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Figure: Soil Warming Experiment at Harvard Forest. Cables are buried in
different plots to heat (or not) the soil 5◦C above the ambient temperature in
order to determine the effect on soil CO2 emissions. Figure Source: http://
harvardforest.fas.harvard.edu/photos/soil-warming-control-plot
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Figure: Experiment begun in 1991 consisting of 18 total plots, each 6 × 6 m2,
of three different types: H (heated via buried cables), C (control, undisturbed
with no cables), DC (disturbed control, buried cables with no heat). DC plots
used to distinguish effects from heating versus cable installation.
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GLOBAL CARBON CYCLE

Long-term pattern and magnitude of
soil carbon feedback to the climate
system in a warming world
J. M. Melillo,1* S.D. Frey,2 K. M. DeAngelis,3 W. J. Werner,1 M. J. Bernard,1

F. P. Bowles,4 G. Pold,5 M. A. Knorr,2 A. S. Grandy2

In a 26-year soil warming experiment in a mid-latitude hardwood forest, we documented
changes in soil carbon cycling to investigate the potential consequences for the climate
system. We found that soil warming results in a four-phase pattern of soil organic matter
decay and carbon dioxide fluxes to the atmosphere, with phases of substantial soil carbon
loss alternating with phases of no detectable loss. Several factors combine to affect the
timing, magnitude, and thermal acclimation of soil carbon loss. These include depletion of
microbially accessible carbon pools, reductions in microbial biomass, a shift in microbial
carbon use efficiency, and changes in microbial community composition. Our results support
projections of a long-term, self-reinforcing carbon feedback from mid-latitude forests to the
climate system as the world warms.

A
large and poorly understood component
of global warming is the terrestrial carbon
cycle feedback to the climate system (1).
Simulation experiments with fully coupled,
three-dimensional carbon-climate models

suggest that carbon cycle feedbacks could sub-
stantially accelerate or slow climate change over
the 21st century (2–4). Both the sign and magni-
tude of these feedbacks in the real Earth system
are still highly uncertain because of gaps in basic
understanding of terrestrial ecosystem processes.
For example, the potential switch of the terres-
trial biosphere from its current role as a carbon

sink to a carbon source is critically dependent on
thelong-termtemperaturesensitivityofsoilorganic
matter (SOM) decay (5–7) and complex carbon-
nitrogen interactions that will likely occur in a
warmerworld (8–12).However,without long-term
field-based experiments, the sign of the feedback
cannot be determined, the complex mechanisms
regulating that feedbackcannotbequantified, and
models that incorporate the soil’s role in carbon
feedbacks to the climate system cannot be tested.
Here,wepresentresultsfromalong-term(26-year)
soil-warming experiment designed to explore
these feedback issues in an ecosystem context.

We started our soil warming study in 1991 in
an even-aged mixed hardwood forest stand at
the Harvard Forest in central Massachusetts
(42.54°N, 72.18°W), where the dominant tree
species are red maple (Acer rubrum L.) and
black oak (Quercus velutina Lam.). The soil is a
stony loam with a distinct organic matter–rich
forest floor. (See the supplementary materials
for more information on the site’s soils, climate,
and land-use history.)
The field manipulation contains 18 plots, each

6 × 6 m, that are grouped into six blocks. The
three plots within each block are randomly as-
signed to one of three treatments: (i) heated plots
in which the average soil temperature is con-
tinuously elevated 5°C above ambient by the use
of buried heating cables; (ii) disturbance con-
trol plots that are identical to the heated plots
except that they receive no electrical power; and
(iii) undisturbed control plots that have been left
in their natural state (no cables). The heating
method works well under a variety of moisture
and temperature conditions (13). Here, we com-
pared carbon dynamics measured in the heated
plots to those measured in the disturbance control
plots, so as to isolate heating effects from the
effects of cable installation (e.g., root cutting and
soil compaction) (14).
We used a static chamber technique (14) to

measure soil CO2 emission rates in the study
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Fig. 1. Effect of soil warming on soil respiration
over 26 years. (A) Annual soil CO2 emissions
from the control plots (black bars) and heated
plots (gray bars). Asterisks denote years when the
heated and control plots are significantly
different (paired-sample t tests or Wilcoxon
signed-rank tests as appropriate, n = (6, 6),
*P < 0.05; see supplementary materials). Hatched
bars denote years when the heating system was
inactive for the majority of the growing season.
Error bars denote SEM (n = 6). (B) Four-year
rolling mean increase in soil CO2 emissions in the
heated plots relative to the control plots,
excluding years when the heating system was
inactive for the majority of the growing season.
Error bars denote SEM derived from propagating
SE estimates from (A) through the operations
necessary to produce (B). See fig. S4 for annual
changes in soil CO2 emissions in the heated plots
relative to the control plots.
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Figure: Figure 1 from “Long-term pattern and magnitude of soil carbon
feedback to the climate system in a warming world,” Melillo et. al., Science
358, 101–105 (2017). (A) shows soil CO2 emissions from control plots (black)
compared with heated plots (gray). (B) gives the four-year rolling mean
change in emissions (heated − control).
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Summary of Results

1 Phase 1: Over the first 10 years, soil CO2 emissions significantly
larger in heated plots than control plots.

2 Phase 2: For years 11–17, soil CO2 emission rates were basically
identical (occasionally less for heated) in the different plots.

3 Phase 3: In years 18–23, soil CO2 emissions were once again
larger in heated plots than control plots. The difference is not quite
as large as in Phase 1.

4 Phase 4: Over the past three years, soil CO2 emission rates were
again roughly identical.

5 Over the full 26-year study, 17% of the soil carbon contained in the
top 60 cm of the heated soil was lost.
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Figure: Cosine fit to soil CO2 flux data. F = a cos(b(t − c)) + d , where
a = 68.76,b = 0.41, c = 2.16, and d = 54.72. The R2-value is 0.7821 and
the period of the fit is 15.28 years.
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Matlab Code

format long;
plot(t,F,’b*’); %% Data Plot: t = years, F = CO2 flux values

per = 15.28; %% Period; estimated to minimize R^2 value
b = 2*pi/per;

%% Least squares approach to fit standard cosine curve
X = [cos(b*t) sin(b*t) ones(23,1)]; %% Least-squares matrix
v = inv(X’*X)*X’*F; %% Least-squares solution

a = sqrt(v(1)^2 + v(2)^2); %% amplitude of cosine fit
c = atan(v(2)/v(1))/b; %% phase shift
d = v(3); %% vertical shift

s = [0:0.1:23];
y = a*cos(b*(s-c)) + d;
plot(t,F,’b*’,s,y,’r’); %% Plot of data and fit together

FHat = X*v;
Rsqrd = (norm(FHat-mean(F))/norm(F-mean(F)) )^2;
%% R^2 value is 0.7821
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