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Predicting soil carbon loss with warming
arising from T. W. Crowther et al. Nature 540, 104–108 (2016); doi:10.1038/nature20150

Crowther et al.1 reported that the best predictor of surface soil carbon 
(top 10 cm) losses in response to warming is the size of the surface 
 carbon stock in the soil (that is, carbon stocks in plots that have not been 
warmed), finding that soils that are high in soil carbon also lose more car-
bon under warming conditions. This relationship was based on a linear  
regression of soil carbon losses and soil carbon stocks in field warming 
studies, which was then used to project carbon losses over time and to 
generate a map of soil carbon vulnerability. However, a few extreme 
data points (high-leverage points) can strongly influence the slope of 
a regression line2. Only 5 of the 49 sites analysed by Crowther et al.1  
are in the upper half of the carbon stock range, which raises the pos-
sibility that the relationship they observed could be substantially 
altered by introducing data from sites with relatively high surface soil 
carbon stocks. There is a Reply to this Comment by Crowther, T. W.  
et al. Nature 554, http://dx.doi.org/10.1038/nature25746 (2018).

We obtained information on soil carbon losses from 94 additional 
field warming studies worldwide and added these published and 
unpublished data to the dataset used by Crowther et al.1, thereby 
 tripling this previous dataset to a total of 143 studies (Supplementary 
Table 1). We performed the same mixed-model regression analyses 
as were used by Crowther et al.1 to investigate spatial patterns of soil 
carbon responses to warming, by linking these to standing soil carbon 
stocks, climate data and soil properties (see Supplementary Methods 
for details, Supplementary Table 2 for study-specific data regarding soil 

properties and climate, and Supplementary Table 3 for Akaike infor-
mation criterion results). In our models, we chose the same predictors 
as were used by Crowther et al.1, which enables us to directly  compare 
the results of both analyses. Our analysis of the expanded dataset 
shows that warming-induced losses in soil carbon are not a function 
of  standing carbon stocks (Fig. 1), which challenges the conclusion that 
future soil carbon loss can be mapped on the basis of current surface 
soil carbon stocks. Consistent with a previous meta-analysis3, average 
soil carbon responses to warming were not statistically different from 
zero, regardless of whether our dataset or the dataset from Crowther  
et al.1 (Extended Data Fig. 1) was used. Even if soil carbon stocks 
remain unchanged in surface soil, this does not imply that decompo-
sition rates are insensitive to warming. Instead, decomposition rates are 
likely to be higher; however, plant productivity is also likely to increase, 
which may offset carbon losses from soil. We found that adding other 
predictors, such as environmental variables or soil properties, provide 
little additional explanatory power (Supplementary Table 3) when  
predicting warming-induced changes in soil carbon stocks, a finding 
that is consistent with the results of Crowther and colleagues1. Thus, we 
still lack a clear understanding of the factors that drive spatial variation 
in the response of soil carbon to warming.

Our analysis of this larger dataset calls into question the proposi-
tion of Crowther and colleagues1 that future soil carbon loss can be 
projected on the basis of current surface soil carbon stocks. We are 
further limited in our ability to produce global predictions of  warming 
effects on soil carbon because warming experiments have mainly been 
 clustered in North America, Europe and China (Fig. 2), with only a 
handful of experiments having been undertaken in the Southern 
Hemisphere or in large areas of the Northern Hemisphere at high 
 latitudes (for example, Canada and Russia). Data from the tropics are 
also as yet unavailable. We suggest that future experimental work focus 
on regions that are currently underrepresented in our global database. 
The  collection of global experimental data that better capture Earth’s 
diverse terrestrial habitats, combined with an improved integration of 
data with process-based models4, might represent the best way  forward 
in the coming decades. A collaborative, multi-disciplinary and interna-
tional approach is required to increase our understanding and quanti-
fication of the fate of soil carbon in a warming world.
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Figure 1 | The change in soil carbon per degree of warming per year 
is not a function of carbon stock size. Our dataset includes data used 
by Crowther and colleagues1 (n =  49 studies) and data that we added 
(n =  94 additional studies). Our dataset shows no relationship between 
the warming effect on soil carbon and the initial size of the carbon stock. 
The r2 dropped from 0.49 in Crowther et al.1 to 0.01 (P >  0.05) in our 
dataset (n =  143), based on the same regression model as was applied in 
the previous study1.
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Figure 2 | Location of field warming studies used in our analyses. 
The dataset includes the data used by Crowther and colleagues1 (n =  49 
studies) and the data that we added (n =  94 studies). A single location may 
represent several separate warming experiments.
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Extended Data Figure 1 | Results of a meta-analysis on the change in 
soil carbon per degree of warming per year. The average response of 
soil carbon per degree of warming per year is not significantly different 

from zero (zero is within the 95% confidence interval of the mean) for 
the dataset used in Crowther et al.1 or for our dataset. See Supplementary 
Information for details.
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Crowther et al. reply
replying to N. van Gestel et al. Nature 554, http://dx.doi.org/10.1038/nature25745 (2018)

In a Letter to Nature1, we compiled a global dataset of field warming 
experiments that suggested that climate warming could cause the loss 
of carbon from high-latitude soils, with the potential to drive a positive 
feedback that stimulates further warming. This conclusion was based 
on the observation that areas with larger soil carbon stocks are likely to 
lose more soil carbon under warming conditions. In the accompanying 
Comment, having compiled data from even more warming experi-
ments, van Gestel et al.2 no longer find support for this relationship.

In their response, van Gestel et al.2 suggest that our findings may 
be the result of having too few data points from regions with large 
soil carbon stocks. In the original Letter1, we used extensive statisti-
cal cross-checking to investigate this possibility; this cross-checking 
showed that the relationship was consistent throughout our dataset, 
even after the random removal of approximately 77% of the studies. 
Nevertheless, with data from a greater number of sites, the analysis 
produced by van Gestel et al.2 certainly can provide a more robust test 
of the relationship between carbon stocks and warming-induced soil 
carbon losses than was possible with our original dataset. Although it is 
possible that yet more data might provide the statistical power needed 
to detect such effects, we agree with van Gestel et al 2 that this relation-
ship is unlikely to be as strong as expected on the basis of our initial 
synthesis. However, the analysis undertaken by van Gestel et al.2 does 
not dispute our conclusions about global changes of soil carbon under 
warming conditions, because their analysis does not focus on spatial 
patterns in soil carbon changes under warming conditions.

In our initial analysis1, we noted that there was considerable vari-
ation in the response of soil carbon to warming, with both increases 
and decreases in soil carbon levels observed across sites. We  examined 
five possible drivers of this variation (standing soil carbon stock, 
annual temperature, annual precipitation, pH and clay content) and 
found that standing carbon stock was a strong predictor. The size of 
the standing carbon stock is known to correlate with various other 
climatic and geological characteristics, which may ultimately be the 
underlying drivers of the relationship that we detected3. This relation-
ship nonetheless suggests that areas with large soil carbon stocks are 
more likely to lose carbon under warming conditions. As was the case 
in our earlier study1, in the dataset analysed by van Gestel et al.2 site-
level responses to warming were also highly variable, which supports 
the proposition that large changes occur in some geographic regions. 
However, unlike in our analysis1, the same five predictive variables were 
not sufficient to explain the variation in the soil carbon response in the 
analysis  produced by van Gestel et al.2; consequently, it was not possible 
to predict which ecosystems are most responsive to warming. A wider 
range of predictive variables are therefore necessary to explain these 
large-scale patterns4. Until this variation is investigated using this wider 
range of variables, it is impossible to understand the spatial patterns in 
soil carbon changes under warming that are necessary to comprehend 
the net global balance.

We stress that this exchange does not mean that researchers are 
divided on this topic: we certainly do not disagree with the findings 
of van Gestel et al.2 Their data provide an alternative perspective on 
the relationship we observed, but their analysis does not yet address 
the extent of global soil carbon losses under warming. We are sup-
portive of the work by van Gestel et al.2 and encourage the inclusion 
of more data, particularly from under-sampled regions of the globe, 
to comprehend the extent of warming-induced changes in global soil 
carbon stocks5.

Most authors from the original paper contributed data that were 
collected from large field warming experiments. Some of them also 
contributed data to, and were included as authors on, the accompany-
ing Comment. Overlapping authors were not included on both sides 
of this discussion, but they all agree to interpretations in both analyses.
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Author Correction: Crowther et al. 
reply
T. W. Crowther, M. B. Machmuller, J. C. Carey, S. D. Allison,  
J. M. Blair, S. D. Bridgham, A. J. Burton, F. A. Dijkstra,  
B. Elberling, M. Estiarte, K. S. Larsen, H. Laudon, M. Lupascu, 
S. Marhan, J. Mohan, S. Niu, J. J. Peñuelas, I. K. Schmidt,  
P. H. Templer, G. Kröel-Dulay, S. Frey & M. A. Bradford

Correction to: Nature https://doi.org/10.1038/nature25746, 
published online 21 February 2018.

In this Brief Communications Arising Reply, the affiliation for author 
P. H. Templer was incorrectly listed as ‘Department of Ecology & 
Evolutionary Biology, University of California Irvine, Irvine, California 
92697, USA’ instead of ‘Department of Biology, Boston University, 
Boston, Massachusetts 02215, USA’. This has been corrected online.
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