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Preface

In order to develop the international reporting emthe Climate convention
and the Kyoto protocol, it is recommended thatiparterify their calculations of
greenhouse gas emissions and removals. This fsti@eport of the project “Ve-
rifiering och metodjamforelse for skattningar avéiddringar i markkolspoolen i
mineraljord pa skogsmark”. The project was initibéed funded by the Swedish
Environmental Agency in order to compare the pieniand the uncertainty in the
determination of litter and soil carbon pool chasgsing different methods and to
analyze possibilities for enhancing the precisiothie estimate of soil organic
carbon pool fluxes of forest land in the reportimgler the Climate Convention and
the Kyoto protocol.

Uppsala 12 August 2009
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Summary

The Swedish UNFCCreporting of the LULUCEsector is based on methods in
compliance with the “Good practice” as describedhsy Intergovernmental Panel
on Climate Change (IPCC). Biomass and soil invgnttata from the Swedish
Inventory of Forests is the major source of infaiioraused to quantify changes in
the various carbon pools on forest land. Even ef idported uncertainties in soll
carbon changes are small from a statistical petisethey are large in relation to
the total Swedish emissions of green house gases.id due to the fact that the
soil carbon pool is so large, that even small atatissically non-significant
changes may have an impact on the Swedish liaance. Sampling based meth-
ods may also result in considerable inter annuaatians that may look conspicu-
ous in the reporting. Because of the uncertainty iater annual variations there
has been a discussion on the methods used aretefdhe possibilities to lower the
uncertainty and to get more stable estimates dfcanbon changes by combining
measurements and models. In this study results tharwo soil carbon models,
Yasso07 and Q, were compared with repeated measnterof the soil inventory
during the years 1994 to 2000. Soil carbon fluxeseasimulated with the two
models from 1926 to 2000 with Monte Carlo methodglto estimate uncertainty
ranges. The results from the models agreed well migasured data. The simula-
tions of Yasso07 and Q resulted in a soil orgamidan stock in year 2000 of
1600 Mton C and 1580 Mton C, respectively while teasured carbon pool was
1670 Mton C. The annual change in soil organic @arbaries substantially be-
tween the three methods mainly due to differentimgsions regarding annual
climate variation. However, the five year averageelan of annual soil organic
carbon change for the two periods 1994-1998 an®-P@90 indicate the size and
direction of the estimated annual changes agresmnaéle well. The mean annual
change for the two periods was for the Q-modeMdn C yr* and 5.6 Mton C yr

! with a confidence interval of 2.1-10.7 Mton C'yand for the Yasso07-model 3.7
Mton C yr' and 0.9 Mton C yt respectively with a confidence interval ranging
between -5 to 12.6 and -7 to 9.8 Mton C yespectively. The mean annual change
for the two periods estimated using NFI-data w&sM ton C yi* and 2.5 M ton C
yr'* with a standard error of 2 The general conclusiawn from this study is that
both sampling and the models Yasso07 and Q arébpms$sols to predict the soil
organic carbon accumulation and annual changesSWedish forest soils. The
estimates based on measurements as well as thdledorksults indicate an in-
crease in carbon stocks in Swedish forest soil$s $tudy does not support a
change of method from inventory to model predidtioHowever, the agreement
between the methods shows that the models arédlsudia a complement to other
soil carbon estimation methods. They are partibulaseful for projections and we
recommend a further development of the modellirdsto

; UNFCCC, United Nations Framework Convention on Climate Change
LULUCF, Land Use and Land Use Change and Forestry



Background

The United Nations framework convention on climattange (UNFCCC)
came into force in 1994. The long-term goal wastabilize the amount of green-
house gases in the atmosphere at a level wherdiiamthropogenic climate
changes are prevented. The most important addditime convention was negoti-
ated in 1997 in Kyoto, Japan. The Kyoto protocebimes binding obligations for
the Annex | countries to decrease their emissidggaenhouse gases during 2008-
2012 with at least 5% compared to the base yeds.199

According to Articles 4 and 12 of the United Nasdframework Convention
on Climate Change (UNFCCC), parties are requiraahtaially submit national
inventories of anthropogenic emissions by souraesramovals by sinks of all
greenhouse gases not controlled by the Montreab&rsb The reporting comprises
six sectors, Energy, Industrial processes, Soly&gsculture, Land Use, Land
Use Change and Foresf§-"“? and Waste and the anthropogenic emissions of
direct greenhouse gases £OH,, N,O, HFC, PFC, Sfand indirect greenhouse
gases NQ, CO, NMVOC and S@

Of the six sectors, the LULUCF-sector is the seatioere development have
been most progressive the latest years, mainlyuseocaf the very complex re-
quirements for the reporting of land-use changeistla@ carbon pool changes re-
lated to them. The need for improvement of the oeshs also due to the large
uncertainties connected to the estimation of capmmi changes.

The Swedish UNFCC&reporting of the LULUCEsector is based on methods
in compliance with the “Good practice” as describgdhe Intergovernmental
Panel on Climate Change (IPCC, 2003). In the mexstnt Swedish inventory
report (SEPA, 2009), all carbon pool changes adaulzded annually from the
reference year 1990 until 2007. Data from the Sgtettiventory of Forests are the
major source of information used to quantify chanigethe various carbon pools.
The stock change method is used for the most impbpools: living biomass,
dead organic matter and soil organic carbon, aadribasurements are based on
repeated measurements on permanent sample plots.

Sweden has reported carbon stock changes in tiweditd soil organic carbon
pool since 2006. The estimates have varied coraitiebetween the annual sub-
missions; mainly due to method development andeelzions due to extended
data availability. The reason is that new data besoavailable each year which
makes it possible to use more re-inventoried piothe estimates. From submis-
sion 2008 and onwards all changes are now estinflatedre-inventoried plot
data. Even within a submission there has been dershle variation between
years. This can be explained by the fact that dl sedative change of a large car-
bon pool will contribute significantly to the Sweticarbon budget. Thus, normal
random variation between years will look conspiaiivuthe reporting. There has

i UNFCCC, United Nations Framework Convention on Climate Change
LULUCF, Land Use and Land Use Change and Forest



been a discussion on how to improve the estimatgésiaw to get more stable
estimates of soil carbon changes from year to y&@me, but not all, of these
variations have been dealt with using interpolatibgears between inventories
and running mean calculations for longer periods

The aim with this study was to compare precisioth @mcertainty in determina-
tion of litter and soil carbon pool changes using tifferent methods for estimat-
ing change; (1) the stock change method using tegpeail carbon pool measure-
ments (current Swedish method) and (2) procesatedesoil carbon modelling.



Material and Methods

Uncertainty estimations

Uncertainties of the current measured soil cartstimations arise from either
systematic or random errors. Systematic errorsdasurements are mainly caused
by imperfect calibration of measurement equipmBandom errors are mainly
caused by inherently unpredictable fluctuationsyrzd and spatial variation, and
appear as when measurements are repeated. Theranaos are analogue to the
concept of precision and the standard deviatidiee variation of the reported soll
carbon can be explained by both systematic ancbraratrors.

Uncertainty in models can be divided in a similayby statistical and sys-
tematic uncertainty. The statistical uncertaindgse from the variability of input
variables and parameters where the variabilityn@kn. This variability can be
described by probability density functions (PDFs}atibing the variability of the
input variables and the parameters. Systematicrtamcies arise from variability
in input variables and parameters when variabgitynknown. Also unknown
processes in the model e.g. incorrect model strectontribute to the systematic
uncertainties.

In this study we mainly discuss uncertainties irasugements that arise from
random errors (natural variation) where the mednegare estimated with a statis-
tical variation, and statistical uncertainties fieodels including the variability of
input variables and parameters. Since the uncgrtaie defined differently for
measurements and for models the estimated undgriaiarvals s are not directly
comparable. The measured uncertainties descrilratheal and spatial variation
while the models describe the variation in inpuialales and parameters.

Approach

Two principally different methods were used torastie carbon stocks and
carbon stock change. The first is the present tiygomethod based on repeated
sampling of carbon pools and calculations of thelsthange. The second is pre-
dictions using parameterized process oriented cacholing models.

Two models were used, Yasso07 (Liski et. al. 2G0®) Q (Rolff & Agren
1999). The models simulated the carbon pool chadgesg the period from 1926
to 2000 based on regionalized annual data on iiipart and climate. The uncer-
tainties were taken into consideration by creatingertainty intervals around the
simulated mean values of soil organic carbon. Unaa#fes of the carbon pool
change determinations were analysed with normapbagnstatistics determining
the interval. For the models we used Monte Carfmifations to estimate uncer-
tainty bounds of the organic soil carbon stockSwredish forests soils during the
inventory period of 1994 to 2000.



Study Area

We divided Sweden into 7 regions representing aiffeclimate zones of
Sweden (Figure 1). Historical litter input data eveggregated from National For-
est Soil Inventory data. The calculations usingmery data and the modelling
study will comprise all Forest land according te thiNFCCC-reporting definition
with some exceptions. Due to the fact that thessied on historic litter input only
included forest land dominated by either Scots Fiieus syvestrjsor Norway
Spruce Picea abiesforests, broad leaved forests and mixed foreberavthe
coniferous part is less than 70 % were not includdbe analysis. Norway Spruce
and Scots Pine makes up 81 % of the total Swethsitisg stock. In earlier re-
porting to UNFCCC Sweden has defined Forest lacdraing to the Global For-
est Resources Assessment (FRA&prest land is defined as land with a tree crown
cover (or equivalent stocking level) of more th&pkrcent, with a minimum area
of 0.50 hectare and the trees should be able &b r@aninimum height of 5 m at
maturityin situ. According to this definition the forest land iw&den is around 27
million ha. In this study we cover around 23 mifliba, which is more than 80 %
of the total forest land in Sweden.

Figure 1. Regions for the SOC-models

® FAO, 2006
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SOC-changes based on repeated measure-
ments

According to the requirements for reporting undier YNFCCC Sweden is re-
porting changes in three carbon pools (living bissyalead organic matter and soil
organic carbon). Dead organic matter includes #nban pools dead wood and
litter. Litter includes all non-living biomass ndassified as dead wood, in various
states of decomposition above the mineral or orgswmil. This includes the litter,
fumic, and humic layers.

The carbon in the litter pool was estimated basethee different sources (i)
coarse litter (i) annual litter fall and (iii) tér < 2 mm. Coarse litter was defined as
dead organic material with a “stem diameter” betw&@-100 mm and originating
from dead trees. Coarse litter was not inventdogidcalculated as 15 % of the
aboveground dead wood. Litter fall was calculatsidgiempirical functions based
on tree stand properties and litter fall for deowlsi species by biomass functions
based on leaf biomass. This fraction of littereigarded as an annual pool. The
remaining part of this pool after one year wastideld in the O horizon and thus
measured by the soil inventory. The fine littel2(shm) was estimated by sampling
the O or H horizon sample which was taken on aa hasis, weighed and analysed
for carbon content.

The soil organic carbon pool of forest land andgl@nd on minerogenic soils
includes all carbon below the litter, fumic and hcilayers. The carbon pool con-
sidered here was soil organic carbon down to ahdefpd.5 m measured from top
of the mineral soil and the calculation of changithe land-use categories Forest
land and Grassland was primarily based on soil Baghpombined with pe-
dotransfer functions. Histosols were not includethis study because the emis-
sions are not determined by the stock change methddhe two models are not
suitable for organic soils

The basic function used to determine the amounadion in a soil layer was
based on the amount of carbon in a certain sadrlapd the fraction of fine earth.
The amount of fine earth depends on the bulk deasitit amount of gravel, stones
and boulders in the soll

Each permanent sample plot is revisited in a tem ggcle and each year ap-
proximately 500 plots are measured for carbon eunfehe annual value of each
plot was estimated by interpolating the carbon eoainbn the plot for the years in
between the measured years. Finally, the totalanralue of the SOC-pool was
calculated as the mean of all measured and estinataes for the plots. The
number of measured plots used in the estimatidrinveitease step-by-step to a
maximum of ca 5000 plots when the whole set ofsphatve been re-inventoried.

Models

Yasso07

The Yasso07 model is a generalization of an earlesso soil carbon model
(Liski et al, 2005). The model has been used in various rds@gmlications, and,
in addition, it has been applied to national greease gas inventories (Monni et
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al., 2007). The improvements of YassoQ7 consisiafe data, more reliable
mathematical methods and uncertainty estimatdseofasults. Yasso07 is based on
a larger number of more diverse measurements emyarwider range of climate
conditions and ecosystem types worldwide. Yasss@lso based on more ad-
vanced mathematical methods. The output of thed0&ss characterized by prob-
ability densities that represent uncertainty rardyessto the uncertainty in the pa-
rameter values of the model.
The structure of Yass07 (Figure 2) is determinethieyfollowing four assump-
tions of litter decomposition;
()  Non-woody litter consists of four compound groupsXes etc., sug-
ars etc., celluloses etc. and lignin etc.), andagoup has an own de-
composition rate independent of litter origin,
(i)  Woody litter consists of these same compound grdaupst decom-
poses at a lower rate,
(i) Decomposition rates of the compound groups depertgémperature
and precipitation and
(iv) Decomposition of the compound groups results insnlasses from
the system, mass flows between the compound grangbgormation of
more recalcitrant humus.

/

Figure 2. Flow chart of Yasso07 model.

The parameter values of Yasso07 model was develagiag different sets of
measurements in Europe and North and South AmidoaBerget al. (1991),
Berget al(1993), Gholzt al(2000), Trofymow (1998), Makineet al. (2006),
Palviaineret al(2004), Tarasov & Birdsey (2001), Liski & Westmdr®95), Liski
& Westman (1997) and Lisldt al(1998). With the Markov Chain Monte Carlo
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method, the model was calibrated to all the measeinés available and the prob-
ability densities of the parameters were estahtigfiable 1).
Input uncertainty was taken into concern by 1)dtrer in the chemical com-
position according to deviation between measuresnamil average values of coef-
ficients of variation calculated from a plant spscspecific data set of Liski et al.
(2006) and 2) by the error in the quantity of liftgput with coefficients of varia-
tion calculated from a nation-wide study in FinldndPeltoniemi et al. (2006) and
Monni et al. (2007). 100 Monte Carlo simulationgevenade within the parameter
ranges in Table 1 and the input uncertainties efrabal composition and input.
The uncertainty bounds are formed by the 95 confiddimits of all the Monte
Carlo simulations made.

Table 1. The parameter probability densities of Yasso0707

Parameter Description Unit Range (PDF)
A Decomposition rate of A at 0.62, 084
w Decomposition rate of W at 5.0, 6.6
E Decomposition rate of E al 0.24, 0.35
N Decomposition rate of N at 0.027, 0.042
p1 Mass flow from W to A - 0.41, 0.54
p2 Mass flow from E to A - 0,0.16
P3 Mass flow from N to A - 0.60, 0.98
Pa Mass flow from A to W - 0.94,1
Ps Mass flow from E to W - 0, 0.08
Ps Mass flow from N to W - 0,0.21
p7 Mass flow from A to E - 0, 0.004
Ps Mass flow from W to E - 0, 0.003
P Mass flow from N to E - 0, 0.25
P10 Mass flow from A to N - 0, 0.007
P11 Mass flow from W to N - 0, 0.031
P12 Mass flow from E to N - 0.79, 0.99
1 Temperature dependence parameter c? 0.078, 0.122
1 Temperature dependence parameter 102 €2 -2.4,-0.8
Precipitation dependence parameter m™* -1.06, -1.36
PH Mass flow from A, W, E, N to humus 103 3.7,5.6
H Humus decomposition coefficient 10% a*t 1.4,1.9
1 Size dependent parameter cm? -1.9,-1.5
2 Size dependent parameter cm? 0.76, 0.96
r Size dependent parameter - -0.321, -0.290
The Q-model

A central concept in the model is the quality af trganic matter in the soil,
which varies between different litter fractions arthnges gradually during the
process of decomposition. Further, the decompaositiocesses are controlled by
the microbial community and the parameters of tbdehexplicitly describe fea-
tures of the microbial community. The Q-model cetssof a family of functions
that describes the decomposition of organic mdiena here we used a version
that takes into account the invasion rates ofrltifpes for both new and old litter
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(Agrenet al, 2007). Litter enters the soil in litter fractiothgt originate from nee-
dles, branches, stems, fine roots, coarse rootspst and under ground vegetation.
The model describes the quality of organic matehigsing decomposition, where
litter has initially higher quality than humus (Eig 3). The decomposition of litter
is regulated by decomposition functions that désctie fraction remaining during
time. These functions are empirically developed amdspecific for each litter
fraction. Needles and fine roots are decomposedrfgan stems, stumps and
coarse roots. The decomposition is dependentten titpe but also on initial qual-
ity of the litter, invasion time of the micro orgams (for coarse litter fractions),
climate and soil properties. These factors arertestin the model parametefs,
Jory Gows &, 11, , T, mak, maxs and w).

The parametéek is the carbon concentration in decomposer biontigsand
Cow are initial litter quality in needles and coarseody litter,e, is microbial de-
composer growth efficiency and describes the foactif carbon that is incorpo-
rated into new decomposers biomass per unit ugedra 4, is the rate of de-
crease in quality for each decomposition cycle. Merbon of a certain quality is
assimilated, the new carbon will have a new qud#tat is decreased by;. The
parameter controls the shape of the decomposer quality respand controls
how fast the decomposition rate changes with qudlitis will be influenced by
soil texture and increases with clay content. The parametegish andmass are
the invasion times, i.e. when the branches andtdras are totally invaded by
microorganisms. Finally, the parametglis the decomposer growth rate and is
related to the average temperature at the sitep@it@neterization of the model
was made with probability density functions (pdésid thus not only one single
value for each parameter was assumed. The pdfs baged on expert’s judge-
ment and earlier parameterizations of the model/@dgn et al., 1998).

14
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Figure 3. A conceptual picture of a version of the Q model. The graphs in the box represent the
decomposition of the organic matter. The y-axis is the mass remaining as the organic material
decomposes through time by different decomposition rates depending on the initial quality of the
litter input and the time step.

The uncertainties of the model outcome were ingattid with the GLUE
(Generalized Likelihood Uncertainty Estimation)rfrawvork developed by Beven
& Binley (1992). GLUE is an uncertainty estimatimethod that describes the
uncertainties of the model outputs by calibratmgneasured observations with
Monte Carlo simulations and uses the whole parasetebabilities to illustrate
the uncertainty of the simulations.

The PDFs of the Q model parameters for the GLUHRyarsaare found in table

2.

Table 2. The parameters of Q ranges for the GLUE, all uniform densities

Parameter Description Range (PDF)

Jon Initial litter quality needles 0.8,15

Cow Initial litter quality weed 0.8,1.5

€o Microbial decomposer growth efficiency 0.1,04

11 Rate of decrease in quality 0.1, 0.45

Shape of decomposer quality response 2,10

maxb Time when the branches are totally invaded 1,40

maxs Time when the stems are totally invaded 10, 60

Uoo Parameter in u0, the basic decomposer rate 0.04, 0.09

Uo1 Parameter in u0, the basic decomposer rate 0.01, 0.02
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In this study the “limits of acceptability” apprdadescribed in (2006) was ap-
plied were a triangular distribution around the mead value was used. The simu-
lations that preformed within the triangular distidion were kept to form the un-
certainty bounds of the final aggregated simulatidrhe triangular distribution
was estimated by the 9%onfidence interval around the mean value of ¢he r
peated soil measurements in each region and year.

The Monte Carlo simulations that met the criteeadibed above were ana-
lyzed by the Weighted LikelihoodlyL, based on the Model Efficiency (ME)
(Smithet al, 1996) according to

WL=1- (MEI B Ilemin) ’ Eq. 2
(MEmax - MEmin)
were the Model Efficiency is defined by
” (Oi - 6)2' ” (Pu - Oi)2
ME = = = : Eq. 3

(Oi - 6)2

i=1
so that thaVL varies between 0 and 1, with values near 1 indigdtighest likeli-
hood performance of the model. The measure prodgescentage term for the
total difference between the predicted and thervkseO is the mean of the ob-
served dateR; is the predicted values a@is the observed data ands the popu-
lation number. The's 95" percentiles and the mean of the accepted simnfatio
are finally aggregated to form the prediction uteiety bounds of the models
performance at the national level. The WL was ferthsed to analyze the parame-
ter uncertainty of the accepted simulations.

Input Data

The litter production was compiled by forestry istids on actual standing tree
and harvested volumes to estimate the standing sfdcee components for every
year from 1926 to 2002 divided in the 7 regionsraf for this study. The litter
components included are for above ground neediasches, stems and understory
vegetation divided in top and bottom layers. Thdarrground litter components
are the fine roots and the coarse roots. Harvegtues originate from all above
ground components due to clear cuttings of theskirgees (> 25 cm diameter),
since it is the main form of harvest and the omdyistics available for the whole
period. The species considered were Norway spnougésaots pine. With allomet-
ric functions (Marklund, 1988) standing stock wasdgd in the different tree
components. For each tree component the litterymtazh was estimated with the
turnover rate of needles correlated to latituderéhgt al, 2007). The litter com-
piled represents litter in forests dominated blexitNorway spruce or Scots pine.
The litter production was greater for Pine for@stsouthern regions. Norway
spruce volume has increased has increased rapidty¥926 and onwards. During
the 70s there were large cuttings that resulteddacrease of litter production. The
contribution of understory vegetation to litter inpvas estimated from data on

16



coverage of the bottom and field layer from the @&gle National Forest Soil In-
ventory during 1994 to 2002, together with the tlagsimodels developed by
Muukkonenet al(2006) and turnover rates for understory vegetdtiom Pel-
toniemiet al (2004) and in Klejat al(2008). The bottom layer consisted of bryo-
phytes and lichens and the field layer of herbsgradses and dwarf shrubs (Fig-
ure 5c¢).
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| 7o
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Figure 4. Litter input by region in g C/m?. a) Tree litter input in Pine and b) Spruce forests. c)
Under ground litter input by Pine and Spruce forests.

For the year 1926, the year when simulation stattexdlitter production was
assumed to be the same in both Q and Yasso siondatrurthermore, decomposi-
tion and production were assumed to be in steadg.dh the Q model the accu-
mulation of steady state carbon (old carbon) inseés was estimated by correct-
ing for wet soils in the models parametigrby a factor 0.65.
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Figure 5. Climate input a) mean annual temperature (C) , b) min monthly mean temperature and
max monthly mean temperature (<C) and c) annual pre cipitation (mm).

County level climate data for the period from 1962007 were obtained from
the Swedish Meteorological and Hydrological Ingg{dohansson, 2000; Johans-
son & Chen, 2003). Regional data according to ¢géons in Figure 1 was calcu-
lated using area weighted means of the data reginregehe counties in each re-
gion. Linear regression functions based on relatigps established relating re-
gional data to the national mean for the period711@62007 were used to calculate
the climate data for the period 1926 to 1960 (Fidhir.
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Results & Discussion

Comparison of soil organic carbon pools

The soil carbon pools of the models differ in thagfinitions compared to the
reported figures to the UNFCCC. Figure 6 illustsatee differences between the
three methods regarding input and output and dieiins of soil compartments
included in the study. The comparison in this stumtyuded the litter layer (includ-
ing litter and humus) and the SOC layer in the USBQeporting. This could be
compared to the whole set of output compartmentiseriwo models.

Figure 6. The different compartments of the three methods to estimate SOC changes. Red
shaded boxes represent input to models and blue shaded represent output from models or calcu-
lated pool changes from the UNFCCC reporting system.
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Soil carbon stocks and changes

The total soil organic carbon stock of Swedishdbswils were estimated to
1670 Tg C (M ton C) in 2000. Both models simulatadbon stock near the re-
ported values with 1580 for Yasso07 and 1600 bylf@. average rate of change of
the both models during the whole simulation pei#ofbr Yasso07 1.3 Tg yrand
for Q 2.8 Tg yr'. Both Yasso07 and Q simulated the carbon stodsfaetiory
compared to the repeated measurements. The Q nmeetbthe results from the
repeated measurements to calibrate the simulasimg the GLUE method. This
explains why the Q model simulates higher ratehainge during the whole simu-
lation period in comparison to 1.74 reported byekget al (2007). The stocks
were also higher than in Agren al (2007) (1047 T g C), which is explained by
including the understory vegetation and the colwaadf the carbon accumulation
difference in wet soils of the old carbon for then@del. The understory vegeta-
tion in northern regions contributes to around 30f%he tree litter input (Figure
4), and has considerable impact on the nationab€kglue to a large area propor-
tion of forest land located in northern Sweden.
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Figure 7. Total amounts in T gram of soil carbon in Swedish forest soil development since 1926 to
2000. Yasso07 (dotted red lines), Q (dashed blue lines) and repeated measurements (error bars
& 1994 to 2000 only), including the confidence limits bounds of Yasso07 and Q, and standard
error for the repeated soil measurements.
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The soil organic carbon change for the period 182000 varied between the
methods. In Figure 8 mean values for five yearqusriare shown for the three
methods in two periods 1994 to 1998 and 1996 t®20he simulated uncertain-
ties were described as distribution of the MontddCsimulations reflecting varia-
tion of input and parameters while the uncertastiethe measured stock changes
are based on random error estimations. Thereferanbertainty bounds in the
figure represent different types of uncertaintye Hstimate based on repeated
measurements of the Swedish National Forest Sglnttory showed high annual
variation with a mean value of 1.6 Tg'yauring the five year period of 1994 to
1998 and with a standard error of 2. In the seqmrtbd (1996-2000) the mean
was 2.5 Tg yT with a standard error of 2. The soil organic carbanual change
for the Q simulation was 5.5 Tg¥for the first period and 5.6 Tgythe second
with a confidence limit bound of 2.1 to 10.7 Tg'yor both periods. Yasso07
simulated a soil organic carbon change of 3.7 Tgayrd 0.9 Tg yf the second
period with a confidence limit bound of -5.2 and6lZg yr* and -7.9 and 9.8 Tg
yr' respectively. Yasso07 simulations showed a highgation in the annual
changes of soil organic carbon than Q for the tiudied periods. This is mainly
due to the fact that the Yasso07 models used Var@dimate input while the Q
model that used a constant temperature for theenginiulated period. A variable
climate input has an evident effect on the annoihlbsganic C changes.
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Figure 8. Change of SOC in T grams per year. Average of a 5 year period for 1994 to 1998 (1)
and 1996 to 2000 (2) together with the uncertainty bounds of the modelled change and the stan-
dard error of the repeated measurements. To the left Q(blue), middle Yasso07 (red) and to the
right (black) repeated measurements.

21



Uncertainty in simulations

The contribution of the uncertainty in parametelisnate variability and litter
input differ for the Yasso07 simulations (Figura-@l). The example is from simu-
lations for Pine forests in region 1. From 192@®00 the litter input together with
the parameter uncertainty stands for most of tleetainty analyzed here (9¢)
with 0.5 kg C nif. The climate variability together with the paraerstcontributes
with 0.3 kg C nif (9b) to the uncertainty. The parameters aloneriturié to the
uncertainty of the Yasso07 simulations by 0.2 kg€
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Figure 9. Uncertainty contribution of a) parameters, the variability of b) climate variability and c)
the litter input in YassoO7. The dashed lines represent the upper 95 confidence interval, the lines
are the mean and the dotted lines are the lower 95 confidence interval.

Parameter uncertainty in the Q simulations istithted by the weight likeli-
hood of the accepted simulations (Figure 10) fofoaést (Pine and Spruce) for
region 2. Each dot n a plot represents one sinamand the dots with the highest
WL (close to 1) are the simulations that fitted thiservations most. Good simula-
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tions (according to the WL measure chosen hergerémough the whole parame-
ter space for several parameters, indicating tretriodel is not sensitive to the
parameterization. The dot plots also give inforomaif the parameterization can be
improved after calibration. Only the parameteende, were able to be better
defined. Maybe ;; andqQ, might be better defined if more simulations weae ¢
ried out. These are the parameters that contribot to the uncertainty in the Q
simulations. Those uncertain parameterizations igise to unstable starting val-
ues that affects the uncertainty bounds of then@lgsitions (shape of curve in the
beginning, Figure 7). The calibration exercise alsowed that the parameters
were correlated to each other. This explains wieyQmodel simulated good re-
sults through the whole parameter range for somenpeters. Given this informa-
tion, more accurate simulations can be made ifutoee with updated parameter
densities taking the correlation between the pararménto concern.
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Figurell. Parameter uncertainty in Q. On the y-axis the weighted likelihood of the accepted
simulations and on the x-axis the parameter ranges (pdf). The parameters are explained in table

2.

One source of parameter uncertainties in both Q¥asd007 is the use of air
temperature to describe the soil temperature. Seasons for using air tempera-
ture are the difficulty of assessing the soil terapge at a greater scale than plot
scale and that the temperature is different agfit depths, which in turn means
that the dissolved organic carbon in different kgier has to be described. An-
other uncertainty source is the variable tempeeatised by the Yasso07 simula-
tions. We have noted here that the annual variaie@mperature affects the an-
nual soil organic carbon change. IPCC recommenidg aseraged mean tempera-
ture to reduce the annual variations. We belieageiths fair to average out the
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variation of the temperatures to decrease theyearlation of the changes, but
only after simulating with the yearly variable tesngture to reflect the system in a
more correct way and to be able to include the &atpre trend in the models.

Systematic uncertainty (structural error) in thedels, which were not taken
into account here, is the interactions betweerd#dmmposition of soil organic
matter and the nitrogen availability in the soikd@nt research points out that ni-
trogen availability is of great importance for tiag¢e of decomposition of the or-
ganic material (Hyvoneat al, 2007; Knorret al, 2005).

Concerning the significance of the uncertaintiethefannual soil carbon
changes in Figure 8, it is important to state thatuncertainties values presented
here are not comparable between the methods. @kerrdor this is due to the fact
that the sources of uncertainties arise differefiattynodels and for the repeated
measurements. For the inventory estimates, impostarrces of uncertainty are
sampling errors and measurement errors. For theofdsestimates, the important
sources are uncertainty in input data to the maxdgecially litter input, and uncer-
tainty in parameter values of the model. For thmd@gel only the parameter uncer-
tainties are taken into account when calculatimguthcertainty interval.

The uncertainties related to the estimated so#migcarbon pool changes are
high. It may be noted that the SOC change of 5rfgsyequivalent to 18 M ton
CO,, which in turn is almost the same amount of,@®the reported G@mis-
sions for the national transport sector (20 M t@y)Gvhich is the sector that
stands for the greater part of the Swedish @@issions (SEPA, 2009). This will
also imply a great impact on the overall globaineite change estimates when
taking the soil carbon into account as feedbadkeénglobal models. So, the need
to decrease the uncertainties in the estimatiagheo§oil organic carbon changes is
high. The modelled uncertainties that we have shovthis study has so far been
extremely cost efficient since they build on earfiridies but also non specific
since these uncertainties were not aimed to shesesporting and cover its uncer-
tainties. In order to decrease the uncertaintighefeporting to the UNFCCC and
the Kyoto protocol in the future more specific imtigations regarding the uncer-
tainties of the reporting is needed.

The comparison between the stock change methothandodels show that (i)
the estimations of the carbon stock is in good emgent between the two methodo-
logical approaches and (ii) uncertainty in estimgithange is considerable also
when using models. Both measurements and modetatedncreased carbon
stocks in soils although the level differs. Theulssverify that the Swedish
method of estimating carbon changes is not affdeyeliigher uncertainties than
the models. It is of importance to clarify thatstimodelling exercise is a simplifi-
cation of the reported soil organic carbon changags,we have only estimated the
changes in Pine and Spruce dominated stands. ém twrahcrease the precision of
the SOC changes, the models need to be developeclude all forest soils and
the litter input estimations need to be improvadtuFe verification like this one is
of great interest in the future. In addition thelerstory litter production also con-
tains uncertainties due to the estimation methbeé. Giomass functions used for
this study are taken from Finnish conditions aretdfore the litter production of
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the understory litter in the southern regions ok8en are most likely underesti-
mated, since the Finnish conditions are appliedteste:d for lower temperatures.
We also assume that the litter produced by thernstaty vegetation during 1994-
2000 is the same during the whole simulation pesiade it is all the information
we could get at the moment. We also believe treafdlests were less dense in
1926 and that the understory litter productionefae may be under estimated
during the first half of the simulated period.

26



Conclusions

The general conclusion drawn from this study i$ bwth sampling and the
models Yasso07 and Q are possible tools to prédicsoil organic carbon accu-
mulation and annual changes for Swedish foress.sbile estimates based on
measurements as well as the modelled results tedizaincrease in carbon stocks
in Swedish forest soils.

Considerable uncertainties (statistical variatiam found in modelled as well
as in measured estimates. The problem with an tamesrthat is large due to
small changes in large carbon pools affects altébtied methods. However, the
inventory based estimate represents all forestilasiveden while it was neces-
sary to reduce the number of plots that could leel irs the modelling since input
data and biomass functions are lacking for sonedpecies. The use of models is
also limited by the less comprehensive historia aet forest properties that is
necessary for determining the steady-state stavtihge and the carbon pool de-
velopment during the dynamic simulations.

This study does not support a change of method fneantory to model pre-
dictions. However, the agreement between the metklbdws that the models are
suitable as a complement to other soil carbon estom methods. They are par-
ticularly useful for projections and we recommerfdréher development of the
modelling tools. They are also valuable as a oéteal possible sources of un-
certainty. One example of this is the large vasiatiue to the use of annual
weather data that might explain inter-annual vemnstin the inventory data.

To be able to estimate the forest soil carbon chsungthe future, with the
models used in this study or other similar modals,recommendations for further
development are:(i) reduce uncertainties in litb@ut, especially turnover rates for
different litter fractions and root litter estimatis, (ii) develop models to include
all forest soils and (iii) separate the output frilia models into carbon pools com-
parable to the carbon pools used for reportingNi¢-OCC.
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