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The effects of human activities have dramatically

altered our natural environment. Greenhouse gas

production, nutrient loading, land-use change and

water consumption, to name a few, can dramatically

affect ecosystem processes by changing the dynamics

of global biogeochemical cycles. Currently, one of the

most crucial scientific objectives is to gain an under-

standing of how drastically anthropogenic changes

have altered our planet and what those changes mean

for the future.

In order to predict accurate scenarios of how global

change will affect terrestrial ecosystems, the effects

and controls over biogeochemical pools and fluxes, as

incorporated into predictive global change models,

must be carefully examined. This is not only necessary

to guide scientific endeavor, but also to inform

policymakers and to serve as a basis for advocacy of

social change. By examining and understanding the

dynamics of carbon, nitrogen, and other nutrient

transformations scientists can take the pulse of an

ecosystem and predict changes into the future. Many

of these biogeochemical cycles are catalyzed by

abundant and diverse microorganisms, the ‘‘gate-

keepers’’ that populate every ecosphere. However,

most global change models treat ‘‘microbes’’ as a

single pool, responsible for a single rate of flux (Todd-

Brown et al. 2011; Treseder et al. 2011).

Advances in microbial molecular techniques, and

increasing integration between microbiological and

ecological disciplines have provided overwhelming

evidence that microbial communities are far more

diverse than could ever have been imagined (e.g.

Roesch et al. 2007; Fierer and Jackson 2006; Schloss

and Handelsman 2006; Gans et al. 2005). With these

insights comes a whole new body of evidence that

microorganisms are not simple bags of enzymes, the

abundance of which directly relate to the rate of a

chemical reaction in the environment. On the contrary,

we find that microorganisms are dynamic catalysts

with a rich evolutionary history spread across all three

domains of life. This life history shapes what meta-

bolic capabilities microorganisms have, and how they

respond to a diverse array of ecological constraints,

including nutrient and dispersal limitation, competi-

tion, predation, cooperation and disturbance. Micro-

organisms themselves are affected by the global

changes that occur, and shifts in microbial communi-

ties are inevitably linked, through the biogeochemical

cycles they mediate, to the entire ecosystem. How
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microorganisms respond to global change, particularly

those responsible for greenhouse gas production

through processes such as decomposition, methano-

genesis and denitrification, is integral information that

must be incorporated into accurate global change

models.

This special issue includes eight papers that ema-

nated from an Ecological Society of America Special

Symposium ‘‘Microbial gate-keepers and climate

change: new insights relating microorganisms, global

change and ecosystem processes’’ in August 2010.

The issue includes a variety of manuscript types,

including syntheses (e.g. Treseder et al. 2011; Dooley

and Treseder 2011), theoretical idea papers (Wallen-

stein and Hall 2011; Todd-Brown et al. 2011), field

observations (Yavitt et al. 2011) and manipulative

experiments (Evans and Wallenstein 2011; Brown

et al. 2011; Docherty et al. 2011). The common theme

across all contributions is that microorganisms in the

natural environment can either mediate or expedite the

effects of anthropogenic global change. Understand-

ing the regional and global roles of microbes is

necessary to accurately predict the direction and

magnitude of these effects.

Several common directions for future research that

will enhance our understanding of microbial roles in

global change have been suggested both in the special

issue and during the panel discussion following the

ESA session. These courses of action fall into two

categories; 1) the inclusion of microbial dynamics in

global change models and 2) the gathering of appro-

priate microbial data for the validation of those models.

The need for microbe-inclusive models and their

validation

It is crucial, but rare, to validate the performance of

microbe-inclusive global change models using empir-

ical data, and to benchmark those models against

conventional microbe-exclusive models (Treseder

et al. 2011). Only one of the four case studies

presented in Treseder et al. (2011) was validated with

empirical data against a conventional model. This

model suggests that explicit microbial terms related to

extra-cellular enzyme production and bio-available

carbon enhance predictability of soil respiration (and

C cycling) under pulsed precipitation regimes (Law-

rence et al. 2009). As presented in Todd-Brown et al.

(2011), the latest IPCC (2007) report assumes that

decomposition is a first-order decay process, propor-

tional to the size of the carbon pool, not microbial

biomass. However, they argue that climate predictions

could be substantially improved by treating decom-

position as a second-order process related to the size

and enzyme activity of microbial communities (Todd-

Brown et al. 2011). Wallenstein and Hall (2011)

extend this idea to suggest that spatially explicit

microbial adaptation may play an important role in

how quickly microbial communities can respond to

rapid global change. By treating different eco-regions

(e.g., extreme temperature ranges versus narrow

temperature ranges) according to their specific micro-

bial adaptation rates, more accurate global change

models can be created (Wallenstein and Hall 2011).

The need for informative empirical microbial data

In many cases, validation of microbe-inclusive global

change models cannot be performed, simply because

the appropriate data does not exist. The types of

datasets, that are most informative for global change

models fall into several categories including long-term

microbial datasets, cross-biome datasets, and high-

resolution, accurate, multi-factorial field datasets.

Long-term microbial datasets

It is unclear if short-term responses will apply to

global change manipulations spanning decades during

which microbial communities may adapt and evolve

(Todd-Brown et al. 2011). For example, over the

short-term, soil microbial respiration increases with

elevated temperature (Treseder et al. 2011). However,

long-term, this effect is reduced, and microbial

respiration returns to ambient levels, despite the

increase in temperature (Treseder et al. 2011). Pre-

sumably, over the longer-term, microbial growth and

enzyme efficiencies could decline, enzymes could be

down-regulated and more slowly respiring microbial

taxa could become more dominant in the community

(Treseder et al. 2011).

The three papers included in this special issue that

include multi-year datasets indicate the need for

longer-term datasets as well. Inter-annual variation

and interactions with changes in the plant community

can substantially influence microbial responses to
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manipulative global change treatments (Docherty

et al. 2011; Evans and Wallenstein 2011; Brown

et al. 2011). In many cases, a global change treatment

may affect microbial biomass or activity in one year of

a study, but only consistent responses can be inter-

preted as long-term effects that can inform a predictive

model (e.g. Docherty et al. 2011; Evans and Wallen-

stein 2011; Brown et al. 2011).

Cross-biome datasets

In addition to long-term, consistently collected data-

sets, there is a substantial need to determine differ-

ences in microbial responses to global change by

specific biome or ecosystem. For example, Dooley and

Treseder (2011) performed a meta-analysis of the

effects of fire in several different biomes. Shifts in

microbial biomass, fungal:bacterial ratios and the

microbial recovery time following a fire can vary

dramatically depending on whether the fire occurs in

temperate grasslands, boreal forests, temperate for-

ests, or shrublands (Dooley and Treseder 2011). Yavitt

et al. (2011) examined peatlands across a 775 km

gradient in the Appalachian Mountain region, and

found that geographic distance, site history, and local

climate play key roles in determining what specific

functional groups of methanogenic archaea are pres-

ent. Evans and Wallenstein (2011) found that soils

subjected to a climate history of altered rainfall

regimes responded differently to new changes in soil

wetting regimes than soils from biomes with regular

precipitation patterns.

Given these differences between biomes and the

influence of local climate history, traditional coupled

global change models that operate within a spatial

resolution of about 1 9 1� in area will fall short,

because they will include high levels of microbial

diversity and potentially several different biome types

(Todd-Brown et al. 2011). If, as Wallenstein and Hall

(2011) suggest, historical temperature and precipita-

tion regimes play a role in how quickly microbial

communities can adapt to rapid environmental shifts,

then incorporating regional microbial aspects into

global change models will be necessary for accurate

global predictions. Wallenstein and Hall (2011) argue

that ecosystems containing more extensive aquatic

components will have a relatively lower amount of

annual fluctuation in temperature than geographically

adjacent arid regions. Combining terrestrial data with

data collected from riparian zone and aquatic systems

such as wetlands, lakes and streams, especially those

impacted by land-use change and agricultural run-off,

will provide a more complete picture of within-region

variability.

High-resolution, accurate, and multi-factorial

field data

Todd-Brown et al. (2011) suggest a model framework

based on microbial enzyme kinetics, where decompo-

sition is related to the amount and diversity of

microbial enzymes in relation to the amount and

diversity of carbon sources. In order to validate such a

model, specific estimates of microbial enzymatic

reactions must be provided, over the long-term and

across several biomes. However, most enzyme mea-

surements cannot be done under field conditions, but

must be done in the laboratory, where enzyme rates

might be altered (Todd-Brown et al. 2011). The

development of techniques that predict function based

on microbial data that can be collected in the field,

such as RNA-based metagenomics and proteomics,

could aid in predicting what microbial functions are

present at a specific site. However, this cannot replace

an accurate rate of enzyme activity or other functional

measurements in the field. An even greater challenge

is that even under field conditions, there is very little

knowledge about the persistence versus turnover of

extra-cellular enzymes. This presents a challenge to

linking measured activities with the physiology,

metabolism, or composition of the microbial commu-

nity. Development and expansion of methods to

accurately assess microbial characteristics, activities

and properties in soils is essential for advancing use of

microbial mechanisms in ecosystem models (Treseder

et al. 2011).

While limited by the techniques that are available,

future research that relies on in situ sensors of

microbial processes, such as automated chamber

systems, pooled-dilution stable isotope experiments

or minirhizotrons, are preferable over measurements

of potential rates under ideal conditions, or net rates in

fluctuating field conditions (Treseder et al. 2011;

Wallenstein and Hall 2011). Additionally, coupling

field-level experiments with specific laboratory exper-

iments can aid in teasing apart the effects of a

particular treatment on the microbial community

component of an ecosystem response. For example,
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Evans and Wallenstein (2011) found that when soils

had been exposed to altered long-term field-level

rainfall regimes, the historical impact of drought

resistance still remained in the microbial community

when soils were used in a mesocosm experiment that

further varied the soil moisture regimes without the

indirect plant community and other environmental

factors involved.

When laboratory experiments are not possible,

multi-factorial field experiments are useful in deter-

mining microbial responses to multiple global change

factors. The Jasper Ridge Global Change Experiment,

which simultaneously manipulates four treatments, is

used in two papers in this special issue to examine field-

level effects of global change to soil microbial

communities. Docherty et al. (2011) found that

increased soil ammonium concentrations as a result

of a nitrogen deposition treatment yielded a substantial

increase in ammonia-oxidizing bacterial abundance.

However, when similar soil ammonium concentrations

were achieved through burning of above-ground

biomass, ammonia-oxidizing bacterial abundance did

not increase, suggesting a complex relationship

between microbial and plant communities that can be

influenced by global change. Brown et al. (2011) show

that multiple global change factors can affect N2O

production, and that both denitrification and nitrifica-

tion contribute its production. Both these papers

indicate that it is just as important to examine the

microbial drivers and mechanisms behind a biogeo-

chemical process as to examine the process itself.

Ultimately, all microbial data are limited by similar

technological constraints, and accurately informing

global change models in the future will require

addressing these constraints. All DNA-based tech-

niques are limited by extraction biases which depend

on soil type and the ratio of target DNA (or RNA) to

chemical inhibitors. While purified DNA or cDNA

alone can be used for certain techniques, such as

metagenomics, most microbial community analyses

rely on amplification by PCR. PCR is also limited by

probe biases, the identification of informative gene

regions, the number of base pairs in a gene that it is

possible to sequence to obtain meaningful phyloge-

netic information, as well as sufficient reference

sequences to build an accurate reference alignment

and phylogenetic tree. PCR-based techniques have

provided the majority of microbial information thus

far, but is often based on genes that can only be

resolved to a family level (such as the methanogens

described in Yavitt et al. 2011 and the ammonia-

oxidizers described in Docherty et al. 2011).

Little information exists about how different sub-

groups of microorganisms may be responsible for

different rates of biogeochemical reactions, or how

they adapt to shifts in environmental factors. Docherty

et al. (2011) indicate that the cluster 3a sub-group of

ammonia-oxidizers responds to nitrogen deposition,

suggesting that particular clades within a phylogeny

may have different life histories, and different meta-

bolic capabilities than their neighbors who contain the

same functional gene. Similarly, Yavitt et al. (2011)

found that only one type of methanogen was ubiqui-

tous across all six of their geographically distant

peatlands, but that the majority of methanogens

identified were unique to each site. However, assess-

ing how particular clades of ammonia-oxidizers, or

how ubiquitous versus site-specific methanogens, are

related to nutrient cycling rates can currently only be

done using pure cultures of these microorganisms,

which are difficult or impossible to obtain.

While further work on specific within-microbial

community controls on biogeochemical cycling is

necessary, very little information is known about the

external biotic controls of microbial communities

through food web and trophic interactions. For

instance, the role of top–down controllers such as

eukaryotic microbial predators (e.g., nematodes) or

bacteriophage on soil microbial communities is poorly

understood, and how these roles will shift in the face

global changes is largely unknown.

Outlooks

Despite the many challenges involved with incorpo-

rating microbial data into global change models, and

the validation of those models, there are many

promising modeling efforts and methods which begin

to address these challenges. Recent modeling efforts

incorporating microbial dynamics include microbial C

dynamics with global warming (Allison et al. 2010),

microbial physiology and altered soil moisture

regimes (Lawrence et al. 2009), microbial feedbacks

to N deposition and C cycling (Gerber et al. 2010), and

several models to address microbial controls on

decomposition (Todd-Brown et al. 2011). In addition

to providing a theoretical framework, these efforts also
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serve to synthesize current knowledge and pinpoint

the datasets most needed for more predictive future

microbial knowledge in the face of global change (for

a full description of these modeling efforts see

Treseder et al. 2011 and Todd-Brown et al. 2011).

Recently-developed techniques have started to

approach obtaining a high-resolution, accurate level

of microbial information, which would ultimately be

extremely useful for predicting the role of specific

microbial communities in global change models.

Several of these techniques were described by Tre-

seder et al. (2011) and include: nucleotide analog

labeling and stable isotope probing which both reveal

the active microbial community; NanoSIMS and

fluorescence in situ hybridization which can link the

active, labeled community with environmental func-

tion; RNA analysis can also determine the actively

functioning community; and 13C phospholipids fatty

acid analysis which can be used to trace carbon

through broad microbial groups. There are also new

research efforts to better determine accurate in situ

enzyme activity (Wallenstein and Weintraub 2008)

and to better understand how enzyme activities

fluctuate over time (Bell and Henry 2011). In addition,

techniques such as functional genetics can be paired

with proteomics and metabalomics in order to link

phylogeny with physiology and measurements of

environmental function. The pairing of techniques

can also serve to validate the value of each method

independently. Currently, most of these methods

require sophisticated equipment and are relatively

expensive. Through further development, these meth-

ods will be able to be used in a broader scale to

encompass multiple year or multiple biome studies.

As the technology develops, the need for the

combination of long-term and cross-biome microbial

data can be informed, in part, by datasets collected by

organizations such as the National Ecological Obser-

vatory Network (NEON), the Long-Term Environ-

mental Research, and the Long-term Research in

Environmental Biology (LTREB) program. These

efforts to provide long-term continuous field sites

make it feasible for researchers in the scientific

community to install additional equipment to test

and measure in situ activity rates such as soil

respiration (soil collars), trace gases (soil septa),

nutrient flow (lysimeters) or root/hyphae growth

(minirhizotrons) over the long-term. These programs

also serve as an excellent testing ground new sensor

techniques which can be compared against historical

or simultaneous data already collected at the sites

using traditional methods. Additionally, within the

infrastructure of these programs, the long-term and

cross-biome microbial datasets collected provide a

general background of continental-scale microbial

data. This can directly inform and foster further

empirical research in the scientific community that can

be used to address specific microbial parameters in

global change models. To utilize these new tools,

techniques, field sites and databases to their greatest

capacity, it is most crucial for empirical and theoret-

ical investigators to collaborate closely in this emerg-

ing field of ‘‘global change microbial ecology’’. With

long-term data that can sufficiently inform and vali-

date particular regional and global change models with

explicit microbial terms, we can begin to truly

understand the extent of the role of microorganisms

as biogeochemical catalysts in our environment.
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