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E
arth’s soils store about 1.5 trillion met-
ric tons of organic carbon—more than
is contained in the planet’s vegetation

and atmosphere combined. But that soil
carbon isn’t necessarily a permanent fix-
ture: It can be lost when microbes digest
it and respire CO2. In a mature forest in
a stable climate, carbon released from 
the soil to the atmosphere is in equilib-
rium with carbon absorbed from the at-
mosphere. In a world warmed by climate
change, though, the balance may tip.

Generally, an increase in soil temper-
ature accelerates the rate of microbial
respiration and therefore the rate of CO2

release to the atmosphere. However, cli-
mate models struggle to predict how
much more CO2 soil microbes release in
response to rising temperatures and that
uncertainty is amplified by differences
in the mean annual temperatures for dif-
ferent latitudes. Measurements in tem-
perate and Arctic forests have shown
that high-latitude soils—including per-
mafrost—that contain vast amounts of
carbon are part of a positive feedback
mechanism that enhances global warm-
ing. That warming may cause increased
CO2 emissions and yet more warming.

Partly because the tropics are warm-
ing more slowly than higher-latitude re-
gions and their soils contain less carbon,
Earth system models predict smaller rel-
ative increases in carbon emissions from
tropical soils than from soils at higher lat-
itudes. But those models remain untested,
and they may underestimate a signifi-
cant source of atmospheric CO2. 

The tropics account for 30% of the
world’s soil carbon—an amount approx-
imately equivalent to the carbon con-
tained in vegetation worldwide. Half of
the world’s annual carbon exchange be-
tween ecosystems and atmosphere comes
from tropical forests, and the processes
of carbon exchange in the tropics domi-
nate the interannual pattern of atmos-
pheric CO2 concentrations.

Now, in a challenging two-year field
experiment, Andrew Nottingham (Uni-

versity of Edinburgh) and colleagues pro-
vide evidence that warmed tropical soils
may release as much, if not more, of their
stored carbon than do temperate soils.1
The findings suggest that tropical soils
are less stable carbon stores in a warming
world than previous expectations based
on thermodynamic models. A relatively
small perturbation to tropical forest car-
bon stores could have significant conse-
quences for the concentration of atmos-
pheric CO2.

Temperatures rising
Climate models predict that by the end
of the 21st century the tropics will be 2 °C
to 5 °C warmer than they are in 2020.
Knowledge of how that warming affects
microbial-respiration reactions in the
soil is limited to laboratory experiments
and theoretical predictions, which do not
translate precisely to real-world settings.2
Until now, no in situ experiments have

tested the resilience of tropical soils and
their huge stores of carbon to that ex-
pected amount of warming. Carrying out
field studies in the tropics presents chal-
lenges due to the logistics of working in
remote, dense forests and establishing
electrical infrastructure. In addition, elec-
tronics are easily damaged by the tropi-
cal heat and humidity, and the clay-rich
soils often found in tropical forests are
difficult to dig into and manipulate.

In an experiment that took two years
to design and build, Nottingham and his
colleagues overcame those challenges.
They travelled to Barro Colorado Island,
Panama, a nature reserve covered with
tropical forest, shown in figure 1. By bury-
ing 1.2-m-long electrical rods in the soil,
arranged around the perimeters of five
2.5-m-radius circular plots, they warmed
each plot by 4 °C above the ambient soil
temperature of 26 °C. “We heated the soil
in the same way a football pitch is heated

A field study challenges 
climate simulations by
showing increased carbon
loss from warmed low-
 latitude soils.

Tropical soils could be accelerating global warming
FIGURE 1. ON BARRO COLORADO ISLAND, in Gatun Lake in the middle of the
Panama Canal, Andrew Nottingham and his colleagues hike through the forest
with a handmade device for heating the soil. It and other instruments were buried
in the ground and used to heat more than 120 cubic meters of soil by 4 °C as part
of a two-year experiment to measure CO2 released from soil in a warming climate.
(Photo by Geetha Iyer.)



during the winter, although heating to
depth and doing it in a tropical forest en-
vironment makes it a little more compli-
cated,” says Nottingham. Using a com-
mon forestry technique of placing mesh
constructions in the soil, the researchers
carefully guided plant roots to grow in
specific areas and thus isolated the ef-
fects of microbial soil activity from other
plant-derived sources of CO2.

For two years, instruments placed in
weatherproof boxes recorded the CO2

output over the warmed plots and nearby
ambient-temperature control plots. The
researchers found that the CO2 release rate
increased substantially, shown in figure 2,
as a result of increased microbial respi-
ration. The warmer soils emitted 55%
more CO2 than the control plots and lost
a total of 13% of their initial carbon. 

For comparison, an experiment that
used the same method in a temperate
forest in northern California found a 35%
increase in emissions from heated soils.3
The regular soil sampling and analyses
by Nottingham’s team also provided in-
formation about the nutrient availability,
carbon content, moisture, and microbial
mass and enzymes in the soil. 

Those analyses showed that carbon in
the warmed soil was digested by microbes
faster than in the ambient-temperature
soil. But the microbes showed no chem-
ical signs of compensating for the tem-
perature change—for example, by chang-
ing enzyme activation energy or metabolic
efficiency.

Carbon complexities
Nottingham’s results came as a surprise.
The rate at which microbes metabolize
and respire soil carbon depends on the
rate at which enzymes break apart or-
ganic molecules. In Earth system mod-
els, that rate is governed by various ver-
sions of the Arrhenius equation. Proposed
in 1889, the equation describes the de-
pendence of chemical and enzymatic re-
action rates on temperature. According
to that equation, soil microbial respira-
tion should increase more slowly in the
warmer tropics relative to cooler, more
northerly regions.4

But Nottingham’s observations—that
warm-climate soils increase the rate of
release of their carbon stores more than
do soils from cooler climates exposed to
the same 4 °C warming—do not necessar-
ily contradict the basic equations com-
monly used to describe enzymatic activ-

ities. Rather, the finding highlights the
complexity of tropical forest soil ecology
and the need to tease out other factors
that may boost CO2 release in real-world
conditions. 

One possibility is that microbial com-
munities grow quickly in warm soils.
Emerging experimental evidence shows
that describing soil warming processes
will require complex models that incor-
porate microbial responses to tempera-
ture.5 Nottingham’s soil sampling results
contribute to that evidence by suggest-
ing that the biomass of the microbes in-
creases with warming, perhaps because
certain types of detritus-eating microbes
thrive at warmer temperatures.

Still, the measured increase in emis-
sions should not be expected to continue
indefinitely. Studies of temperate-forest
warming suggest that increased emis-
sion rates may take a decade to decline.
The observed lost carbon may represent
a small, easily decomposable fraction of
the entire carbon stock. Once that’s gone,
the microbes may be unable to break
down more stable organic matter. Alter-
natively, nutrients such as nitrogen or
phosphorus might limit the activity of mi-
crobes at warmer temperatures. Or mi-
crobes may start to adapt to warm tem-
peratures and decrease their carbon usage

rate. The response of soil carbon to warm-
ing also depends on how vegetation re-
sponds to higher temperatures.

When using Nottingham’s findings to
estimate large-scale effects by adapting
climate models to represent global trop-
ical soil contributions, one must consider
differences in soil composition. In the
short term, the results suggest that climate
warming could lead to large additional
CO2 emissions to the atmosphere, but the
researchers cannot yet predict the long-
term effects of warming. They are contin-
uing their experiment in Panama to explore
that uncertainty. Human development,
such as new agricultural methods and
changes in land use, should also be care-
fully evaluated to understand their im-
pact on such vulnerable soils, especially
in the context of future climate change.

Rachel Berkowitz
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FIGURE 2. TROPICAL SOILS EMIT CARBON DIOXIDE as a result of microbial 
respiration. In a two-year field study, instruments measured the CO2 released from five
plots warmed to 30 °C (red) and from five plots kept at 26 °C (blue). Heating began in
full on 1 November 2017 after several months of testing. The boxes represent temporal
variation in the CO2 release rate over sequential 100-day periods and indicate seasonal
dynamics. The yellow shaded areas indicate dry seasons. The soil CO2 release rate was
significantly higher in the warmed plots than in the control plots over the two-year 
period, and for the dry and wet seasons individually.  (Adapted from ref. 1.)


