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Introduction

More than a century ago Svante Arrhenius predicted that continued combustion 
of fossil fuels would lead to a doubling of carbon dioxide in the atmosphere and 
associated climate warming (Arrhenius 1896). Despite this warning, we are now 
faced with the predicted doubling of atmospheric carbon dioxide and global 
temperature increase of 1.3°C by the end of this century if no policy changes are 
made (Cubasch et al. 2001). Furthermore, not only are we faced with rising global 
temperature but also shifting weather patterns, ocean acidification, and the potential 
loss of many species on earth (Intergovernmental Panel on Climate Change (IPCC) 
2001). These factors will all have a marked impact on land use, land cover, soil 
quality, and productivity.

Climate change will have direct and indirect impacts on terrestrial ecosystems, 
both above- and belowground (Fig. 1). Aboveground, the effects of global change 
will be largely direct: elevated atmospheric carbon dioxide as well as changes 
in temperature, precipitation, and nitrogen availability will all result in changes to 
the abundance of plant species and altered land cover in unmanaged ecosystems 
(Tylianakis et al. 2008). In managed systems, changes in seasonal climate and 
precipitation will influence our choice of crop species, and the production of and 
stresses on those chosen species, which will in turn influence management decisions 
for irrigation, fertilization, and pathogen dynamics (Dixon 2009). Indirectly, land 
use, plant species composition, and plant productivity all feedback to further alter 
plant communities via changes in the belowground microbial community.
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Belowground, the response to climate change is more complex. Plant responses 
affect the type and amount of carbon entering the soil system as well as the physical 
architecture of the plant root zone. This has an indirect impact on microbial com-
munity composition and biomass. Water, temperature, and nitrogen all have direct 
effects on the microbial community as the organisms respond to temperature or 
drought stress along with altered resource availability. Microbial responses to cli-
matic changes, whether direct or indirect, will feedback to influence plants via nutri-
ent availability or pathogen productivity (Fig. 1). Thus a critical step in our 
understanding of ecosystem response to climate change must be to increase our 
understanding of the microbial community response.

However, too often researchers study ecosystem response to climate change with-
out explicitly including the microbial communities. Nevertheless, through their diverse 
metabolic activities soil microbial communities are the major drivers of soil nutrient 
cycling and their importance in mediating climate change and ecosystem functioning 
should not be underestimated (Balser et al. 2001). Microbial metabolic activities can 
be altered by many ecosystem-scale factors such as climate change, nitrogen 
deposition, elevated carbon dioxide, or disturbance (Dhillion et al. 1996; Ajwa et al. 
1999; Mayr et al. 1999). Shifts in microbial activity can in turn lead to changes in 
decomposition, nitrogen mineralization, organic carbon storage, and other ecosystem 
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processes (Carreiro et al. 2000; Sinsabaugh et al. 2002; Henry et al. 2005a; Sowerby 
et al. 2005). Predicting microbial metabolic responses to these global changes and 
disturbance factors is thus essential for an understanding about how global change will 
affect soil and ecosystem function. For example, nitrogen deposition is likely to 
decrease mycorrhizal fungal biomass while increasing bacterial and saprotrophic fun-
gal biomass (Treseder 2004; Rinnan et al. 2007) and has the potential to increase 
carbon cycling by increasing the activity of microbial enzymes related to carbon 
cycling (Henry et al. 2005a; Gutknecht et al. 2010). Elevated carbon dioxide may miti-
gate the effect of nitrogen deposition, but results have been highly varied (Treseder 
2004, 2008). The response of microbial communities to climate change, and interac-
tions between climate change and other global change factors, may be highly depen-
dent on specific ecosystems and historical adaptation of the community (Rinnan et al. 
2007; Balser et al. 2005; Fraterrigo et al. 2005, 2006).

In this chapter we will discuss the impact of climate change on belowground 
microbial community structure and function.

Microbial Response to Climate Change

As a preface to a more detailed discussion of microbial response to specific global 
change drivers later in the text, here we give an overview of microbial community 
climate change research. Until recently, the focus of most climate change research 
has been on how ecosystems respond to elevated atmospheric carbon dioxide. 
While it is relatively well established that elevated carbon dioxide changes 
belowground carbon allocation by plants (root biomass and root respiration), there 
is less consensus on the response of microbial communities (Zak et al. 2000a). Root 
symbionts such as mycorrhizal fungi and nitrogen fixing bacteria may (O’Neill 
1994; Treseder and Allen 2000) or may not (Treseder and Allen 2000) increase in 
biomass under elevated carbon dioxide. Microbial total biomass and community 
structure also have shown highly varied responses to elevated carbon dioxide (Zak 
et al. 1993, 2000b; Diaz et al. 1993; Hungate et al. 1996; Lussenhop et al. 1998; 
Bruce et al. 2000; Montealegre et al. 2002), even between similar soils or between 
plant species (Hungate et al. 1996; Niklaus 1998). Over longer time spans 
especially, elevated carbon dioxide may have little direct effect on soil microbial 
communities (Niklaus et al. 2003). For instance, after 6 years of elevated carbon 
dioxide in a temperate grassland ecosystem, Niklaus et al. (2003) reported no major 
effect on microbial biomass, microbial community composition, or microbial 
carbon and nitrogen despite an increase in plant productivity and shift in soil 
aggregation (although there were small effects on microbial variables that changed 
each year of the study).

In addition to the effort to understand the microbial response to elevated carbon 
dioxide, other major drivers of global change, namely nitrogen deposition, elevated 
temperature, and altered precipitation have been the focus of much research. 
Nitrogen addition to unmanaged as well as managed ecosystems is consistently 
 associated with a decrease in mycorrhizal fungal biomass (Balser et al. 2001; 
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Treseder 2004; Klironomos et al. 1997) as well as shifts in microbial community 
composition and decomposition rates (Balser et al. 2001; Carreiro et al. 2000; 
Henriksen and Breland 1999). Increased precipitation and hence increased soil 
moisture may result in increased microbial predation by mesofauna (Clarholm 1985; 
Kuikman et al. 1991; Taylor et al. 2004). It is also thought that the osmotic potential 
of the soil solution (soil salinity effects on water movement and availability) may 
play a more important role than absolute water content (Stark and Firestone 1995; 
Zak et al. 1999). Finally, increased temperature may increase microbial metabolic 
activity in temperate ecosystems (Zak et al. 1999; Contin et al. 2000; Vinolas et al. 
2001), but not as much in northern ecosystems (Allison and Treseder 2008). 
Temperature increase is also predicted to shift carbon use toward old carbon or 
toward new carbon pools (MacDonald et al. 1995; Zogg et al. 1997; Andrews et al. 2000) 
or just generally increase soil respiration (Lin et al. 1999; Niinisto et al. 2004).

Experiments focused on manipulating single factors alone (such as those with 
elevated carbon dioxide, or altered moisture or temperature) offer valuable insight 
on fundamental responses, but there is a need for studies which examine the realis-
tic future of global change: that of multiple, simultaneously interacting factors 
(Intergovernmental Panel on Climate Change (IPCC) 2007). Multiple factor, long-
term studies may allow for a more mechanistic, predictive understanding of how 
microbial communities will respond to future global changes.

Those studies that are focused on interacting factors tend to focus on two general 
groups; (1) interactions between microbial resources (such as carbon and nitrogen), 
and (2) interactions between climate factors and resources (for instance, tempera-
ture with nitrogen addition). Many investigations have focused on the possible 
interaction between elevated carbon dioxide and nitrogen deposition, with less 
attention on how elevated carbon dioxide or nitrogen deposition may interact with 
climate change factors (temperature or precipitation).

Elevated carbon dioxide or nitrogen deposition may push a system toward nitro-
gen or carbon limitation (by increasing available soil carbon or nitrogen, respec-
tively), so when both are elevated, the responses may mitigate each other (Hu et al. 
1999; Lee et al. 2003; Schaeffer et al. 2003). For instance, elevated carbon dioxide 
lessens the positive effect of nitrogen addition on soil respiration and decomposi-
tion of litter (Lutze et al. 2000). Elevated carbon dioxide may also slow a decline 
in the abundance of saprotrophic fungi seen with nitrogen addition alone (Řezáčová 
et al. 2005). At the same time that effects of nitrogen deposition may be altered by 
elevated carbon dioxide, the effects of elevated carbon dioxide on plants and micro-
organisms may be dependent on soil nitrogen and fertility levels (thus, creating a 
cycle of nutrient limitation; Zak et al. 2000a; Lee et al. 2003; Tate and Ross 1997; 
Martin-Olmedo et al. 2002). Elevated nitrogen has been shown to slow the increase 
in carbon storage seen with elevated carbon dioxide alone (Tate and Ross 1997; van 
Groenigen et al. 2002), perhaps by increasing carbon cycling rates. The response of 
arbuscular mycorrhizal fungi (AMF) to elevated carbon dioxide may also depend 
on soil nutrient levels (Rillig and Field 2003) and determine whether AMF biomass 
becomes a carbon sink or decomposes organic matter and contributes to carbon 
cycling (Treseder and Allen 2000).
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Climate change factors (e.g. elevated moisture or temperature) also interact with 
elevated carbon dioxide and nitrogen addition. For instance, increased moisture can 
increase the apparent effect of nitrogen addition by increasing the movement of 
 nitrogen to the plant (Henry et al. 2005a). Or water may act in concert with nitrogen 
addition to increase decomposition of plant tissues (Henry et al. 2005b). Increased 
moisture, or alleviation of water stress, can also alter the lignification of plant cell 
walls (Henry et al. 2005b), increase grassland productivity, or impact soil carbon 
(Tate and Ross 1997). Soil moisture coupled with elevated carbon dioxide also 
decreases abundance of ammonium oxidizing bacteria, potentially altering the soil 
nitrogen cycle (Horz et al. 2004). Warming with elevated carbon dioxide may act 
additively to increase soil respiration (Niinisto et al. 2004; van Veen et al. 1991; 
Körner and Arnone 1992; Peterjohn et al. 1993; Johnson et al. 1994; Nakayama 
et al. 1994; Pajari 1995; Vose et al. 1995; Hungate et al. 1997). Although there have 
been few reports on the interactions between elevated temperature and moisture, 
there is evidence to suggest that together they may lead to shifts in the structure of 
methane oxidizing bacterial communities (Horz et al. 2005). In sum, while there are 
reported differences, it is difficult to synthesize the varied patterns seen among 
temperature or soil moisture and elevated carbon dioxide or nitrogen. There is also 
little information about how climate factors will interact with elevated carbon diox-
ide and/or nitrogen to affect microbial biomass or community structure (Pendall 
et al. 2004). More research is needed to generate a synthetic explanation and build 
usable conceptual models.

It is apparent from the research outlined above that there is no straightforward 
or clear model or prediction of how microbial communities will respond to future 
global climatic changes. In fact, several recent reviews have commented on our 
need for better general understanding of soil communities in order to understand 
soil feedbacks to future global change (Zak et al. 2000a; Pendall et al. 2004; Foley 
and Ramankutty 2004). In the next section of this chapter we will review microbial 
response to specific climate perturbations in more detail.

Response to Specific Changes in Climate

Impact of Increasing Temperature

As climate warms, microbial populations must acclimate or die. Many studies have 
shown an increase in microbial biomass in short-term experiments but over the 
long-term under elevated temperature biomass is more likely to decrease. This is 
because the efficiency of microbial growth changes at higher temperatures (Schimel 
et al. 2007; Hyvonen et al. 2005). Rather than biomass being directly correlated 
with decomposition, the reverse becomes true as organisms utilize labile carbon for 
energy production rather than biomass production (Contin et al. 2000; Zogg et al. 
1997; Schimel et al. 2007). A specific instance is that higher temperatures alter cell 
membrane fluidity and permeability, requiring membrane lipid re-synthesis 
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(Petersen and Klug 1994). The high energetic cost of this stress response is one 
mechanism by which carbon can be utilized for energy instead of biomass. When 
the microbial energy demand exceeds the limit of labile carbon pools, biomass 
 cannot be maintained and may decline at higher temperatures (Balser 2000; Balser 
and Firestone 2005). If however, the microbial community can access necessary 
labile carbon, then increased temperature will result in a shift in carbon allocation 
from growth to acclimation with a concomitant decrease in growth efficiency (i.e. 
increase in respiration per unit biomass; Schimel et al. 2007). In this case microbial 
biomass may be maintained rather than decline.

In one of the few long-term studies including elevated temperature that explicitly 
focused on the microbial community, Gutknecht (2007) considered 8 years of field-
based data. They found that ambient inter-annual and seasonal variations in the 
microbial community were greater than effects of elevated temperature or moisture 
treatments. Overall there were few significant responses of microbial biomass or 
community structure to climatic treatments (elevated precipitation or temperature), 
with responses to elevated temperature being stronger than elevated precipitation. 
Importantly, however, these treatments did impact community process responses. 
Exposure to 8 years of elevated temperature or elevated precipitation in the field 
affected community responses to a short-term increase in substrate availability. In 
detail, Gutknecht (2007) reported a microbial response to elevated temperature that 
was similar to that obtained with nitrogen addition. Mycorrhizal abundance 
decreased, but other bacterial and general fungal microbial indicators increased in 
relative abundance. Elevated precipitation was related to lower relative abundance 
of a mycorrhizal indicator, but this trend was only statistically significant in one of 
6 years of this study. While there were few significant effects from climate manipu-
lation alone, temperature interacted to modify the effects of elevated carbon diox-
ide or nitrogen addition alone. Increased temperature may directly enhance 
arbuscular mycorrhizal (AM) colonization and development (Pendall et al. 2004; 
Fitter et al. 2000; Gavito et al. 2003), or may have the opposite effect. These 
changes in mycorrhizal fungal biomass may be important as mycorrhizas play such 
an important role in plant nutrition and plant, community, and ecosystem responses 
to global change.

Model systems can also be valuable for looking in detail at microbial responses to 
elevated temperature. Bardgett and Shine (1999), in a model ecosystem study, explored 
how a microbial community responded to elevated temperature over three plant gen-
erations. Microbial analyses revealed that biomass increased significantly, but only 
during the first plant generation. By the last plant generation, total microbial biomass 
was in decline. The initial increase in microbial biomass was likely due to fast-growing 
bacteria that initially responded to elevated temperature, while slower growing 
microbes such as fungi and actinomycetes were unaffected. Similarly, the relative 
abundance of Gram-positive and Gram-negative bacteria may increase with tempera-
ture, perhaps due to a shift in available substrates (Zogg et al. 1997), while fungal and 
actinomycete biomarkers may decline at higher temperatures (Waldrop and Firestone 
2004). These studies together illustrate the importance of understanding how different 
microorganisms respond to elevated temperature, and how these varied responses 
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impact on the timing and duration of the overall community response to elevated 
temperature or other potentially to other global changes.

Finally, there is a growing body of work indicating that the size and quality of 
the carbon pool accessed by microorganisms changes with varying temperature 
(MacDonald et al. 1995; Zogg et al. 1997; Andrews et al. 2000; Tison and Pope 
1980; Linkins et al. 1984; Ellert and Bettany 1992; Nicolardot et al. 1994). Models 
that define decomposition or respiration rate coefficients (k) as a function of tem-
perature assume constant substrate pool size and uniform substrate preference 
(Ellert and Bettany 1992). However, MacDonald et al. (1995) found that the pool 
size of carbon substrate available to the microbial community can vary substantially 
with temperature. In addition, several researchers have found that not only does the 
size of the carbon pool accessed change with temperature, but microbial use of 
specific substrates also changes (Zogg et al. 1997; Andrews et al. 2000; Balser 
2000; Waldrop and Firestone 2004; Nicolardot et al. 1994). Further, some data sug-
gest that the response is not always consistent with simple kinetics. In the microbial 
community of a Californian annual grassland for instance, substrate-utilization 
varied substantially with incubation temperature (Balser and Wixon 2009). 
Strikingly, despite predictions that polymeric carbon will be more readily degraded 
at higher temperatures, we have seen the opposite effect. At cooler incubation tem-
peratures, polymers were preferentially degraded (Balser and Wixon 2009). The 
significance of this for soil carbon dynamics remains to be explored.

However, the issue of whether soil will act as a net carbon source or sink in 
response to climate warming remains a matter of intense interest in global change 
policy and research communities (Cox et al. 2000; Shaver et al. 2000; Rustad et al. 
2001; Knorr et al. 2005). Because global soil organic carbon concentration is greater 
than twice that of the atmosphere (Post et al. 1982; Schimel 1995; Schlesinger 1996), 
even small changes in flux can have a significant impact on atmospheric carbon diox-
ide (Kirschbaum 2000; Rustad et al. 2000; Schlesinger and Andrews 2000).

In particular, the sensitivity of recalcitrant (‘older’) carbon to temperature is a critical 
parameter for predicting the role of soil as a feedback agent in climate warming (Knorr 
et al. 2005; Giardina and Ryan 2000; Luo et al. 2001; Fang et al. 2005). While there 
is a reasonable level of agreement that younger (labile) carbon will generally display 
a predictable pattern of response to temperature (e.g. it has a Q

10
 of approximately 2.4 

and increasing rate of mass loss as temperature rises), the dynamics of older carbon 
largely remain a mystery (Kirschbaum 2000; Agren and Bosatta 2002). The sensitivity 
of recalcitrant carbon to rising temperature has been predicted to increase (Knorr et al. 
2005; Fierer et al. 2005), decrease (Agren and Wetterstedt 2007; Wagai et al. 2008), or 
remain invariant (Giardina and Ryan 2000; Luo et al. 2001). This variability is likely 
due to the web of interacting factors that influence carbon stability in soil (Davidson 
et al. 2000). As litter transforms to ‘soil organic matter’, and then ages to stable 
(humic) forms it becomes increasingly chemically altered (Balser 2005) and associ-
ated with soil minerals (Sollins et al. 1996). Further, litter of differing chemical quality 
will vary in its transformation, as will the availability of organisms to degrade it (Balser 
2005). As a result, temperature sensitivity of older carbon is not a simple function of 
enzyme response, but instead is the product of a complex suite of interactions among 
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the varying temperature responses of competing processes such as activation energy 
(Bosatta and Agren 1999), altered substrate diffusion (Mikan et al. 2002), mineral 
adsorption or occlusion (Wagai et al. 2008; Thornley and Cannell 2001), historical 
carbon input and land use (Davidson et al. 2000), and acclimation of the decomposer 
community (Balser and Firestone 2005; Waldrop and Firestone 2004; Agren and 
Bosatta 2002). To date, studies including or focusing on more than one of these factors 
at a time are rare, and consequently, results of existing studies often appear idiosyn-
cratic or surprising (Davidson et al. 2000; Mack et al. 2004).

Impact of Elevated Carbon Dioxide

To date, the majority of studies investigating ecosystem carbon storage response to 
increasing atmospheric carbon dioxide have been focused on the role of above-
ground tissue chemistry and biomass production (Pan et al. 1998; Mooney et al. 
1999). However, initial predictions that increases in plant biomass and decreases in 
above-ground litter quality in response to elevated carbon dioxide concentrations 
would lead to increased soil carbon storage have not been borne out (Norby and 
Cotrufo 1998; Schlesinger and Lichter 2001). In fact, it has become clear in recent 
years that more often than not, aboveground biomass remains unchanged, and plant 
tissue chemistry at senescence is indistinguishable from that grown at ambient carbon 
dioxide concentrations (O’Neill 1994; Curtis et al. 1989; Franck et al. 1997). 
However, there is a growing body of evidence indicating that carbon dioxide enrich-
ment coupled with increased plant nitrogen requirements leads consistently to 
enhanced carbon allocated belowground (O’Neill 1994; Niinisto et al. 2004; Cardon 
et al. 2001). Although responses vary across systems, increased carbon flow to below-
ground pools appears to be driven by mechanisms for nitrogen acquisition such as:

 1. Increased allocation to root structural tissues (Zak et al. 2000a; Owensby 1993; 
Kampichler et al. 1998)

 2. Accelerated root turnover (Norby 1994; Pregitzer et al. 2000)
 3. Rhizodeposition (Cardon et al. 2001; Hungate et al. 1999)
 4. Mycorrhizal development (O’Neill 1994; Treseder and Allen 2000)
 5. Nitrogen-fixation (Hungate et al. 1999; Montealegre et al. 2000)

Few studies to date have addressed, however, the relative importance and long-term 
consequences of different mechanisms by which increases in belowground carbon 
impact microbial communities, and thus carbon dynamics in soil.

Increasing atmospheric carbon dioxide can affect plant responses in several ways: 
plant growth can increase or decrease (Poorter 1993; Joel et al. 2001), nutrient usage 
and allocation can change (Curtis et al. 1989; Cotrufo et al. 1998), and above- and 
belowground patterns of biomass can be altered (Zak et al. 2000a; Hungate et al. 
1997). These responses to elevated carbon dioxide affect the competitive abilities of 
plant species, and in turn, can alter plant community composition (Zangerl and 
Bazzaz 1984). Within plant communities containing exotic, invasive species, the 
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growth and competitive dynamics of plants may change with rising carbon dioxide to 
favour the exotic species or the native species. Fast-growing C

3
 species, such as many 

exotic, invasive species, tend to respond most strongly to elevated carbon dioxide 
(Poorter 1993). Therefore, there is concern whether or not invasive species will 
become more aggressive in their growth and establishment under enriched atmo-
spheric carbon dioxide. Hungate et al. (1996) showed that the impact of invasive 
grasses on the cycling of nitrogen in Californian grassland was greater under elevated 
carbon dioxide than under ambient levels. The invasive grasses showed increased 
plant nitrogen pools and 15NH

4
+ (ammonium) uptake under elevated carbon dioxide 

while the native species exhibited smaller increases or decreases. A study by Dukes 
(2002) showed that growth and competition of Centaurea was enhanced under ele-
vated carbon dioxide. Similarly, Smith et al. (2000) found that both the native desert 
annuals and the exotic, invasive grass (Bromus tectorum) showed greater total above-
ground biomass and individual plant biomass under elevated carbon dioxide, but the 
total density of the native annuals decreased while the density of Bromus increased. 
Additionally, Bromus exhibited a three-fold increase in seed rain, while the whole-
plot seed rain of the native annuals did not increase significantly. These studies illus-
trate that changes in the growth dynamics of invasive and native species under 
elevated carbon dioxide may lead to ecosystem-level changes in primary productivity, 
which will in turn impact on soil microbial and carbon dynamics as plants senesce.

Impact of Changing Soil Moisture

The soil moisture relationship to microbial community is more highly variable and 
complicated than that of temperature, and less studied (Lavigne et al. 2004; Saiz et al. 
2007). It is easy to understand intuitively that soil water content will vary negatively 
with temperature, and has been shown to be the case (Luo et al. 2001; Davidson et al. 
1998). However, the relationship is challenging to describe empirically. There is no 
consensus as to an equation describing soil respiration and moisture (Emmett et al. 
2004), or moisture and temperature (Lavigne et al. 2004). As with other factors, 
interactions may be seen as a key reason that temperature relationships are not clear. 
The time scales and spatial scales of water change are different from those of tem-
perature change. Moisture changes may come in the form of wet-dry cycles, drought, 
flooding, or smaller shifts. These different changes have different community struc-
tural and functional impacts, and are conditioned by a community’s native regime.

There are several mechanisms or physical processes affecting microbial com-
munities that vary with moisture content (Rodrigo et al. 1997). Precipitation is 
generally agreed to constrain decomposition at its extremes of dry (water stress) 
and wet (anoxia). Although a general interaction between oxygen concentrations 
and soil moisture is intuitively obvious, soil moisture effects are not limited to 
anoxia. For example, considering aerobic respiration at low moisture contents, 
substrate diffusion has been shown to be the main regulating process at low water 
contents in clay soils (Schjonning et al. 2003).
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Despite logical mechanisms by which microbial communities may be altered by 
changes in soil moisture, these effects have so far only been observed in some studies, 
in dry summers (Hui and Luo 2004; Rey and Jarvis 2006). The impact of experimental 
drought has been likewise inconsistent (Emmett et al. 2004). Water is a critical factor 
in global change, nevertheless. Wetter soils such as peats and wetlands constitute large 
carbon sinks. Heterotrophic respiration overall is commonly seen as negatively related 
to water content above the soil moisture optima, typically considered 60–80% of water 
holding capacity. Waterlogged soils are so successful at creating physical and chemical 
barriers to aerobic respiration that a future carbon sequestering management strategy 
might involve saturating soils (Sylvia et al. 2005). Other evidence considering the 
interacting factor of elevated carbon dioxide suggests that anaerobic wetland condi-
tions may be less of a carbon sink with global climate change (Wolf et al. 2007).

The adaptation of a microbial community to a local precipitation regime can 
make generalizing moisture response figures as dangerous as stating a universal 
temperature optimum. Response to conditions such as flooding depends on the life 
history of the community. Communities more tolerant of flooding, or drying and 
rewetting, have different responses to these disturbances (Fierer et al. 2003; Mentzer 
et al. 2006). Fierer et al. (2003) provide an example of community adaptation and 
process response to moisture levels. Drying-wetting regimes were found to signifi-
cantly impact on bacterial community composition in oak woodland soils, which are 
less frequently exposed to moisture stress, but not in grassland soils. Size and func-
tion of litter decomposers can also be strongly affected by their moisture stress his-
tory (Schimel et al. 1999). Thus, the historical adaptation of the microbial community 
may determine how an ecosystem responds to changing moisture regimes.

Drought, irrigation, flooding, and re-wetting or other pulse events all can be 
expected to have different responses compared with modest water stress or modest 
increases in soil moisture (Schimel et al. 2007). Microbial activity or biomass may 
increase during wet seasons or after ‘wet-up’ (the period when soils regain moisture 
after the dry season; Fierer et al. 2003; Waldrop and Firestone 2006). Rewetting 
after drying also has unique process implications, and several studies address it 
(Reichstein et al. 2005; Wu and Brookes 2005). For example, dissolved organic 
carbon release is enhanced when dry soils are rewetted (Marschner and Bredow 
2002), but these effects may be community-specific (Reichstein et al. 2005). 
Increasing soil moisture may also alter microbial activity but not biomass. For 
instance one study (Waldrop and Firestone 2004) reported that increased soil water 
did not affect the size of the available substrate pool, the utilization of differing ages 
of soil carbon, or microbial community composition. However, increased soil mois-
ture did decrease hydrolytic enzymatic activity and reduced peroxidase enzyme 
activity, associated with complex carbon degradation, by 42%.

It is likely in at least some cases, however, that soil moisture has an influence 
even at levels other than the extremes. Considering the importance of soil micro-
sites, water films, osmotic stress tolerances, ion concentrations, and the differential 
water retention of different pore size, it is clear that the effect of moisture is structurally 
and biologically complex. Any environmental conditions, including smaller moisture 
changes that limit or accelerate the diffusion of carbon dioxide from soils or the 
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surface layer, can create non-equilibrium conditions that impact carbon dioxide 
efflux rates (Hanson et al. 2000). Studies have shown that moderate drying can 
significantly affect decomposition (Reichstein et al. 2005). Even modest water 
stress can cause a 25–50% decline in soil respiration (Lavigne et al. 2004).

A last consideration is that certain factors may interact with soil moisture regimes 
to either affect microbial community structure, or activity, or both simultaneously. 
A study by Chena et al. (2008) considered two near-optimal moisture levels (60% 
and 80% of field capacity) and two different plant covers (with differing biomass). 
The community structure (assessed via phospholipid fatty acid analysis) was more 
affected by plant species, but community-level physiological profiles were affected 
by both plant species and soil moisture. Both physiological and acclimation mecha-
nisms occurred, with differing factors contributing to each mechanism.

Changing Agricultural Management Regimes  
and Soil Microbial Communities

Some of the most critical impacts of climate change on microbial communities will 
not be through direct changes to the soil environment, but through those that occur 
indirectly via changes in land management and vegetation cover as humans respond 
to a changing climate.

It is well-established that conversion of native ecosystems to agricultural uses 
can strongly affect microbial community structure, composition and diversity. 
For example, conversions of tropical forest to plantations (Waldrop et al. 2000) 
have been found to engender distinct soil microbial community structures, and 
agricultural intensification has been reported to decrease microbial diversity 
(Steenwerth et al. 2005). Additionally, the type of land management practices in 
agroecosystems also affects microbial community structure and function through a 
variety of different mechanisms. Numerous studies have documented changes in 
microbial community structure as a result of physical disturbance, especially tillage 
(Frey et al. 1999; Guggenberger et al. 1999). Tillage represents a severe disturbance 
to fungi by severing hyphal connections and no-till systems favor fungi over bacte-
rial community components (Minoshima et al. 2007; Kennedy and Schillinger 
2006). Conversions to agriculture and cultivation practices also alter microbial 
communities through changes to temperature, soil moisture (through irrigation and 
alteration of soil structure), and other physical parameters.

Land-use changes also alter soil microbial community structure through altera-
tions in carbon availability and quality, pH (Cookson et al. 2007), nutrient avail-
ability, or other chemical parameters. For example, fungal-to-bacterial ratios are 
commonly measured as indicators of microbial community structure, and the rela-
tive proportions of fungi are increased by no-till practices, crop rotations, and use 
of cover crops (Six et al. 2006). Studies in both agroecosystems and natural systems 
report that nitrogen additions decrease the relative abundance of fungi to bacteria 
(Bardgett and Shine 1999; Bradley et al. 2006). Seghers et al. (2004) found that 
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nitrogenous fertilizers decreased populations of methanotrophs in the bulk soil 
microbial community, as well as members of the root endophytic community. They 
also found differential effects of organic fertilizers versus inorganic, consistent with 
other studies. For example, Wander et al. (1995) reported that manure-amended 
plots contained a less diverse population of microorganisms than cover cropped 
soil, but that the microbial biomass was more metabolically active (Wander et al. 
1995). Ulrich et al. (2008) found that manure applications led to an increase in the 
population densities of cellulytic bacteria within the soil microbial community.

In addition to physical disturbance effects, alterations in vegetation, including 
alterations in plant diversity and species-specific plant traits, can in turn cause altera-
tions in aboveground litter quantity and quality, and belowground root dynamics. 
However, alterations in vegetation tend to be idiosyncratic effects of particular plant 
species or particular plant functional traits, and difficult to draw more generalized 
patterns from (Porazinska et al. 2003). The effects of plant litter quality and quantity, 
in particular, are limiting factors to microorganisms, and thus species-specific differ-
ences in plant litter can especially affect microbial community structure and function 
(Wardle 2002).

Additionally, effects may persist for many years and decades after a given land-
use has stopped (Steenwerth et al. 2003). For example, Fraterrigo et al. (2006) found 
long-term alterations to microbial community structure in forest stands that had been 
cultivated but not logged. Fungal markers, especially, were lower in previously cul-
tivated sites, suggesting that fungi may need more time to recover from agriculture 
(Fraterrigo et al. 2006). Likewise, Spiegelberger et al. (2006) found, 70 years after 
agricultural abandonment, changes to the microbial community due to lasting 
changes in pH due to former agricultural liming. Evidence is accumulating that the 
history of land-use can leave contingency effects in the soil microbial community, 
ultimately influencing successional dynamics of future plant communities (Kardol 
et al. 2007) and hence providing a mechanism by which changes due to agricultural 
management practices may persist far into the future.

Linking the Structure and Function of Microbial Communities  
in Changing Landscapes

As conversion of native ecosystems to arable land is likely to continue into the 
future, future agricultural management practices are likely to alter the essential 
functions microbial communities provide to plant productivity, including providing 
structural stability to soils, nutrient (especially limiting nutrients such as nitrogen 
and phosphorus) mineralization and transformation, and disease suppression (Barea 
et al. 2002; Peterson et al. 2002; Kennedy and Papendick 1995). In addition to 
effects on plant productivity, land-use shifts are likely to affect numerous other 
processes that the microbial community carries out in agroecosystems, including 
decomposition, carbon cycling, soil aggregation and stability, plant productivity, and 
greenhouse gas emissions. For example, Bossuyt et al. (2002) found that elimination 
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of soil fungal populations decreased macroaggregate formation in the soil. The 
impact of climatic change on soil ecosystem services and products is likely to be 
profound and demands immediate and detailed studies not least because of its 
relevance to food security.

Studies that link community structure and functional measurements of land-use 
change effects are relatively rare but increasing. For example, the study of Waldrop 
et al. (2000) on conversion of tropical forest to plantation linked measurements to 
community structure to enzyme activities, and found that land conversion to planta-
tions increased the activities of key enzymes involved in the carbon cycle, such as 
phenol oxidase and peroxidase (lignin degradation) and cellobiohydrolase (cellulose 
degradation). Thus changes to the overall physiology of the soil microbial commu-
nity provide a mechanism whereby land-use can affect ecosystem functions.

It is well established that land-use changes alter mineralization rates of key lim-
iting nutrients and thus affect nutrient availability to plants. Recent studies have 
found that alterations to microbial community structure can often explain differ-
ences in mineralization rates in different altered ecosystems (Fraterrigo et al. 2006; 
Hawkes et al. 2005). Shifts in nitrogen processes important to agricultural produc-
tivity, such as nitrogen mineralization rates (Balser et al. 2005; Fraterrigo et al. 
2005) or phosphorus cycling rates (Cleveland et al. 2003), can thus be altered with 
shifts in microbial community composition.

Land-use caused shifts in microbial mediated processes ultimately feed back to 
plants themselves, impacting agricultural productivity, although the mechanisms 
linking aboveground and belowground systems may be complex and context-
dependent (Wardle et al. 2004). Additionally, recent research has suggested that 
particular land uses (including cultivation) may cause changes in microbial com-
munity structure and function that may persist many years after cultivation has 
ceased (Fraterrigo et al. 2006; Dupouey et al. 2002). These biotic legacies in the 
soil may influence future plant communities and environmental conditions at the 
site, and so microbial functions may reflect past land uses as much as contemporary 
ones. Through biotic legacies left by previous vegetation that has altered the soil 
microbial community, changes to soil microbial physiology and function induced 
by land-use changes can ultimately feed back to subsequent vegetation that is 
planted, succeeds, or is restored. More work is needed to elucidate how interacting 
biotic and abiotic factors can influence microbial community structure and func-
tion, over short and long time periods of land-use changes.

Caveats and Conclusions

Climate Modulators and Native Regimes

Temperature and water are both environmental factors that are important for micro-
bial growth. They are considered to be environmental “modulators” (that influence 
organism activity) as opposed to “resources” that are used by organisms to grow 
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and reproduce (Chapin 2003). Modulator changes affect the whole community, but 
often ultimately cause change by their impacts on resources. For example, a reduc-
tion in water potential (modulator) may act to limit substrate availability (resource) 
via diffusion, improving the success of hyphal strategists. Energy must be used to 
adjust processes when a modulator is not optimal (Balser et al. 2002). Microbial 
responses to temperature and moisture stress can occur via several mechanisms, 
including physiological changes such as lipid membrane changes, substrate prefer-
ence changes, or the formation of dormant structures. Regarding such stresses, 
Schimel et al. (2007) conclude that even when microbial community response to 
stress is limited, the physiological costs imposed on soil microbes are large enough 
that they may cause large shifts in the allocation and fate of carbon and nitrogen.

Response to temperature and moisture change is dependent on native regimes. 
This importance of native regimes makes theoretical sense. From a microbial physi-
ology perspective, a stressed microbial community is more likely to show changes 
than one operating within accustomed conditions. Prevailing conditions at a given 
location select for communities with particular adaptations to temperature (Dalias 
et al. 2001), and to its variability. If an environment rarely changes, there is a dis-
advantage to maintaining sufficient genetic material to have a broad functional 
range (Balser et al. 2002).

A community may be more sensitive to temperature and moisture changes if the 
new condition is outside of its normal climate range. This has been demonstrated 
experimentally (Balser and Firestone 2005; Wolf et al. 2007). For example, Waldrop 
and Firestone (2006) demonstrated that a forest microbial community perturbed 
beyond its environmental range due to transplant was more sensitive to climate 
changes than a transplanted grassland microbial community with a broader native 
range. In this case, both community structure and biomass changed. This is consis-
tent with a study by Balser and Firestone (2005) showing that response to soil trans-
plant depended on the deviation from the community’s ambient regime.

Temperature optima do not necessarily relate to average local temperature 
(Lipson 2007), but the community may instead be driven by substrate availability 
resulting from plant phenologies (Yuste et al. 2004). Optima changes with high 
temperature incubations may also be more related to substrate limitation, and may 
not increase as might be expected (Dalias et al. 2001).

Importance of Study Context and Length

Even among studies that examine multiple interacting global change factors, few have 
studied microbial responses for more than one growing season. Variation caused by 
seasonal oscillations in weather over time significantly affects microbial community 
structure and function (Wolf et al. 2007; Ebersberger et al. 2003; Jin and Evans 2007), 
as well as changing responses to global change manipulations (Ebersberger et al. 
2003). Year to year climate variation may also change the intensity of treatment effects 
(Saiya-Cork et al. 2002). Neglect of seasonal trends can lead to misinterpretation 
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of results (Boerner et al. 2005), and in much the same way neglect of inter-annual 
variation could lead to misinterpretation or over-generalization of results that may 
have been particular to one growing season. Multiple year studies are more able to 
take into consideration seasonal changes in weather, perhaps giving a broader or more 
realistic perspective of how multiple, interacting factors alter soil communities.

A critical reason to study microbial communities across long-term global change 
manipulation is to understand how chronic, multiple long-term stresses, such as the 
stress of elevated temperature or shifting nutrient dynamics, will alter the micro-
bial community. It’s possible, for instance, that cumulative stress could result in 
large community shifts depending on external ‘tipping points’, such as the 
extreme wet or dry years that may occur more often in a globally changing climate 
(Intergovernmental Panel on Climate Change (IPCC) 2007). Multiple stresses 
simulated in global change experiments may interact to impact above and below-
ground communities in ways distinct from single factor responses (Henry et al. 
2005a, b; Flannigan et al. 2006; Kandeler et al. 1998). For example, nitrogen depo-
sition from urban and agricultural areas may result in a shift from mycorrhizal to 
bacterially dominated communities (Aber et al. 1998) that may be altered further 
by elevated carbon dioxide or climate factors (Treseder and Allen 2000). Despite 
the abundance of work on single factors there is still relatively little known about 
how microbial communities will respond to multiple simultaneous stresses repre-
sented by global change treatments (Pendall et al. 2004; Kandeler et al. 1998).

This added interpretive strength and understanding of temporal aspects of soil 
community response to global change is also important from a standpoint of its con-
sequences. What does it mean that the community acts in one way or another under 
global change treatments? How will ecosystem function change as a result of changes 
in small scale, microbial processes? Should soil management decisions change in wet 
versus dry years? These questions can only be answered from understanding the 
microbial community on a longer time-scale than has traditionally been studied. For 
instance, several studies have shown that it takes from 2 to several years for microbial 
activity and nutrient cycling to recover after burning (Smithwick et al. 2005; Zhang 
et al. 2005; Yong-Mei et al. 2005; Boerner et al. 2006; Turner et al. 2007). Over this 
time frame, or until final recovery, any one time-point may give a very different pic-
ture of response to disturbance that may not accurately reflect long-term patterns of 
recovery and thus, poor interpretations for proper landscape management.

Conclusions

Climate change will impact microbial community structure and activities both directly, 
through alteration of the soil chemical and physical environment, and indirectly 
through changes in land use and cover. We have most often studied climate change 
impacts by isolating the various change drivers and manipulating them independently. 
However, in reality changes in the soil habitat will occur in concert and may produce 
unexpected results as factors like temperature interact with changes in water or 
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nitrogen availability and plant species cover. We need a better understanding of the 
nature of climate change interactions from studies that include multiple factors. It is 
especially critical to note that the specific response of a community to a given environ-
mental change will not be dependent only on the severity of the disturbance, but also 
on the history of the affected soil and soil community. Evidence is accumulating that 
rather than being infinitely plastic in their response to and recovery from environmen-
tal perturbations, microbial communities are uniquely adapted to their native climatic 
regime and vegetation cover. They will thus respond uniquely to climate and land use 
change across ecosystem types or climate regimes. Further, it is increasingly being 
shown that land use practices can create legacy effects that persist for decades.

Soil microorganisms are essential components in the response of agricultural 
ecosystems to climate change through their capacity to cycle nutrients and process 
soil carbon. In order to fully understand and manage the impacts of climate change 
on soil communities we must be sure to include assessments of their composition 
and biomass in our studies, and design studies over the longer-term. Short-term 
studies are inadequate to capture the impact of climate change on soil microbial 
dynamics, and are inadequate. Finally, we must consider how our land use choices 
impact microbial communities into the future.
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