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f Academy of Romanian Scientists, 54 Splaiul Independenței Street, Bucharest, Romania   

A R T I C L E  I N F O   

Keywords: 
Soil organic carbon 
Negative trends 
Positive trends 
Balance of trends 
Land degradation neutrality 
Climate change mitigation 
Global analysis 

A B S T R A C T   

Soil organic carbon (SOC) is a critical indicator for healthy and fertile lands across the world. It is also the 
planet’s largest terrestrial carbon pool, so any changes of this pool may have profound implications for both land 
productivity and climate stability. However, SOC changes have so far remained largely unexplored, although 
their understanding is essential for many international environmental policies. Here we investigate for the first 
time recent global SOC changes, based on some SOC stock interannual data that were processed for the 
2001–2015 period on a planetary scale. We analysed the global SOC dynamics using the Mann-Kendall test and 
Sen’s slope estimator, which are widely acknowledged to be reliable geostatistical tools for detecting various 
environmental trends from global to local scale. We explored SOC changes via three metrics (averages, quan-
tities, areas) of negative and positive trends, but also of the balance between soil carbon trends, a key statistic for 
monitoring land quality stability and soil–atmosphere carbon fluxes in the global environmental policies. 
Globally, we estimated a net average decrease of − 58.6  t  C km2 yr− 1, a total loss of ~3.1  Pg  C, and an area 
affected by net SOC losses of ~1.9 million km2. Using this triple statistic, we found that 79% of countries 
worldwide have been affected by net declines of SOC after 2001, which suggests that halting land degradation 
and mitigating climate change through the SOC pathway are still far from being achieved by international 
policies.   

1. Introduction 

Given their huge carbon storage capacity, which far exceeds those of 
the biosphere (vegetation) and atmosphere, it is no wonder that global 
soils have increasingly captured the attention of the international sci-
entific community. Soils are typically estimated to store ~1500  Pg SOC 
(petagrams or billion tons of soil organic carbon) in the 1-m deep profile 
alone (from which ~750  Pg  C/~50% are estimated in the first 30  cm 
of the soil depth) (Jansson et al., 2010; Stockmann et al., 2013; Schar-
lemann et al., 2014; FAO, 2015; Plaza et al., 2018), which is twice the 
amount of atmospheric carbon (~750  Pg  C) (Lal, 2010; Pütz et al., 

2014) and almost three times the amount of carbon stored in live 
terrestrial vegetation (~560  Pg  C) (Levis, 2010; Lal, 2018). Soils are 
therefore the second global reservoir of carbon after oceans (38, 
000  Pg  C) (Lal, 2018) and the main global assimilator (alongside 
vegetation and wetlands) of annual anthropic carbon footprint. In the 
second case, the worldwide land sink capacity, of ~3.2  Pg  C yr− 1 in the 
2009–2018 period (compared to the oceans’ assimilation rate of 
~2.5  Pg  C yr− 1 over the same period), accounts for ~29% of the total 
annual anthropogenic carbon emissions (~9.5  Pg  C yr− 1 from fossil 
CO2 emissions, and an additional ~1.5  Pg  C yr− 1 from land use 
changes) of the last decade (Friedlingstein et al., 2019). In line with 
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E-mail addresses: pravalie_remus@yahoo.com (R. Prăvălie), nitaandru@gmail.com (I.-A. Nita), pvcristi@yahoo.com (C. Patriche), niculita.mihai@gmail.com 
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these impressive attributes, there is no doubt that SOC deserves special 
global attention in our era marked by climate change and other major 
environmental issues. 

However, SOC has a multidimensional importance, which goes 
beyond the perspective of the largest terrestrial carbon pool. As a major 
element (55–60%) of soil organic matter (a complex matter consisting of 
plant/animal/microbial biomass in various stages of decomposition in 
the soil), SOC improves many of the soil’s physical, chemical, biological, 
and ecological properties (FAO, 2015; IPBES, 2018; Lal, 2018). Such 
improvements are related to the structure, porosity, water retention, 
nutrient cycling, nutrient storage, biodiversity or biological activity of 
the soil (Banwart et al., 2014; O’Rourke et al., 2015; Orgiazzi et al., 
2016; Ellison et al., 2017; Harden et al., 2018). It is also a multidi-
mensional indicator for the soil’s genesis, quality, fertility and agro-
nomic productivity (Frank et al., 2015; Lal, 2015, 2018; Zomer et al., 
2017; Gosnell et al., 2019; Pereira et al., 2020; Prăvălie et al., 2021), but 
also for agroecosystem resilience, climate stability and human pros-
perity (Paustian et al., 2016; Deng et al., 2017; Bradford et al., 2019; 
Kopittke et al., 2019; Loisel et al., 2019; Englund et al., 2020). SOC is 
therefore a key environmental indicator for the diagnosis of several 
global environmental issues, such as land degradation, climate change 
or food crisis (Prăvălie, 2021), and has recently become an essential 
scientific tool for addressing these issues in major international policies, 
like Land Degradation Neutrality (LDN) (Cowie et al., 2018), the 2030 
Agenda for Sustainable Development of the United Nations (UN) 
(Wunder et al., 2018), Paris Agreement (Rumpel et al., 2018), 4 per 
1000 Initiative (Minasny et al., 2017) or the Global Soil Partnership 
(Montanarella, 2015). 

Under the authority of the UN Convention to Combat Desertification 
(UNCCD), LDN is probably the most important global policy vector for 
land stability and aims to maintain a neutral balance (or preferably a 
positive one) between non-degraded and degraded lands (soils, vege-
tation, inland water resources), in a reference time interval and a 
reference spatial unit (Cowie et al., 2018). LDN implies no net loss of 
healthy/productive lands, and the implementation of this global initia-
tive requires detailed data on spatial changes (positive trends in relation 
to negative trends) of some relevant indicators (like SOC), based on 
relevant metrics (e.g. areas of SOC gains or losses) (Cowie et al., 2018; 
Wunder et al., 2018). This policy instrument is in alignment with the UN 
Sustainable Development Goals (SDGs) target 15.3 on land degradation 
neutrality (with similar objectives) and the 4 per 1000 Initiative of the 
UN Framework Convention on Climate Change (UNFCCC), which aims 
to increase the SOC in the world’s soils by four parts per thousand 
(0.4%) per year, for a significant decarbonization of the atmosphere 
(Minasny et al., 2017; Rumpel et al., 2018; Kopittke et al., 2021). 

However, considering that SOC plays a central role in these global 
initiatives, a major barrier in the worldwide implementation of these 
policies is the lack of knowledge on SOC changes throughout the Earth’s 
terrestrial surface. Our study therefore provides an in-depth investiga-
tion of recent (2001–2015) SOC changes on a planetary scale, based on 
the analysis of different metrics (averages, quantities, areas) of negative 
and positive trends, but also of the balance between trends, which is a 
key statistic for monitoring land quality stability across the planet 
(Cowie et al., 2018; Wunder et al., 2018). Our investigations cover all 
countries of the world and is focused on the 30-cm deep profile, which is 
the most relevant for detecting SOC changes, considering its direct 
exposure to anthropogenic pressures, the huge SOC storage capacity 
(~50% of the carbon stored down to a 1-m depth) and its importance for 
global policies. 

2. Methods 

2.1. SOC data acquisition 

In this study we focused on 0–30  cm soil horizon data considering 
three important criteria. Firstly, topsoil (0.3  m depth) is very relevant to 

investigate in terms of SOC trends, keeping in mind that it is the most 
heavily affected by various anthropogenic activities or climate pressures 
(Muñoz-Rojas et al., 2015; Minasny et al., 2017). Secondly, this soil 
profile stores massive amounts of carbon, equivalent to about half of the 
SOC storage capacity down to a 1-m depth, or more than a third of the 
global SOC pool in the first 2  m (Plaza et al., 2018). Thirdly, this soil 
horizon is generally recommended for monitoring SOC changes by 
global policies, such as LDN (Gilbey et al., 2019; Sims et al., 2019) or 4 
per 1000 Initiative (Soussana et al., 2019). 

Based on this reasoning, we used global interannual data with SOC 
stock (expressed in kg/m2) in the 0–30  cm layer below the surface, over 
the 2001–2015 period (Wheeler and Hengl, 2018). The SOC stock 
interannual data (Wheeler and Hengl, 2018) was derived from the 
SoilGrids250  m database provided by Hengl et al. (2017), a fine and 
reliable SOC dataset, which has already been used in many recent global 
studies (Crowther et al., 2019; Dinerstein et al., 2019; Poorter et al., 
2019; van den Hoogen et al., 2019; Tang et al., 2020). While the accu-
rate global SOC stocks provided in the SoilGrids250  m database are 
crucial for many purposes, the use of soil profile databases and the 
associated method of database construction to fill the gaps of pedologic 
data currently generates a source of uncertainty that is hard to be 
evaluated. Nonetheless, some results with remote sensing data and 
global models agree with soil profile estimations (Endsley et al., 2020). 
Furthermore, this dataset is considered to be the most reliable global 
SOC dataset, since it is highly used in international scientific literature. 

In the database we used, the baseline SOC provided in the 
SoilGrids250  m database was computed based on organic carbon con-
tent, soil bulk density and coarse fragments (Wheeler and Hengl, 2018). 
These 3 input parameters were modelled using an ensemble machine 
learning framework in R environment, starting from an extended world 
soil database (WoSIS Soil Profile database, https://www.isric.org/expl 
ore/wosis) comprising about 150,000 soil profiles. In addition, a set of 
pseudo-points were used to minimize the effect of extrapolation in 
undersampled regions of the world (e.g. deserts, high mountains, 
permafrost areas). 

Based on the SoilGrids250  m database, a long-term (15 years) esti-
mate of SOC interannual data was derived at a spatial resolution of 
250  m, across all terrestrial areas of the globe (except Antarctica), using 
a temporal function that predicted SOC trends due to changes in land 
cover (Wheeler and Hengl, 2018). The detailed methodology of the 
temporal function is described in Mattina et al. (2018), starting on page 
19. Essentially, the land cover data covering the 2001–2015 period was 
the ESA Climate Change Initiative time series at 300  m (https://www.es 
a-landcover-cci.org). Starting from the baseline SOC content, change 
factors of SOC were applied based on land cover change maps and SOC 
change scenarios. The methodology was applied after the modified Tier 
1 IPCC methodology for detecting National Greenhouse Gas Inventories 
for mineral soils, in order to predict SOC trends at country level (Mattina 
et al., 2018). Finally, we used SOC interannual data from the 2001–2015 
interval (Wheeler and Hengl, 2018), which were estimated based on the 
previously mentioned IPCC methodology and which are considered by 
UNCCD to be necessary data for assessing land-based indicators (trends 
in SOC stocks), in order to report the progress towards achieving the 
LDN objectives. 

2.2. SOC trend computation at global scale 

To compute SOC trends across global terrestrial areas, we followed 
three major methodological steps that were applied to the interannual 
SOC data sourced from Wheeler and Hengl (2018). In the first phase (1), 
we aggregated the original gridded dataset at 1  km  ×  1  km spatial 
resolution, in order to avoid very local (pixel-size) signals, which are 
inherent to global datasets at extremely fine spatial scales (<1  km cell 
size). In the second phase (2), we converted the initial SOC stock values 
from kg/m2 to tons/km2 (by multiplying the former by 1000), which can 
be considered more relevant for such analyses performed at global scale. 
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In the third phase (3), we applied the non-parametric Mann-Kendall 
(MK) test (Mann, 1945; Kendall, 1975) and Sen’s slope estimator (Sen, 
1968; Gilbert, 1987; Salmi et al., 2002) for computing SOC trends at 
global scale, in terms of their direction (positive or negative), magnitude 
(the change per year) and statistical significance (at 95% confidence 
level) (Fig. 1). Essentially, in this final phase we applied the MK test and 
Sen’s slope estimator to the annual values of the pixels of SOC rasters, 
after they were downloaded from 2001 to 2015 and subsequently 
aggregated at 1  km  ×  1  km (phase 1, mentioned previously) and 
converted into tons/km2 (phase 2). We applied all three methodological 
steps using the R-package spatialEco – Spatial Analysis and Modelling 
Utilities (Evans, 2020). 

We consider the MK test and Sen’s slope estimator are highly useful 
statistical tools for detecting the SOC trends’ statistical significance and 
their magnitudes, since they are used in many studies focused on the 
analysis of various environmental trends, from large scale (Colette et al., 
2011; Chattopadhyay et al., 2012; Zhang et al., 2016; Do et al., 2017; 
Young and Ribal, 2019; Ding et al., 2020; Sobrino et al., 2020) to local 

scale (Prăvălie and Bandoc, 2015; Prăvălie et al., 2016, 2017; Eccles 
et al., 2020; Duan et al., 2021). Therefore, we investigated the trend 
significance of interannual global SOC data with the MK test, a 
rank-based procedure that is specifically appropriate for non-normally 
distributed data or time series containing outliers (Salas, 1993). The 
null and the alternative hypothesis of the MK test for trend in the 
random variable x are: 
{

H0 : Prob
(
xj − xi

)
= 0.5 , j > i

HA : Prob
(
xj − xi

)
∕= 0.5 , (two − sided test) (1) 

The Mann-Kendall statistic S is calculated as: 

S=
∑n− 1

k=1

∑n

j=k+1
sgn

(
xj − xk

)
(2)  

where xj and xk are the data values in years j and k, respectively, with 
j  >  k, n is the total number of years and sgn () is the sign function: 

Fig. 1. Spatio-temporal changes of SOC across the global terrestrial area during 2001–2015. Note: only statistically significant SOC trends (at 95% confidence level) 
were mapped in this figure; focal trends were highlighted for a better visualisation of the major SOC changes across the globe; abbreviations: M – million. 
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sgn
(
xj − xk

)
=

⎧
⎨

⎩

1 , if xj − xk > 0
0 , if xj − xk = 0
− 1, if xj − xk < 0

(3) 

For large n, the distribution of S can be approximated by a normal 
distribution, with mean zero and standard deviation given by: 

σS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n(n − 1)(2n + 5) −

∑n
i=1ti(i)(i − 1)(2i + 5)

18

√

(4) 

Equation (4) gives the standard deviation of S with a correction for 
tied values, with ti representing the number of ties of extent i. Then, the 

standard normal variable ZS is used for hypothesis testing: 

ZS =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

S − 1
σS

, if S > 0

0 , if S = 0
S + 1

σS
, if S < 0

(5) 

The null hypothesis is rejected at significance level α if |Z| > Zα/2 (for 
a two-tailed test), where Zα/2 represents the value of the standard normal 
distribution with an exceedance probability of α/2. In our study, the 

Fig. 2. Distribution of SOC changes throughout the countries of the world, in terms of mean decreases and increases, and of balance between mean decreases and 
increases. Note: mean annual SOC decreases were calculated for each country by averaging (within national boundaries) all pixels with negative trend values 
(columns in red), while mean annual SOC increases were obtained by averaging all pixels with positive trend values (columns in blue); mean balance of trends was 
computed for each country by averaging (within national boundaries) all pixels with negative and positive trend values (negative/positive results are highlighted 
with orange/blue circles), so this national statistic did not result from the mathematical differences between mean decreases and increases; the map in the bottom 
right is a spatial representation of the countries framed in orange and blue circles; * – UN non-member states. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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significance level was fixed at 95%, i.e. p-value < 0.05 (two-tailed test). 
For trend magnitude, we used the nonparametric Sen’s slope esti-

mator (also known as Kendall-Theil robust line), a robust method for 
estimating quasi-linear trends, which is also less affected by non-normal 
data and outliers (Helsel et al., 2020). The slope is computed between all 
pairs i of the variable x: 

βi =
Xj − Xk

j − k
,with j > k, j = 2,…, n, k = 1,…, n − 1 (6)  

where i = 1,…,N. For n values in the time series x this will result in N =

n(n − 1)/2 values of β. The slope estimate b is the median of βi, i = 1,…,

N. 

2.3. Statistical quantification of SOC changes at national scale 

After completing the trend processing at planetary scale (Fig. 1), we 
used the global raster with annual SOC rates (expressed in t C km2 yr− 1) 
for highlighting the negative and positive trends (and the balance be-
tween trends), in the form of three metrics which were computed across 
the countries of the world. The first metric is related to the mean annual 
SOC changes per square kilometer (t C km2 yr− 1) and was calculated for 
each country by averaging (within national boundaries) all pixels with 
negative values (decreasing SOC trends), positive values (increasing 
trends) and all pixels with negative and positive values (mean balance of 
trends), respectively (Fig. 2). The second metric quantified the total SOC 
changes of the countries, after having multiplied the annual SOC rates by 
15 (the number of years in the 2001–2015 period) and having summed 

the resulted pixel values within national boundaries. Following these 
calculations, we obtained total quantities (expressed in t C 15 yrs− 1 and 
%) of SOC losses, gains and the balance (difference) between the two 
dynamics at the country level (Fig. 3). The last metric assessed national 
areas (in km2 and %) affected by negative and positive SOC trends, but 
also the balance (difference) between the areas of the two types of trends 
(Fig. 4). In this case, we used the equal-area Mollweide projection 
(Central Meridian: 0.00), suitable for quantifying surfaces across the 
globe (Bandoc et al., 2018; Prăvălie et al., 2019a, 2019b). 

All three metrics of SOC dynamics were calculated excluding the zero 
values of pixels (areas with no changes) and the negative/positive pixel 
values without statistical significance of trends. In other words, we 
performed all national metrics based exclusively on statistically signif-
icant trends, at 95% confidence level (p-value  <  0.05). The three types 
of statistics were processed and graphically represented using suitable 
Geographic Information System (GIS) tools, such as R-package (Evans, 
2020) and ArcGIS 10.5 (Harder and Brown, 2017), and graphic tools, 
like Inkscape (Bah, 2011). 

We selected three metrics of SOC changes instead of one (like 
affected area, usually recommended in global policies, such as LDN) 
(Kust et al., 2017; Wunder et al., 2018), for a more comprehensive 
assessment of SOC changes in balance throughout countries worldwide. 
Therefore, we believe this triple analysis of the SOC changes balance 
within the world’s countries represents a more solid scientific support 
for the future implementation of LDN policies throughout the globe. To 
perform all aforementioned statistics (averages, quantities and areas of 
SOC changes), we used vector data with national boundaries (freely 
available at http://www.gadm.org) of 193 UN member states. We also 

Fig. 3. Distribution of SOC changes throughout the countries of the world, in terms of total decreases and increases, and of balance between total decreases and 
increases. Note: the absolute total SOC decreases/increases (left side) were calculated by multiplying the annual SOC negative/positive rates by 15 and summing all 
the resulting negative/positive pixel values within national boundaries; the balance of changes resulted from the mathematical difference between total SOC de-
creases and increases; the percentage-based values (right side) were computed by relating the absolute quantities of national total SOC decreases/increases/balance 
of changes to the entire global area with SOC decreases/increases/balance of changes; the pie charts highlight the percentage of states (out of the 196 countries in the 
world) framed in the legend classes of the maps. 
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included in our study 3 other states with different UN status, i.e. Kosovo 
(member of two UN specialized agencies), Palestine (UN observer state) 
and Taiwan (observer in one UN specialized agency). Therefore, we 
provide a complex statistical picture of recent SOC changes across 196 
countries of the world, which cover in total ~130 million km2, or more 
than 85% of the Earth’s land surface. 

3. Results 

3.1. SOC trends across the Earth’s soils 

Our results on worldwide SOC dynamics reveal remarkable changes 
across the planet, after 2001. Globally, we observed various rates of SOC 
changes, which are predominantly negative across continents, the 
annual values of which even exceed − 500  t  C km2 yr− 1 in large-scale 

Fig. 4. Distribution of SOC changes throughout the countries of the world, in terms of surfaces affected by decreases and increases, and of balance between surface 
decreases and increases. Note: areas affected by SOC decreases were calculated for each country by cumulating (within national boundaries) all pixels with negative 
(neg.) trend values (columns in orange), while areas affected by SOC increases were obtained by cumulating all pixels with positive (pos.) trend values (columns in 
green); the balance of changes resulted from the mathematical difference between areas affected by SOC decreases (decr.) and increases (incr.) (negative/positive 
results are highlighted with light red/light green circles); the maps in the bottom right are spatial representations of the countries with different percentage values of 
net changes of SOC (balance between surface decreases and increases), related to the global area of net SOC decreases (a) and to the total national area (b); * – UN 
non-member states. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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areas of Northern North America, Northern Eurasia and Southeast Asia 
(Fig. 1). Most of the global SOC decreases are however dominated by 
negative annual rates that range between − 0.1 and − 100  t  C km2 yr− 1, 
a class which accounts for ~75% of all negative global changes or more 
than 55% of the total SOC changes (negative and positive) across the 
globe (Fig. 1). In contrast, some positive changes in SOC stock were 
detected, which are however much more limited on a global scale 
compared to planetary SOC decreases. By assessing the opposite trends 
in balance, our findings showed a worldwide area with net SOC de-
creases of ~1.9 million km2 (~2.7 million km2 with global decreasing 
SOC rates vs ~0.8 million km2 of increasing SOC rates) over the Earth’s 
terrestrial surface (Fig. 1). 

Continentally, Asia is the most affected landmass by negative SOC 
changes, with 33.5% of all worldwide SOC declines. It is followed by 
South America (22.9%, the two continents totalling >55% of global SOC 
decreasing values), Europe (16.9%), North and Central America 
(13.6%), Africa (11.9%), and Australia and Oceania (1.2%). We also 
observed some positive SOC trends, with a more pronounced trans-
continental presence in South America (39.1% of global SOC increases) 
and Asia (26.2%). Investigating in balance the contrary continental 
trends, we found that all continents are marked by net negative trends of 
SOC (except for Australia and Oceania, which have a neutral balance), 
with Asia accounting for the largest net SOC decreases of the planet 
(36.8% of ~1.9 million km2). Considerable net losses of SOC were also 
detected in Europe (18.6%), the Americas (~16% in both cases) and 
Africa (12.6%). 

3.2. Changes of SOC throughout the countries of the world 

Here we investigated country-specific changes of SOC (negative and 
positive trends, and balance between the two types of trends) in a more 
detailed perspective, based on three metrics (averages, quantities, areas) 
instead of one, such as the affected surfaces we explored in the previous 
global SOC changes section. At the country level, this triple statistic 
might be more useful than only the affected area (usually addressed in 
global SOC policies), considering that it provides more complex infor-
mation on SOC stability in the world’s countries, which can be useful in 
the framework of the UNCCD or UNFCCC. 

Upon calculating mean SOC changes as a first relevant metric for 
national SOC dynamics, we noticed that Canada is, by far, the country 
with the highest mean SOC decreases in the world (national average per 
square kilometer of − 626.9  t  C km2 yr− 1, more than five/two times the 
global/continental average of − 122.1/-266.6  t  C km2 yr− 1) (Fig. 2). 
The global hierarchy is continued by Finland (− 390.2  t  C km2 yr− 1), 
Bahamas (− 386.6  t  C km2 yr− 1), Russia (− 294.7  t  C km2 yr− 1), 
Singapore (− 261.8  t  C km2 yr− 1), Suriname (− 239.1  t  C km2 yr− 1), 
Indonesia (− 227.6  t  C km2 yr− 1), Guyana (− 219.4  t  C km2 yr− 1), 
Norway (− 212.5  t  C km2 yr− 1), Antigua and Barbuda (− 207.6  t  C km2 

yr− 1) and Sweden (− 204.9  t  C km2 yr− 1) (Fig. 2). Simultaneously, 
significant mean increases of SOC occurred in many countries world-
wide (Fig. 2). 

In terms of the balance between mean decreases and increases, 
Canada is also the global hotspot of mean net SOC declines per square 
kilometer (− 448.4  t  C km2 yr− 1, over seven/two times more than 
global/continental net average of − 58.6/-193.3  t  C km2 yr− 1) during 
the 2001–2015 period. In this regard, the aforementioned North 
American country is followed by Bahamas (− 378.2  t  C km2 yr− 1), 
Finland (− 276.3  t  C km2 yr− 1), Singapore (− 254.1  t  C km2 yr− 1), 
Norway (− 155.3  t  C km2 yr− 1), Russia (− 130.5  t  C km2 yr− 1), Monaco 
(− 126.4  t  C km2 yr− 1), Sweden (− 109.7  t  C km2 yr− 1) and Ireland 
(− 102.1  t  C km2 yr− 1) (Fig. 2). It can therefore be noticed that this 
metric captures even small countries as global hotspots of SOC changes. 
Overall, out of the 196 countries in the world, 155 (79%) were affected 
by mean net decreases of SOC, 28 (14%) by mean net increases, while 13 
(7%) were not affected by any SOC changes (Fig. 2). 

Upon investigating the next metric, total SOC changes, we found that 

Russia is the first global epicenter of SOC decreases, with ~1.3  Pg  C lost 
from its soils throughout the entire 15-year period (Fig. 3). This huge 
amount of total SOC losses across the entire national area accounts for 
more than a quarter (26.3%) of all global SOC losses during 2001–2015. 
Canada stands out as the second global epicenter of SOC losses (almost 
1.1  Pg  C or 21.8% of global SOC decreases) (Fig. 2), the two countries 
encompassing almost half (48.1%) of worldwide soil carbon losses since 
the beginning of the 21st century, estimated at ~5  Pg  C. Other coun-
tries showed remarkable total SOC losses after 2001, like Brazil 
(<0.5  Pg  C, 9.4%), the United States (<0.4  Pg  C, 7.2%), Indonesia 
(<0.3  Pg  C, 5.7%), China (<0.2  Pg  C, 3.5%) or Finland (~0.1  Pg  C, 
2.1%) (Fig. 3). In contrast, it is easily observable that losses of SOC are 
not universal, meaning that there are also SOC gains across countries 
worldwide (Fig. 3), which on a global scale total over 1.8  Pg  C. 
Therefore, most countries have also registered SOC gains within national 
boundaries – remarkable examples in this respect include Russia 
(>0.4  Pg  C, 23.7% of global SOC gains), Brazil (>0.3  Pg  C, 17.4%), 
Indonesia (~0.2  Pg  C, 10.3%), Canada (>0.1  Pg  C, 7.9%) or Peru 
(~0.1  Pg  C, 5.3%) (Fig. 3). 

With regard to the balance between total SOC losses and gains, the 
same percentage of countries (79%) experienced net losses of soil carbon 
on a planetary scale. We observed that the largest net SOC decline in the 
world occurred in Canada – almost 1  Pg  C has been lost from the soil, 
which is equivalent to 30% of global net losses of SOC, assessed at 
>3.1  Pg  C. We also detected Russia (<0.9  Pg  C, 27.9%), the United 
States (~0.3  Pg  C, 9.6%), China (>0.1  Pg  C, 4.7%), Brazil 
(>0.1  Pg  C, 4.7%), Indonesia (almost 0.1  Pg  C, 3%) and Finland (close 
to 0.1  Pg  C, 2.9%) as other major hotspots of net SOC losses at the 
planetary scale. Together, the seven aforementioned countries account 
for more than 80% of the global net SOC losses after 2001. 

The last dimension of SOC changes we explored, related to the spatial 
extent of soil carbon dynamics, revealed that Brazil was affected by the 
most extensive areas of SOC decreases in the world – 0.41 million km2, 
which represents 15.2% of the global spatial footprint of SOC decreases 
or 4.8% of the country (in the particular case of this metric, the per-
centage values related to the national area of the countries might also be 
relevant) (Fig. 4). The other global epicenters in this respect are China 
(0.3 million km2, 11.1% of global decreases or 3.2% of the country), 
Russia (0.29 million km2, 10.7% of global decreases or 1.7% of the 
country), the United States (0.21 million km2, 7.8% of global decreases 
or 2.2% of the country), Canada (0.12 million km2, 4.2% of global de-
creases or 1.2% of the country) and Indonesia (close to 0.1 million km2, 
3.1% of global decreases or 4.4% of the country) (Fig. 4). The six states 
include 52% of the global extent of SOC negative trends (~2.7 million 
km2, as previously mentioned in the global SOC changes section). 

Many countries also recorded positive SOC trends (a noteworthy 
expansion of increasing SOC rates can however be observed only in 
Brazil and Russia, with 0.19 million km2 and 0.14 million km2, 
respectively), which however were counterbalanced in most countries 
(155) by more extensive negative trends. Most national balances of SOC 
change areas are therefore negative around the world, and the global 
poles with a net decline in the SOC area are the same countries 
mentioned above, except for Indonesia. For the five hotspots (Brazil, 
China, Russia, the United States and Canada) we found negative net 
areas of SOC dynamics that range between 0.27 million km2 (China, 
2.9% from its territory or 14.6% of ~1.9 million km2 estimated for the 
worldwide area affected by net SOC decreases) and ~0.1 million km2 

(Canada, ~1% of its national area or 4.9% of global net SOC decreases) 
(Fig. 4). 

4. Discussion 

In this study, the recent SOC changes were explored for the first time 
globally, since previous studies have generally focused on assessing the 
global carbon stock (Stockmann et al., 2013, 2015; Scharlemann et al., 
2014; Lal, 2018; Harden et al., 2018) or on investigating SOC changes 
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(in a general manner, i.e. without trend assessments based on detailed 
metrics) only in dryland (Chappell et al., 2019) and cropland (Zomer 
et al., 2017) areas of the world. We therefore consider that our new 
findings can be crucial for a better understanding and management of 
some major global environmental threats to humanity (directly exac-
erbated by SOC losses), such as land degradation, climate change or 
even food crisis. 

While assessing SOC changes on a planetary scale, we indirectly 
observed a general intensification of land degradative conditions around 
the globe, as the three statistical dimensions we used highlighted the fact 
that more than three-quarters of the world’s countries were affected by 
net SOC losses starting with 2001 (Fig. 2). In fact, globally, it is very 
likely that the number of countries with negative trends in land state is 
even higher than 79%, considering the “one-out, all-out” recent 
approach (Wunder et al., 2018). This philosophy of quantifying land 
degradation entails that, if any of the indicator metrics used (carbon 
stock and other standard indicators, like land cover or land productivity) 
shows significant negative trends, it is considered an overall degradation 
of the land condition (Wunder et al., 2018). If we consider the high 
likeliness that at least one of the other quality indicators of lands 
recorded a statistically significant negative change during 2001–2015 in 
some of the other 21% remaining countries of the world (with SOC 
improvements/no changes) (Fig. 2), then land degradation evolution is 
even more severe globally. 

We consider that the driving forces of SOC changes are related to 
various land-use conversions across the world’s countries, since the 
methodology for estimating SOC data used in this study is largely based 
on global land use/cover data (see details on Methods). More specif-
ically, the identified SOC losses in many global hotspots were most likely 
triggered by the most common drivers of global land use/cover changes, 
namely agricultural expansion in tropical regions (for example through 
deforesting tropical forests in Brazil or via deforesting tropical forests 
and draining peatlands in Indonesia) (Hansen et al., 2013; Page and 
Baird, 2016; Leifeld et al., 2019), urbanization in temperate regions (e.g. 
in temperate environments of the United States or China) (Seto et al., 
2012) or forestry/logging in boreal regions (in boreal forests of Canada 
or Russia) (Hansen et al., 2013; Curtis et al., 2018). It appears that 
climate change had a significant impact on land use/cover changes 
especially in boreal regions, by intensifying large scale wildfires in 
Canada and Russia, which, after 2001, generated massive forest losses 
(Curtis et al., 2018) and, most likely, substantial SOC losses in the 
affected regions. In addition to the many global studies that confirm 
these patterns (Seto et al., 2012; Hansen et al., 2013; Page and Baird, 
2016; Curtis et al., 2018; Leifeld et al., 2019), the spatial footprint of 
these common drivers of land use/cover changes (and thus of SOC 
changes) can be geographically observed through the global hotspots of 
carbon losses in Fig. 1. 

We also want to draw attention to the fact that our results must be 
interpreted with caution, considering that annual SOC data estimation 
may have some shortcomings associated with some possible un-
certainties, like any global database. The limitations of the SOC inter-
annual data of Wheeler and Hengl (2018), estimated based on the 
methodology explained by Mattina et al. (2018), are mainly related to 
the lack of separation of the organic and mineral carbon stocks in the 
SoilGrids baseline dataset, which mainly affect boreal regions. Also, the 
resolution of land use data introduces generalization that is variable in 
time (lower in the 2000’ and higher towards 2015). The Tier 1 IPCC 
methodology used to predict the SOC trends comes with its own limi-
tations, which consist of the probably too large influence of land use 
changes data (in annual SOC dynamics), used as a major driver of SOC 
trends. Perhaps even our statistical approach to only investigate the 
statistically significant trends of SOC is a limitation in and of itself, 
which could underestimate the reality of total carbon losses on a plan-
etary scale, after 2001. 

However, the methodological scheme applied for estimating the 
interannual SOC data by Wheeler and Hengl (2018), which we used in 

our study, is considered by UNCCD to be appropriate, considering the 
immediate availability and readiness for use, global spatial coverage and 
appropriate resolution (Mattina et al., 2018). Moreover, the baseline 
SoilGrids250  m database used for obtaining interannual SOC data is 
currently considered the closest one to reality, compared to other global 
databases of soil carbon stocks (Tifafi et al., 2018). Therefore, consid-
ering all the aspects mentioned above, the fact that no data estimation 
model is perfect and that other studies have reported (directly or indi-
rectly) significant carbon losses (generally due to land use changes) in 
many epicenters of SOC decreases revealed in this analysis (like Canada, 
Russia, the United States, Brazil or Indonesia) (Seto et al., 2012; Leifeld 
and Menichetti, 2018; Goldstein et al., 2020), we consider that our re-
sults provide a reliable global picture of recent SOC changes across the 
Earth’s soils. 

The general picture of this study reveals decreases in soil fertility and 
productivity and, implicitly, a worsening of worldwide land degrada-
tion, a complex environmental issue that seems to generate (through 
SOC depletion and many other pathways of manifestation) astonishing 
global economic losses, estimated by some sources between US$6.3 and 
US$10.6 trillion annually (ELD, 2015; UNCCD, 2017). If land degrada-
tion continues in the coming years, through SOC decreases and other 
dimensions, there will be major pressures on global food production 
systems. These are bad news for food security, keeping in mind that, by 
mid-21st century, the world would need to produce at least 60–70% 
more food in order to feed more than 9 billion people estimated by 2050 
(Rockström et al., 2017). If SOC trends are not reversed and soil fertility 
is not increased for improving food security, a worsening of the global 
food crisis is foreseeable, which is one of humanity’s grand challenges, 
directly associated with current land degradation and climate change. 

Our results are also alarming from the perspective of climate change. 
Although the global net losses of SOC we detected over the 15-year 
period may not seem very high (>3.1  Pg  C), this value is remarkable 
in a much longer perspective of the history of human civilization. If we 
compare this value with historical (the last 12,000 years) carbon losses 
from global soils, estimated at 37  Pg  C for the same soil profile (0.3  m 
deep) (Sanderman et al., 2017), we realize that this recent loss repre-
sents ~8% of all worldwide SOC losses recorded during the Holocene, 
although it occurred in ~0.1% of this time period. We are however 
aware that these values are only comparable to a certain extent, 
considering they were produced using different methodologies. 

Not only temporal differences are worrying – spatial differences in 
SOC losses across the globe are also alarming. Carbon leaks from the 
soils of Canada and Russia (which together account for 58% of global net 
losses of SOC after 2001) are of particular concern, since these countries 
hold the largest permafrost regions of the planet (Zhang et al., 2008). 
Considering that permafrost soils contain large amounts of carbon 
(which can be released into the atmosphere as CO2 and especially as 
CH4) (Schuur et al., 2015; Strauss et al., 2017; Lenton et al., 2019) and 
assuming that SOC decreases in Canada and Russia came at least 
partially from these frozen soils, it is reasonable to warn that SOC losses 
in these countries are particularly dangerous for the acceleration of 
global climate change. 

5. Conclusions 

Our findings are practically useful for international policies. By 
providing detailed and updated national information on SOC losses vs. 
SOC gains, we believe that our results represent a solid scientific support 
for a more efficient implementation of land restoration and rehabilita-
tion measures in over 120 worldwide countries that have already 
committed to setting LDN targets (Gilbey et al., 2019), or in more than 
80 countries that have already set their targets (UNCCD, 2020). More 
importantly, our findings on national SOC balances can be crucial in 
setting new commitments for the remaining 70+ countries that have not 
yet committed to setting LDN targets (UNCCD, 2020). 

Unfortunately, the latter category includes Canada and the United 
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States, major epicentres of SOC decreases detected during 2001–2015. 
Under these circumstances, we call on the UNCCD and the governments 
of these countries (and other countries, especially in Europe, which have 
not yet committed to setting LDN targets) (UNCCD, 2020) to work 
together under the framework of the LDN Target Setting Programme. 
Only a close cooperation between all nations can ensure the achieve-
ment of a land degradation-neutral world. 

We also urge the United Nations to intensify its efforts (via UNCCD, 
UNFCCC and other relevant international mechanisms under their 
control) to stabilize carbon in the Earth’s soils, which will generate 
significant benefits for humanity both in terms of land degradation 
control and climate change mitigation. Halting and reversing current 
decreasing SOC trends can transform the world’s soils from a source of 
greenhouse gas emissions to a major carbon sink. This goal requires 
however bigger, better and faster global soil-based initiatives for 
rebuilding soil organic carbon, mitigating land degradation and climate 
change, and restoring soil fertility across the planet. 
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R. Prăvălie et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0013-9351(21)00874-4/sref42
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref42
https://doi.org/10.1038/s41467-018-03406-6
https://doi.org/10.1038/s41467-018-03406-6
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref44
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref44
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref45
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref45
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref45
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref46
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref46
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref47
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref47
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref47
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref48
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref49
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref49
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref49
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref49
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref50
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref50
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref51
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref52
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref52
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref52
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref53
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref53
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref54
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref54
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref54
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref55
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref55
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref56
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref56
https://doi.org/10.1016/j.envres.2020.109501
https://doi.org/10.1038/s41598-018-32229-0
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref59
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref59
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref59
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref59
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref60
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref60
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref61
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref61
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref61
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref62
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref62
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref62
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref62
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref63
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref63
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref64
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref64
https://doi.org/10.1016/j.envres.2020.110697
https://doi.org/10.1016/j.envres.2020.110697
https://doi.org/10.1016/j.earscirev.2021.103689
https://doi.org/10.1038/ncomms6037
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref68
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref68
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref68
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref69
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref69
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref70
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref70
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref70
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref71
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref71
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref71
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref71
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref72
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref72
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref73
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref73
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref73
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref74
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref74
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref74
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref75
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref75
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref76
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref76
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref76
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref77
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref77
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref77
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref77
https://doi.org/10.3390/rs12020218
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref79
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref79
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref79
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref79
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref80
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref80
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref80
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref80
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref81
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref81
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref81
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref82
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref82
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref82
https://doi.org/10.1016/j.catena.2020.104574
https://doi.org/10.1016/j.catena.2020.104574
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref84
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref84
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref84
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref84
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref85
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref85
https://www.unccd.int/actions/ldn-target-setting-programme
https://www.unccd.int/actions/ldn-target-setting-programme
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref87
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref87
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref87
https://doi.org/10.5281/zenodo.2529721
https://doi.org/10.5281/zenodo.2529721
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref89
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref89
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref89
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref89
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref90
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref90
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref91
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref91
http://refhub.elsevier.com/S0013-9351(21)00874-4/sref91
https://doi.org/10.1038/srep19124
https://doi.org/10.1038/s41598-017-15794-8
https://doi.org/10.1038/s41598-017-15794-8

	Global changes in soil organic carbon and implications for land degradation neutrality and climate stability
	1 Introduction
	2 Methods
	2.1 SOC data acquisition
	2.2 SOC trend computation at global scale
	2.3 Statistical quantification of SOC changes at national scale

	3 Results
	3.1 SOC trends across the Earth’s soils
	3.2 Changes of SOC throughout the countries of the world

	4 Discussion
	5 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


