroecological
functions (pest management, pollination, soil, and water
quality) [276]. In contrast, a trade-off between food secu-
rity and biodiversity loss is related to a singular focus on
built and financial capital in a given landscape [275]. Thus
degradation land restoration, application of clean devel-
opment mechanism (CDM), protection of watershed and
coastal areas, preservation of mangroves and coastal fish-
eries, and biodiversity conservation can bring positive
effect [307]. Therefore, achieving food security under a
changing climate and biodiversity loss needs policy and
investment reforms on (humans and water resources,
research, rural infrastructure, and community-based
biodiversity conservation) [308]. Likewise, risk minimi-
zation in marine, coastal, inland water and floodplain,
forest, dry land, island, mountain, polar, and cultivated
ecosystem is another option too [309, 310]. Moreover,
research and dissemination of varieties and breeds capa-
ble of adapting to CC and providing food, fodder, energy,
and cash incomes may address the issue [291]. Avoiding
disruptions in food supplies due to changes in climate
through more efficient water management could reduce
the problem as well. Further, improved management of
cultivated land, livestock and energy-efficient technolo-
gies are helpful [311]. Agro-ecology-based innovations,
climate-smart agricultural practices, and resource-con-
serving productions that reduce farmers’ dependence on
external inputs, relying on existing potentials in plants
and soil systems represents a different approach to meet-
ing food security goals in the twenty-first century [47, 54,
55, 312]. Shifts in agronomic practices and water man-
agement strategies, such as site-specific nutrient manage-
ment, organic farming, use of irrigation, nutrient-dense
crops, and short-duration crops are also another possi-
bilities [46].

Sustainable forest management (SFM) which is tar-
geted to preserve and enrich the economic, social, and
environmental values of forests for the benefit of present
and future generations is another option too [48]. SEM
denotes to sustain the forest ecosystem and its functions,
favoring socially or economically valuable species for the
improved production of goods and services [313]. SEM
includes adapting and planning for CC, pest, and disease
outbreak, managing forests, and woodlands to cope with
new climatic conditions [314]. So that they contribute to
flood prevention, and provide habitats and wildlife cor-
ridors for diverse flora and fauna. Furthermore, improv-
ing the management of biomass can make important
contributions to developing nations where large numbers
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of poor life can solve food shortage [315]. At the house-
hold level, the poorest people use manure, twigs, and
low-grade biomass for cooking [316]. As they move up
the economic ladder, they switch to fuelwood, progress-
ing through charcoal, kerosene, and gas to electricity, and
integrating animals and simple tools into production pro-
cesses. Therefore, forest conservation and management
may bring a beneficial solution for CC mitigation, reduc-
tions of desertification and biodiversity loss, and enhance
food production [216].

Acclimatization, adaptation and mitigation measures

of a changing climate

Acclimatization is a powerful and effective adaptation
strategy to live comfortably with a changing climate.
While, adaptation refers to adjusting/accommodating to
CC induced impacts, such as minimizing negative con-
sequences and enhancing opportunities [317]. Further-
more, CC adaptation includes “initiatives and measures
to reduce the vulnerability of natural and human systems
against actual or expected CC effects” [48]. Besides, it is
comprised of “adjustments in natural or human schemes
in reply to the real or expected climatic stimuli and their
effects” [201]. Furthermore, CC adaptation focuses on
preparing for coping with and responding to the impacts
of current and future CC [257, 268, 318]. Therefore, it
intends to deliberate adjustments in natural or human
systems and behaviors to reduce the risks of people’s lives
and livelihoods [201]. Adaptation responses are essen-
tially planned or unplanned policy responses designed
to increase the resiliency of our natural, socioeconomic,
and built environments [319]. Planned adaptation to
CC denotes actions undertaken to reduce the risks and
capitalize on the opportunities associated with global CC
[318]. However, adaptation is crucial at present because
biodiversity and earth’s ecosystems are being more vul-
nerable to a changing climate.

Mitigation of CC involves actions to reduce green-
house gases (GHG) emissions and sequester carbon and
develop choices that will lead to low emissions in the
long term [268, 320]. It is reported that 30% of the world’s
GHG emissions come from land-use change (defor-
estation) [65]. Likewise, Livestock production (animal
digestion, feed production, and manure management),
and forest cover loss contribute about 14.5% of GHG
emissions. Therefore, half of the emissions globally are
because of land clearing. Consequently, the future emis-
sion reduction scenarios should focus on improved feed
systems, manure management strategies, efficient ferti-
lizer use, deforestation reduction, and degraded land res-
toration [65]. Changes in land management and land use
may also moderate local and regional climate through
changes in albedo, evapotranspiration, soil moisture,
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and temperature [60, 80]. Therefore, it is via landscape
management approaches (diverse landscapes) that sus-
tainable food production, biodiversity conservation, and
CC mitigations across entire regions are maintained [53,
54]. Moreover, studies noted that options for mitigating
GHG emission include improved crop and grazing land
management, restoration of soils, and degraded lands
[321]. However, mitigation is possible with improved
water management, land-use change, agroforestry, and
improved livestock management. Soil carbon sequestra-
tion has the greatest mitigation potential, with an esti-
mated 89% contribution under adaptive management
[322]. The development of new mitigation practices for
livestock systems and fertilizer applications will be essen-
tial to prevent an increase in emissions from agriculture.
Therefore, mitigation is the anthropogenic intervention
to shrink the sinks of GHG [201]. Mitigation activities
include reducing GHG emissions through the reduction
of fossil fuel use, conservation of ecosystems, biodiver-
sity, and increase in the rate of carbon uptake by ecosys-
tems [323]. Depending on the design and implementation
of strategies such as land use and forestry (afforestation,
reforestation, and land management practices, and use
of renewable energy sources (biomass, wind, and solar
power)) mitigation strategies can have positive, neutral,
or negative impacts [324]. However, these strategies may
lead to loss of biodiversity by substituting rapidly grow-
ing diversified forests for monoculture plantations for
growing biofuel demands [325]. Another prominent
mitigation activity for the reduction of fossil fuel use is
putting taxes on emissions [324]. Furthermore, tapping
tradable permits, implementing laws and regulations to
restrict the use of fossil fuel can be more effective [201].
Lawful provisions of voluntary agreements, technology,
and performance standards, support of energy efficiency
improvement, and road pricing are other mitigation
strategies [326]. Therefore, mitigation policy measures
could reduce the atmospheric concentration of GHG to
levels that do not dangerously interfere with the climatic
conditions [320]. Management of water resources, land
rehabilitation, and application of biotechnology are also
considered as effective adaptation measures for CC [53].
Consequently, depending on the intended outcomes,
mitigation approaches can seek to either maintain the
persistence of current conditions or facilitate transitions
to alternative states [318].

Conclusions

In general, this review is intended to provide validated
and up-to-date scientific information on the impacts of
CC on global biodiversity and food security. Thus it is
limited to the aims of global CC mitigation and adapta-
tion measures in view of multidimensional aspects of
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biodiversity, biodiversity—food interactions, and means
of meeting global food security under CC and biodiver-
sity loss scenarios.

Although biodiversity provides food for all life forms
and used as primary health care for more than 60-80%
of the world’s human population, it has been affected
by human activities and CC. Thus, CC through the
increased temperatures by 0.798 °C and concentration
of CO, level from 280 to 379 ppm would have an impact
on timing seasons of flora and fauna. Accordingly, spe-
cies, ecosystem composition, and function have been
affected both directly and indirectly. Thus species have
been shown a modification in their morphology, physi-
ology, behavior, and they are forced to migrate due to
changes in climatic variables globally. Furthermore, CC
has also the potential to reduce species that are unable
to track the climate to which they are currently adapted
and resulted in extinction risk. Consequently, the recent
rates of species extinction are estimated to be 100 to
1000 times faster. However, changes in climatic variables
assert strong selective pressure on natural populations.
For example, species that have the capability to keep up
with climate shifts may survive while others that cannot
respond will suffer.

A changing climate is responsible for dramatic shifts
in the range, and geographical distributions of species
and ecosystems. For example, the dissemination of spe-
cies have recently shifted to higher elevations at a rate
of 11.0 m per decade, and to higher latitudes at a rate
of 16.9 km per decade. These rates are approximately
two to three times faster than previously reported. Like-
wise, changes in plants’ range render many species are
unable to follow the climate to which they are adapted.
In contrast, climate change-driven species’ range shift
responses may depend on species types, ecosystem, and
altitude. Therefore, adaptation to future climates may
require the simultaneous evolution of a number of dif-
ferent traits. However, species range shift is not only
because of CC, but also due to intensified grazing, land
use change, disturbance, and fire regimes.

Long-term changes in weather conditions have severe
impacts on food security, availability, accessibility, and
utilization. Similarly, changes in mean temperatures and
rainfall will affect the suitability of land for crops, pas-
ture, and productivity of marine resources. It will also
increases the incidence of pests and diseases; loss of bio-
diversity, a decline of ecosystem functioning; reduce the
availability of water for crop, livestock, and inland fish
production. CC affects food security for communities
that depend on rain-fed agriculture. In this regard, CC is
expected to reduce global cereal production by 1-7% in
2060. Besides, it leads to 5-170 million additional peo-
ple being at risk of hunger by 2080. Furthermore, >1
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billion people are hungry and >2 billion are malnour-
ished globally. Consequently, a billion hectares of natural
habitat will need to be converted to agricultural produc-
tion, when the effects of CC on crop yields are taken into
account. Consequently, achieving food security and con-
serving biodiversity under CC scenario are among the
most critical challenges of the 21th century. Therefore,
unless policy, land use, and investment reforms, achiev-
ing food security under a changing climate and biodi-
versity loss is hard to achieve. However, alleviating food
waste, the restoration of land degradation, and applying
CC mitigation policy measures could bring a positive
effect. Therefore, the future research and innovations
should focus on exploiting the existing opportunities and
available resources on raising food production, CC miti-
gation measures, and biodiversity conservation strategies
[46, 327].

Recommendations on climate change adaption,
biodiversity loss, and food security

Re-searching and releasing high-yielding, biotic and
abiotic stress resistant, and suitable varieties across
agro-ecologies are recommended as a major adaptation
and mitigations strategies for CC impacts globally [46].
Accordingly, varieties that could withstand both biotic
and abiotic stresses and CC must be accessible at a larger
scale with adequate financial and policy support. Besides,
using cultivation methods that increase water productiv-
ity via irrigation is needed. Moreover, further research
on species ecological requirements, ecosystem-based CC
mitigation options, species adaptation trails, and empha-
sis on the symbiotic relationships between plants and soil
microbes are crucial [328]. Researching for bio-fertilizers,
wild edible plants [329], microbial inoculants, improved
technologies that are less dependent on scarcer resources
such as arable land, and water is suggested [312]. Like-
wise, focusing to develop CC resilient irrigation struc-
tures or systems and wide us of bio and alternative energy
resources are needed. Furthermore, improving natural
resources management and use practices, maintaining
agro-biodiversity, and implementation of climate-smart
agriculture are a must. Besides, applying biodiversity
conservation strategies and performing land restoration
programs at a larger large scale are suggested. Therefore,
future research and development should focus on the
researching and innovation of climate-resilient technolo-
gies, alternative and carbon neutral energy sources, use
of bio-energies, and wild food sources.
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