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Soil carbon sequestration benefits of active versus
natural restoration vary with initial carbon content
and soil layer

Dashuan Tian® "2, Yangzhou Xiang3, Eric Seabloom?, Jinsong Wang1'2, Xiaoxu Jia'?, Tingting Li'2, Zhaolei Li°,
Jian Yang®, Hongbo Guo' & Shuli Niu"2*

Reducing terrestrial carbon emissions is a big challenge for human societies. Ecosystem
restoration is predominant to reverse land degradation and carbon loss. Though active
restoration of croplands is assumed to increase carbon sequestration more than natural
regeneration, it still lacks the robust paired comparisons between them. Here we performed a
large-scale paired comparison of active versus natural restoration effects on soil carbon
sequestration across China. We found that two restoration strategies consistently enhanced
soil carbon relative to croplands, however, the benefits of active restoration versus natural
regeneration were highly context-dependent. Active restoration only sequestered more
carbon in carbon-poor soils but less carbon in carbon-rich soils than natural regeneration.
Moreover, active restoration fixed greater carbon in topsoil but less carbon in subsoil. Overall,
these findings highlight landscape context-dependent application of active restoration and
natural regeneration, further guiding the efficient management of limited resources to
maximize the restoration benefits of carbon sequestration.
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land degradation and sequester excess atmospheric

carbon!-2. For example, agricultural lands that are removed
from production have the potential to fix significant amounts of
soil carbon?, which helps to offset excess CO, in the atmosphere.
However, the strategies of reversing land degradation range from
low-cost natural regeneration (natural succession without any
management) to high-cost active restoration (i.e., planting spe-
cies) following cropland abandonment®°. Given the limited
resources to restore degraded lands, managers and policymakers
face a tradeoff between total area restored and the per area costs
of restoration®. While active restoration is assumed to generally
accelerate the recovery of ecosystem carbon and diverse
functions’~?, a recent global analysis found that simply allowing
lands to undergo natural regeneration leads to a faster recovery of
primary productivity than active restoration in tropical forests*.
This finding suggests that high investment in active restoration
may not yield increased benefits of carbon sequestration relative
to low-cost natural regeneration.

Currently, it is highly uncertain about how to optimize the
return on ecosystem restoration investment!?, because previous
studies have compared active restoration and natural regenera-
tion impacts by comparing outcomes of different treatments
applied at different sites!}12, as opposed to making paired
comparisonsi®. This approach confounds the effects of two
restoration strategies with changing environment conditions,
leading to large uncertainties in the results. More importantly, we
still do not understand the key factors that regulate the effec-
tiveness of active restoration versus natural regeneration for
soil carbon sequestration across a range of contrasting
environments!?, As a result, we lack a general understanding of
how to best allocate limited management resources to maximize
soil carbon sequestration benefits.

The ‘Grain for Green’ project, initiated by the Chinese gov-
ernment, is one of the largest ecological restoration projects
worldwide!3. The main aim of this project is to restore cropland
into semi-natural ecosystems, such as forest, shrubland or
grassland!%. Uniquely, many areas in this large-scale project
implement both natural regeneration and active restoration at the
same site!2, allowing us to conduct paired comparisons between
these two restoration strategies. The active restoration in this
project involves planting or seeding in former croplands, while
natural regeneration leaves abandoned croplands to recover on
their own!>.

Using a unique dataset arising from the ‘Grain for Green’
project, here we performed a large-scale paired comparison (617
observations) of active restoration versus natural regeneration
effects on soil carbon sequestration. In these analyses, we assessed
the importance of factors that have been found to affect the
recovery of soil carbon sequestration following cropland aban-
donment, including restoration time, climate, ecosystem type,
background soil organic carbon (SOC), and soil depth!o-1°.
Among these factors, we further identified the conditions under
which active restoration or natural regeneration yielded the larger
soil carbon sequestration benefits. Specifically, we addressed the
following two questions. (1) What is the difference between active
restoration (i.e., direct seeding and planting) and natural regen-
eration in terms of soil carbon sequestration benefit? (2) What
factors influence the relative benefits of active restoration versus
natural regeneration?

Briefly, we found that active restoration only sequestered more
carbon than natural regeneration in C-poor soils, and this carbon
was stored in topsoil. In contrast, natural regeneration performed
better in C-rich or deep soils in terms of soil carbon sequestration
benefits. These findings run counter to the canonical view that
active restoration is the preferred choice for reversing soil carbon

E cosystem restoration is a critical part of any effort to reverse

loss, suggesting context-dependent application of active restora-
tion and natural regeneration.

Results

Relative to cropland, both active restoration (40.6%, 95%CI =
25.8%~57.1%) and natural regeneration (38.8%, 95%
CI=18.3-62.9%) consistently enhanced soil carbon storage
across all sites in China (Fig. 1). In paired comparison with
natural regeneration, active restoration showed a weaker effect
(12.7%, 95%CI =1.9-24.6%) on soil carbon sequestration, but
there was a great deal of variations. Across all the studied sites,
the effects of background SOC (normalized slope = —0.30) and
soil depth (—0.17) were stronger than restoration duration (0.09)
and aridity index (0.08) in affecting the difference between active
restoration and natural regeneration (Fig. 2). Moreover, back-
ground SOC and soil depth showed consistent and significant
effects among different ecosystems, but not for restoration time
and aridity index (Figs. 3-5). For example, when comparing
natural grassland to active forest, low values of time since
restoration and site aridity were indicative of higher soil carbon
sequestration in natural regeneration, while higher values of these
factors resulted in a greater benefit of active restoration. However,
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Fig. 1 Effects of active versus natural restoration on soil carbon
sequestration across China. a Distribution map of restoration studies
across China (drawing review No: GS(2016)2929); b Effects of active or
natural restoration relative to cropland and those of active versus natural
restoration on soil carbon sequestration. The orange bar indicates the mean
effects {In (response ratio)} with their 95% confidence interval (CD). If the
95% Cl does not cover zero, it means a significant effect by ecosystem
restoration. The light blue one is a box graph indicative of the data outliers,
upper limit, third quantile, median, first quantile, and lower limit. SOC
background soil organic carbon.
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Fig. 2 Relative effects of background SOC, soil depth, restoration time,
and aridity index on the difference of active versus natural carbon
restoration across China. The bar graph indicates the normalized slopes
with their 95% confidence interval (Cl), because the independent variables
were standardized by (observations-mean)/SD. If the 95% Cl does not
cover zero, it means that the difference of active versus natural restoration
changes with these factors. SD standard deviation. SOC soil organic carbon.
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Fig. 3 The difference of carbon sequestration between active and natural
grassland restoration along with background SOC, soil depth, restoration
time and aridity index across China. If the difference {In (active/natural)}
is above O, it indicates a greater carbon sequestration by active than natural
restoration, or vice versa.

these two factors did not affect the difference between two
restoration strategies in other ecosystems. These indicated that
the divergent effects of active restoration versus natural regen-
eration mainly depended on background SOC and soil depth.

Across all the ecosystem types, we found that the threshold of
background SOC was 5.1 gkg ™! on average, below which active
restoration sequestered more carbon than natural regeneration
(Figs. 3-5 and supplementary Figs. 3-4). Conversely, active
restoration showed an opposite impact above this threshold.
Similarly, we quantified the threshold of soil depth (31.1 cm) on
average, deeper than which less carbon was sequestrated by active
restoration than natural regeneration. In contrast, restoration of
carbon in the topsoil (shallower than 31.1 cm) was greater in
actively than naturally restored ecosystems. However, we detected
some interactions between background SOC and soil depth on
the difference between active restoration and natural regenera-
tion, indicating that these thresholds of background SOC and soil
depth were context-dependent (Table 1).

We further tested whether the effects of background SOC and
soil depth varied with restoration time or baseline environmental
conditions. The results showed no interaction of background
SOC or soil depth with restoration time or aridity index on the

Background SOC Soil depth
p<0.001 1.0- p<0.001
. .
0.514
P \ & L
c 1 & _ o ______ .
2 0 0.0 T 8 FFanat=— 2 o
o 8 L
2 4] -0.51
[ T T T T T T T T T T
% 0 5 10 15 20 25 0 25 50 75
2 Restoration time Aridity index
g 1.0 1.0
E p=0.637 : p=0.692
G 0.5 ‘ 0.51 |
© L ] 1
0.0 TRS==g= 1 o - 0.0 = =FFF—
-0.5 -0.51
0 10 20 30 40 50 20 30 40 50

Impacting factors

Fig. 4 The difference of carbon sequestration between active shrubland
and natural grassland restoration along with background SOC, soil depth,
restoration time, and aridity index across China. If the difference {In
(active/natural)} is >0, it represents a greater carbon sequestration by
active shrubland than natural grassland restoration, or vice versa.
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Fig. 5 The difference of carbon sequestration between active forest and
natural grassland restoration along with background SOC, soil depth,
restoration time, and aridity index across China. If the difference {In
(active/natural)} is >0, it means a greater carbon sequestration by active
forest than natural grassland restoration, or vice versa.

difference of two restoration strategies (Table 1). Similarly, the
effects of soil depth did not change with ecosystem type, while
those of background SOC were variable among different ecosys-
tems. These results showed that background SOC and soil depth
generally mediated the difference between active restoration and
natural regeneration in terms of soil carbon sequestration.

Discussion

This study presents a large-scale paired comparison of active
restoration versus natural regeneration effects on soil carbon
sequestration across landscapes, as opposed to the design of
previous comparisons applied among different sites®10. More-
over, these previous comparisons did not look into soil carbon
sequestration, a major carbon pool due to its size and
significance?0. While active restoration sequestered more carbon
than natural regeneration, the difference was small (12.7%) and
highly context-dependent. For example, active restoration
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Table 1 Interaction effects of background SOC or soil depth with restoration time/aridity index/ecosystem type on the
difference between active and natural carbon restoration.
Sum Sq Mean Sq NumDF DenDF F value P value
Interactions with restoration time
Background SOC 15.14 15.14 1 569.62 M.91 0.000
Soil depth 6.56 6.56 1 574.10 48.50 0.000
Restoration time 0.93 0.93 1 47.84 6.87 0.012
SOC x time 0.23 0.23 1 198.22 1.69 0.195
Depth x time 0.24 0.24 1 561.97 177 0.183
SOC x depth 0.65 0.65 1 550.50 478 0.029
Interactions with aridity index
Background SOC 15.53 15.53 1 556.82 N3.13 0.000
Soil depth 6.94 6.94 1 588.27 50.56 0.000
Aridity index 0.93 0.93 1 125.49 6.80 0.010
SOC x aridity 0.09 0.09 1 144.62 0.64 0.425
Depth x aridity 0.23 0.23 1 219.45 1.67 0.197
SOC x depth 0.49 0.49 1 553.91 3.54 0.061
Interactions with ecosystem
Background SOC 8.88 8.88 1 569.35 65.67 0.000
Soil depth 3.27 3.27 1 572.87 2417 0.000
Ecosystem 0.10 0.03 3 65.01 0.24 0.868
SOC x ecosystem 1.09 0.36 3 425.68 2.69 0.046
Depth x ecosystem 0.04 0.01 3 550.62 on 0.956
SOC x depth omn omn 1 550.96 0.80 0.372

sequestered more soil carbon than natural regeneration in C-poor
soil, but in C-rich soil natural regeneration provided more carbon
storage. Furthermore, active restoration restored more carbon in
topsoil, whereas natural regeneration performed better in terms
of subsoil carbon sequestration. However, the thresholds of
background SOC and soil depth were context-dependent, as
indicated by the interactions between background SOC and soil
depth/ecosystem type (Table 1). Taken together, these results
increase our understanding of how to efficiently restore ecosys-
tems for carbon sequestration benefits, beyond the traditional
knowledge of just comparing which restoration method is gen-
erally better®10, These findings highlight landscape context-
dependent optimization of ecosystem restoration investment.

While our results partially support the common notion that
active restoration results in greater carbon sequestration than
natural regeneration following cropland abandonment, this
occurs only in C-poor soil, as has been demonstrated by previous
restoration studies!®2!. For example, active afforestation sub-
stantially enhanced soil carbon storage in C-poor soil, but it
reduced soil carbon storage in C-rich soil due to higher soil
respiration in studies conducted across northern China and
heather moorland in Scotland!®22, Furthermore, soil carbon is
lower in active plantations than natural forests across global
ecosystems?!. Taken together, these results imply that natural
regeneration may have greater soil carbon sequestration potential
in C-rich soil than active restoration.

Plant community diversity may account for some of the
differences between natural regeneration and active restoration.
Natural regeneration starts with the colonization of abandoned
croplands by opportunistic and native species, which results in a
more diverse assemblage of locally adapted species than a
planted community®. In contrast, active restoration usually uses
a single or relatively few fast-growing dominant species?. In our
meta-analysis, 90% of the active plantations used a single
dominant species (66% with legume species). The more diverse
communities associated with natural regeneration could also
contain a large diversity of functional traits?3, which may
increase soil carbon storage. For example, more diverse leaf
traits (i.e. specific leaf area, chlorophyll, photosynthetic capa-
city) could maximize the efficiency of community light capture,

and a greater diversity of root traits (i.e. specific root length,
root surface area, rooting depth) tends to more effectively access
soil resources?42°. Furthermore, the more diverse communities
in natural regenerations may create more habitats for above-
and belowground organisms, leading to more-connected biotic
interaction networks*2%. These diverse and more-connected
communities tend to enhance the efficiency of resource capture
and use during natural ecosystem succession, further increasing
the efficiency and potential of carbon sequestration (less soil
respiration) in C-rich soil?’. In the future, there is need for a
deeper exploration of the mechanisms underlying the difference
between natural regeneration and active restoration along with
background SOC.

The higher plant diversity associated with natural regeneration
could also account for higher gains in deep soil carbon, as has been
demonstrated by studies on diversity-function relationship28.
These effects may emerge, in part, because diverse communities are
capable of accessing deep soil resources with deep roots?>30. The
more deep root could enhance subsoil carbon input.

Use of higher diversity plantings in active restoration tends to
enhance ecosystem functions, such as carbon sequestration12’31.
Based on the low diversity nature of the active plantings in this
study, it remains unclear whether the difference between active
restoration and natural regeneration would be modified by
comparisons with more diverse plantations. However, there also
could be some challenges in trying to increase the diversity of
planted communities, including: (i) Poor seedling establishment
of tree and shrub species due to abiotic stress and intense com-
petition from neighboring plant species??; and (ii) abiotic lim-
itation caused by water and nutrient stress3>.

Differences between active restoration and natural regeneration
also depended on site age, though few studies have directly quan-
tified the relative effect of active restoration versus natural regen-
eration along with site age and baseline conditions®!0. Based on
our dataset, actively restored forests began sequestering more soil
carbon than naturally regenerating grassland after about 17 years.
Care is needed in interpreting these results, which might suggest
that it is disadvantageous to plant trees in areas where climate
conditions would naturally support a grassland community. Unless
climate change overcomes these long-term barriers to natural tree
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establishment and survival in these environments, the inap-
propriate forms of restoration may ultimately fail because trees will
eventually die when extreme drought or cold events occur3%3>.
This could lead to the loss of any short-term gains in soil carbon
sequestration arising from the initial tree planting efforts3°,

Conclusions

Our work provides new insights into the benefits of active
restoration versus natural regeneration in terms of soil carbon
sequestration, by using the paired design control for the con-
founding effects that are existed in other analyses®!0. In C-rich
soil, natural regeneration sequestered more soil carbon than
active restoration, but in C-poor soil, active restoration is the
better choice for soil carbon sequestration benefits with human
interventions. However, natural regeneration performs better in
subsoil carbon storage, while active restoration is superior in
topsoil carbon sequestration. When considering the potentially
higher stability of subsoil than topsoil carbon storage due to low
temperature and less disturbance?’, natural regeneration may
have an even greater benefit for soil carbon sequestration over the
long term. Moreover, natural regeneration is cheaper, which
could allow for more extensive restorations.

In the context of the limited resources, our work suggests that
managers would be better advised to invest more resources in
natural regeneration than intensive active restoration for soil
carbon sequestration benefits. Overall, these suggest that adaptive
management of ecosystems for carbon restoration is context-
dependent application of active and natural strategies. These
findings can help guide the efficient management of limited
restoration resources at a landscape scale, further maximizing the
benefits of soil carbon sequestration under ecosystem restoration
and offsetting excess CO, in the atmosphere.

Methods

Data collection. The ‘Grain for Green’ project was designed to restore cropland to
semi-natural ecosystems (i.e. grassland, shrubland, and forest), aiming to control
water and soil erosion, ameliorate soil fertility, and reverse diversity loss and
ecosystem degradation!#. Importantly, many restored areas simultaneously per-
formed both active restoration and natural regeneration at the same site. This
provides a valuable opportunity to conduct a large-scale paired comparison of
active restoration versus natural regeneration impacts on soil carbon sequestration.

We systematically searched for the papers concerning ‘Grain for Green
program’ in China and soil carbon restoration during 1900-2020, via Google
Scholar, Web of Science and China Knowledge Resource Integrated Database
(supplementary Fig. 1). The reported studies were further screened to ensure data
quality based on the following criteria. First, cropland, naturally and actively
restored ecosystems must have experienced similar climate, soil conditions, history,
and levels of disturbance at the same site. Second, restoration studies have been
conducted with a paired comparison or chronosequence design!>4. Third, paired
comparisons of active restoration versus natural regeneration have started at the
same time. Fourth, data on soil depth and restoration time have been clearly
provided. Fifth, data on soil carbon at the cropland, naturally or actively restored
sites have been reported by their mean values and sample sizes.

Tabular data were manually copied from the identified papers, while graphical
data were obtained using Engauge Digitizer (Free Software Foundation, Inc.,
Boston, MA). Finally, we screened 72 studies from 67 published papers (Fig. 1 and
supplementary note 1). Our dataset (617 paired observations) covered a large
spectrum of climate zones, with the mean annual precipitation and temperature
spanning 263-1411 mm and —1.7 to 19.2 °C, respectively (supplementary Fig. 2,
data obtained from the WorldClim dataset). The average, minimum and maximum
of restoration time were 19.6, 1, and 60 years, respectively. The average, minimum,
and maximum of soil depth were 30.7, 2.5, and 100 cm, respectively. Active
plantations were mostly dominated by single species (92%).

Grassland was the dominant ecosystem type for sites undergoing natural
regeneration (95%), with the remaining fraction being shrublands (5%). At sites with
active restoration, grassland (14%), shrubland (37%), and forest (49%) were all
important ecosystem types. Thus, the paired comparisons at the same site included
two types of cases: naturally vs. actively restored grassland (natural grassland vs.
active grassland); naturally restored grassland vs. actively restored shrubland or forest
(natural grassland vs. active shrubland or natural grassland vs. active forest). The case
of natural vs. active grassland provides a straightforward comparison for the control
group. However, in some cases of land restoration, actively restored vegetation may
be mismatched with local climate and ecosystem succession. Thus, combining the

cases of natural grassland vs. active shrubland or forest enables us to know if the
mismatched vegetation by active restoration could sequester more or less soil carbon
than naturally regenerated vegetation. Due to the data limitation, we compared
naturally restored shrubland with actively restored shrubland and forest together
(natural shrubland vs. active shrubland/forest, supplementary Fig. 3).

Data analysis. Soil carbon stock is mainly determined by SOC concentration and
bulk density>8. Many studies in our dataset (60%) only reported the data for SOC
concentration. However, for the 40% of studies that reported bulk density data,
there was no difference in bulk density between sites undergoing active restoration
and natural regeneration (NumDF = 1, DenDF = 135.74, p = 0.11). Furthermore,
we used a design of paired comparison at the same site. Taken together, these
indicated that percent changes in SOC concentration could well represent SOC
stock changes when comparing active restoration and natural regeneration effects
at the same site. Thus, we used the SOC concentration for the following analyses.

First, we employed log response ratio (LRR) to calculate the effects of
restoration on soil carbon concentration3: LRRI = In(Xrestored/Xcropland)> Where
Xiestored AN Xeropland are respectively the mean values of soil carbon concentration
at actively/naturally restored and cropland sites. To further compare the effects of
active restoration vs. natural regeneration, we analyzed the response ratio of active
restoration against natural regeneration effects, LRR2 = In[(X,ctive/ Xcropland)/
(Xnatural Xeropland) ], equaling to In(Xyctive/Xnatural) Xactive a0d Xparural are the
average SOC values in actively and naturally restored plots, respectively.

Second, to handle possible auto-correlations between various observations in
each study, we included studies as random intercepts and time as random slopes
using the ‘Ime4’ package®’. Independent studies were those performed at
separate sites or in different ecosystems at each site (i.e., forest, shrubland,
grassland). Third, we weighted the restoration impacts of soil carbon by the
sample size for each experiment*142, Wt ;zr; = (Nactive/natural X Neropland)/
(Nac(ivc/natural + Ncropland) or Wt LRR2 = (Nactive X Nnaiural)/(Nactive + Nna(ural)r
where Nactives Nnatural ad Neropland respectively indicate the number of sampling
plots (replicates) for soil carbon in actively, naturally restored ecosystems and
cropland at each site. The weights ranged from 1.50 to 5.32. This weighting
method was better at estimating the mean effects, through giving more weight to
the studies with more replicates.

Finally, we employed the following models to calculate the weighted mean
impacts (LRR) of ecosystem restoration on soil carbon with the corresponding 95%
confidence intervals (CIs), and further explore how these impacts were modified by
background SOC (bSOC), soil depth, restoration time, aridity index (AI) at both
overall and ecosystem levels:

LRR = B, + B, xbSOC + B, x depth + B, x time + 8, x Al + 7y, + Tstudy T &5
@
where B, Time Tstudy and € are respectively coefficients, the random intercept of
study (Time-random slope, Tyuqy-random intercept), and sampling residual. Fixed
effects included background SOC, soil depth, restoration time and aridity index.
Here, aridity index (AI) was calculated by precipitation /(temperature + 10). The
average values of sampling depth ranges were calculated for analysis. Furthermore,
the continuous independent variables were first natural log-transformed and then
scaled {(observations-mean)/SD}, in order to directly compare the relative effects of
these factors (normalized slopes).

We found that the relationships between the effects of active restoration/natural
regeneration (LRR2) and background SOC/soil depth were consistent among
different ecosystems. To test if these relationships were dependent on changing
environment and restoration time, we further used the following model:

LRR2 = f3, 4 3, x bSOC + 3, x depth + f3; x factors + S8, x bSOC x depth
+ Bs x bSOCx factors + B x depth x factors + e + Tyuay + &,

where the factors represent restoration time, aridity index or ecosystem type,
respectively. The figures indicative of our results were made by the ‘ggplot2’
package in R 4.04.

Data availability
All data on the effects of active versus natural restoration on soil carbon sequestration in
this study are available at ScienceDB (DOI: 10.57760/sciencedb.07332).
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