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Abstract
Aim: Forest disturbances are increasing around the globe due to changes in climate 
and management, deteriorating forests' carbon sink strength. Estimates of global for-
est carbon budgets account for losses of plant biomass but often neglect the effects 
of disturbances on soil organic carbon (SOC). Here, we aimed to quantify and concep-
tualize SOC losses in response to different disturbance agents on a global scale.
Location: Global.
Time Period: 1983–2022.
Major Taxa Studied: Forest soils.
Methods: We conducted a comprehensive global analysis of the effects of harvesting, 
wildfires, windstorms and insect infestations on forest SOC stocks in the surface or-
ganic layer and top mineral soil, synthesizing 927 paired observations from 151 exist-
ing field studies worldwide. We further used global mapping to assess potential SOC 
losses upon disturbance.
Results: We found that both natural and anthropogenic forest disturbances can cause 
large SOC losses up to 60 Mg ha−1. On average, the largest SOC losses were found after 
wildfires, followed by disturbances from windstorms, harvests and insects. However, 
initial carbon stock size, rather than disturbance agent, had the strongest influence on 
the magnitude of SOC losses. SOC losses were greatest in cold-climate forests (boreal 
and mountainous regions) with large accumulations of organic matter on or near the 
soil surface. Negative effects are present for at least four decades post-disturbance. 
In contrast, forests with small initial SOC stocks experienced quantitatively lower car-
bon losses, and their stocks returned to pre-disturbance levels more quickly.
Main Conclusions: Our results indicate that the more carbon is stored in the forest's 
organic layers and top mineral soils, the more carbon will be lost after disturbance. 
Robust estimates of forest carbon budgets must therefore consider disturbance-
induced SOC losses, which strongly depend on site-specific stocks. Particularly in 
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1  |  INTRODUC TION

Forests are the largest terrestrial carbon (C) pool on Earth, with about 
30%–70% of organic C stored below ground, making forest soils 
an important terrestrial sink for atmospheric CO2 (Pan et al., 2011). 
Theoretical concepts suggest a slow build-up of soil organic C (SOC) 
stocks with stand growth and development, usually reaching equilib-
rium in a late-successional forest state (Chapin III et al., 2002). However, 
these concepts also assume that forests can abruptly lose SOC when 
they are disturbed by harvesting or natural agents, such as fires, wind-
storms, or insect infestations. The SOC loss induced by forest distur-
bance through harvesting or natural agents is related to reduced input 
of fresh plant litter to the soil following tree removal or death and to 
continuing C fluxes out of the soil, e.g. through microbial decompo-
sition, burning, or erosion (Gerber et al., 2002; Holloway et al., 2020; 
Mayer, Sandén, et al., 2017). Moreover, physical disturbance of soil 
structure may increase the availability of protected organic matter 
(Cambi et al., 2015; Kramer et al., 2004), and a more favourable soil 
climate through the loss of a tree canopy may further accelerate micro-
bial C mineralization (Mayer, Sandén, et al., 2017). Disturbance-induced 
SOC losses are suggested to be quantitatively important, with released 
CO2 exacerbating climate warming (Kurz et al., 2008).

Natural disturbances have increased in frequency, severity and ex-
tent in recent decades, and this trend is predicted to continue, with 
human land use and climate change regarded as the main drivers 
(Patacca et al., 2022; Seidl et al., 2017; Senf & Seidl, 2021). In addition, 
forestry has been estimated to account for 26% of the world's forest 
cover change between 2001 and 2015, making timber harvesting a 
globally important driver of forest disturbance (Curtis et al., 2018). 
While forest carbon budgets at the continental and global scale ac-
count for C losses through tree biomass death or removal following dis-
turbances, they most often do not consider the effects of disturbances 
on SOC (Roebroek et al., 2023; Wang et al., 2023). One of the reasons 
might be that, despite decades of scientific attention (Covington, 1981; 
Li et al., 2021; Nave et al., 2011; Yanai et al., 2003; Zhang et al., 2015), 
there is no consensus on the magnitude and duration of SOC losses 
in response to different disturbance agents. For example, earlier me-
ta-analyses of the response of SOC to harvesting suggest no overall 
effects on C stocks (Johnson & Curtis, 2001) or that C losses occur 
only in the organic layer (Nave et al., 2010). The IPCC (2019) inventory 
guidelines therefore assume that forest management does not affect 
mineral SOC stocks. However, more recent meta-analyses on the im-
pacts of harvesting show that C losses can also occur in the mineral 
soil and that SOC stocks can be reduced for decades upon harvest 
(James et al., 2021; James & Harrison, 2016). Similarly, global synthe-
ses of the effects of wildfire (Li et al., 2021; Nave et al., 2011), insect 
infestations (Kristensen et al., 2019; Zhang et al., 2015) and larger scale 
studies on windthrow (Mayer et al., 2023) show inconclusive results, 
ranging from large and long-lasting C losses to even increased SOC 

stocks after disturbance. Finally, meta-analyses assessing the impact 
of both human and natural disturbance on forest SOC stocks are 
rare and confined to specific regions (Nave, DeLyser, Domke, Holub, 
Janowiak, Kittler, et al., 2022; Nave, DeLyser, Domke, Holub, Janowiak, 
Ontl, et al., 2022). These shortcomings limit generalization and the val-
idation of Earth system models and larger scale estimates of forest C 
sink capacities (Cook-Patton et al., 2020; Harris et al., 2021; Lindroth 
et al., 2009; Pugh et al., 2019; Roebroek et al., 2023). Thus, a glob-
ally comprehensive and spatially explicit assessment of the sensitivity 
of SOC stocks to major forest disturbance agents and an analysis of 
the factors underlying the magnitude and duration of SOC losses in 
response to disturbance is urgently needed. This knowledge is a pre-
requisite for identifying forest ecosystems that are most vulnerable to 
large and long-lasting SOC losses after disturbances.

To investigate the impact of anthropogenic and natural distur-
bance on forest SOC on a global scale, we synthesized data from 
151 published field studies on the effects of harvesting, wildfires, 
windstorms and insect infestations on SOC stocks. The studies cov-
ered the world's major forest biomes, with a strong focus on boreal 
and temperate forests in the northern hemisphere (Table S1). Based 
on data availability across disturbance studies, we concentrated on 
the organic layer and top mineral soil. In total, we analysed 542 ob-
servations from the organic layer and 385 from the top mineral soil. 
In contrast to earlier meta-analyses, we focused only on observa-
tions of C stocks (expressed in Mg ha−1), excluding observations of C 
concentrations (g g−1). We used these data to quantify absolute SOC 
stock changes, estimated as the difference in SOC stock between 
paired undisturbed reference stands (control) and disturbed stands 
(treatment). We aimed to address four specific research questions:

1. What are the quantitative effects of harvesting, wildfires, storms 
and insect infestations on SOC stocks and do these agents 
differ in their influence?

2. What factors drive the magnitude and duration of SOC losses in 
response to disturbances?

3. Which forest ecosystem types lose the most SOC upon 
disturbance?

4. How long does it take for SOC stocks to return to pre-disturbance 
levels?

2  |  MATERIAL S AND METHODS

2.1  |  Data set

We collated the references of recent peer-reviewed meta-analyses on 
the effects of forest harvesting (Hume et al., 2018; James et al., 2021; 
James & Harrison, 2016; Nave, DeLyser, Domke, Holub, Janowiak, 
Kittler, et al., 2022; Nave, DeLyser, Domke, Holub, Janowiak, Ontl, 

cold-climate forests, these disturbance-related losses may challenge forest manage-
ment efforts to sequester CO2.
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et al., 2022), wildfire (Li et al., 2021; Nave, DeLyser, Domke, Holub, 
Janowiak, Kittler, et al., 2022; Xu et al., 2022), insect infestations 
(Kristensen et al., 2019; Zhang et al., 2015) and windstorms (Mayer 
et al., 2023), and filtered them for studies reporting SOC stocks 
(Mg ha−1). Studies reporting SOC concentrations (g g−1) together with 
soil bulk density (g cm−3) and layer thickness (cm) were also extracted, 
which were then used to calculate SOC stocks. Studies reporting only 
SOC concentrations were not included as they do not allow quantifica-
tion of C stock changes and may even be misleading when original or-
ganic layer masses but not concentrations change after disturbances.

We focused on upper soil horizons, where soil depths were sepa-
rated into an organic layer and top mineral soil (0–10 cm). If SOC stocks 
for multiple organic layers (e.g. OL, OF) or mineral soil depths (e.g. 0–5, 
5–10 cm) were available, SOC stocks were summed up for the soil lay-
ers. Studies reporting top mineral SOC stocks for smaller (e.g. 0–7 cm) 
or larger (e.g. 0–12 cm) sampling depths were also included in our anal-
ysis. There was less data available and large variability in soil sampling 
depth for deeper horizons (e.g. 10–20 cm, 10–50 cm) across studies, 
impeding a valid comparison of absolute C losses. Consequently, we 
did not include these horizons in our analysis. To be included in our 
analysis, studies had to report both SOC stocks for an undisturbed 
reference stand (control) as well as for a disturbed stand (treatment). 
For forest chronosequence studies, SOC stocks of the oldest stands 
were used as the control stands. In cases of multiple disturbances (e.g. 
wildfire after windthrow), the agent that occurred first was selected.

We complemented the data set from previous meta-analyses 
with additional studies on the effects of wildfires, insect infestations 
and windstorms on SOC stocks found through a literature search 
using the Scopus database and Google scholar. The search terms 
were ‘wind disturbance’, ‘windthrow’, ‘windbreak’, ‘storm’, ‘blow-
down’, ‘wildfire’, ‘forest fire’, ‘bark beetle’, ‘insect infestation’, ‘insect 
outbreak’ and ‘soil carbon’. If results were shown in figures only, SOC 
stock data were extracted using open-source graph digitizer soft-
ware (plotd igiti zer. com).

In total, we synthesized data from 151 field studies on the effects 
of forest harvesting (n = 89), wildfire (n = 48), insect infestations (n = 18) 
and windstorms (n = 13). The studies covered temperate forests 
(n = 113), boreal forests (n = 27) and tropical and subtropical forests 
(n = 11). Most of the studies were conducted in North America, fol-
lowed by Europe, Asia, South America, Australia and Africa (Table S1). 
In total, we used 542 and 385 observations from the organic layer and 
mineral soil, respectively. For each study, we extracted information on 
the disturbance agent (harvesting, insects, wind and wildfire), biome 
(boreal, temperate and tropical/subtropical), forest type (coniferous, 
broadleaf and mixed), time since disturbance (in years) and mean an-
nual temperature (MAT) and precipitation (MAP).

2.2  |  Data analysis

Prior to analysis, the SOC stocks from individual studies were all con-
verted to the unit Mg ha−1. Absolute SOC stock changes in response 
to forest disturbance agents were subsequently calculated as:

where XD and XC are the mean values of SOC stocks of disturbed areas 
and control stands, respectively, of each study site and soil layer (i.e. 
organic layer/mineral soil). If a study included multiple sites with dif-
ferent disturbance agents (e.g. wildfires and windstorms), separate 
values were calculated. Estimates of variance (e.g. standard error) 
and sample size were not available in many publications. The use of 
classic meta-analysis approaches was therefore not possible (Hedges 
et al., 1999). Instead, we used linear mixed effects (LME) modelling for 
data analysis (Pinheiro & Bates, 2000). Individual studies were consid-
ered as random effects in each model.

First, we used non-intercept models to test whether SOC stock 
changes grouped after disturbance agent, biome and forest type dif-
fered significantly from zero. We conducted similar tests for three 
SOC stock levels (small, medium and large) and four classes of time 
since disturbance. For this, we grouped the observations according 
to their initial SOC stock (i.e. control stand stock) using their 33rd and 
66th percentile ranks and according to the time since disturbance 
(<10, 10–25, 25–40 and >40 years); a lack of data did not allow for a 
further temporal separation into the individual disturbance agents.

We then used LME modelling to test the significance and explan-
atory power of single and multiple predictors on SOC stock change. 
The considered predictors were disturbance agent, biome, forest 
type, MAT, MAP, time since disturbance and control stand SOC 
stock. We used marginal pseudo-R2 values for model assessment 
(Nakagawa & Schielzeth, 2013).

2.3  |  Mapping of soil organic carbon loss

To visualize SOC loss on a global scale, we used the relationship be-
tween SOC stock change and control stand SOC stocks in the or-
ganic layer and top mineral soil. A non-linear power function was 
fitted to the data. We estimated the 95% confidence interval of the 
predictions using a bootstrapping approach (Loy & Korobova, 2021). 
We did not test the robustness of the relationship due to the lack 
of variance estimates and sample sizes for many studies (Hong 
et al., 2020; Slessarev et al., 2023).

We applied the SOC response functions to a global map of SOC 
stocks (Hengl et al., 2017), which we masked with a global forest 
map (Sayre et al., 2020). The global map of SOC stocks does not 
distinguish between organic and mineral soil layers. Therefore, we 
applied the SOC response functions for organic and mineral soil lay-
ers to available C stocks in 0–5 cm and 5–15 cm depths, respectively. 
We considered a prediction to be a significant SOC loss only when 
the bootstrapped confidence interval was below zero. Moreover, we 
set predicted SOC losses outside the data range of the models to the 
maximum predicted values within their prediction range. We then 
calculated and mapped total SOC losses (summed across the two 
soil depth ranges).

We conducted all statistical analyses in R (R Core Team, 2021) 
using the packages ‘nlme’ (Pinheiro et al., 2017), ‘lme4’  

(1)SOC stock change = XD − XC
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(Bates et al., 2009), ‘MuMIn’ (Barton, 2009) and ‘lmeresampler’ (Loy 
& Korobova, 2021). The level of significance for all statistical analy-
ses was set at p < 0.05.

3  |  RESULTS AND DISCUSSION

Our analysis showed that forest disturbance can cause consider-
able SOC losses, with greater impacts occurring in the organic layer 
than in mineral soil (Figures 1 and 2). On average, forest disturbance 
decreased the SOC stock in the organic layer by 7.2 ± 1.3 Mg ha−1 
or 25.7% (Figure 1), suggesting large C losses after stand dam-
age (p < 0.001). In mineral soil, in contrast, disturbance decreased 
SOC stocks only marginally, by 1.5 ± 0.9 Mg ha−1 or 4.1% (p < 0.1). 
Carbon losses from the organic layer were greatest after wildfire 
(11.0 ± 2.4 Mg ha−1; −41.1%), followed by damage from windstorms 
(8.6 ± 4.1 Mg ha−1; −25.0%), harvesting (6.3 ± 1.8 Mg ha−1, −22.7%) 
and insect infestations (2.0 ± 3.6 Mg ha−1, −7.7%). Although the differ-
ences between disturbance agents were not statistically significant 
(p = 0.146, Figure S1), the order of their effect sizes was consist-
ent with meta-analyses from North America showing stronger ef-
fects of fire than harvesting on SOC stocks (Nave, DeLyser, Domke, 
Holub, Janowiak, Kittler, et al., 2022; Nave, DeLyser, Domke, Holub, 
Janowiak, Ontl, et al., 2022). It seems plausible that the thermal 

impact of burning on SOC is more severe than other disturbance 
effects, such as increased decomposition and erosion (Abney 
et al., 2017; Gerber et al., 2002; Mayer, Matthews, et al., 2017). 
Following windthrow and the associated uprooting of trees, C losses 
from soils may also result from physical soil disturbance, loosen-
ing, fracturing and mixing of soil horizons and aggregates (Kooch 
et al., 2014; Šamonil et al., 2010). In contrast, SOC losses were not 
statistically significant following insect infestations. Inputs from frass 
deposits (e.g. litter, faeces) may offset C losses related to insects to a 
certain degree (Le Mellec et al., 2009; Yang & Gratton, 2014), keep-
ing total SOC stocks closer to pre-disturbance levels. Soil organic C 
losses were weakly related to time since disturbance, forest type, 
MAT and MAP (Figures 1 and S1). Overall, the explanatory power of 
disturbance agents, climate variables and forest type for predicting 
SOC losses was low (R2

marginal = 0.01–0.12, Figure S1).
By far the best predictor of SOC change in the organic layer and 

in mineral soil was the initial SOC stock prior disturbance (measured 
as the SOC stock of control; Figure S1), with larger SOC losses with 
increasing size of the initial stock. Fitting a non-linear function to the 
relationship explained 49% and 24% of the variation in SOC loss from 
the organic layer and mineral soil, respectively. Adding other predic-
tors or interaction terms improved the predictions only marginally 
(Figure S1). A relationship between SOC loss and initial SOC stock 
was also present when the disturbance agents were analysed sepa-
rately and when C stock changes were analysed on a relative basis, 
indicating that the fraction of SOC lost upon disturbance increased 
with increasing C stocks (Figures S2 and S3). Only in the case of in-
sect damage was the relationship less evident, but this could be due 
to the lack of insect-damaged sites with large SOC stocks (Figure S2).

The dominant role of the initial C stock in determining SOC loss 
implies that C dynamics in response to disturbance depend more 
strongly on site-specific SOC quantities than on the disturbance 
agent or other environmental variables. This finding is in good 
agreement with studies on climate warming, CO2 fertilization and 
afforestation, which show that the magnitude of SOC changes is 
congruent with the size of the SOC stock (Hong et al., 2020; Prietzel 
et al., 2016; Terrer et al., 2021). Thus, forests characterized by a 
thick organic layer and C-rich mineral soil appear most vulnerable 
to C loss in the face of environmental change, including natural dis-
turbances. The results also suggest that in forests with inherently 
large SOC stocks, harvesting operations can induce large C losses. 
In contrast, in forests with small soil C stocks, natural disturbance 
and harvesting lead to smaller C releases from the soil. To identify 
global hotspots of potential SOC loss upon forest disturbance, we 
applied the SOC response functions from our models (Figure 2) to 
a global database of SOC stocks (Hengl et al., 2017). Masking the 
resulting map with a global forest map (Sayre et al., 2020) showed 
that boreal forests were the most vulnerable to SOC loss of all for-
est biomes worldwide (Figure 3) as they store the largest amount 
of soil C in their uppermost soil layers (Pan et al., 2011). Most of 
the boreal region would experience tremendous C losses from the 
organic layer and top mineral soil upon forest disturbance, ranging 
between 20 and 60 Mg C ha−1. Considering that boreal forests store 

F I G U R E  1  Effect of forest disturbance on soil organic carbon 
(SOC) stock in the organic layer and top mineral soil across 
different factors. Means and standard errors based on linear mixed 
effects models are displayed. The number of observations is given 
in parentheses. Significant differences from zero are indicated with 
asterisks (*p < 0.05; ‘*’p < 0.1). Initial SOC stocks are calculated as 
stocks of undisturbed stands (control) grouped as intervals of equal 
sample size. The ranges of these SOC stock groups are given in 
Figure 4.
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an average of 50 to 70 Mg C ha−1 in their vegetation (Bradshaw & 
Warkentin, 2015), these losses correspond to about 30% to 85% of 
the aboveground biomass stocks. In contrast, in forests with smaller 
SOC stocks, such as those in many temperate, tropical and subtrop-
ical regions, SOC losses would be comparatively smaller or unde-
tectable in our analysis (i.e. within the bootstrapped 95% confidence 
interval). However, even in these biomes, there were sites with large 
accumulations of SOC that could release a substantial amount of 
SOC after disturbance. These include mountain forests in the North 
American Cascades (Figure 3a), the European Alps (Figure 3b), 

the Himalayan region (Figure 3c) and forests in the north-eastern 
Amazon (Figure 3d). Tropical forests with peaty soils in southeast 
Asia (Figure 3e) were also characterized by large and thus highly vul-
nerable SOC stocks (Yuwati et al., 2021).

The size of initial SOC stocks also determined the duration of 
SOC change following disturbance (Figure 4). In forests storing small 
amounts of C in organic layers, C stocks were reduced only during 
the first 10 years post-disturbance, while thereafter C stocks were 
similar to or larger than prior to disturbance. In forests storing larger 
amounts of SOC, in contrast, the negative effects of disturbance on 

F I G U R E  2  The effect of forest 
disturbances on soil organic carbon (SOC) 
losses depends on the initial SOC stock. 
The relationships were fitted with a non-
linear mixed effects model (organic layer 
n = 542, R2 = 0.49; mineral soil n = 385, 
R2 = 0.24). The shaded area represents the 
bootstrapped 95% confidence interval. 
Different disturbance agents are shown in 
different colours.

F I G U R E  3  Global map of potential soil organic carbon (SOC) loss upon forest disturbance. The map was generated by applying SOC 
loss response models (Figure 2) to a global database of SOC stocks masked with a global forest map. Soil organic C losses are calculated for 
0–5 cm (representing the organic layer) and 5–15 cm (representing top mineral soil) soil depths and summed for the total losses displayed 
here. The lower panels show detailed areas of the global map with a high potential for SOC loss upon forest disturbance.

 14668238, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.13779 by Paul Scherrer Institut PSI, W

iley O
nline L

ibrary on [15/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



146  |    MAYER et al.

SOC stocks were present even 40 years post-disturbance. This sug-
gests that the reduced C inputs to the soil cannot keep pace with 
the C losses after disturbance, resulting in large and long-lasting C 
losses. The reduction in SOC stock can persist for up to a century, as 
observed for windthrown forests in Alaska (Kramer et al., 2004), but 
studies involving longer post-disturbance times are rare.

We propose two explanations for the higher sensitivity of boreal 
and mountain forests to large and long-lasting SOC loss after dis-
turbance relative to forests in other regions (Figure 5). First, these 
forest types are characterized by the highest stocks of ‘labile’ carbon 
in readily decomposable organic matter. The cold conditions in bo-
real and mountain forests, in conjunction with the adverse chemical 
composition of litter from coniferous trees and ericaceous shrubs, 
typically dominating the vegetation in these ecosystems, hamper the 
decomposition of annual plant-derived C inputs. In addition, faunal 
activity and abundance, especially of earthworms that incorporate 
litter into the mineral soil, are usually low in these regions (Phillips 
et al., 2019). In the long term, this leads to the accumulation of thick 
organic layers and the formation of C-rich top mineral soils (Crowther 
et al., 2019; Hagedorn et al., 2019; Lugato et al., 2021). Adsorption 
onto mineral surfaces and inclusion into aggregates are the primary 
mechanisms protecting organic matter against microbial decompo-
sition (Lehmann & Kleber, 2015; Prietzel et al., 2020). Therefore, C 

stability is particularly low in the organic layer with small amounts of 
reactive minerals (Prietzel et al., 2020). Moreover, in mineral soils, 
the fraction of mineral-associated stable C decreases with increas-
ing C content, while the fraction of particulate, labile soil C increases 
(Lugato et al., 2021). Many boreal and mountain forests also grow on 
relatively young soils that have developed only since the beginning 
of the last interglacial period and thus have experienced relatively 
little secondary clay or iron/aluminium oxide formation. Accordingly, 
larger C stocks in both organic layer and mineral soils, as in boreal 
and mountain forests, are more susceptible to disturbance-induced 
C losses through microbial decomposition, but likely also through 
burning and erosion (Figure 5). In comparison, the soils of forests in 
many temperate and tropical regions have generally thin organic lay-
ers but higher contents of mineral-associated organic C, which pro-
motes soil C stabilization (Georgiou et al., 2022; Lugato et al., 2021; 
Pan et al., 2011). The warmer soil temperatures and soil moisture 
following forest disturbance by the tree canopy loss and decrease in 
transpiration further accelerate microbial processing and associated 
SOC losses after disturbance (Mayer, Sandén, et al., 2017).

A second explanation for large and long-lasting disturbance-in-
duced SOC losses in high-latitude boreal and high-elevation moun-
tain forests is hampered forest regeneration (Figure 5) under cold 
conditions and short growing seasons (Keeling & Phillips, 2007; 
Kramer et al., 2014). The low net primary productivity and slow tree 

F I G U R E  4  The effect of forest disturbances on soil organic 
carbon (SOC) stock depends on the initial stock and differs with 
time since disturbance. Analyses of SOC stocks in the organic layer 
(top) and mineral soil (bottom) are based on linear mixed effects 
models, with means and standard errors displayed. The number 
of observations for each time class is given in brackets. Significant 
(p < 0.05) differences from zero are indicated with asterisks. Initial 
SOC stocks are calculated as control (undisturbed) stand stocks 
grouped as intervals of equal sample size (see Figure 1).
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F I G U R E  5  Conceptual summary of changes in soil organic 
carbon (SOC) stocks in response to forest disturbance and how 
SOC losses relate to initial stock size, carbon (C) stabilization and 
forest regrowth dynamics following stand damage.
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establishment constrain litter production from forest regrowth, and 
therefore, the associated replenishment of SOC is slower in these 
cooler ecosystems. Moreover, the phase of soil exposure to irradi-
ation and precipitation of disturbed land is prolonged with slowed 
forest regrowth, which in turn can promote post-disturbance de-
composition and erosion (Gerber et al., 2002; Mayer, Matthews, 
et al., 2017). In comparison, in more productive ecosystems, such 
as many temperate and tropical forests, plant C derived from forest 
regrowth accumulates more rapidly (Cook-Patton et al., 2020), with 
new C inputs to the soil offsetting C losses more quickly (Figure 5). 
This might also explain why the SOC stocks of tropical and subtropi-
cal forests were not significantly affected by disturbance in our anal-
ysis (Figure 1).

Climatic changes and intensifying disturbance regimes (i.e. more 
severe and more frequent) are expected to change forest's structure 
and composition, forcing forests globally towards shorter statured 
and/or younger stands (McDowell et al., 2020; Seidl & Turner, 2022). 
It is thus unclear whether the C stocks of severely affected forest 
soils will be able to fully recover after disturbances under future 
forest dynamics. If they do not regain their initial stock size, and if 
forest biomass growth cannot compensate for the lost SOC, this 
amount of C is ‘irrecoverably’ lost to the atmosphere, resulting in 
positive climate feedback (Goldstein et al., 2020).

We emphasize that our global analysis has several limitations. 
First, our analysis does not account for disturbance severity and 
extent (i.e. area of damage), disturbance frequency (i.e. reoccur-
rence), or post-disturbance management (e.g. salvage logging or 
tree planting), as this information was often not provided in the 
studies. Particularly, fire severity has been shown to affect the 
magnitude of SOC loss (Li et al., 2021). In addition, our analysis 
does not differentiate between harvesting techniques such as 
whole-tree and stem-only harvesting or clearcutting versus partial 
cutting. Interestingly, lower intensity harvesting techniques have 
been reported to potentially result in similar or even more neg-
ative effects on total SOC stocks (James & Harrison, 2016). The 
highest SOC losses observed in our analysis, for example, occurred 
after selective harvesting in mountain forests in the Bavarian Alps 
(Christophel et al., 2013). However, these forest soil had an ex-
traordinary thick organic layer and thus contained large amounts 
of carbon in particulate labile form (Christophel et al., 2013), which 
may superimpose harvesting intensity effects. Our analysis is fur-
ther limited to the uppermost soil layers due to limited data avail-
ability. However, deeper soil (>30 cm depth) has also been found 
to be sensitive to intense harvesting disturbances in some of the 
few studies that examined deeper soils (James & Harrison, 2016). 
We also stress that tropical and subtropical forests are underrep-
resented in our analysis due to a lack of available studies (only 
7% of all studies). Therefore, the results for these biomes must be 
considered with caution, and variability might be underestimated. 
Especially in tropical forests, intensive logging combined with in-
adequate restoration or land-use change can lead to severe and 
long-lasting site degradation, including soil erosion and long-last-
ing SOC loss (Don et al., 2011; Mayer et al., 2020). For example, 

the conversion of primary to secondary forests has been estimated 
to result in SOC losses of about 10 Mg ha−1 and losses associated 
with conversion to cropland are even greater (Don et al., 2011). 
Studies on such land-use change were not considered in our anal-
ysis. We would also like to emphasize that although lower SOC 
losses may have a smaller impact on atmospheric CO2 levels, this 
does not mean that disturbance is of less concern for ecosystems. 
For example, in unproductive forests with low nutrient availabil-
ity, even small disturbance-induced losses of organically bound 
nutrients may have negative consequences for their productivity 
(Pellegrini & Jackson, 2020). Finally, our SOC response functions 
(Figure 2) were not tested for robustness and were not statistically 
corrected as previously suggested (Slessarev et al., 2023), because 
required parameters (i.e. variance, number of replicates) were not 
available for many studies. We are aware that statistical artefacts 
due to random spatial variation can potentially bias a relationship 
between SOC stock size and C changes (Slessarev et al., 2023). 
However, the increase in SOC losses with increasing SOC stocks 
existed for each disturbance type and the entire data set, strongly 
suggesting that the patterns are not driven by a few studies with 
great leverage. Moreover, our results are in good agreement with 
other studies showing SOC losses in response to environmen-
tal change relate to initial stock size (Hong et al., 2020; Prietzel 
et al., 2016; Terrer et al., 2021), giving confidence that this pattern 
also holds true for the effect of disturbance.

Despite these limitations, our findings provide a first conceptual 
and applicable framework for explaining global SOC changes in re-
sponse to forest disturbance. The framework is based solely on SOC 
quantities, the best predictor for SOC loss in response to distur-
bance, and potentially enables the inclusion of disturbance-induced 
SOC losses in spatially explicit Earth System Models and other up-
scaling approaches. For example, recent studies simulating forest C 
sink capacities at continental and global scales have either excluded 
disturbance-induced SOC losses (Wang et al., 2021; Wu et al., 2023) 
or assumed, congruent with the IPCC guidelines (IPCC, 2019), that 
forest management does not affect C stocks in mineral soils (Harris 
et al., 2021). Our results indicate that forest C sink strengths may 
be overestimated in boreal and mountain regions if disturbance-re-
lated changes in SOC are not accounted for appropriately. However, 
in good agreement with our estimates for North American boreal 
forests, a recent simulation study accounting for wildfire effects on 
SOC estimated belowground C losses of up to 60 Mg ha−1 for this 
region (Zhao et al., 2021).

In conclusion, our global analysis provides evidence that SOC 
loss in response to different disturbance agents can be substan-
tial but varies strongly among forest ecosystems. We find that 
the amount of C stored in the soils is the best predictor of the 
magnitude of SOC losses. Forests storing large amounts of SOC in 
organic layers and top mineral soils, such as boreal and mountain 
forests, represent potential global hotspots for large and long-last-
ing C loss after natural disturbance and harvesting. In contrast, for-
ests containing smaller amounts of C in the uppermost soil layers 
have less C to lose, and their SOC stocks recover faster (Figure 5). 
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Mechanistically, our findings are possibly related to the degree of 
SOC stabilization as well as the rate of forest regrowth and associ-
ated SOC replenishment, which are lower in cold boreal and moun-
tain forests and higher in productive forests. As the frequency and 
severity of natural forest disturbances are predicted to increase 
in the future, it is likely that forests with C-rich topsoils will be at 
risk of losing large amounts of C, thereby weakening their C sink 
strength. Thereby, disturbance-induced SOC losses may also chal-
lenge forest management efforts to sequester atmospheric CO2. 
Our findings further indicate that harvesting should be avoided 
or conducted with caution in forests with inherently high topsoil 
C stocks. However, in productive forests with lower SOC stocks in 
the organic layer and top mineral soil, the effect of harvesting on 
SOC storage appears to be smaller but may still negatively affect 
other soil functions. We suggest that robust predictions of forest 
C budgets must account for disturbance-induced SOC loss, which 
strongly depends on site-specific SOC stocks. Finally, we highlight 
the need for additional long-term field measurements in regions 
where current data availability is low, such as forests in tropical 
and subtropical regions.
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