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Abstract Global warming and climate change are the most

prominent issues of the current environmental scenario.

These problems arise due to higher concentration of

greenhouse gases in the atmosphere which exert a warming

effect. Although much attention has been given to

anthropogenic sources and impacts of these gases, the

significance and implications of microorganisms have

remained neglected. The present review brings to light this

overlooked aspect (role and responses of microbes in this

context) in both terrestrial and aquatic ecosystems.

Through existing literature, it attempts to assess the

mechanisms that cause microbes to emit and absorb

greenhouse gases. The consequent effects as well as feed-

backs have also been studied. It was then found that

microbes play a major role with respect to climate change.

Thus, microbes should never be deprived of their due

importance in climate change models as well as discussions

on the matter. In addition, the review also identified the

necessity of proper research in this aspect as there is a lack

of adequate understanding on this facet of climate change.
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1 Introduction

World climate has remained stable for over 12,000 years,

and such stability is crucially important for the existence of

mankind (NASA 2015a). But the average global tempera-

ture soared up by 1.5 �F during the last century, and it has

been projected to surge higher by additional 0.5–8.6 �F
within a period of 100 years. This is a serious issue as even

subtle fluctuations in average the worldwide temperature

can cause severe shifts in climate and weather (US EPA

2015a).

The microbial world holds great significance in this

regard, as it an important component of carbon and nitro-

gen cycles and is involved in the emission and removal of

greenhouse gases like carbon dioxide and methane, which

in turn are responsible for climate change (Microbiology

Online 2015). Photosynthetic microbes consume atmo-

spheric carbon dioxide, whereas the heterotrophs decom-

pose organic matter to emit greenhouse gases. The balance

between the two processes is the main determinant of the

net carbon flux, which differs across various ecosystems,

depending upon climatic conditions like temperature. This

makes microbial responses a crucial component of carbon

flux on earth (Weiman 2015) as they not only lock up but

also release huge amounts of carbon (Zimmer 2010). It

must be highlighted here that greenhouse gases like CO2

and CH4 and N2O predominantly originate from microbes

(Singh et al. 2010).

The microbial world is a crucial entity of carbon and

other biogeochemical cycles, and their role with respect to

climate change requires attention (Walsh 2015). However,

microbes are absent from most discussions of climate

change (Dupré 2008; Walsh 2015). It is in fact the lack of

adequate understanding because of which microbial activ-

ity has not been considered properly in most climate

change models (Dupré 2008). Therefore, the present review

has been undertaken to develop an understanding about the

role of microbes of both terrestrial and aquatic ecosystems

with regard to climate change as well as to appreciate the& Himangshu Dutta
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effects of the phenomenon on the microbial world. The

review attempts to highlight the significance of microbial

aspect of the biosphere as a cause and ‘‘victim’’ of climate

change.

2 The problem

Climate change is among the most complex global issues

of the present times and encompasses scientific, economic,

social, political, moral, and ethical aspects (NASA 2015a).

It occurs mainly due to the effects of higher atmospheric

concentrations of four greenhouse gases, viz, carbon

dioxide, methane, nitrous oxide, and chlorofluorocarbons

(US EPA 2016). The global warming potential (i.e., the

capacity to produce warming) and atmospheric lifetime of

the first three gases which are emitted due to microbial

activities are 1, 12, and 298 as well as 100, 25, and

114 years, respectively (Center for Climate and Energy

Solutions, USA Web site).

The severity of the problem is evident from the fact that

the daily level of carbon dioxide in the atmosphere sur-

passed 400 ppm for the first time in human history in 2013.

Such high levels used to occur, approximately three to five

million years ago during the Pliocene era (NASA 2015a).

With climatic changes, adaptability will be required, which

will be difficult to achieve under elevated rates of change

(NASA 2015a). The consequences of global warming are

likely to be more intensified at high northern latitudes,

where temperature elevation would be about twice the

global average (Ruess et al. 1999).

3 Significance of terrestrial and aquatic
ecosystems

The soil ecosystem is a huge pool of dynamic carbon and is

an important determinant of the trends of climate change

(Raich and Potter 1995). Approximately 3.1 9 105 kg

(3100 Pg) of carbon is present in soil which is more than

two-thirds of the total terrestrial carbon (Schlesinger and

Andrews 2000; Hibbard et al. 2005; Davidson and Janssens

2006). In other words, terrestrial soil stores more carbon

than the atmosphere and vegetation combined (Schlesinger

1997; Jobbagy and Jackson 2000). The soil–atmosphere

exchange of carbon dioxide (CO2) is a major component of

the global carbon (C) cycle (Raich and Potter 1995), and

about 10 % of the atmospheric carbon dioxide of the

atmosphere passes through soil on an annual basis (Raich

and Potter 1995). The terrestrial surface flux of carbon

dioxide, which generates emissions of 5000–7500 kg

(50–75 Pg) of carbon per year, is an important contributor

to global carbon cycling (Raich and Schlesinger 1992). It

must be added that about 1.2 9 1014 kg (120 billion tons)

of carbon is taken up by primary production every year by

autotrophic soil microbial, whereas soil heterotrophic

microbes cumulatively emit about 1.19 9 1014 kg

(119 billion tons) of carbon (Singh et al. 2010).

The aquatic ecosystems are no less relevant to the issue of

climate change. The oceans act as a sink of CO2 and hence

are known as the biological pump (Glöckner et al. 2012). The

upper oceanic layer is the boundary where CO2 and other

greenhouse gases have accumulated in course of decades,

and the deep ocean is the most formidable carbon storehouse

in the world (Gruber et al. 2002; Sarmiento and Gruber

2002). In the ocean ecosystem, approximately 6 9 1012 kg

(60 gigatons) of carbon is annually processed by microbes

(Field et al. 1998). The oceans along with the soil ecosystem

constitute a global carbon sink for about 3 9 1012 kg

(3 billion tons) of carbon and absorb 40 % of carbon dioxide

emission from fossil fuel burning (Singh et al. 2010).

4 Relevance of microbial world to the problem

The activities of microorganisms have been critical in the

determination of atmospheric concentrations of greenhouse

gases such as carbon dioxide (CO2), methane (CH4), and

nitrous oxide (N2O) in the course of earth’s history (Singh

et al. 2010). Microbes have been producing and removing

greenhouse gases since their evolution in the ocean more

than 3.5 billion years ago and after their movement to land

about 2 billion years ago (Zimmer 2010). In fact, these are

responsible for the main processes causing greenhouse gas

fluxes between soils and the atmosphere (Conrad 1996;

Falkowski et al. 2008) and contribute immensely to terres-

trial CO2 emissions (Melillo et al. 2002, 2011). It must be

mentioned here that the average worldwide concentration of

CO2 in the atmosphere was about 380 ppm in 2005, which

exceeded the earlier maximum concentration for the past

650,000 years by about 80 ppm (IPCC 2007a). Microor-

ganisms have resulted in several changes in world climate

which has also, in turn, influenced them (Zimmer 2010). In

fact, several microorganisms are likely to be affected by

climate change, which can lead to environmental, economic,

and societal impacts (French et al. 2009).

5 Role of microbes in climate change

5.1 Role of terrestrial microbes

5.1.1 Production of carbon dioxide and methane

The amount of atmospheric carbon produced due to soil

microbial decomposition is 7.5–9 times of what is released
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due to anthropogenic emissions worldwide annually

(Crowther et al. 2015). In fact, through the decomposition

of plant organic matter, microorganisms in soil release

5.5 9 1012 kg (55 billion tons) of carbon dioxide every

year which is eight times more than that by humans

(Zimmer 2010). This has tremendous influence on carbon

cycle–climate feedback, on the basis of which the Inter-

governmental Panel projects climate change. Soil biotic

interactions are thus significant because they are crucial in

mediating soil microbial feedbacks to climate change

(Crowther et al. 2015). However, microbial organic matter

decomposition is highly sensitive to climatic trends

(Crowther et al. 2015).

Worldwide emission of CH4 is more directly dependant

on microorganisms as compared to CO2 (Singh et al. 2010).

Microbes are, in fact, responsible for about 85 % of world

methane release (Zimmerman and Labonte 2015). In this

context, spongy bog soils need a special mention, where a

large number of microbial genes and proteins are respon-

sible for methane emission. This can be exemplified by the

enzyme methylcoenzyme M reductase, which is responsi-

ble for the transformation of carbon dioxide into methane.

Warming trends could drive many such local microbes to

release larger amounts of methane (Svoboda 2015a).

Microorganisms consume about 60 % of methane pro-

duced across the world (Zimmerman and Labonte 2015). In

fact, methane-consuming microorganisms are capable of

removing atmospheric methane even at very low concen-

trations and occur in both land and sea (Zimmerman and

Labonte 2015). In this way, microbes contribute toward

controlling methane emission which in turn regulates cli-

mate change. In this regard, mention can also be made of

the microbes of native prairie grasslands, which play the

significant role of stabilizing carbon flux. However, altered

precipitation patterns arising due to climate change affect

these microbes. This in turn has the potential to impose

major consequences on the carbon balance in such

ecosystems by affecting soil carbon storage (Weiman

2015).

5.1.2 The issue of permafrost

In the context of climate change, the permafrost of the

poles, which is the biggest terrestrial reservoir of carbon

compounds (Weiman 2015), needs a special mention. Even

though the permafrost occupies 9 % of the landmass of the

earth, it contains 25–50 % of global soil organic carbon

(European Commission 2015). Around 1.7 9 1015 kg

(1700 gigatons) of carbon remain captured in permafrost,

whereas the atmosphere contains approximately

8.50 9 1014 kg (850 gigatons) (Atkin 2015). In fact, North

American and Siberian tundra has stored carbon for the

past 11,000 years since time when the glaciers retreated at

the end of the last Ice Age (Zimmer 2010).

However, increase in temperature, on account of climate

change, initiates the melting of the inert permafrost layers.

Consequently, the dormant microbial community within

these structures is activated, and biotic activities such

respiration, fermentation, and methanogenesis are triggered

(Weiman 2015). Bacteria present in the thawing soil layer

begin producing several proteins and enzymes that break

down large carbon molecules like plant cellulose into

simpler sugars that serve as source of energy for the bac-

teria (Svoboda 2015a). As thawing proceeds, the soil

begins transitioning more into decomposition (Svoboda

2015a). These processes lead to the conversion of soil

carbon into greenhouse gases (e.g., carbon dioxide and

methane) (Weiman 2015).

Soil microbes utilize either acetate produced by plants,

or carbon dioxide and hydrogen to acquire energy and

produce methane in the process. The initial methane flux

arises from the latter pathway. However, as the frozen

soils are converted gradually into wetlands, the former

arises as the preferred pathway (University of Arizona

2014). As the Arctic becomes warmer and drier, the

permafrost microbes are initially expected to produce

carbon dioxide. But as the environment further changes,

the microbes would release methane (Atkin 2015). Thus,

as the Arctic and Alpine tundra heat up because of cli-

mate change, larger amounts of methane are emitted from

permafrost soils, mainly due to the activities of methane-

producing archaea. However, these processes and associ-

ated methane-consuming sources have not been precisely

understood (Dupré 2008). Therefore, Arctic carbon is

regarded as potential symptom as well as driver of global

warming (European Commission 2015). It is currently a

serious issue because the permafrost of Greenland has

been activated with the warming up of the climate (Atkin

2015). Approximately 1.20 9 1014 kg (120 gigatons) of

carbon (without considering microbes) has been projected

to be emitted from thawing permafrost by 2100, and this

would increase the average temperature by 0.29� across

the globe. If the climate worsens even further, total per-

mafrost emissions would almost double. It is a highly

significant issue because these emissions arising from

permafrost are irreversible (Atkin 2015). The microbe

Methanoflorens stordalenmirensis plays crucial in this

aspect since it releases huge amounts of carbon trapped in

Arctic permafrost as methane. This organism plays an

important role in deciding the fate of such ecosystems

(Zolfagharifard 2014). The species was discovered in

permafrost soils in northern Sweden that had thawed on

account of rising temperatures (University of Arizona

2014). Figure 1 illustrates the issue of permafrost.
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5.1.3 The issue of agricultural lands

Huge quantities of N2O are produced due to microbial nitri-

fication and denitrification from agricultural lands which

predominates as a source of nitrous oxide. This accounts for

more than one-third among the sources of the greenhouse gas

(IPCC 2007a). In fact, for the deposition of every 1000 kg

(i.e., 1 ton) of reactive nitrogen (mainly fertilizer), 10–50 kg is

emitted as N2O (Singh et al. 2010). According to Tilman et al.

(2001), in 2000 there were 1.5 9 106 km2 (1.54 9 9 109 ha)

of croplands, 3.479 9 106 km2 (3.479 9 109 ha) of pastures,

and 2.809 9 105 km2 (2.809 9 108 ha) of irrigated lands all

over the world, and these were projected to increase by 18.5,

13.4, and 47.1 % by 2050, respectively. Agricultural soils are

central to global carbon and nitrogen cycles, and it has been

found that cultivated soils under conventional tillage practices

release approximately ten timesmore nitrous oxide than forest

soils (Robertson et al. 2000). Avrahami and Conrad (2003)

observed that the proportion of N2O associated with nitrifi-

cation decreases at elevated temperatures. However, temper-

ature does not affect denitrifying enzyme activity (DEA)

(Barnard et al. 2004). It is also a fact that although soil

microbial processes release greenhouse gases (e.g., CO2, N2O,

and CH4), soil also acts as sink for carbon in agricultural lands

(Cole et al. 1996).

5.2 Role of aquatic microbes

About 93 % of the world’s carbon dioxide is stored in

oceans, which cycle approximately 9 9 1013 kg (90 billion

tons) of carbon dioxide per year, whereas approximately

6 9 1012 kg (6 billion tons) is of anthropogenic origin

(Stewart 2003). The mechanics of the oceanic carbon cycle

is mostly dominated by micro-, nano-, and picoplanktons,

including bacteria and archaea (Stewart 2003). Enormous

populations of photosynthetic microorganisms occur in

oceans, especially in polar regions (e.g., Arctic sea ice),

and these remove formidable quantities of atmospheric

carbon. In fact, microbes in the ocean have sequestered

approximately one-fourth of anthropogenic carbon dioxide

released since 1960 (Weiman 2015). In addition, ocean

waters accommodate a huge population (approximately

4 9 1030) of viruses, which could lyse up to 50 % of

oceanic bacteria every day. In this way, they significantly

affect global geochemistry by causing alterations in the

accumulation and respiration of organic material, an

important factor of climate change (Suttle 2007).

Methanotrophic bacteria buffer the effect of huge

amounts of CH4 emitted under some environments (Singh

et al. 2010). For instance, they consume huge amounts of

methane arising not only from marine sediments, but also

abrupt well blowouts like the Deepwater Horizon spill

(Zimmerman and Labonte 2015). The marine environment

is in fact a formidable source of release of methane to the

atmosphere as there is a constant leaking of this greenhouse

gas from the holes on the ocean floor. However, every such

methane seep has its own unique community of methane-

eating microbes as there is no universal species that is

distributed throughout the entire deep sea at these areas.

Such microbial populations remove about 75 % of the

GLOBAL WARMING 

TEMPERATURE RISE 

DORMANT PERMAFROST 

WARMING 

THAWING MICROBIAL ACTIVATION OF 
PERMAFROST 

PRODUCTION OF CO2

MORE THAN CH4

DECOMPOSITION OF ORGANIC MATTER 

FURTHER THAWING AND PLANT 
GROWTH 

PRODUCTION OF CH4 MORE 
THAN CO2

POSITIVE FEEDBACK

GREATER POSITIVE 
FEEDBACK 

Fig. 1 Positive feedback between global warming and thawing of permafrost
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arising methane before the gas enters the atmosphere.

These organisms thus provide an important service in

maintaining the climate by reducing the emission of

greenhouse gases (Trinastic 2015).

Methanogenesis by anaerobic archaea in wetlands,

oceans, rumens, and termite guts are predominantly

responsible for natural emissions (*250 million tons, i.e.,

2.5 9 1011 kg annually) of CH4 (Singh et al. 2010). In this

regard, landscape characteristics are important determi-

nants of microbial greenhouse gas emissions and carbon

storage. For instance, saltier wetlands harbor microbial

communities that release lesser quantities of methane, in

comparison with areas where there is an active flow of

water (Svoboda 2015b). Another significant factor is the

state of water bodies. Wetlands which have been restored

are inhabited by microbial communities that produce

methane at higher rates than those which have remained

undisturbed. Greater plant growth in restored wetlands is

likely to speed up biological processes that emit methane

(Svoboda 2015b). The balance of methane on earth

depends upon the activity of three groups of microbes, viz,

(1) methanogenic (methane-producing) microbes like

Archaea which thrive in sediments under seabed, fresh-

water lakes, and wetlands as well as in deep in oxygen-free

soils; (2) methanotrophic archaea (methane consumers)

that exist in marine sediments and remove approximately

90 % of ocean methane and (3) methane-oxidizing bacteria

of soil and water that use oxygen to consume methane

(Zimmerman and Labonte 2015).

However, microorganisms can also stimulate positive

feedbacks for climate change. This is evident by the fact

that when Arctic sea ice melts, the dark surfaces of marine

phytoplanktons absorb larger proportions of solar radiation,

which could accelerate the warming of waters bodies up to

20 percent more than what has been predicted by current

climate models. Under worst scenarios, additional 10 % of

sea ice could disappear, and there could be about 50 more

ice-free days during summers (Piotrowski 2015).

In addition to above, oceans also affect climate by

releasing huge quantities of dimethyl sulfide (DMS). It is

emitted due to bacterial and eukaryotic degradation of

dimethylsulfoniopropionate (DMSP) produced by some

microalgae for osmoprotection. The compound (DMS) is

converted to an aerosol form of sulfate which later acts as

cloud condensation nuclei and enhances cloud albedo,

resulting in greater reflection of sunlight that exerts a

negative effect on the algae (Glöckner et al. 2012). Con-

sequently, the growth of microalgae and hence the pro-

duction of DMSP are affected; as a result, lesser amounts

of DMS would be emitted. DMS could also act as trans-

porter of sulfur from the oceans to the land, causing pre-

cipitation of sulfuric acid with rain. As a result, rock

weathering would be enhanced, thereby causing transport

of nutrients from land to oceans and enhancing microbial

(Glöckner et al. 2012).

6 Climate change mechanisms of action

Climate change is characterized by changes in temperature,

precipitation, and length of the seasons (Smith et al. 2008).

Thus, its mechanism of action is manifested mainly

through fluctuations in moisture and temperature.

6.1 Mechanisms acting on terrestrial microbes

Climate change factors such as elevated levels of atmo-

spheric CO2, altered temperature patterns, and warming

have direct and indirect consequences on soil microbial

communities (Castro et al. 2010). In fact, climate change

brings about modifications in a number of factors simul-

taneously, due to which complex changes take place in the

terrestrial microbial community (Castro et al. 2010). Such

bulk changes under the influence of climate change can

have significant impacts not only on the microbial world

but also on plants and soil carbon balance (Classen et al.

2015a, b). However, interactions among various variables

of climate change factors can also be selective toward

particular soil microbes, leading to changes in community

could eventually decide the future state of ecosystems

(Castro et al. 2010).

6.1.1 Changes in diversity

Climate warming exerts abiotic stress and can cause

alterations in soil microbial diversity and their processes

(Shade et al. 2012). Various microbial groups are specific

in their preference of temperature ranges for growth and

activity; consequently, increased temperature can have

impacts on the composition of the microbial community

(Fierer and Schimel 2003; Singh et al. 2010). With tem-

perature elevation, the rate of microbial processing, turn-

over, and activity is accelerated. As a result, shifting of

microbial community occurs in favor of the species which

are better adapted to higher temperatures and have accel-

erated rates of growth (Castro et al. 2010). This can be

exemplified by the impact of climate change on two key

topsoil cyanobacteria, viz, Microcoleus vaginatus and Mi-

crocoleus steenstrupii, in arid topsoils of western USA.

The latter, which is thermo-tolerant, has been found to

outcompete and even replace the former which is psychro-

tolerant as global temperatures surge. These bacteria are

critical for maintaining the microbial population of the

topsoil, the characteristics of which are crucial for con-

trolling soil erosion (DiGregorio 2015). Thus, it is precise

that climatic change modifies the relative abundance as
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well as function of soil microbial communities because

microbes differ in terms of physiology, temperature sen-

sitivity, and growth rates. This in turn directly affects the

regulation of the specific processes which are carried out

by these organisms (Classen et al. 2015a, b). Such alter-

ations in the composition of microbial community, trig-

gered by warming, can also cause the depletion of

available substrate (Schindlbacher et al. 2011). In this

regard, it must be added that abundances of both fungi

and bacteria are likely to be affected by warming

(Schindlbacher et al. 2011). This holds great significance

because ecosystem functions such as nitrogen fixation,

nitrification, denitrification, and methanogenesis are reg-

ulated by specific microorganisms. Consequently, alter-

ations in their relative abundances directly impact the rate

of these processes. However, some processes that take

place at a coarser scale (e.g., nitrogen mineralization) are

more affected by abiotic factors such as temperature and

moisture compared to microbial community composition

as a diversity of organisms drives these processes (Classen

et al. 2015a, b).

6.1.2 Physiological changes

Warming raises microbial maintenance, leading to an

increase in microbial maintenance demand (respiration per

biomass) increases (Anderson and Domsch 2010). Conse-

quently, warming accelerates soil microbial activity which

elevates soil respiration (Rustad et al. 2001; Wu et al.

2011). Alterations in soil respiration are also triggered by

changes in microbial community structure (Balser et al.

2006), substrate availability (Eliasson et al. 2005; David-

son and Janssens 2006), plant litter quality and quantity

(Rustad et al. 2001), and relative abundance of available

carbon (Fierer et al. 2005) brought about by temperature

elevation. Thus, it is understood that global changes like

temperature increase can directly alter the rates of respi-

ration of soil microbes because of the temperature sensi-

tivity of microbial metabolism and the activities they carry

out (Classen et al. 2015a, b). However, changes in the

composition microbial community and adaptations which

determine an increase in soil respiration are unlikely to

occur until other variables like substrate and moisture

become limited or composition/structure in forest stand are

altered (Schindlbacher et al. 2011). Soil respiration is

positively correlated with temperature and could be sup-

pressed at low or high moisture levels (Luo and Zhou

2006). It is also sensitive to soil temperature and moisture

fluctuations caused due to changes in precipitation (Aan-

derud et al. 2013). Figure 2 illustrates the overall effect of

climate change on soil microbes.

Another important entity to be considered in this regard

is enzyme activity. It must be mentioned here that

microorganisms increase nutrient allocation for enzyme

production (to acquire greater nutrients required) to sustain

increased maintenance costs with warming (Wang and Post

2012; Wang et al. 2013). In fact, climate change leads to

short-term changes in enzymatic activity driven by ther-

modynamics (Trasar-Cepeda et al. 2007) as well as long-

term changes in enzyme pools due to direct and indirect

impacts on microbial production of enzymes and on turn-

over rates (Schimel et al. 2007). Fluctuations in tempera-

ture and moisture affect the overall and relative rates of

enzyme production due to effects on enzyme efficiency,

substrate availability, and microbial efficiency. When the

activity of the extant enzyme pool is elevated by soil

temperature increase and substrate is available, microbes

may allocate fewer resources to enzyme production if

microbial biomass remains unchanged (Allison and

Vitousek 2005). It must be noted that temperature sensi-

tivity of N-degrading enzymes is lower than C-degrading

enzymes (Wallenstein et al. 2009, 2012; Stone et al. 2012).

A related aspect is substrate temperature sensitivity, which

depends upon several factors like level of moisture, oxygen

availability, and accessibility (sorption and aggregate sta-

tus) (Davidson et al. 2006). Microbial growth and substrate

utilization are relevant for explaining temperature depen-

dence of soil respiration (Larionova et al. 2007). In addi-

tion, soil microbial activity also varies with soil type,

which could be a significant factor in this regard. It must be

noted that microbial activity is low in volcanic ash soil due

to the properties of allophone (Joa et al. 2010). The sig-

nificance of temperature with regard to respiration, turn-

over of microbial biomass, and soil organic matter can be

exemplified by the fact that the same are higher in tropical

soils compared to temperate soils (Joergensen 2010).

6.1.3 Mechanisms acting through plants

Plants are important biotic factors that play an important

role in this regard. They alter the rates of soil microbial

respiration by releasing carbon substrates through roots

(Cardon and Gage 2006; Scott-Denton et al. 2006), modify

soil moisture and temperature through transpiration and by

providing shade (Lauenroth and Bradford 2006) as well as

by altering the amount of rainfall that reaches the soil.

Moreover, the composition of vegetation determines the

quality and type of plant remains, i.e., organic matter that

reaches the soil and consequently the soil respiration. This

can be illustrated by the difference in respiration between

soils under deciduous and evergreen forests (Rey and Jarvis

2006). The quality of the organic matter in soils of similar

origin depends upon the type of vegetation cover as well as

anthropogenic land use and management (Guntiñas et al.

2013). This has tremendous importance as availability of

readily decomposable carbon and temperature-dependent
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substrate release are the main determinants of temperature

sensitivity of soil respiration (Larionova et al. 2007). Dif-

ferences in temperature sensitivity of soil organic matter

decomposition result in severe uncertainties in C-cycle

models (Larionova et al. 2007).

6.1.4 Moisture fluctuations

In addition to temperature, climate change also exerts it

consequences on soil ecosystem through fluctuations in

moisture, which is a master variable that has a profound

effect on patterns of soil respiration in several terrestrial

ecosystems (Aanderud et al. 2011). Microbial activity and

hence decomposition is affected by several factors that

vary with water and moisture content such as water

movement, gas, and solute diffusion as well as survival and

motility of microorganisms (Rodrigo et al. 1997; Luo and

Zhou 2006). Moisture can also suppress microbial activity

in several environments such as saltwater and soils. Low

water availability lowers intracellular water potential and

in this way reduces hydration and activity of enzymes

(Stark and Firestone 1995). Soil moisture can also have

GLOBAL WARMING 

TEMPERATURE CHANGES MOISTURE CHANGES 

VEGETATION 

PLANT MEDIATED EFFECTS 

DIRECT EFFECTS DIRECT EFFECTS 

CHANGES IN SOIL TERRESTRIAL ECOSYSTEM 

CHANGES IN RESPIRATION CHANGES IN DECOMPOSITION 

GREATER PRODUCTION OF GREENHOUSE GASES 

POSITIVE FEEDBACK          POSITIVE FEEDBACK 

Fig. 2 Positive feedback between global warming and soil microbial effects
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intense effects on the dynamics and emission of CO2

(Aanderud et al. 2011). This can be illustrated by the fact

that in grasslands, soil moisture and temperature mainly

regulate soil respiration, which in turn determines carbon

dioxide (CO2) feedbacks between soils and the atmosphere

(Aanderud et al. 2011).

6.2 Mechanisms acting on aquatic microbes

Elevation in global temperature increases sea surface

temperature (Glöckner et al. 2012). Consequently, global

warming has been projected to increase the temperature of

surface oceanic waters by 2–6 �C during this century

(Sarmento et al. 2010). In fact, sea surface temperature has

been predicted to increase between 1.18 �C (under condi-

tions of low CO2 emission) and 6.48 �C (under conditions

of high CO2 emission) (Meehl et al. 2007). In-shore sea

temperatures are likely to vary by 2 �C above or below

average, with a trend toward higher temperatures. (Hiscock

et al. 2001). This can have widespread effects as temper-

ature has a direct impact on water chemistry and thereby

exerts primary influence on biological activity and growth

(The USGS Water Science School 2015). It could in fact be

selective for the existence of specific marine microorgan-

isms through its effects on respiration and production

(Glöckner et al. 2012).

Microbial abundance is inversely related to abundance

temperature in aquatic ecosystems (Brown et al. 2004).

Warming gives rise to oxygen-depleted dead zones in deep

lakes by hampering air exchange, and such sites are unable

to support life (Union of Concerned Scientists 2011).

Viscosity is the most prominent property of water that

depends upon temperature. Its variation has significant

effects on the carrying capacity and growth rates of con-

sumers, as well as the average density of the top predators

(Beveridge et al. 2010). The density of water is also

affected by temperature fluctuations, which in turn has

impacts on stratification and currents and consequently the

transport of microbial nutrients (Glöckner et al. 2012).

The global biogeography of phytoplankton depends

mainly upon temperature and other environmental factors

that select species according to optimal growth potential

(Huertas et al. 2011). At higher temperature, the rate of

multiplication of marine phytoplankton and cell density are

higher and initiation of decay is earlier (CMFRI 2009).

Phytoplankton survival under elevated temperature

depends upon phenotypic acclimation, mutation, and

selection. Microorganisms can adapt with unfavorable

conditions as a result of phenotypic acclimation, resulting

solely from physiological modifications. When physiolog-

ical capacity is surpassed, survival is determined by genetic

adaptation, supported by mutations and subsequently fol-

lowed by selection (Sniegowski and Lenski 1995). The

resultant consequences could be significant because (1)

marine microbes account for 98 percent of global oceanic

biomass oceans, (2) they supply over half of world oxygen

and are major processors of greenhouse gases, and (3) they

have the potential to mitigate the effects of climate change

(Vivekanandan 2016). However, global warming will

benefit smaller phytoplanktons in aquatic environments as

small-sized microbes have greater tolerance to increased

temperature and the resulting environmental selection for

smaller primary producers would have profound implica-

tions for biogeochemical cycles and food web structure

(Huertas et al. 2011). The proper understanding of this

aspect is complicated by the fact that exact thresholds are

not known for most of the marine microbes which makes

assessment of temperature sensitivity of microbes difficult

(Vivekanandan 2016).

Temperature affects growth rates in both marine and

freshwater microalgae (Suzuki and Takahashi 1995; But-

terwick et al. 2005). These organisms exhibit quick respon-

ses to changes in climate. Such changes are first manifested

through alterations in algal species in the aquatic environ-

ments (on the short timescale),whereas on longer timescales,

algal assemblages can be altered (McCormick and Cairns

1994). In fact, effects on algae have been instrumental in

understanding the past as well as detecting anomalies in the

present (IrishMarine LifeWebsite). For instance, alterations

in pigmentations in red algae are indicative of irradiance

conditions and hence are useful indicators of climate change

(Irish Marine Life Website).

Due to increased temperatures, metabolism and

growth are likely to increase in some microalgal species.

Among other intolerant species, competitions could be

altered at the species and community levels. On the

other hand, elevated CO2 levels can cause changes in

competition and composition in algal community. The

resultant consequence would be the composite effect of

complex interactions between climate change and other

environmental factors (Beardall and Raven 2004). An

important consequence is on the distribution of algal

species. In this regard, mention can be made of the algal

species Fucus distichus distichus, the distribution of

which is to the north of 13� isotherm in Britain. An

increase in summer sea temperature by 1–2 �C can cause

the disappearance of this species in Britain by shifting

the 13� isotherm to the north. However, in this regard,

day length could be a critical factor. The distribution of

Lithothamnian glaciale which has a southern limit at

Lundy in Scotland and Galway in Ireland can also be

changed with temperature rise by 2 �C or more (Beuchel

et al. 2006).

Heterotrophic bacteria play the most crucial role in

marine microbial food web, and their metabolism and

interactions are regulated by temperature (Sarmento et al.
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2010). It is in fact an important factor in determining the

activity of bacterioplankton in aquatic systems, which play

a major role in biogeochemical cycles because of their

large numbers and high turnover rates (Staroscik and Smith

2004). Under lower water temperatures, bacteria are unable

to completely utilize the organic carbon in the environment

(Nedwell 1999). It must be noted here that the impacts of

temperature on bacterioplankton carbon metabolism are

both complex and diverse and have not been properly

understood (Apple et al. 2006).

In temperate coastal areas under low temperatures, it is

temperature and not the availability of substrate which

limits bacterial productivity (Staroscik and Smith 2004).

In fact, there is higher degree of correlation between

bacterial activity and temperature in coastal and estuarine

environments than freshwater and open ocean locations

(White et al. 1991). Variations in water temperature have

consequences on both abundance and production in bac-

teria (Staroscik and Smith 2004). In oceans, warming

increases bacterial respiration, bacterial losses to their

grazers (resulting bacterial–grazer biomass flux within the

microbial food web), and bacterial production under

conditions of resource availability) (Sarmento et al. 2010).

The rate of predation on grazers is expected to surge with

temperature in proportion to the body mass of predators

(Emmerson and Raffaelli 2004; Brose et al. 2006).

However, as a whole, temperature elevation in oceans is

likely to favor heterotrophic bacterioplankton over phy-

toplankton, leading to greater heterotrophic production

growth (Sommer and Lengfellner 2008; Hoppe et al.

2008).

Bacterial communities are more intensely affected by

temperature in areas where water temperatures remain

low only in winter (Sieburth 1967; Simon and Wünsch

1998). For poikilothermic organisms, like bacteria, the

basal metabolic rate increases with increasing temperature

and consequently the energy demand grows. Under con-

ditions of low food availability, increased temperature

exerts negative effect on growth because basal metabo-

lism is accelerated even though the required energy is

unavailable. However, when food resources are surplus,

organisms have additional energy, which can be utilized

for biomass growth. Under such situations, growth

increases up to a certain point where enzymes and cellular

activities are halted. This can lead to changes in bacterial

community composition, increment in growth rates, and

shortening of response time (Degerman et al. 2013). In

fact, microbial metabolic rates nearly double with every

10 �C increase in temperature (Morita 1974), and water

temperature has consequences on bacterial response to

nutrients, especially during storm events (Adams et al.

2015).

7 Impacts of climate change on microbes

The responses of microbes are exhibited vividly toward

biotic and abiotic factors (Kardol et al. 2010), and hence

climate change impacts are precise in case of these

organisms. In fact, soil microorganisms are highly dynamic

and react rapidly to environmental conditions (Joergensen

2010). However, temporal and spatial scales determine

which environmental factor is most important (Savage

et al. 2009). The effects of warming on microbial processes

are expected to be greatest at higher latitudes (Davidson

et al. 2006; The Core Writing Team 2007).

7.1 Impacts on terrestrial microbes

7.1.1 Effects of temperature

Although a number of factors such as climate, the parent

material, the age and texture of soil, topography, vegetation

type, and composition of soil community determine the

ability of soils to sequester carbon, it is the microbial

decomposers which ultimately regulate the rate-limiting

steps in the decomposition process and thus the influence

of abiotic factors on decomposition (Classen et al.

2015a, b). Warming brings about alterations in the physi-

ology of decomposers, thereby influencing CO2 efflux from

soil (Schindlbacher et al. 2011). Increasing temperatures

are likely to accelerate fungal decomposition, resulting in

increased carbon dioxide emission from soil. However,

higher temperatures also elevate soil nitrogen levels that

suppress the rates of fungal decomposition. In fact, greater

nitrogen availability negatively affects microbial activity

and diversity (American Society for Microbiology 2008).

On the other hand, bacterial biochemical reactions under

the stress exerted by warmer climate take place less effi-

ciently. Hence, these microbes release more carbon as

carbon dioxide instead of converting much of it into bio-

mass (Zimmer 2010). The absorption of elevated levels of

carbon dioxide produced in this way and other ways

stimulates plants to emit nitrous oxide and methane (Center

for Ecosystem Science and Society 2011). However, the

overall microbial response to warming with respect to soil

organic matter decomposition is dependent upon tempera-

ture sensitivity of the decomposers, substrate availability,

interactions occurring with processes that take place above

ground, and environmental variables such as soil moisture

and potential physiological adaptations (Schindlbacher

et al. 2011). It must be highlighted here that the effects of

higher temperature on carbon dioxide release, due to

decomposition, are unequal among different soils. In

managed agricultural soils, microbial community sup-

pressed the impacts of temperature change on carbon
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dioxide release. However, the greatest stimulation takes

place in the soils of boreal and arctic ecosystems, which are

warming most rapidly (University of Exeter 2014). Carbon

use efficiency is a key determinant of the long-term sta-

bility of carbon in soil, because microbial biomass, rather

than recalcitrant plant matter, is most resistant to decay

(Conant et al. 2011; Schurig et al. 2013; Cotrufo et al.

2013).

7.1.2 Effects of changes in precipitation

Because of climate change, the risks of both drought and

flooding (due to extreme precipitation) are increased as

well as the timing of snowmelt is also shifted. Thus, the

overall availability of water is affected (US EPA 2015d).

This is quite significant as rainfall-induced fluxes are an

important factor that determines whether ecosystems act as

sources or sinks of CO2 for the atmosphere (Shim et al.

2009). In fact, rainfall is crucial in determining the vari-

ability of soil moisture and respiratory activity in soils

(Aanderud et al. 2011). Shifts in precipitation regimes are

quite significant because the level of moisture decides

terrestrial microbial community structure and the extent of

soil decomposition (affected by 20 % increase or decrease

in precipitation). The drying up of soils increases oxygen

availability and stimulates carbon cycling in peatlands and

wetlands, consequently elevating CO2 flux (Fierer and

Schimel 2003; Singh et al. 2010). Among the numerous

factors of climate change and their consequences that alter

the overall abundance of bacteria and fungi, shifts in pre-

cipitation regimes have the most intense effects on com-

munity composition (Castro et al. 2010). Depending upon

the factors which limit ecosystems productivity, modifi-

cations in precipitation and soil moisture levels could either

increase or decrease the ratio of bacteria and fungi and

trigger shifts in their community composition (Schimel

et al. 1999; Williams 2007; Chen et al. 2007). In fact,

minute changes in soil moisture (\30 % reduction in

water-holding capacity) can change the dominance of

species in soil fungal communities, although bacterial

communities remain intact (Classen et al. 2015a, b).

Winter conditions affect the composition and activity of

soil microbial communities and hence influence the sensi-

tivity of soil respiration to moisture and temperature. Such

conditions are therefore a variable for the flux of carbon

dioxide (CO2) from soils. The effects of snowfall on

microbial communities and their metabolic activities can

have a significant effect on winter soil respiration (Aan-

derud et al. 2013). In fact, snow-mediated changes in

microbial community structure can profoundly affect

wintertime respiration dynamics (Aanderud et al. 2013).

Varied snowfall due to climate change has been predicted

for several terrestrial ecosystems (IPCC 2007b; Henry

2008). This could have important consequences as the

depth of snowpack is a significant determinant that controls

winter soil respiration by exerting effects on temperature

and moisture. Thick snowpacks insulate soils from colder

air temperatures, which in turn can increase heterotrophic

respiration (Mariko et al. 1994; Brooks et al. 1997; Rey

et al. 2002). It must be mentioned here that microbial

activity which occurs under snow in coniferous forests is

vulnerable to temperature increase that occurs from climate

change. In late winter, such activity is very high because of

the extremely low temperature provided by snowpack,

which is necessary for the development of snow molds.

Such molds make a contribution of about 10–30 % of the

total annual carbon dioxide production in these areas.

Increasing temperatures are likely to shorten the late winter

period characterized by subfreezing temperatures. As a

result, the snow molds would emit lesser amounts of car-

bon dioxide. However, this would have a negative impact

in the form of increased mortality of trees, which depend

on snow meltwater, which in turn would lead to an overall

decrease in carbon fixation (American Society for Micro-

biology 2008).

7.1.3 Effects of elevated carbon dioxide levels

Elevated atmospheric levels of carbon dioxide cause soil

microbes to emit more potent greenhouse gases such as

methane and nitrous oxide (Pathak and Pathak 2012). In

fact, higher CO2 levels not only increase CH4 efflux but

also decrease the uptake of methane by soil microorgan-

isms (up to 30 %) (Phillips et al. 2001; Ineson et al. 1998).

Moreover, higher levels of carbon dioxide also lead to

distinct and important alterations in the microbial com-

munities of trees leaves and leaves that decompose in

streams. This could have widespread consequences on the

food chain as such microorganisms are a source of nutri-

ents for the small phytophagous animals (American Soci-

ety for Microbiology 2008). In addition, increase in

microbial respiration takes place due to accelerated plant

productivity that occurs due to elevated CO2 which in turn

provides more carbon substrate to soil microorganisms (De

Graaff et al. 2006).

7.1.4 Effects mediated through plants

Compared to aboveground vegetation, soils are shielded

from the effects of climatic fluctuations (Durán et al. 2014).

However, a number of indirect impacts of climate change

propagate through the medium of plants to the associated

soil communities (Kardol et al. 2010). In fact, the structure

of belowground communities to a great extent depends

upon the effect of environmental conditions acting on

associated vegetation (Fierer and Jackson 2006). The
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indirect consequences of climate change arising from plant

community shifts could not only be different from the

direct effects but sometimes could have counteractive

effects (Kardol et al. 2010). Alterations in rainfall can also

have severe effects on plant–microbial relationship in soils

(Yepez et al. 2007). Such linkages are important in deter-

mining the dynamics of soil respiration (Aanderud et al.

2011). It must be added that plants decrease the sensitivity

of respiration under high rainfall variation but do the

reverse under contradictory conditions in mesic habitats

(Aanderud et al. 2011).

Plants exude carbon-rich liquids that are consumed by

microbes. In the occurrence of stress, such as temperature,

the type of such secretions changes, leading to alterations

in the microbial secretions (Ngumbi 2015). Indirect

impacts can also arise from the modification of soil

pathogenic activities of plants which expand ranges under

the influence of climate change (Engelkes et al. 2008;

Morriën et al. 2011). Moreover, elevated induced pro-

duction of defensive compounds such as polyphenols in

such plants could influence litter input quality, which in

turn alters the composition and activity of decomposer

community (Engelkes et al. 2008). The phonologies of

roots and shoots are altered due to climate change; con-

sequently, interactions in the rhizosphere are altered that

distinctly influences seasonal assemblages of soil

microbes (Classen et al. 2015a, b). Plant functional traits

are also altered due to modifications in microbial diversity

(e.g., Lau and Lennon 2011). In fact, soil communities

that remain in close association with plants migrating to

higher altitudes under the influence of temperature rise

are important factors that determine such transitions

(Classen et al. 2015a, b). Higher soil temperatures also

result in increased net plant productivity that provides

more substrates for heterotrophs (Trumbore 1997). Simi-

lar effects also arise due to higher levels of CO2 which

influence the release of labile sugars, amino acids, and

organic acids from plant roots quantitatively and quali-

tatively. The dominance, diversity, growth, and activities

of microbes are altered in accordance, which however

also depends upon the availability of nutrients (such as

nitrogen) and changes in CO2 flux (Diaz et al. 1993; De

Graaff et al. 2006; Bardgett et al. 2009). In addition, soil

microbial respiration physiology is also affected by plant

feedback to CO2 (Singh et al. 2010).

Global warming is also likely to increase nutrient

availability in soil due to greater mineralization of soil

organic matter by microorganisms (Ruess et al. 1999). In

addition, soil warming induces nitrogen mineralization,

which increases plant productivity. Moreover, plant com-

munity composition often also changes with warming

(Harte et al. 2006; Walker et al. 2006; Hoeppner and Dukes

2012). Increased temperature along with nutrient

availability can lead to changes in vegetation (Havström

et al. 1993; Hobbie 1996) which in turn affects

microorganisms.

On the other hand, trees and shrubs which advance

northward in the tundra under the influence of warmer

temperatures can also influence microbes in unknown ways

through the shadows which they cast on the ground

(Zimmer 2010).

7.2 Impacts on aquatic microbes

7.2.1 General effects

There has been a rise of coastal water temperatures during

the past century, and the warming is expected to occur by

4–8 �F in the twenty-first century (US EPA 2015b). A

number of vital properties of water, which are crucial for

ecosystems, are affected by changes in temperature. Hence,

aquatic temperature fluctuations can potentially trigger

dramatic changes in life-forms as well as even bring about

their disappearance (NASA 2015b). In fact, environmental

conditions that take place under influence of the green-

house effect are expected to be favorable for specific spe-

cies that have appropriate adaptations in the aquatic

environment. This is precisely understood case of two

groups of common oceanic nitrogen fixers, viz, Tri-

chodesmium and Crocosphaera. Due to greenhouse con-

ditions, elevated nitrogen-fixing productivity (up to 125 %)

could occur in some strains of these groups, whereas the

same could be inhibited in some others (Radford 2013).

Ocean warming has been resulting in profound changes.

In addition, carbon dioxide accumulation has been leading

to its acidification. Stratification of the ocean has also

arisen because of the expansion of oxygen-depleted zones.

Such changes are likely to have impacts on the microbial

food webs and eventually biogeochemical cycles (Walsh

2015). As the polar ocean warms up, conditions in this

ecosystem become more suitable for microbes. In fact, due

to the warming of the polar oceans, marine microbes

become more active and consequently more organic matter

is consumed (Zimmer 2010). It is also a fact that as the

temperature of ocean surface increases, its density

decreases. Consequently, it tends to float over the nutrient-

rich cooler and deeper water. As a result, there is an

inadequate supply of nutrients from below, and the phy-

toplanktons present in the upper layer are starved. Thus,

primary production is suppressed, and pumping of carbon

to the deeper water is decreased (Walsh 2015). An

important determinant of the effect of temperature rise is

the cell size. In the Arctic, smaller phytoplankton species

continue to flourish but the larger undergo elimination

under the effects of climate change. This is because in

smaller cells, the surface-to-area ratio is higher, which
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makes them more efficient in nutrients acquirement. On the

contrary, larger cells get sunk more quickly. Therefore, it is

likely that phytoplankton cell size would decrease as global

warming intensifies. Consequently, carbon pumped into the

ocean interior would decrease due to the presence of

smaller and more buoyant cells (Walsh 2015).

7.2.2 Melting of ice

The effects of global warming are evident in the case of

Arctic sea ice, which reaches its minimum in September

every year. The reduction in September Arctic sea ice has

been occurring at a rate of 13.3 % per decade, relative to

the average of 1981–2010 (NASA 2015b). In Antarctica,

the rate of loss of ice has been about 1.34 9 1014 kg

(134 billion metric tons) annually since 2002, whereas that

in Greenland ice sheet, it is approximately 2.87 9 1014 kg

(287 billion metric tons) per year (NASA 2015b). Thus,

because of global warming, the duration and extent of sea

ice in the Arctic has been reduced. As a consequence, the

abundance of ice algae which exist in the nutrient-rich ice

is likely to be negatively affected. Such algae are con-

sumed by zooplanktons, which are in turn are consumed by

Arctic cod, an important food source for several marine

mammals like seals. Seals are eaten by polar bears.

Therefore, declines in ice algae that arise due to global

warming can be a threat for polar bear populations (US

EPA 2015c). Melting of ice due to temperature increase is

also likely to cause salinity changes which affect water

currents and stratification as well as cause dramatic shifts

in the microbial community. In addition, melting of ice

could release trapped organic matter and contaminants,

which could affect microorganisms (Glöckner et al. 2012).

7.2.3 Effects of storms arising due to climate change

The occurrence of storms could also be affected by climate

change. Such incidences in the Arctic flush nutrients from

soils to oligotrophic lakes and streams, which can elevate

nutrient supply to aquatic bacteria. Consequently, rapid

fluctuations in temperature and greater availability of

nutrients take place (under the influence of climate

change). This may hamper the ability of bacterial com-

munities to shift to an optimal activity for a given resource

supply when environmental variability occurs simultane-

ously with their growth rate (Vadstein 2000; Stieglitz et al.

2003). These changes directly impact the growth and

composition of bacterial communities (Judd et al. 2006).

Certain aquatic ecosystems such as lakes and coastal areas

in northern Europe are also likely to experience elevated

inflow of nutrients and dissolved organic matter due to

climate change, i.e., higher temperature and increased

precipitation. This is likely to favor heterotrophy instead of

autotrophy because phytoplankton growth would be

restricted due to poor light conditions occurring because of

higher concentrations of brown organic matter (Jones 1992;

Klug 2002; Andreasson et al. 2004; Eriksson et al. 2010).

Warmer temperatures and higher nutrient concentrations

can also accelerate bacterial productivity and be selective

for communities that reproduce fastest under those condi-

tions (White et al. 1991; Ram and Sime Ngando 2008).

This is because under conditions of nutrient availability,

bacteria delays cell division in order to take advantage of

the resources and increase in size (Shiomi and Margolin

2007).

7.2.4 Effects of increased levels of carbon dioxide

Global warming not only induces changes in the pH of

seawater but also wind patterns, both of which have the

potential to either hamper or stimulate microbial growth

(Zimmer 2010). Increasing levels of carbon dioxide in the

atmosphere are causing the oceans to absorb more of the

gas and become more acidic. The consequent increase in

acidity exerts significant impacts on coastal and marine

ecosystems (US EPA 2015b). This decrease in pH in turn is

likely to accelerate the dissolution of calcium carbonate,

which would elevate dissolved CO2 and hence further

decrease pH, causing drastic effects of acidity (Glöckner

et al. 2012). Enhanced carbon dioxide levels could also

stimulate primary producers, causing phytoplankton

blooms. Decomposition of the resulting organic matter

could not only lead to oxygen depletion but also the genesis

of toxic sulfide through anaerobic processes in marine

environment (Glöckner et al. 2012). Carbon dioxide can

also potentially control the biodiversity of keystone

microbes of the ocean ecosystem (Radford 2013). An

example is the bacterium Trichodesmium which is

responsible for the conversion of nitrogen gas into con-

sumable forms in nutrient-deficient portions of the ocean.

The synthesized material is utilized by a number of other

organisms. Increased levels of carbon dioxide could

accelerate reproduction in the microbe, resulting in

excessive consumption of this nutrient as well as iron and

phosphorus that are not abundantly available in the ocean.

The consequent deficiency would not only cause the

extinction of the bacterium but also severely affect the

whole marine food chain, including fishes (Howard 2015).

7.2.5 A unique effect in oceans

When phytoplanktons in the ocean are fed by bacteria, they

break down into component molecules, such as fats and

lipids. As the ocean surface churns, these become airborne

to join aerosols. They eventually later develop into a

framework where moisture droplets ultimately develop into
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clouds. The variations in specific ocean microbes, resulting

from climate change, can affect the concentrations of less

water-soluble molecules such as lipids in seawater and

consequently the overall weather (Iacurci 2015). Climate

change can also lead to the range extension of harmful

microbes and in this way harm biodiversity. This fact can

be exemplified by oyster parasite, Perkinsus marinus,

which is capable of causing huge oyster deaths. The range

of this parasite has expanded northward from Chesapeake

Bay to Maine in the USA, i.e., a 498.90 km (310 mile)

extension due to the increment of average winter temper-

atures (US EPA 2015c).

7.2.6 Algal blooms

Large freshwater bodies are likely to experience an

increase in rise of 1–7 �C in surface temperature under a

projected doubling of CO2 concentrations in the atmo-

sphere (Magnuson et al. 1997). It must be noted also here

that the warming of lakes has been taking place on an

average by 0.61 �F (0.34 �C) every decade. In fact, lakes

have also been losing their ice cover earlier in the spring in

the northern climates. Moreover, lesser cover of cloud in

several parts of the earth has increased the exposure of

water bodies to solar radiation (NASA 2015b), leading to

temperature rise. This rate of increase in lake temperatures

is, however, higher at higher latitudes (NASA 2015b).

Such warming rates, which are greater than those of the

ocean and atmosphere, can have severe impacts on the

microbial world (NASA 2015b). As a consequence, algal

blooms, which lead to the depletion of water oxygen levels,

are predicted to increase by 20 % in lakes. Algal blooms

which are toxic to fish and animals are projected to increase

by 5 % (NASA 2015b). In fact, there has been an increase

in harmful algal blooms on the Pacific and Atlantic sides of

North America during the last few decades due to warming

(Mudie et al. 2002). Higher temperatures also favor the

proliferation of cyanobacteria blooms directly through

accelerated growth rates, and this is evident with regard to

the development of the harmful cyanobacterium Micro-

cystis during hot summers in eutrophic lakes (Jöhnk et al.

2008).

A similar phenomenon is also relevant in case of the

marine environment, with respect to brown algae (Des-

marestia spp.) in response to North Atlantic Oscillation

Index (NAOI), which is a measure of the mean deviation

from the average atmospheric sea-level pressure in the

North Atlantic. Carpets of these algae have been found to

appear in years of negative NAOI in the benthos due to

increased nutrient supply. This represents a major con-

gruence between the NAOI (which influences temperature

and current regimes in the North Atlantic) as a large-scale

driver of climate change and diversity in the benthos

(Beuchel et al. 2006).

In addition, as levels of CO2 change during global

warming, the ratio of carbon, nitrogen, and phosphorous in

freshwater ecosystems is altered (Hasler et al. 2016). When

the proportion of carbon exceeds that of nitrogen, phos-

phorous diminishes the nutritional quality of phytoplankton

in nutrient-poor water bodies. Such consequences on the

quality of phytoplankton hamper zooplankton growths,

which in turn alters competitive advantages and commu-

nity composition. These impacts can propagate up to higher

levels of the food chain. In nutrient-rich water bodies,

elevated levels of CO2 accelerate primary production as

well as increase the abundance of nitrogen-fixing

cyanobacteria (Hasler et al. 2016).

8 Microbial feedbacks

Soil microbes can either enhance (positive feedback) or

reduce (negative feedback) the rate of climate change

(Singh et al. 2010). According to Bardgett et al. (2008),

climate change exerts direct and indirect impacts on soil

microbial activities and evokes corresponding feedbacks

accordingly. Direct effects occur due to temperature ele-

vation or extreme conditions (e.g., drought and freezing).

Indirect effects arise because of climate-induced changes in

plant diversity and productivity and consequent changes.

They used these effects as a scaffold to point out the role of

soil microbes and their metabolism in carbon cycle feed-

backs that lead to climate change. With this approach, they

put forward two distinct carbon cycle feedback mecha-

nisms that are present in the heterotrophic soil microbes

(Fig. 3).

8.1 Direct feedback

8.1.1 Temperature elevation

Increased temperature enhances microbial respiration,

leading to the mobilization of carbon from soil, and as per

estimates, about 5 % of total soil carbon would be lost

within the next decade (Rustad et al. 2001; Davidson and

Janssens 2006). It has been estimated that the magnitude is

likely to range from 20 to 200 ppm increase in atmospheric

CO2 concentrations by 2100 (Friedlingstein et al. 2006). In

other words, climate warming would increase the flow of

carbon from the soil into the atmosphere and thus result in

positive feedback on climate change (Cox et al. 2000;

Friedlingstein et al. 2006). Climate warming could alter the

decay dynamics of more stable organic matter and thus

have a positive feedback to climate that suits more efficient

microbial community in the longer term (Frey et al. 2013).
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Another positive feedback (as mentioned earlier) exists

with respect to world permafrost, 25 % of which could

thaw by 2100. This would increase the availability of the

protected organic matter for microbial decomposition,

exerting positive feedback on carbon cycling (Anisimov

et al. 1999). As per estimates, due to thawing, as high as

4 9 104 kg (400 Pg) of stored organic carbon in the per-

mafrost will become vulnerable to enhanced decomposi-

tion rates (Zimov et al. 2006).

The change in the strength, structure, and diversity of

the microbial community is also an important factor pre-

dicting feedback (Kandeler et al. 1998; Bardgett et al.

1999). For instance, temperature rise increases the relative

abundance of Betaprotobacteria which favors respiration

leading to positive feedback. This response is not ubiqui-

tous to other types of bacteria (Frey et al. 2013). A number

of such uncertainties exist, the cumulative effect of which

has resulted in unsuccessful models that are unable to

predict the soil carbon feedback mechanism based on the

decomposition patterns (Kirschbaum 2004).

8.1.2 Extreme events

Stresses (e.g., drought and freezing) alter soil microbial

activity (Schimel et al. 2007), but the consequences vary

across different ecosystems (Bardgett et al. 2008).

Intensified drought conditions suppress microbial activity

and create a negative feedback on microbial decomposition

and soil carbon loss, and this can be correlated with the

declining activity of the enzyme phenol oxidase that causes

the decomposition of organic matter (Nardo et al. 2004).

However, drought conditions in wetlands accelerate

microbial activity by lowering the water table and intro-

ducing oxygen to anaerobic soil leading to positive carbon

cycle feedback as reflected by the increased activity of

phenol oxidases (Freeman et al. 2004; Zibilske and Brad-

ford 2007). But it is accompanied by a decline in methane

emission due to the toxic effects of oxygen and sensitivity

of methanogens to desiccation (Bardgett et al. 2008; Fetzer

et al. 1993).

However, as a whole, global warming is likely to

increase CH4 emission (Zhuang et al. 2004). Increased net

productivity under climate change enhances methane

emission while reduced precipitation and soil drying have

contradictory effects (Christensen et al. 2003).

8.2 Indirect feedback

Indirect microbial feedbacks are mediated through plant

growth and composition of the vegetation of the ecosystem

(Bardgett et al. 2008). Such feedbacks are operated basi-

cally via two different routes.

Fig. 3 Direct and indirect effects of climate change on the soil microbial communities and the associated routes of carbon cycle feedback to

global warming through the production of carbon dioxide [asterisk components of the soil ecosystem (based on Bardgett et al. 2008)]
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1. The first mechanism of feedback is associated with the

increase in atmospheric carbon dioxide which is a

consequence of increased level of plant photosynthe-

sis. This results in the transfer of photosynthate carbon

from the plant body to the roots and associated

mycorrhizal fungi (Johnson et al. 2005; Keel et al.

2006) and ultimately to heterotrophic soil bacteria

(Zak et al. 1993; Bardgett et al. 2008) through root

exudation of organic compounds leading to the

increased carbon flow to the soil (Diaz et al. 1993;

Zak et al. 1993). Due to this, the carbon availability for

the soil microorganisms increases. This enhances soil

respiration of microorganisms that releases carbon to

the atmosphere. A portion of this carbon even gets

dissolved in water and is mobilized (Zak et al. 1993;

Freeman et al. 2004).

2. The second mechanism of climate change-driven

microbial feedback requires some time to come into

play as it is dependent upon the changes in the

functional composition and diversity of vegetation of

an ecosystem. Climate warming has been reported to

bring changes in the distribution of plant species and

functional groups. (Prentice et al. 1992; Woodward

et al. 2004). Jackson et al. (1996) reported that such

changes can alter the physical environment of the soil

by modifying the root structure and depth. But this

alteration in the vegetation structure brings about a

significant modification in the quality and quantity of

litter production which forms an important component

of soil organic carbon (Bardgett et al. 2008). The

variation in leaf litter determines the change in the

plant functional groups (Aerts and Chapin 2000;

Dorrepaal et al. 2005) which in turn is responsible

for the rate of decomposition and heterotrophic soil

respiration of the microbes. For instance, slow growing

plants such as evergreen shrubs produce poor-quality

litter which is rich in recalcitrant compounds like

lignin and phenolic acid that do not undergo fast

decomposition due to retarded microbial activity

(Wardle 2002). A dominant presence of this kind of

vegetation is likely going to produce negative feedback

on carbon exchange and climate change, i.e., warming

(Cornelissen et al. 2007). However, fast-growing

plants such as legumes and graminoids produce high-

quality litter that undergo rapid microbial decomposi-

tion (Wardle 2002), and a dominant presence of this

kind of vegetation will likely give rise to positive

feedback on microbial activity and carbon mineraliza-

tion leading to enhanced release of carbon dioxide to

the atmosphere (Hanley et al. 2004; Ross et al. 2004).

In the end, considering the direct and indirect effects of

climate change on the microbes and their various feedback

mechanisms, it can be suggested that the carbon feedback

cycle comprises of biological variables and climate vari-

ables (Singh et al. 2010). Their interactions in a simple

diagrammatic way are presented in Fig. 4.

9 Future prospect

The average global surface air temperature has been pro-

jected to get elevated between 1.4 and 5.8 �C by 2100

(World Meteorological Organization Web site), and pre-

dictions state that a surge of worldwide temperature by

2 �C would increase soil carbon release by 106 kg (10

petagrams) CO2 and other greenhouse gases (Raich and

Potter 1995; Luo et al. 2001; Pendall et al. 2004). This

would in turn lead to a vicious cycle of further temperature

rise and environmental changes. With global warming,

precipitation is expected to increase in northern middle and

high latitudes and Antarctica during winter. Greater

quantities of precipitation are likely to be released in few

enormous outbursts instead of being distributed over

numerous mild events (World Meteorological Organization

Website).

Consequently, several environmental parameters of ter-

restrial and aquatic ecosystems are likely to change that

would have profound impacts on microbes. A number of

models exist that predict the impacts of such environmental

changes on microbes (Dens and Van Impe 2001; Wilson

et al. 2002). However, latest modeling techniques and

investigations have revealed that long-term soil warming

indicates a positive feedback between global warming and

atmospheric release of soil organic matter, more than what

was initially estimated (Kirschbaum 2004). The problem is

expected to have a particularly strong impact in arctic

terrestrial ecosystems. Hence, the Arctic has been high-

lighted as an important region for detecting global change

(Ruess et al. 1999). However, there is a dearth of mecha-

nistic models that predict the effect of climate change on

soils (Liski et al. 2005).

Different ecosystems are likely to respond differently to

the issue. For instance, it has been estimated that European

forest soils would act as CO2 sinks in response to climate

change, whereas agricultural soils would lose organic

matter and therefore emit CO2 (Sleutel et al. 2003; Kirkby

et al. 2005).

On the other hand, increased concentrations of atmo-

spheric carbon dioxide are expected to increase its uptake

by marine phytoplanktons up to 39 %. Although this can be

expected to have a positive effect for the global climate

system, decomposition of increased biomass would con-

sume more oxygen, which is a major problem for deep

ocean marine organisms. In addition, there could be an
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accelerated rate of ocean acidification (Leibniz Institute of

Marine Sciences 2007).

10 Discussion

Microorganisms are not only drivers of climate change but

also respond to the phenomenon distinctly (Singh et al.

2010). However, although they are sensitive to global

changes, their responses have not been understood

(American Society for Microbiology 2008; Microbiology

Online 2015). This is because microorganisms live in

diverse communities which interact with other organisms

and the environment in complex ways (Microbiology

Online 2015).

10.1 Significance of climate change

Temperature plays a primary role in regulating the activity

and growth in microorganisms (Rose 1967). The effects of

temperature variation are manifested through variation in

the uptake of various kinds of inorganic nitrogen and

amino acids, enzymatic activity, coupling of cellular res-

piration to ATP production as well as response of cellular

growth to respiration (Rose 1967; Crawford et al. 1974;

Reay et al. 1999). In fact, both temperature and moisture

are the most fundamental entities that affect the activities

and existence of microorganisms. A host of other proper-

ties such as pH and conductivity in both soil and aquatic

ecosystems are associated with these primary parameters.

Climate change exerts its influence directly upon these

primary variables, i.e., temperature and moisture, which in

turn also alter all the associated variables. The resultant

modifications are a composite effect of all changed vari-

ables and impose widespread impacts on the microbial

world, most of which are negative. Several processes that

are interrelated occur as consequence, and the complexity

arises from the fact that all the impacts take place

simultaneously.

The most distinct effect is exerted on respiration which

is the primary vital activity to sustain life. All the other

impacts follow one after another, and the effects later

become visible at the community level and further above in

the food webs in both terrestrial and aquatic environments.

A directly related variable is the rate of decomposition,

which has direct association with the release of greenhouse

gases. It must be added that soil respiration contributes up

to 10 % of atmospheric emission of CO2. Elevated tem-

perature accelerates emission of both CO2 and CH4 from

soil by increasing the heterotrophic respiration. Soil con-

tains two to three times more carbon than the atmosphere

and terrestrial vegetation (Schlesinger 1977; Jobbagy and

Fig. 4 Overall effect of climate change on microbes (A, B, C, X = Biological entities; D, E, F, Y = Climatic entities)
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Jackson 2000), and the annual carbon dioxide (CO2) flux

due to soil respiration is about 10 times greater than that of

fossil fuels (IPCC 2007a). Therefore, minute alterations in

the rate of soil organic carbon decomposition can exert

severe effects on the concentration of CO2 in the atmo-

sphere. Temperature also directly exerts consequences on

the growth rate and metabolism of marine microorganisms

(Glöckner et al. 2012). In must be added that, as most of

the earth is covered by water, the significance of water

bodies (both fresh and marine) is of utmost importance.

10.2 A comparative interpretation

Microorganisms in aquatic and terrestrial environments

contribute to the production as well as the removal of

greenhouse gases. However, if both the two ecosystems are

compared, it is found that each has a number of aspects

unique to themselves. The issue of methane seeps is present

only in oceans and exemplifies how microbes exert a

controlling effect on climate change. Another remarkable

aspect of the marine environment is the production of DMS

(as mentioned earlier) which could be an important deter-

minant of climate and its consequent effects on the

microbial world. It in fact represents an interesting feed-

back mechanism relevant to microorganisms. In addition,

there are algal blooms that represent an important negative

impact of climate change present in the aquatic environ-

ment but absent from the terrestrial environment.

In case of the terrestrial ecosystem, the problem of

permafrost is quite significant. It demonstrates a vicious

cycle of negative impacts in which the microbial world acts

as a catalyst and very well establishes them as drivers of

climate change. In addition, there is greenhouse gas

emission from agricultural lands, which is present only in

case of the soil ecosystem and represents a combined

impact of anthropogenic intervention and microbial effects.

Plants are important determinants of the effects of conse-

quences on soil microbes, whereas no such other entity is

involved in case of aquatic ecosystem. This is evident from

the fact that the accumulation and decomposition of litter

in forests, which depend on climatic and biotic conditions,

determine the availability of organic matter in soils as well

as pH. These in turn affect fluctuations of bacterial popu-

lation and activity (Rigobelo and Nahas 2004). Now, as

plants are distinctly affected by seasonal variations, the

effects of seasons are likely to be more precise in terrestrial

microbes. This in fact also provides a scope of research on

plant species which can be effectively utilized to design

soil microbial communities.

Thus, it is well understood that although the primary

effect of climate change is roughly similar on all microbes,

the intensity of resultant impacts and the pathway of

occurrence differ between the two types of ecosystems. In

fact, both have their own features which exert their effects.

Some of the primary impacts such as changes in respiration

and diversity are common. In all the cases, the main cri-

terion is the temperature sensitivity of microbes.

10.3 Need of proper study and suggestions

Microbes have several positive and negative feedback

responses to climate change (Microbiology Online 2015).

This can be compared to the multiple feedbacks in benthic

coral reef communities to global warming (Kubiceka and

Reutera 2016). An example of a positive microbial feed-

back is the fact that global warming accelerates the

decomposition of soil organic matter and thereby increases

the carbon flux from soil to the atmosphere (Trumbore

et al. 1996; Cox et al. 2000; IPCC 2007a). But microor-

ganisms can also buffer the effects of increasing atmo-

spheric carbon dioxide levels and thereby slow down

climate change (Weiman 2015) and exert a controlling

effect. A proper appreciation of the complex ecologies and

response to climate change and other anthropogenic factors

is immediately needed so that these microbial ecologies

can be harnessed for climate change mitigation (Zimmer-

man and Labonte 2015).

Budzianowski (2012b) has suggested decreasing atmo-

spheric CO2 emissions and/or removing atmospheric CO2

for the management of carbon. Microbes have the potential

for both and hence could serve an instrument for combating

climate change. On the other hand, NASA classifies

approaches to prevent climate change into mitigation (re-

ducing greenhouse gas emissions and stabilizing their

levels) and adaptation (adapting to the climate change that

is taking place) (NASA 2015a). For the former, all climate

change parameters including microbes must be studied to

be properly manipulated. Therefore, there is a need to

understand the microbial response to warming by devel-

oping a clear appreciation of microbes, from the genetic

and the physiological level up to composition and inter-

actions (Pold and DeAngelis 2013). However, the irony is

that microbes have not been adequately studied but also

have been neglected with respect to this issue. For instance,

most of the studies of climate change on soil microbes have

concentrated around gross parameters, such as biomass,

activity of enzymes, or basic community profiles in relation

to single factors of climate (Castro et al. 2010). In this

regard, it must be mentioned that microcalorimetry is an

effective tool to study the effect of moisture on soil

microbial activity (Barros et al. 1995).

The mechanism of action of the microbial carbon cycle

feedback with respect to climate change is still enigmatic.

Its proper understanding demands an in-depth research on

all the direct and indirect effects of climate change on the

heterotrophic soil microorganism and the corresponding
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feedback they evoke. In fact, a greater appreciation of the

effects of global warming on carbon cycle feedbacks is a

primary requirement to design models of future climate

(Canadell et al. 2007). It must be noted here that the factor

Q (i.e., the increase in microbial activity with a 10 �C
increase in temperature) is mostly used in climate change

models to represent microbial temperature sensitivity. The

use of only Q may lead to unreliable predictions as it masks

several interactions (e.g., decomposition) that influence

microbial temperature sensitivity (Classen et al. 2015a, b).

New and better strategies must be developed into order to

eradicate the prevailing uncertainty over the topic.The gravity

of the situationdemands toget rid of the provincial approaches

and to adopt interdisciplinary methods which include proper

amalgamation of elements from microbial taxonomy and

ecology, metagenomics, soil and plant sciences, and ecolog-

ical modeling. Molecular techniques like stable isotope

probing (SIP) which involve the study of the functional genes

important for biogeochemical processes, labeling of DNA,

RNA, and phospholipid fatty acids (PLFA) of the microor-

ganisms participating in the pathways involved in the feed-

backs are promising approaches (Zak et al. 2006; Drigo et al.

2007). In this regard, the strategy put forward by Singh et al.

(2010) seems to be worth applying. According to them,

thorough researchmust be undertaken in order to quantify the

microbial responses to the phenomenon of climate change.

Parallel to this, proper screening, identification, and classifi-

cation of the microbes must be done on the basis of functional

and physiological roles in the field of greenhouse gas pro-

duction and emission. The information gathered from this

must be used to enhance the understanding of microbial

control of greenhouse gas efflux to the atmosphere. In addi-

tion, aboveground and underground interactions along with

the nutrient cycling must be studied. This is because plant

interactionwith soil communities,which is themost important

controller of soil nitrogen and carbon dynamics, has also not

been fully understood (Castro et al. 2010).However, it is a fact

that climate change alters soil microbial communities and

consequently the establishment and development of plant

species. As a result, ecosystem responses are likely to change

(Classen et al. 2015a, b).

Another important aspect is the issue of permafrost. In

fact, reduction in methane emission from biomass fer-

mentation and melting of permafrost have been identified

to be crucially important for climate change mitigation

(Budzianowski 2013).However, thawing of Arctic per-

mafrost can be prevented if warming is limited to a global

average of 2 �C (Atkin 2015). About 200 countries adopted

a climate agreement at the COP21 summit in Paris which

aims to control the planet’s average global temperature rise

within 2 �C (Shaftel 2015). Budzianowski (2012a, b) has

suggested the development of advanced carbon sequestra-

tion concepts like sequestration of soil carbon and CO2

recycling to useful products such as fuels and fertilizers.

On the other hand, in order to reduce nitrous oxide (N2O)

emission to the atmosphere, the aim of management should

be optimizing fertilizer N use efficiency instead of simply

reducing application (Van Groenigen et al. 2011).

Taking into consideration all the above facts, it is well

understood that the microbial aspect of climate change is a

relevant issue of the present times. This fact needs to be

properly studied and deserves to be given due importance.

It should thus be appropriately incorporated in climate

change models as any such model which fails to include

microbial activities is inadequate (Dupré 2008). It is a

matter of urgent requirement because current human

activities have caused microbes to produce greater pro-

duction of greenhouse gases (Microbiology Online 2015).

In this regard, a few researchers have tried to incorporate

microbial data (biomass, enzyme, and growth kinetics) into

climate models (Lipson et al. 2009; Allison et al. 2010).

However, for better predictions, information related to

microbial diversity, community, their strength, and struc-

ture along with their physiological abilities must be taken

into consideration (Singh et al. 2010).

11 Conclusion

The role of microorganisms in determining the atmo-

spheric concentration of greenhouse gases is commend-

able, but it has yet to be properly understood and

appreciated by the scientific community. Considering the

observed uncertainties, it is apparent that the potential

contributions of these microbes can be apprehended by

considering the direct and indirect effects of climate

change on them and their corresponding long-term and

short-term responses. If harnessed properly, microbes

could be an important natural resource for controlling

climate change. However, if due attention is not given, it

could act as the most emerging accelerator to the problem.

It is high time to study this aspect, understand the acting

mechanisms more precisely, and hence suitably utilize it

for developing solutions.
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