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Abstract. Plant litter stocks are critical, regionally for their Instead of constraining model parameters using values from
role in fueling fire regimes and controlling soil fertility, and a few publications, a novel approach aggregates plant traits
globally through their feedback to atmospheric£gnd cli-  from the species level to the PFT level using trait databases
mate. Here we employ two global databases linking plant(Kattge et al., 2009).

functional types to decomposition rates of wood and leaf lit- Models of the terrestrial carbon cycle are composed of
ter (Cornwell et al., 2008; Weedon et al., 2009) to improve a part related to the functioning of living plants and a part
future projections of climate and carbon cycle using an inter-describing the decomposition of plant litter and soil organic
mediate complexity Earth System model. Implementing sep-matter. While the former processes are quantified relatively
arate wood and leaf litter decomposabilities and their temperwell (Denman et al., 2007), the decomposition processes are
ature sensitivities for a range of plant functional types yieldedmuch less constrained by observations, essentially because
a more realistic distribution of litter stocks in all present of the long time scales involved and the limited applicability
biomes with the exception of boreal forests and projects aof remote sensing data. In particular, litter decomposition is
strong increase in global litter stocks by 35 GtC and a con-poorly quantified in ecosystem models used at a global scale
comitant small decrease in atmospheric 8y 3ppm by  (Cornwell et al., 2009) although it is an important integrative
the end of this century. Despite a relatively strong increasepart of the carbon cycle. Besides, litter serves as a fire fuel
in litter stocks, the modified parameterization results in lessand is therefore a central part of the fire disturbance process
elevated wildfire emissions because of a litter redistributionwhich drives ecosystem changes. Moreover, decomposition,
towards more humid regions. especially of leaf litter, is a key component of nutrient (ni-
trogen, N, and phosphorus, P) cycling in ecosystems. The
nutrient feedback of litter and soil decomposition to plant
productivity has long been neglected in most Earth System
models used for future carbon cycle projections (Denman

Extensive ground-based measurements of plant biochenft al., 2007), although there are recent advances both for N
istry, physiology, and ecology have led to a much better(Churkina et al., 2009; Gerber et al., 2010; Sokolov et al.,
quantification of ecosystem processes during the last decade€908; Thornton et al., 2007; Zaehle et al., 2010) and P cy-
(Hassan et al., 2005). Recent assimilation of many thouLling (Wang et al., 2010). The litter de_composmon is driven
sands of measurements of species traits in global databas88't only by the nutrient content of the litter, but also by other
(Wright et al., 2004; Kattge, 2011a) opens a new perspectivéhemical components such as lignin (Parton etal., 1993), and
to specify plant parameters used in ecosystem models whicgccounting for_ litter quality is an essential further step in the
predominantly operate at the level of large-scale plant unitdlobal vegetation models.

such as plant functional types (PFTs) (Cramer et al., 2001).

1 Introduction
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Here, we demonstrate the critical consequences of acwere highly significantly related theas (P < 0.001; analy-
counting for PFT-specific variation in litter decomposition sis based on a general linear model with lignin and nitrogen,
parameters, compiled in global trait databases, upon littewhile using site as a random factof-values were 55.7 and
stocks and fire disturbance using the Lund-Potsdam-Jen&16.2 for nitrogen and lignin, respectively. The effects of the
(LPJ) dynamic global vegetation model (DGVM) (Gerten et litter traits on litterkjeas Were thus strong and standard errors
al., 2004, Sitch et al., 2003), complemented by a diagnostiof the regression coefficients were small (0.045 for log-lignin
representation of N and P stocks. and 0.056 for logN, respectively).

Subsequently, we used litter with known litter quality that
had been incubated at the reference conditions (“reference
2 Methods litter”) to scalekear-values to true unbiased field level de-
composition rategieas at reference conditionjeario  For
In the Sects. 2.1 and 2.2, we present methodology of obtainthis reference litter, we took data from those sites in our
ing litter decomposition rates from the global trait databasesdatabase that had a mean annual temperature (mat) between 8
In Sect. 2.3, we present the modelling tool, CLIMBER2-LPJ, and 12C, which had not been obviously constrained by low
a way of implementing the information from trait databases, precipitation and in which incubation conditions strongly re-

and a setup of numerical experiments with this model. sembled that of litter in situ. These studies included tem-
perate rainforest in New Zealand, temperate forest in Poland
2.1 PFT-dependent leaf litter decomposition and temperate peatland and woodlands in The Netherlands.

The Grand Mean of leaf littéeas10 across these studies, af-
Leaf litter decomposition is commonly quantified either by ter accounting for the dependence on lignin and nitrogen as
direct field incubations or through “common garden” exper- described above and measured for the reference litter, was
iments. The latter procedure, in which litter samples of mul-taken to represent reference litter decomposition at mat of
tiple species are all incubated simultaneously outdoors imge°cC.
a rather natural litter matrix, has as advantage that the de- Finally, we combined both steps of our analysis into
cqmposability of glifferent spgcies_ can bg compared direcFIyEq_ (1) to estimatdel‘;f;fm the PFT-dependent decomposition
without confounding factors like differential access by detri- ,5tes of |eaf litter at a reference temperature of@0
tivores or differences in microhabitat. Relative differences in
decomposition rate of leaf littekiear, can thus be estimated 1o ot _ 10 ref a-log(ligP™") + b - 1%log(NP™)
in a robust, unbiased manner. A disadvantage of the use of OGKiea10="10GKieaf10 -10j0qa(lig™" + 5 . 10 e @
a-Vlog(lig™®) + b - 2log(N'eT)
common gardens experiments is that the absdlgie may
slightly deviate fromkieas at field conditions. Therefore, we ~ Parametera = —0.350 andh = 0.417 refer to the regres-
applied an approach combining the advantages of both mettsion coefficients, as analysed above, identifying the impacts
ods: we compiled common garden experiments (Cornwell eof lignin and litter nitrogen orkiear. Index ref refers to the
al., 2008) that had incubategb species (and-20 speciesin  reference litter and Ii§7 and N¢f are arithmetic means across
a subset of 14 studies) simultaneously to quantify the effectseference litters in the ART-DECO database. To apply Eq. (1)
of litter quality on decomposability. The duration of the in- in this study, we derived I)f and N as arithmetic means
cubation varied from 30 to 1700 days. In a second step, wef litter chemistry per PFT in the ART-DECO database (Ta-
used litter with known litter quality and unbiaskdasatref-  ble 1). The assignment of species to PFTs was based on
erence conditions to scaltgas for each litter quality to atrue  botanical information on leaf habit, life-form and the biome
unbiased estimate @f.4f at reference conditions. of origin according to the definitions in LPJ. The resultant
We applied litter lignin (lig, in %) and nitrogen con- kﬁ’ef;flovalues (as applied in Sect. 2.3) are provided in Table 1.
tents (N, in %) as measures of litter quality, based on their To cross-validate oukieas €Stimates, we calculatéghas at
strong correlations with decay rates (Parton et al., 2007)the environmental conditions prevailing during the respective
While the protocols for lignin analysis varied in their de- incubations, using the LPJ formulation of leaf decomposition
tails across the studies from which data had been compiledjependence on temperature and moisture (see Sect. 2.3 and
they generally used a version of the “van Soest” methodFig. 1). Thekeas Values predicted this way explained 75 %
(Allen, 1989) which involves sequential acid-detergent di- of the variance in observed littéfeas values with remaining
gestion steps leaving lignin as the recalcitrant residue (ofvariance tentatively explained by non-accounted leaf chem-
ten with a separate correction for silica content through ashical compounds such as tannins and soil macro-detritivores
ing in a furnace). We statistically tested the influence of (Hattenschwiler and Jorgensen, 2010). Although our leaf lit-
lignin and nitrogen contents on litter decomposition rates, uster database also included tannin contents, we did not include
ing the 542 species from 33 experiments on five continentgannins in Eq. (1) for three reasons: (1) tannins were less well
for which both lignin contents and nitrogen contents werecovered in our database, (2) the relation between tannins and
available in our ART-DECO dataset (Cornwell et al., 2008). kie5f (in particular, important in some tropical studies) was
This meta-analysis showed that both lignin and litter nitrogengenerally weaker than the relation between lignin aggt,
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Table 1. Litter decomposition parametels,at 10°C and litter temperature sensitivitie® {g) used in the WKQ simulatiofi.

pft

LPJ plant Leaf litter concentration, klﬁ’;; 10 Kpyoodqig  WWoody litter
functional type % yr yf—8 010"
ligPt NPft

Tropical broadleaved evergreen trees (TrBE) @5 0.95+0.03 0.93 0.039 2.75
Tropical broadleaved raingreen trees (TrBR) B3 1.63+0.13 1.17 0.039 2.75
Temperate needleleaved evergreen trees (TeNE) 24.8 0.730.06 0.70 0.041 1.97
Temperate broadleaved evergreen trees (TeBE) 200 0.86:0.03 0.86 0.104 1.37
Temperate broadleaved summergreen trees (TeBS) #1683 1.02-0.04 0.95 0.104 1.37
Boreal needleleaved trees (BoN) 254.1 0.96+0.18 0.76 0.041 1.97
Boreal broadleaved summergreen trees (BoBS) 22% 0.8%+0.06 0.94 0.104 1.37
Csz grass (H C3) 16.60.8 1.370.07 1.20 - -

C4 grass (H C4) 23.42.1 097+0.11 0.97 - -

* In the CTL simulation, decomposition rates for the leaf and woody litter &Cl@ere set uniformly to 0.3yrL. The sensitivity to temperature and soil moisture was defined
following parameterizations by Lloyd and Taylor (1994) and Foley (1995), respectively. In the W simutatigry andkyood10equalled 0.94 and 0.057y#, respectively, for all

PFTs.** Q4¢ represents the relative increase in decomposition upor? & ¥®mperature rise.
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2.2 PFT-dependent woody litter decomposition rates

PFT-dependent woody litter decomposition raiggog, are
based on the analysis of another trait database, Functional
Ecology of Trees (FET), developed by the Organismic Bio-
geochemistry Group at the Max-Planck-Institute for Biogeo-
chemistry in Jena (Weedon et al., 2009). FET contains 1511
data entries for values Gfyoog for 340 tree species from

66 plant families studied in 166 different locations across the
world extracted from a total of 99 publications. Studies re-

S porting wood decomposition rates and meeting the follow-
O ing criteria were considered: (1) decomposition rates were
100 15 calculated using observations on loss of mass, carbon, or
density, but not volume; (2) only values &f,00g from a
single-exponential decay model were used (i.e. no linear or
lag-time models etc.); (3) the time axis was derived either
from long-term observations or from chronosequences. Mass
balance estimates based on woody detritus mass divided by

Fig. 1. Correspondence between measufiggk (x-axis) versus pre- Input Were_ exc!uded; (4) only vyhole organs !nCIUdm_g bark
dictedkieas (y-axis) using Eq. (1) on a log-log scale. Predicteg¢ ~ Were studied (i.e. no wood ghlps gtc.). This requirement
values are calculated using lignin and N concentrations accountingvas relaxed for tropical studies to include the comprehen-
for decomposition dependence on temperature and soil moisture s&ve dataset from Usher and Ocloo (Usher and Ocloo, 1979)
parameterized in LPJ (Egs. 4-6). Acronyms for LPJ woody PFTswhere wooden planks had been used; (5) only wood pieces
are the same as in Table 1. The slope of predicted vs. measuregxceeding a diameter of 1 cm were considered.
values equals 1.08 0.025. Decomposition is an ecosystem-level process and depends
on the activity of the decomposer community, which is con-

trolled by abiotic factors (temperature, moisture, oxygen

and (3) lignin and N together have been most frequently usedy, 5ijapility) and biotic factors (substrate quality and litter ac-
to predict global patterns iheat (€.9. Parton etal., 2007) and  cesgibility). To be able to account for these factors and to

therefore using these parameters allows comparing our esti-

X . ; X . extract comparable decomposition rat\%godloto be used in
mates with the those derived in previous studies. LPJ after aggregation to the PFT-level, information on impor-

tant covariates was collected along with decomposition rates.
Mean annual temperature, mat, and annual precipitation sum,
ap, were included as climate data. Where available the val-
ues given in the publications were used. Otherwise data from

log (predicted decomposition k (yr-1))
[e]
Dt
8o
(o)

-1.50

150 100 050 0.0 050 1.00 1.50
log (measured decomposition k (yr-1))
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Climatic Research Unit for years 1960-1999 (New et al.,
1999) were used. The diameter of logs,was included as
covariate controlling both accessibility and quality, the latter
given that the fraction of chemically protected heartwood in- 2
creases with size. The position of a tree, pos, influences the
moisture content of the wood. Downed logs with soil contact
exhibit greater moisture contents than standing snags. Theg -3 1
assignment of PFTs was based on botanical information on 95’_
leaf habit, life-form and the biome of origin according to the -
LPJ definitions (Sitch et al., 2003). The seven woody PFTs § 4
in LPJ were aggregated to evergreen broadleaved trees, de ~
ciduous broadleaved trees and needle-leaved trees. This we 2 5
done to obtain more reliable estimates for the temperature —
sensitivity by increasing the temperature range covered by
the data points per group. -6 -
The abovementioned information was used to derive the

©
(O]
=
O

following general formulation of the statistical model: 8 6 4 2 0
_— log k.04 (Observed)
oo =kioazd Q30) " exp(Y_Af"e)) +efy @ q - - - i
pft Fig. 2. Observed (x-axis) versus predicted (y-axis) decomposition
! rates of coarse woody debris at the log-scale. Gteewergreen
wherei is a subscript for individual observation£ 1,...,n), ~ heedleleaved (boreal and temperate), red circldsciduous

pft is a subscript for the aggregated PFT (1, 2, or 3) for obserbroadleaved (boreal to tropical), blaglevergreen broadleaved

vationi, [ is a subscript for different covariates (ah,pos), (mgstly tropical). _The model controls for e_-ffects of'lo_g size, pre-
. cipitation, and soil contact. The large residual variation (and the

Kwooq 1S the observed value of decomposition rdtgé;qdlols low overall adjustedk? of 0.43) compared to litter decomposition
the value of decomposition rate of woody litter of given PFT 5 que to strong species-specific variation in decay preventing chem-

for the referenceﬁ 10C temperaturelrer (see dﬁta”ed defi-  jcal constituents and decomposer communities. Observed values
nition below), Q?o is the relative increase ik\?vood upon a  (n=1409) are from the FET database (Weedon et al., 2009).

temperature increase of 1Q for given PFTgiﬁis the resid- ) .
P of observed versus predicted decomposition rates of coarse

ft -
ual error component angf are parameters of the statistical \yoody debris of the empirical model is shown in Fig. 2 and
model. The three covariates used here are the annual pre- modelled sensitivity of coarse woody debris decomposition
cipitation sum ap (in mm), the initial diametér(in cm) and  rates to mean annual temperature is presented in Fig. 3.

a binary position indic;ator, pos, that take; a value of 1 when .o sets of PFT-specific paramete,#godlo and Qggt,
elevated and O for soil contact. The continuous covariates ap, . pft . . i
ere used in LPX, ois the baseline decomposition rate

andd were z-transformed [(value-mean)/SD]. Temperature]c . PET Wdoodl diti 1) where th |
was not transformed in order to be compatible with the stan-Or @ gven under conditions (1) where the mean annua

dard Qio-formulation. The data matrix was filled with the :err;goe?tureg (2 C)h's at ﬁ refergntce tet{'nperatuil‘gf (sfet
exception of the initial diametet (with 119 missing values 'I?h' f) ar: t(h) where al cova;la eslzlgm avalue o zl'ergi.
out or 1511) and the missing data were imputed within the is refers to the mean values of ap ( mm, 1.€. non fimit-

estimation algorithm ing conditions) and (10.2 cm) and the situation of a downed
After log-transformation on both sides, Eq. (2) yields

log in contact with the soil surface (pes0). Sensitivities to
covariates other than temperature, i.e.ﬁﬁ%, were not used

Ikl o= lnk\?vft;odlo'i_ln QEgX i +Zﬁzpﬁcf el (3) in LPJ. However, estlmatl'ng them was necessary in order to
P8 WoodE 2 Thet ; . ’ extract comparable baseline rates.
k* k* q* &

. . 2.3 Setup of model experiments
where ¢’ =N(preot|nk\’,vood),opﬁ), i.e. the errors are nor-

mally distributed around the predicted log-transformied  Similar to many DGVMs, the original formulation of the LPJ

value with the estimated Vafian@fﬂ for each PFT. Equa- decomposition module (Sitch et al., 2003) did not consider
tion (3) was analyzed with WinBUGS (Lunn et al., 2000) us- separating litter into leaf and woody components. The de-
ing only non-informative (*flat”) priors to avoid the introduc- composition ratek, a reciprocal to the mean residence time
tion of prior information into the estimation. The resultant of aboveground litter, was the same for all sources of litter

estimates of parametekS and ¢* were back-transformed (leaf, sapwood, and heartwood) and dependent on the soil
to their original units (see Table 1), which resulted in log- temperature and moisture as follows:

normal error distributions at the original scale. Comparison

Biogeosciences, 9, 56576, 2012 www.biogeosciences.net/9/565/2012/
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0.025 . their species representatives in litter databases for leaf litter
(Table 1, see Sects. 2.1 and 2.2 above). This step is noted as
K (for k by PFT based on trait databases). In the third step Q
(for Q10 parameterization), dependence of woody litter de-
composition on temperature was re-parameterized to account
for PFT-dependent temperature sensitivity ra@sof using
the FET dataset (Sect. 2.2) instead of the original LPJ param-
eterization where temperature dependence (Eq. 5) was the
same for all PFTs (Lloyd and Taylor, 1994). We did not vary
the Q10 for leaf litter given that PFT variation if 1o for leaf
litter seems small (Cornelissen et al., 2007) and given that
the effect of differentQ 19 values on the leaf litter storage is
negligible in comparison with th@1¢ effect on woody litter
- storage. In all these three steps, the dependence of woody lit-
0.000 - ter decomposition on soil moisture (Eg. 6) was not accounted
5 0 5 10 15 20 25 30 for (see details in the Sect. 3).

Here we present results from four 2000-yr pre-industrial
equilibrium LPJ simulations noted as CTL (original LPJ pa-
rameterization), W, WK, and WKQ (Table 4). The new PFT-
Fig. 3. Modelled sensitivity of coarse woody dgbris decomposition parameterizations were incorporated in LPJ (Gerten et al.,
rates (yr 1) to mean annual temperature (bold lines). The steepnes§004. Sitch et al., 2003), designed to represent land sur-
of the curvature indicates differences@ng. The 95 % confidence face ’processes at, a spat'ial resolution of &H.5. The

intervals (dash lines) are with respect to the mean predictions and dEPJ del simulat tural tation d . ithout
not contain the residual variation. Greemvergreen needleleaved, model simulates natural vegetation dynamics withou

red= deciduous broadleaved, blaelevergreen broadleaved. accounting for the anthropogenic land cover changes. Four
equilibrium simulations were performed to quantify effects

of the new parameterizations step-by-step (Table 4).
k=k10g(T) f(Sm), 4) The original formulation of LPJ has only one aboveground

litter pool. However, the model calculates fluxes going into
wherek1gis decomposition rate for the reference temperatureleaf and woody parts of the litter. Knowing these fluxes, we

0.020

0.015 -

0.010

0.005

Decomposition rate k.4 (yr?)

Mean annual Temperature (°C)

of 10°C and maximum soil moisture, allocated them into separated leaf and woody litter storages

1 1 and quantified these storages in the CTL simulation. Results

g(T)= exp[30856- ( — )} (5) of the diagnostic separation of woody litter storages are pre-
5602 T +46.02 sented in Table 2 and discussed in the Sect. 3.

is a temperature dependence following Lloyd and Tay- [N addition, two transient runs were done by coupling LPJ

lor (1994), and to the intermediate complexity climate model CLIMBER-2
(Petoukhov et al., 2000) containing a oceanic biogeochem-
f(Sm) =0.2540.755 (6) istry model (Brovkin et al., 2002). The atmospheric module

. ) of CLIMBER-2 operates at a coarse spatial resolution 6f 51
is a moisture dependence after Foley (1995). In Eqgs. (4—

6) th < tak h : : in longitudinal and 10in latitudinal direction. Monthly cli-
), the t_emperatur_@ IS ta_ en as the surface ar tempe_rature mate anomalies from CLIMBER-2 are passed to LPJ, where
and Sy, is the relative moisture of the upper soil layer in the

they are added to climate patterns based on the Climatic
model (0-50 cm). Théyo value equalled 0.3yr* for both Research Unit CRUTS climate data set (New et al., 2002).
leaf and woody litter (G.er'Fen etal., 2004). . The carbon flux between atmosphere and land surface is de-
Recent global compilations of ground-based observat|on§ermined from the annual change in the LPJ carbon pools,
of decomposition rates discussed in the Sect. 2.1-2.2 alénd employed in CLIMBER-2 to determine the £Gon-
lowed for a new parameterization of litter decomposition for .., -0 0 (Kleinen et al., 2010). In the transient simula-
the nine PFTs used in LPJ. Firstly, the leaf and woody lit- tigns, CLIMBER2-LPJ was driven by historical G@mis-

ter components were treated as separate pools and specifiggl ¢ tom 1751 to 2000 (Boden et al., 2010) and the SRES
for each PFT. This is important because woody (especiallys geenarip of fossil fuel and landuse emissions for the years

coarse detritus) decomposition is slower by an order of mag»q41_5109 as in the C4MIP simulations (Friedlingstein et

nitud_e than leaf decomposition. This step W (for woody a”dal_, 2006) starting from pre-industrial equilibrium at the year
leaf litter separated) uses averdggys o and kwood1o Values 1750 (Table 4)

from the trait databases (0.94 and 0.057Yfor the leaf and
woody litter, respectively) to replade. Secondly,k,‘,);;flo
and k\[/JvfctJodlo were specified for each PFT based on data for

www.biogeosciences.net/9/565/2012/ Biogeosciences, 9, 5652012
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Table 2. Summary of the Analysis of Variance (ANOVA) on the differences between woody litter stocks as represented in the FET dataset
(noted as Data) and according to model simulations CTL and WKQ (presented in the box-and-whisker plots in Fig. 2). For the model outputs,
only grid cells where the simulated fractional projection cover of the PFT in question was higher than 50 % were taken into account.

LPJ n (number of Mean litter stocks Standard deviation of F value,
PFT sites or grid cells) kg CTP litter stocks, kg Cm? ANOVA
Data CTL WKQ Data CTL WKQ Data CTL WKQ CTL WKQ

TrBE 40 5443 5394 0.84 0.32 0.84 0.67 0.14 0.38 482.8 0.0
TrBR 9 2430 2444 1.22 0.15 0.29 0.94 0.08 0.21 1080.0 178.2
TeNE 100 1214 1238 6.47 0.61 2.40 6.86 0.31 1.30 873.9 298.9
TeBE 13 822 679 6.26 0.39 0.94 6.74 0.20 0.43 637.1 370.2
TeBS 53 448 434 1.75 0.60 1.25 239 024 0.44 97.0 11.5
BoN 68 9049 9051 235 1.58 4.32 271 0.64 1.87 86.0 76.4
BoBS 8 3662 3626 0.84 0.92 0.80 1.07 0.27 0.27 0.8 0.13

* The ANOVA used quantifies the difference between two independent datasets: observed data from the FET dataset and results of either CTL or WKQ simulations. The difference
between observed data and either model was always statistically significanipat the5 level (except of the TrBE PFT for the WKQ simulation) due to the very high number of
observations. Although the differences may be statistically different, they might not represent biologically relevant differences. Therefoedudise representing the variance

explained by differences among dataset over the residual variance, was used to compare model outpuialuEsdor the WKQ experiment were always lower than for the CTL
experiment implying that the WKQ results were closer to the observed data than the CTL results.

3 Results

The original LPJ parameterization (CTL) results in the
largest litter stocks in the boreal and tundra regions of the ™|
Northern Hemisphere (Fig. 4, top). The litter stocks in the
polar tundra region are overestimated, in particular in north- s
eastern Siberia, where observations (Bazilevich, 1993) repoi
litter stocks of 0.3—1 kg C r? while the model simulates 4to
8kg C nT2. At the same time, comparison with observation-
based estimates for woody litter stocks (Table 2) reveals tha wsh
woody litter is underestimated in all other regions and in-
creasingly so towards tropical regions (Fig. 5), in particular
because of unrealistically highyooq Values. This cumulates
in a global litter amount of 184 Gt C which is beyond or at e}
the upper range of estimates of litter stocks based on ob [
servations (68—97 Gt C) or models (47-196 Gt C) (Matthews, an-
1997), respectively. Accounting for the omission of an-
thropogenic deforestation in the model simulations, the total
global CTL litter stock estimate is plausible, but ground ob-
servations demonstrate clearly that the original CTL param- .\
eterization shifts the litter stocks erroneously from forested WKQ

80°s

temperate regions towards the tundra region. w’s h:c“’"w’_ﬁs‘/ﬂ , J

In the WKQ simulation, the global total amount of litter  see‘w 120°w S0’ o e 120 Ry
(191 GtC) is very similar to the results of the CTL simula- 01—2 s . : H
tion. However, the spatial patterns of litter distribution are kgClm?

distinct from the CTL simulation as the largest litter stocks

are located in the boreal forest zone while the polar regiorFig. 4.  Distribution of total litter stocks (kgCmé) in the

has much less litter (Fig. 4, bottom). The litter stock in CTL (top) and WKQ (bottom) simulations. See Table 4 and
the tropical regions increases. When comparing to empiri-Sect. 2.3 for the simulation setup. Effects of anthropogenic changes
cal woody litter stock data, the WKQ results are closer toin land cover on vegetation distribution and carbon stocks were not
the observations (Fig. 5). The model slightly underestimategccounted for.

the litter stocks in all regions except in the boreal needle-

leaved forests where the woody litter stocks are at the high

end. At the northern boundary of boreal forests, the model

Biogeosciences, 9, 565%6, 2012 www.biogeosciences.net/9/565/2012/
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Fig. 5. Woody litter stocks (kg C m2, natural logarithm scale) sim- s W

ulated in the CTL and WKQ simulations compared to the Func- .., e o K
tional Ecology of Trees (FET) trait database aggregated to 7 woody ‘

Plant functional types (PFTs), see Table 1 for the PFT acronyms, ¢ 1 2 3 4 5
Table 2 for statistical analysis, and Table 4 for the simulation setup. kgC/m?

For representing the model outputs, only grid cells where the simu-

lated fractional projection cover of the PFT in question was higher Fig. 6. Distribution of total litter stocks (kg C ) in the W (top)
than 50 % were taken into account to allow adequate comparisor@nd WK (bottom) simulations. See Table 4 and text for the sim-

with the observations. In the CTL experiment, woody and leaf litter ulation setup. Effects of anthropogenic changes in land cover on
stocks were calculated separately for comparison. vegetation distribution and carbon stocks were not accounted for.

overestimates the living biomass stocks by a factor of two, inand 0.057 yr? for the leaf and woody litter at 1GC, respec-
particular because of the absence of a permafrost parametettively). Accounting for the PFT-dependent decomposition
zation which otherwise would limit tree growth substantially, constants in the WK simulation completely removes the litter
and this is reflected in the high litter stocks (overestimated bystock bias in north-eastern Siberia, and the PFT-dependent
ca. 80 %, see Table 2). This calls for improvement in mod- Q10 values in the WKQ simulation decreases litter stocks
elling the biomass distribution in high northern latitudes, asin tropical regions towards more realistic values, where the
discussed above. Despite this bias, the new parameterizatigielatively higher sensitivity to temperatur@{p = 2.75, Ta-
of the litter decomposition leads to a much improved world- ble 1) partly reflects the greater contribution of xylophageous
wide distribution of litter stocks. The statistical analysis of insects, especially termites, to wood turnover in warmer
woody litter data reveals a significant underestimation of lit- biomes (Cornwell et al., 2009) (see Sect. 2.2 and Fig. 3 for
ter stocks in all regions in the CTL simulation while the data more details on the procedure for constrain@g). The W,
and model results of the WKQ simulation are in much closerWK, and WKQ simulations excluded the modulation by soil
agreement (Table 2). The ANOVAK value is less for the moisture on litter decomposition (Foley, 1995; Sitch et al.,
WKQ simulation than for the CTL simulation for all PFTs, 2003). Higher moisture can promote the decomposition of
including boreal needleleaved trees. The global flux of leafsoil organic matter and leaf litter, but for woody litter the con-
litter in the WKQ simulation (19.9 Gt Cyi) is almost dou-  tact with soil moisture is much less and excess moisture may
ble the woody litter flux (11.0 Gt C yr). Despite the smaller even reduce decomposition, especially in the tropics (Torres
input flux, the woody litter dominates in total litter stocks (ca. and Gonzalez, 2005).
75 %) because its decomposition rate is slower by an order of Using the ART-DECO (Cornwell et al., 2008) and FET
magnitude than the decomposition rate of the leaf litter (Ta-databases (Weedon et al., 2009), we assigned N and P con-
ble 1). tents to the leaf and woody litter of each PFT (Table 3). In the
Results from the W simulation suggest that the main im-CTL simulation, the global litter stock holds 2.7 and 0.17 Pg
provement in the global distribution of litter is due to sepa- of N and P, respectively. Despite higher litter stocks, the
ration of litter into leaf and woody components (Fig. 6). The WKQ simulation keeps much less nutrients in litter pools
bias in the polar tundra region is partly removed. The W sim-(1.5 PgN and 0.09 PgP), because the bulk of the stock con-
ulation use& —values averaged from the trait databases (0.94sists of nutrient-poor woody litter. Smaller nutrient litter
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Table 3. N and P content of litter used to diagnose leaf litter nutrient stocks following ART-DECO dataset (Cornwell et al., 2008).

LPJ Plant Functional Type C:N(g:g) C:P(g:9)
tropical broadleaved evergreen tree 55.9 1665
tropical broadleaved raingreen tree 294 781
temperate needleleaved evergreen tree 63.8 1075
temperate broadleaved evergreen tree 72.8 1721
temperate broadleaved summergreen tree 46.4 627
boreal needleleaved tree 68.4 940
boreal broadleaved summergreen tree 65.5 1055
C3 perennial grass 47.6 657
Cy4 perennial grass 54.1 1956

For woody litter, C:N and C:P ratios were taken as 156 and 2340 for broadleaved, and as 454 and 6474 for needleaved trees, respectively, based on results by Weedon et al. (2009)

content could reduce nutrient supply during the growing sea4 Discussion and conclusions
son and may lead to a progressive nutrient limitation under
elevated C@ concentrations (Luo et al., 2004), stressing the Earth System Models are extremely simple in representing
importance of further analysis using a model that includesplant functional diversity in general, but particularly when
interactive N and P cycles. it concerns plant effects on its environment. In most, if not
To test the consequences of this improved litter parameall, models variation in responses of plant traits and their af-
terization for atmospheric CQconcentration and climate in terlife effects on litter quality are neglected. Our study thus
the future, we used an Earth System model of intermediate@epresents one of the first attempts to incorporate variation in
complexity, CLIMBER2-LPJ (Kleinen et al., 2010), in simu- these trait responses. We acknowledge that many improve-
lations with a representative climate scenario, SRES A2 (seenents can still be made, but it is also important to acknowl-
Methods). In response to fossil fuel emissions and climateadge the principal step forward taken by our approach given
change, the atmospheric G@oncentration increases during the biological simplicity of current generation of Earth Sys-
the entire 21st century by 380 ppm and 377 ppm in the CTL-tem models.
T and WKQ-T simulations (T for transient), respectively (Ta-  The litter decomposition rates vary within PFTs. As far as
ble 5). Lower CQ concentration in the WKQ-T experiment that variation is due to prevailing environmental conditions,
is explained by a 31 Gt C higher total litter stock accumula- our model accounts for it, thus capturing a major fraction
tion counteracted by a decrease of 24 Gt C in biomass stocksf the variability in decomposition within PFTs. We cannot
While the global increase of litter stocks at the end of theaccount for differences in litter quality within PFTs in a given
21st century is rather similar for both experiments, the geo-environment because ESMs do not calculate the necessary
graphical patterns of these changes are different. The CTL-Traits that are known to determiigas or kwoog vValues. Only
simulation results in a rather homogeneous increase in litterecently did ESMs start to simulate leaf nitrogen contents, an
stocks in the tropics and subtropics and elevated litter agimportant driver ofkjeas, but no ESM accounts for lignins,
gregation in the polar region. The WKQ parameterization phenolics, tannins or any other key chemical determinant of
predominantly leads to greater carbon storage at the southlitter quality, let alone allowing these characteristics to vary
ern boundary of boreal forests. Both CTL-T and WKQ-T within PFTs. However, given that we estimateghs values
simulations show a strong increase by 50 % in wildfire emis-based on global relations betweggys and litter N and lignin
sions during the 21st century (Table 5). The fire-prone aregexplaining a large percentage of the variationkigy, see
increases mostly in subtropical dryland areas following ele-Fig. 1), our approach can easily be extended to include the
vated litter stocks due to a GQertilization effect and woody  variation inkieas Within PFTs as soon as estimates on global
encroachment. Despite a relatively stronger increase in litvariations in litter traits become available.
ter stocks, the WKQ-T simulation has slightly lower wildfire  The data that we used to derive thgss values reported
carbon emissions (Table 5), because of litter redistributionin Table 1 currently represent the largest global databases in
towards more humid regions. While litter storage is an im- their kind, derived from studies that measured leaf litigy.
portant parameter which can limit or promote a fire by con- Extracting generic and representative PFT-specific parame-
trolling fire spread rates (Thonicke et al., 2010; Rothermel,ter values from a heterogeneous dataset of world-wide ob-
1972), other factors, such as humidity, contribute to the comservations required a sophisticated pre-processing. In order
plex fire behaviour as well. to extract PFT-specific estimates of baseline decomposition
rates and temperature sensitivities, a wide range of chemical,
structural and environmental variables had to be controlled
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Table 4. Setup of numerical experiments.

Simulation SeparatBeafio PFT-specifickjeafio PFT-specificQ1g-values
acronym andygog1ovalues andyyood10 for kwood

Equilibrium simulations (1000 yr with pre-industrial G@evel of 280 ppm)

CTL* No No No
W Yes No No
WK Yes Yes No
WKQ Yes Yes Yes

Transient simulations (historical G@missions + SRES A2 scenario, years 1750-2100)

CTL-T No No No
CTL-WKQ Yes Yes Yes

* kleaf10= kwood10= 0.3 yr 1. ** Averaged trait-dataset value§sar10=0.94 yr-1 andkygog10=0.057 yr 1.

Table 5. Results of transient CLIMBER-LPJ simulations.

Years/Variable 1891-1900 1991-2000 2091-2100
CTL-T  WKQ-T CTL-T  WKQ-T CTL-T WKQ-T

Atmospheric CQ concentration, ppm 287 287 345 344 725 722
Litter stocks, GtC 184 191 191 196 242 277

Biomass, GtC 597 597 709 716 1112 1095
Soil carbon, GtC 1349 1368 1356 1374 1452 1469
Wildfire emissions, GtCyTl 3.1 2.9 3.6 3.3 5.3 5.0

* Decadal averaged values.

for (Kattge et al., 2011b). The value of the databases at handgariation in decomposition rates. We therefore assume that
is specifically due to the availability of such covariates. In soil decomposers are less important than these parameters,
the case of leaf littekkea-values were linked to litter chem- which is confirmed by global studies (Aerts, 1997; Berg et
istry to predict the variation ikjeas Within and between PFTs. al., 1993; Meentemeyer, 1978; Cornelissen et al., 2007 for a
Subsequently, we predictédfrom the average litter lignin  cold-biome example). Even if we had included additional
and litter N contents of that PFT. For woody litter, we ac- variance due to soil decomposers in our decomposition stud-
counted for log dimensions, degree of soil contact, and preies, we still would not have been able to account for them
cipitation in order to improve our estimates of baseline ratesin our numerical experiments given that ESMs do not model
and temperature sensitivities. This led to highly robust esti-soil decomposers. In the case of wood decomposition rates,
mates ofk (see Figs. 1 and 2 for illustration of variation in the strong increase in decomposition rates with temperature
kieaf @aNdkwood, respectively). is almost certainly due to the fact that wood-degrading ter-
mite activity commences beyond a certain threshold of mean-
While we int_:luded the effects of temperature_, precipitation gnual temperature (Cornwell et al., 2009). The effects of
and litter quality, there are other factors affecting decompo-temperature and precipitation incorporated in our model have
sition such as soil decomposers. Soil decomposers have begen derived from global relations between environmental

included implicitly, however, because decomposition experi-cqonditions and decomposability and are generally accepted.
ments were run at local conditions with local soil fauna, al-

beit that macro-detritivores had been excluded due to the use Plant litter dynamics are essential for the land-atmosphere
of litter bags (but including meso- and micro-detritivores). carbon flux because this organic carbon stock is easily avail-
In those cases where soil macro-detritivores do account foable for microbial decomposition and for abrupt release to
substantial additional variation in decomposition rates, no-the atmosphere through wildfires. Despite a large amount
tably in the tropics (see tropical forest studies by Hatten-of local data on litter stocks across the globe, a synthesis of
schwiler and Jorgensen, 2010), they must be part of the 25 %he global litter distribution is not readily available. Uncer-

residual variance in thé-values. Our two litter chemical tainty in global litter storage remains high (Denman et al.,

and environmental parameters explained the other 75 % 02007; Matthews, 1997), in particular because woody litter
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storages are difficult to quantify on a global scale. Itis there- States — some relationships with climate and litter quality, Bio-
fore inevitable that, for some time, carbon cycle models will  geochemistry, 20, 127-159, 1993.
be utilized as the best available source of information on theBoden, T. A., Marland, G., and Andres, R. J.: Global, Regional,
spatial distribution of litter stocks used for carbon cycle pro- ~and National Fossil-Fuel C£Emissions, Carbon Dioxide Infor-
jections. Using most recently compiled datasets on species mation Analysis Center, Oak_Rldge National Laboratory, U.S.
trait effects on litter decomposition (Cornwell et al., 2008; _ Department of Energy, Oak Ridge, Tenn., USA, 2010. .
Weedon et al., 2009), we remarkably improved the mode”qurovkln, V., Bendtsen, J., Claussen, M., Ganopolski, A., Kubatzki,
o ! . C., Petoukhov, V., and Andreev, A.: Carbon cycle, vegeta-
dlstr|b.ut|on of litter stocks (Fig. 4), although model results tion, and climate dynamics in the Holocene: Experiments with
are still far from perfect when compared to local data. We e cLIMBER-2 model, Global Biogeochem. Cy., 16, 1139,
have not addressed here an effect of uncertainty in decom- ¢oi:10.1029/2001gb001662002.
position rates on uncertainty estimates of global litter stocksChurkina, G., Brovkin, V., von Bloh, W., Trusilova, K., Jung,
and projected atmospheric G@oncentration. A detailed M., and Dentener, F.: Synergy of rising nitrogen depositions
uncertainty analysis goes beyond an illustrative purpose of and atmospheric COon land carbon uptake moderately off-
this study. sets global warming, Global Biogeochem. Cy., 23, Gb4027,
Re-parameterisation of models based on trait datasets is 90i:10.1029/2008gb003292009.
not entirely free from biases. Woody litter estimates, for ex- Cornelissen, J. H. C., van Bodegom, P. M., Aerts, R., Callaghan, T.
ample, are often done for mature forests and this can partly ¥ Van Logtestin, R. S. P., Alatalo, J., Chapin, F. S., Gerdol, R.,
explain the disagreement between the data and global mod- Gudmundsson, J., Gwynn'JoneS’ D., Hartley, A.' E., Hik, D. S.,
) . . Hofgaard, A., Jonsdottir, I. S., Karlsson, S., Klein, J. A., Laun-
els such as'LPJ which simulate averaged forest'stanQS Wlth- dre, J., Magnusson, B., Michelsen, A., Molau, U., Onipchenko,
out accounting for the tree age structure. Removing this kind , G., Quested, H. M., Sandvik, S. M., Schmidt, I. K., Shaver, G.
of structural bias is an essential part of model improvement. R Sclheim, B., Soudzilovskaia, N. A., Stenstrom, A., Tolvanen,
Altogether, incorporating trait-based relationships into Earth A, Totland, O., Wada, N., Welker, J. M., and Zhao, X. Q.: Global
System models constitutes a major step forward for better negative vegetation feedback to climate warming responses of
forecasting land ecosystem process rates including carbon leaf litter decomposition rates in cold biomes, Ecol. Lett., 10,
and nutrient cycling, and fire regimes. 619-627d0i:10.1111/j.1461-0248.2007.010512007.
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