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Abstract 

Aims Aboveground plant litter inputs are important sources of soil carbon (C). We aimed to 

establish how experimentally altered litter inputs affect soil C to 1-m depth across different 

ecosystems, and over different timeframes. 

Methods We performed a meta-analysis of 237 studies across 248 sites worldwide to assess 

the influence of treatment magnitude, treatment duration, initial soil C content, and climate 

on the response of soil C to altered aboveground litter inputs.  

Results Overall, soil C content was lower under litter removal, but higher under litter addition 

compared to controls. The effects of litter manipulation were apparent throughout the soil 

profile and were related to treatment magnitude. Soil C content declined markedly with 

increasing duration of litter removal, whereas the positive effect of litter addition attenuated 

over time. Cropland management practices (bare fallow or additional straw incorporation) 

had similar effects on soil C to litter removal and addition treatments. 

Conclusions Our study reveals rapid and consistent changes in soil C content with altered litter 

inputs and provides important insights into plant residue management to enhance soil C 

sequestration. We highlight the need for long-term experiments, with a greater focus on the 

processes underpinning soil C storage in different ecosystems.  

 

Keywords: litter manipulation, thinning, bare fallow, soil carbon stocks, soil profiles, meta-

analysis 
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Introduction 

Aboveground plant inputs, such as leaf litter, are an important source of carbon (C) for soils 

(Swift et al. 1979; Kuzyakov 2000). Plant litter inputs have already been substantially altered 

by global changes such as elevated carbon dioxide (CO2) (Finzi et al. 2001; Liu et al. 2005), 

warming (Raich et al. 2006), precipitation changes (Zhao and Running 2010), and atmospheric 

nitrogen (N) deposition (Xia and Wan 2008). Changes in plant litter inputs have motivated 

numerous litter manipulation experiments in different ecosystems using litter removal and 

litter addition treatments (Leff et al. 2012; Bowden et al. 2014; Lajtha et al. 2014a, b; Sayer 

and Tanner 2010). In addition, human disturbance or management in different ecosystems 

often alters aboveground plant litter inputs to soils, such as thinning and clear cutting in 

forests (He et al. 2018; Lull et al. 2020), mowing in grasslands (Belay-Tedla et al. 2009; Kitchen 

et al. 2009; Ma et al. 2013), residue removal or mulching and bare fallow periods in croplands 

(Barré et al. 2010; Meyer et al. 2017). However, such management practices not only differ 

in the quality and quantity of organic matter added or removed from the ecosystem but can 

also entail substantial soil disturbance. Although previous meta-analyses have investigated 

how litter manipulation, biomass harvesting, thinning, or straw incorporation affects soil C 

storage (Nave et al. 2010; Xu et al. 2013; James and Harrison 2016; Zhang et al. 2018; Dove 

et al. 2019; Mathew et al. 2017, 2020), there is still much uncertainty in our understanding of 

how changes in aboveground plant litter inputs will affect soil C storage. Importantly, we 

know very little about how soil C content is affected at different soil depths across ecosystems 

and whether the impact of treatments increases or attenuates over time. Such context-

dependencies may be critical to reconcile discrepancies in the results of different 

experimental studies, and to assess which ecosystems are most vulnerable to, or will benefit 

from, altered litter inputs. 

Soil C storage is determined by inputs of C by plants and losses of C through respiration 

during decomposition or via erosion and leaching of dissolved organic C (Jenny 1941; Fontaine 

et al. 2004). Therefore, the impact of litter manipulation treatments on soil C storage in 

different ecosystems will depend in part on the relative importance of aboveground litter 

inputs for soil C storage, which differs among ecosystems, as well as litter decomposition rates 

(Percival et al. 2000; Cotrufo et al. 2013; Xu et al. 2018). For example, root C inputs are 

generally regarded as more important for soil C storage in grasslands than aboveground litter 
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inputs (Rasse et al. 2005), and less litter-derived C may enter soils in tropical and subtropical 

forests compared to temperate woodlands, because decomposition is rapid in warm humid 

climates (Zhang et al. 2008).  

Differences in the C storage capacity of soils can also affect how much litter-derived C is 

incorporated (Six et al. 2002b; Zhang et al. 2008) and the capacity of soils to stabilize and store 

organic C inputs varies widely depending on physicochemical characteristics (Six et al. 2002). 

For example, weathered acidic soils may have limited C storage capacity (Campo and Merino 

2016; Zech et al. 1997) and soils that already have high C content may not be able to stabilize 

additional organic C (Stewart et al. 2007). Hence, although declines in soil C with litter removal 

are expected, the capacity for different soils to sequester extra C from enhanced litter inputs 

is less certain. Several studies found no increase in soil C concentrations after 15-20 years of 

doubled aboveground litter inputs in temperate forests (Crow et al. 2009; Bowden et al. 2014; 

Lajtha et al. 2014a), whereas the results from studies in tropical forests are inconsistent. A 

sizeable increase in soil C concentrations at 0-10 cm depth in the mineral soil after two years 

of double litter inputs to small plots in Costa Rica (Leff et al. 2012) may be partly explained by 

increased root growth in response to the nutrients added with the litter. However, although 

soil C concentrations at 0-5 cm depth had increased by 32% after 11 years of double litter 

inputs in large-scale plots in Panama (Cusack et al. 2018), there were no changes in soil C 

stocks or concentrations at greater soil depths (0-10, 10-20, or 20-30 cm), even after 15 years 

of litter addition (Sayer et al. 2019). Mineral and physical protection of C in soils may also 

determine whether soil C concentrations continue to decline with litter removal over time. 

Hence, changes in soil C stocks and concentrations with altered aboveground litter inputs 

likely depend greatly on soil C storage capacity and treatment duration, and an assessment 

of temporal patterns of change in soil C with litter manipulation can improve our 

understanding of soil C sequestration in response to changes in plant litter inputs. 

Finally, the influence of litter removal or addition treatments on soil C pools is likely to 

decline with depth. The surface layers of mineral soil are in direct contact with the organic 

horizon, which is largely formed from aboveground litter inputs, and hence, the topsoil is 

considered to be more sensitive to variations in litterfall (Harrison et al. 2011; Xu et al. 2013). 

However, aboveground litter inputs can also affect C storage in deeper soil horizons, as 

dissolved organic carbon (DOC) released by leaching and decomposition processes percolates 
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down the soil profile (Kaiser and Kalbitz 2012; Liebmann et al. 2020). Although DOC 

represents an important pathway for C inputs to the subsoil (Kalbitz and Kaiser 2008; 

Liebmann et al. 2020), litter-derived DOC can also cause priming effects, which stimulate the 

mineralization of extant C, and could offset increases in soil C concentrations in deeper soil 

horizons (Chen et al. 2019). To date, the effects of aboveground litter inputs on soil C storage 

through the soil profile remain poorly characterized, especially for subsoil horizons (i.e. >20 

cm depth), which contain more than 50% of global soil C stocks (Rumpel et al. 2012).  

Not only are the effects of altered litter inputs highly variable across soils and ecosystems, 

but we lack a comprehensive assessment of how soil C changes in response to altered litter 

inputs at different soil depths or on different timescales. However, general responses of soil 

C content to altered litter inputs can be predicted by a simple mass balance equation, in which 

changes in soil C storage over time are the result of C inputs by plants minus losses of C during 

decomposition (Jenny 1941; Fontaine et al. 2004). If the C storage capacity of soils is limited, 

they will eventually become C-saturated, which will constrain the response to additional litter 

inputs (Stewart et al. 2007). Accordingly, we hypothesised that:  

H1) Soil C content and stocks will increase with litter addition and decline with litter removal, 

with greater effects on soil C storage in topsoil (0-20 cm) than in subsoil (20-100 cm); 

H2) The magnitude of change in soil C in response to altered litter inputs will increase with 

litter input level and the duration of treatments. 

H3) The increase in soil C with litter addition will be greatest in soils with low initial soil C 

content but declines in soil C with litter removal will be greater in soils with high initial 

soil C content. 

To test these hypotheses, we performed a meta-analysis of 237 studies, in which 

aboveground litter inputs were experimentally manipulated or altered by management 

practices. We assessed the influence of litter manipulation on soil C storage at multiple soil 

depths across ecosystems, and also assessed the influence of climate to explain differences 

in effects among ecosystems. In addition, we determined how common management 

practices (forest thinning, grassland mowing, and straw incorporation in croplands; Fig. 1) 

might affect soil C by altering aboveground plant litter inputs. 
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Materials and methods 

Data selection 

We searched for studies that altered aboveground litter inputs and measured their effects on 

soil C content or stocks. Although many litter manipulation studies have been conducted since 

the first experiments in the 1850s, very few of the early studies report changes in soil C 

content or stocks (Sayer 2006; Xu et al. 2013). Therefore, we first conducted a comprehensive 

search of relevant peer-reviewed articles and dissertations in the Web of Science® and 

ProQuest databases using combinations of the following search string: ("litter removal" OR 

"no litter" OR "decreased litter" OR "clipping" OR "mowing" OR "straw harvesting" OR 

"thinning" OR "bare fallow" OR "litter manipulation" OR "litterfall manipulation" OR "leaf 

litter manipulation" OR "organic matter manipulation" OR "detritus manipulation" OR 

"carbon input manipulation" OR "altered aboveground litter inputs" OR "alterations in forest 

detritus inputs" OR "increased litter" OR "litter addition" OR "double litter" OR "straw 

incorporation") AND ("soil carbon" OR "soil organic carbon" OR "soil characteristics"). We 

cross-checked the references of the articles to identify other relevant book chapters and peer-

reviewed reports, resulting in 237 studies across 248 sites. In addition to litter manipulation 

experiments (litter removal and litter addition treatments), we further classified straw 

harvesting and residue removal in cropland as "litter removal", straw mulching with the 

equivalent of annual aboveground litter production as controls (e.g. Akhtar et al. 2018b; 

Wang et al. 2019), but straw mulching in excess of the annual aboveground litter production 

as "litter addition" (e.g. de Abreu Sousa Junior et al. 2018; Zhang et al. 2015a). As we aimed 

to assess the influence of aboveground plant litter on soil C storage, we only included results 

for crop residue management that were comparable with litter manipulation treatments in 

other ecosystems. We thus excluded the results of manure, fertilizer or plastic mulch 

applications, as well as studies focusing only on the effect of crop rotations or the type of 

cover crops on soil C storage. It is also important to note that although management practices 

such as thinning in forests, mowing in grasslands, and bare fallow or straw incorporation in 

cropland alter aboveground plant inputs, they can also directly affect belowground C inputs 

by altering fine root biomass (Asaye and Zewdie 2013) or cause substantial soil disturbance, 

and thus we analyzed their effects separately (Fig. 1).  
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We extracted data for total soil C or soil organic C content (given as % or g kg-1) and stocks 

(given as g m-2, kg m-2 or Mg ha-1) in topsoil (i.e. the upper 20 cm of mineral soil), which 

included four individual depth increments most commonly measured across studies (0-5 cm, 

5-20 cm, 0-10 cm, 0-20 cm), and subsoil (i.e. 20-100 cm depth). We also obtained data for 

mean annual temperature (MAT, °C), mean annual precipitation (MAP, mm), treatment level 

(g dry mass m-2 yr-1 or g C m-2 yr-1), and treatment duration (number of years). If the paper 

gave the treatment level as g C m-2 yr-1, we multiplied the value by two to convert it to g dry 

mass. We collated data from the main text, tables, and figures. We converted all soil C data 

to the same unit (g kg-1 for soil C content, and kg m-2 for soil C stocks), and numerical values 

from graphically presented data were extracted by digitizing the figures using Engauge 

Digitizer (Free Software Foundation, Inc., Boston, USA).  

The ecosystems in our dataset included grassland, plantation, natural forest and cropland. 

For natural forest, we grouped "subtropical forest" and "tropical forest" together into 

"tropical forest” and thus, natural forests included boreal forest, temperate forest and 

tropical forest. The experimental sites included in our study are shown in Figure S1, which 

was generated using R version 3.5.1 (R Development Core Team 2018) using the packages 

ggsn (Baquero 2017) and legendMap (Gallic 2016). The full dataset is provided in the 

supplementary information. 

Meta-analysis 

All statistical analyses were conducted in R versioin 3.5.1 (R Development Core Team 

2018). To test our first two hypotheses we conducted a metaanalysis using the “metafor” 

package (Viechtbauer 2010). The data were analyzed using effect sizes for each observation 

calculated as the natural log of the response ratio (RR): RR=ln( / ), where  is the 

control mean, i.e. data from plots receiving natural litterfall, and  is the treatment mean, 

i.e. data from plots receiving no litter inputs or added litter inputs. Effect sizes and variances 

were calculated using random-effects models with restricted maximum-likelihood estimators 

(Viechtbauer 2005), which allows for sampling error and cross-study variability in true effect 

sizes (Viechtbauer 2005; Borenstein et al. 2012). Effects were significant if bootstrap 

confidence intervals (CIs) did not overlap with zero (Collins et al. 1985; van den Noortgate et 

al. 2005). We then ran standard meta-analyses to test the total heterogeneity of effect sizes 

tX cX cX

tX
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within each model whereby P values <0.05 indicated heterogeneity in effects between studies 

when accounting for sampling error (Koricheva et al. 2013). To identify differences in the 

magnitude of effects among ecosystem types, we subsequently conducted a subgroup 

analysis for each parameter. We present results for separate ecosystems only where at least 

three observations were available in more than one subgroup. However, the results were 

considered valid when there were at least four observations (Fu et al. 2011). Total 

heterogeneity (QT) was partitioned into within-group (QW) and between-group (QB) 

heterogeneities, whereby a significant QB indicates significant differences among groups 

(Hedges et al. 1999) and group means were considered significantly different if their 95% 

confidence intervals did not overlap. The publication bias was estimated by the dnorm 

function (Fig. S1 in the Supplement A), and the frequency distributions of all RR values for the 

target variables followed a normal distribution, indicating an absence of publication bias in 

our study (Koricheva and Gurevitch 2014). As one of our aims was to assess the influence of 

treatment duration on soil C concentrations, we included RR values for multiple timepoints 

within some studies, and we accounted for this non-independence of observations using 

study ID nested in site ID (site/study) as a random factor in each of the models.  

Regression analysis of potential modulators 

To test our second hypothesis, we first used linear and non-linear regression analyses to 

assess the influence of treatment level, treatment duration, climate, and initial soil C content 

on the response (RR) of soil C content to litter removal and litter addition treatments 

(excluding thinning, mowing, bare fallow and straw incorporation) across soil profiles. Given 

the large differences in aboveground litter inputs among ecosystem types, we analyzed the 

relationships separately for cropland and forested ecosystems (including natural forest and 

plantations), but insufficient data were available for grassland. To assess the influence of 

treatment level, we used aboveground litter inputs (in g dry mass m-2 yr-1) as treatment levels, 

whereby litter removal and addition treatments were considered as negative or positive litter 

inputs, respectively. We then assessed changes in soil C over time using treatment duration 

(in years) across all ecosystems. We also separately analyzed the influence of treatment 

duration on the RR of soil C content for thinning in forest and bare fallow in cropland, but 

insufficient data were available for mowing in grassland. We assessed the influence of climate 

on the response of soil C content to litter manipulation treatments using a humidity index, i.e. 
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the ratio of mean annual precipitation (MAP) to mean annual potential evapotranspiration 

(MAP/PET), for each site (Zhou et al. 2015). Annual PET was estimated using Hamon’s method 

using the methodology described by Zhou et al. (2019).  

PET = 0.1651 × D × Vd × K × 365                                                                         (10) 

      where D is the time from sunrise to sunset in multiples of 12 h, which varies with date, 

latitude, slope and aspect of a watershed (if the influences of slope and aspect are not 

considered, the average daily D of an entire year is 1); Vd is the saturated vapour density (g 

m-3) at the annual mean temperature (T; ℃; K is the correction coefficient to adjust PET 

calculated using Hamon’s method to realistic values, which range from 1.2 to 1.4. Thus, for 

consistency, we used K=1.3 to calculate the PETs at all sites.  

  Finally, we evaluated the evidence for our third hypothesis of soil C saturation from the 

relationship between initial soil C content (g kg-1) and the RR of soil C content under litter 

removal and litter addition treatments. We used linear mixed models (lmer function in the 

lme4 package, Bates et al. 2015) to analyze how experimental duration, initial soil C content 

and MAP/PET affect the responses of soil C content to litter removal and litter addition. We 

fitted experimental duration, initial soil C content and MAP/PET as fixed factors, and 

ecosystem type and site as random factors. We calculated P-values for individual terms using 

Satterthwaite approximation (lmerTest package, Kuznetsova et al. 2015). The overall model 

fit was assessed by comparison to the appropriate null model using a likelihood ratio test. For 

all analyses, we report significant effects relative to control treatments (i.e. where RR differs 

significantly from zero) at P£0.05 and marginally significant trends at 0.05<P<0.1 

 

Results 

Changes in soil C contents and stocks with depth 

Overall, there was a significant decline in soil C content and stocks with litter removal at all 

measured depth increments (0-5 cm, 5-20 cm, 0-10 cm, 0-20 cm and 20-100 cm) (Fig. 2a) and 

a significant increase in soil C content with litter addition at all measured depth increments 

(Fig. 2b) but there was no response of soil C stocks to litter addition at any soil depth across 

all ecosystems (Fig. 2b).  
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When data were partitioned into different ecosystems, we observed a significant 

decrease in soil C content with litter removal at 0-20 cm in grassland and at 0-5 cm, 5-20 cm, 

0-10 cm and 0-20 cm in natural forest (Fig. 3a). However, litter removal had no significant 

effect on soil C content at other soil depths in grassland or at 20-100 cm in natural forest (Fig. 

3a). In plantations, there was no effect of litter removal on soil C content at 0-5 cm, 5-20 cm 

or 20-100 cm depth, but soil C content was significantly lower with litter removal at 0-10 cm 

and 0-20 cm (Fig. 3a). Similarly, in croplands there was no effect of bare fallow at 0-5 cm but 

lower soil C content at 5-20 cm, 0-10 cm, 0-20 cm and 20-100 cm (Fig. 3a). In response to litter 

addition treatments in grasslands, we observed higher soil C content at 0-5 cm and a 

marginally significant increase at 0-20 cm (Fig. 3b). In natural forest, soil C content was 

significantly higher at 5-20 cm and 0-10 cm with litter addition, and there was a marginally 

significant trend towards higher soil C content at 0-5 cm and 0-20 cm (Fig. 3b), but there was 

no effect of litter addition at 20-100 cm (Fig. 3b). Finally, in plantations and cropland soil C 

content at 20-100 cm was significantly higher with litter addition but there was no effect of 

litter addition on soil C content at other depths (Fig. 3b).  

Soil C stocks were significantly lower with litter removal at 0-10 cm in grassland, 0-5 cm 

and 0-10 cm in forest, 0-5 cm, 5-20 cm, 0-20 cm and 20-100 cm in cropland, but were only 

marginally lower at 5-20 cm in plantations and 0-10 cm in cropland (Table 1). Litter addition 

did not affect soil C stocks in any ecosystem (Table 1). 

Separate assessment of temperate and tropical forest showed that soil C content was 

lower with litter removal at 0-5 cm, 0-10 cm, 0-20 cm and 20-100 cm in temperate forest but 

only at 0-5 cm, 5-20 cm and 0-10 cm in tropical forest (Fig. S3a). Data for soil C stocks were 

not consistently available across ecosystems, treatments or depth increments. However, soil 

C stocks were significantly lower with litter removal at 0-10 cm in temperate forest and at 0-

5 cm in tropical forest (Fig. S3a). By contrast, with litter addition, soil C stocks were 

significantly lower at 20-100 cm in temperate forest but higher at 5-20 cm in tropical forest 

(Fig. S3b).  

The effects of management practices that alter aboveground litter inputs on soil C 

content and stocks in forests, grassland and cropland were highly variable. In response to 

forest thinning, soil C content at 0-10 cm and soil C stocks at 5-20 cm and 0-10 cm were 

significantly higher, whereas soil C content and stocks at other soil profiles were not affected 
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(Fig. S4a,b). Mowing in grasslands had no effect on soil C content or stocks at any depth (Fig. 

S4a,b). In response to bare fallow in cropland, there topsoil C content was lower at 0-10 cm 

and 0-20 cm, but subsoil C content was unaffected (Fig. S4a). Soil C stocks at 0-20 cm were 

also significantly lower under bare fallow (Fig. S4b), but there were insufficient data to assess 

changes at other depth increments. By contrast, soil C content in cropland was significantly 

higher at all soil depths with additional straw incorporation (Fig. S4c).  

Modulators of soil C content responses to litter manipulation across soil profiles 

Regression analysis showed that the response (RR) of forest soil C content to litter 

manipulation increased linearly with treatment level at 0-5 cm, 5-20 cm, 0-10 cm and 0-20 cm 

depth (Fig. 4c, d, e, f), indicating that both litter removal and addition had similar substantial 

effects on soil C in forests.  

Across all ecosystems, the response ratios of soil C content with litter removal at 5-20 cm 

and 0-10 cm were marginally significantly related to treatment duration, becoming more 

negative over time (Fig. 5b,c, Table S2). The response ratio of soil C content with litter addition 

first increased and then decreased with treatment duration at 0-5 cm (Fig. 5a), but the  

declined significantly with treatment duration at 0-20 cm and 20-100 cm (Fig. 5d,e, Table S2). 

The influence of climate on the effect size of litter manipulation treatments was limited to 

surface soils, as only the changes in soil C content at 0-20 cm declined significantly with 

MAP/PET (Fig. 6d, Table S2). However, the response ratio of soil C content with litter addition 

at 5-20 cm and 20-100 cm was significantly related to initial soil C content (Fig. S6b,e, Table 

S2).  

 

Discussion 

Our meta-analysis demonstrates that soil C content and stocks were generally lower in litter 

removal and that soil C content was higher with litter addition throughout the soil profile 

across multiple ecosystems. The effect of litter manipulation treatments on C content in the 

upper 20 cm of forest soils generally increased with treatment level (i.e. the amount of litter 

added or removed), but there were substantial differences in the magnitude of treatment 

effects among ecosystems. Crop residue management (bare fallow and additional straw 

incorporation) had analogous effects on soil C content and stocks to litter removal and 
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addition treatments, respectively, whereas the effects of forest thinning and grassland 

mowing were inconsistent. Although the gradual decline in soil C content with litter removal 

over time emphasizes the importance of aboveground litter inputs for soil C storage, the lack 

of substantial increases in soil C in response to long-term litter addition treatments also 

demonstrates that many soils have limited capacity to sequester additional plant-derived C.  

Responses of soil C content and stocks to altered aboveground litter inputs across soil depths  

We demonstrate that litter manipulation treatments and land management such as thinning 

in forest (He et al. 2018; Lull et al. 2020), mowing in grassland (Belay-Tedla et al. 2009; Kitchen 

et al. 2009; Ma et al. 2013), and bare fallow in cropland (Barré et al. 2010; Meyer et al. 2017), 

can alter soil C storage, but the depth to which changes were apparent depended on the 

treatment or management practice. Our comparison of changes across depth increments was 

somewhat hampered by the lack of standard sampling depths among ecosystems. Although 

soils were sampled at 0-5 cm in all ecosystems, grassland soils were most commonly sampled 

at 0-20 cm, forest soils at 0-10 cm, and croplands at 0-20 cm (Fig. 3). Nonetheless, our meta-

analysis showed an overall decline in soil C content with litter removal and an increase in soil 

C content with litter addition at all soil depths (Fig. 2a), which lends some support to our first 

hypothesis. The effects of litter removal on soil C content were generally most apparent at 

the soil surface, which expands upon the findings of individual studies demonstrating limited 

changes below 10-cm depth, even after more than a decade of litter manipulation treatments 

(Xu et al. 2013; Tanner et al. 2016; Kitchen et al. 2009; Sayer et al. 2019). Declining effects of 

litter removal on subsoil C content (>20 cm) were hypothesized because aboveground litter 

inputs are probably not the main source of C input to deeper soil horizons (Fröberg et al. 

2007), where root inputs, such as rhizodeposits and root litter, or microbial residues are a 

more important source of C (Angst et al. 2016, 2018). Accordingly, isotope labeling studies 

demonstrate that recovery of litter-derived C declines markedly with soil depth in natural 

ecosystems (Table S1, Fig. S7; Cotrufo et al. 2015). However, the significant increase in subsoil 

C content with litter addition across all ecosystems is surprising (Fig. 2b) and can be largely 

attributed to changes in subsoil C content in cropland and plantations (Fig. 3b), where soil 

disturbance or compaction may affect the measured changes in subsoil C content.  

Responses of soil C content and stocks to altered aboveground litter inputs across 

ecosystems 
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Although it is widely accepted that aboveground litter inputs are important C sources for 

soils across terrestrial ecosystems, our results showed that the magnitude of change in soil C 

content and stocks with litter manipulation differed among ecosystem types (Fig. 3; Table 1). 

The greater decline in surface soil C content at 0-5 cm in natural forest compared to other 

ecosystems (Fig. 3) highlights the importance of leaf litter inputs for maintaining soil C pools 

in forests (Bowden et al. 2014). By contrast, the lack of changes in surface soil C content with 

litter removal in grasslands (Fig. 3) might be explained by the greater contribution of roots to 

soil organic C (Rasse et al. 2005), and the importance of photodegradation as a litter 

decomposition pathway in grasslands, resulting in relatively lower litter-derived C inputs to 

soils (Austin and Vivanco 2006; Brandt et al. 2007). However, despite distinct decomposition 

processes and the greater relative importance of root C inputs in grasslands, topsoil C content 

(0-20 cm) was clearly affected by aboveground litter removal and addition treatments (Fig. 3).  

The declines in topsoil C content with litter removal were particularly strong in forests, 

especially at the soil surface (Fig. 3), and were related to treatment duration in both 

temperate forests and tropical forests (Fig. S8a,b). However, it is noteworthy that the effects 

of litter removal were greater and much more consistent than the effects of litter addition 

(Fig. 3). Although the overall response of soil C to litter manipulation was similar in temperate 

and tropical forests (Fig. S3), the changes in soil C with duration of litter addition treatments 

differed between forest ecosystems. In temperate forests, the changes in soil C content at 0-

10 cm increased marginally with increasing treatment duration (Fig. S8c), whereas in tropical 

forests, only soil C content at 0-5 cm increased during the first 10 years of litter addition (Fig. 

S8d). Although tropical forest soils are generally not regarded as C-saturated (Gulde et al. 

2008; Castellano et al. 2015; Hedin 2015), C loss by priming effects may offset the additional 

litter-derived C inputs (Sayer et al. 2011, 2019). In addition, the differences between 

temperate and tropical forests indicate that rapid decomposition in the tropics could reduce 

the amount of litter-derived C entering the soil, requiring longer-term studies to detect 

measurable changes in soil C below the top 5-cm. The weak relationship between soil C and 

treatment duration in temperate forests could indicate greater influence of dominant tree 

species or substantial differences in soil types and soil C storage capacity in temperate forests 

(Bowden et al. 2014; Fekete et al. 2014; Lajtha et al. 2014b). Indeed, a recent study 

demonstrated marked differences in soil C storage between temperate forests dominated by 
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trees with arbuscular vs. ectomycorrhizal associations and a strong link between C storage 

capacity and nitrogen availability (Cotrufo et al. 2019).   

Changes in soil C storage in plantations are important because they make up 

approximately 5% of the world’s forest cover (FAO 2010). We found that soil C content in 

plantations decreased with litter removal to a similar extent as in grasslands, but we observed 

no change in topsoil C content with litter addition (Fig. 3). The response of soil C to altered 

litter inputs is probably largely determined by the tree species grown in each plantation. For 

example, Wang et al. (2019) found that doubling aboveground litter inputs significantly 

increased soil C content and metabolism of labile C in oak plantations but not in pine 

plantations. In addition, plantation management practices will strongly influence the 

response of soil C to changes in litter inputs, for example, by altering soil nutrient availability 

(Zhao et al. 2017), via straw harvesting (Blazier et al. 2008) or thinning (Jandl et al. 2007).  

Forest thinning did not have consistent effects on soil C content across the soil profile, 

which can be attributed to changes in other ecosystem and soil properties as a result of 

management practices. For example, forest thinning can reduce aboveground litterfall for 

several years, but thinning also results in large inputs of residues (Jandl et al. 2007) and 

increases fine root biomass (Asaye and Zewdie 2013; Wang et al. 2019), which may 

compensate for the loss of litter inputs. The impact of thinning on soil C storage also varies 

strongly depending on the intensity and the length of thinning intervals (Jandl et al. 2007), 

which may explain why we found no relationship between treatment duration and the 

magnitude of thinning effects on topsoil C content (Fig. S9a,b,c,d).  

The importance of crop residue management for soil C storage in croplands is 

demonstrated by the strong declines in soil C content and stocks across the soil profile in 

response to bare fallow treatments (Fig. S4a,b), which intensified with treatment duration 

(Fig. S10). The corresponding increases in cropland soil C content with additional 

incorporation of straw (Fig. S4c) highlight the importance of plant C inputs for current goals 

to increase C sequestration in agricultural soils (Lal et al. 2016). However, we note that our 

analysis only included crop residue management comparable to litter manipulation 

treatments, and other agricultural management practices, such as manure application, crop 

rotation and different cover crops, also have a substantial influence on soil C storage (see 

reviews by Ugarte et al. 2014 and Bolinder et al. 2020). 
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Regulators of changes in soil C content  

Our regression analyses revealed that treatment level, duration, climate and initial soil C 

content influenced the  magnitude of changes in soil C content to altered aboveground litter 

inputs. By assessing the effects of litter removal and litter addition treatments as a continuous 

variable based on aboveground litter inputs, we show that the response of soil C content 

generally increased with treatment level at most depths in forests (Fig. 4), which provides 

evidence in support of our second hypothesis. Our results expand the findings of Xu et al. 

(2013) to demonstrate that the impact of litter manipulation extends through the soil profile 

and emphasize the importance of litter quantity for soil C accumulation.  

We further hypothesized that the response of soil C to litter manipulation treatments 

would become more pronounced with experimental duration. In line with our second 

hypothesis, we observed a continual decline in soil C content with increasing duration of litter 

removal treatments (Figs. 5,S7, Table S2), which was most pronounced in bare fallow 

treatments in cropland, which also excludes root C inputs (Paterson et al. 2011; Fig. S10). By 

contrast, soil C content did not continue to increase with the duration of litter addition 

treatments, except at the soil surface (0-5 cm), and subsoil C content even tended to decline 

with long-term litter addition (Fig. 5). The lack of a consistent increase in soil C content with 

litter addition can be attributed to two distinct mechanisms: First, priming effects as a result 

of increased inputs of labile organic compounds and fluxes of DOC into deep soil profiles could 

offset some of the C gains from added plant material (Fontaine et al. 2007; Hofmockel et al. 

2011; Lajtha et al. 2018; Sayer et al. 2011, 2019). Second, many of the soils at the study sites 

may have a limited capacity to sequester additional C inputs because they already had high 

initial C content, or possibly because soil C storage is constrained by available binding sites 

(Six et al. 2002a) or nitrogen availability (Cotrufo et al. 2019). Limited additional soil C storage 

capacity at many of the sites included in our study is apparent in the negative relationship 

between initial soil C content and the response ratio of soil C content to litter addition (Fig. 

S6), which supports our third hypothesis of soil C saturation (Six et al. 2002a; Stewart et al. 

2007; Xu et al. 2018). Based on the general patterns detected by our meta-analysis, we also 

speculate that other factors (e.g., litter quality, nitrogen availability, and soil structure) 

influence the capacity of soils to respond to altered litter inputs (Bowden et al. 2014; Cotrufo 

et al. 2019; Zhou et al. 2019; Sayer et al. 2020), which merits further study in the future. 
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Conclusions 

Our meta-analysis demonstrates that soil C content and stocks decreased with litter removal, 

and soil C content, but not stocks, increase with litter addition, and that the changes were 

detectable across ecosystems and through the soil profile to 1-m depth. The increasing 

response ratio of soil C content with treatment level suggests that aboveground plant C inputs 

are crucial for soil C sequestration in both managed and unmanaged systems. However, our 

results also indicate that many soils have limited capacity to store additional C inputs, 

especially in unmanaged ecosystems.  
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Table 1 Effects of litter removal and litter addition on soil carbon (C) stocks (kg m-2) at different soil layers (0-5, 5-20, 0-10, 0-20 and 20-100 cm) 
in different ecosystems (grassland, natural forest, plantation and cropland). For each response variable, significant changes in soil C stocks at 
each depth increment are shown in bold font. RR is the mean log response ratio, whereby values >1 indicate an increase and values < 1 indicate 
a decline; CI is confidence interval; n is the number of observations included in the analyses and a dash indicates insufficient data. 

    

Litter removal 
 

 
 

Litter addition 
  

 
Variable Ecosystem Soil layer (cm) RR lower CI upper CI n p RR lower CI upper CI n p 
Soil C stock 
(kg m-2) 

grassland 0-5 -- -- -- -- -- -- -- -- -- -- 
  

5-20 -- -- -- -- -- -- -- -- -- --   
0-10 -0.214 -0.372 -0.057 5 0.018 

    
   

0-20 -- -- -- -- -- -- -- -- -- --   
20-100 -- -- -- -- -- -- -- -- -- --  

natural 
forest 

0-5 -0.218 -0.338 -0.099 14 0.002 -- -- -- -- -- 
  

5-20 -- -- -- -- -- 0.114 -0.183 0.411 3 0.310   
0-10 -0.290 -0.431 -0.148 10 0.001 0.059 -0.044 0.162 11 0.236   
0-20 -- -- -- -- -- -- -- -- -- --   
20-100 -- -- -- -- -- -- -- -- -- --  

plantation 0-5 -0.086 -0.244 0.073 3 0.185 -0.028 -0.152 0.096 3 0.523   
5-20 -0.120 -0.245 0.006 9 0.059 0.014 -0.057 0.084 6 0.656   
0-10 

    
 -- -- -- -- --   

0-20 -0.246 -0.870 0.378 4 0.335 
    

   
20-100 -0.139 -0.367 0.089 3 0.148 -- -- -- -- --  

cropland 0-5 -0.321 -0.559 -0.083 4 0.020 -- -- -- -- --   
5-20 -0.258 -0.385 -0.131 15 0.001 -- -- -- -- --   
0-10 -0.167 -0.352 0.018 6 0.070 -- -- -- -- --   
0-20 -0.134 -0.236 -0.032 18 0.013 -- -- -- -- --   
20-100 -0.388 -0.726 -0.051 5 0.032 -- -- -- -- -- 
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Figure 1 Diagram summarizing the effects of altered aboveground plant litter inputs, including 
litter removal or addition treatments and management practices related to varied 
aboveground litter inputs, on soil carbon storage at different depths (0-5 cm, 5-20 cm, 0-10 
cm, 0-20 cm, 20-100 cm).   
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Figure 2 Changes in soil carbon (C) content and stocks at different depth increments (0-5 cm, 
5-20 cm, 0-10 cm, 0-20 cm, 20-100 cm) in response to (a) litter removal and (b) litter addition. 
Effect sizes are given as mean weighted log response ratios (RR) for n studies per response 
variable and error bars represent 95% confidence intervals; an effect size of 0 (dashed line) 
indicates no change relative to controls, and values >0 or <0 indicate an increase or decrease, 
respectively. Numbers in parentheses represent the number of observations (n) for each 
parameter. "***" indicates P<0.0001; "**" indicates P<0.001; "*" indicates P<0.05; "." 
indicates 0.05<P<0.1 
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Figure 3 Changes in soil carbon (C) content and stocks at different depth increments (0-5 cm, 
5-20 cm, 0-10 cm, 0-20 cm, 20-100 cm) in response to (a) litter removal and (b) litter addition 
across different ecosystems, i.e. grassland, natural forest, plantation and cropland. Effect 
sizes are given as mean weighted log response ratios (RR) for n studies per response variable 
and error bars represent 95% confidence intervals; an effect size of 0 (dashed line) indicates 
no change relative to controls, and values >0 or <0 indicate an increase or decrease, 
respectively. Numbers in parentheses represent the number of observations (n) for each 
parameter. "***" indicates P<0.0001; "**" indicates P<0.001; "*" indicates P<0.05; "." 
indicates 0.05<P<0.1. 
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Figure 4 Relationships between the change in soil carbon (C) content across soil profiles and 
treatment levels (g m-2 yr-1) of litter manipulation: (a) 0-5 cm in grassland, (b) 0-20 cm in 
grassland, (c) 0-5 cm in natural forest, (d) 5-20 cm in natural forest, (e) 0-10 cm in natural 
forest, (f) 0-20 cm in natural forest, (g) 20-100 cm in natural forest, (h) 0-5 cm in plantation, 
(i) 0-10 cm in plantation, (j) 20-100 cm in plantation, (k) 0-20 cm in cropland, (l) 20-100 cm in 
cropland. Changes are given as log response ratios (RR) relative to controls for individual 
studies. R2 values and regression lines are shown for significant relationships at P<0.05. 
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Figure 5 Relationships between changes in soil carbon (C) content in response to litter 
removal and litter addition at different depth increments (0-5 cm, 5-20 cm, 0-10 cm, 0-20 cm, 
20-100 cm) and treatment duration (in years) across ecosystems. Changes are given as log 
response ratios (RR) relative to controls for individual studies. R2 values and regression lines 
are shown for significant relationships at P<0.05. 
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Figure 6 Relationships between changes in soil carbon (C) content in response to litter 
removal and litter addition at different depth increments (0-5 cm, 5-20 cm, 0-10 cm, 0-20 cm, 
20-100 cm) and the wetness index across ecosystems under litter removal and litter addition. 
Changes are given as log response ratios (RR) relative to controls for individual studies. R2 
values and regression lines are shown for significant relationships between at P<0.05. 

 

 


