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INTRODUCTION 

Most of the Earth’s terrestrial carbon (C) is stored in the soil and changes in the size of this C stock represent a 
dominent control on atmospheric C concentrations. Increasing soil C sequestration at a global scale represents 
one of our best tools in the fight against climate change. But it is still unclear how these C stocks are currently 
changing so it is difficult to establish meaningful sequestration targets. One of the greatest threats to global C 
sequestration is rising atmospheric temperatures. If warming drives the loss of even a small proportion of soil 
C into the atmosphere, it could initiate a positive land C-climate feedback that could cause additional planetary 
warming(Bradford et al., 2016; Davidson, E.A., Janssens, 2006). This feedback could threaten our capacity 
to increase C sequestration over the rest of this century. Yet, despite considerable scientific attention in recent 
decades, there remains no consensus on the direction or magnitude of warming-induced changes in soil C stocks 
(Arora et al., 2013; Crowther et al., 2015). Warming generally enhances fluxes both into and out of the soil, but 
the net global differences in these responses remain unclear and direct estimates of soil C stocks are limited to 
single-site experiments that generally reveal no detectable effects (Lu et al., 2013; Sistla et al., 2013).

In the absence of global estimates of how soil C stocks are responding to warming, Earth System Models (ESMs) 
must rely heavily on short-term temperature responses of soil respiration (Q10) to infer long-term changes in 
global C stocks. With empirical observations that capture longer-term C dynamics, we are limited in our ability 
to evaluate model performance, or constrain the uncertainty in model projections. As such, the land C-climate 
feedback remains one of the largest sources of uncertainty in current ESMs(Todd-Brown et al., 2014), restricting 
our understanding of how soil C stocks will change over the rest of the century. This uncertainty limits our 
capacity to develop emissions targets that are compatible with specific climate change scenarios, or to establish 
meaningful conservation targets to increase C sequestration in soil(Bradford et al., 2016). 

METHODS

In our paper(Crowther et al., 2016) we took advantage of the growing number of climate change experiments 
around the world to compile the first global database of soil C stock responses to expected warming. Soil samples 
were collected from replicate plots in 49 climate change experiments conducted across six biomes, ranging 
from arctic permafrost to dry Mediterranean forests (Extended data Figure 1). We compared soil C stocks across 
‘warmed’ (treatment) and ‘ambient’ (control) plots to explore the effects of temperature across sites. The measured 
differences in soil C stocks represent the net result of long-term changes in soil C inputs (plant production) and 
outputs (respiration) in response to warming. By linking these soil C responses to climatic and soil characteristics 
we are able to generate a spatial understanding of the temperature-sensitivity of soil C stocks at a global scale. 
To standardize collection protocols and account for the considerable global variability in soil horizon depths, 
we focus on C stocks in the top 10 cm of soil. At a global scale, this upper soil horizon contains the greatest 
proportion of biologically active soil C by depth(Jobbágy and Jackson, 2000).

RESULTS

The effects of warming on soil C stocks were variable, with positive, negative and neutral impacts observed across 
sites (Figure 1). However, the direction and magnitude of these warming-induced changes were predictable, 
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being contingent upon the size of standing soil C stocks and the extent and duration of warming(Crowther et 
al., 2016). The interaction between ‘control C stocks’ and ‘degree-years’ (the standardised metric to represent 
the extent (°C) and duration (years) of warming) in explaining warmed soil C stocks was a strong explanatory 
variable when predicting final warmed C stocks(Crowther et al., 2016). Specifically, the impacts of warming were 
negligible in areas with small initial C stocks, but losses occured beyond a threshold of 20 – 40 kg C m-3 and 
were considerable in soils with ≥ 60 kg C m-3 (Figure 1). No other environmental characteristics (mean annual 
temperature, precipitation, soil texture or pH) significantly (P > 0.1) affected the responses of soil C stocks to 
warming in our statistical models(Crowther et al., 2016). 

DISCUSSION

The dominant role of standing C stocks in governing the magnitude of warming-induced soil C losses fits with 
expectations from previous empirical and theoretical research(Carey et al., 2016; Jones et al., 2013; Serreze and 
Barry, 2011). The temperature-sensitivity of soil microbes is known to be highest in cold regions(Carey et al., 
2016; Crowther and Bradford, 2013), where limited C decomposition has led to the accumulation of large C 
stocks. The thawing of permafrost soils, is likely to contribute to this phenomenon. However, our analysis also 
revealed considerable C losses in ligh-latitude non-permafrost regions, suggesting that additional mechanisms 
may contribute to the large soil C losses in those regions. In these areas, warming drives an imbalance between 
soil C inputs (photosynthesis) and outputs (respiration). That is, in ecosystems with lowstanding soil C stocks, 
minor losses that result from accelerated decomposition under warming may be offset by concurrent increases in 
plant growth and soil C stabilization(Bradford et al., 2016; Day, Ruhland and Xiong, 2008; Macias-Fauria et al., 
2012). In contrast, in areas where the soil initially stores a greater amount of carbon, the change in decomposition 
outpaces that of photosynthesis, causing net C losses into the atmosphere.
By combining our measured soil C responses with global maps of standing C stocks(Hengl et al., 2014) and 
soil surface temperature change(Meehl et al., 2013), we reveal the global patterns in the vulnerability of soil C 
stocks (Figure 2). Given that high-latitude regions have the largest standing soil C stocks(Hengl et al., 2014) and 
the fastest expected rates of warming(Meehl et al., 2013; Serreze and Barry, 2011), our results suggest that the 
overwhelming majority of warming-induced soil C losses are likely to occur in Arctic and sub-Arctic regions 
(Figure 3). These high-latitude C losses drastically outweigh any minor changes expected in mid- and lower latitude 
regions, providing additional support for the idea of Arctic amplification of climate change feedbacks(Serreze and 
Barry, 2011). These warming-induced soil C losses need to be considered in light of future changes in moisture 
stress and vegetation growth, which are also likely to increase disproportionately in high-latitude areas(Serreze 
and Barry, 2011). 
We extrapolated the observed relationship over the next 35 years to indicate how global soil C stocks might 
respond by 2050. If we make the conservative assumption that the full effects of warming are fully realized 
within a year, our extrapolation suggests that approximately 30 (± 30) Pg C would be lost from the surface soil 
for 1 degree (ºC) of warming. Given that global average soil surface temperatures are projected to increase by ~2 
ºC over the next 35 years under a business-as-usual emissions scenario16, this extrapolation would suggest that 
warming could drive the net loss of ~55 (± 50) Pg C from the upper soil horizon. If, as expected, this C entered 
the atmospheric pool, this would increase the atmospheric burden of CO2 by approximately 25 ppm over this 
period. The estimated losses represent a warming-induced carbon loss of approximately 1.57 Pg C per year over 
that period. This value represents approximately 12–17 per cent of the expected anthropogenic emissions over 
this time. 
Incorporating these data into ESMs to constrain our projections of soil C stock changes over the rest of the 
century. Once we can understand future soil C sequestration we will be able to establish effective conservation 
targets in the fight against climate change. For example, if global soil C stocks fall by 1.5 Pg C per year over 
the rest of the century, we know that efforts to increase global soil C sequestration by 1 Pg C per year will be 
insufficient. This would suggest that increased funding will be necessary to increase the scale and scope of such 
efforts, particularly in the high-latitude regions of the world. Of course, our estimates only address the impacts 
of warming - considerable additional research is necessary to understand these results in light of the many other 
global change drivers that will interactively influence soil C stocks over the rest of the century. 
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CONCLUSIONS

Our global analysis of experimental data allows us to see past the contradictory results in previous single-site 
studies in order to detect larger patterns in the sensitivity of soil C to warming. The measured changes in soil C 
stocks suggest that, at a global scale, warming generally stimulates decomposition more than photosynthesis. 
These observations can augment modeling efforts to project Earth system dynamics into the future. Ultimately, our 
analysis provides conclusive empirical support for the long-held concern that rising temperatures stimulate the loss 
of soil C into the atmosphere, driving a positive land C-climate feedback that will accelerate planetary warming 
over the 21st century. Minimizing increases in soil temperature using effective land management strategies (i.e. 
increasing vegetation cover) may be an effective means of limiting these soil C losses. Continued research to 
understand how the other global change drivers interactively affect global soil C stocks will be necessary if we are 
to establish meaningful policy or conservation targets in the fight against rizing atmospheric CO2 concentrations.
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