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Abstract. Soil organic carbon (SOC) is the largest terres- afforestation promoted soil carbon sequestration at the study
trial carbon pool and sensitive to land use and cover changesites during 1980-2010. Afforestation activities should de-
its dynamics are critical for carbon cycling in terrestrial crease soil disturbances to reduce carbon release in the early
ecosystems and the atmosphere. In this study, we combinestage. The long-term strategy for carbon fixation capability
a modeling approach and field measurements to examine thef the plantations should also consider the climate and site
temporal dynamics of SOC following afforestatidRabinia  conditions, species adaptability, and successional stage of re-
pseudoacacipof former arable land at six sites under differ- covery.

ent climatic conditions in the Loess Plateau during 1980—

2010, where the annual mean precipitation ranging from

450 mm to 600 mm. The results showed that the measured

mean SOC increased to levels higher than before afforesta- )

tion when taking the last measurements (i.e., at age 25 t¢ 'ntroduction

30yr) at all the sites, although it decreased at the wetter

sites in the first few years. The accumulation rates of SOCS0il organic carbon (SOC) is the largest terrestrial car-
were 1.58 to 6.22%yr in the upper 20cm and 1.62 to bon pool. A slight change in SOC may greatly influence
5.15%yrlin the upper 40 cm of soil. The simulations re- €cosystem carbon cycling and atmosphere, €Gncentra-
produced the basic characteristics of measured SOC dynaniion (Davidson and Janssens, 2006). SOC stock is sensitive
ics, suggesting that litter input and climatic factors (temper-t0 land use and cover change (Guo and Gifford, 2002; Wies-
ature and precipitation) were the major causes for SOC dyMmeier et al., 2012), which alter both carbon inputs (amount
namics and the differences among the sites. They explaine@nd quality of litter mass) and losses (decomposition and
88-96, 48-86 and 57—74 % of the variations in annual SOgnineralization).

changes at the soil depths of 0-20, 0-40, and 0—-100cm, re- In recent decades, human disturbances, such as defor-
spectively. Notably, the simulated SOC decreased during thé&station, urbanization and afforestation, have caused exten-
first few years at all the sites, although the magnitudes of deSive changes in land use and cover globally. The large-scale
creases were smaller at the drier sites. This suggested that t§8anges in terrestrial ecosystems have caused great con-
modeling may be advantageous in capturing SOC changes &€ about the temporal dynamics of energy and mass flows
finer imescale. The discrepancy between the simulation anduring ecosystem succession or recovery (Brefia Naranjo et
measurement was a result of uncertainties in model structurédl-» 2011). To date, soil carbon dynamics following distur-

data input, and sampling design. Our findings indicated thafances have not been well documented, especially for the
later phases of succession (Foote and Grogan, 2010).
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_ N fers from long time interval of repetition (e.g., 5-10yr) due
l,m,_;”"\:;\ ;‘,-i. reciaton () / to limitations of time and labor. Chronosequence is advanta-
:' ¥ 4 SO L B geous for getting the measurements of varied stand ages in a
E?Eﬂigﬁ relatively short time, but it is often difficult to find continu-
0 - 0 ous series of stand ages in reality, and therefore a chronose-

I 700 - 800

guence can provide only a few points of time for the temporal
sequences (Méakipaa et al., 2012). Modeling is an effective
alternative or complement to repeated field surveys in study-
ing soil carbon change following disturbance (FAO (Food
and Agriculture Organization) report 2004; Oelbermann and
Voroney, 2011), but model parameterization and validation
Fig. 1. Location qf the si>_< site_s in this study and the ad_jacent long- gre indispensable of field measurements.
term meteorological stations in the Loess Plateau, China. In this study, we estimated the SOC stock and changes
following afforestation in the Loess Plateau by using the
Yasso07 model integrated with chronosequence field inves-
The Loess Plateau is the largest continuous area of loestigations. The central aim of this study was to examine the
in the world (about 70 % of global loess distribution) cover- temporal dynamics of SOC and factors controlling these dy-
ing an area of 640 000 kinlt was well-known for its severe namics after afforestation at site scale during 1980—2010.
soil erosion caused by long-term cultivation and destructionThe specific objectives were to (1) quantify SOC stock and
of natural vegetation in its long history (Fu, 1989; Shi and changes following afforestation at six sites with different cli-
Shao, 2000). Since the 1970s, a series of ecological restoranatic conditions, (2) examine the factors and processes that
tion projects have been implemented in the Loess Plateawaffected SOC dynamics and their differences among sites,
such as the soil-water conservation projects and the Graimnd (3) evaluate the performance of the Yasso07 model ap-
for Green (GfG) project. Soil erosion has decreased signif-plication in the Loess Plateau.
icantly after the implementation of these ecological restora-
tion projects (Fu et al., 2011). Currently, the main ecologi- .
cal problems in this area have turned from erosion control? Materials and methods
to ecosystem recovery and coordination between water ang
vegetation development, especially in the dry areas. Accuraté

estimates of carbon sequestration and prediction of their furhe gix study sites are located in the Shaanxi province, which
ture carbon fixation capacity (mitigation potential to climate i iy the central to southern part of the Loess Plateau (Fig. 1).

change) are among the most important aspects for evaluarye gojl types are loessial soils with low SOC and clay con-

tion of the ecological and social effects of these restorationtent and high water permeability. The annual mean temper-

projects. ature(T) ranges from 8.1 to 10%C for the six sites. The

Stand age and climate are two important factors closely re3 a1 precipitation #) is around 600 mm at sites 1 and 2

lated to the changes in soil carbon stock of forest ecosys'[er(\,\,etter sites in this study) and 450-500 mm at sites 3, 4, 5

(Peltoniemi et al., 2004). Soil carbon estimates may lead 10 &g g (drier sites in this study) (Fig. 2). More detailed site
large bias if stand age is considered as a static variable. HOWe ¢ rmation is summarized in Table 1.

ever, in-depth understanding of the temporal changes of SOC
and its controlling mechanisms with stand age is still lack-2.2  Sampling
ing (Adams et al., 2011). In the Loess Plateau, many studies
have quantified and evaluated SOC stock and the variatioThe field measurements were taken in July 2009 or 2010 by
caused by land use and cover change (Fu et al., 2010; Hansing the chronosequence approach. At each of the six sites,
et al., 2010; Liu et al., 2012), but most of them focused ona series of plots of different-aged black locuRbpinia pseu-
comparing SOC differences among various land use typesloacacig plantations, which was the main plantation type in
or its static spatial heterogeneity. In addition, since the aredhis region, were selected for vegetation and soil investiga-
of the Loess Plateau ranges over a precipitation gradient ofions (Table 1). We tried to select separated age classes and
200-800 mm (Fig. 1), the trans-regional comparison of soilkeep minimum differences in stand characteristics, includ-
carbon dynamics in different climate conditions also needsing slope position (upper position) and degree (slight grade).
further investigation for the wide range of afforestation at the The plot area was 20m 20 m. In each plot, the diameter
regional scale. at breast height (DBH), the number of trees, and the aver-
Typical methods for estimating soil carbon dynamics in- age tree height were measured (Table S1). Subplot 1 m from
clude repeated field surveys, paired sites, chronosequence (tre trunk of the standard trees (four trees in one plot) and
“space for time substitution”), and modeling. SOC estimateone or two subplots (1 m 1 m) in the forest gap(s) were
from direct measurement is most accurate but usually sufestablished, respectively. In each subplot, the soil samples

.1 Study sites
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Table 1. Description of site characteristic® — annual precipitation] — annual mean temperature, PET — potential evapotranspiration,
Amplitude — inter-annual temperature change, C:N ratio of soil total carbon to nitrogen. Soil property parameters are for soil depths 0—

20cm.
Site  Name of the P T P/PET Amplitude Bulk Clay  Soil No.
ID* closest (mm) 9C) (°C) density content C:N of
met-station (gcrd) (%) ratio plots
1 Tongchuan 604 9.8 0.62 13.3 1.14 271 277 8
2 Luochuan 598 10.6 0.63 13.2 1.20 349 135 7
3 Yan'an 519 10.2 0.52 14.4 1.17 16.1 36.4 8
4 Wugqi 454 8.1 0.51 14.7 1.22 19.3 37.2 4
5 Yan'an 519 10.2 0.52 14.4 1.08 n.a. n.a. 6
6 Yan'an 519 10.2 0.52 14.4 1.19 n.a. n.a. 4
* Land use history of the six study sites: for site 1 and 2, secondary forest developed on a fallow field abandoned in the 1860s due
to emigration (Zou et al., 2002); the land was reclaimed in the 1950s and afforested in the 1980s. For site 3, 4, 5, and 6, the land had
been cultivated for hundreds to thousands of years before afforestation in the 1970s.
Yan'an station Wugi station 2.3 Saoil ana|ySiS
12 1000
b liiHneedD _ _ _ _ _
10 '\¢j\ ~N 800 The fraction of SOC (SOg in a given soil depth was esti-
o W/ | leoo E mated by the potassium-dichromate oxidation method. The
=s VWA /?-\;f\.,"-'-\‘ \ o total amount of SOC (Mg C hd) above a given soil depth
] ‘ ‘ ‘ ‘ \ 0 (i.e., 20, 40, and 100cm in our analyses) was estimated as
sum of the products of SQCbulk density (g cm?®) and dif-
12 Luochuan station Tongehuan station 1000 ferent soil intervals above that depth. The fine roots (<2mm
A N /\/\[\[\/\r/\" w0 !n diamete_r) were ext_racted from the soil samples by wash-
SO F /\/\[\/\/\ Y v = ing. The biomass of fine root and forest floor vegetation was
e A'\Y FATAR T SN A S VA I AR W AAVAW (VR R VAN oo £ weighed after dried at 65C to constant. Bulk density was es-
8 1 400 timated as the ratio of dry soil mass at P@5to the volume
. ‘ ‘ ‘ ‘ 200 of cylindrical core. Soil texture was estimated with the laser

1980 1990 2000 2010 1980 1990 2000 2010

Year Year

Fig. 2. The variations of annual mean temperatufg &nd precip-
itation (P) at the four meteorological stations from 1980 to 2010.
The dotted lines are linear trends fBiin red andP in blue, respec-
tively. The trends are all significant far except for the Tongchuan
station and insignificant foP for all the stations g < 0.05).

particle size analyzer (Mastersizer 2000, Marlven, Ltd. UK).
Total soil carbon (TC) and total nitrogen (TN) were analyzed
by the dry combustion method with a Vario EL Element An-
alyzer.

2.4 Model structure

Yasso07 is a dynamic soil carbon model developed from its
earlier version, Yasso (Liski et al., 2005). The model consists

were taken from the mineral soil layers at the intervals 0-5,°f five decomposition components and two litter components
5-10, 10-20, 20-30, 30—40, 40-60, 60—80, and 80—100 crRf Woody and non-woody litters (Fig. 3). It is assumed that
along the soil vertical profile using cylindrical cores, with (1) litters consist of four compound groups, including sol-
four replicates for each soil layer (Chang et al., 2012a, b).uble in ethanol (E) or water (W), hydrolyzable in acid (A),
The biomass of forest floor vegetation was harvested for eacRNd neither soluble nor hydrolyzable (N); (2) decomposition

subpilot.

rate of the non-woody litter is determined by climate and the

At each site, a cropland plot adjacent to the plantationcarbon fractions (EWAN); (3) decomposition of woody litter

plots (dozens to hundreds of meters) was established. Thi§ determined by climate, EWAN composition as well as its
soil samples were taken at the same depth intervals as in tHhysical size; and (4) decomposition of the EWAN groups
plantation plots with four to five replicates for each depth. results in mass loss from the system, mass flows between the

The species of the croplands were wheat, soybean and mi@roups, and formation of more stable humus (Karhu et al.,
let, and had been planted in recent decades using the annu@®11; Tuomi et al., 2011). The model input includes litter

rotation method.

www.biogeosciences.net/10/7053/2013/

input (quantity and chemical quality of litter), climat® (

T and temperature amplitude), and standard deviations (SD)
of each variable. The model output includes SOC stock and
change as well as the probability densities. Information about

Biogeosciences, 10, 70&3-2013
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Fig. 3. Flow chart of Yasso07 model. The boxes represent carbon
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compartments and the arrows are carbon fluxes among compart
ments, into (litter input to the soil) or out of compartments ¢CO

release by decomposition).

Thum et al., 2011).

2.5 Model input data

Soil organic carbon dynamics following afforestation
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Fig. 4. The changes of total carbon biomass of the plantations with
stand age (including floor vegetation but excluding fine root) at the
the model parameterization and main equations can be foungf sites. Error bars are standard deviations.
in the literature (Peltoniemi et al., 2007; Karhu et al., 2011;

We chose four nearest stations for climate input to the model
(Fig. 1, Table 1). The initial litter input of each site was esti-

mated based on the annual crop yield (4000-5000 kd)ha

harvest index and crop water content (Fang et al., 2007).
It was assumed that the SOC level of the plantation in the
beginning of afforestation was the same as the correspond:

mass (Mg C ha')

ing cropland at each site. The annual carbon inputs were 3
estimated based on biomass estimation and turnover rates §
Biomass of stem, bark, branch, leaf, and coarse roots were £
estimated individually using specific empirical models with
DBH (Tian et al., 1997). The biomass of fine root and for-
est floor vegetation were directly measured from the field
samples. The estimated and measured biomass componen
were converted to carbon mass by multiplying by 0.5 and ex-
trapolated to stand scale by area conversion and multiplying
by the stand tree density. Due to the discontinuous age serig. 5. The changes of mean fine roots carbon biomass with plan-
guence of the plantations and the missing data for fine rootation age at different soil depths. The black symbols are samples
biomass at some plots, we assumed that the litter biomas&nd the red symbols are meaksis the regression slope. The co-
of each component and the total litter biomass changed |in&fficients of dgtermination of the linear .regressions Rfe> 0.9§ .
early from 1980 to 2010 (Figs. 4 and 5). Thus, the annual@t » < 0.05. Figures are not shown for sites 5 and 6 due to missing
litter biomass was estimated based on the linear regressio pta.
equation for each site. The changes of total biomass input to
different soil layers were dependent on the changes of fine

root biomass.

Biogeosciences, 10, 7053063 2013
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Fig. 6. Comparison of simulated and measured SOC stock in the 0—_ . ¢ simulated and d Kin th

20 cm soil depths following afforestation. The fisshxis represents Fig. 7. Com_;lz)z;rlsor:l ? ”S'mP ateﬁ an measurltle EO% st_oc In the

SOC stock. The secondaxis represents litter carbon biomass. 0-40cm soil depths ollowing & orestation. All other designations
are the same as those in Fig. 6.

2.6 Model simulations o ) ] )
estimations of the measured discontinuous-aged plantation

The model was operated for the soil depths 0—20cm, 0-Plots, the linear regression analysis was conducted to es-
40 c¢m, and 0—100 cm from 1975 to 2010 on an annual basigimate the annual biomass at each site. The general linear
In the model simulations, woodly litter and non-woody litter Mmodel (GLM) was used to examine the effects of climate fac-
were summed and used as input to the mode as two data lind@rs and litter input in explaining the interannual dynamics of
for each time step. When initializing the model, we assumedSOC changes after afforestation. Additionally, the Pearson
that the SOC was at steady state with the litter inputs from thecorrelation analysis was used to test the correlations between
crops. The model was run for five years before afforestatiorthe model residuals and soil property parameters and plan-
(i.e., 1975-1980), during which time the litter inputs were tation age to reveal the potential systematic deficiencies of
adjusted to make the simulated SOC equal to the measurelfle model. The statistical analyses were conducted using the
SOC values of the croplands. Statistical Analysis System, version 9 (SAS 9.0).

The SD values of turnover rates for each litter type were
obtained by the Monte Carlo method. Since the turnover rate
was highly varied and uncertain, we set the low and high3 Results
values to be 0.5 and 1.5 times the average values, respec-
tively (Zhai et al., 2002; Peltoniemi et al., 2004; Liski et al., 3.1 Measured SOC stock and dynamics
2006). The SD values for other litter components estimated
using the DBH-biomass functions were obtained by multi- The initial SOC stocks were significantly highgr at the wet-
plying the estimated litter mass by the coefficients of varia-ter (1 and 2) than the drier (3, 4, 5, and 6) sitps<0.01)
tion (0.2). The values of EWAN fractions were taken or cal- (Figs. 6-8). The means of the 0-20, 0-40, and 0-100 cm soil
culated based on the literature (Adamopoulos et al., 2005layers were respectively 16.7, 27.0, and 38.3 Mg C'hat

Jensen et al., 2005; Wang et al., 2011). the wetter sites, and 6.8, 10.9, and 16.1 Mg Chat the drier
sites. This may partly have resulted from the differences in
2.7 Statistical analysis both the climate and the land use history between the wetter

and drier sites (Table 1).
ANOVA and repeated measures ANOVA analyses were con- After afforestation, the SOC stocks were also significantly
ducted to test the differences in the initial SOC stocks andhigher at the wetter than the drier sites in each of the three
SOC changes since afforestation among sites, respectivelgoil layers {<0.01) (Figs. 6-8). The stock was a little
To predict the annual litter production based on the biomassmaller at site 1 than site 2»&0.05), but there were no

www.biogeosciences.net/10/7053/2013/ Biogeosciences, 10, 7&3-2013
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Fig. 8. Comparison of simulated and measured SOC stock in the o | sies
0-100 cm soil depths following afforestation. Figures are not shown
for sites 5 and 6 due to missing SOC data for 60—100 cm soil depths. —~ v

All other designations are the same as those in Fig. 6.

significant differences between the drier sites 3, 4, 5, and

6 (p>0.05). The variance estimates of the site-time inter-

action indicated that the changes in SOC were site specific

over time (p <0.002). Fig. 9. Simulated annual SOC change over time since afforestation
The measured mean SOC decreased at the wetter sit@the six study sites.

and remained more or less the same at the drier sites dur-

ing the first few years after afforestation (Figs. 6-8). There-

after, SOC increased gradually except for the drop-off pointsmained as carbon sources for a longer time after afforestation

at sites 4 and 5 at the age of 30 yr. The SOC stock was highethan the soils of the drier sites.

than before afforestation at each site at the time of taking the In addition to these basic patterns, the simulated changes

last measurements. in SOC were highly variable from year to year (Fig. 9). The
According to the linear trends fitted to the measurementsannual mear?” and annualP accounted for 26—67 %, 19—

from 1980 to 2010, the overall rate of SOC accumulation65 %, 16-57 % varianceg & 0.05) of annual SOC changes

was 0.54, 0.30, 0.39, 0.21, 0.16, and 0.29MgCha—1in  in the 0-20 cm, 20—40 cm, and 40—100 cm soil depths at the

the 0-20cm soil layer of sites 1 to 6, respectively. In the six sites, respectively. By including annuBl P, and litter

0—40cm soil layer, it was 0.79, 0.36, 0.57, 0.17, 0.23, andinputs, the efficiency of the GLM models was improved, ex-

0.55Mg C halyr—1. The relative rates of carbon accumula- plaining 88—-96, 48—86 and 57—74 % of variatiops<(0.002)

tion (i.e., linear trend divided by the initial valuaSOC %)  in annual SOC changes for 0-20, 20—40 and 40—-100 cm soil

were 1.58-6.22 % yrlin the 0-20cm soil layer and 1.62— depths for the six sites, respectively, noting that annual litter

5.15%yr ! in the 0-40cm layer. The relative rates were input was correlated with climate variability. The variations

higher at the drier than the wetter sites. The rate for 0-100 cnof SOC changes were more accounted for by litter input and

1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010

Year Year

was not calculated because of too few samples. climate in the upper soil depths, suggesting that some other
factors may affect the SOC dynamics in deeper soil depths.
3.2 Modeled SOC stock and dynamics In addition, different soil depths have varied contributions to

the annual SOC changes in the 0—100 cm soil depths at all of
The simulations produced the same basic characteristics ahe six sites, where SOC changes in the 0-20 cm soil depths
SOC dynamics as the measurements. Notably, the simulateslere the major causes (Fig. 9).
SOC decreased during the first few years after afforestation
at all the sites, although the magnitude of the decreases wei@3 The model performance
smaller at the drier sites (Figs. 6-8). The SOC reached its
minimum value 3 to 8 yr after afforestation. After this, it re- The modeled SOC stocks agreed generally well with the
covered to the original levels and increased until the end ofmeasurements of the different soil layers and study sites. The
the simulations. The soils were thus releasing carbon for theneasured SOC means fell mostly within the upper and lower
first 3 to 8 yr after afforestation and gaining carbon thereafterd5 % confidence levels (Figs. 6—8). The model tended to un-
(Fig. 9). The soils of the wetter sites lost more carbon and re-derestimate the SOC stock at early ages for the wetter sites

Biogeosciences, 10, 7053063 2013 www.biogeosciences.net/10/7053/2013/
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0-20 cm 0-40 cm 0-100 cm 4 Discussion
30 — - 30 - - - 20 .
= sl e | .. . 4.1 Soil carbon dynamics following afforestation
10 | s o leon o oo 10 —.°: o
0 ,..:- $ -.' w0 &) . s ol ) . This study estimated the SOC stocks and changes following
o 'w e 0y o '3;) P —— black locust afforestation of former arable lands at six sites
Age Age Age in the Loess Plateau. The results showed that the SOC gener-
* ol ol . ally decreased in the first few years, recovered to the original
N 10 | ., . levels and then continued to increase, furthering growth of
* Ve .| o} o ® ol the plantation during 1980-2010. The time of source-to-sink
: ‘f‘-'.,.'- . ;Z I . o transition (3—8 yr) and SOC recovery (10-15yr) were com-
00 05 o 15 20 00 05 fo 15 20 00 05 o 15 20 parable to other studies of SOC dynam|c§ after afforestation
%0 %0 2 (Paul et al., 2002; Peoplau et al., 2011; Li et al., 2012).
T 20 o ° A decrease of SOC in the first few years following af-
2w ., ° : M RN forestation has been frequently observed and attributed to de-
g ol % e _12 ® ege? 2 | o o creased litter inputs and increased decomposition rates com-
8 e o 1 ° pared to those prior to afforestation (Paul et al., 2002; La-
o ® e @ @ 0 2 M 0 @ 0 2 0 0 ganiere, Angers and Pare, 2010; Karhu et al., 2011). In some
20 20 20 studies where the initial soil carbon stock was very low (2—
20 s bl ’ . 3kgCni?2 at 0-10cm soil depths), SOC was found to lin-
1 o . 12 I T oF . early increase with time after afforestation (Foote and Gro-
o PER R AU : ol ° gan, 2010). In our study, the decreases of SOC in the first
10 LI -0 few years after afforestation were not detected and could be
O et " oo " Coadmens linearly fitted with time based on the field measurements at
® o o o[ the drier sites. This may be related to the low initial SOC
“ A . .t of stocks of the croplands at the drier sites1(6 kg C nT2 at
1 e ? . * eee | T * °..'. 0—20 cm). Itis also possible that the detailed changes of SOC
0 ’}5"‘ 10 '-. A ol R were concealed by the relatively large age observation in-
1000 02 04 06 ;8 1.0 -200.0 02 04 (:6 08 1.0 4000 0.‘2 0.‘4 O.‘G 0.‘8 1.0 tervals between the plantatlons' |n thls aspeCt’ the mOdel-
PETP PETP PETP ing may be advantageous in capturing small SOC changes

at finer temporal scale.
Fig. 10.Correlations of model residuals (modeled-measured mean) The larger SOC decreases at the wetter than the drier sites
with plantation age, soil TN, soil C:N ratio, clay content, and iy the first a few years may be because the larger initial
P_ET_/_P in three soil depth ranges. Star indicates the correlation issyc stock and higher soil water availability caused more
significant (» <0.05). intensive biotic activities and higher soil carbon decompo-
sition rates under disturbances at the wetter sites (Jandl et

and overestimate the SOC stock at late ages for the drier siteé‘.l" 2007), such as land preparation and planting. This indi-

The model residuals (modeled-measured means) of 0-20 ancaated that decrease of soil disturbance could help to reduce

0-40 cm soil layers over the six sites increased with planta_carbon release in afforestation. Nevertheless, the vegetation

tion age, suggesting that the model overall overestimated thQas accumulated carbon on average 10.75 at the wetter sites

1 . . .
SOC stocks at older ages (Fig. 10). These discrepancies bg_nd 8.56Mg Cha" at the drier sites at age of 8yr, which

tween the modeled and measured SOC indicate that there af:éympensatedlt_he losses of carbon from the soils (4.59 and
deficiencies or uncertainties in the methods and/or measur<:_*3‘03 Mg Cha* in the upper 40 cm).
ments.

The results of the residual analyses showed that the resi
uals had no significant correlations with TN, C: N ratio or

clay content. However, the residuals were negatively corre-@nd use conversions from cropland to tree plantations are
lated with P / PET ratios (an index of soil moisture) and these 9enerally regarded as the most efficient aggrading systems

trends were statistically significant in the 0-20 and 0—40 cm[©" SOl carbon sequestration (Stockman et al., 2011), al-

sail layers (Fig. 10), suggesting that the modeling approacﬁhoughthere are algo findings of negati_ve orno effects (Davis
tended to underestimate SOC in wetter soil water conditions€t - 2007; Laganiere et al., 2010; Wiesmeier et al., 2012).
These contrasting findings may be related to different cli-
mates, timescales (i.e., year after afforestation), site distur-
bances, and/or initial SOC stock among the studies (Smal

and Olszewska, 2008). In this study, the measured relative

f2 Rate of SOC change
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rates of carbon accumulation during the study period (i.e.4.4 Model performance
30yr) ranged from 1.58 to 6.22 %yt in the upper 20 cm,
and 1.62to 5.15 % yr in the upper 40 cm of soil. These val- The simulations reproduced the basic characteristics of SOC
ues are higher on average than the findings of a meta-studglynamics as the measurement. This suggested that the quan-
of 1.22+ 1% yr ! at soil depths of 3& 6 cm for cropland-  tity and quality of litter input to the soil and the climatic fac-
converted plantations in the first 20 yr (Peoplau et al., 2011)tors accounted for in the simulations were major causes for
Our results suggest that black locust is relatively efficient inthe temporal changes in SOC after afforestation and the dif-
soil carbon sequestration in our study region, which could beferences among the sites. Some studies have found that soil
partly explained by the N fixation ability of the mycorrhizae N and clay content can greatly influence SOC alteration after
in its roots (Geesing et al., 2000). land use change (Chapin et al., 2009). However, we did not
High precipitation and soil clay content are usually favor- find significant correlations between soil N or clay content
able for soil carbon accumulation (Laganiere et al., 2010).and the model residuals. This may be because black locust is
Our results do not support this conclusion as the relative aca N-fixing species and N was not the primary limiting fac-
cumulation ratesASOC %) were a little lower at the wet- tor to soil carbon sequestration in our study region. Soil clay
ter than the drier sites. This may be partly caused by thecontent may be important for SOC stabilization at the cen-
relatively lower rates of fine root litter input to the soil at tury timescale (Torn et al., 1997; Karhu et al., 2011), but its
the wetter sites (Fig. 5). The relationships between fine rooeffect could be negligible in a shorter time period.
biomass, water availability and fertility were not consistent  Soil water availability is another factor that influences soil
among species and sites as both positive and negative rel@arbon stabilization but not included in Yasso07. Although
tions have been reported (Chang et al., 2012b). The negativprecipitation was included in the model, the model sensitivi-
relationship we found here could be a strategy of the specieties may not follow the same patterns when changed by pre-
to adapt to the environment. That is to say, the trees tried taipitation and soil water (Rantakari et al., 2012). As indicated
get access to more water and nutrients by growing more findy Hakkinen et al. (2011), the sensitivity of predicted SOC
roots at the drier sites. The effects of fine root dynamics onannual changes by Yasso07 may be too high in response to
the changes of SOC needs further studies in the future as it iprecipitation. Also, the effects of soil moisture on SOC dy-

a critical contributor to total litter input of soil. namics remain large uncertainties in the model (Rantakari
et al., 2012). Soil water decrease following afforestation has
4.3 Interannual variability in soil carbon change been widely reported in the Loess Plateau due to high evap-

otranspiration of the plantations exceeding regional rainfall
The annual changes of SOC showed high interannual vari{He et al., 2003; Li et al., 2008). The significant correlations
ability in addition to the general increasing trends following betweenP / PET ratio with model residuals in 0—20 and 0—
afforestation. This variability has not been examined in our40cm soil depths suggested that soil water availability was
study region because the annual estimates of SOC have nanh important factor for SOC sequestration in the upper 40 cm
been obtained from previous field inventories. The planta-soil. The drop-off points of SOC measurements at older ages
tions were free from human activities at our study sites dur-at the drier sites may be partially accounted for by the de-
ing 1980-2010; therefore, the SOC dynamics were mainlycreased ecosystem productivity due to water limitation (Ea-
affected by the variability in climate, litter productions of the mus, 2003). In depth exploration of SOC changes with soil
plantations as well as their interactions (87.18-96.0 % in O-water dynamics and model validation will need longer-term
20 cm), wherein annudal” and P contributed 25.7-66.6 %. in situ soil carbon monitoring and soil water measurements
It is worthy to note that the climate regulates the annualin further studies.
variability of litter productivity and decomposition simulta-
neously. The interactions between climatic factors and lit-4.5 Uncertainties of the study
ter could contribute large fractions of variability in annual
SOC changes. Warmer temperature and higher precipitatiomhe major uncertainties of the study include four aspects.
can increase biomass production and decomposition rate &irst, the use of SOC in croplands measured in recent years
the same time. The trend of carbon accumulation in the soi(2009 or 2010) as the initial soil carbon stock may have
results from all of the combined factors, such as the gen-caused errors because it could have changed since the time of
eral increasing trend of litter production and the changingsampling compared to that of 1980 (Yu et al., 2012). Second,
climate in the study period (Figs. 2, 4, 5). In addition, the the litter input estimates and turnover rates are another source
weaker explanation of annual SOC changes by climate an@f uncertainties of the modeling. The variations in tree DBH
litter in deeper soil depths indicates that some other processemnd turnover rates of varied biomass components were con-
may affect the SOC dynamics, e.g. the redistribution of SOCsidered in the calculation of confidence limits of the model
along the soil profile by eluviation due to intense rainfall in by including the standard deviations of the input parameters.
summertime and high water permeability of the loess soil inHowever, some uncertainties are rooted in the biomass allo-
the study region. cation models as well as the assumption of linear correlation
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