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In an era of extensive environmental change, human
activity – particularly the harvest of resources for food,

fiber, and fuel – is substantially altering Earth’s climate
and its element cycles (Vitousek et al. 1997; Figure 1).
The need for energy to support economic growth has
increased atmospheric carbon dioxide (CO2) concentra-
tions by nearly 40% since the beginning of the Industrial
Revolution (Canadell et al. 2007). The development of
the Haber–Bosch process used in the manufacture of
nitrogen (N) fertilizers has more than doubled the quan-

tity of reactive N entering the terrestrial biosphere
(Galloway et al. 2008). Mining of phosphorus (P) for fer-
tilizers has redistributed P across Earth’s surface, substan-
tially depleting phosphate mineral deposits (Gilbert
2009) and, in combination with N, leading to the
eutrophication of aquatic ecosystems (Conley et al.
2009). Individually and collectively, changes in these
element cycles are reorganizing biological communities,
with important implications for the health of ecosystems
and Earth’s climate in the 21st century.

The metabolic pathways that enable life on Earth couple
biogeochemical cycles to one another (Falkowski et al.
2008). Accordingly, a change in one element cycle invari-
ably entrains a change in one or more different element
cycles (Figure 2). This entrainment raises serious concerns
about human-driven increases in atmospheric CO2 concen-
trations that cause climate change and the biogeochemical
consequences of vast quantities of N and P now flowing
across the terrestrial landscape. To address the impacts of
human activities on coupled biogeochemical cycles (herein
CBCs), we first discuss the basis by which organisms couple
biogeochemical cycles to one another. We then focus on
the constraints CBCs impose on terrestrial productivity
and the consequences these constraints may have for cli-
mate change through the 21st century.

n Organisms, the coupling of biogeochemical
cycles, and climate variability

Element ratios vary widely in nature. In the atmosphere,
N is nearly 3000 times as abundant as carbon (C), and C
is nearly a billion times as abundant as P (Schlesinger
1997). In the lithosphere – the Earth’s crust – the order
reverses: P is about twice as abundant as C and around 40
times as abundant as N. In the biosphere, however, the
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relative order is fixed, with C > N > P, because organisms
require elements in strict proportions in order to catalyze
metabolic reactions and synthesize the building blocks of
life, including proteins, adenosine triphosphate (ATP),
and structural compounds, each of which has specific ele-
mental requirements (Sterner and Elser 2002). It is the
strict proportions of elements required by organisms that
couples biogeochemical cycles to one another.

Given that organisms have generally conservative stoi-
chiometries, the ability to acquire C, N, and P from the
environment places important limitations on organismal
and community responses to variations in climate. Take,
for instance, Arctic regions, which are extremely cold in
the winter but warm substantially during the brief sum-
mer period; the microorganisms in these soils need to
acclimate to wide temperature variations – the transition
to cold soils during the fall “freeze-in” period, for example
– or will otherwise die (Figure 3). To protect against mor-
tality during the freeze-in period, microbes induce the
synthesis of proteins, switch to alternative metabolic
pathways, and alter the composition of their cell mem-
branes to maintain functionality (Schimel et al. 2007;
Hall et al. 2010), all of which require adequate supplies of
C, N, and P, and have ecosystem-level consequences
(Schimel et al. 2007). As soil temperatures drop toward
0˚C, microbes shift from a net sink for N during the grow-
ing season to a net source of N during winter (Giblin et al.
1991; Schimel et al. 2004). Similar processes – albeit in
the reverse direction – occur during the spring thaw,
when microbes release many of their wintertime cell con-
stituents, resulting in a pulse of CO2 production and min-
eralized N and P. In tussock tundra in the Arctic, Schimel
et al. (2007) estimated that CO2 production during a sin-
gle thaw pulse releases C on the order of 25% of annual
aboveground net primary production and that more N is
mineralized in a single thaw pulse than that mineralized
annually. Though the growing microbial population in
the spring may rapidly immobilize much of this N, in

alpine ecosystems this spring pulse of N fuels primary pro-
duction – defined as the rate at which C from the atmos-
phere is converted to plant biomass per unit ground sur-
face per unit time – during the growing season (Schmidt
and Lipson 2004). Presumably, the pulsing of P into and
out of microbial biomass is similar to that for N, though
far less data are available on this critically important ele-
ment cycle.

In addition to physiological acclimation, shifts in com-
munity composition often occur in response to climate
variability. In alpine regions of Colorado, there is a fairly
distinct succession in microbial communities, from those
dominated by fungi in the winter to those dominated by
bacteria in the summer (Schadt et al. 2003). This succes-
sion is due to the combination of a springtime microbial
population crash, particularly in fungi, that releases labile
pools of C, N, and P into the soil and the concomitant
increase in the availability of labile C inputs (eg sugars,
organic acids) associated with springtime root growth
that favor rapidly growing bacteria (Schmidt et al. 2007).
Because bacterial biomass turns over about 10 times per
growing season, alpine plants, in symbiosis with root-
colonizing fungi (ie mycorrhizae), are able to acquire
some of the N and P released into the soil as cells lyse,
maintaining primary production in these strongly nutri-
ent-limited ecosystems (Schmidt et al. 2007). 

Much like equivalent changes in the microbial world,
shifts in plant species or functional-group composition
are likely to have large impacts on the response of CBCs
to global change (Hobbie 1996; Eviner and Chapin
2003; Hooper et al. 2005). Higher plant diversity in tem-
perate grasslands is correlated with higher rates of pri-
mary production in response to both elevated CO2 and
atmospheric N deposition (Reich et al. 2004), suggesting
that more diverse communities help mitigate climate
change by storing atmospheric CO2 and taking up excess
N. Similarly, fire suppression and other changes in land
management have resulted in the expansion of woody

Figure 1. Examples of human activities that alter the biogeochemical cycles of C and P.  (a) Vast coal reserves in Powder Ridge,
Wyoming, are mined and delivered to power plants across the US. The coal is burned to generate electricity but also releases vast
quantities of CO2 to the atmosphere. (b) The mining of phosphate-bearing rock in coastal North Carolina. Mining for P fuels
agricultural productivity but also transforms landscapes – in this case, a coastal wetland – and affects water quality in lakes, rivers,
and the coastal ocean.
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plants in many non-forest ecosystems
(Knapp et al. 2008). Woody plant
encroachment tends to increase primary
production as compared with that of
grasslands as a result of greater resource-
use efficiency in woody plant species that
have C:N:P ratios which are much greater
than those of grass leaves. And by virtue
of longevity, the transition to woody
plant cover also results in a redistribution
of N and P from the soil to biomass pools
(Berthrong et al. 2009).

Because plants and microbes form the
base of food chains, the ecology and evo-
lution of all higher-trophic-level organ-
isms – herbivores, granivores, carnivores,
and so forth – are intricately bound and
constrained by the coupling of biogeo-
chemical cycles. Consequently, global-
change induced alterations in the func-
tional diversity – and therefore the
nutrient stoichiometry – of plant and
microbial communities cascade through
food webs. Plant biomass has wider C:N:P
ratios than those of consumers, often lim-
iting the growth of organisms at higher
trophic levels (Sterner and Elser 2002;
Hall 2009) – an effect that is amplified by
chronic N deposition, which widens foliar N:P ratios and
intensifies P limitation in insect herbivores (Elser et al.
2000). Similarly, widening of plant C:N and C:P ratios
decreases the quantity of biomass consumed by herbi-
vores, increases the quantity entering the detrital food
web (Cebrian 1999), and decreases the ratio of herbi-
vore-to-producer biomass (Cebrian et al. 2009). Should
climate or atmospheric change alter C:N:P ratios in plant
and microbial biomass, studies suggest that substantial
shifts in the trophic structure of terrestrial ecosystems
will result. 

n CBCs, carbon storage, and climate change

Terrestrial ecosystems in many regions of the world
absorb and store atmospheric CO2 (Dixon et al. 1994).
The storage of C in plant biomass and in soil organic
matter (SOM) is one of the most important services
provided by the terrestrial biosphere. Currently, the ter-
restrial biosphere alone absorbs 20–30% of anthro-
pogenic CO2 emissions, slowing the pace at which CO2
accumulates in and leads to the warming of Earth’s
atmosphere (Canadell et al. 2007). Most importantly, C
storage is regulated by the biogeochemical cycles of N
and P, because the rate of photosynthesis is proportional
to the amount and activity of the N-rich enzyme ribu-
lose bisphosphate carboxylase/oxygenase in leaves
(Wright et al. 2004) and P, in the form of biochemical
energy (ie ATP, nicotinamide adenine trinucleotide

phosphate) and in the sugar–phosphate “backbone” of
DNA/RNA, is necessary for the synthesis of proteins
and plant tissues.

Rising concentrations of atmospheric CO2 are expected
to increase plant growth, but results from experiments
vary widely. In some ecosystems, elevated CO2 has been
shown to stimulate growth for over a decade (eg
McCarthy et al. 2010), whereas other studies reveal only
transient increases (eg Reich et al. 2006) or no response
at all (eg Shaw et al. 2002). Yet the global-scale models
used to predict atmospheric CO2 concentrations and cli-
mate patterns through the 21st century assume a consis-
tent, stimulatory effect of rising concentrations of atmos-
pheric CO2 on terrestrial productivity (Carter et al.
2007). There is therefore a clear discrepancy between
empirical data and models. 

Why are the responses to elevated CO2 so variable?
One answer is nutrient limitation. As with most biologi-
cal systems, multiple resources simultaneously limit plant
growth and ecosystem productivity (Bloom et al. 1985).
Thus, CBCs underlie the working hypothesis for the
decline in productivity under elevated CO2; a rapidly
growing biomass accumulates and stores nutrients more
quickly than they can be replenished through new inputs
and the decomposition of SOM (Luo et al. 2004).

Could nutrient constraints to growth under elevated
CO2 be alleviated? At decadal-to-centurial timescales,
terrestrial C storage will likely be regulated by interac-
tions between the C and P cycles, and N2 fixation – the

Figure 2. A diagram of human impacts on Earth’s climate system and the
biogeochemical cycles of carbon (C), nitrogen (N) and phosphorus (P). Although
human activity tends to modify element cycles one at a time (eg releasing CO2, fixing
N, mining P), alteration of one cycle nearly always entrains alteration of other
element cycles. As a result, there are complex feedbacks between human activity and
the functioning of the terrestrial biosphere, feedbacks that are substantially influenced
by the composition and function of plant and microbial communities.
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process by which atmospheric N2 is converted to
bioavailable forms. N2 fixation occurs through free-living
or symbiotic microbial pathways; in either case, C and P
are necessary for N2 fixation (van Groenigen et al. 2006).
N2 fixation is one of the most energy-demanding biologi-
cal processes on Earth, thereby coupling fixation to the C
cycle. N2 fixation also requires 16 molecules of ATP per
mole of N2 fixed. ATP has a very low N:P ratio (5:3),
pointing to P constraints to fixation at molecular scales,
constraints that are known to occur on land, in fresh
water, and in the oceans (Vitousek et al. 2002).

The response of N2 fixation to atmospheric change
could potentially affect Earth’s climate. A few studies
have shown that fully coupled climate–C–N-cycle
models predict a much warmer world by the end of the
year 2100 than would be apparent in the absence of N
limitations (Thornton et al. 2007). In a recent analysis of
the fully coupled C-cycle climate models that will be used
in the next Intergovernmental Panel on Climate Change
(IPCC) report, Wang and Houlton (2010) estimated that
global mean temperature could be 1.2˚C greater than that

currently predicted for the year 2100 (Figure 4). Principal
to the amount of warming is N2 fixation and the activity
of phosphatase enzymes, revealing the importance of
CBCs in the planet’s future.

An equally important component of climate change is
the alteration in the reflectivity of Earth’s surface with
warming. Some of the most pronounced increases in tem-
perature have been observed in high-latitude regions, par-
ticularly the Arctic, where the areal extent of summer sea
ice has declined substantially over the past 40 years
(Figure 5) and temperature increases have been far larger
than that of the global average for the period 1850–2000
(Kaufman et al. 2009). In these high-latitude ecosystems
(boreal forests, tundra, and their associated wetlands),
decomposition is more strongly temperature- and mois-
ture-limited than is photosynthesis, and soils store vast
quantities of C – at least double that in the present-day
atmosphere (Schuur et al. 2008; Tarnocai et al. 2009). The
extent to which this pool of C contributes to future climate
change as temperatures continue to rise depends largely on
the response of CBCs to current rates of warming.

The response of CBCs to warming in high-latitude
regions underlies underlies two pathways by which posi-
tive and negative feedbacks to additional warming are
possible (Figure 6). One positive feedback results from
accelerated rates of decomposition and the release of
greenhouse gases (GHGs) to the atmosphere.
Accelerating rates of decomposition will substantially
increase the flux of C back to the atmosphere as CO2 and
methane (CH4; Schuur et al. 2008). However, CH4 has
~21 times the global warming potential of CO2, making
the balance between CO2 and CH4 critical to the amount
of future warming (Christensen et al. 2000). The conver-
sion of organic material to methane (ie methanogenesis)
occurs in anoxic soils largely free of sulfate, highlighting
the importance of two additional biogeochemical cycles –
water and sulfur – for the balance between CO2 and CH4

production (White et al. 2008). 
In addition to CO2 and CH4, the warming-induced

increase in N mineralization from detrital pools in soil is
likely to accelerate the production of nitrous oxide (N2O),
a GHG with ~310 times the global warming potential of
CO2. N2O is produced during denitrification, a microbial
process occurring under low O2 conditions, and commonly
limited by the availability of NO3

– and labile C (ie energy).
Accordingly, warming-induced increases in the oxidation
of organic N to NO3

– are likely to increase the flux of this
GHG to the atmosphere. As with CO2 and CH4, soil tem-
perature, soil moisture, and freeze–thaw cycles exert con-
siderable control over N2O production (Repo et al. 2009;
Elberling et al. 2010), and the potential for a very strong
positive feedback to warming.

By contrast, a warming-induced negative feedback may
be driven by changes in plant growth as a result of the
increase in N and P mineralization from SOM. The sup-
ply of N and P strongly limits plant growth in high-
latitude ecosystems, so the increase in nutrient availabil-

Figure 3. Potential changes in the functional response of plant or
microbial communities after physiological acclimation to climate
warming. In non-acclimated communities, the rate of biological
processes (eg photosynthesis, respiration, mineralization) typically
doubles with every 10˚C rise in temperature when other resources
are not limiting (referred to as “Q10”, which in this case is equal
to 2). As organisms adapt to warmer temperatures, the response
of those functions can change through either (1) Type I
acclimation (a decrease in the temperature sensitivity [eg Q10],
which results in decreased activity at higher temperatures but little
or no change at lower temperatures) or (2) Type II acclimation
(decreased activity at all temperatures, with no change in Q10;
Atkin and Tjoelker 2003; Bradford et al. 2008). These
acclimation responses could result from either physiological
adjustments or changes in the relative abundance of different taxa
within a functional community.
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ity is likely to increase plant growth and
C storage in biomass (Weintraub and
Schimel 2005). Longer growing seasons
in the Arctic are favoring the growth of
woody plants, such as the dwarf shrubs
Betula nana and Salix polaris (Weintraub
and Schimel 2005). Because the C:N:P
ratio of woody plant biomass is substan-
tially higher than that of the soil,
increases in C storage in Arctic regions
may be sizeable.

The negative feedback to climate
warming due to greater N and P avail-
ability must, however, be tempered by
the biophysical and biogeochemical
consequences of increasing primary
production. The stems and leaves of
shrubs are dark, so the expansion of shrubs into sub-Arctic
and Arctic ecosystems decreases albedo and promotes
warming (Weintraub and Schimel 2005). Shrub cover
also increases snow pack depth, which insulates the soil
from extreme cold. Microbial communities can be very
active under the snow (Monson et al. 2006), decomposing
SOM and releasing, in winter months, nutrients that are
susceptible to loss in the form of CO2, CH4, or N2O.
Finally, warming-induced changes in decomposition and
nutrient supply can result in larger C losses from the soil
than the C gained in woody biomass (Mack et al. 2004).

n Conclusions

This paper has reviewed some of the important interac-
tions among organisms, CBCs, and biophysical properties
of ecosystems. Many of the core ideas presented here
translate, to varying degrees, to other biogeochemical
cycles – as well as to aquatic ecosystems –
as described in several of the other arti-
cles in this issue of Frontiers. Although
we have learned a great deal about CBCs
through observations and experiments,
there remain considerable uncertainties
in the interactions between CBCs, cli-
mate change, and other aspects of global
change. Is there a threshold temperature
(ie a tipping point) above which trace-
gas losses of C and N to the atmosphere
accelerate substantially faster than C
gains in plant biomass, resulting in run-
away global warming? Over what spatial
and temporal scales will N2-fixing organ-
isms respond to multiple drivers of global
change, including rising CO2, atmos-
pheric N deposition, and wildfires? What
types of plant and microbial species or
functional groups exhibit flexible stoi-
chiometries that enable adaptation rather
than loss from extant communities, and

how would adaptation versus community change affect
the resiliency of ecosystems to biogeochemical and cli-
matic change? Answers to these questions become
increasingly important in light of the expected growth of
the human population – at least 2 to 3 billion more indi-
viduals this century – and the rapid pace of socioeco-
nomic development that will result in escalating rates of
CO2 production, faster rates of climate change, and more
N and P released to the environment.
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