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Abstract

Climate change refers to the long-term changes in temperature and weather due to human activities. Increase in average
global temperature and extreme and unpredictable weather are the most common manifestations of climate change. In
recent years, it has acquired the importance of global emergency and affecting not only the wellbeing of humans but also the
sustainability of other lifeforms. Enormous increase in the emission of greenhouse gases (CO,, methane and nitrous oxide)
in recent decades largely due to burning of coal and fossil fuels, and deforestation are the main drivers of climate change.
Marked increase in the frequency and intensity of natural disasters, rise in sea level, decrease in crop productivity and loss
of biodiversity are the main consequences of climate change. Obvious mitigation measures include significant reduction in
the emission of greenhouse gases and increase in the forest cover of the landmass. Conference of Parties (COP 21), held in
Paris in 2015 adapted, as a legally binding treaty, to limit global warming to well below 2 °C, preferably to 1.5 °C by 2100,
compared to pre-industrial levels. However, under the present emission scenario, the world is heading for a 3—4 °C warming
by the end of the century. This was discussed further in COP 26 held in Glasgow in November 2021; many countries pledged
to reach net zero carbon emission by 2050 and to end deforestation, essential requirements to keep 1.5 °C target. However,
even with implementation of these pledges, the rise is expected to be around 2.4 °C. Additional measures are urgently needed
to realize the goal of limiting temperature rise to 1.5 °C and to sustain biodiversity and human welfare.

Keywords Biodiversity - Climate change - Deforestation - Emission of greenhouse gases - Human welfare - Ocean
acidification

Introduction the latest Intergovernmental Panel for Climate Change (AR6

Climate Change 2021), human-induced climate change as is

Climate change refers to long-term changes in local, global
or regional temperature and weather due to human activi-
ties. For 1000s of years, the relationship between lifeforms
and the weather have been in a delicate balance conducive
for the existence of all lifeforms on this Planet. After the
industrial revolution (1850) this balance is gradually chang-
ing and the change has become apparent from the middle
of the twentieth century. Now it has become a major threat
to the wellbeing of humans and the sustainability of bio-
diversity. An increase in average global temperature, and
extreme and unpredictable weather are the most common
manifestations of climate change. It has now acquired the
importance of global emergency. According to the report of
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prevalent now is unprecedented at least in the last 2000 years
and is intensifying in every region across the globe. In this
review the drivers of climate change, its impact on human
wellbeing and biodiversity, and mitigation measures being
taken at global level are briefly discussed.

Drivers of climate change
Emission of green-house gases

Steady increase in the emission of greenhouse gases (GHGs)
due to human activities has been the primary driver for cli-
mate change. The principal greenhouse gases are carbon
dioxide (76%), methane (16%), and to a limited extent
nitrous oxide (2%). Until recent decades, the temperature of
the atmosphere was maintained within a reasonable range
as some of the sunlight that hits the earth was reflected back
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into the space while the rest becomes heat that keeps the
earth and the atmosphere warm enough for the sustenance of
life forms. Accumulation of greenhouse gases combine with
water vapour to form a transparent layer in the atmosphere
that traps infrared radiation (net heat energy) emitted from
the Earth’s surface and reradiates it back to Earth’s surface,
thus contributing to the increasing temperature (greenhouse
effect). Methane is 25 times and nitrous oxide 300 times
more potent than CO, in trapping heat. Until 2019, the US,
UK, European Union, Canada, Australia, Japan and Russia
were the major CO, producers and were responsible for 61%
of world’s emissions. Now, China produces the maximum
amount of CO, (27%) followed by USA (11%) and India
(6.6%); on per capita basis, however, India stands ninth.

The emission of GHGs is largely due to the burning of
fossil fuels (coal, oil and natural gas) for automobiles and
industries which result in carbon emissions during their
extraction as well as consumption. The amount of CO,
in the atmosphere before the industrial revolution used to
be around 280 ppm and now it has increased to 412 ppm
(as of 2019). Increase in the atmospheric temperature also
leads to an increase in the temperature of the ocean. The
oceans play an important role in the global carbon cycle and
remove about 25% of the carbon dioxide emitted by human
activities. Further, some CO, dissolves in the ocean water
releasing carbonic acid which increases the acidity of the sea
water. Rising ocean temperatures and acidification not only
reduce their capacity to act as carbon sinks but also affect
ocean ecosystems and the populations that relay on them.

Increasing demand for meat and milk has led to a signifi-
cant increase in the population of livestock and conversion
of enormous amount of the land to pasture and farm land
to raise livestock. Ruminant animals (largely cows, buffa-
loes and sheep) produce large amounts of methane when
they digest food (through enteric fermentation by microbes),
adding to the greenhouse gases in the atmosphere (Sejiyan
et al. 2016). To produce 1 kg of meat it requires 7 kg of
grain and between 5000 and 20,000 L of water whereas to
produce 1 kg of wheat it requires between 500 and 4000 L
of water (Pimentel and Pimentel 2003). Anaerobic fermenta-
tion of livestock manure also produces methane. According
to Patrick Brown, our animal farming industry needs to be
changed; using readily available plant ingredients, the nutri-
tional value of any type of meat can be matched with about
one twentieth of the cost (See Leeming 2021).

The main natural source of nitrous oxide released to the
atmosphere (60%) comes from the activity of microbes on
nitrogen-based organic material from uncultivated soil and
waste water. The remaining nitrous oxide comes from human
activities, particularly agriculture. Application of nitroge-
nous fertilizers to crop plants is a routine practice to increase
the yield; many of the farmers tend to apply more than
the required amount. However, it results in nitrous oxide

emissions from the soil through nitrification and denitrifica-
tion processes by microbes. Both synthetic and organic fer-
tilizers increase the amount of nitrogen available in the soil
to microbial action leading to the release of nitrous oxide.
Organic fertilizers, however, release nitrogen more slowly
than synthetic ones so that most of it gets absorbed by the
plants as they become available. Synthetic fertilizers release
nitrogen rapidly which cannot be used by plants right away,
thus making the excess nitrogen available to microbes to
convert to nitrous oxide. Presently CO, concentration in the
atmosphere is higher than at any time in at least 2 million
years, and methane and nitrous oxide are higher than at any
time in the last 800,000 years (AR6 Climate Change 2021).

Permafrost (permanently frozen soil), widespread in
Arctic regions of Siberia, Canada, Greenland, Alaska, and
Tibetan plateau contains large quantities of organic carbon
in the top soil leftover from dead plants that could not be
decomposed or rot away due to the cold. Global warming-
induced thawing of permafrost facilitates decomposition of
this material by microbes thus releasing additional amount
of carbon dioxide and methane to the atmosphere.

Deforestation

Limited deforestation in early part of human civilization was
the result of subsistence farming; farmers used to cut down
trees to grow crops for consumption of their families and
local population. In preindustrial period also, there was a
balance between the amount of CO, emitted through various
processes and the amount absorbed by the plants. Forests
are the main sinks of atmospheric CO,. After the industrial
revolution, the trend began to change; increasing proportion
of deforestation is being driven by the demands of urbani-
zation, industrial activities and large-scale agriculture. A
new satellite map has indicated that field crops have been
extended to one million additional km? of land over the last
two decades and about half of this newly extended land has
replaced forests and other ecosystems (Potapov et al. 2021).

In recent decades the demands on forest to grow planta-
tion crops such as oil palm, coffee, tea and rubber, and for
cattle ranching and mining have increased enormously thus
reducing the forest cover. According to the World Wildlife
Fund (WWF), over 43 million hectares of forest was lost
between 2004 and 2017 out of 377 million hectares moni-
tored around the world (Pacheco et al. 2021). Amazon Rain
Forest is the largest tropical rain forest of the world and
covers over 5 million km?. It is undergoing extensive deg-
radation and has reached its highest point in recent years.
According to National Geographic, about 17% of Amazon
rain forest has been destroyed over the past 50 years and is
increasing in recent years; during the last 1 year it has lost
over 10,000 km?. In most of the countries the forest cover is
less than 33%, considered necessary. For example, India’s
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forest and tree cover is only about 24.56% of the geographi-
cal area (Indian State Forest Report 2019).

Impacts of climate change

Increase in atmospheric temperature has serious conse-
quences on biodiversity and ecosystems, and human wellbe-
ing. The most important evidences of climate change is the
long term data available on the CO, levels, global tempera-
ture and weather patterns. The impacts of climate change in
the coming decades are based on published models on the
basis of the analysis of the available data. Comparison of
the performance of climate models published between 1970
and 2007 in projecting global mean surface temperature and
associated changes with actual observations have shown that
the models were consistent in predicting global warming in
the years after publication (Hausfather et al. 2019). This cor-
relation between predicted models and actual data indicates
that the models are indeed reliable in accurately predicting
the global warming and its impacts on weather pattern in
the coming decades and their consequences on biodiversity
and human welfare.

Weather pattern and natural disasters

One of the obvious changes observed in recent years is the
extreme and unpredictable weather, and an increase in the
frequency and intensity of natural disasters. Brazil’s south
central region saw one of the worst droughts in 2021with
the result many major reservoirs reached <20% capacity,
seriously affecting farming and energy generation (Getirana
et al. 2021). In earlier decades, it was possible to predict
with reasonable certainty annual weather pattern including
the beginning and ending of monsoon rains; farmers could
plan sowing periods of their crops in synchrony with the
prevailing weather. Now the weather pattern is changing
almost every year and the farmers are suffering huge losses.
Similarly the extent of annual rainfall and the locations asso-
ciated with heavy and scanty rainfall are no more predict-
able with certainty. Many areas which were associated with
scanty rainfall have started getting much heavier rains and
the extent of rainfall is getting reduced in areas traditionally
associated with heavy rainfall. Similarly the period and the
extent of snowfall in temperate regions have also become
highly variable.

Increase in the frequency and intensity of natural disas-
ters such as floods and droughts, cyclones, hurricanes and
typhoons, and wildfires have become very obvious. Top
five countries affected by climate change in 2021 include
Japan, Philippines, Germany, Madagascar and India. Apart
from causing death of a large number of humans and other
animals, economic losses suffered by both urban and rural
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populations have been enormous. Deadly floods and land-
slides during 2020 forced about 12 million people leave
their homes in India, Nepal and Bangladesh. According
to World Meteorological Organization’s comprehensive
report published in August 2021 (WMO-No.1267), climate
change related disasters have increased by a factor of five
over the last 50 years; however, the number of deaths and
economic losses were reduced to 2 million and US$ 3.64
trillion respectively, due to improved warning and disaster
management. More than 91% of these deaths happened in
developing countries. Largest human losses were brought
about by droughts, storms, floods and extreme temperatures.
The report highlights that the number of weather, climate
and water-extremes will become more frequent and severe
as a result of climate change.

Global warming enhances the drying of organic matter
in forests, thus increasing the risks of wildfires. Wildfires
have become very common in recent years, particularly is
some countries such as Western United States, Southern
Europe and Australia, and are becoming more frequent and
widespread. They have become frequent in India also and a
large number of them have been recorded in several states.
According to European Space Agency, fire affected an esti-
mated four million km? of Earth’s land each year. Wildfires
also release large amounts of carbon dioxide, carbon mon-
oxide, and fine particulate matter into the atmosphere caus-
ing air pollution and consequent health problems. In 2021,
wildfires around the world, emitted 1.76 billion tonnes of
carbon (European Union’s Copernicus Atmospheric Moni-
toring Service). In Australia, more than a billion native ani-
mals reported to have been killed during 2020 fires, and
some species and ecosystems may never recover (OXFAM
International 2021).

Sea level rise

Global warming is causing mean sea level to rise in two
ways. On one hand, the melting of the glaciers, the polar ice
cap and the Atlantic ice shelf are adding water to the ocean
and on the other hand the volume of the ocean is expand-
ing as the water warms. Incomplete combustion of fossil
fuels, biofuels and biomass releases tiny particles of carbon
(<2.5 pm), referred to as black carbon. While suspended
in the air (before they settle down on earth’s surface) black
carbon particles absorb sun’s heat 1000s of times more effec-
tively than CO, thus contributing to global warming. When
black particles get deposited over snow, glaciers or ice caps,
they enhance their melting further adding to the rise in sea
level. Global mean sea level has risen faster since 1900 than
over any preceding century in at least the last 3000 years.
Between 2006 and 2016, the rate of sea-level rise was 2.5
times faster than it was for almost the whole of the twentieth
century (OXFAM International 2021). Precise data gathered
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from satellite radar measurements reveal an accelerating rise
of 7.5 cm from 1993 to 2017, an average of 31 mm per dec-
ade (WCRP Global Sea Level Budget Group 2018).

Snow accounts for almost all current precipitation in the
Arctic region. However, it continues to warm four times
faster than the rest of the world as the melting ice uncovers
darker land or ocean beneath, which absorbs more sunlight
causing more heating. The latest projections indicate more
rapid warming and sea ice loss in the Arctic region by the
end of the century than predicted in previous projections
(McCrystall et al. 2021). It also indicates that the transi-
tion from snow to rain-dominated Arctic in the summer and
autumn is likely to occur decades earlier than estimated.
In fact this transition has already begun; rain fell at Green-
land’s highest summit (3216 m) on 14 August 2021 for sev-
eral hours for the first time on record and air temperature
remained above freezing for about 9 h (National Snow and
Ice Sheet Centre Today, August 18, 2021).

In the annual meeting of the American Geophysical
Union (13 December 2021) researchers warned that rapid
melting and deterioration of one of western Antarctica’s big-
gest glaciers, roughly the size of Florida, Thwaites (often
called as Doomsday Glacier), could lead to ice shelf’s com-
plete collapse in just a few years. It holds enough water to
raise sea level over 65 cm. Thwaites glacier is holding the
entire West Antarctic ice sheet and is being undermined
from underneath by warm water linked to the climate
change. Melting of Thwaites could eventually lead to the
loss of the entire West Antarctic Ice Sheet, which locks up
3.3 m of global sea level rise. Such doomsday may be com-
ing sooner than expected (see Voosen 2021). If this happens,
its consequences on human tragedy and biodiversity loss are
beyond imagination.

The Himalayan mountain range is considered to hold
the world’s third largest amount of glacier ice after Arctic
and Antarctic regions. It is considered as Asian water tower
(Immerzeel et al. 2020); the meltwater from the Himala-
yan glaciers provide the source of fresh water to nearly 2
billion people living along the mountain valleys and low-
lands around the Himalayas. These glaciers are melting at
unprecedented rates. Recently King et al. (2021) studied
79 glaciers close to Mt. Everest by analysing mass-change
measurements from satellite archives and reported that the
rate of ice loss from glaciers consistently increased since
the early 1960s. This loss is likely to increase in the coming
years due to further warming. In another study, a tenfold
acceleration in ice loss was observed across the Himala-
yas than the average rate in recent decades over the past
centuries (Lee et al. 2021). Melting of glaciers also results
in drying up of perennial rivers in summer leading to the
water scarcity for billions of humans and animals, and food
and energy production downstream. See level rise and melt-
ing of glaciers feeding the rivers could lead to migration of

huge population, creating additional problems. Even when
the increase in global temperature rise is limited to 1.5 °C
(discussed later), it generates a global sea-level rise between
1.7 and 3.2 feet by 2100. If it increases to 2 °C, the result
could be more catastrophic leading to the submergence of
a large number of islands, and flooding and submergence
of vast coastal areas, saltwater intrusion into surface waters
and groundwater, and increased soil erosion. A number of
islands of Maldives for example, would get submerged as
80% of its land area is located less than one meter above
the sea level. The biodiversity in such islands and coastal
areas becomes extinct. China, Vietnam, Fiji, Japan, Indo-
nesia, India and Bangladesh are considered to be the most
at risk. Sundarbans National Park (UNESCO world herit-
age Site), the world’s largest Mangrove Forest spread over
140,000 hectares across India and Bangladesh, is the habitat
for Royal Bengal Tiger and several other animal species.
The area has already lost 12% of its shoreline in the last
four decades by rising see level; it is likely to be completely
submerged. Jakarta in Indonesia is the fastest sinking city
in the world; the city has already sunk 2.5 m in the last
10 years and by 2050, most of it would be submerged. In
Europe also, about three quarters of all cities will be affected
by rising sea levels, especially in the Netherlands, Spain,
Belgium, Greece and Italy. The entire city of Venice may
get submerged (Anonymous 2018). In USA, New York City
and Miami would be particularly vulnerable.

Crop productivity and human health

Many studies have indicated that climate change is driv-
ing increasing losses in crop productivity (Zhu et al. 2021).
The models on global yield loss for wheat, maize and rice
indicate an increase in yield losses by 10 to 25% per degree
Celsius warming (Deutsch et al. 2018). Bras et al. (2021)
reported that heatwave and drought roughly tripled crop
losses over the last 50 years, from —2.2% (1964-1990)
to—7.3% (1991-2015). Overall, the loss in crop produc-
tion from climate-driven abiotic stresses may exceed US$
170 billion year™! and represents a major threat to global
food security (Razaaq et al. 2021). Analysis of annual field
trials of common wheat in California from 1985 to 2019
(35 years), during which the global atmospheric CO, con-
centration increased by 19%, revealed that the yield declined
by 13% (Bloom and Plant 2021). Apart from crop yield,
climate change is reported to result in the decline of nutri-
tional value of food grains (Jagermeyr et al. 2021). For
example, rising atmospheric CO, concentration reduces
the amounts of proteins, minerals and vitamins in rice (Zhu
et al. 2018). This may be true in other cereal crops also. As
rice supplies 25% of all global calories, this would greatly
affect the food and nutritional security of predominantly
rice growing countries. Climate change would also increase
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the prevalence of insect pests adding to the yield loss of
crops. The prevailing floods and droughts also affect food
production significantly. Global warming also affects crop
productivity through its impact on pollinators. Insect pol-
linators contribute to crop production in 75% of the leading
food crops (Rader et al. 2013). Climate change contributes
significantly to the decline in density and diversity of pol-
linators (Shivanna 2020; Shivanna et al. 2020). Under high
as well as low temperatures, bees spend less time in foraging
(Heinrich 1979) adding additional constraints to pollination
efficiency of crop species.

The IPCC Third Assessment Report (Climate change
2001: The scientific basis — IPCC) concluded that the
poorest countries would be hardest hit with reductions in
crop yields in most tropical and sub-tropical regions due to
increased temperature, decreased water availability and new
or changed insect pest incidence. Rising ocean temperatures
and ocean acidification affect marine ecosystems. Loss of
fish habitats is modifying the distribution and productivity
of both marine and freshwater species thus affecting the sus-
tainability of fisheries and populations dependent on them
(Salvatteci 2022).

Air pollution is considered as the major environmental
risk of climate change due to its impact on public health
causing increasing morbidity and mortality (Manisalidis
2020). Particulate matter, carbon monoxide, nitrogen oxide,
and sulphur dioxide are the major air pollutants. They cause
respiratory problems such as asthma and bronchiolitis and
lung cancer. Recent studies have indicated that exposure to
air pollution is linked to methylation of immunoregulatory
genes, altered immune cell profiles and increased blood pres-
sure in children (Prunicki et al. 2021). In another study wild-
fire smoke has been reported to be more harmful to humans
than automobiles emissions (Aquilera et al. 2021). Stubble
burning (intentional incineration of stubbles by farmers
after crop harvest) has been a common practice in some
parts of South Asia particularly in India; it releases large
amount of toxic gases such as carbon monoxide and methane
and causes serious damage to the environment and health
(Abdurrahman et al. 2020). It also affects soil fertility by
destroying the nutrients and microbes of the soil. Attempts
are being made to use alternative methods to prevent this
practice.

A number of diseases such as zika fever, dengue and chi-
kungunya are transmitted by Aedes mosquitoes and are now
largely restricted to the monsoon season. Global warming
facilitates their spread in time and space thus exposing new
populations and regions for extended period to these dis-
eases. Lyme disease caused by a bacterium is transmitted
through the bite of the infected blacklegged ticks. It is one
of the most common disease in the US. The cases of Lyme
disease have tripled in the past two decades. Recent stud-
ies have suggested that variable winter conditions due to
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climate change could increase tick’s activity thus increasing
the infections (see Pennisi 2022).

Biodiversity

Biodiversity and associated ecoservices are the basic
requirements for human livelihood and for maintenance of
ecological balance in Nature. Documentation of biodiversity,
and its accelerating loss and urgent need for its conservation
have become the main concern for humanity since several
decades (Wilson and Peter 1988; Wilson 2016; Heywood
2017; IPBES 2019; Genes and Dirzo 2021; Shivanna and
Sanjappa 2021). It is difficult to analyse the loss of biodi-
versity exclusively due to climate change as other human-
induced environmental changes such as habitat loss and
degradation, overexploitation of bioresources and introduc-
tion of alien species also interact with climate change and
affect biodiversity and ecosystems. In recent decades there
has been a massive loss of biodiversity leading to initiation
of the sixth mass extinction crisis due to human-induced
environmental changes. These details are not discussed here;
they are dealt in detail in many other reviews (Leech and
Crick 2007; Sodhi and Ehrlich 2010; Lenzen et al. 2012;
Dirzo and Raven 2003; Raven 2020; Ceballos et al. 2015;
Beckman et al. 2020; Shivanna 2020; Negrutiu et al. 2020;
Soroye et al. 2020; Wagner 2020, 2021; Anonymous 2021;
Zattara and Aizen 2021).

Terrestrial species

There are several effects on biodiversity caused largely by
climate change. Maxwell et al. (2019) reviewed 519 studies
on ecological responses to extreme climate events (cyclones,
droughts, floods, cold waves and heat waves) between
1941 and 2015 covering amphibians, birds, fish, inverte-
brates, mammals, reptiles and plants. Negative ecological
responses have been reported for 57% of all documented
groups including 31 cases of local extirpations and 25% of
population decline.

Increase in temperature impacts two aspects of growth
and development in plants and animals. One of them is a
shift in distributional range of species and the other is the
shift in phenological events. Plant and animal species have
adapted to their native habitat over 1000s of years. As the
temperature gets warmer in their native habitat, species tend
to move to higher altitudes and towards the poles in search
of suitable temperature and other environmental conditions.
There are a number of reports on climate change-induced
shifts in the distributional range of both plant and animal
species (Grabherr et al. 1994; Cleland et al. 2007; Parmesan
and Yohe 2003; Beckage et al. 2008; Pimm 2009; Miller-
Rushing et al. 2010; Lovejoy and Hannah 2005; Lobell et al.
2011). Many species may not be able to keep pace with the
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changing weather conditions and thus lag behind leading to
their eventual extinction. Long-term observations extending
for over 100 years have shown that many species of bumble-
bees in North-America and Europe are not keeping up with
the changing climate and are disappearing from the southern
portions of their range (Kerr et al. 2015). Most of the flower-
ing plants depend on animals for seed dispersal (Beckman
et al. 2020). Defaunation induced by climate change and
other environmental disturbances has reduced long-distance
seed dispersal. Prediction of dispersal function for fleshly-
fruited species has already reduced the capacity of plants to
track climate change by 60%, thus severely affecting their
range shifts (Fricke et al. 2022).

Climate change induced shifts in species would threaten
their sustenance even in protected areas as they hold a
large number of species with small distributional range
(Velasquez-Tibata et al. 2013). Pautasso (2012) has high-
lighted the sensitivity of European birds to the impacts of
climate change in their phenology (breeding time), migra-
tion patterns, species distribution and abundance. Metase-
quoia glyptostroboides is one of the critically endan-
gered species with extremely small populations distributed
in South-Central China. Zhao et al. (2020) analysed detailed
meteorological and phenological data from 1960 to 2016 and
confirmed that climate warming has altered the phenology
and compressed the climatically suitable habitat of this spe-
cies. Their studies revealed that the temperature during the
last 57 years has increased significantly with the expansion
of the length of growing season of this species. Climati-
cally suitable area of the species has contracted at the rate
of 370.8 km? per decade and the lower and upper elevation
limits shrunk by 27 m over the last 57 years.

The other impact of climate change on plant and animal
species has been in their phenological shift. Phenology is the
timing of recurring seasonal events; it is a sort of Nature’s
calendar for plants and animals. In flowering plants, various
reproductive events such as the timing of flowering, fruit-
ing, their intensity, and longevity are important phenologi-
cal events, and in animals some of the phenological events
include building of nests in birds, migration of animal spe-
cies, timing of egg laying and development of the larva,
pupa and adult in insects. Phenological events of both plants
and animals are generally fixed in specific time of the year as
they are based on environmental cues such as temperature,
light, precipitation and snow melt. Phenological timings of
species are the results of adaptations over 100 s of years to
the prevailing environment. Wherever there is a mutualism
between plants and animals, there is a synchrony between
the two partners. For example in flowering plants, flowering
is associated with the availability of pollinators and fruit-
ing is associated with the availability of seed dispersers and
optimal conditions for seed germination and seedling estab-
lishment. In animals also, phenological events are adapted to

suit normal growth and reproduction. In temperate regions,
melting of ice initiates leafing in plants; this is followed
by the flowering in the spring. Similarly, warming of the
climate before the spring induces hatching of the hibernat-
ing insects which feed on newly developed foliage. Insects
emerge and ready to pollinate the flowers by the time the
plants bloom.

The dates of celebration of the cherry blossom festi-
val, an important cultural event in Japan that coincides
with the peak of flowering period of this species and for
which > 1000 years of historical records are available, has
shown advances in the dates of the festival in recent decades
(Primack et al. 2009). The records between 1971 and 2000
showed that the trees flowered an average of 7 days earlier
than all the earlier years (Allen et al. 2013). These advances
were correlated with increasing temperature over the years.
Spring temperatures in the Red River valley, North Dakota,
USA have extended the period of the growing season of
plants significantly over the years. Flowering times, for
which data are available from1910 to1961, have been shown
to be sensitive to at least one variable related to tempera-
ture or precipitation for 75% of the 178 species investigated
(Dunnell and Traverse 2011). The first flowering time has
been significantly shifted earlier or later over the last 4 years
of their study in 5-15% of the observed species relative to
the previous century. Rhododendron arboretum, one of the
central Himalayan tree species, flowers from early Febru-
ary to mid-March. Generalized additive model using real-
time field observations (2009-2011) and herbarium records
(1893-2003) indicated 88-97 days of early flowering in this
species over the last 100 years (Gaira et al. 2014). This early
flowering was correlated with an increase in the temperature.

One of the consequences of a shift in the distributional
range of species and phenological timings is the possible
uncoupling of synchronization between the time of flower-
ing of plant species and availability of its pollinators (see
Gerard et al. 2020). When a plant species migrates, its pol-
linator may not be able to migrate; similarly when a pol-
linator migrates, the plant species on which it depends for
sustenance may not migrate. Memmott et al. (2007) explored
potential disruption of pollination services due to climate
change using a network of 1420 pollinators and 429 plant
species by simulating consequences of phenological shifts
that can be expected with doubling of atmospheric CO,.
They reported phenological shifts which reduced available
floral resources to 17-50% of all pollinator species. A long-
term study since the mid-1970s in the Mediterranean Basin
has indicated that unlike the synchrony present in the earlier
decades between the flowering of plant species and their pol-
linators, insect phenoevents during the last decade showed a
steeper advance than those of plants (Gordo and Sanz 2005).
Similar asynchrony has been reported between the flower-
ing of Lathyrus and one of its pollinators, Hoplitis fulgida
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(Forrest and Thomson 2011). Asynchrony between flower-
ing and appearance of pollinator has also been reported in
a few other cases (Kudo and Ida 2013; Kudo 2014). Such
asynchrony could affect the sustenance of plant and/or pol-
linator species in the new environment.

Marine species

Amongst the marine species, corals are the most affected
groups due to the rise in temperature and acidity of oceans.
Corals live in a symbiotic relationship with algae which
provide colour and photosynthates to the corals. Corals are
extremely sensitive to heat and acidity; even an increase
of 2-3°F of ocean water above normal results in expulsion
of the symbiotic algae from their tissues leading to their
bleaching (Hoegh-Guldberg et al. 2017). When this bleached
condition continues for several weeks, corals die. Nearly
one-third of the Great Barrier Reef, the world’s largest coral
reef system that sustains huge Australian tourism industry,
has died as a result of global warming (Hughes et al. 2018).
According to the experts the reef will be unrecognizable in
another 50 years if greenhouse gas emissions continue at
the current rate.

According to UNESCO, coral reefs in all 29 reef-contain-
ing World Heritage sites would cease to exist as function-
ing ecosystems by the end of this century if greenhouse gas
emissions continue to be emitted at the present rate (Elena
et al. 2020). Recent assessment of the risk of ecosystem col-
lapse to coral reefs of the Western Indian Ocean, covering
about 5% of the global total, range from critically endan-
gered to vulnerable (Obura et al. 2021). Coral reefs provide
suitable habitat for thousands of other species, including
sharks, turtles and whales. If corals die, the whole ecosystem
will get disrupted.

Melting of ice in Arctic region due to global warming is
threatening the survival of native animals such as polar bear,
Arctic fox and Arctic wolf. Rising of sea level also leads to
the extinction of a large number of endangered and endemic
plant and animal species in submerged coastal areas and
islands. Over 180,000 islands around the globe contain 20%
of the world’s biodiversity. Bellard et al. (2013) assessed
consequences of sea level rise of 1-6 m for 10 insular bio-
diversity hotspots and their endemic species at the risk of
potential extinction. Their study revealed that 6 to19% of the
4447 islands would be entirely submerged depending on the
rise of sea level; three of them, the Caribbean islands, the
Philippines and Sundaland, displayed the most significant
hotspots representing a potential threat for 300 endemic spe-
cies. According to the Centre for Biological Diversity (2013)
233 federally protected threatened and endangered species
in 23 coastal states are threatened if rising sea is unchecked.
Recently more than 100 Aquatic Science Societies represent-
ing over 80,000 scientists from seven continents sounded
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climate alarm (Bonar 2021). They have highlighted the
effects of climate change on marine and aquatic ecosystems
and have called on the world leaders and public to undertake
mitigation measures to protect and sustain aquatic systems
and theirs services.

Mitigation measures

The principal mitigation measures against climate change
are obvious; they include significant reduction in greenhouse
gas emission, prevention of deforestation and increase in
the forest cover. To reduce greenhouse gas emission, use of
coal and fossil fuels needs to be reduced markedly. As cli-
mate change is a global challenge, local solutions confined to
one or a few countries do not work; we need global efforts.
Many attempts are being made to achieve these objectives
at the global level since many decades. Mitigation measures
are largely at the level of diplomatic negotiations involv-
ing states and international organizations, Governments and
some nongovernmental organizations. The Intergovernmen-
tal Panel on Climate Change (IPCC) was established by the
United Nations Environment Programme (UNEP) and the
World Meteorological Organization (WMO) in 1988. Its
mandate was to provide political leaders with periodic sci-
entific assessments concerning climate change, its implica-
tions and risks, and also to put forward adaptation and miti-
gation strategies. In 1992 more than 1700 World scientists,
including the majority of living Nobel laureates gave the first
Warning to Humanity about climate change and associated
problems. They expressed concern about potential damage to
the Planet Earth by human-induced environmental changes
such as climate change, continued human population growth,
forest loss, biodiversity loss and ozone depletion. Confer-
ence of Parties (COP) of the UN Convention on Climate
Change was established in 1992 under the United Nations
Framework Convention on Climate Change (UNFCCC) to
discuss global response to climate change. Its first meeting
(COP 1) was held in Berlin in March 1995 and is being held
every year since then. The Fifth Assessment Report of the
IPCC, released in November 2014, projected an increase
in the mean global temperature of 3.7 to 4.8 °C by 2100,
relative to preindustrial levels (1850), in the absence of new
policies to mitigate climate change; it highlighted that such
an increase would have serious consequences. This predic-
tion compelled the participating countries at the COP 21
held in Paris in December 2015 to negotiate effective ways
and means of reducing carbon emissions. In this meeting the
goal to limit global warming to well below 2 °C, preferably
to 1.5 °C, compared to preindustrial levels was adapted by
196 participating countries as a legally binding treaty on
climate change. It also mandated review of progress every
5 years and the development of a fund containing $100
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billion by 2020, which would be replenished annually, to
help developing countries to adopt non-greenhouse-gas-
producing technologies.

In 2017, after 25 years after the first warning, 15,354
world scientists from 184 countries gave ‘second warning to
humanity’ (Ripple et al. 2017). They emphasized that with
the exception of stabilizing the stratospheric ozone layer,
humanity has failed to make sufficient progress in solving
these environmental challenges, and alarmingly, most of
them are getting far worse. Analysis of Warren et al. (2018)
on a global scale on the effects of climate change on the
distribution of insects, vertebrates and plants indicated that
even with 2 °C temperature increase, approximately 18%
of insects, 16% of plants and 8% of vertebrates species are
projected to loose > 50% geographic range; this falls to 6%
for insects, 8% for plants and 4% for vertebrates when tem-
perature increase is reduced to 1.5 °C.

UN Report on climate change (prepared by > 90 authors
from 40 countries after examining 6000 scientific publica-
tions) released in October 2018 in South Korea also gave
serious warning to the world. Some of the salient features
of this report were:

e QOvershooting 1.5 °C will be disastrous. It will have dev-
astating effects on ecosystems, communities and econo-
mies. By 2040 there could be global food shortages, the
inundation of coastal cities and a refugee crisis unlike the
world has ever seen.

e Even 1.5 °C warming would rise sea levels by 2677 cm
by 2100; 2 °C would add another 10 cm which would
affect another 10 million people living in coastal regions.

e Coral reefs are projected to decline 70-90% even at
1.5 °C. At 2 °C, 99% of the reefs would be ravaged.

e Storms, floods, droughts and forest fires would increase
in intensity and frequency.

e The world has already warmed by about 1 °C since prein-
dustrial times. We are currently heading for about 3—4 °C
of warming by 2100.

e Unless rapid and deep reductions in CO, and other
greenhouse gas emissions occur in the coming decades,
achieving the goals of the 2015 Paris Agreement will be
beyond reach.

e To keep 1.5 °C target, coal’s share of global electric-
ity generation must be cut from the present 37% to no
more than 2% by 2050. Renewable power must be greatly
expanded. Net CO, emissions must come down by 45%
(from 2010 levels) by 2030 and reach net zero (emissions
of greenhouse gases no more than the amount removed
from the atmosphere) around 2050.

This report awakened the world Governments about
the seriousness of the climate change. The COP 26 meet-
ing which was to be held in 2020 had to be postponed due

to Covid-19 pandemic. The first part of the sixth report of
IPCC was released in August 2021 (AR6 Climate Change
2021), just before the postponed COP 26 meeting was to be
held; it highlighted that the threshold warming of 1.5 °C (the
target of keeping the warming by the end of the century)
would reach in the next 20 years itself and if the present
trends continue, it would reach 2.7 °C by the end of the
century.

Under this predicted climate emergency (see Ripple
et al. 2020), COP 26 meeting was held in Glasgow, Scot-
land between October 31 and November 12, 2021. Nearly
200 countries participated in this meeting. The main aim
of the COP 26 was finalization of the rules and procedures
for implementation of the Paris agreement to keep the tem-
perature increase to 1.5 °C. A number of countries including
USA and European Union pledged to reach net zero carbon
emission by 2050. China pledged to reach net zero emissions
by 2060 and India by 2070. India also committed to reduce
the use of fossil fuels by 40% by 2030. More than 100 coun-
tries committed to reduce worldwide methane emissions
by 30% (of 2020 levels) by 2030 and to end deforestation
by 2030. The average atmospheric concentration of meth-
ane reached a record 1900 ppb in September 2021; it was
1638 ppb in 1983 (US National Oceanic and Atmospheric
Administration), highlighting the importance of acting on
pledges made at the COP 26.

One of the limitations of COP meetings has been nonad-
herence of the commitment made by developed countries at
Paris meeting to transfer US $100 billion annually to devel-
oping and poor countries to support climate mitigation and
loss of damage, through 2025; only Germany, Norway and
Sweden are paying their share. Several experts feel that the
adoption of the Glasgow Climate Pact was weaker than
expected. According to the assessment of Climate Action
Tracker, a non-profit independent global analysis platform,
emission reduction commitments by countries still lead to
2.4 °C warming by 2100. However, a positive outcome of
the meeting was that it has kept alive the hopes of achieving
the 1.5 °C goal by opening the options for further discussion
in the coming COP meetings. Apart from implementation of
mitigation pledges made by countries, it is also important to
pay attention to climate adaptation since the negative effects
of climate change will continue for decades or longer (AR6
Climate Change 2021). Investment in early warning is an
important means of climate adaptation, which is lacking in
many parts of Africa and Latin America.

Conclusions
Climate change has now become the fastest growing global

threat to human welfare. The world has realized the respon-
sibility of the present generation as it is considered to be

@ Springer



168

Proceedings of the Indian National Science Academy (2022) 88:160-171

the last generation capable of taking effective measures to
reverse its impact. If it fails, human civilization is likely to
be doomed beyond recovery. As emphasized by many organ-
izations, the climate crisis is inherently unfair; poorer coun-
tries will suffer its consequences more than others. India is
one amongst the nine countries identified to be seriously
affected by climate change. According to a WHO analysis
(2016) India could face more than 25% of all global climate-
related deaths by 2050 due to decreasing food availability.
China is expected to face the highest number of per capita
food insecurity deaths. Bhutan, a small Himalayan king-
dom with 60% forest cover, is the most net negative carbon
emission country; its GHG emission is less than the amount
removed from the atmosphere. Other countries should aim
to emulate Bhutan as early as possible.

A number of other options have been suggested to trap
atmospheric carbon dioxide (Climate change mitigation—
Wikipedia). Carbon storage through sequestration of organic
carbon by deep-rooted grasses has been one such approach
(Fisher et al. 1994). Several studies from Africa have indi-
cated that introduction of Brachiaria grasses in semi-arid
tropics can help to increase not only carbon stock in the
soil but also yield greater economic returns (Gichangi et al.
2017). Recently a new seed bank, ‘Future Seeds’ was dedi-
cated at Palmira, Columbia to store world’s largest collection
of beans, cassava, and tropical forage grasses for the use of
breeders to create better performing and climate-resistant
crops (Stokstad 2022). Brachiaria humidicola is one of the
tropical forage grass stored in this seed bank for its potential
benefit in carbon sequestration. Lavania and Lavania (2009)
have suggested vetiver (Vetiveria zizanioides), a C, perennial
grass, with massive fibrous root system that can grow up
to 3 m into the soil in 1 year, as a potential species for this
purpose. Vetiver is estimated to produce 20-30 tonnes of
root dry matter per hectare annually and holds the potential
of adding 1 kg atmospheric CO, annually to the soil carbon
pool per m? surface area. Carbon dioxide capture and stor-
age is another such potential approach. At present it is too
expensive and this approach may have to wait until improve-
ment of the technology, reduction in the cost and feasibility
of transfer of the technology to developing countries (IPCC
Special Report on carbon dioxide capture and storage 2005).

There has been some discussion on the role of climate
change on speciation (Levin 2019; Gao et al. 2020). Some
evolutionary biologists have observed that the rate of spe-
ciation has accelerated in the recent past due to climate
change and would continue to increase in the coming dec-
ades (Thomas 2015; Levin 2019; Gao et al. 2020). They
propose that auto- and allo-polyploidy are going to be the
primary modes of speciation in the next 500 years (Levin
2019, see also Gao 2019, Villa et al. 2022). However, extinc-
tion of species imposed by climate change may excel posi-
tive impact on plant speciation via polyploidy (Gao et al.
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2020). The question is will climate change induce higher
level of polyploidy and other genetic changes in crop species
also that would promote evolution of new genotypes to sus-
tain productivity and quality of food grains? If so, it would
ameliorate, to some extent, food and nutritional insecurity
of humans especially in the developing world.

Effective implementation of the pledges made by differ-
ent countries in COP 26 and actions to be taken in the com-
ing COP meetings are going to be crucial and determine
humanity’s success or failure in tackling climate change
emergency. COP 26 climate pact to cut greenhouse gas emis-
sions, end of deforestation and shift to sustainable transport
is certainly more ambitious then earlier COPs. There are
also many other positive signals for reducing fossil fuels.
Scientists have started using more precise monitoring equip-
ment to collect more reliable environmental data, and more
options are being developed by researchers on renewable and
alternate energy sources, and to capture carbon from indus-
tries or from the air (Chandler D, MIT News 24 Oct 2019,
Swain F, BBC Future Planet, 12 March 2021). Scotland has
become coal-free and Costa Rica has achieved 99% renew-
able energy. India has reduced the use of fossil fuel by 40%
of it installed capacity, 8 years ahead of its commitment at
the COP 26.

Further, people are becoming more conscious to reduce
carbon emission by following climate-friendly technologies.
Human sufferings associated with an increase in natural
disasters throughout the world have focussed public atten-
tion on climate change as never before. They also realise
the benefits of improved air quality by reducing consump-
tion of coal and fossil fuels on health and ecosystems. The
demand for electric vehicles is steadily growing. Reforesta-
tion is being carried out in a large scale in many countries.
Recent studies across a range of tree plantations and native
forests in 53 countries have revealed that carbon storage,
soil erosion control, water conservation and biodiversity
benefits are delivered better from native forests compared
to monoculture tree plantations, although the latter yielded
more wood (Hua et al. 2022). This has to be kept in mind in
reforestation programmes. Hopefully the world will be able
to realize the goal of limiting the temperature rise to 1.5 °C
by the end of the century and humanity would learn to live
in harmony with Nature.
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