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Abstract. Global change has been shown to alter the amounecosystems, the direction of the responses was very similar
of above-ground litter inputs to soil greatly, which could across different ecosystems. Interactions between plant pro-
cause substantial cascading effects on below-ground biogeauctivity and below-ground biogeochemical cycling need to
chemical cycling. Despite extensive study, there is uncerbe taken into account to predict ecosystem responses to en-
tainty about how changes in above-ground litter inputs affectvironmental change.
soil carbon and nutrient turnover and transformation. Here,
we conducted a meta-analysis on 70 litter-manipulation ex-
periments in order to assess how changes in above-ground
litter inputs alter soil physicochemical properties, carbon dy-1 Introduction
namics and nutrient cycles. Our results demonstrated that
litter removal decreased soil respiration by 34 %, microbial Above-ground litterfall is one of the most important com-
biomass carbon in the mineral soil by 39% and total car-ponents of carbon and nutrient cycling, and the litter layer
bon in the mineral soil by 10 %, whereas litter addition in- regulates soil microclimate by forming a buffering interface
creased them by 31, 26 and 10 %, respectively. This suggestetween the soil surface and the atmosphere (Sayer, 2006).
that greater litter inputs increase the soil carbon sink despitderrestrial ecosystems are undergoing simultaneous changes
higher rates of carbon release and transformation. Total niin climate and biogeochemical cycles, and those changes
trogen and extractable inorganic nitrogen in the mineral soilcould affect plant net primary production (NPP) positively
decreased by 17 and 30 %, respectively, under litter removalpr negatively. Changes such as elevated, ¢King et al.,
but were not altered by litter addition. Overall, litter manip- 2005), nitrogen deposition (Xia and Wan, 2008) and tem-
ulation had a significant impact upon soil temperature andperature increases (Raich et al., 2006) were found to en-
moisture, but not soil pH; litter inputs were more crucial in hance plant productivity, whereas elevated @iu et al.,
buffering soil temperature and moisture fluctuations in grass2005), drought (Zhao and Running, 2010) and acid deposi-
land than in forest. Compared to other ecosystems, tropicdlion (Irving and Miller, 1981) generally decreased productiv-
and subtropical forests were more sensitive to variation inity. These changes in primary production could alter both the
litter inputs, as altered litter inputs affected the turnover andquality and quantity of above-ground litter inputs to soil (Liu
accumulation of soil carbon and nutrients more substantiallyet al., 2005), and therefore physical, chemical and biological
over a shorter time period. Our study demonstrates that alproperties of the litter layer. In addition, extreme events, the
though the magnitude of responses differed greatly amondrequency of which may increase in future, could also lead to
sudden and dramatic changes in litter inputs, such as a large
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increase in above-ground litterfall after hurricanes or severeever, because of the limited data availability on changesin lit-
storms (Ostertag et al., 2003), or rapid loss of the litter layerter biochemistry, this study focused on the impact of changes
after wildfires (Wardle et al., 2003). in litter productivity on below-ground C and nutrient cycling.
As one of the most important pathways for carbon and nu-
trient fluxes to the soil, changes in above-ground litter in-
puts could lead to cascading effects on below-ground bio2 Methods
geochemical processes. Although changes in above-ground
litter inputs have been observed in numerous global change.1 Data selection
manipulation experiments in multiple ecosystems, most of
those studies found that total soil carbon (C) content was genA comprehensive literature search, covering relevant peer-
erally unchanged (Baer and Blair, 2008; Talhelm et al., 2009 reviewed articles and dissertations from 1950 to 2013, was
but see Fornara and Tilman, 2012). Several mechanisms haw@nducted using the databases of Web of Science and Pro-
been proposed to explain why soil C showed small changeQuest. We also cross-checked the references of the relevant
even when above-ground litter inputs were greatly alteredarticles to identify other potential book chapters and peer-
One possible explanation is that soil C may be altered by lit-reviewed reports. Only data from in situ litter-manipulation
ter inputs, but the changes are too small to be detected in thexperiments were included in our data set. Studies were ex-
large and heterogeneous soil C pool (Hungate et al., 1996)cluded if they were conducted in a controlled laboratory set-
A change in the strength of priming effects is another pos-ting (e.g. Liu et al., 2009), or the additional carbon was sup-
sible reason: high litter inputs could cause greater primingplied as specific organic compounds such as glucose (e.qg.
effects, and the increase in new soil C derived from the litterPark and Matzner, 2006) or cellulose (e.g. Fontaine et al.,
may be offset by the decomposition of older soil C (Sayer2004). When data from the same site and treatments were
et al., 2011). Soil carbon saturation is also a plausible thepresented in multiple publications, we used the data from the
ory to explain the lack of changes in soil C content in re- most recent publications. Similarly, when data from multiple
sponse to varying amounts of litter inputs. The theory stategears were given, we only used data from the most recent
that the capacity of soil to stabilize organic C has an uppetyear. Litter-manipulation experimental sites were from mul-
limit, which is determined by soil physical, chemical and bio- tiple climatic zones, including arctic, boreal, temperate and
chemical characteristics (Six et al., 2002a). (sub-)tropical regions (See details in Appendix B in the Sup-
An emerging view suggests that the majority of organic C plement). Here, “(sub-)tropical” includes both tropical and
in soil is derived from rhizodeposition, and above-ground lit- sub-tropical regions.
ter inputs have a limited influence on soil C storage (Schmidt Four categories of data related to below-ground biotic and
etal., 2011). The lack of changes in total soil C has sparked abiotic properties were extracted from the literature of in
debate about whether alterations in above-ground litter prositu litter-manipulation experiments: (1) soil surface physi-
duction as a result of global change will impact upon long- cal and chemical properties, including soil temperature, soil
term soil C storage. Quantification of the contribution of moisture and soil pH; (2) microbial responses, including mi-
above-ground litter to soil C sequestration and nutrient cy-crobial biomass carbon (MBC) and microbial biomass nitro-
cling is therefore needed to assess the importance of abovegien (MBN); (3) C fluxes and pools, including soil respira-
ground litter in below-ground processes. tion, total carbon (C) and dissolved organic carbon (DOC);
A large number of litter-manipulation studies, in which and (4) nutrient fluxes and pools, including total nitrogen
litter is experimentally added or removed, have been con{N), C:N ratios (C:N), dissolved organic nitrogen (DON),
ducted since the first experiments in the 1850s (Sayer, 2006xtractable inorganic nitrogen (EIN), and extractable phos-
The information we draw from this rich research history of phorus (P). Where relevant, we distinguished between lit-
litter-manipulation experiments could help us better under-ter layer and mineral soil for all variables, but results were
stand how above-ground litter inputs affect below-groundonly reported where sufficient data points were available (i.e.
processes, and therefore the mechanisms regulating the pa-> 4). In our data set, litter layer data were all from studies
tential of soil to sequester additional C. Below-ground pro- conducted in boreal forest or temperate forest and included
cesses, such as soil respiration, microbial activity, and soil Cforest floor (Fisk and Fahey, 2001), O horizon (Nadelhoffer
formation are simultaneously influenced by litter inputs, andet al., 2004), O layer (Fréberg et al., 2005), epihumus sub-
these processes intrinsically interact with each other (Chapimorizon (Dzwonko and Gawronski, 2002), and humus hori-
et al., 2011). To assess the consequences of above-grouzdn (Dzwonko and Gawronski, 2002). Mineral soil in our
litter inputs on soil physical, chemical and biochemical pro- data set is defined as the soil beneath the litter layer, or the
cesses quantitatively, we conducted a meta-analysis of littertopsoil from ecosystems such as grassland and (sub-)tropical
manipulation experiments from multiple terrestrial ecosys-forest. The sampling depth in the mineral soil ranged from
tems. Changes in litter productivity may be accompanied byl to 40 cm, with the majority of the data collected in the
changes in litter biochemistry, and the two interact with eachtop 10 cm. When measurements were conducted in differ-
other in biogeochemical processes (Liu et al., 2009). How-ent mineral soil depths, we only used the data reported for
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Table 1. Effects of litter removal and litter addition on soil physicochemical properties of different ecosystems. For each response variables,
the responses of the ecosystems denoted by different superscript letter differed signifieanty06). RR: the mean response ratio; 95 %
ClI: 95 % confident intervals; n: no. observations; “-": no data.

Litter removal Litter addition
Response variable  Soil layer Group RR 95% Cln RR 95%Cl n
Soil temperature Mineral soil  All 1.04 1.01-1.07 21 0.97 0.93-1.00 11
(Sub-)tropical forest 0.99 0.98-1.00 11 1.00 099-1.01 4
Grassland 1.0 1.03-1.17 6 092 0.86-097 4
Soil moisture Mineral soil  All 090 0.84-095 35 1.04 0.99-1.09 33
Temperate forest 0.85 0.68-1.00 7 0.9% 0.90-1.05 10
(Sub-)tropical forest 0.93 0.88-0.97 19 1.0 095-1.06 6
Grassland 0.82 0.66-095 6 1.13 1.06-1.20 11
Shrubland - - - 1.6% 092-120 6
Soil pH Litter layer  All 1.00 0.97-1.03 9 1.02 1.01-1.02 2
Boreal forest 1.00 0.96-1.05 6 - - -
7

Mineral soil ~ All 1.00 0.98-1.02 11 1.04 0.99-1.09
(Sub-)tropical forest 1.02 1.00-1.03 8 - -

the uppermost depth (e.g. Tian et al., 2010). When data wer2.3 Regression analysis
graphically presented, we extracted the numerical values by
digitizing the figures using Engauge Digitizer (Free Software Most studies included in our data set reported the amounts

Foundation, Inc., Boston, MA, USA). of litter added or removed. Data from both litter removal and
litter addition experiments were grouped for each parameter,
2.2 Meta-analysis with negative values representing litter removal and positive

values representing litter addition. The correlation between
The data were analysed using the meta-analysis dethe response ratio (RR) of a biogeochemical parameter and
scribed by Hedges et al. (1999). The effect size of litter-the amounts of litter was determined by linear regression.
manipulation treatment for each individual observation wasAll regression analyses were conducted using SAS software
estimated by the natural log of the response ratio (RR): In(SAS Institute Inc., Cary, NC, USA).
RR=In(Xt/X¢), whereX_ is the control mean, and; is the
treatment mean. The average response ratio (RR) was cal-
culated using the mixed model of the meta-analytical soft-3 Results
ware METAWIN (Sinauer Associates, Inc., Sunderland, MA,
USA). The variance of the mean effect size was calculatedn total, 440 observations were extracted from 70 publica-
using resampling techniques (Adams et al., 1997). If thetions, including ecosystems such as boreal forest (3 publica-
lower bound of the 95% CI of RR was larger than 1, thentions), temperate forest (20 publications), (sub-)tropical for-
the response was significantly positive 2t< 0.05. If the  est (20 publications), grassland (22 publications) and shrub-
upper bound of the 95 % CI of RR was smaller than 1, thenland (5 publications; Appendix B). Across all studies, the
the response was significantly negativé®at 0.05. Foreach  mean annual air temperature ranged frem.2 to 27°C,
investigated parameter, a subgroup analysis was conductagélean annual precipitation from 315 to 5000 mm, and the ex-
to assess whether the magnitudes of effects differed acrogseriments ranged in duration from half a year to 20 yr. Site
ecosystem types, soil depths or treatment duration. Althougleharacteristics for each study are given in Appendix B in the
there is no accepted minimum number of studies that are reSupplement.
quired for a meta-analysis, we adopted the criteria for sys-
tematic review by Fu et al. (2011) in which each subgroup3.1 Physical and chemical properties of the litter layer
should have a minimum of four studies. We therefore present and mineral soil
results for separate ecosystems only where sufficient obser-
vations were available in more than one subgroup. Total hetAcross all ecosystems, litter removal increased the temper-
erogeneity O1) was partitioned into within-groupdw) and  ature of the mineral soil by 4%, and litter addition de-
between-group @g) heterogeneities. According to Hedges creased it by 3% (Table 1). The response of soil temperature
et al. (1999), a significan®p indicates that the response ra- to litter manipulation differed among ecosystems: in grass-
tios differ among groups. Means of the groups were considdands, soil temperature increased with litter removal and de-
ered significantly different if their 95 % CI did not overlap. creased with litter addition, whereas in (sub-)tropical forest
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Table 2. Effects of litter removal and litter addition on soil carbon cycling parameters of different ecosystems, where MBC is microbial
biomass carbon, MBN is microbial biomass nitrogen, and DOC is dissolved organic carbon. For each response variables, the responses o
the ecosystems denoted by different superscript letter differed significanttyQq.05).

Litter removal Litter addition
Response variable  Soil layer Group RR 95% Cln RR 95%Cl n
MBC Litter layer Al 0.77 0.54-0.96 3 1.29 1.00-1.68 2

Mineral soil  All 0.61 0.48-0.76 17 1.26 1.17-1.37 23
Temperate forest 0.1 0.36-1.07 4 - - -
(Sub-)tropical forest  0.31 0.40-0.66 10 - - -

Grassland - - - 1.84 1.22-1.49 15

Shrubland - - - 1.® 105-117 4
MBN Mineral soil  All 0.86 0.77-0.96 5 1.46 1.21-1.77 10
Grassland - - = 1.82 1.57-2.11 6
Soil respiration All 0.66 0.59-0.73 22 131 1.21-1.43 22
Temperate forest 0.67 058075 5 1.38 1.16-1.71 4
(Sub-)tropical forest 0.65 0.55-0.75 14 1.2 1.02-144 6
Grassland - - - 1.85 1.21-1.48 12
DOC Litter layer =~ Temperate forest 0.78 0.67-0.87 7 1.47 1.34-1.64 9
Mineral soil ~ All 0.69 0.53-0.93 7 1.07 0.76-1.40 6
Temperate forest 0.81 0.59-1.09 5 0.94 0.63-1.39 4
Total C Litter layer  All 0.95 0.94-0.96 2 1.09 1.04-1.17 3
Mineral soil Al 0.90 0.83-0.98 19 1.10 1.01-1.20 18
Temperate forest 0.1 0.77-1.09 7 1.1 0.97-1.28 10
(Sub-)tropical forest 0.80 0.74-0.88 4 - - -
Grassland 0.9% 0.86-1.06 8 1.03 0.99-1.10 6

litter removal reduced soil temperature but litter addition had3.3 C cycling
no effect (Table 1).

Across all studies, litter removal decreased soil moisture o o
in the mineral soil by 10 % (Table 1), whereas litter addition Soil respiration rates decrease_d with Ilt_ter removal by an av-
had no significant effect (Table 1). However, when the data€7@9€ of 34% across all studies and increased by an aver-
were analysed for each ecosystem type separately, litter ad9€ Of 31 % with litter addition (Table 2). The response ra-
dition increased moisture in the mineral soil in grassland byti© Of soil respiration rates was positively correlated with

an average of 13 % but had no significant effect in forests o€ @mounts of litter added or removed (Fig. Ré = 0.65,
shrubland (Table 1). P < 0.01) and with the response ratio of MBC (see Fig. A3

in the Supplement®? = 0.66, P < 0.01).

Litter removal reduced DOC concentrations in the litter
layer by 22 % and in the mineral soil by 31 % (Table 2). Litter
3.2 Microbial responses addition increased DOC concentrations in the litter layer by

an average of 47 %, but had no significant effect on DOC
Overall, litter removal reduced MBC in the mineral soil concentrations in the mineral soil (Table 2).
by 39%. However, this decrease was only significant in  Overall, litter removal decreased total C in the mineral soil
(sub-)tropical forest (Table 2). Litter addition increased MBC by 10 %, and, correspondingly, litter addition increased it by
in the mineral soil by an average of 26 %, with grassland10% (Table 2). When the data were analysed by ecosystem
showing a greater increase than shrubland (Table 2). type, there was a significant decrease in total C of the min-

Litter removal decreased MBN in the mineral soil by an eral soil in response to litter removal in (sub-)tropical forest,
average of 14 %, and litter addition significantly increasedbut no effect in temperate forest and grassland. There was no
MBN in the mineral soil by an average of 46 % across all clear effect of litter addition on total C in the mineral soil ei-
ecosystem types (Table 2). ther in temperate forest or grassland and insufficient data for
(sub-)tropical forests (Table 2). The effect of litter manipu-
lation on total C in the mineral soil was strongly influenced
by soil depth. When data were divided into different sam-
pling depths, total C content in the top 5cm of the mineral
soil was 31 % higher under litter addition, but there was no

Overall, litter manipulation did not affect pH in the litter
layer or the mineral soil (Table 1).

Biogeosciences, 10, 7423433 2013 www.biogeosciences.net/10/7423/2013/
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Table 3. Effects of litter removal and litter addition on soil nutrient cycling parameters of different ecosystems, where DON is dissolved
organic nitrogen and EIN is extractable inorganic nitrogen. For each response variables, the responses of the ecosystems denoted by differel
superscript letter differed significantlyp(< 0.05).

Litter removal Litter addition
Response variable  Soil layer Group RR 95% Cln RR 95%Cl n
C:Nratio Litter layer  All 0.99 0.94-1.03 9 1.24 1.04-1.66 4
Boreal forest 0.98 0.91-1.05 6 - - =
Temperate forest - - = 1.24 1.04-1.66 4
Mineral soil  All 0.94 0.89-0.99 8 1.03 0.99-1.08 13
Temperate forest 0.95 0.87-1.02 5 1.01 0.95-1.07 7
Total N Litter layer  All 0.92 0.92-0.92 2 0.84 0.62-1.02 3
Mineral soil  All 0.83 0.77-0.88 12 1.04 0.95-1.13 19
Temperate forest 0.83 0.73-0.93 7 1.083 0.90-1.20 10
(Sub-)tropical forest 0.80 0.79-0.81 4 - - -
Shrubland - - - 0.93 0.83-1.02 4
DON Litter layer =~ Temperate forest 1.04 0.79-1.27 3 1.76 1.47-2.09 3
Mineral soil Al 1.00 0.78-1.25 6 1.06 0.81-1.31 11
Temperate forest 1.00 0.79-1.25 6 1.04 0.76-1.35 9
EIN Litter layer =~ Temperate forest 150 1.14-1.97 4 1.25 0.82-1.90 5
Mineral soil Al 0.70 0.52-0.96 12 0.76 0.57-1.01 10
Temperate forest 1.21 0.72-1.77 4 0.70 0.50-0.98 8
(Sub-)tropical forest 0.47 0.38-059 6 - - -
Extractable P Mineral soil Al 0.82 0.64-1.03 7 1.16 0.98-1.47 5

(Sub-)tropical forest  0.71 0.54-0.94 4 - - -

significant increase at other soil depths (see Table Al in thea positive linear relationship with litter inputs (Fig. 1,
Supplement). Table A3 and Fig. A2 in the Supplement).

3.4 Nutrient cycling . )

4 Discussion
The C:N ratio of the litter layer did not change with litter
removal, but increased significantly with litter addition (Ta-
ble 3). Overall, the C: N ratio of the mineral soil decreased
by 6 % following litter removal, whereas litter addition had
no significant effect (Table 3).

Across all ecosystems, litter removal reduced total N in
the mineral soil by 17 %. Litter addition had no signifi-
cant impact on total N in the mineral soil (Table 3), and
neither litter removal nor litter addition affected DON in
the mineral soil (Table 3). Litter removal increased EIN
in the litter layer by 50% and decreased EIN in the min-
eral soil by 30% (Table 3), whereas litter addition had no
significant effect (Table 3).

Overall, neither litter removal nor litter addition affected
extractable P in the mineral soil (Table 3).

Global change has been shown to alter plant productivity
significantly, which leads to increased or decreased above-
ground litter inputs to soil with presumed knock-on effects
for soil C stocks and nutrient supply. Despite this, relatively
few litter-manipulation experiments have specifically exam-
ined how variation in litter inputs affects below-ground pro-
cesses in the context of global environmental change (e.qg.
Liu et al., 2009; Sayer et al., 2011). Our systematic synthe-
sis of litter-manipulation experiments aimed to improve our
understanding of the responses of below-ground processes to
varying inputs of above-ground litter under global change.
The magnitude of responses to litter manipulation varied
among ecosystems, and this was likely partly influenced by
the number of data points available. Nevertheless, with few
exceptions, the direction of the responses was the same re-

ardless of ecosystem type (Fig. 1).
3.5 The effects of litter-manipulation levels on g Y ype (Fig. 1)

below-ground processes 4.1 Physical and chemical properties of the litter layer
and mineral soll
Regression analysis showed that the RR of soil respiration,
MBC in the mineral soil, total C in the litter layer and The litter layer acts as a protective interface between at-
mineral soil, total N in the mineral soil, DOC in the lit- mosphere and soil by regulating soil physicochemical con-
ter layer and C:N ratios in the mineral soil all showed ditions such as soil temperature, moisture and pH (Sayer,
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Fig. 1. Relationships between the amounts of litter manipulation and the response ratios (Rgaif respiration(B) microbial biomass
carbon (MBC),(C) total carbon (C) an@D) total nitrogen (N) in the mineral soil.

2006). Our analysis demonstrates that the temperature of thé.2 Microbial responses

mineral soil increased under litter removal and decreased Ung is generally accepted that microbes are C-limited, and fresh

de_rl I(l;cter addlt(ljon, ‘(’j\'heﬁ"? s the wat?rbcczn(;_ednt oftthe m'ngrfﬂlitter can increase soil microbial biomass and activity (Fisk
SoIl decreased under litter removal but did not respona 1o, Fahey, 2001). We found that litter addition significantly
litter addition. Litter inputs were more important in buffer-

. ) . . : ._increased MBC in the mineral soil, whereas litter removal
ing mineral soil temperature and moisture fluctuations in

land than in f t (Table 1). F ¢ ; . caused a general decrease in MBC (Fig. 1, Table 2). It is
grassland than in forest ( avle ). Forest canopies can InI"|kely that this result was largely shaped by the response of
tercept solar heat and precipitation by the large surface are

. ub-)tropical forests where microbes may be more reliant on
of branches and foliage (Lowman and Schowalter, 2012),6\S Jtrop y

h th tation i land h h short r?cﬁrbon supply from fresh litter than in other ecosystems. The
whereas the vegetation In grassiand has a much Shorter ange o, resjigence time (MRT) of surface litter in tropical forest
simpler structure, and has limited capacity to intercept so-,

L s is 0.25 to 1yr, compared to 4-16 yr MRT in temperate forest
lar radiation and precipitation compared to the forest canopy(Olson 1963), and there s little or no build-up of an organic
Grasslands therefore rely more on surface litter to maintain : '

f bl i : t (Amat lo et al. 2008 Forest floor in lowland tropical forests (Wieder and Wright,
avourable Soll environmen ( matangelo etal., )- 1995). Litter removal could therefore induce a greater de-
Litter inputs may change soil pH via changing the release

. . ~>~cline in microbial activities in (sub-)tropical forest because
of organic acids or the supply of exchangeable base cationg,icrobes have only limited access to organic C from other
during the processes of litter decomposition, but we found

. ~sources. The observed reduction in soil-extractable P under

that litter manipulation had a Sma" |_mpact on soil pH. Pr_eVI- litter removal (Table 3) may also contribute to the decrease
ous work has shown that the direction of changes in soil IOHin MBC, as microbial utilization of soil organic carbon is

with litter manipulation may depend on litter type and_|r_1|- thought to be P-limited in tropical forests (Cleveland et al.,

T2002). Thus, litter removal decreased the above-ground C
supply for microbial growth, and simultaneously decreased
soil-extractable P in (sub-)tropical forests (Table 3), which
may also limit microbial decomposition of old soil organic
carbon.

data to analyse this quantitatively.
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Soil temperature (n.s.)
—] Soil moisture (n.s.)
: Soil pH(n.s.)

Microbial
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MBN (?) | | @
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Bl
=
Litter layer

Mineral soil

Fig. 2. The responses of soil carbon and nutrient cycling to changes in litter inputs, where MBC is microbial biomass carbon, MBN microbial
biomass nitrogen, DOC dissolved organic carbon, DON dissolved organic nitrogen, EIN extractable inorganic nitrogen and P is extractable
phosphorus. The relationship between the response ratio of each parameter and the quantity of litter inputs is shown in pasehtheses. “

indicates a significant positive linear correlatior;™indicates a significant negative linear correlation; n.s. is non-significant; “?” indicates

an unknown relationship because of data limitations.

Microbial biomass is the living microbial component of etal., 2003) or adsorbed by the soil mineral matrix associated
the soil, and can be used as a bio-indicator for evaluating soiwith soil organic matter (Kaiser and Guggenberger, 2000).
organic matter turnover rates (Wardle, 1992). We found thatincreasing fresh litter inputs could cause priming effects and
the RRs of MBC and soil respiration were positively corre- lead to an increase in DOC flux from decomposing old soll
lated, and MBC explained 66 % of the variance in changes inC (Kalbitz et al., 2007). However, our analysis cannot dis-
soil respiration (Fig. A3 in the Supplement). Litter manipu- tinguish whether the increase of DOC in the litter layer was
lation also has the potential to affect root respiration by alter-a result of fresh litter inputs or the decomposition of old or-
ing root biomass; however, Sayer and Tanner (2010) showedanic C in forest floor due to the priming effect.
that the contribution of root respiration to total below-ground
respiration decreased with litter addition, and the strong cor4 3 2  Total C
relation between the Rrs of MBC and soil respiration in our
analysis suggests that the changes in soil respiration und
litter manipulation are largely controlled by G@fflux from
heterotrophic respiration during litter decomposition.

“fhe processes and mechanisms underlying the influence of
fresh litter inputs on soil C dynamics are complex, involv-
ing the balance between C input and output and the turnover
among different C pools (Kuzyakov, 2011). Additional in-

4.3 Ccycling puts of fresh litter can cause priming effects, resulting in the
mineralization of older soil organic matter (Sulzman et al.,
43.1 DOC 2005; Sayer et al., 2007, 2011), which leads to the specu-

lation that soil C storage may decrease under elevated litter
We were only able to assess the responses of DOC to litteinputs (Kuzyakov, 2010). Although there is ample evidence
manipulation for temperate forests, as there were insufficienfor the occurrence of priming effects under controlled con-
available data for other ecosystems. Our results suggesteditions, the current lack of in situ studies of soil C release
that although DOC of the litter layer responded substantiallyby priming precluded a quantitative analysis of the strength
to litter manipulation, DOC of the mineral soil was insensi- of priming effects in this study. However, our results showed
tive to litter manipulation. This may be because DOC wasthat total C in the uppermost layers of the mineral soil gen-
quickly mineralized by soil microbial communities (Kalbitz erally increased with litter inputs (Fig. 1c¢). Hence, greater
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inputs of new organic C may compensate for the release oble A2 in the Supplement). This is possibly due to the high
older soil organic C by priming (Talhelm et al., 2009; Hof- variation in mean residence times of C and litter decomposi-
mockel et al., 2011; Kuzyakov, 2011; Leff et al., 2012) sug- tion rates among biomes (as discussed above), which makes
gesting that the soil acts as a net C sink under increased littet difficult to detect an effect of experimental duration when
inputs. It remains to be seen if this “replacement” of older comparing studies across ecosystems.
soil C with fresh C from increased litter inputs will have con-
sequences for soil carbon stability in the longer term. 4.4 Nutrient cycling

The response of soil C storage to litter manipulation ) ] )
differed among ecosystems (Table 2). (Sub-)tropical forest-itter IS an important pathway for the transfer of nutrients
was more responsive to changes in litter production tharffom pIant.s to_ soil, and the litter layer is critical for nutri-
other ecosystems, and total C in the mineral soil showedNt rétention in some ecosystems. Our results suggest that
a greater reduction under litter removal. Field experimentsiot@ N and C:N ratios, but not EIN, in the mineral soil in-

in (sub-)tropical forests have also demonstrated that soil (Creased Wi_th litter in_puts. The lack of a clear overall response
pools responded rapidly to litter manipulation: soil C con- ©f EIN to litter manipulation was probably due to the con-

centrations were significantly increased by 31 % after onlytraSting responses of EIN in (sub—_)tropigal forgst e_lpd temPer'
2yr of litter addition in a tropical forest (Leff et al., 2012), ate forest. EIN in the mineral soil declined significantly in

whereas there was often no detectable change in soil C ifsub-)tropical forest under litter removal, but was unaffected
temperate forest or grassland even after 5 to 11 years of ell! temperate forest (Table 3). Litter inputs were shown to

evated litter inputs (Nadelhoffer et al., 2004; Baer and Blair, P& & significant source of EIN inputs to the mineral soil in
2008; Talhelm et al., 2009). There are several likely expla-(SUP-)tropical forest (Sayer and Tanner, 2010), where rapid

nations for the notable responses of soil C in (sub-)tropicald€composition (Zhang et al., 2008) and high rates of leach-
forest to litter manipulation: firstly, the duration of litter- Nd from the soil resultin rapid turnover of mineral N. Con-

manipulation experiments in temperate or boreal biomes (2-5€duently, when litter was removed, EIN in the mineral soil
8yr; Fisk and Fahey, 2001: Fréberg et al., 2005; Sulzman efleclined significantly. In contrast, the lower concentrations
al., 2005) was often shorter than the mean residence tim@f EIN in temperate forests following litter addition may be
of the litter (4—16yr) in those ecosystems (Olson, 1963),2 result of slower litter decomposition (Zhang et al., 2008)
whereas in (sub-)tropical forest, most of the C from fresh@nd greater immobilization of N in the mineral soil.

litter is rapidly mineralized and respired or transferred to the _ Pant growth in tropical forest is generally thought to be
mineral soil. Secondly, the mean residence time of soil ag_P-I|m|ted, and litter is the dominant P source to soil (Cleve-
gregate C in tropical forest is shorter than that in temperatd@nd €t al. 2011). Itis therefore not surprising to find that lit-
forest (Six et al., 2002b), and new C inputs can be integratecﬁer removal reduced soil-extractable P in the mineral soil in
into soil aggregates more rapidly, especially as tropical soildSUP-)tropical forest (Table 3). Despite this, soil-extractable
often have a high clay content and C from leachate can p& of the mineral layer did not increase under litter addition in
bound easily into soil aggregates (Six et al., 2002a). Soil c{Sub-)tropical forest. For example, Sayer and Tanner (2010)

concentration was therefore more likely to respond to altered®Und that, after a 5-year litter-manipulation study, litter-
litter inputs during the experimental period in (sub-)tropical derived P inputs S|.gn|f|cant!y double.d u_nder litter addition,
forest (Leff et al., 2012). put extractable P in the.mlneral soil did noF change rela-

In contrast to forest ecosystems, soil C in grasslandsf_'ve to th.e controls. This is probably.due to direct gptake of
showed no significant responses to litter-manipulation treatlitter-derived P by plant roots before it enters the mineral soil

ments. Root-derived C is thought to be the main sourcdStark and Jordan, 1978; Herrera et al., 1978; Attiwill and
of soil organic C in grasslands, and below-ground litter isAdams, 1993), in which case soil-extractable P would not

thought to be more important for C sequestration (e.g. Steinincrease under litter addition (Sayer and Tanner, 2010).
beiss et al. 2008). Further, a growing humber of studies have

shown that solar radiation, especially ultraviolet radiation
can be the dominant driver of litter decomposition in arid
and semiarid regions (Austin and Vivanco, 2006; Brandt etGlobal change alters not only the amount of above-ground
al., 2007). For example, in a semi-arid steppe, Austin and Vi-jitter inputs to soil but also other factors regulating soil C
vanco (2006) found that around 60 % of C lost from above-cycling. It is very difficult to separate the contribution of
ground litter was due to photochemical mineralization, re-above-ground litter inputs to soil C and nutrient cycling from
sulting in a large proportion of litter-derived C being lost di- other drivers because the processes interact in complex ways.
rectly to the atmosphere without entering the soil. Litter-manipulation experiments therefore provide valuable

We expected changes in total C in the mineral soil to be-jnformation to estimate the effects of litter production on soil
come more pronounced with experimental duration. How-organic C formation (Sayer et al., 2011).

ever, there was no significant effect of experimental duration
on the responses of soil C pools to litter manipulation (Ta-

'5 Conclusions
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