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Key messages

1.

Carbon stock in EU soils Fhe soil carbon stocks in the EU27 are around li
tonnes of carbon (C); of this stock around 50%»¢ated in Sweden, Finland and the
United Kingdom (because of the vast area of ped$lam these countries) and
approximately 20% is in peatlands, mainly in costin the northern part of Europe.
The rest is in mineral soils, again the higher amidneing in northern Europe.

Soils sink or source for GOn the EU- Both uptake of carbon dioxide (@Q@hrough
photosynthesis and plant growth and loss of, @@ugh decomposition of organic
matter from terrestrial ecosystems are significhmtes in Europe. Yet, the net
terrestrial carbon fluxes are typically 5-10 tinswaller relative to the emissions
from use of fossil fuel of 4000 Mt C(per year.

Peat and organic soils The largest emissions of G&om soils are resulting from
land use change and especially drainage of orgamie and amount to 20-40 tonnes
of CO, per hectare per year. The most effective optiomanmage soil carbon in order
to mitigate climate change is to preserve exisitugks in soils, and especially the
large stocks in peat and other soils with a highteot of organic matter.

Land use and soil carbon Land use and land use change significantly effsoll
carbon stocks. On average, soils in Europe are hkebt to be accumulating carbon
on a net basis with a sink for carbon in soils urgtassland and forest (from 0 - 100
billion tonnes of carbon per year) and a smallerrs® for carbon from soils under
arable land (from 10 - 40 billion tonnes of carlpmr year). Soil carbon losses occur
when grasslands, managed forest lands or nativeystsmns are converted to
croplands and vice versa carbon stocks increadmgitalt slower, following
conversion of cropland.

Soil management and soil carbenSoil management has a large impact on soll
carbon. Measures directed towards effective manageof soil carbon are available
and identified, and many of these are feasible agldtively inexpensive to
implement. Management for lower nitrogen (N) enuasiand lower C emissions is a
useful approach to prevent trade off and swappihgemissions between the
greenhouse gases g@ethane (Ck) and nitrous oxide (pD).

Carbon sequestratior Even though effective in reducing or slowing theld up of
CO; in the atmosphere, soil carbon sequestrationredysno ‘golden bullet’ alone to
fight climate change due to the limited magnitudeits effect and its potential
reversibility; it could, nevertheless, play an impot role in climate mitigation
alongside other measures, especially becauseiofritediate availability and relative
low cost for 'buying’ us time.

Effects of climate change on soil carbon poel€limate change is expected to have
an impact on soil carbon in the longer term, butéas an impact than does land use
change, land use and land management. We haveurat Etrong and clear evidence
for either overall and combined positive of negatiimpact of climate change
(atmospheric Cg) temperature, precipitation) on soil carbon stodRsie to the
relatively large gross exchange of £®etween atmosphere and soils and the
significant stocks of carbon in soils, relativelgnal changes in these large and
opposing fluxes of C@ i.e. as result of land use (change), land managemand
climate change, may have significant impact onatiamate and on soil quality.
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8. Monitoring systems for changes in soil carben Currently, monitoring and
knowledge on land use and land use change in EWJiadequate for accurate
calculation of changes in soil carbon contentste®gatic and harmonized monitoring
across EU27 and across relevant land uses would & adequate representation of
changes in soil carbon in reporting emissions femifs and sequestration in soils to
the UNFCCC.

9. EU policies and soil carbon- Environmental requirements under the Cross
Compliance requirement of CAP is an instrument thay be used to maintain SOC.
Neither measures under UNFCCC nor those mentiomedhé proposed Soil
Framework Directive are expected to adversely impsml C. EU policy on
renewable energy is not necessarily a guaranteeapgmropriate (soil) carbon
management.
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Executive summary

The European Commission has recently adopted teend@tic Strategy for soil protection

(COM(2006)231 final), with the objective to ensuhat Europe’s soils remain healthy
and capable of supporting human activities andystess. Climate change is identified
as a common element in many soil threats. Therdf@eCommission intends to assess
the actual contribution of the protection of sal ¢limate change mitigation and the
effects of climate change on soil productivity ahd possible depletion of soil organic
matter as result of climate change. The objectivthis study is to provide a state of the
art and more robust understanding of interactiats/éen soil under different land uses
and climate change than is available now, througbraprehensive literature review and
expert judgment.

1 Carbon stock in EU soils

The amount of carbon in European soils is estimabetle equal to 73 to 79 billion
tonnes. These estimates are based on applying em@oermethodology across Europe,
the larger estimate was based on a method develptee Joint Research Centre of the
European Commission and the smaller estimate @il @rganic carbon (SOC) map of
the United States Department of Agriculture. These methodologies gave similar
estimates for most of the European countries. Etienates were of the same order of
magnitude as national estimates based on natioethatologies and are therefore
deemed reliable.

Carbon in EU27 soils is concentrated in specifgiaes: roughly 50% of the total carbon
stock is located in Sweden, Finland and the Uritedjdom (because of the vast area of
peatlands in these countries) and approximately 80%e carbon stock is in peatlands
mainly in the northern parts of Europe. The ressaf C is in mineral soils, again the
higher amount being in northern Europe.

2 Soils sink or source for G@n the EU

Uptake of carbon dioxide (G through photosynthesis and plant growth and loss
(decomposition) of organic matter from terrestgabsystems are both significant fluxes
in Europe. Yet, the net terrestrial carbon fluxaptéke of CQ minus respiration by
vegetation and soils) are typically smaller relatio the emissions from use of fossil fuel.
The current changes in the carbon pool of the Eeappsoils were estimated from
different studies using different methods, by laisé category using models that simulate
carbon cycling in soil. The results of the differestudies deviated considerably from
each other, and all results were accompanied wiile wncertainty ranges. Some studies
on the basis of measurements in UK, Belgium anchd&an soil carbon over longer
periods show losses of carbon especially from amghl other studies from the UK and
from the Netherlands show no change or increassailicarbon stocks over time.
Grassland soilswere found in all studies to generally accumutatebon. However, the
studies differ on the amount of carbon accumulatedone study, the sink estimate
ranged from 1 to 45 million tonnes of carbon pearyand, in another study, the mean
estimate was 101 million tonnes per year, althowih a high uncertainty.

Cropland generally acts as a carbon source, although egis8timates vary highly. In
one study, the carbon balance estimates of cropleartjed from a carbon sink equal to
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10 million tonnes of carbon per year to a carboure® equal to 39 million tonnes per
year. In another study, croplands in Europe wetienated to be losing carbon up to 300
million tonnes per year. The latter is now percdigs a gross overestimation.

Forest soils generally accumulate carbon in each European ppuBstimates range
from 17 to 39 million tonnes of carbon per yearhman average of 26 million tonnes per
year in 1990 and to an average of 38 million tdnsaobon per year in 2005.

It would seem that on a net basis, soils in Euaneeon average most likely accumulating
carbon. However, given the very high uncertaintreshe estimates for cropland and
grassland, it would not seem accurate and soutry to use them to aggregate the data
and produce an estimate of the carbon accumulatidrtotal carbon balance in European
soils.

3 Peat and organic soils
The current area of peat occurrence in the EU Mer8Stees and Candidate Countries is
over 318 000 ki More than 50% of this surface is in just a fewthern European
countries (Norway, Finland, Sweden, United Kingdpthg remainder in Ireland, Poland
and Baltic states. Of that area, approximately $@% already been drained, while most
of the undrained areas are in Finland and Sweden.
Although there are gaps in information on land mspeatlands, it can be estimated that
water saturated organic rich soil (peatland) haenldrained for:

- agriculture — more than 65 000 k0% of the total European peatland area);

- forestry — almost 90 000 Kni28%):;

- peat extraction — only 2 273 Krt0.7%).
This is important as the largest emissions of, @@m soils are resulting from land use
change and related drainage of organic soils anouamto 20-40 tonnes of GQper
hectare per year. The emission from cultivated drained organic soils in EU27 is
approximately 100 Mt C@per year. Peat layer have been lost by oxidatioing land
use, but the estimate derivable from the published, ca. 18 000 Kmis very probably
an underestimate.

4 Land use and soil carbon

Monitoring programs, long term experiments and nlodestudies all show that land use

significantly affects soil carbon stocks. Soil aamblosses occur when grasslands,
managed forest lands or native ecosystems are dedvi® croplands. Vice versa soil

carbon stocks are restored when croplands are etineerted to grasslands, forest lands
or natural ecosystems. Conversion of forest lamtis grasslands does not affect soil
carbon in all cases, but does reduce total ecasyst&bon due to the removal of

aboveground biomass.

The more carbon is present on the soil, the higreepotential for losing it. Therefore the

potential losses of unfavourable land use changdsghly organic peat soils are a major
risk. The most effective strategy to prevent gladal carbon loss would be to halt land

conversion to cropland, but this may conflict wgifowing global food demand unless

per-area productivity of the cropland continuegrmw.
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5 Soil management and soil carbon
Soil management practices are an important toaffext the soil carbon stocks. Suitable
soil management strategies have been identifiekinvill different land use categories
and are available and feasible to implement. These
- Oncropland, soil carbon stocks can be increased by
(i) agronomic measures that increase the retulnoohass carbon to the soil,
(ii) tillage and residue management,
(iif) water management,
(iv) agro-forestry.
- Ongrassland soil carbon stocks are affected by
(i) grazing intensity
(i) grassland productivity,
(iii) fire management and
(iv) species management.
- Onforest lands soil carbon stocks can be increased by
(i) species selection,
(if) stand management,
(iif) minimal site preparation,
(iv) tending and weed control,
(v) increased productivity,
(vi) protection against disturbances and
(vii) prevention of harvest residue removal.
- Oncultivated peat soilsthe loss of soil carbon can be reduced by
(i) higher ground water tables.
- Onless intensively / un-managed heathlands and peatids, soil carbon stocks
are affected by
(i) water table (drainage),
(if) pH (liming), fertilisation,
(iif) burning
(iv) grazing.
- On degraded lands carbon stocks can be increased after restorabom
productive situation.
Given that land use change is often driven by deh@snd short term economic revenues,
the most realistic option to improve soil carboocgs is to a) protect the carbon stocks in
highly organic soils such as peats mostly in nartieurope, and b) to improve the way
in which the land is managed to maximise carboarnstto the soil and minimise carbon
losses. Increased nitrogen fertilizer use has naatbege contribution to the growth in
productivity, but further increased use will leaw dreater emissions of nitrous oxide
(N2O). Hence future emphasis should be concentratedhenother main driver of
productivity, i.e. improved crop varieties.

6 Carbon sequestration

Soils contain about three times the amount of cadjobally as vegetation, and about
twice that in the atmosphere. There is a signifiard large uncertainty associated with
the response of soil carbon (and other pools ofgfieric carbon) to future climate
changes. Most response are calculated with simuolathodels with some models
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predicting large releases of additional carbon framils and vegetation under climate
change, and others suggesting only small feedbBo&. maximum possible amount of
carbon that soil sequestration could achieve isutlome third of the current yearly
increase in atmospheric carbon (as carbon dioxatteks. This is about one seventh of
yearly anthropogenic carbon emissions of 7500 Mh@&urope emissions of greenhouse
gases amount to approximately 4100 Mt;G&@ 1000 Mt C) per year.

Today, soils in Europe are most likely a sink alnel best estimate is that they sequester
up to 100 Mton C per year. Higher sequestrationpassible with adequate soil
management. Soil C-sequestration alone is surelygalmen bullet’ to fight climate
change but is it realistic to link climate changeghwsoil carbon conservation, as soil
carbon sequestration is cost competitive, of im@edavailability, does not require the
development of new and unproven technologies, aogliges comparable mitigation
potential to that available in other sectors.

Therefore, given that climate change needs to @ide@d urgently if atmospheric carbon
dioxide concentrations are to be stabilized belevels thought to be irreversible, soil
carbon sequestration or the even more effectivearwation of current carbon stocks in
soils has a key role to play in any raft of measwrsed to tackle climate change.

7 Effects of climate change on soil carbon pools

We have not found strong and clear evidence ftreeian overall combined positive or
negative impact of climate change (raised atmos$pl&®, concentration, temperature,
precipitation) on terrestrial carbon stocks. Thare suggestions for enhancing soil C
stocks at higher atmospheric €@oncentration and reducing soil C stocks when
temperatures are rising. Most studies have takedemate changes in temperature
increases and sudden and more severe changespartgare of precipitation have not
been considered, as the management of land arsdoseifrules any impact on soil carbon
from climate change.

All of the factors of climate change (raised atnaspc CQ concentration, temperature,
precipitation) affect soil C, with the effect onilsoof CQO, being indirect (through
photosynthesis) and the effects of weather fadiensg both direct and indirect. Climate
change affects soil carbon pools by affecting eathhe processes in the C-cycle:
photosynthetic C-assimilation, litter fall, decorsfmn, surface erosion, hydrological
transport. Due to the relatively large gross exgeaaf CQ between atmosphere and
soils and the significant stocks of carbon in so#datively small changes in these large
but opposing fluxes of COmay have significant impact on our climate and soil
quality. Therefore, managing these fluxes (thropgbper soil management) can help
mitigate climate change considerably.

8 Monitoring systems for changes in soil carbon

Today, monitoring and knowledge on land use andl lase change in EU27 is

insufficient, yet land use and land use change aaieey source of greenhouse gas
emissions in many of the EU27 member states. Soilitoring in EU27 seems like the

Tower of Babel: countries tend to have their owstams, if any, sometimes even more
than one system, and the results are not fully atilole across EU27. The few existing
systems tend to have been set up for differentga@g often not including that of

providing evidence concerning the impact of climelb@ange on soil carbon pools. This
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lack of systematic and comparable data gatheringaaralyses seriously hampers any
attempt to provide reliable, EU-wide data on thié sarbon stock and changes therein.
Moreover, the new goal of monitoring stock-changaber than stock-magnitudes may
necessitate significant changes to current soipiamprocedures.

Given the lack of reliable national monitoring sss and without an EU wide
harmonized system of monitoring of soil carbon iacp, it would be a significant
advance if the EU were to ask for a design oratetimplementation of a harmonized
EU27 monitoring for land uses and for specific \atigs that affect soil carbon stocks
and emissions of COSuch monitoring would also allow for adequate espntation of
changes in soil carbon in EU27 in reporting to tbeited Nations Framework
Convention to Combat Climate Change (UNFCCC).

9 EU policies and soil carbon

We have critically reviewed EU policies that atesly to have impacts on soil carbon (C)
to assess whether any of those policies might haverse impacts on soil C in the long
term. Policies reviewed were the Common AgricultuPalicy (CAP), the Nitrates
Directive, the Renewable Energy Sources Directive Biofuels Directive, Waste policy
and the EU Thematic Strategy for soil protection.

Legislation to encourage the production of aralleps to provide feed stocks for
renewable energy is perhaps the legislation mkslylito lead to decreases in the overall
carbon content of European soils. While studies mdicate much of the demand may
be met by imports from outside the EU, and hencg have little impacts on soil C
within the EU, there may be serious implications $oil C stocks in those countries
which supply renewable energy or their substrates.

We conclude that the need to comply with environtaerequirements under the Cross
Compliance requirement of CAP is an instrument thay be used to maintain SOC. The
measures required under UNFCCC are not likely teeestly impact soil C. Nor are
there any measures in the proposed Soil Framewdctive that would be expected to
lead to decreases on soil C.
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1 Introduction

1.1 Background and objective

The European Commission has recently adopted teen@tic Strategy on the protection
of soil and its accompanying proposal for a Soilrfrework Directivé This is a strategy
to ensure that Europe’s soils remain healthy apdigla of supporting human activities
and ecosystems. Member States have to identifgréess in their national territory where
there is a decisive evidence or legimate groundstepicion that the following soail
degradation has occurred or is likely to occurseno by water or wind, organic matter
decline, compaction, salinisation and landsliddem&e change is identified for all of
these threats as a common element for the ideattdic of areas at risk.

In the Thematic Strategy, the European Commissaméannounced that it “will
build a robust approach to address the interadietween soil protection and climate
change from the viewpoints of research, economyraral development so that policies
in these areas are mutually supportive”. It incBide proposal for a Soil Framework
Directive aiming at strengthening, among otherdhijrthe role of soil in climate change
mitigation. In fact, soil as a carbon pool is egjply mentioned as a soil function that
should be preserved.

It is against this background that the Commissiaternids to assess the actual
contribution of the protection of soil to climatdange mitigation and the effects of
climate change on soil productivity and the possitiépletion of soil organic matter as
result of climate change. The objective of thisdgtis to provide a state of the art and
more robust understanding of interactions betwesh under different land uses and
climate change than is available now, through a pretrensive review and expert
judgment by European experts. The main informati@ources were the
Intergovernamental Panel on Climate Change (IPCCAgsessment Report and other
(supra)national assessment reports, published peeewed literature, national and
European reports and documents, results from oggoational and European projects
and expert knowledge.

1.2 Soil organic matter

Organic matter is one of the most complex and dynaramponents of soils. It is a
mixture of plant and animal residues, living andcajeng organisms and humic
substances. Plant residues are usually roots amubles, but also include harvest
residues. Animal residues are dead animals, exéreta grazing animals or applied
manures from stables. These residues are pres#m Boil as fresh material, but also in
all stages of decomposition. All residues are bnadk@wn by the soil organisms (Figure 1),
ranging from microscopically small microbes and durto the relatively large
earthworms.

1 COM(2006)231 and COM(2006)232, 22.9.20B8(://ec.europa.eu/environment/soil/index.jitm
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Soil organisms continually change organic compoura® one form to another.
Eventually, the organic compounds become stabiletiresistant to further changes.

Under normal conditions all plant residues are brodlown by micro-organisms.
However, very wet and anaerobic conditions in soitsy hamper the breakdown which
leads to a large accumulation of plant material tnu$ to the formation of peat soils.
Therefore, compared to mineral soils, peat soitgaio huge amounts of organic matter.
Most peatlands were formed in lowlands collectingters from catchments, but high
precipitation and humidity has also led to the fation of bogs on hills and slopes.

The presence of soil organic matter in soils idipaarly important to several
environmental and ecological functions of soilstsas fertility, biological activity and
gas exchanges with the atmosphere and leachingslogs water. From a farming
perspective, soil organic matter is important fotrient cycling, water dynamics and soil

A
200,
e “

Figure 1 The changing forms of organic matter (Uniersity of Minnesota, Organic
matter mangement)

The turnover rate of soil organic matter is an ingnat property for the
characterization of different types of organic reattFor a better understanding, the
various organic matter components in soil are offeruped together in categories with
similar breakdown characteristics. Many soil orgamatter models either use a two-
component approach with a stable and reactive argaatter pool, or a three-component
approach with pools representing a fast, interntediad slow organic matter turnover.

The amount of organic matter in any soil at a gimement is the net result of the
addition through plant and animal residues andldss through decomposition. The
major factors affecting this balance are soil mamagnt, soil texture, climate and
vegetation.
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1.3 Theglobal carbon cycle

Organic matter contains approximately 50% of car{i®n Soils worldwide hold 2500 Gt
C, of which 1500 Gt C is found in organic matteal(L2004, Batjes, 1996), the focus of
focus of this study. For reference, the atmosphmo@ of carbon amounts to 760 Gt and
the terrestrial biotic pool to 560 Gt C (Figure 2).

40000 , 38000
30000 -
=)
a
S 20000 -
o)
&
©)
10000 -
5000
|_| 1500 730 500
0 T g ! T
Ocean Geologic Soil Atmosphere Biotic

Figure 2 Principal global carbon pools in Pg (1 Pg 1 Gt = 10° g).

Figure 3 (IPCC 2001) presents a schematic diagrfatheoC cycle, showing the
main pools and flows of the natural global C cyde well as the human perturbation to
the flows of carbon between the pools.

The gross photosynthetic uptake of carbon fromath@sphere to plants growing
on land (Gross Primary Productivity [GPP]) is il trder of 120 Pg C}(IPCC 2000a).
However, plants respire approximately 50% of GeRyihg a Net Primary Productivity
(NPP) in the order of 60 Pg C'yIPCC 2000a). In turn, all organisms consuming plan
material respire carbon dioxide (€O returning 55 Pg C ¥ to the atmosphere.
Additionally, fires are responsible for G@elease of some 4 Pg C.yThe size of the
pool of Soil Organic Carbon (SOC), 1500 Pg C, esefore large compared to the annual
fluxes of C of 120 Pg C (see Figure 3, top) to &odh the terrestrial biosphere (Smith
2004).

During the 1990s, fossil fuel combustion and cemenbduction emitted
approximately 5 to 6 Pg Clyto the atmosphere, whilst land-use change emittedly 2
Pg C y* (Schimelet al 2001; IPCC 2001). These C sources led to an aseref
atmospheric C of some 3 Pg C.yThe oceans absorbed another 2 Pg'Cagd the
estimated terrestrial sink was also in the orde? &g C ' (Schimelet al 2001; IPCC
2001) (see Figure 3, bottom).
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Figure 3 Schematic diagram of carbon cycle, with @ove) main pools and flows of
the natural global C cycle, and (below) human perttbation to the flows of C (in Pg)
between the pools.
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1.4 Climate change, land use and soil carbon

The increase in concentration of greenhouse gasasnosphere and its effects on global
warming is currently one of the most debated issAesording to the Kyoto Protocol,
the reduction of atmospheric carbon dioxide {C€an be done by

- decreasing emissions or

- by removing CQ@from the atmosphere.

Thus, the possibility of using terrestrial ecosgsteas carbon sinks has been established
as one of the strategies to reduce the concentratio greenhouse gases in the
atmosphere. It is worth stressing that given tize sf this pool the conservation of
carbon in soils to prevent emissions of G©highly relevant to both the climate change
debate and to soil protection. Small changes irh significant SOC pool could have
dramatic impacts on the concentration of@®Othe atmosphere. The response of SOC to
global warming is, therefore, of critical importanc

Depending on the local conditions, soil is at tams time a source and a sink of
greenhouse gases. This balance between sink amcesiunction is very delicate. Soill
not only contains worldwide twice as much carbortres atmosphere, the flux of GO
between soil and the atmosphere is also large atichaed at ten times the flux of
carbon dioxide from fossil fuels. Water logged gretmafrost soil types hold major
stocks of carbon but also are important emittersnethane (Ck) and nitrous oxide
(N20).

The store and flux of soil carbon are climate-deleen (Figure 4). For this
reason, soil may cause an important feedback toatéi change. If carbon is released
from soil to the atmosphere or if methane and ngroxide emissions increase, climate
change will be exacerbated. On the other handpiensarbon is accumulated in soil and
the emissions decrease, climate change will bededa

Agriculture and farming activities do approximatelntribute 25% of the global
greenhouse gas (GHG) emissions, in Europe appreeiyn&0%, excluding emissions
due to land use and land use change. However, caabd nitrogen cycles have been
severely altered due to agriculture leading to ilabees in the soil/air/water ecosystem
(Batjes, 1996; Janzen, 2004). Thus, organic C oordéthe soil has been reduced in
many areas, while an increase in atmospheri¢c 843 been detected. Soil organic C
depletion and emissions of non-£@reenhouse gas emissions related to farming
activities can be offset by appropriate soil mamagma practices and organic
amendments such as manures. However, these psadtiteence C and N cycles,
nutrients and microbial populations in soil, whiafe crucial factors in the emission of
CO,, CH; and NO (Huang et al., 2004; Paillat et al., 2005). Thaes it is crucial to
assess such activities as to its effectivenessdwnelrse or harmful environmental effects.

Both forestry and agricultural soils may be congdeas carbon sinks according
to the Kyoto Protocol. However, there are still mamcertainties and unanswered
questions related to this issue of carbon sequestrasuch as the size of sink, its
sustainability and its accounting. This topic ighly relevant across Europe for the soils
more susceptible to desertification (i.e. Spaialy)tand peat soils with large stocks of
organic matter in the north (i.e. Finland, Scotland the intensively managed soil in
major agricultural areas (France, Germany, the &tkthds, the United Kingdom) are
places where organic matter is expected and aatexjto further decrease.
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LAND USE

CLIMATE SOIL CARBON

LAND MANAGEMENT

Figure 4 Climate change affects the soil carbon pband vice versa changes in soil
carbon affect the climate. For theses relationshipdand use and land management
are major factors.

The carbon and greenhouse gas balances of sodlsweaffected by land use
(Figure 4). A change from one land use to anothéuées changes in the balances. For
example, afforestation of an agricultural field aky results in accumulation of soil
carbon. In addition, changes in land managemertipes within the same land use type,
such as new forestry practices or changed cultimathethods, cause changes in the
carbon and greenhouse gas balances.

Land use management is thus a way to control thigonaand greenhouse gas
balance of soil. Land use decisions can be usedrntat the adverse effects of climate
change or promote the favorable ones. In additaord management can be an option to
mitigate climate change if more carbon can be actated in soil or greenhouse gas
emissions from soil can be decreased.
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2 Effects of climate change on soil carbon
2.1 Introduction

This chapter presents the effects of climate chamgesoil carbon. We first give an
overview of the relevant processes and some igel@ed to the detection of effects of
climate change. In section 2.2, we shall reviewdtfiects of changes in atmospheric £LO
levels, temperature and precipitation. This wilclude a discussion of the role of
modelled scenarios that try to grasp the compleaftyall interactions. Following the
effects of climate change, we describe in sectidhtBe methods that are available to
estimate changes in soil carbon. The implementaifomethods to estimate soil carbon
in monitoring schemes is discussed in chapter 3.

2.1.1 An overview of processes and their response to clate change

Soil carbon is a mixture of organic compounds wittnovef times ranging from days to
millennia. To understand how climate change affetit carbon and its turnover, we
need to know how the underlying processes are taflecThe overall change in soill
carbon is determined by the balance between camgmuts from photosynthesis and
carbon losses through decomposition and hydrolbgiceesses, including erosion (EEA
2003) (Figure 5).

Soil respiration, associated with decomposition @ activity, accounts for two
thirds of carbon lost from terrestrial ecosysteingo(and Zhou 2006). In peat-dominated
systems organic carbon dissolved, which may be eegbdnydrologically, may represent
an important pathway for carbon loss (Siemens 2@@)ally, In some heavily managed
and degraded systems, the loss of particulate,tolugeavy erosion, may also be an
important pathway for carbon loss.

The rates of all processes are affected by climhésge factors. In this chapter,
we review the information on these climate changpaicts, and we shall find that the
resulting picture is complex, and difficult to qui#yn However, in qualitative terms,
some process responses to climate change facemnane likely than others. Table 1
shows the most commonly expected impacts.

The table shows how some key elements of envirotahehange will increase or
decrease the rate of processes, and thereby chatafjesoil carbon. The focus of this
chapter is on climate change but we include thecefif increased nutrient availability as
plays an important role in climate change impatte primary effect of climate change
factors is on the processes that remove carbon thenatmosphere and transfer it to the
soil, i.e. plant and litter production. Increased,Cand nutrients will stimulate
production, but the effects of temperature and wavailability will depend on whether
the system was below or above optimum to start.\iddtomposition of plant material in
the soil partly depends on substrate availabilitg, how much organic material is
produced. Therefore, in Table 1, the entries in dodumns for production and
decomposition are sometimes similar. However, treg not identical because

2 Turnover time is the average time it takes toerish a carbon pool.

27



decomposition rate is also directly controlled esnperature and water. Erosion rates are
expected to increase if climate extremes, in paldicfor precipitation, become more
intense and frequent. The overall effect on satboa depends on the relative magnitudes
of the different process responses. Note that doerthe direction of the soil carbon
responses, the uncertainty may be high, as indigatthe rightmost column of Table 1.
We stress that Table 1 gives a simplified overvidlie process responses and their
uncertainties are discussed in more detail inoleving sections.

Atmospheric carbon

Net Primary "T
Productivity (NPP)

\ 4
Living
biomas:s

Litter fall Decomposition

A 4

Litter

A 4

Soil carbon Oceans

»
»

Hydrological transport, incl. erosion

Figure 5 Processes leading to formation and loss sbil carbon.
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Process response Soil carbon response
Plant and
litter Decomposition | Erosion | Soil carbon | Uncertainty
production
Increased CO, ’ ‘ —_ ’ Medium
Increased ‘ ‘ .
() —
=y temperature ’ High
2
o
T | Dry spells on s ‘ ‘ Hi
c . . —_— igh
oy mineral soils
S
S
= Dry spells on i
ué_, organic soils - ’ ’ ‘ Medium
Heavy rain .
events -_ -_ ’ ‘ Medium
Increased
nutrient ’ ‘ — ’ Low
availability

Table 1 Expected responses of soil carbon and thederlying processes to key
environmental change factors. (Note: “Uncertainty’refers to the direction of the
soil carbon response: uncertainties about magnitudeof change are high
throughout.)

2.1.2 Can we detect effects of climate change on soil tan reliably and
accurately?

Table 1 summarises the expected overall qualitatemds. However, once we study the
expected impacts in more detail and try to meashee effects, we find that our
knowledge is still quite limited. The effects ofnshte change on soil carbon pools are
complex and poorly quantified for reasons assodiatigh detection, attribution and the
complexities of ecosystem processes involved. Dietetssues arise as changes in soil C
are so small on an annual/decadal timescale tegtate often beyond detection limits in
many monitoring and most experimental studies (Eanen 2003b) and there are also
problems concerning consistency of sampling lagers to drainage, erosion and bulk
density (Gifford & Roderick 2003). Changes in gasedalissolved and particulate carbon
fluxes may be more easily detected but inter-annaalability and non-continuous
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records can result in problems of interpretatiothvthese approaches (see review in
Hyvonen et al. 2007).

Within monitoring programmes, to attribute the cause for the change observed is
particularly difficult due to
- the diverse nature of the drivers involved (inchgltemperature change, changes
in rainfall pattern, elevated GQand changes in extreme events including fire
frequency)
- the presence and potential interaction with otlrerers such as land use change
and atmospheric pollution.
In experimental approachesto attribute the cause for the change to indiaidlrivers is
easier. However, ecosystem processes which cotdrtouchanges in carbon fluxes are
very complex and they include plant compositionemdlogy and production, and
changes in carbon losses through impacts on dectigry erosion and hydrological
processes. The uncertainty in our current undetsigncontributes to the widely
different results on changes in terrestrial &@questration in models (Cox et al. 2000,
Friedlingstein et al. 2006, Heimann and Reichs@d08) and currently prevents the
further development of carbon-climate models (Y0Q02.
The issue of limitations in quality and quantitycur data and models will be a
recurring theme of this chapter, in particular gers 2.2 and 2.3.

2.2 Climate change factors and their effects on soil carbon

Scenario studies carried out with models indichtg tlimate change impacts are likely
to affect two crucial stages of the C cycle:

1- Decomposition

2- Net primary productivity (NPP)

Hereafter, we will concentrate on estimating tiféedent consequences of several
climate change drivers into these two stages.

2.2.1 Effects of elevated atmospheric C®

Evidence of changes in soil carbon in elevated Experiments is limited and variable.
However a meta-analysis is available which condutiat if results were combined a net
increase in soil carbon of about 6% would be okeiidastrowet al, 2005) indicating
an overall positive effect of elevated £€@n soil carbon storage.

Elevated CQ concentrations in the atmosphere (Van Groeningfeal, 2006)
cause that plant production is changed and as seqoence the vegetation and carbon
inputs on the soil also change (see reviews inddgmet al, 2006, Fischliret al, 2007) .
However, the plant production and the vegetatiommasition not only depend on the
CO, concentrations in the atmosphere but are alsorrdeted by nutrient and water
limitation. Therefore these factors also have grarteractions with the carbon input
from plants to soil, potentially reducing the po&tlong term responses.
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For example, increases in biomass and thus carprts to the soil may not be
sustainable if moisture regimes change. Experichegproaches which include multi-
factor interaction treatments are therefore a pyidor future work (Beier et al. 2004) as
current data from the only multi-factorial experimhesuggest no overall biomass
increases in a grassland system (Shaw et al. 289&)ence from single factor studies
suggest that impacts on soil carbon losses of placbmposition are relatively small as
soil properties determine the turnover rates dfsabon and the majority of new carbon
inputs do not become long-term soil carbon (Hagedxral. 2003, Taneva et al. 2006)
although others have suggested the additionat kit form coarse particulate organic
matter which initiates aggregation formation (Sixat 1998). Indeed, some studies
suggest that the additional carbon may accelerawordposition of stable carbon
(Fontaine et al. 2007). Decomposition rates okfifter seappear little affected by
changes in litter quality which will further enha&awutrient limitation of the plant
production response to elevated &g. Norby et al. 2001, Knops et al. 2007).

2.2.2 Effects of temperature

Elevated temperatures have been shown in expermngndies to generally increase the
rate of soil respiration and thereby the loss df srbon due to increased decomposition
rates. This increase ranges from 15 to 45% in mdiffestudies across a range of habitats.
The loss is thought to be greatest in northerriuldéis where current decomposition
processes are limited by temperature although expatal studies to date have not
always supported this hypothesis.

The effects of elevated temperature have been estudsing a variety of
approaches and they all provide some evidenceh®rirhportant controlling effect of
temperature on soil carbon fluxes and storageelsmd temperatures may

(1) cause a stimulation foil CO, respiration, which is the dominant pathway for
carbon loss from terrestrial ecosystems in respomsgarming, as reported by
many experimental studies via a range of techniqaas Rustacet al, 2001).
This same results is not found in all studies dught possible interference of
other environmental constraints (e.g. Emmettal, 2004). Attributing this
increase to increased decomposition and thus tiecarbon loss rather than
increased respiration from plant root or additiop#nt litter is problematic
although new methods are demonstrating that batlegses are involved. An
additional problem, is the observed ‘acclimatiorf’ the stimulation of soil
respiration in warming experiments whereby the ntage of the response
declines over time, most likely due to limitatioh readily available substrate
supply (Kirschbaum 1995, 2006). However, plant piitbn may increase due to
elevated C@emphasising the need to understand the changeursi from plants
and the relative sensitivity of different soil carbpools to the different climate
drivers and the need for multiple factor experirsenthanges in microbial
composition over time to less sensitive communitidsch are possibly more
tolerant to extreme conditions may result in trbggological acclimation. ThisA
shift in microbial communities to less sensitivercounities which are possibly
more tolerant to extreme conditions has been regoit several studies (e.g.
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Zhang et al. 2005). If this occurs it will helpreduce the rate of soil carbon loss
due to elevated temperatures.

(i) increasedissolved organic carbon (DOC)widely in surface waters in North
America and northern and central Europe as repdeted Freemaset al, 2001a,
Worrall et al, 2003) although other climatic drivers such asvatied CQ
(Freemanet al, 2004) have been invoked. DOC is an important waghfor
carbon loss in peatland systems which are the darg®res of carbon. Most
recently, the attribution to climate drivers haemalisputed with recovery from
acidification and changes in organic matter soitybgroposed as the most likely
explanation (Monteitket al, 2007).

(i) contribute to changingopsoil carbon contents as reported in England and
Wales by Bellamyet al. (2005). No attribution work was carried out ashsbat
rather they proposed that the consistency of théenmas observed across the
region pointed to a large-scale driver such asatinchange. The potential for the
magnitude of the loss reported being attributableclimate has more recently
been challenged (P. Smi#it al, 2007a). Changing land-use and management
may have been more important (Kirk and Bellamy,800

(iv)  causea net carbon lossin combination with extreme drought, as reported i
information derived from eddy-covariance studiesss Europe in 2003 (Ciagt
al., 2005, Reichsteiret al, 2006). This illustrates a major concern thatsit i
extreme events and eventually the exceedance titydar thresholds for key
processes which may result in a significant shifsails acting as carbon sinks to
sources.

It is expected that the effects of increasing terajpees on decomposition have a
higher and more sustained impact on soil C thanefifiects of temperature on plant
production. This is due to the fact that soil rezfgon is more vulnerable to changes in
temperature than photosynthesis and plant respiatis demonstrated in a review of
available laboratory and field studies (excludingisture limited systems including
peats) (Lenton and Huntingford, 2003). This is ipafarly the case in northern latitudes
due to the stronger response of soil respiratidove¢r temperature (Kirschbaum, 1995).
The consequence of this will be a loss of soil carland a positive feedback to the
climate system in the long term.

However, a wide variety of sensitivities are obserin warming experiments in
the field (e.g. Rustad et al. 2001, Emmett et 804 Davidson and Janssens 2006).
Temperature sensitivity of different componentsted soil carbon pool has been much
studied as even a small increase in the releastoodd organic carbon could cause a
major positive feedback to the climate cycle. Mosbdels assume a temperature
sensitivity coefficient @ — the quotient of change in respiration caused biange in
temperature of 1T - of 2 (see review in Yuo 2007) although a widaege of values
have actually been reported (Lenton and Hunting@®3). Much recent work has
concentrated on identifying temperature sensitiofydifferent soil carbon fractions
including labile versus stabilised, bulk versuszosphere (e.g. Hartley et al. 2007) and
organic versus deep soil layers (Davidson et a0620This proposed variability in
sensitivity is reflected in some of the models. loer, empirical evidence can be
contradictory for reasons poorly understood altiouthis may include other
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environmental constraints which can obscure tentperasensitivity of substrate
decomposition (Davidson and Janssens 2006). Fon@ea Fierer et al. (2006) found
evidence for a greater temperature sensitivity oferabile carbon. Conen et al. (2006a)
found no evidence of variable temperature sensjtivi young and old carbon whereas
Hakkenberg et al. (2008) reported evidence fortgresensitivity of older carbon pools,
and some studies found no sensitivity at all (Greadnd Ryan 2000).

The major area of uncertainty appears to be th&asron stabilised soil organic
matter (SOM) as controls on initial stages of degosition of fresh litter appear better
established. Some studies have suggested these a®@ohot sensitive to temperature
(Gardiana and Ryan 2000), but Davidson and Jang2608)point out that the absence
of any sensitivity to temperature is contrary taetic theory. Increasingly studies are
including other drivers known to influence soil lsan turnover and potentially
contributing to the sensitivity to temperature. Ostedy showed that different soil
microbial communities are active in different seesdrom which a response of soil biota
to warming may be inferred (Monson et al. 2006).

The effects of temperature are complex but genenapresented by simple
response functions and kinetic sensitivity of plkgtdhesis and respiration in models
(Yuo 2007, Heimann and Riechstein 2008). Most n®déb not incorporate the
stimulatory effect of freeze-thaw cycles which dmeown to cause pulses in soll
respiration rates (Goulden et al., 1998). Effedtsemperature on plant production are
highly variable depending on species specific fies;tovegetation composition,
competitive balance and other environmental linotet although most frequently
positive responses are reported (e.g. Rustad &08ll, Penuelas et al. 2007 and see
review by Yuo 2007). This complexity also includaisenological changes which are
currently missed in most models. Additional compleis caused by changes in nutrient
supply with increased net nitrogen mineralizatias, reported in many studies (e.g.
Rustad et al. 2001, Johnson et al 2000) which cdwarece plant growth thus removing
one of the primary limitations on plant growth respe to temperature (and elevated
CQO,) although the sustainability of this is likely be limited (Luo 2004). These changes
in plant derived carbon inputs are known to havengor influence on soil carbon
decomposition although the effects are poorly gtiedt

2.2.3 Effects of changes in precipitation

Unfortunately, describing the response of decontjposito soil moisture changes in
models is limited as the direct response of decaitipa to changes in water content is
less well characterized than for temperature.

The effects of drought are known to be heavily deleat on current hydrological
conditions. In water-limited systems, the majoeet$ of increased frequency or severity
of drought is likely to be indirect through changesplant community composition. In
wetter systems, there is potential for significamereased carbon loss by soil respiration,
with values of +40% reported.

A more extreme hydrological cycle is predicted fizany areas which will result
in more extreme and frequent periods of soil mogstieficit. This will decrease the rate
of decomposition in many systems but will increestes in waterlogged systems such as
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peatlands where much carbon is stored. Various sagbes concerning the effects of

changes in precipitation are available e.g.

0] In a range of European shrublands, the longteffects of repeated summer
drought in climate change experiments were obsetwegither stimulate by 40%
or depress soil respiration rates by 30% dependinginitial hydrological
conditions (Sowerby et al, in press).

(i) In a temperate forest, drought significantlgcdeased soil respiration and the
authors suggested there was therefore the potdatiain increase in soil carbon
storage (Borken et al. 2006).

@ii)  In the Amazon, no change in soil respiratibbut a large decrease in plant
production was observed in a drought experimenicaiohg a likely net loss of
carbon from the ecosystem due to reduced carb@aitidix (Brando et al. 2008)
which in the long term would lead to reduced saibon.

(iv)  Drought was suggested by Schulze and Freibé@05) to be the most likely
factor to have contributed to the 15% loss of sailbon stock over the last 20
years reported by the UK national soil monitoringgramme (Bellamyet al.
2005). However, high temperatures often occur inceat making it difficult to
separate their single and interactive effects imitooing studies such as this.

(V) Drought in interaction with warming may exacaté loss of carbon by erosion,
with Mediterranean countries having relatively higgks of desertification (EEA
2003).

(vi)  In mountainous areas of central Europe, exgechanges in rain event frequency
and intensity may increase soil erosion (Sauerkbal, 1999). Flood events will
partly remove eroded carbon from soils but pamigd to redistribution of the
carbon across the landscape (e.g. Quietad, 2006).

Soil carbon loss via soil respiration is considetedbe less sensitive to soil
moisture limitation than plant production (Agrenal, 1996). This results in soil carbon
losses exceeding carbon fixation during a periodrofight. Of particular concern is if
stabilised SOM is somehow made available to micsalee to removal or reduction of
environmental constraints such as waterlogginge®zing due to changes in rainfall and
temperature which may lead to continued loss beyivadl currently predicted from
present day measurements. This may happen dueygicahcracking of the soil for
example. This has been observed in one study wiemeval of the environmental
constraint of waterlogging by repeated experimedtalghts caused a large (20-40%)
and increasing stimulation of soil respiration whiasted for the duration of the whole
non-drought period (Sowerby et al., in press).dased hydrophobicity due to changes in
microbial communities and in some systems fire deggpy could also contribute to
prolonging the effects of soil drying far beyone tiirought period reducing or enhancing
soil carbon loss depending on initial conditiong@weéver, as for temperature, shifts in
species phenology and composition towards moregitaiolerant species such as shrubs
will also have major effects on soil carbon througanges in rooting pattern, litter
quality and associated soil microbial community rdjes and even soil physical
conditions. For example, earlier onset of senescarnith warming was found to increase
spring soil moisture (Zavaleta et al., 2003). Répearought in successive years and/or
increased frequency of severe drought caused huctieds in rainfall below an historic
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minimum or threshold, may be critical in causingchange in plant community
composition and structure (e.g. Leuzinger et &05) which could fundamentally change
the production potential and carbon balance ofcaisystem.

The few available studies are difficult to compdmecause of differences in
measurement methods (lIsteelt al, 2000). Direct effects are due to an increase in
microbial activity with soil water content from aimmum water content (where
desiccation stress is observed) to a maximum tbteshlisually field capacity, above
which a decline in decomposition processes is obserndirect effects on diffusivity of
substrates are thought to be the primary drivethef sensitivity to soil water content
(Grant and Rochette, 1994). However beyond thiplemodel, variability in sensitivity
to water content is observed due to other indiggatironmental constraints leading to
variable thresholds for different soil types (lttest al. 2000). The combined effect of
warming and reduced soil water content is also lprohtic as whilst diffusion of gases
and solutes increases with increasing temperatinier soils will decrease rates of
diffusion of carbon substrates, extracellular eneyrand mobility of microbes. This can
result in lower temperature sensitivities during geriods, which often co-occurs with
changes in vegetation-derived substrate supply.

2.2.4 Interactions with nitrogen and phosphorus

Nutrient availability may provide one of the mositical controls on the net balance
between plant and soil processes. In systems vath $oil nitrogen availability,
additional nitrogen from deposition is thought ® dne of the major causes of increases
in tree growth and soil carbon storage in forest®ss Europe. Data and evidence for
other systems are sparse.

Nutrients such as nitrogen and phosphorus arecaritn controlling ecosystem
carbon balance as most natural systems are nulireted. Thus, the limited availability
of nutrients can hamper or constraint the incredsesgetation that higher temperatures
or CQ, atmospheric concentrations would bring about.

Availability of nitrogen in many European ecosystens now significantly
enhanced due to atmospheric nitrogen depositiors fAidgs major consequences for the
ecosystem carbon balance. Nitrogen deposition heen kestimated to account for
approximately 10% of all carbon captured in treed aoil in European forest systems
due to the positive effect on tree growth (De Vmi¢sal. 2006). provide Evidence from
long-term observations and modeling in Sweden, sttt the 10 kg N ha year*
higher deposition in southern Sweden than in nontlssveden for a whole century could
have resulted in 2.0 kg Tfhmore tree C and 1.3 kg fmore SOC in forests in the south
Hyvonen et al. (2008. These estimates are consigiéim differences between south and
north in tree C and SOC found by other studies, #neB0% of the difference in SOC
can be explained by different N deposition.

Unfortunately, the effect of N deposition, and rrit availability in general, on
soil organic matter turnover remains largely ovekied by existing models. Assumptions
that increased N availability will reduce organi@tter decomposition rates (e.g. Fog,
1988; Carreireet al, 2000; Neffet al, 2002; Hagedoret al, 2003; Waldroget al, 2004;
Knorr et al, 2005) coexist with the contrary hypothesis (KiMsaum, 1995).
Implications of this are that greatest effects @fogen on carbon storage may be
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expected in carbon-rich, nutrient poor systemstdumth an increase in production and a

decrease in the decay rate of an enlarged re@adtidrganic matter pool. The effects are

likely to be considerably smaller in agriculturallganaged systems, where nitrogen
inputs are higher and where regular soil tillageskates soil organic matter turnover.

Indirect effects of climate drivers on nutrient éafaility have also been shown to
be important in some ecosystems:

0] in experimental warming, changes in nitrogen availability have been shtovn
increase the risk of soil carbon loss. For exampletundra systems warming
results in an increase in the abundance of shistsrf et al. 2005). This change
in vegetation structure causes higher winter smhgeratures and the resulting
increase in microbial activity and plant-availabierogen further promotes shrub
abundance and a positive feedback loop.

(i) Drought has been shown to reduce uptake of phosphorusthed nutrients by
trees in a Mediterranean system thus increasingiiation of growth (Sardans &
Penuelas 2007, Sardans et al., 2008).

(i)  Following extreme weather events,dynamics of nutrient release from litter may
also be responsible for oscillations in annual prtnary production observed
(Haddad et al. 2002).

(iv)  Patterns acrossainfall gradients indicate that concentrations of exttzdefa
exchangeable nutrients generally decrease withptatton with a widening of
C:nutrient ratios (e.g. Austin and Vitousek, 1998)is suggests an asynchrony of
carbon and nutrient dynamics driven by the diffesansitivity of photosynthesis
and decomposition to temperature and water avétjalut also the effect of
rainfall and temperature on other abiotic and bigtirocesses specific to
individual elements.

2.2.5 Integrated analysis of the combined effects by modmg

Scenario studies carried out with models indicdtat tclimate change is likely to

accelerate decomposition and thereby decreasecaddon stocks, but that effect is
counteracted and in certain cases fully compensdtedincreasing net primary

productivity (NPP), changes in land use, soil managnt technologies in agriculture or
changes in age class structure of forests. Themabivariation is large. These results
underline the complexity of the phenomena.

Therefore, gathering further knowledge and detaifddrmation on a large number of
processes and drivers is crucial to improve modejeptions for the effects of climate

change on soil carbon .

The experimental studies analysed in the previcetions demonstrate the
complexity of the carbon chain and the manifoldeiattions between environmental
drivers. Only a fraction of this complexity has beepresented in models. The general
approach in models is to simplify nature by distiisging only a small number of soil
carbon pools, with different levels of stability catherefore different carbon turnover
rates. The turnover rates are generally considerdue controlled by substrate supply,
temperature and water (see review of soil modelSioyth et al. 1997a). However, the
degree of control exerted by these factors is asduto differ between the pools.
Although models are simplifications of reality, yhare essential in that they are able to
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consider combinations of environmental factors tlaae difficult to establish in
experiments, i.e. they can simulate any scenaridiofate change. The consequence of
this is that models are often the only tool to gtudimate-change related issues —
examples of which are given in this section — batmust evaluate their outcomes with
care.

Recent model simulation studies in Europe have shibnat changes in land use,
soil management technologies in agriculture or geann age-class structure of forests
can be more important than climate change itseffisiRg temperatures increase the
decomposition in all the soil carbon models leadioghe conclusion that soil carbon
amounts decrease. However, the effect of risingpegatures can be counterbalanced by
other accompanying climatic phenomena, such asgtiteuIndeed in certain regions,
like in the Mediterranean, drought limits the depasition. Whether the net change in
soil carbon stock is positive or negative depentishe balance between the increased
decomposition and possibly increased litter inpladils.

Smith et al. (2005) found that increasing litter input and tealogy
improvements balanced the effects of climate irpleneds and grasslands. There were
regional differences in trends. Sméhal. (2007a) carried out a similar scenario study for
agricultural mineral soil carbon in European Rusara the Ukraine The authors
conclude that there are large potential lossesadfan from mineral soils under future
conditions and that agricultural management caty plamajor role in adaptation to
climate change and mitigation of these losses.

Smith (2006) projected the potential changes in gbe# carbon of forests on
mineral soil in Europe. According to this simulatistudy, also in forests, climate change
will tend to speed up decomposition, whereas irsgean litter input due to increasing
NPP and changing age-class structure will slowidke of SOC. Increases in forest area
could further enhance the total soil carbon stddkwopean forests.

A similar simulation study of the terrestrial canbgtocks in Europe (Zaehé al,
2007) supported the results above and showed tiatabon losses resulting from
climate warming reduce or even offset carbon sdcates resulting from growth
enhancement induced by climate change.

Joneset al. (2005) concluded that the projection of a posifieedback between
climate and carbon cycle is robust, but the mageitof the feedback is dependent on the
structure of the soil carbon model.

2.2.6 Assessment: Uncertainties and knowledge gaps

The assessment of the effects of climate changsodrcarbon requires understanding
and quantifiable information on various processed their drivers involved in the
terrestrial carbon cycle. Currently, there are rclgaps in our knowledge. Insufficient
understanding of the underlying processes propagiemodelling studies but the
magnitude of this uncertainty is difficult to asse€oncentrated efforts should be made
to acquire measured information on the criticalcpsses of the carbon cycle in soils.
Such efforts could be part of revised soil monitgrschemes — which will be discussed
in the last section of this chapter.

Detection, attribution and prediction of the effeaf climate change on soil
carbon are all subject to numerous uncertaintieskaowledge gaps. This applies to all
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studies, irrespective of the chosen method: manmgprexperimentation or modeling.
With respect to monitoring, of primary importance the requirement to refine
methodologies for measuring both soil carbon stasid fluxes (gaseous, dissolved and
particulate). There is a need to ensure continoabiblong term records which hold
evidence of inter-annual variability and feedbaatse to changes in vegetation
composition and interactions with other environraémirivers. Attribution of observed
changes to underlying causes remains a major dgalldue to the complexity of drivers
and their interactions. Increased understandingeoisitivity of different processes to
driving variables and critical thresholds will helys attribute change in the future. A
major gap currently is our lack of understandingl guantification of the impacts of
freeze-thaw and drought-rewet events on soil carBte repeated freeze-thaw events
during cold season, freezing of soils in autumn #dadving in spring are typical for the
tundra, boreal, and temperate soils. The thawingsafs during winter-summer
transitions induces the release of decomposablenargarbon and acceleration of soil
respiration. A similar increase in respiration served when dry soils are re-wetted.

We need new experiments which involve multiple destand their interaction to
test outputs from ecosystem models in a wide raofyecosystem types to help
understand the variability in responses we curyeoltiserve. These experiments should
involve measurement and manipulation of nutrieteiothan carbon and nitrogen as
many systems are limited by other nutrients. Raniihg of fluxes observed between the
autotrophic and heterotrophic community remainkallenge but new isotope techniques
are providing at least one new approach to addrgghis problem.

There are many sources of uncertainty in model lsitiams of the climate change
impacts on soil carbon and they are handled iredfit ways. The uncertainty related to
future predictions is typically handled by usingrighle future scenarios spanning a
plausible range. Currently most commonly used stenare the IPCC-SRES storylines
(AL1FI, A2, B1, B2). When using different scenarithee aim is not to quantify the
uncertainties exactly but to cover roughly the pote future developments. The main
challenge for the models used to predict changes tduthe changing climate is to
describe the most relevant processes and theiaimependencies accurately enough.
That can only be tested with the already existiagdLimits to model applicability (soil
types, geographical regions, temperature rangekjuather uncertainty to model results,
but this is unavoidable as the models are the tmdlg to extrapolate research findings to
new, as yet unobserved, conditions.

2.3 General methodologiesto estimate changesin soil carbon

Methods to estimate changes in soil carbon poaieadivided into four categories:

» Statistical analyses of spatially distributed s@imples (repeated measurements or
chronosequences),

* Measurements of carbon dioxide fluxes,

* Process-based modeling studies,

» Combinations of monitoring and modeling.

These methods are described in detail in Annex 1.
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Among these categories, the best methods to estichanges in soil carbon pools
over larger geographical areas are the statistinalyses of repeated soil carbon pool
measurements based on spatially distributed sonpkss (soil carbon monitoring),
modeling or combinations of these two methods. Mesasents of carbon dioxide fluxes,
using soil respiration chambers or eddy covariamethods, are less suitable for this
purpose because of difficulties in separating ptagpiration from decomposition of dead
soil organic matter, need of complementary estimate carbon input fluxes to soil and
an insufficient geographical coverage of such messants.

The main difficulties with soil carbon monitoringeathe large amount of work
needed and consequently high costs plus the cigalléo keep the study methods
adequately similar between the monitoring roundse @mount of work and the costs can
be reduced by combining modeling with monitoringn@ating soil carbon changes to
be expected using models helps in desiging moeztfe sampling schemes.

Modeling is a less expensive and an easily apdicaiethod to estimate changes
in soil carbon pools but as pointed out in the ey section, the main concern is the
reliability of the results. Nevertheless, modelimgvides a useful complement to soil
sampling, and it is advisable to apply these methtmdjether when monitoring soil
carbon pools.
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3 Monitoring systems used to estimate changes in scérbon

Most EU countries have established soil inventarggpammes but basically lack soil
monitoring systems. Most of surveying initiatives@ss Member States of EU cannot be
considered as monitoring programmes, since onlydry few cases more than one
observation in time has been performed. The inveggomay serve soil monitoring
purposes in the future if the inventories will peated in a sufficiently similar way.
This maybe hampered due to the fact that soil itorexs are usually carried out by a
number of different organisations and for many elght reasons. For example,
monitoring aimed at providing information regardic@mpliance with the Kyoto protocol
(based on IPCC Good Practice Guidelines) could tagdimited aim of demonstrating
that soil is not a net source of greenhouse gaskgh may require less intensive
measurements than a survey for other purposes -magde carried out by a different
organisation.

Some inventories are Europe—wide but most are maltiand some are regional.
Often the regional schemes are carried out evemowitreference or linkage to the other
monitoring programmes in the same country. Only ogaan forest soils can be
considered to be monitored in a harmonised way @Gst, Forest Focus).

3.1 Description of available monitoring schemes

JRC-IES has compiled a soil organic matter map ksgere 7) for Europe (Jones al,
2004) with calculated total soil carbon content (3OThe soil map is compiled from
national soil surveys by means of pedotransfertfans and gives only information on
the state of the SOC in EU-25 but not on the chang8OM in time. Information on
changes in carbon stocks in the EU-25 are notawailas bulkdensity in general has not
been a standard measurement. On national levéddénsities are sometimes available in
databases with old information but more often these calculated by means of
pedotransfer functions. Whether the informatiorthe European soil map is up-to-date
remains uncertain as very few national monitoringgpams of soil organic matter exist.

A recent assessment of European, national andnagsoil monitoring networks,
has been undertaken by the EU project ENVASSO (fays and Morvan, 2008,
http://www.envasso.comn/ ENVASSO has concluded that topsoil organic carbo
concentration is one of the most widely availabiéicators in Europe. Measurements of
topsoil organic carbon content are available ircallntries (Figure 6).
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Figure 6 Maps of density of sites at which on theeft in a) topsoil organic carbon
content is measured and on the right b) topsoil o@nic carbon stocks can be
calculated without necessity of further assumption$or bulk density and/or for
calculation of organic C from organic matter. (Souce: ENVASSO report, Arrouays
& Morvan, 2008).

To generate Figure 6, details of over 80 soil namg networks were collated by
ENVASSO from all European countries. Table 2 gimesummary of these monitoring
networks showing the total number of monitoringsitvithin each country and of these
the sites at which organic carbon or sometimes onfjanic matter content has been
measured. It is important to note that carbon eadrgstimates must be complemented by
bulk density estimates to estimate an amount ¢icaobon for a specific site. It is for this
reason that a national soil carbon estimate mayibsing from Table 2 even though this
table shows that a country has a national inventorysoil carbon content. Also, the
number of sites in Table 2 may deviate from cousttgmples provided in the text on the
basis of country reports because the criteria lefctag sites may have been different in
the country studies and the ENVASSO praoject
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Table 2 Total number (N) of actual monitoring sitesnumber (n) of sites where
carbon content (%) is measured, theoretical numbenl) of sites needed to detect a
relative decrease of 5% of the national mean of tgwil organic carbon contents
according to national statistics on variances, nundr (n2) of additional sites needed
in comparison with n1, number (n3) of additional sies needed in comparison with N

(taken from ENVASSO, see Arrouays and Morvan, 2008)

N : n : sites nl : theoretical n2: n3:
actual where number of sites additional | additional sites
monitoring carbon needed to detect g sites needed needed in
Country sites contentis | relative decrease g in comparison
measured 5% comparison with N
with n
Austria 3829 3313 1073 0 0
Belgium 2546 2546 2105 0 0
Bulgaria 436 432 866 434 430
Czech Republidg 738 738 1933 1195 1195
Denmark 848 848 1323 475 475
England & 6018 6018 3853 0 0
Wales
Estonia 1588 128 2314 2186 726
Finland 1563 1446 2153 707 590
France 1532 1532 2182 650 650
Germany 1380 1254 2079 825 699
Greece 150 146 1230 1084 1080
Hungary 1328 1328 1680 352 352
Ireland 1317 1317 3121 1804 1804
Italy 341 341 1331 990 990
Latvia 127 127 2513 2386 2386
Lithuania 146 146 2849 2703 2703
Luxembourg 6 6 850 844 844
Malta 388 271 34 0 0
Netherlands 531 531 2086 1555 1555
Northern 582 582 3116 2534 2534
Ireland
Norway 1057 1057 6988 5931 5931
Poland 895 894 1580 686 685
Portugal 291 290 1540 1250 1249
Romania 952 948 1286 338 334
Scotland 721 721 1255 534 534
Slovakia 432 424 1374 950 942
Slovenia 468 56 850 794 382
Spain 1009 1009 2304 1295 1295
Sweden 4885 4885 1764 0 0
Total 36104 33334 57628 32498 30361
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Despite its ubiquitous measurement, a consensustaeTt of soil organic matter
(SOM) is not apparent from literature (Carter, 200he main disparities between these
definitions (Kibblewithet al, 2008) are:

i) inclusion/exclusion of living biomass

ii) inclusion/exclusion of the litter, fragmentati@nd humification layers

iii) ‘threshold degree’ of decomposition.

Also SOM or SOC have been determined by differeathmds in the studies available.
Further, topsoil depth and sampling depth are nell wefined. All this makes an
assessment of C-stocks across EU Member Stateke pratic.

Very few countries have systematically taken meawments on more than one
occasion — particularly at a national scale (sse Annex 2). The only region with ‘true’
resampling data is England and Wales where 40%eobtiginal sites on a 5x5 km grid
were resampled with an interval of 15-25 years I@@ey et al., 2005). Belgium (Lettens
et al, 2004) has carried out sampling campaigns ovee.tiEven though these soil
profiles have been georeferenced, these samplesi cnnot be considered ‘monitoring
sites’ as defined by ENVASSO as they are not latptecisely enough to enable the site
to be revisited. Hanegraat al. (2009) has calculated changes in organic mattehen
basis of farm based measurements for the period 29804 in the Netherlands. Again,
here no real resampling was done and also no nmesagur bulk density were available
and sampling depth was only 0-5 or 0-10 and 0-20femgrassland and cropland,
respectively.

As a noticeable number of countries do not detesnsioil bulk density, topsoil
carbon stocks cannot be accurately monitored inhiged Kingdom, lItaly, Portugal,
Greece, Poland, Sweden, Norway, Czech Republibuania, The Netherlands, and in
parts of Austria. However, some pedotransfer fumstican be used to get estimates of
carbon stock changes (see for example Bellamhyal, 2005) from soil carbon
concentrations from soil monitoring networks. Nekeless, as bulk density and organic
carbon are correlated, and as changes in bulk tgemsiy induce changes in the mineral
mass of soil collected down to a given depth, iulddoe worthwhile to determine bulk
density on all sites. Nearly all Member States memadoth carbon and nitrogen except
for England and Wales, Greece and Malta. Over tidepth of plough layers has
changed. This change is hardly recognized in aizabfsrends of the stock of organic C
in soils.

Of importance in the European context is the Largk Wand Cover Annual
Survey (LUCAS, http://circa.europa.eu/irc/dsis/landstat/info/datadduction.htn.
LUCAS is an area frame statistical survey that a@mnebtaining harmonised data at the
EU level on land use, land cover and additionaliremvmental features. The survey
consists of ground visits in springtime for samglatbout 100 000 points according to a
18x18 km grid. The survey has been carried ouDB12n the EU13, in 2002 in the UK,
Ireland, Estonia, Hungary and Slovenia and in 2@98&)e EU15 and Hungary. Such data
on land use and land cover are useful and needealdalations on carbon stock changes
in soil.

The EU BioSoil project Http://biosoil.jrc.it), running from 2006 to 2009,
monitors the soil carbon content in forest soiloas Europe, as a contribution to define
the key role of forests in carbon sequestratiore ploject addresses the suitability of
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using existing_Level | networkor monitoring soils in European forests. The lele
network for forests was established in the earl@0k9to monitor forest decline across
Europe and is a subset of more extensive nati@makf surveys and includes 300 plots
covering the five major tree species (Oak, BeedotsSpine, Sitka spruce and Norway
spruce).

3.2 Evaluation of available monitoring schemes

In several European countries monitoring schemesséis have been implemented.
Annex 3 gives a few examples; this is not a comgmelve list. The purpose is to show
that major differences in monitoring activities sixboth between countries and within
countries for i.e. different land cover and lane.uslany of these monitoring schemes
have not been designed and implemented for monganganic matter or organic carbon
in soils Furthermore, many of the data from this nationahitoring across Europe have
not been assessed and used for calculating or astgnsoil organic carbon stocks.
However, these national datasets offer signifigaotential to create a starting point for
calculation of organic carbon stocks in Europe diven land use and land cover. As
indicated below, assumptions on i.e. bulk densitiransformation of organic matter into
organic carbon have to be made. Linking these wétaany specific future monitoring
scheme for soil organic carbon requires developnoérd strategy for frequency and
distribution of observations that will match theede of monitoring changes in stocks of
soil carbon.

3.2.1 Limitations of existing and proposed monitoring sclemes

Solil is a fairly stable medium, with detectable rmipas occurring only over long time
spans; but it is spatially heterogeneous, hencahifity in sampling and measurements
Is often many times larger than variability ovendi, making stringent standardisation
and quality assurance/quality control (QA/QC) prhges mandatory. QA/QC involves
quantifying the errors associated with the samplidg error budget for undisturbed
forests has been established in the project Cavbatn(FP 5) and the rules of accounting
for errors are described in the Good Practice Guedadf the IPCC. Based on data that
will become available from WG1 of COST Action 63®06-2010), calculation of error
budgets of SOC pool changes for peatlands thatideckh quantification of error and
uncertainty for the SOC pool will be possible.

3.2.2 Costs of soil carbon monitoring

Both JRC (Stolbovot al. 2007) and COST 639 (Jandl & Olsson 2007) madenastis

of the potential cost of a soil sampling programtmeletect changes in SOC. Stolbovoy
et al. (2007) made cost comparisons for the conventidd@d (IPCC, 2003) and the so-

called AFRSS (Area-Frame Randomized Soil Sampkag)pling approaches. The IPCC

procedure recommends that nine soil points beddsteeach plot, each containing three
sampled depths (0-10 cm, 10-20 cm and 20-30 cngsdlsamples are required to study
the spatial variability of the soil parameters tloe initial sampling. On the basis of these
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data, the number of the soil samples needed fecansl sampling was estimated based
on the IPCC requirement to detect the changesersStC stock with a confidence level
of 95%. Stolbovoy et al. (2007) based their estiaman coefficients of variation (CVs)
of SOC content for cropland, pasture and fore€%f 15% and 23% respectively; these
CVs give information on the upper en lower valumsSOC stocks and not just the mean
estimate for SOC stock and allow a more accuratergénation of numbers of samples
required for detection of changes of SOC. Theicwations gave requirements of 243,
675 and 1587 samples in total for cropland, pastaceforest respectively. The prices to
determine C in commercial laboratories in Europeeweported to vary from €6 to €16
per sample. The laboratory measurement of thenCesuration represents only about 20
to 30 % of the total costs of analyzing soil carlsontent while the field work and other
laboratory practises represent the rest (Makipad &008). The total costs of measuring
changes in soil carbon stocks of Finnish forestgedrom an estimated 35 euros per soll
sample if 40 samples are taken from a plot, tol0sper soil sample if 10 samples are
taken per plot.

The estimate for a single sampling campaign basedthe IPCC approach, in
which the initial number of samples is 27 (samplsigs containing 3 sampling depths
each) was €162 to 432. The verification cost fergbcond time observation was forecast
to be substantially larger due to increase of thenlver of soil samples to meet a
confidence level required by IPCC. In contrast, ¢bst of a single sampling campaign
for a 4 ha agricultural field using the AFRSS meltloould range from €18 to 48. Hence,
on the basis of those calculations, Stolbogbwgl. (2007) concluded that the required soil
monitoring for a complete periodic assessment bfGand N stocks throughout Europe,
using the IPCC approach, would be prohibitively engive. As a more cost-effective
alternative JRC suggest the AFRSS approach, wh&ee&T Action 639 suggests that
monitoring efforts need to be concentrated at sed on land management practices
where the stock changes are most likely to happke.latter approach has indeed been
shown to decrease the effort needed and thus cbstenitoring changes in soil carbon
stocks in Finnish forests (Peltonieatial. 2007).

When estimating the number of samples needed amdtdbts of soil carbon
monitoring, it is necessary to keep in mind tha thliability of estimating soil carbon
changes increases with an increasing number of lsanpan asymptotic way, and thus
the gain in confidence per sample decreases watlnttreasing number of samples. As a
result of this, a predetermined level of confiderfoeinstance 95 %, may lead to suggest
that a large number of soil samples in necesséhgugh even a considerable reduction
in the number would not seriously impair the religpof the estimate (Liski 1995).

3.2.3 European harmonisation

In contrast to other monitoring programmes, soiboa monitoring deals with a global

problem. As most countries have not yet chosenixadfa methodology, there is a
considerable scope for harmonization of soil carlmonitoring. A systematic and

harmonized monitoring across EU27 would allow fde@uate representation of changes
in soil carbon in reporting emissions from soilsdasequestration in soils to the

UNFCCC.
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The evaluation of the monitoring schemes carriedi@lENVASSO highlighted
the problem that the current monitoring networksenadl designed for different purposes
and in different ways — many countries having saivechemes for different reasons. This
is why ENVASSO concluded that more harmonisations waquired. The lack of
harmonisation in the soil monitoring programmes leadier been noted by the EEA
(2003). Across Europe very few countries have aesgigand implemented monitoring
networks for soil organic carbon (SOC) where mbantone campaign of sampling has
been undertaken. Measurements differ with respectdpth, frequency and across
categories of land use. Furthermore, crucial intram on e.g. bulk density may not be
available. The need for improved methods to accémnthanges in soil bulk density
remains a hindrance to quantification of changesaih carbon stocks (Izaurralde and
Rice, 2006). ENVASSO concludes that consideralflertefvould be necessary for some
Member States to reach acceptable levels of minindetectable change for C
sequestration accounting. For SOC, a time inteo¥about 10 years would enable the
detection of some simulated large changes in mosigean countries.

LUCAS has proved its reliability in providing fohe first time harmonised and
comparable data at EU level. The EEA concludeslib&AS in observing land use and
land cover and their changes, provides fundamelatal for indirectly monitoring decline
in SOC as well as threats such as erosion, sdihgeand possibly floods and landslides.

3.3 Recommendations for monitoring schemes
3.3.1 Considerations when making recommendations

Any recommendations concerning monitoring schemast rbe targeted to the specific
goals of the monitoring. For example, the desiga stheme for mapping carbon stocks
Is not the same as one optimized for monitoringp@archange (EA, 2008). Moroever, we
may wish a programme of soil monitoring not to ib&ted solely to following changes in
soil properties: it should preferably also factitatudies that increase understanding of
the mechanisms behind the observed changes @iag 1998). For soil carbon change,
this will require measuring environmental factonattaffect soil carbon dynamics (see
section 3.2), and soil factors that affect the iitgtof the carbon pools.

Further, new programmes can be continuations, neatibns or alternatives to
existing monitoring programmes. The existing progmaes should be evaluated in the
light of the statistical principles of monitoringiscarbon changes. Decisions about the
future monitoring programmes should then be basedl) the results of this evaluation
and (2) benefits obtained when continuing the etthpammes even though they may not
be statistically optimal. The way forward would &ecompromise between (1) and (2),
and the optimization problem would be to put wesgbr the alternatives.

3.3.2 Towards harmonisation of monitoring schemes in Eurpe

The EEA considered the main problem at presentetdhle lack of harmonisation in
existing soil monitoring programmes (EEA, 2003)d are conclude that this applies also
to monitoring soil carbon levels. To achieve a camnkEU approach to soil monitoring
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there needs to be an EU body, such as an EU Soiséleation Service, to act as a
European focal point for soil protection and monitg. A number of initiatives exist at
national and at European level aiming at the cttlacof basic soil data in the form of
inventories accessible in electronic formats. itnscial that a common approach for the
collection of georeferenced soil data is adopteBlatevel. There may be a role here for
the European Soil Data Centre (ESDAC), based at I3R@. ESDAC has the remit to
collate and hold European wide soil data but culyemainly hold metadata
(http://eusoils.jrc.ec.europa.eu/library/esdac/indenrl).

Once a common baseline is established, soil mamgocould effectively be
implemented at European scale. Existing Europedratines (ICP Forest, FOREGS,
LUCAS) show that data collection requires a strdraymonisation effort to allow
comparability across country borders. The adoptibrommon standards (ISO, CEN)
should be encouraged as far as possible. Curreri$fing national initiatives are very
fragmentary and difficult to harmonise as reportgd ENVASSO. Major changes in
measurement methods would be required for soméearhtin order to comply with
common ISO or CEN standards. The final recommeadstdelivered by the Working
Group on Monitoring established to support the tigyaent of a Thematic Strategy on
soil protection (Montanarellet al, 2004) were the following:

1. Establish a common EU wide soil inventory (basglioentaining general soil
parameters and specific parameters for each thoestil as identified in COM

179 (2002).

2. Select a minimum set of common parameters to betared which should be
part of the existing soil monitoring systems atibiaal level.

3. Promote the adoption for the measurements of fleeted common parameters of
standardized methods and procedures

4. Organize regular quality-control/quality-assuranpecedures including also
laboratory ring tests, benchmark sites, etc.

5. Establish a regular reporting procedure (5 yeamsjie selected parameters from
the Member States to the European Commission.

6. Explore the possibility of achieving a stronger Edbrdination of soil monitoring
activities through an EU Soil Conservation Service.

We concur with most of these recommendations. Wsedothe need for a caveat
regarding the last of the EEA recommendations (nedfective coordination of existing
initiatives rather then the establishment of neivreonitoring systems): it is important to
realize that the goal of monitoring SOC changes meuire significant changes to
current soil sampling procedures.

Given the many purposes for which soils need tmbeitored, it is recommended
that a flexible design will be adopted. A grid bhisscheme is more flexible than a
scheme designed to produce results at a regioakd &wr different landuses, although the
number of points to visit will be higher to get th&me confidence in the results. The only
way to estimate how many points need to be resairplestimate change is to carry out
a pilot study based on sites already measuredawid® the required information on the
variability of change. As noted earlier in this ptex, England and Wales are the only
countries with real resampled data on a natiorelesacross Europe. We recommend that
countries resample as many sites as possible tisengriginal sampling methods — to
estimate the variability of change in their own ctyy.
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The recommendations from the ENVASSO project whet harmonisation and
co-ordination are required to enable a harmonisgdlesm to be set up that allows
comparison of the data provided by monitoring neksoand geographical databases.
Creating a minimum coverage of one site per 300i&rhe least that should be accepted,
together with an intensive programme of cross wéilich to permit valid spatial and
temporal comparisons both within and between Men8iates. ENVASSO has shown
that, if all 50x50 km cells were to have a sitesignequal to this median coverage, 4100
new sites would be required, mainly located inyltépain, Greece, parts of Poland,
Germany, the Baltic countries, Norway, Finland &nance.

CarboEurope stressed the importance of long termmitorong sites with a
reasonable frequency of measurements to asses®rthébution of land use change to
emissions. Non-invasive soil C measurement teclasidtritium probe; multi-spectral RS
and infra-red analysis) should be developed to nth&gechnologies usable to improve
monitoring and verification networks. IPCC WGllIsal concludes thatevelopment of
remote sensing, new spectral techniques to measirecarbon, and modelling offer
opportunities to reduce costs but will require aaéibn (Smith et al., 2007b).

Technical Working Group V, established in preparatf the Thematic Strategy for Soil
Protection, concluded that peatlands require aifspewonitoring programme. Detection of
small changes in soil C stocks requires great sagpfforts. They therefore proposed
specific sampling schemes for the detection ofleiddil C stock changes with a large
impact on greenhouse gas budgets.
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4 Carbon storage and trends in Europe

4.1 Introduction

Knowledge on both the amount of carbon stored enBhropean soils and current trends
in the soil carbon stock is the basis for any abmsitions of the importance of the soils in
the European carbon budget.

In this chapter we compare Europe-wide estimatabeoil carbon pool, based
on (i) a methodology from the Joint Research Ce(@RC) and (ii) a method derived
from a soil organic carbon map of the United St&lepartment of Agriculture (USDA)
with national estimates where available.

Trends in soil carbon pools depend on changes uira@mmental conditions
including climate change and land management inoi&tygpe-specific way. Since
monitoring systems for these changes in soil cadyerrare in Europe, we present trends
in soil carbon that are based on different modé&utations. These modelled estimates
are compared with estimates from available castiestdrom different regions in Europe.

Organic soils contain large amounts of approxinya2€l% of the total European
soil carbon and thus are of paramount importancehfe carbon balance of European
soils. Therefore, the estimates of carbon stockktends of peat soils are treated in a
chapter 5.

4.2 Carbon storage and trends

4.2.1 Carbon pool estimates

m Global level
Estimates of SOC quantities with global coverageehbeen provided by several
studies (Batjes, 1996; Carter and Scholes, 200ihalyy and Jackson, 2000). To be
useful at European level or at larger scales thbajlestimates are limited by the lack
of spatial detalil.

® National, regional level
Also available in the literature are estimatesadiamal level and for specific sectorial
activities at regional level (e.g. Howaetial.,1995; Liski & Westman 1997, Smitt
al., 2000; Arrouay®t al, 2001). The SOC estimates given at national laxebased
on very diverse methodologies, which apart from lmeihg generally available with
pan-European coverage, hamper any attempts of raiieg the results into a
harmonized dataset.

m EU level
Given the lack of a comprehensive layer of SOC exntvith pan-European coverage
and with a geometry adequate for integrating aotoliti thematic data layer the Joint
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Research Centre (JRC) of the European Commissioduped a spatial dataset of
SOC content (%) estimated for topsoils to a deptBOocm across Europe (Jonets
al., 2005). The estimates of SOC content were intgmoldorm a basis for improving
estimates of the organic carbon stocks in the sufil&urope. A spatial layer of
estimates of SOC stocks was generated as an exgrgaihproduct.

European SOC content map

A map with European coverage depicting estimate@ $Gntents in the surface horizon
is shown in Figure 7. The estimates were computsidguthe components of the
European Soil Database (Kinget al, 1995; Heineke et al, 1998)
(http://eusoils.jrc.it/ESDB_Archive/ESDBv2/index.htieind complementing the database
with ancillary data. The European Soil Databasemsas a Soil Geographic Database
of Eurasia (SGDBE) and a database of Pedo-Trafsflas (PTRs) e (Van Ranst al,
1995). The ancillary spatial layers were used lierparameters for land cover (CORINE
land cover data set) and accumulated average atermapkrature data (Global Historical
Climatology Network (GHCN), Easterlingt al, 1996). The temperature function was
developed based on the measured data of the SdilePAnalytical Database of Europe
(SPADE/M) database of the European Soil Databased@ter et al, 2006;
http://eusoils.jrc.it/projects/spade/spadeM.html

The distribution of SOC contents (Figure 7) showesaa in southern Europe with
a SOC content in the top soil layers between 0l&adhppear in the expected places and
the organic soils with high SOC contents in nomiheurope are clearly highlighted.

The modeled values for SOC content in topsoil warmpared with data from
soil samples taken in England & Wales and ItalytaCfeom England and Wales originate
from the National Soil Inventory (NSI) made durithg period 1979-1983 (McGrath and
Loveland, 1992). For the UK data an aggregatiothefresults over administrative areas
(NUTS 2) gave a good correlation with an x-coeéfidi of 1.01 for a linear regression
with a coefficient of determination of over 0.9.rAtaly the field data do not permit
calculating a meaningful coefficient of correlatibetween observations and modeled
values, because the sample sites were restrictedrtoultural areas. Yet, the data are
very useful for calibrating the temperature coiggcfunction for areas with low SOC in
southern Europe.

Studies with national scope generally assign dallaated at a limited number of
sample locations, deemed to be representativepaftecular soil type, to the polygons on
a soil map, or generate maps by interpolating pt@sebetween sample locations. While
both approaches are relatively straightforward esitiee use of ancillary information is
very limited their disadvantage is that organicbcar contents can vary greatly within
pedologically defined soil units (Batjes, 1996, 7R9

By contrast, the method developed at the JRC usssphisticated PTR and
applies the rule to the Soil Geographic DatabasEusésia, most detailed (1:1,000,000
scale) and harmonized spatial data set that clyrexists for Europe. While the results
of generating a European topsoil OC map were vi@dlavith ground data from the
SPADE/M database and national surveys performedtrigland & Wales and ltaly
(agricultural land), further validations should performed using measured data from
other areas in Europe and for the whole range rd leover types. There is scope for
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further refining the definition of parameters udedthe temperature correction to areas
with accumulated annual average temperatures <d@g0C. There may also be some
merit in adding a correction, based on precipitatiata, to account for the effect of soll
moisture on organic carbon.
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Figure 7 Soil Organic Carbon Content Estimates folEurope
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Table 3 Soil Organic Carbon Stock Estimates from JB pan-European Spatial
Layer, USAD NRCS SOC Map and national estimates; # available national
figures are all based on observations and measuremts on soil organic matter or
soil organic carbon and use pedo-transfer rules toalculate stocks of SOC.

Country JRC JRC NRCS Other Reference for othemest
Pg % Pg Pg

Sweden 135 16.9 6.2

Finland 12.1 15.2 10.7 75  Ahlholm & Silvola 1990,
Liski &
Westman
1997

. . . Milne & Brow, 1997; Bradley

United Kingdom 7.1 8.9 6.6 9.8;4.6 et al., 2005

Germany 6 7.5 5.4

Poland 5.7 7.2 5.1

Norway 54 6.8 4.6

France 5.3 6.6 6.7 3.1 Arrouays, 2001

Spain 3.7 4.6 5.6

Romania 2.4 3.0 3.1

Italy 2 25 3.9 1.9

Latvia 1.8 2.3 1.6

Ireland 1.7 2.1 1.2 2 Tomlinson, 2005

Estonia 15 1.9 1

Austria 1.2 15 1.4 1.2 Ginrich et al., 2007

Czech Republic 1.2 15 0.9

Bulgaria 1.1 1.4 1.2

Bosnia and

Herzegovina 1 1.3 0.7

Hungary 1 1.3 1.1

Lithuania 1 1.3 1.5

Netherlands 0.7 0.9 1 0.3 Kuikman et al., 2003

Slovak Republic 0.7 0.9 0.7

Switzerland 0.7 0.9 0.6 0.5 Bollinger

Denmark 0.6 0.8 0.8 0.6 Krogh et al., 2003

Greece 0.6 0.8 0.9

Croatia 0.5 0.6 0.7

Portugal 0.5 0.6 1.1

Belgium 0.3 0.4 0.4 0.3 Lettens et al., 2004

Albania 0.2 0.3 0.3

Slovenia 0.2 0.3 0.3

Cyprus * 0.1

Iceland * 1.2

Luxembourg <0.1 <0.1

TOTAL 79.7 100 75.3**

* Not estimated in JRC data.

** For areas common with JRC coverage.
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European SOC stock map

In the course of the JRC study above, SOC stocke @aiso estimated at country level
(Hiedereret al, 2004).
Table 3 includes a comparison between 3 differgméd of estimates of SOC stocks in
different countries. These are:
- estimates SOC stocks in the top 30cm as estimatdekiJRC spatial layer
- estimates derived from the SOC map of the USDA N&tlResources
Conservation Service (USDA, 2000). The map datdased on a reclassification
of the FAO-UNESCO Soil Map of the World and theirestes were obtained by
a combination with a soil climate map. The SOC gityis estimated to a depth
of 100 cm.
- national or regional estimates

Comparison of the different estimates

The pool of organic carbon in the European soikigal to 79.7 Pg according to the JRC
estimate. The estimate derived from the USDA datselis 6 % smaller, 75.3 Pg. The
European soils represent about 5 % of the totalosganic carbon pool worldwide equal
to about 1,500 Pg (Jobbagy & Jackson 2000). THecadbon pool is nearly ten-fold the
size of another major terrestrial carbon pool imdpe of 8 Pg in forest biomass (Liski
al., 2003).

The estimates of SOC stocks between the JRC andSB&A NRCS maps are not
too far apart from each other for most of the Eespcountries when one takes account
of the variability of figures quoted in literaturdowever, the difference is larger than 1
Pg for Finland, France, Italy and Spain. A particutase is Sweden, where the JRC
estimates are more than 7 Pg higher than thodeedd §DA NRCS map.

National estimates of the SOC pools for all landezatypes were available for
nine European countries (Table 3). When compahegstimates of the JRC and USDA
maps to the national estimates, it appears thatottmeer are more similar to each other
than they are to the national estimates. Even wibhie country, as in the case of the UK,
where two national estimates were found in liteatihese were different to each other.
Keeping in mind uncertainty associated also with ttional estimates, this comparison
did not provide more information on the validitytbe Europe-wide estimates.

While the JRC and NRCS estimates are not too fartap should be considered
that the JRC estimates relate to topsoil to a degbtBOcm only whereas the NRCS
estimates cover the soil horizon to a depth of @00One would expect the JRC
estimates for the smaller volume to be lower thasé to a depth of 100cm. According
to the global soils database held at ISRIC in Waggmn, The Netherlands, for most
mineral soils about the same amount of carbonli inghe 30-100cm layer as in the 0-
30cm layer. Smittet al (2000) fitted a quadratic equation to data fra2ns@ils from the
global soils database of Batjes (1996) to derive éstimate. If the deeper soil layers
contained substantial quantities of carbon in Eerapmay at first sight be surprising that
the JRC estimates were comparable to the estindatéged from the NRCS map or the
national estimates.
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Considerable variations for estimates of SOC steknot uncommon. Jobbagy
& Jackson (2000) estimated the error of the meathaf global figure as 320 Pg C for
1,502 Pg C for depth layer 0-100cm and + 1 Standdiation (corresponds to an
interval with 68% confidence). Similarities betweégures do not necessarily give
credence to an estimate because the source ofatheadd the methodology used to
generate the global estimates can often be traxedsingle source (FAO data, use of
PTR for SOC). Since the SOC estimates of the JRCtlze NRCS were obtained from
independent datasets and produced by very differethods and still produce similar
estimates, this gives a strong support to the wlaf the numbers in Table 3.

Sources of variation in regional SOC stock estimate

Because the JRC estimates of SOC content wereremtfiby data from soil samples
(England& Wales, Italy (agricultural land) and tI®PADE/M sites) the source of
variations in SOC quantity between the JRC and UWSHOA maps, comes from the
parameters of the transfer of SOC content to SQihtify. SOC quantity (mass per area,
kg m?) is estimated from SOC density (mass per volungerK) by a function for a
depth of 100cm with the function parameters bei@§fSontent, bulk density, volume of
stones and soil depth. Indeed, the variations timages suggest that the seemingly
simple transfer from SOC content to SOC quantitytaims one or several indeterminate
factors. The factors that can explain the diffeemnoetween the estimates are:

e SOC content in the subsoil does not increase tsdhee degree as SOC quantity.
Analysis of the SPADE/M dataset indicates that3@EC content in the 30-100cm
subsoil layer is approximately 30% of the SOC conte the topsoil layer. In a
stone-free horizon, SOC density does not decreaieetsame extent due to the
increase in bulk density with soil depth.

» the relatively large difference in SOC stock estasabetween the JRC and the
NRCS for the Finland, Sweden and the UK may cormomfthe estimates of bulk
density used to convert estimates of SOC conterdtaoks, in particular for
organic soils and peat. The JRC used as bulk dgefwsipeat values found in the
literature, but no differentiation of peat typesilcbbe performed.

» A factor reducing the volume of soil is the presen€stones in the soil layer. For
the JRC data the volume of stones was estimategh filee corresponding
European Soil Database PTR. The rule can be carsidacomplete in this
respect, because the maximum class gives a vol@irB@% and important areas
for SOC, such as Scotland, are not covered. Whigmagg volume to a depth of
100cm the increase in the volume of stones withthdeprould be an important
factor.

* The layer volume is reduced since the soil layesdwmt universally reach a depth
of 100cm and can be as shallow as 20cm or evenTass circumstance directly
reduces the volume over which the SOC quantitgtismated.

Another, more intrinsic factor not included in tharameters for computing SOC
stock from SOC content is the definition of thepuitclasses in the PTR. For example,
the original PTR of the European Soil Database onlyers mineral soils and the output
of the highest class contains all soils with a Sé@@tent of more than 6% and includes
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not only high SOC mineral soils but all organic &t soils together in one class. This
definition of size classes and the mean SOC comtkeatclass can indeed bias the final
estimate of SOC content and subsequent SOC quadntitye revised PTR the output was
extended to specifically cover not only minerallsdiut also organic soils and peat to
reflect the range of SOC contents of more than &% differences between soil types
more accurately.

Conclusions

Considering the uncertainties in the data use@$timating SOC quantities the variation
in estimates is hardly surprising. When interpigtine results it should not be forgotten
that the parameter measured in soil samples is &d&nt and that SOC quantity is a
derived value on the basis of parameters such lasdeusity, volume of stones and the
depth of the soil layer. Therefore, improving théormation about these latter parameters
is necessary in order to allow to make signifigarttgress and improve the accuracy of
the estimates of SOC stocks in Europe.

4.2.2 Carbon trends

Trends in soil carbon are estimated by measureatatifferent scales and by models, or
combinations of both. We first discuss carbon teermbserved in measurement
campaigns. These measurements give a directioth&effect of land use on carbon
trends, but are insufficient to arrive at estimates carbon trends at higher scales.
Therefore, we use the results of models to estirttaeeffects of land use on carbon
trends in the EU as a whole.

As carbon trends are directly related to land tisig, section is also relevant for
the later section on the effect of land use on @usstration (section 6.2). However, this
section aims to give an estimate of observed tren&sirope, whereas the discussion on
land use in section 6.2 mainly aims to give dimctton future land use to sequester
carbon.

The carbon balance of European soils is the suithefbalances of individual
soils responding to changes in environmental carditand land use and management in
a soil-type-specific way. When estimating the carbalance of the soils at the European
scale, all the details of the different soils carm®accounted for. Rather, the challenge is
to account for the effects of the most importargsorResults of detailed case studies are
very useful to learn about the processes and testtre most essential ones in models. In
addition, the case studies provide information ttaat be used to test the validity of the
large-scale estimates.

Here, we summarize studies carried out on spesifes, soils or regions for
grasslands, croplands and/or forests and for las&l ahanges (section 4.2.2.1). The
results are used to evaluate the validity of theopean estimates described above.
Furthermore, the effects of major factors affecting carbon balance of soils, land-use
change and fertilizer use, are discussed baseleocase studies for England and Wales,
Great Britain, Belgium and France (section 4.2.2.2)
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4221 Evaluation of estimateson carbon stock changes from experiments

Grassland vs Croplands

Case studies on long-term changes in soil C ircaljural systems in Europe and those
from other parts of the world demonstrate that gjeasls contain greater soil C stocks
than arable systems, and that conversion from lgwrads to arable cropping reduces soil
C (Soussanat al, 2004). Higher grassland SOC is a result of magyofs including
absence of soil disturbance, greater return oftpksidues and/or higher production and
the return of dung during grazing (Rees et al.. 520Drawing on European case studies,
on a Swedish farm with known land use since 18%80C $oncentrations were 1.6 times
higher (4% C vs 2.5 % C) in fields under permargrassland than fields under cereal
cultivation since 1880 (Katterer et al., 2008)atidition, clear temporal responses to land
use change were detected: SOC fell upon convers@n grassland to arable, and
increased when the land was moved back into pemrmagrassland (+0.6% C in 32
years).

Land use change and rotations

The effect of a land use change is also dependaon the initial soil C content; soils
with high initial C contents are more prone to &xsghan soils with already low C
(Kattereret al, 2004; here ‘high’ soil C at 2-3.4% and ‘low’ s@l at < 2%;). The long-
term fall in SOC content in English arable soils teeen attributed to movement away
from grassland in mixed farming rotations into pan@ant arable cropping (Kingt al,
2005). Post and Kwon (2000) based on another aratyditerature values, estimated
that land use change from arable cropping to gradsiesults in increases in soil C of 33
g C m? yr, although rainfall and the species sown in the pasture can affect the rate
substantially.

Crop rotations

Crop rotation also affects soil C: complex rotatiaran maintain higher C contents than
monocultures (Moraret al, 2006), although this is not always the case @eer®t al.,
2008). Enhancing rotation complexity (e.g. changirgm monoculture to continuous
rotation, changing from crop-fallow to rotation, iocreasing the number of crops in a
rotation system) sequestered 15+11 g €ym, with a new equilibrium reached in 40-60
years. To summarise the current state of scienkifiowledge, global analyses of all
available literature reports on specific studiesreguired. West and Post (2002)
performed such an analysis on data from 67 long-&tperiments, to quantify the effect
of tillage and crop rotations on SOC. They too gratuable error values and ranges for
their estimates for changes in C contents in respao management and crop rotations.
Going from conventional tillage (CT) to no tillagiT) can sequester 57+14 gC%m™
and with increasing complexity in crop rotationsynsequester 20+12 gC ™ with
some exceptions where no chang in SOC content raxpected. The rates of change
of SOC content may peak in 5-10 years and the rgpwililerium of higher SOC may
typically be reached in 15-20 years assuming caation of management started.
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Land use history

Although individual case studies are useful, diffgrresults are common due to the
complexities of individual site histories and sp#pecific management practices, and soil
sampling methods. Land management prior to the efathe controlled experiments
may have a continuing impact on soil C well int@ texperimental period, and the
assumption that soil C content was in equilibriumthwC inputs and outputs prior to a
land management change (and is therefore simplgonging to new management
practices) may often be wrong. Any continued dismce via ploughing is likely to
reduce soil C in soils which have not yet reache@guilibrium state, whilst soils which
have been cultivated for longer periods have likelgched a new (low-C) equilibrium
and the effects of continued ploughing will be stigKattereret al, 2004).

Cropland

The numerous factors affecting the carbon balaficeoplands illustrate the difficulty in
modelling the carbon balance of these soils atBheopean scale. They help also to
understand the large uncertainty associated with diwrrent Europe-wide estimates
obtained using models. As there are so many afigdiactors, it is not easy to find
meaningful counterparts among the case studiesrtgpare to the European scale mean
estimate of the cropland soils, which suggeststtiet are a carbon source equal to 92 g
m? yeaf* (Janssenst al, 2003).

A change in management from conventional tillageddill practices sequesters 57+14 g
C m? yr' (mean+95% CI), with the exception of wheat-falloystems, where no C is
sequestered when changing to no-till. Carbon s#rpten rates will likely peak after 5-
10 years of no-till, and new equilibrium SOC consenill be reached after 15-20 years.

Grasslands

Under existing management conditions, most gradslaim temperate regions are
considered to be C sinks (Jones and Donnelly, 200éasured currer® sequestration
rates in grasslands are in the range 0-640 g°@rhi whereas results derived from direct
measurements of soil C suggest more realistic sétien of 45-80 g C thyr’ (Jones
and Donnelly, 2004). The average rate of carbomraatation in the grassland soils of
Europe of 67 g C fiyeaf* (Janssenst al, 2003) is in the middle of this range.

C stocks in grassland can be increased by usingoppate management, including
irrigation, addition of fertiliser (both mineral dnorganic), and changes to grazing
practice. In a meta-analysis of 87 data pointssgiaad fertilisation and management
with appropriate grazing levels led to increaseseGuestration in soils of 30 and 35 g C
m? yr*, respectively (Conant et al., 2001).

Forests
There are two main approaches for examining chaimg€sheld in forests:
i) using data on standing biomass and forest grofsttm forest inventories in
conjunction with soil C models:
with this approach combinations of Scandinaviaresobiomass inventories and
models suggest that Swedish and Finnish forest sairently sequester 7-12 g C
m? yr' (de Witet al, 2006; Liskiet al, 2006; Agreret al, 2007).
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i) using soil samples taken from specific forester time:

with this approach an analysis for three forestsSweden suggested that C

sequestration in the forest floor is 18 g G yn* (Berget al, 2007).

Combining both approaches at 64 forest sites ifrifland, Peltoniemiet al. (2004)

established a good agreement between model essimft® stock (7.0+0.6 kg 1) and

measurements (6.8+2.5 kgimwith average sequestration of 4.7+1.4 g €ym".

This combination of field data and modelling dentomies that models give similar

estimates to field-based measurements, and givégleace that model outputs — where

no corroborative field evidence is available — banseen as good estimates of stock and
change.

The management of forests is clearly important mthbthe above- and
belowground C balance. Though much is known abbeteffects of management on
growth and biomass and on organic (litter) layersail, relatively little is known about
management effects on the deeper mineral layessitsf (Jandet al, 2007). Here are a
few examples:

* In three Norway Spruce forests in Denmark, thinnfdgwn to 50% of unthinned
basal area) resulted in 600-1100 g G tower C stocks in litter in the organic O
horizons compared to unthinned areas; this wabatidd to the changed forest floor
microclimate (soils become warmer and possibly evettwhich stimulates
decomposition (Vesterdat al, 1995).

* Reductions in litter inputs after thinning will al€ontribute to altered soil C pools.
Harvesting the trees in a forest will lead to aucttbn in litter in the O horizon C due
to the cessation of new aboveground litter inpuis eéhanges in microclimate (Lal,
2005); meta-analysis of literature data suggests ttne effect on the mineral soll
depends on the method of harvesting with sawlogdsaing (i.e. only tree trunks
removed) increasing mineral soil C (18+9%, meant9®4) but whole-tree
harvesting reducing mineral soil C (-6+6%) (Johnaod Curtis, 2001).

» Disturbance by beetle infestation and subsequeestaieback in Norway spruce
forests in Germany led to reduced C after 25 years.

Sofar, the integrated effects of forest manageraergoil C have not been systematically

taken into account in the calculation of changesoafC stocks across European forests.

4.2.2.2 Evaluation of estimateson carbon stock changes from case studies

Soil Carbon stock changes in UK
Bellamyet al. (2005) reported on soil organic carbon changddkrand Wales over the
interval 1978 — 2003 on the basis of data fromtéh@ samplings of the NSI (Annex 5).
The results are:
» peat soils lost carbon an order of magnitude fakser brown soils
* man-made soils, and bogs and upland grass losbrtaab order of magnitude
faster than lowland heath
* some soils, i.e. lowland heath, gained carbon
* no statistically significant relations between ratechange and land use, rainfall
class or soil textural class were found
* the rate of loss increased with initial organicddtent.
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Using this relationship it was estimated that carla@s lost from soils across England
and Wales over the survey period 1978 — 2003 atanmate of 0.6% ¥r(relative to the
existing soil carbon content in 1978). This estienats based on the soil carbon content
of the top 15cm of soil. Converting this to carlstacks (using a pedotransfer function to
estimate bulk density) it was estimated that ths s England and Wales were losing
carbon at the rate of 4.44 Tg Clyr

A second assessment of carbon stock change inirBrd¢ames from The
Countryside Surveys of Great Britain (GB); these @ngoing ecological assessments of
the non-urban land in GB (Annex 5) (Firbastkal, 2003). The surveys have taken place
in 1978, 1984, 1990, 1998 and 2007. Average tbgsaioncentrations across GB in
1978 and 1998 were 128.8+17.5 and 138.5+17.6 g €(kgan+95% Cl), respectively.
The increase of 9.7+6.0 g kgver the 20 years (0.5+0.3 g kgr') was significant
(P<0.01). Significant increases in soil C concdidrawere observed in fertile and
infertile grasslands, upland woodlands, and heathleg habitats, and were in the range
0.2-2.1 g ki yr’. Taken together, these results suggest that @&itoC concentration
increased slightly in the period 1978-98, althoubhnges differed between soil type and
land use.

Soil Carbon stock changes in Belgium

In Belgium, a comprehensive national soil surveyg warried out between 1950 and 1970
(Annex 5) and this survey was resampled in 198% Mairvenneet al. (1996) identified

an increase in C stocks in permanent arable figl@80 g C rif between 1950 and 1990
(a rate of 23 g C ihyr'). Sleutelet al (2006) then extended this time-series with a
further sampling of some of the locations in 20034d observed a decrease in soil C
stock of 250 g C fA(-19 g C nf yr') since 1990.

When all data were included in the analyses, thteps of soil C change suggest that
arable soils have lost C since the original sureeya rate of 3-114 g C fnyr™.
Grasslands were reported either to be sequest€ringsoils at rates of 22 or 44 g C’m
yr' (Lettenset al, 2005a; Goidts and van Wesemael, 2007, respegj\al losing C at
90 g C nt yr' (Lettenset al, 2005b). Similar differences in trends in soil ©Bcks are
reported for forests, which are either gaining @ aate of 73 g C ihyr” (Lettenset al,,
2005a), or losing C at a rate of 23 g C g (Stevens and van Wesemael, 2008)

Soil Carbon stock changes in France

In France, INRA has measured and reported on megsarbon stocks in the top 0-30
cm layer. All data between 1970 and 2000 for déferland uses have been pooled and
could be used as an average value for 1990 stoCk(afrouayset al, 2001). The stocks
vary from 15 — 40 ton C Hain mid France to 40 — 50 ton C hin the richer and more
intensive mostly cropping areas in the north andttsavest, up to 70 ton C Hain
permanent grassland and forest and >90 ton € ihamore mountainous areas and
wetlands in the upper 30 cm of soils in France @\R001; see IFEN (Institute Francais
de L’Environment, 121, 2007). The highest valuesraported in organic soil at 350 ton
C ha'. Soils that are under forest, grassland or pasiways have higher organic carbon
stocks than identical soils under arable land. IREBO7) reports losses of carbon for
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soils in some regions and increases of soil canbather regions for agricultural soils in
France. On average, IFEN (2007) reports that sto€ks in agricultural soils in France
are loosing up to 6 Mton C yror -0.2% of the current stock of soil C in theipds
1990-1995 and 1999-2004 (see also Sattal, 2008). Forest soils, however, gain carbon
and the carbon stock in French forest soils ineeasth 0.7 Mton Gr™ or +1.7% of the
current stock (INRA, 2002; Arrouayt al, 2002).

4223 Comparison of the case studies

As regards the trend

The above cited studies into changes of soil cagionks in UK and Belgium are all
three based on repeated sampling and report nodiffisrent but contradicting results.
Bellamyet al. (2005) observed a mean loss of topsoil soil oxgaarbon (SOC) of 0.6%
yr! between 1978 and 2003 in England and Wales. A#&NI(2007) reports losses of
carbon from agricultural soils in France of 0.2% pear. This figure is based on both
gains and losses of soil organic carbon in speeifeas and for specific land use and
management (IFEN, 2007). These results contrabetrésults from the Country Side
Survey in Britain and also contradict the evidetizd the UK and Europe as a whole are
a net CQ sink (Janssenst al, 2003; 2005). As for non-agricultural areas, isoal
contradicts data from another long term study gfstdl SOC in British woodlands
(Kirkby et al, 2005) and for French forests (IFEN, 2007). Kirldiyal. (2005) sampled,
in 1971 and in 2000-2003, 1648 plots randomly ledah 103 woods; their findings
suggest no significant change in SOC over 30 yésdight increase of +0.38% over 30
years; ~+0.01%%). IFEN (2007) report carbon gains for forest sail§rance. Also, the
studies from repeated sampling across Europe shmwrasting results with some
showing loss of SOC (e.g. for Flemish croplandssdlleutelet al, 2003), attributed to
changing manure application practices, and othieosvig no loss of SOC (in Danish
croplands; Heidmanaet al, 2002 and in Austrian soils; Dersch & Boehm, 1997)

As regards the causes

Bellamy et al. (2005) concluded that the observed loss of topsaill organic carbon
(SOC) of 0.6% VYT between 1978 and 2003 in England and Wales waly litaused for
up to 60% by higher temperatures and changes mfiatbpattern in the latter decade of
the last century and thus attributed to climatengea Smithet al (2007), using two soil
carbon models, suggested that only 10-20% of tee & C from soils in England and
Wales reported by Bellamgt al (2005) could be due to climate change. Recenkwor
(Kirk and Bellamy, 2008) has shown that it is likéhat past changes in land use history
and land management were dominant reasons forase of C rather than higher
temperatures and changes of precipitation as resalimate change. Also further recent
work (Hopkins et al, in press) on soil carbon contents in long-ternpegxnental
grassland plots across UK questions whether logs&OC in recent decades such as
reported by Bellamt al. (2005) can be attributed to widespread environailesttange
l.e. climate change. Changes in bulk density oiee tor precision and success rate of
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actual resampling soils are more likely factors tth@minate the observated changes of
soil carbon.

A major criticism of the papers cited above istise of a pedotransfer function to
estimate bulk density in the absence of any measumethe sites to allow estimation of
carbon stocks. This problem highlights the needn&asure bulk density in any future
monitoring of soil carbon.

Conclusions
From these repeated sampling studies no clear usinal as regards to soil being a sink
or a source can be drawn; the results of variouslies are inconsistent and
methodological constraints and omission of relewdatt, i.e. bulk densities, may well
produce too much noise.

In Annex 5, we describe the three out of four rmaglcstudies discussed above in
detail to illustrate crucial questions related &tiraating changes in soil carbon stocks
based on repeated soil inventories. These cases are

. England and Wales, National Soil Inventory
. Great Britain, countryside survey
. Belgium

These three are the only studies found that predesduntry wide data for determining
changes in soil carbon stocks based on repeatethgentories and measurements. As
for the French national study, we are not sure abotual repeated soil measurements
and therefore the crucial questions discussed meAr» do not necessarily apply.

4.2.2.4 Edtimate on carbon stock changesfor Europe per land use

Trends in SOC have been estimated for the mainystars types (land cover) in Europe,
i.e. grassland, cropland and foreg§fable 4). The trends in peatlands are covered in
chapter 4. The trend estimates covering the whbl&uwope are based on modeling
because measurements to calculate these trendesoairavailable or incomplete, as
indicated in the previous section.

Grassland

The soil of grasslands is estimated to accumulagamc carbon across Europe. The
carbon sink estimates for European grassland riaogelow values between 1 and 45 Tg
year® (Smith et al, 2005b) to as high mean values as 101 Tgyédmnssenst al,
2003). The high mean estimate is associated wiginge standard deviation equal to 133
Tg year'. This means that there is a considerable prolyahiiat the grassland soils in
Europe were actually losing carbon despite of tigh lmean estimate. Janssestsal.
(2005) give a predicted calculated range of -50m€to 170 gC

% See Annex 4 for methods and their reliability
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Cropland

In European croplands, the size of the soil orgarddoon pool is estimated to be
decreasing. Again - as with the soil of grasslandisere is a lot of variability in the
estimates of the loss rate. These estimates rasgallgt from a small sink value equal to
10 Tg year to a relatively small source value equal to 3%@&gr-1 (Smittet al, 2005b)
or to a large source figure equal to 300 Tg ye@anssenst al, 2003). The standard
deviation of the high source estimate is large, I86ear (Janssenst al, 2003).

Table 4 Estimated changes in soil carbon pool undetifferent land uses in Europe.
Positive figures mean increase in the pool, negaévones decrease; sd stands for
standard deviation.

Land use Change in soil carbon Source
pool (Tg year?)
Grasslands +1to +45 Smigh al, 2005
+101 (sd 133) Jansseetsal, 2003
Croplands -39 to +10 Smitt al, 2005
-300 (sd 186) Jansseesal, 2003
Forest +17 to +39 Lislet al, 2002

In their analysis of the European carbon budgetsskenset al. (2003) concluded
that there was a large soil organic carbon (SO€&9 to the atmosphere from croplands.
This loss was based on extrapolation from an eammdel study with simple
assumptions about crop yield and farmer practidegshouwers and Verhagen, 2002). In
fact, the large and widespread increase in croful yo&served everywhere in Europe
during recent decades, does not seem to havereedrai parallel increase in soil carbon
stocks (Arrouayset al, 2002). Regional inventories and two out of thee¢hmodels
indicate that croplands are a net source of @Othe atmosphere, but this source is 5
times smaller than the large positive flux (90 +d&D m? yr') given by Jansseret al.
(2003; 2005), based upon output from the CEASR moidéleeshouwers and Verhagen
(2002).

Forests

European forest ecosystems are currently sequegteairbon, due to changes in tree age
structure and management (Nabuetsl, 2003). Many forests were planted in the last
100 years and are still actively growing, thus sstering C in biomass. Additionally,
changes in management in recent decades have tegetstanding for longer and less
material being removed from forests as a proponioiotal biomass. Forest soils are also
considered to be gaining C, mainly due to increpsnputs of litter from larger more
productive trees (Lisket al, 2002).

At the pan-European level, combination of forestemtories and a soil C model
suggest that the total forest soil C sink was 26/ (range of 17-39 Tg) in 1990, with
forecasts suggesting that the sink will increas88org C per year (range 26 to 54) in
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2005 and to 44 Tg yr-1 (range 28-65 Tg) in 2040nyadlue to increased litter inputs
from older trees.

In 1990, the soils accounted for 24 or 32% of titaltforest sink while in 2040
the share of soils is calculated to be 38 or 41%k(let al., 2002). Carbon in soils in
forest were least important in southern Europe wlhiee soil carbon sink was less than
25% compared to the tree carbon sink. Until 20#@, $oil carbon sink will become
relatively larger than the tree carbon sink andetwveen 61 to 69% in 2040 (Lisé&t al.,
2002)

4225 Qualitative extrapolation of total carbon stock change at EU level

It is not appropriate to try and calculate a totaibon balance for the combined European
grassland, cropland and forest soils based on shmates in Table 4 because of the
considerable uncertainty for each land cover classheir best, the estimates allow for
drawingonly a rather qualitative conclusion abchwe tarbon balance of the European
soils.

Forest soils are a sink of carbon equal to a fews td Tg per year. Croplands are
probably losing carbon but the estimates of thid@a source vary a lot from small
values to figures as large as a few hundreds Tgyear. Grasslands are most likely
accumulating carbon; the sink estimates range frerg low figures close to zero up to
values for a sink equal to about 100 Tg per yeaven higher.

Soils in Europe- sink or source?

The total effect — sink or source — of the Europsails to the atmospheric carbon levels
is the sum of two large and opposite fluxes. THieses — uptake of CO(photosynthesis
and plant growth) and loss (decomposition) of orgamatter from terrestrial ecosystems
— are significant fluxes in Europe compared to dsirom other sources of G@ the
atmosphere. Is it important to recognize the imgrwe of this as due to the relatively
large gross exchange of @Between atmosphere and soils and the signifidanks of
carbon in soils, relatively small changes in thiesge and opposing fluxes of G@nay
have significant impact on our climate and on gadlity. It is thus relevant to assess and
to know the impact of regional differences acroasoie, land use and land management
and impact of environmental conditions and climgtange on these fluxes of g@nd
soil carbon stocks. Based on the estimates preshagete for carbon sinks in grassland and
forest and carbon sources in cropland across Eufdpkle 4), we estimate that the
European soils accumulate carbon and are a sink@rand this sink is in the order of
1-100 million tons of C@per year.

4.2.3 Conclusions

Carbon pool

The soil carbon stock in the EU27 is around 70a@dP8 C. Roughly 50% is located in
Sweden, Finland and the United Kingdom, becaustheflarger share of peat soils in
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these countries. Two independent estimates givdasivalues despite using different
approaches. Proper error estimates for the poalevahn be obtained from extensive
analyses of the statistical aspects of the methetitnd the estimates such as sampling
design and data analysis. Geostatistical methotfs tbeimprove the reliability of the
pool estimates in those cases where the soil cadata are spatially correlated. The
potential of these methods has not been fully erplyet.

Methods to estimate the pool sizes would best betized as much as possible
between categories of soils, land use types,tgods or countries, as this will improve
the comparability of the pool estimates and reduceertainty and error. The critical
variables to harmonize include soil layers and w@shto estimate soil bulk density and
carbon concentration.

The amount of coarse fractions in soil, stonestamdders, is a serious source of
error in carbon pool estimates for stony soils.e&asy method to measure the amount of
these fractions in soils in a reliable way has wet been developed. Fortunately,
estimates of changes in soil carbon pools are rhistliless by these coarse fractions
because their quantities remain usually unchanged.

Carbon trends

Systems to monitor changes in soil carbon are e#tly rare in Europe and
elsewhere if any exist at all. For this reason,ghmates of changes and trends in soil
carbon are not only based on measures and obsmwdiut on (different) calculation
models. Although current model-based methods geserplly correct estimates of the
order of magnitude of soil carbon trends as congpaoethe results of soil sampling
studies for specific areras across Europe, Eurage-vestimates for croplands and
grasslands are particularly uncertain and modeéxégnt. This is likely because these
land use categories consist of highly heterogensoils and the land use history may not
be well documented. Other reasons come from metbgdal constraints.

Models used are usually dynamic models describargan cycling in soil at the
process level. As the need for reliable informatonsoil carbon budgets is increasing,
the issue of transparence of the development anthefapplication is required. A
protocol on application of soil carbon models wolidhelpful.

It is difficult to estimate the reliability of thenodel-based carbon trend estimates
more accurately than by comparing them broadly wittaller-scale case studies. Error in
parameter values of the soil carbon models is bsunat well known and the models
must be applied to conditions where the models Ima¢deen calibrated or tested for in
order to obtain estimates that cover the wholewbfe. To improve the estimates of soill
carbon changes across Europe, it would be of dgrvelt if Europe-wide monitoring
systems would be developed and established anxisfirey data on carbon would be
analysed more extensively. The number of caseeduslistill low and could be increased
to further support calculation or estimation ofl ®airbon changes at larger regions.

Model-based approaches will — in the near futun@main the most important
means to estimate soil carbon changes from lan@ngenanagement. Such model based
approaches are useful to estimate therent changes, yet they are the only way to
estimatefuture changes and they are very useful to study cadsasaoges and trends in
soil carbon stocks.
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The reliability of the model-based soil carbon d@estimates can be improved
if more attention would be given to obtaining progtatistical estimates of uncertainty
for the model-calculated values and parameterdh&yrmodel calculations yield better
results if measurements from as wide a range oflifons and soils as possible is used
for calibration of the models and testing theiridi&y in order to avoid extrapolating the
models to area for which they have not been deeeldpr.
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5 Peat soils

5.1 Introduction

Peat soils contain large amounts of carbon of 1%800f C or 20% of the carbon in
European soils. This justifies a prominent placedeat in the climate change-carbon
debate. The significance of managed peat soildbas emphasized recently, especially
as they are sources of gQarbon dioxide) but also of the non-£@reenhouse gases
CH,4 (methane) and XD (nitrous oxide).

Drainage of peats for forestry and agriculture ledsto loss of peat and peat soils
and a net release of G@rom these soils. Most fertile peatlands have betdised for
agriculture, with increased emissions of £&hd NO. This loss of C@and NO from
agricultural use of peatlands is estimated at apprately 100 Mt CQ equivalents.

Even after abandonment of management, th® Mmissions may continue,
accompanied with a strong release of,{Raljanenet al, 2007). Those emissions from
forest on peat soils put these soils in a speataition in national greenhouse gas
inventories. Whereas forests on mineral soils appeaCQ sinks, the soil emissions of
CO, and of non C@Qgreenhouse gases methane and nitrous oxide seymtify decrease
or even offset the C sink in forest biomass on geds. Therefore, afforestation of peat
soils cannot be considered an effective meanscfestering carbon.

Furthermore, peat extraction for use as fuel ossate in horticulture releases the
C in peat that accumulated during the thousandgeafs before and this is true for all
peat that is lost, no matter the reason or mettiaktoaction. The extraction rate of peat
in Europe is stable and amounts to 10-15 Mton af per year.

In the following sections, we first describe howapés formed and where in
Europe it can be found. Special attention is paigdat extraction and the agricultural use
of peat soils. We then continue with the greenhayse losses from drained peat soils
and conclude with the impact of land use and samhagement on those losses.

5.2 Peat formation

Peat is the accumulated remains of dead organieriagtand it forms in growing
peatlands (mires) where the activity of decomposorganisms is suppressed in
waterlogged conditions (Lappalainen 1996). Peat ommsist of remains of mosses and
sedges in arctic, subarctic and boreal regionsl/sedges and woody litter in temperate
regions (Gore 1983). Peatlands were formed duiliegHolocene in places where the
supply of moisture either from precipitation or @djng watercourses is adequate, and
the soil beneath has a low permeability for irdiling water. Most peatlands were formed
in lowlands collecting waters from the catchmentt high precipitation and humidity
may also support the formation of bogs on hilltaps slopes. Also alpine environments
with adequate water supply can support topographicsstricted peat accumulation e.g.
in sites with exfiltration of ground water or rijiae areas.

Two basic mechanisms of peat formation have bestinduished (Gore 1983).
Terrestrialization is a gradual overgrowth andrfgl of a water body or riparian system
by the litter of mosses and aquatic helophytesn&y paludification occurs when the
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principal vegetation community is a peat forming powhile secondary paludification of
forest soil follows from a change in local hydrojofavoring the peat forming species.
Paludification may also occur in association wiltofling when the water transported
materials sediment as a barrier to slow down tegethe escape of the excess water.

After the initial development of peats, autogemniogesses such as the responses
of vegetation communites to ecohydrology may taietrol of the further development
of the peatland (Andersoet al, 2003). Under influence of groundwater flow from
upland soils, minerotrophic mires, or fens areaunsd. When the thickness of the peat
layer increases, the living vegetation may detacmfits groundwater-fed nutrient
supply, and further nutrients to the so formed atrophic mires (i.e. bogs) are obtained
solely from precipitation and this limits growth thle peat layers.

The many factors controlling the peatland formatemd development show
geographical differences in their distribution,dew to regional differences in peatland
types across Europe. Because of the partly autogeriure of peat accumulation in aged
peatlands, no single climatic or geographical faetone is probably responsible for the
development of the peat deposit, the current rétpeat accumulation, or the future
prospects concerning the fate of the peat depdsitsoincrease. However, climate
warming (IPCC, 2007) may cause substantial charigeshe balance and annual
distribution of precipitation and evapotranspiratiavhich have been shown to induce
marked disturbances on the hydrological cycle ahnatbalance of gross productivity
and decomposition in pristine (e.g. Alet al, 1999) or forested, managed peatlands
(Trettinet al, 2006).

The facts that peat and peatlands have been dedifileniently depending on
country, scientific discipline or even due to lingfic problems in translation of many
peat-related terms (Joosten and Clarke, 2002) adgled to uncertainties in the reviews
and soil databases and maps, e.g. FAO-UNESCO (1BAD-UNESCO-ISRIC (1990),
FAO (1998). For the definition of organic soil akiistosols according to FAO (1998),
see Annex 7. As a consequence of slightly diffedsfinitions for peat, estimates of peat
areas found in literature differ depending on tledinition and ancillary data used to
define peat and rather large ranges for estimagegigen. Furthermore, wide ranges for
estimates are due to the fact that the presenceestsiht of peat cannot always be
established with certainty.

The problems associated with the range of defimstiof peat and peat-forming
ecosystems have been elaborated by Montanasdllaal. (2006). They assessed
information of topsoil organic content from the Map OC (organic carbon) Topsoils
(Joneset al, 2004) and the European Soil Database (Khgl, 1994), and amended the
derived soil attribute results using CORINE plaover data and Historical Climatology
Network (GHCN, Easterlingt al, 1996). The analysis of the results derived frowm t
European databases revealed a difference of tlez of® % in the Map of OC Topsoils
with OC = 25% as compared with data obtained in inventamesle in Great Britain
(Burton 1996) and Northern Ireland (Shrier 1996@)e Estimate concerning Finnish total
peatland area had similar accuracy. As a conclusiey suggest to use the OC 25 %
Map of Topsoils to estimate the distribution of {paad peat-topped soils in Europe.

As peatlands are different in their ecological fimes due to differences in their
development and current ecohydrology, they alspaed differently to management and
climate change. The usability of databases for eemmiform view on peatlands should
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increase. We may expect that when the revisiommd kcover map (CORINE 2000) and
the extension of the European Soil Database arghéd, the information on European
peatlands becomes less scattered. Still, thererisample a category in the CORINE
2000 database called “Peatbogs” that includes yles of minerotrophic mires,
ombrotrophic mires, and peat extraction areas,ngddncertainty in e.g. an estimation of
methane emissions from European wetlands (Saatrah in press).

5.3 Occurrence of peat in the European Union

Most peatlands in the EU are found in the Nordiau@des that are located
mostly in the boreal zone, but also in the tempgezanhe in Ireland and UK, especially in
highlands with maritime climate, and in the Baltountries and Belarus in northern
Central Europe with increasing continentality im@te towards the east. The peatlands
become sparse from Central towards Southern Eumgbere the peatlands are largely
confined to river valleys and in geomorphologicadlyitable depressions in the alpine
areas (Lappalainen, 1996).

Peatlands cover approx. 3% of the global land sarféStrak, 2008). Quite
disproportional to the area covered they represangjor terrestrial C store, estimated at
20-30% of the global soil stock (Moore, 2002; Twearet al., 2002). In Europe over 85%
of the peatlands are located within European Rusganoscandia and the British Isles
(Byrne et al., 2004). They represent approxima99o of the total European carbon
stock.

Where the peatlands are most abundant, they haae® lad¢en drained for
agriculture, forestry, or the extraction of peabr Eheir economical importance, peat
reserves have been inventoried in many countriesause of their usability as energy
source or growing media among other uses. Lapmala{i996) described the global
distribution of peatlands and peat resources, arad@and Lindsay (2003) those of
Central Europe. Peat soils are predominantly foundorthern ecosystems, especially
abundant in continental boreal and sub-arctic regid-igure 8). In Europe, the former
extent of pristine mires may have been 617 000’ Kithe area was reduced by
approximately 50 % (Joosten and Clarke, 2002), gredantly due to agriculture,
forestry, urbanization, inundation or erosion. Dieeland use changes, some of the
original peatland area has been lost entirely alsd difficulties in recognizing the origin
of e.g. forested abandoned peatlands (Turunen 20@§)also be a reason for peatland
loss.

Table 5summarizes the information obtained from the adgseatlands drained
and undrained in the EU Member States and Cand@awatries. The occurrence of peat
in the EU is based on recently published infornratwhenever available, but using
Lappalainen (1996) and the estimates of Montareaetlal. (2006) based on the Map of
OC Topsoils in cases when other information isawailable.

The distribution of peatlands in Europe was alsessed by Byrnet al. (2004),
who reported a total actual peat area in current Mémber States and Candidate
Countries of ca. 339,000 km2, including about 58,R07 drained peatlands and 234,000
km? undrained mires. Their estimate of total C stor@éat was 17 Pg, around 20-25%.
Their total peatland area is somewhat larger thar3i.8,000 km? calculated from Table 5.
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The difference between 339,000 and 318,000 isnexplained by correcting the drained
peatland area for an overestimation of 35,008 knFinland. Other differences with the
current data in both directions are smaller andévato track.

Eqmlmnu
Peat cover (%) Nt Fasard Gank s
1 0.0- 1.0
1 1.6 - 2.5
1 2.5s - 5.0
Bl 5.0 - 10.0
E 10.0 - 15.0 2
B 15.0 - 20.0
B 2.0 - 35.0 -
Bl 35 0 - s50.0
=1 5= 50.0

Projection: Lambert Anmuth Equal Area

Figure 8 Map of peat cover in Europe (JRC).
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Table 5 Occurrence of peat covered land area (km#) the European Union Member States and Candidate Quntries.

In forestry In In peat Drained Undrained Peat layer Under Current area Original Area of peat topped soils References
agriculture extraction total lost reservoir of peatlands peatland (European Soil
State or pasture area Database, OC>25%)
km? km? km? km? km? km? km? km? km? km?

Member states of the EU 1
Austria [0} 220 134 1
Belgium 252 252 180 95 1
Bulgaria 1863 30 0
Cyprus [0} [0} 0 1
Czech Republic 123 147 270 251 1
Denmark 184 12 1420 66 1,2
Estonia 2580 840 180 7091 3250 150 10091 6889 3
Finland 57000 2930 570 62150 31370 12070 60 91930 104000 98535 4,15
France [0} 645 555 1200 775 1
Germany 200 14133 325 14658 14205 6279 1
Greece 67 101 0 1
Hungary 16750 2 16752 1000 401 5
Ireland 3018 1190 1000 10648 336 5440 11757 11776 12725 1
Italy 90 1200 1 2
Latvia 14571 3555 3167 6722 3382 1,2
Lithuania 5900 25 7192 750 7942 1489 1
Luxembourg [0} [0} [0} 1
Malta 0] (o] o
Netherlands 2310 2310 290 2790 2022 2
Poland 1270 7600 25 10529 2019 12050 12548 4677 1
Portugal [0} 200 [0} 1
Romania 70 39 2
Slovakia 234 26 260 1 6
Slovenia 101 [0}
Spain [0} 385 184 7,8
Sweden 15000 2400 80 17483 86000 3 104000 104000 90785 10, 11, 15
United Kingdom 2200 392 54 2646 50424 44411 9
Candidate countries 12
Croatia ? 26 (0]
Former Yugoslavian
Republic of Macedonia ? ? [0}
Turkey ? ? 240 13
Total 87168 65572 2273 172676 127355 17663 60 318169 233524 273141

Key to references:1 Lappalainen (1996), 2 Bragg (2003), 3 Turun€®8, 4 Irish Peatland Conservation Council , 5 BOR Research Project, Ireland, 6 Repe (2004), 7
NIR/Sweden (2007), 8 Vasander et al. 2003, 9 Bu{t®96), 10 Shrier (1996), 11 Milne & Brown (199T», Bast, F.; European Soil Bureau-Research Report 9, IZiDest al.
(2008), 14 NIR/EU (2005), 15 Paappanen & Leinor906)
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Figure 9 includes a comparison of estimates feratea of peatland derived by Montanaretlial.
(2006) from the map of organic carbon in topsofl&orope with the available estimates of peatland
in different countries. Although the basis for beitimates is quite different, the estimates cateel
well and seem to be going in the right directiospécially small areas of peat are generally
underestimated in national estimates and are alise¢he European Databases. In time, this may
improve as accuracy and spatial coverage in dagalvaidl improve.
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Figure 9 Comparison of areas collected from literature (Curent peatland area) and areas
derived from the Map of OC in Topsoils of Europe (Montanarella et al., 2006). The points
represent those countries for which both estimatesould be derived.

A serious problem is in the lack of availability the ambiguity of information on the various land
uses for peat soils across Europe. In some coangteh as the Netherlands, the area of peat in
agriculture is well known, but less documented fimeo countries. Commonly the estimate of total
drained peatland area cannot be summed from essnwdtdifferent land use types in the same
country e.g. because the estimates do not alwagsate from a single common assessment.
Similarly, the sum of a single land use type areg nmot be reliable for the EU for the same reason.

5.3.1 Peat extraction

Peat harvesting for energy production and for satesin horticulture affects only a relatively dma
part of the total European peatland area, yetptasents the most severe potential land-use impact
on the C balance of peat soils. Extraction for gndras declined since the mid"8entury, but
remains significant in Ireland, Finland, Swederg Baltic States and Russia (Byretal, 2004).
Extraction for horticulture has led to the lossaolarge part of the lowland bog area in the United
Kingdom (Moore, 2002).
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In the period 1990 - 2005, the total peat extractioall European countries has been rather
stabile and amounts to 13.5 Mt per year (Figure T@g large annual variance from 7 to 18 Mt
likely follows annual differences in weather comatits for peat extraction in those countries with th
biggest production volumes, i.e. Finland and IrdlafA clear example is the wet summer of 2004
with low volume of extraction of peat. There is ¢lear increasing or decreasing trend in the total
amount of peat extracted.
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Figure 10 Fuel peat extraction (1000 ton) in 199005 in selected EU countries according to
statistics collected by the UN.

Paappanen & Leinonen (2005) published a reporhersbcio-economic and energy impact of peat
uses for energy purposes in the European Uniont fidport outlines the prospects of fuel peat
production in the most significant countries cutheractive in peat extraction, Finland, Ireland,
Sweden, Estonia, Latvia, and Lithuania. In theaentiees upto 5% of the energy production comes
from peat combustion (Annex 8).
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5.3.2 Peat soils used in agriculture

Around 16% of the overall European peatland arassésl in agriculture (cropland and grassland),
including the vast majority of peats in continerwéstern Europe (Byrnet al, 2004) (Annex 8). In
the Netherlands, Germany and Poland this is ever 88 % of the peatland area. The lack of
availability of reliable data on the area of pedtssin agricultural use and whether it is grasdlan
arable land is to primarily caused by land use gharand degradation of peat soils that have turned
into mineral soils following oxidation of the peat.

The subsidence of peatsoils in agricultural usetdushrinkage, consolidation and oxidation
is estimated at 1 — 3 cm per year (Kasimir-Klemsaitet al, 1997). About 70% of the subsidence
is caused by oxidation (Eggelsman, 1976; Schothd882) and subsidence continues until all peat
is oxidized. In the Netherlands the loss of arepeat soils in agricultural use was about 20% ef th
total peatland area in the last 30 — 40 years. Bh& loss as soil unit. As soon as the peat layer
becomes thinner than 40 cm the soil is by definitit any longer a peat soil. At that moment the
peatlayer is still almost 40 cm thick, so therel Wwé still a considerable emission of £€aused by
oxidation of the remaining organic layer. After ab@0 — 30 years of agricultural use this remaining
layer will be so thin that it will be ploughed tlugh the mineral soil underneath the organic layer.
The lost peatland areas were covered with rathedtosh peat layers. Moreover a large part of these
shallow peat soils were in arabale use with detghwaiaterlevels causing high oxidation rates and so
speeding up the vanishing of the peat soil.

The major part of the remaining peatsoils in theéhiddands now are deep peatsoils with
depths of 3 meters up to 14 meters, so the rateeafease of peatland area will slow down in the
near future. Also in other countries a large amoointhe original peatland area has evidently
vanished during agricultural use. Burton and Hodg€®87) estimate that two thirds of the peat
areas of East Anglia Fenland of approximately 248 in 1985, will be lost by the year 2050 as
56% of the peat deposit is less than 1 m thickoAdsid use change is a major cause of a decreasing
area of peat soils in agricultural use. Berglund Berglund (2009) reported that the peatland area
in agricultural use in Sweden was 6,300°km1946, 3,400 kfin 1961 and 2,500 kfrin 2003, of
which 630 ki in crop production.

In the UK, the Netherlands, Germany and Poland ewvere peatlands in agricultural use are
reconverted into wet ‘natural’ peatlarfdince the 1990s peatland restoration measuresiogwarer
20,000 ha have been implemented in the German dedtate of Mecklenburg-Vorpommern
(Theuerkaufet al, 2006) and rewetting is planned of another 70,08@M®f degraded peatland. In
Belarus rewetting of 42,000 ha degraded peatlafidasced and rewetting of an additional 260,000
ha is planned (Joosten, 2007).

5.4 Emissionsof greenhouse gases from drained peatland

Utilization of peatlands for forestry, agricultuve peat extraction involves drainage by ditchings |
clear that peatland drainage causes an increasgiddtion in the drained peat layer, resulting in
increased emissions of GOn nutrient rich peatlands also the emissionBlgd may rise, while as
compared with undrained mires, the emissions of & lowered.

The total areas of peatlands drained for forestmtjivation, or peat extraction are used to
estimate the emissions of gCH,, and NO due to peatland drainage in the EU and the Catalid

76



Countries. It is worth to note that the (anthropoge emissions from managed peatlands are
currently reported to the UNFCCC (United NationarRework Convention on Climate Change) by
those countries where peatland management hastenper According to the guidance given by the
IPCC for the Land Use, Land Use, Land Use ChangeFamestry (LULUCF) Sector, no emissions

from undrained mires are reported. Thereby theibqdf atmospheric C&n the formation of peat,

or the emissions of CHrom the anoxic peat layers are not accounteéhftire reporting.

Table 6 Emissions of CQ, CH4, and N;O (in ton km? a') estimated according to the drained
peatland area. Typical annual emissions for each hal use type are derived from the IPCC
Emission Factor Database Www.ipcc-nggip.iges.or.jo/EFDB for boreal and temperate
peatlands, denoted by “*”, and from Alm et al. (2007); all unmarked emission factors. C@

equivalents are calculated using GWP (100 yr) conv&on factors 21 for CH,, and 296 for NO,

respectively.

Area knf CO,, CHa, N2O, COs-eq., Mt &
Drained for tkm?a®  tkm?2a? t km?a?
Min Max Min Max Min Max Min Max Aver
Forestry 87,168 719 2035 -06 35 O* 0.283*62 191 127
Cultivation 65,572 290 4033 0* O* 0.283* 0.283* 25 270 147
Peat extraction 2,273 73* 4033* 0.3 9 0 0.06 0 1 1

The largest central estimate (average of min andaestimates) of C&®equivalent emissions
are due to peatland cultivation (Table 6). The wagaty limits illustrated by the Min-Max ranges
are huge. One important reason for the large rangeke estimates follow from the unknown
distribution of nutrient poor and nutrient rich geads in the various land use categories. In
peatlands used for agriculture, the variance inssimins follows from differences in management,
ploughing increases the oxidation and ;C@missions, respectively. It is clear that peattand
reclaimed for agriculture are the nutrient rich @n@®n the other hand, forest drainage may have
occurred also on nutrient poor peatlands. The dvenaissions from peat extraction areas are low
due to their relatively small total area.

The emission listed in Table 6 originate from tleeamposition of the peat layer, and do not
describe the complete balance of the gas exchdngtrested peatlands the tree stand binds
atmospheric C@producing an increasing standing crop and an dditteafall. Such carbon inputs
to the soil may exceed the soil losses i, @@ission from the decomposition of the peat laler.
example, the soil in peatland forests in Finlarek®6 Mt C, while the annual gain by the tree stand
currently corresponds to a removal of approximatelyMt C from the atmosphere (NIR 2007,
Finland). A similar ratio may be applicable alssesthere in the boreal zone. However, after
harvesting the tree stand, the ratio at least teanip changes in favor of net carbon loss, stregsi
the importance of sustainable forest managemerdtipea in peatland forests. Furtheremore, it
should be underlined that G@mission due to the decomposition of the peatrlagd CQ removal
because of tree growth cannot be compared in airdaadnge terms. This originates from the fact
that the carbon emitted because of peat decompos#tianetaddition to the atmosphere, while the
carbon absorbed by the trees will eventually gokldacthe atmosphere when the forest ceases to
exist.
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5.4.1 Emissions from peat soils used in agriculture

The oxidation of peat soils in agricultural useutssin large CQ@ emissions (Figure 11). The data in
Figure 11 is derived from a literature study by @eunberget al, (2008). Good direct measurements of
CO, emissions are difficult, because not only the,@dission of the peat is measured, but also the
oxidation of fresh organic material and respirateord sequestration of G@f the crop is measured.
Further on during the day, season and dependingneteorological input COemissions change.
Therefore dta collection was restricted to peatlands fromperate Europe and only data on yearly
emissions were used — based either on year-rouadureEments or on sound model-extrapolations.
Only net CQ balances (with net ecosystem exchange of @net ecosystem productivity) from
reliable models using both daylight (uptake of LL@nd night fluxes (respiration of GjOas input
were used. Also net-emission estimates based arm@i®ons of peat subsidence were included by
Couwenberget al. (2008). The data of Van den Akker (unpublishedapas calculated from
subsidence.

The calculation of C@emissions on the basis of the annual long-terrsidehce rate of peat
IS very robust, because a mass balance based wublsa&lence is in a long-term perspective and
primarily caused by the net loss of organic malitgroxidation as C® Moreover subsidence is
usually measured over many years and sometimesdefecas a result, seasonal and yearly
variations in CQ emissions are averaged over a long period. Tha prablem here is to determine
which part of subsidence of drained peat soilsaissed by oxidation of the organic matter of the
peat soil and which part is caused by consolidatiotihe peat layer and permanent shrinkage of the
upper part of the peat soil above groundwater level

Armentano and Menges (1986) estimate the fradfiof subsidence due to oxidation of
organic matter compared to the total subsidens@arny between 0.33 to 0.67. This fraction will vary
strongly over time as subsidence rates directlgraftainage are very high due to shrinkage and
consolidation. Eggelsman (1976) gives a value ofix. the fractiorFr and this value was also used
by Kasimir-Klemedtssomt al. (1997) in their calculation of GQemissions from subsidence. They
used in their calculation the bulk density and ¢hgbon content of the surface peat layers (upper 20
cm). A further problem might be that bulk densitdacarbon content of the upper 20 cm can variate
considerably. Van den Akket al. (2008) takes another approach to avoid problertts @gtimating
Fr and bulk densities and suggested to assume thatimesthere will be an equilibrium in carbon
content in the layer just above the deepest groatetwevel. The C®emission is then calculated
based on the amount of carbon in a layer at a dapttbelow the deepest groundwaterlevel and a
thickness of the yearly subsidence. The resultherbasis of the approach taken by Van den Akker
et al (2008) are presentated in Figure 11.

These calculated emissions are in good agreemémtHéiper (2007) for German peat soils
in agricultural use. Hoper (2007) also found thag Ipeatsoils have more or less the same GHG
emissions as fen peatsoils at high ditchwater se#0 — 60 cm below soil surface) and relatively
much lower GHG emissions at low ditchwater leval®(@nd 90 cm and deeper below soil surface).
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Figure 11 CO, emission of peat soils. Agricultural peat soils hee at least a mean ditchwater
level of 20 cm minus soil surface. Data collected/lCouwenberget al. (2008) are based on
direct measurements of CQ emissions and data by Van den Akker (Fens NL, ungalished
data) are based on C@emissions calculated from measured mean annual ssilence.

The results in Figure 11 and findings in a veryergaeview by Oleszczuét al. (2008) are
used to calculate the G@mission of European peat soils in agricultura (Bable 7). In Table 7
the emission of CHis not taken into account, because these areleerin peatsoils in agricultural
use (Hoper, 2007; Couwenbezgal, 2008). Emissions of D are difficult to measure and have a
very high temporal variability and results foundliterature are very diverse (Couwenbetgal,
2008). Therefore we simplified the determinationNa© emission to an estimation that 2 % of the
mineralized N will be converted into,® (Mosieret al, 1998).

In Table 7, not all EU countries are representedydver, only countries with a very low
area of peatsoil in agricultural use were skipgeo.we can estimate the total emissions of GHG
from peatsoils in agricultural use in the EU98s51 Mt CO, equivalentper year.This is about 34 Mt
CO, equivalent per year higher than estimated by Byhal. (2004). The main reason for the
difference is that Byrnet al. (2004) use lower GHG emissions per ha, espedatlgrassland on
bog peatland and cropland on fen peatland. Lookinthe data used by Byrret al. (2004) we
conclude that unrealistic low values were includedtheir calculation of average emissions.
Therefore we think that the emissions presentedyiye et al. (2004) are too conservative and
consider the emissions in Table 7 to be more tealis
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Table 7 Emissions of GHG of peatsoils in agricultual use. Calculation are based on: grassland
emissions 20 tonne C®ha’ a; cropland emissions 40 tonne Coha™ a* (see Fig. 5 and
Oleszczuket al., 2008); C/N ratio = 20 (assuming that the major pd of agricultural peat soils
are fen peats); 1.25 % of mineralized N convertedito N,O (Mosier et al., 1998). Cropland
area and grassland area are based on Byrret al., 2004.

Country Agricultural  Crop Grass N Total
area area area GoC CQO Co,eq CQeq
km? km? km? Mt/ a Mt/ a Mt/a Mt/a

Member states of the EU

Belgium 252 25 227 0.15 0.55 0.05 0.60

Denmark 184 0 184 0.10 0.37 0.03 0.40

Estonia 840 0 840 0.46 1.68 0.14 1.82

Finland 2930 0 2930 1.60 5.86 0.49 6.35

Germany 14133 4947 9186 10.41 38.16 3.18 41.33

Ireland 2138 896 1240 1.65 6.06 0.50 6.57

Italy 90 90 0 0.10 0.36 0.03 0.39

Latvia 1000 1000 0 1.09 4.00 0.33 4.33

Lithuania 1900 1357 543 1.78 6.51 0.54 7.06

Netherlands 2050 75 1975 1.16 4.25 0.35 4.60

Poland 7600 55 7545 4.18 15.31 1.27 16.58

Sweden 2500 630 1870 1.71 6.26 0.52 6.78

UK 392 392 0 0.43 1.57 0.13 1.70

Total EU 36007 9467 26540 24.80 90.95 7.57 98.51

Other European countries

Iceland 1306 0 1300 0.71 2.60 0.22 2.82

Norway 6100 4200 1900 5.62 20.60 1.71 22.31

Russia (European) 26400 2640 23760 15.84 58.08 4.83 62.91

Belarus 9630 963 8667 5.78 21.19 1.76 22.95

Ukraine 5000 5000 0 5.45 20.00 1.66 21.66

2pased on Byrnet al, 2004;° based on Oleszczuk al, 2008;° based on Kuikmaat al, 2005;

4 based on Berglund and Berglund, 2009.

5.5 Effect of land use and soil management on carbon stocks of peat soils

The vast quantity of C stored within European pemit clearly necessitates their effective
protection. Intact European mires are generally/ fstnctioning as sinks for C; Byrnet al. (2004)
collated literature estimates of long-term C acclatnon in Finland, Russia and Sweden, most of
which were in the range 15-25 g C’ra’. UK peatland accumulation rates have been estitratte
20-50 g C rif a’ (Cannellet al, 1999).

The largest per-area losses of SOC from peatlaodsr avhere the C stocks are largest and
are caused by either drainage, cultivation or Ignifihe potential for loss of SOC following land use
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change on high organic peat soils is very large Emissions from drained organic soils can be
reduced to some extent by practices such as agoithww crops and tubers, avoiding deep
ploughing, and maintaining a shallower water taBlet the most important mitigation practice is
avoiding the drainage of these soils in the fitate or re-establishing a high water table (Fregipau

et al, 2004). We will discuss the impact of soil managatron carbon stocks in peat soils in more
detail below.

Draining peat

Peats accumulate SOC due to the suppression ofmg@sition processes, primarily due to a lack of
oxygen in the waterlogged conditions. However, aghalf of all European peatlands have been
subject to artificial drainage. A major part ofgtias been for forestry and specific issues related
peat afforestation are discussed below. Drainagdss undertaken for peat extraction, to convert
lowland peats to intensive agriculture, and wité iftention of improving grazing quality in upland
blanket bogs. In the United Kingdom, upland drasaégok place extensively from the 1960s and
70s (Holderet al, 2004), often generating very dense artificiairtige networks. In general, while
increased peat aeration resulting from drainage radyce CH emissions (e.g. Waddington and
Price, 2000), most studies show that rates ot @fdduction are greatly increased (Moore and
Dalva, 1993; Silvolaet al, 1996; Waddington and Price, 2000). However, thesistency of this
response, particularly over the longer term, hasnbguestioned (Laiho, 2006). Increased,CH
emissions from drainage ditches may offset reduostiwithin the drained peat mass (e.g. Suedh
al., 2000). Increased GQosses are likely to be most pronounced in ndjuveétter peats, where
large pools of labile C have accumulated near thiéase (Laiho, 2006). For a range of drained
ombotrophic bogs across Europe, Byatal. (2004) estimate that the average net GHG fluxtdue
drainage is 125 g GEC eq n¥ a”, versus 19 g CEC eq n¥ a* in natural bogs.

In some peatland areas, such as the blanket bddertifern England, artificial drainage has
coincided with extensive problems of gully devel@mm attributed to a combination of overgrazing,
and the loss obphagnumwith decay-resistant litter (Leet al, 1993). Drainage itself may
contribute to gully development, and has also l&@wn to cause soil structural change, notably
development of soil pipes (Holden, 2005). Rapidavatovement through drains, gullies and pipes,
together with the exposure of bare peat surfagesitly increase rates of particulate organic carbon
(POC) loss. Holden (2006) estimates that POC |dssesa drained peat slope could halve the long-
term net C sink of an undrained blanket peat. Sstudies have also shown large increases in
dissolved organic carbon (DOC) leaching from drdicatchments (e.g. Mitchell and McDonald,
1995; Wallageet al, 2006) further reducing the sink function of peails.

Restoration of peat

Peatland restoration, though blocking of drainalganaels, is becoming increasingly widespread,
with aims including restoration of ecological qtyliimproved drinking water quality, and
restoration of the function of peatlands as a &.dbrain (and gully) blocking will clearly reduce
POC loss, and may also reduce DOC loss (Walleigal, 2006). This will also increase C
sequestration rates, although Waddington and R2i@@0) noted that restored peatlands did not, at
least in the short term, sequester C at the sateeasapristine systems. Based on a range of studies
Byrneet al. (2004) provided an estimate of net GHG emissiomfrestored bogs of 74 g GQ eq

m? &', intermediate between values for pristine and némisystems. Their data suggest that
restoration of a drained bog will decrease,@®issions by 48 g GAC m? a', and also decrease
the CH, efflux by 10.5 g C@C eq n¥ a'. The latter value, based two studies, must beidered
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doubtful, because raising water tables followingtoeation can be expected to increase; CH
emissions. Waddington and Day (2007) found thabrason raised Clleffluxes by 88 g C&C eq

m? a' (a factor of 4.6) relative to unrestored cutoveatfand. Most of these increased emissions
derived from flooded ponds and the ditches theneseNin general, the net effect of peatland
restoration on GHG balance will be highly dependanthe nature of the restoration, in particular
the location of the post-restoration water tablej axtent of flooded areas such as old drainage
ditches.

Previously cultivated organic soils that have besstored emit less GOrom oxidation of
peat and this emission reduction is an order ofmtade higher than the increased emissions of CH
(in CO;, equivalents) from restored peat soils.Howeverngthe a significant range and variability in
these estimates. Many factors impact the balanivecka CQ emission reduction and Ghhcrease
after restoration and include the type of orgamit, luration of maintaining a high water table
during the year, e.g. year-roumdrsusseasonal (Kasimir-Klemedtssehal, 1997; Freibaueet al,
2004; Smitket al, 2008), and the level of G@missions from the cultivated organic soil whicaym
vary greatly (Nykéneet al, 1995; Maljaneret al, 2001, 2004; Lohil&t al, 2004).

Restoration of a functioning peatland ecosysterntt) wihigh water table and establishement
of peat-forming vegetation, provides greater poatmbdr C sequestration. In two restored peatlands
in the Jura Mountains, Bertoluzet al. (2006) measured net C accumulation of 67-183 g<Caf
although other studies (Tuittiket al, 1999; Yli-Petay=t al, 2007) reported smaller net €8inks,
and Yli Petayset al. (2007) suggest that C accumulation may peak dunitigl regeneration, and
subsequently decline. Yli Petayt al. (2007) and Waddington and Day (2007) both report
significant elevated ClHeffluxes from restored peatlands.

Peat extraction

Carbon losses from peat extraction are associatedtlgt with the removal (and ultimate burning or
mineralisation) of peat material; in Finland, peambustion alone is estimated to generate 15% of
the country’s net GHG emissions (Lapvetelaimtral, 2007). Additional C losses are associated
with persistently elevated decomposition of thedwes, unvegetated peat (Waddingtetral, 2002).
Rates of C loss from cutaway peatlands have be@imagsd at around 250 g Cfa* for Finland
(Alm et al, 2007), 60-280 g C tha’ for Sweden (Sundht al, 2000), and 19-32 g C fre* at a
mountain bog in the Jura Mountains, France (Bormlet al, 2006). Conversion of cutaway
peatlands to forestry may reduce rates o} (@3s, but accumulation of forest carbon may nttedf
continued high rates of peat decomposition (&inal, 2007).

Grazing of peatland

Although peatlands are in general less intensigefized, they may be highly sensitive to grazing
impacts (Haigh, 2006). C accumulation in peatlaisddependent on the presence of plant species
that generate decay-resistant litter, suchpgmgnunmosses (Belyea, 1996), which may be affected
by grazing intensity. Wardt al. (2007) found moderate reductions in dwarf shrulh moss biomass
with grazing, versus long-term ungrazed contromsitiset al. (2003) found that complete cessation
of grazing on ombotrophic mires resulted in growthdwarf shrubs and hypnoid mosses at the
expense of peat-formingphagnum This result suggests that grazing, at a low sitghmay be
beneficial to maintaining the C sink, at least reas of dryer/drained peatlands. However, where
effects on C cycling have been measured, resuéisuaclear. Garnetét al. (2000) found no
significant difference in long-term C accumulation grazed and ungrazed peatland in the 50 year
Hard Hills exclusion experiment in Northern EnglaRdr the same experiment, Wagtal. (2007)
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measured a 22% reduction in above-ground biomagh wiazing, a stimulation of both
photosynthesis and respiration, a large increasgHnefflux and small increase in DOC loss, non-
significantly lower carbon stocks in the litter &ayand upper mineral soil layers, but no measurable
difference in soil C stocks to a depth of 1m. Whrea al. (2007) found no effect of grazing on DOC
at the same site.

Effects of trampling associated with grazing arerengevere on peats, due to the low bulk
density and depth of the organic layer; Overgrahriag been a major cause of blanket peat erosion
in Northern England (Haigh, 2006; Holden al, 2007), with erosion triggered by relatively low
stocking densities (0.55 sheep'h&awes and Hobbs, 1979). Erosive effects may heertrated in
areas of livestock movement or shelter, with cortipaccausing an increase in overland flow and
potentially triggering or accelerating gully devahoent.

Burning of peatland

Wildfires, in which the peat itself is burnt, hamemajor detrimental impact on peat carbon stocks;
analyses of peat cores suggest that long-term agicemulation rates may be halved by frequent
natural burns (Kuhry 1994; Pitkdnen al, 1999). Increased droughts due to climate chaogélc
increase burn frequency, exacerbated in populatedsaby accidental or malicious fire-starting.
Dikici and Yilmaz (2005) reported very large C lessrom a Turkish peatland, drained in the 1950s,
which subsequently experienced repeated catastrdpiins. Management burning, on the other
hand, is intended to burn only above-ground vemgetatt has historically been less extensive on
peats than on dryer heathlands, due to their velaimaccessibility, and becausphagnum
accumulation in an aggrading bog encourages camimheather growth without the need for
management (Adamson and Kahl, 2003). However, Wataal. (2006) report significant increases
in the area of English blanket bog subjected tatimbal burning since 1995. At the Hard Hills
experiment, 30 years of managed burning on a 10 ggae significantly reduced peat C stocks
(Garnettet al, 2000). Warckt al. (2007) estimated C loss rates due to burningisistte at 17 g i

a’ from the peat surface, and 9 g°m" from above-ground biomass loss. Burning led tgdar
reductions in moss and shrub biomass, with an @&seren grasses, increased gross photosynthesis
and respiration rates, and slightly decreased Efflux. Ward et al. (2007) found no significant
change in DOC, whilst Worra#t al. (2007) observed a significant decrease. Holeteal. (2007)
note that there has been pressure in the Unitegddim for a ban on burning on blanket bogs, and
Flynn and Smith (2006) suggest that heather cowmecool, wet European heathlands may be
maintained through low-intensity grazing rathemtlbairning, with likely benefits for C stocks.

5.5.1 Peat soils converted to forests

Around 15 million hectares of boreal and tempepsatlands have been drained; 90% of this is in
Fennoscandia and Russia (Moore, 2002). 20% of tledean peatland stock has been drained for
forestry, including over half of all Finnish peattts (Byrneet al, 2004). In oceanic bogs without
natural tree cover, particularly in the Britishels] large areas have been planted with exotic eonif
species during the last century.

Compared to afforestation of organo-mineral sdégels of soil disturbance associated with
afforestation of peats are high. This is due tdlibe fragility of the peat and the need for inteas
drainage to provide aerobic conditions for treewgho Fertiliser may also be applied too and
transpiration by the growing forest further lowevgater tables and both will accelerate
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decomposition of peat. As noted above, most stughesv an increase in peat decomposition rates
following drainage, which leads to a loss of exigtpeat C due to forest planting (e.g. Martikainen
et al, 1995; Brakeet al, 1999;Hargreave®t al, 2003; Reynolds, 2007; Minkkinezt al, 2007).

In naturally forested peatlands, lowering of theewaable through drainage increases timber
production. CH emissions are likely to decrease from the draipedt due to increasing soil
aeration but may increase within the ditches thérase Losses of organic matter as POC and DOC
may also increase during periods of foresty-relatiésturbance, particularly following felling
(Niemenen, 2004; Reynolds, 2007). As for afforéstabf organo-mineral soils, however, some
studies suggest that growth of biomass and litteumulation will outweigh soil C losses over a
forest rotation (e.g. Harrisaet al, 1997; Hargreavest al, 2003).

Byrne et al. (2004) estimate that, at the European scale, teitggeats are net GHG sinks,
although the authors caution that this conclusissumes a mild degree of drainage in which, CH
emissions are strongly reduced and peat formatiiriakes place. Hargreaves al. (2003) report
initial C losses from newly drained peatland in thage 200-400 g C fna™. They further report
that the system became a net sink after 4-8 ydamand 300 g C fha’ due to tree growth. This
offsets a continuing yet lower peat decompositiossl of ~100 g C th a* after 4-8 years.
Minkkinen et al. (2007) measured higher peat £®spiration rates of 250-500 g C?ra” in Finnish
and Estonian forested peatlands drained for forgwior to 1960; this indicates that losses of C
from peats are sustained in the long term. Furtbeznthe C sink associated with tree growth will
decrease as forests matures. Caretedll. (1999) suggest that most peat C under plantaboest
will eventually be lost.

We conclude that, given the importance of peatlaiodsglobal C stocks and the major
uncertainties associated with replacing large,anld stable peat C stores with new, potentially more
unstable storage in tree biomass, peatland affdrestcannot be considered an effective means of
sequestering C.
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6 Effect of land use and soil management on soil canh

6.1 Introduction

The previous chapters dealt with the amounts diarain the soil pool and how that pool is affected
by climate change. This chapter discusses theteaffeland use and soil management on the soil
carbon pool.

The first section gives an overview of our curranterstanding of how land use and soill
management affect changes in soil carbon. In ad@essess the carbon sequestration potential of
land use and soil management, in the second sesédhen compare, in a wider context, these soil
carbon based strategies with mitigation effortsother sectors. The final section of this chapter
analyses the current status of reporting systemsaidon stock changes due to changes in land use
and soil management.

6.2 Effect of land use on carbon sequestration

Trends in soil carbon stocks were discussed eani€hapter 3. It was shown that grasslands and
forests generally sequester carbon, while croplgederally lose soil carbon, however with a large
variation (Table 4). It is obvious that land usamtes between these categories will likely affeet t
carbon balance of the soil (Table 8). SOC tend=tiwst when converting grasslands, forest or other
native ecosystems to croplands. SOC tends to iseredien restoring grasslands, forests or native
vegetation on former croplands, or by restoringaarg soils to their native condition. Where the
land is managed, best management practices thrabge C inputs to the soil or reduce losses help to
maintain or increase SOC levels. Management pexctm increase SOC storage are discussed in the
next section.

Table 8 Summary of effect of land use change on carbon.

From : To: | Grassland | Forest Cropland
Grassland No effect C loss
Forest No effect C loss
Cropland C gain C gain

Most long term experiments on land use change shgmificant changes in SOC (e.g. Snethal,
1997; 2000; 2001a; 2002, 2008). Land use changafisantly affects soil C stock (Guo and
Gifford, 2002).This is likely to continue into tHature; a recent modeling study examining the
potential impacts of climate and land use chang&&O& stocks in Europe, land use change was
found to have a larger net effect on SOC storage finojected climate change (Snéthal, 2005a).

Conversion from forest land or grassland to croplads caused significant loss of SOC, as
was shown by Guo and Gifford (2002) in a meta-asislgf long term experiments. .

Conversion from forest to grasslanddid not result in SOC loss in all cases. Total
ecosystem C (including above ground biomass), dosgever, decrease due to loss of the tree
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biomass C. Similar results have been reported aziBrwhere total ecosystem C losses are large,
but where soil C does not decrease (Veldkamp,18@4aeset al, 1995; Neillet al, 1997; Smithet

al., 1999), though other studies have shown a o0& (e.g. Allen, 1985; Mann, 1986; Detwiller
and Hall, 1988). Even in the most favorable casg; about 10% of the total ecosystem C lost after
deforestation (due to tree removal, burning etar) be recovered since much of the carbon lost is
from tree biomass (Fearnside, 1997; Neilal, 1997; Smitret al, 1999).

Conversion from cropland to forest generally increases soil carbon stocks. The
afforestation of former agricultural land increadhe C pool in the aboveground biomass and
replenishes the soil C pool. Accumulation occursl time soil reaches a new equilibrium between C
input (litterfall, rhizodeposition) and C outputegpiration, leaching). Although afforestation
increases soil carbon, carbon loss may occur inied period following afforestation, when C loss
by soil microbial respiration and C gain by lite@tfare imbalanced. Tree planting leads to soil
disturbance and can stimulate the mineralizatiosoilforganic matter (SOM). These losses are not
necessarily offset by the low C input by litterfala young plantation.

The previous land-use affects the C sequestratdengial of afforested sites. Pasture soils
already have high C stocks and high root densitieshe upper part of the mineral soil, so
conversion from grassland to foresthas a small effect (Guo and Gifford, 2002; Rémkeial,
1999; Murtyet al, 2002). Chronosequence studies from New Zealaniromer pastures, northern
Spain on arable land, and northern England onaeéflbound that soils initially lost, but later gagh
C (Hallidayet al,, 2003; Romanyat al, 2000; Zervaet al, 2005).

Soil C responses at specific sites can vary froengénerally expected trends as shown in
Table 8, likely due to site-specific characterstand the long time-lag of litter inputs effectisgl
C pools. Additionally, whilst topsoils generally igaC when afforestation occurs, underlying
mineral soils may lose C.

The most effective mechanism for reducing SOC Igkdally would be to halt land
conversion to agriculture, but with the populatigrowing and diets changing in developing
countries (Smithet al 2007b; Smith and Trines 2007), more land is Yiked be required for
agriculture. To meet growing and changing food deasawithout encouraging land conversion to
agriculture will require productivity on currentragultural land to be increased (Viek al.2004). In
addition to increasing agricultural productivity iflaout increasing soil disturbance), there are a
number of other management practices that can & tasprevent SOC loss. These are discussed
further below.

6.3 Effect of soil management on carbon sequestration
6.3.1 Agricultural systems

Smith et al. (Smith et al, 2007a&b, 2008). have reviewed the greenhouse(@Bi€5) mitigation
potential of agricultural management practices @odcluded that about 90% of total GHG
mitigation potential in agriculture stems from sBikequestration.

They also examined practices under the broad &esvof cropland management, grazing
land management, restoration of cultivated orgawits and restoration of degraded lands. The
effects of these management practices on SOC scasdied in detail in the sections below. Table 9
presents a quantatitive assessment of the poteftedt on carbon sequestration of a selection of
measures used in the PICCMAT project (http://clesaingeintelligence.baastel.be/piccmat).
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Previous studies have reported the technical pateior a range of mitigation measures in
Europe but more recent studies have shown thi dftsuch potential has been realized (Sreith
al., 2005). New methods are now available to accessoguic potential for different sequestration
measures which can be used to achieve better éstind achievable mitigation potential. In
Europe, the economic potentials for C sequestrarenaround 53-58, 80-87 and 93-102 Mt C (or
0.053-0.058, 0.080-0.087 and 0.093-0.102 Pg C) pti¢es of 0-20, 0-50 and 0-100 USD t £0
equivalent, respectively (from data in Smitt al, 2008).

Table 9 Effect of a selection of mitigation measugeon carbon sequestration in agriculture

Global mitigation
_ . - . . potential
Potential implementtation cost| Probability of implementation* (Smith et al., 2008)
(tCO, eq./halyr)
Catch crops Low High 0.29-0.88
Reduced tillage Low Medium (low in some areag) 0.050
Residue management Low High 0.15-0.70
Extensification Medium Low 1.69 - 3.04
Fertiliser application No Medium (already done in some 0.26 - 0.55
areas)
Fertiliser type Low Medium (already done in some 0.26 - 0.55
areas)
Rotation species No Medium 0.29-0.88
Adding legumes Low High 0.26 - 0.55
Permanent crops Variable Low (reduces flexibility) 1.69 - 3.04
IAgroforestry Medium Low (reduces flexibility) 0.13.70
Grass in orchards & vineyards Medium/high Low 1.6004
Optimising grazing intensity Low / medium Medium (aI;erzg)é)done NSOMe  511-0.81
Length and timing of grazing Medium Medium 0.118D
Grassland renovation Low High 0.11-0.81
Optimising manure storage Medium / high Medium
Manure application techniques Medium Medium 1.2479
Application of manure to cropland Low Medium 154 -279
\versus grassland
Organic soil restoration Medium / high Medium 36-673.33

* Based on potential uptake by farmers

87




6.3.1.1 Cropland

Mitigation practices in cropland management incltigefollowing, partly-overlapping, categories:

Agronomy Improved agronomic practices that increase yial$ generate higher inputs of carbon
residue can lead to increased soil carbon stofagée(t, 2001). Examples of such practices include:
using improved crop varieties; extending crop roted, notably those with perennial crops that
allocate more carbon below ground; and avoidingeducing use of bare (unplanted) fallow (West
and Post, 2002; Smith, 2004a, b; Lal, 2003, 200#ajbaueret al, 2004). Another group of
agronomic practices are those that provide temporagetative cover between successive
agricultural crops, or between rows of tree or wngps. These ‘catch’ or ‘cover’ crops add carbon
to soils (Barthegt al, 2004; Freibaueet al, 2004). Adding more nutrients, when deficient, a&so
promote soil carbon gains (Alvarez, 2005). The viems commonly been held that the use of
fertilizer-N on agricultural land, by increasingpryields, and hence crop residue returns, can lead
to an increase in soil C, or at least moderatedixdine that takes place as a result of tillage.
However, a recent review (Katet al, 2007) has concluded that fertilizer-N stimulateisrobial
breakdown of soil organic matter (SOM). The vieW¥ahn et al. (2007) have been challenged by
Reid (2008) who suggested that observed decreasssiliC were caused by factors other than
addition of fertilizer-N. Reat al. (2008) recently reviewed evidence for the impddin soil
organic carbon (SOC) stocks. Evidence is contragictwith some studies suggesting that soil C
may decrease under N enrichment, others suggestirdhange, and others suggesting that soil C
sinks may increase (Annex 10).

Potential side-effectsThe benefits from N fertilizer can be offset biglrer NNO emissions from
soils and CQ@from fertilizer manufacture (Schlesinger, 1999%e2éRamirezt al, 2003; Robertson,
2004; Gregoriclet al, 2005).

Tillage: Advances in weed control methods and farm machinew allow many crops to be grown
with minimal tillage (reduced tillage) or withoutlage (no-till). There are many different ways in
which tillage intensity can be reduced, rangingrfroomplete cessation of tillage (zero tillage),
through reduced / minimum tillage where deep plaugtstops and surface tillage (scarification,
disk harrowing) is used, and ridge tillage (whexye crops are grown and only the ridges are tilled).
These practices are now increasingly used througheuworld (e.g., Ceret al, 2004). There are a
number of meta-analyses of reduced tillage experisnin the literature (Smitbt al, 1998; West
and Post, 2002; Oglet al, 2003; Ogleet al, 2005) Since soil disturbance tends to stimulate s
carbon losses through enhanced decomposition asider(Madarket al, 2005), reduced- or no-till
agriculture often results in soil carbon gain, bat always (West and Post, 2002; Ogtal., 2005;
Gregorichet al, 2005; Alvarez 2005).

Potential side-effectfAdopting reduced- or no-till may also affeci@N emissions but the net effects
are inconsistent and not well-quantified globaBm(th and Conen, 2004; Helgasetal, 2005; Li
et al, 2005; Cassmaet al, 2003; Sixet al, 2004). The effect of reduced tillage opgONemissions
may depend on soil and climatic conditions. In s@reas, reduced tillage promotegONemissions
(MacKenzieet al, 1998), while elsewhere it may reduce emissionsave no measurable influence
(Marland et al, 2001). Further, no-tillage systems can reduce, €fissions from energy use
(Marlandet al, 2003b; Kogeet al, 2006).
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Residue managemerficcompanying change in tillage practice, thereften necessarily a change
in residue management, in that residues can neetdog ploughed in to the soil, and tend to be left
on the soil surface. For this reason, it is difico separate the impacts of reduced tillage sitgn
and changed residue management. Systems that cetginesidues also tend to increase soil carbon,
because these residues are the precursors foorg@hic matter, the main carbon store in soil.
Improved return of crop residues to the soil wouldrease soil carbon content, with or without
changes in tillage. Many residue incorporation expents in Europe have shown increases in soll
carbon (e.g. Smitkt al, 1997).

Water managemenfbout 18% of the world’s croplands now receiv@ementary water through
irrigation (Millennium Ecosystem Assessment, 20@ypanding this area (where water reserves
allow) or using more effective irrigation measun enhance carbon storage in soils through
enhanced yields and residue returns (Follett, 20801;2004a).

Potential side-effectsSome of the carbon gains brought about by inegamay be offset by CO
from energy used to deliver the water (Schlesiig@®9; Mosieret al.,2005) or from NO emissions
from higher moisture and fertilizer-N inputs (Ligbét al, 2005). The latter effect has not been
widely measured. Drainage of wet croplands landispramote productivity (and hence soil carbon)
and perhaps also suppresgONemissions by improving aeration (Monteal al., 2006), but in
highly organic soils, this could lead to a C lossg section on restoration of organic soils).

Agro-forestry Agro-forestry is the production of livestock ayol crops on land that also grows
trees for timber, firewood, or other tree produdtsncludes shelter belts and riparian zones/lsuffe
strips with woody species. The standing stock eba@a above ground is usually higher than the
equivalent land use without trees, and plantingstrenay also increase soil carbon sequestration
(Oelbermanret al, 2004; Guo and Gifford, 2002; Mut@b al, 2005; Pauét al, 2003).

Potential side-effectsThe effects on PO and CH emissions are not well known (Albrecht and
Kandji, 2003).

6.3.1.2 Grazngland

Grazers significantly impact on the carbon balandeectly through their effect on vegetation type,
on organic matter inputs to the soil microbial commity, and on soil structure through
tramplingGrazing lands occupy much larger areas thaplands (FAOSTAT, 2006) and are usually
managed less intensively. The following are examplepractices to reduce GHG emissions and to
enhance removals:

Grazing intensity The effects of grazing inetensity are inconsistewing to the many types of
grazing practices employed and the diversity ofifptgecies, soils, and climates involved (Schuman
et al, 2001; Derneet al, 2006). Nevertheless, the intensity and timingyzing (and livestock
species) can influence the removal, growth, carblbocation, and flora of grasslands, thereby
affecting the amount of carbon accrual in soilsn@uet al, 2001; 2005; Freibauest al, 2004;
Conant and Paustian, 2002; Reesteal, 2004).

89



N management and fertilizationN fertilisation increases productivity in N-lited grassland
systems, and if greater than any accompanying aseren decomposition rates, will lead to an
overall increase in net ecosystem production (NER)mineral soils, fertilisation is generally
considered to enhance carbon storage due to erthanoguctivity. Irrigating grasslands, similarly,
can promote soil carbon gains (Conanél, 2001) as well.

Potential side-effectfAdding nitrogen, often stimulates,® emissions (Conamt al, 2005) thereby
offsetting some of the benefits. The net effecirofating depends also on emissions from energy
use and other activities on the irrigated land [&ihger, 1999).

Species introductianintroducing grass species with higher productivitr carbon allocation to
deeper roots, has been shown to increase soil waFmo example, establishing deep-rooted grasses
in savannahs has been reported to yield very haggsrof carbon accrual (Fisher al, 1994),
although the applicability of these results has be¢n widely confirmed (Conamtt al, 2001;
Davidsonet al, 1995). In the Brazilian Savannah (Cerrado Biomme)egrated crop-livestock
systems using Brachiaria grasses and zero tillagdeing adopted (Machado and Freitas, 2004).
Introducing legumes into grazing lands can pronsm# carbon storage (Soussaetal, 2004),
through enhanced productivity from the associatedpts.

Fire _managementBurning can affect the proportion of woody versgrsss cover, notably in
savannahs, which occupy about an eighth of theagjl@md surface. Reducing the frequency or
intensity of fires typically leads to increasedeti@nd shrub cover, resulting in a £€nk in soil and
biomass (Scholes and van der Merwe, 1996).

6.3.1.3 Restoration of degraded lands

A large proportion of agricultural lands has beesgrdded by excessive disturbance, erosion,
organic matter loss, salinization, acidificatiom,ather processes that reduce productivity (Batjes,
1999; Foleyet al, 2005; Lal, 2001a, 2003, 2004b). Often, carbonagfe in these soils can be partly

restored by practices that reclaim productivityluding: re-vegetation (e.g., planting grasses);
improving fertility by nutrient amendments; applginorganic substrates such as manures,
biosolids??, and composts; reducing tillage anainigtg crop residues; and conserving water (Lal,
2001b; 2004b; Brucet al, 1999; Olsson and Ardo, 2002; Pausgaal, 2004).

Potential side-effectsWhere these practices involve higher nitrogen radmeents, the benefits of
carbon sequestration may be partly offset by high€r emissions.

6.3.2 (Semi-) natural systems

6.3.21 Upland semi-natural grasdands

Temperate grasslands comprise around 20% of thet démea of Europe, and store significant
quantities of C, mostly below-ground (Soussa&taal, 2004). In upland areas of Europe ‘semi-
natural’ grasslands, which have not previously b&adrject to intensive management practices such
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as re-seeding or liming, generally occur on re&yivorganic-rich soils. These ecosystems are
therefore sensitive to changes in the intensitpod-management.

Grazing In relatively low-productivity semi-natural grdasds, carbon removals associated with
animals are relatively small (e.g., Allagt al, 2007). The EU GREENGRASS project included
assessments of the GHG budget at two cattle-gngzietid semi-natural grassland sites, at Laqueille
in the Massif Central, France, and Malga Arpacahe Italian Alps (Soussannet al, 2007).
Surprisingly, compared to six lower-elevation glasds with more intensive management, the
Italian upland site was the strongest net GHG ¢amid one of the strongest C sinks) whereas the
French site was one of the weakest. Based on nmgledf the Laqueille site, Soussanatal.
(2004) concluded that the GQink would be greatest, and ¢bburce associated with the grazing
cattle smallest, at low stocking densities. At azgd acid grassland on organic soils in Wales,
experimental grazing intensification caused a lolssrganic horizon C (B. Emmett, unpublished
data), whereas at a nearby grassland on mineia] 4@iyears of experimental grazing removal did
not change soil C stocks (E. Rowe, unpublished)data

Fertilisation Experimental results for the Laqueille site (Adlaet al, 2007), comparing an
intensively grazed and N-fertilised paddock witheattensively grazed unfertilised paddock, showed
a strong increase in the GHG sink in the year Yalhg extensification, but pronounced weakening
of this sink (relative to the intensive managememt3ubsequent years, as the production declined
due to lower N supply and a higher proportion oadieregetation cover. Allarét al. (2007)
conclude that reductions in grazing, if accompaigdeduced fertilisation, may not be an effective
GHG mitigation option. Sousanm al. (2004) state that N fertilisation may increase eggsystem
production in moderately fertile systems, as thedase in production outweighs any concurrent
increase in decomposition. In more organic-rich maun pastures, due to the relatively large pool
of organic matter available for decomposition, Nifisation may trigger large carbon losses.

Liming: Liming has been widely used to increase prodigtin acidic grasslands, with the greatest
use (supported in some countries by agriculturbbisties) in the middle of the ®@entury. It has
also been used in some areas, such as Germanycamdiiigavia, to ameliorate the effects of
acidification on natural ecosystems. Because deositipn rates in many upland soils are
constrained by acidity, increases in pH due torignconsistently lead to accelerated C turnover,
CO, production and DOC export (e.g. Andersson andsNils 2001;Rangel-Castreet al, 2004).
Increased pH may also increasgONosses (Yamulket al, 1997). Although liming has become less
prevalent since the mid $Qentury, past liming is likely to have residualeets on soil acidity.
Additionally, reductions in atmospheric sulphur dgition across Europe since the 1980s may be
having a similar impact on soil decomposition raediming at larger spatial scales, removing the
constraints on soil decomposition caused by anthepic acidification (Evanst al, 2007).

Mowing: In many mountain regions, grasslands have beerageal historically for hay production
through annual mowing, although this practice iglideng.

Uhlitova et al. (2005) suggest, for a Czech mountain grasslarad, ahnual mowing is the most
appropriate management for maintaining SOM statiestd its positive influence on soil microbial
biomass. However, annual mowing removes a subatgmtoportion of produced grass from the
system (Soussare al, 2007; Franzluebbers and Stueddeman, 2008).
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6.3.2.2 Heathlands

Heathlands, or moorlands, are important ecosysteitimin the British Isles, parts of Scandinavia,
Alpine regions, and in other temperate upland regiglobally. They are characterised by low-
growing vegetation (dwarf shrubs, mosses, sedgésed grassland species) and organic-rich soils,
which develop because environmental factors suchwaserlogging and acidity constrain
decomposition rates. Information regarding managenmapacts on soil carbon in heathlands is
largely restricted to the British Isles, where esige heathland areas developed following forest
clearance in the mid-Holocene. Under conditionserfreme waterlogging, severely restricted
decomposition has led to peat development. Sinats@e critically important as carbon stores, and
subject to specific management pressures, thesecamsidered separately below. However,
heathlands also occur widely on organo-mineraks@ibils with a peaty O horizon of up to 30-40
cm depth), and management pressures and mitigaptions relating to these ecosystems are
considered here.

Reducing grazing pressurin a review of pressures on UK moorlands, Holdeml. (2007) state
that heather will only grow at grazing levels beltwo sheep Hj and that the overall area of UK
moorland in which stocking densities exceededl#vsl rose to 29% in 1977, and 71% in 1987, as a
result of CAP subsidies. In severely degraded estesys, where characteristic species or surface
soil have been lost, recovery is likely to be velgw, and may require complete cessation of grazing
(Britton et al, 2005). However, exclosure studies in areas ofihegrazed Welsh moorland have
shown the restoration of dwarf shrub dominance iwittD years of sheep exclusion (Hét al,
1992), and Hopet al. (1998) recorded a general shift in dominance fgrasses to dwarf shrubs
(and at one site, birch invasion) following longrtegrazing removal. Even in areas that continue to
be grazed, impacts may be minimised by removingals during the wetter winter months, when
soils are most susceptible to physical erosion r{Gea al, 1982) and animals are most likely to
graze on vulnerable heathland plants.

Potential side-effectd)keductions in domesticated grazers, such as shesgpbe offset by increases
in ‘wild’ grazers such as deer, with consequencesébitat condition, and hence C sequestration,
that are difficult to predict (Alboset al, 2007).

Fertilisation In general, N fertilisation is not practiced omakhlands, but they are widely subject to
elevated atmospheric N deposition, which may hawvélas impacts on C cycling. The response of
organo-mineral soils to elevated N inputs is harghriedict, as it depends strongly on the effect of
increased N supply on decomposition rates withi ldrge soil organic matter pool. In general,
increased N inputs may accelerate decompositiomarfe reactive organic matter, but constrain
decomposition of more recalcitrant material (e.grdet al, 1998; Hagedorret al, 2003). Some
studies have shown some evidence of carbon acctionula heathlands exposed to long term
experimental N additions, at rates in the ordet®80 g C § N (Evanset al, 2006; de Vriegt al,

in review), but it is doubtful whether these resutan be generalised. In particular, elevated N
deposition may, in the long-term, lead to specibanges towards plant species with more
degradable litter (e.g. dwarf shrubs to grassd®reby reducing rates of soil organic matter
formation.
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Potential side-effectsN additions have also been been shown to increa€k é¥nissions from
moorland soils (Skibaet al, 1999; Pilkington et al, 2005). Both liming and reduced sulphur
deposition can, as in acidic grasslands, be expectiancrease decomposition rates, leading to
elevated C@and DOC loss (e.g. Hornurg al, 1986; Reynoldst al, 1994).

Burning Heathlands are frequently managed throaghtrolled burning, initially to hold back
succession to woodland, and more recently andsively in the UK to maintain a supply of young
heather for game birds. The implications of managgniourning for carbon stocks are not well
understood (Holderet al, 2007). Controlled burns remove most of the abgneend biomass,
converting much of the C contained within this male¢o CGO,. However they have little impact on
litter or O horizon organic matter. Post-burn, rartt and pH levels may be raised by ash, and soil
temperatures may increase, all of which may inereesomposition rates (Kim and Tanaka, 2003;
Stevensonet al, 1996). However, burning also removes nutrients smoke and through
volatilisation, and managed burns have been estin&t remove 60% of biomass N (Tesgtal,
2004), as well as significant amounts of phospof#iisako and Gimingham, 1980). These nutrient
losses may decrease productivity in the long-tdymt,conversely the maintenance of low-nutrient
conditions through burning may be effective in effsng ecosystem eutrophication due to elevated
N deposition (Pilkingtonet al, 2007), which might otherwise cause vegetationngkafrom
heathland to grassland species, increase decomoposates, and hence decrease C accumulation.
Holdenet al. (2007) conclude that some degree of managementifguor cutting) is required to
maintain current heathland vegetation on dryer googmineral) soils, but the overall impact of
burning for C and GHG budgets are clearly uncertain

Wildfires have a more severe impact on ecosystem C stodgkewngenerally occur during
drought periods (managed burning generally takasepwhen soils are wet) and burn at higher
temperatures, leading to combustion of litter amitl@ganic matter. Exposure of bare soil following
severe burns also increases susceptibility to phygrosion; a post-burn study of a heathland on
organo-mineral soil in Northeast England showedrndold increase in erosion rates in areas subject
to severe burning (Ineson, 1971). Because managednly reduces the stock of above ground
biomass, particularly the build up of combustibleody debris, it may provide some protection for
soil organic matter stocks against the risk of firid

Forestry:Most heathlands on organo-mineral soils would meteewoodland without a certain level

of management through grazing or burning. Whileraftation leads to soil C losses, tree growth
itself leads to accumulation of above-ground bisnasd increased litter inputs. Forest soils may
therefore gain C in surface horizons, while simmétausly losing C at depth (Emmettal, 1997;
Post and Kwon, 2000). The net effect of afforestatbon ecosystem C balance thus depends on
whether the increase in NPP exceeds the increasslidecomposition; on the long-term stability of
organic matter added to the soil; and on the fate®rest biomass removed from the site. Overall,
Cannellet al. (1999) estimated that the 2 Mha of UK forest péioh were accumulating C at a rate
of 113 g C rif a*. Various site-based studies synthesised by Regr@@07) provide estimates of
soil C accumulation rates at afforested sitesénrémge 21 to 74 g C fra™.

Potential side-effects: Bfar the dominant form of afforestation in moodaareas, particularly

within the British Isles, has been plantation witbn-native conifers. The levels of disturbance,
associated with this type of moorland afforestaiiomparticular, are high, including road building,
ploughing, drainage and subsequent harvesting, rgndeading to a loss of existing soil C

93



(Reynolds, 2007). This loss occurs through accedralecomposition of disturbed soils, and
increased POC loss through physical erosion; So{it889) estimated that, in the long-term,
afforestation increased sediment losses by a fa€t®4. Losses may be much higher during periods
of maximum disturbance associated with road bujdiploughing, drainage and harvesting
(Reynolds, 2007), although this may be greatly ceduby improved forestry practices. DOC losses
may also increase after planting and harvestinthoagh the evidence for this is equivocal
(Reynolds, 2007).

Although forest planting on organo-mineral moorlasalls does appear to lead to a net
ecosystem C gain, then, it is worth noting thag tepresents a shift in the type of C stored, wittv
C being added while older stored C is lost (e.gltfa et al, 2005; Reynolds, 2007). The long-term
benefit of moorland afforestation as a means ok@questration is thus critically dependent on the
long-term stability and fate of the newly accumetaC.

6.3.3 Forests

Jandlet al. (2007) have reviewed the effects of forest managgron soil carbon sequestration.
Other more general reviews focused on the potentiatribution of forest management on GHG
mitigation (Schelhaast al, 2007) and the forest GHG budget including nitroygle and methane
(Lindneret al, 2004).

Because of the large spatial variability of sailsanges in soil carbon are not always easy to
detect (Coneret al, 2005). Moreover, due to the long management syatel the irregular natural
disturbance effects there are large temporal fatatns in the GHG budget of forests at the stand
scale. This is particularly true for the soil orgalayer, which responds relatively fast to chaniges
management (Janeit al, 2007). Even at the continental scale, unequalctags distributions can
cause a shift from a GHG sink to a GHG source (Ketral, 1995; Karjalaineret al, 2003).
Consequently, management induced changes in GH@elidtan often be overlain by natural
variability. This may explain that there are qud#en conflicting results reported for similar
management changes. However, when the underlyiogepses affected by management can be
identified, it is easier to assign clear effectthi® management changes.

Species influenceDespite long research on the role of the vegmiabn soil formation, a
generalized understanding on the extent of theedfietree species across site types has not yet be
reached (Augustet al, 2002; Binkley and Menyailo, 2005). Tree speciéscathe C storage of the
ecosystem in several ways. Shallow rooting conifergpecies tend to accumulate soil organic
matter in the forest floor but less in the minesail, compared to deciduous trees. Species-specific
site productivity affects biomass production arttetifall differently along site quality gradients.
The influence of tree species was studied in comgauden experiments. In Denmark, a study of
seven species replicated at seven different sioegya solil fertility gradient showed that Lodgepol
pine Pinus contorty, Sitka spruceKicea sitchenensisand Norway spruce had much higher forest
floor C stocks than European beedhadus sylvatica and oak Quercus sp. (Vesterdal and
Raulund-Rasmussen, 1998). A German experiment shomage C in the forest floor under pine
than under beech, but in pine stands that have bedéarplanted with beech, the depth gradient of
soil C was changed (Fischer al, 2002). While the effect of tree species on foflestr C stocks is
faster, for the permanence of C sequestrationrtdse relevant to select tree species that increase
the pool of stabilized C in the mineral soil. Thévohg process is the production of belowground
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biomass (Jobbagy and Jackson, 2000, Vestetdal 2002a). However, little evidence for the size
of the effect is available.

Stand managementnder stand management we consider differencégithinning and harvesting

regimes, the rotation length in even-aged forestagament systems, and the overall silvicultural

system.
The effects othinning are unclear. Thinning affects the distributiorbamass in a forest stand
and changes the microclimate. Decomposition of sfoféioor C is temporarily stimulated
(Aussenac, 1987, Piene and van Cleve, 1978). Téwed sinicroclimate returns to previous
conditions unless the thinning intervals are shad intensities are high. Litterfall is temporarily
lowered in strongly thinned stands. This reducessiofloor accumulation, but the input of
thinning residues into the soil may compensatehat (de Wit and Kvindesland, 1999). Forest
floor C stocks decreased with increasing thinninggnsity in field studies in New Zealand,
Denmark and USA (Vesterdat al, 1995; Careet al, 1982; Wollum and Schubert, 1975). A
thinning intervention in an experimental site whiilx measurements in Finland did not result in
a net release of C from the ecosystem, becausentim@nced growth of the ground vegetation
compensated for the reduced C sequestration dfdébdayer and the increase of heterotrophic
soil respiration was balanced by a decrease irtraptac respiration of similar magnitude (Suni
et al, 2003). In a Korean study, neither soil £&flux nor litter decomposition were increased
with increasing thinning intensity (Saet al, 2004). Any effects on soil respiration rates were
apparently overruled by root respiration as ingidaby a positive relationship between stand
density and soil C@efflux.
Harvesting removes biomass, disturbs the soil and changesmibeoclimate more than a
thinning operation. In the years following harvegtand replanting, soil C losses may exceed C
gains in the aboveground biomass. The long-ternancal depends on the extent of soil
disturbance. Harvest residues left on the soilaserfincrease the C stock of the forest floor,
disturbance of the solil structure leads to soib€3! A review on harvesting techniques suggested
that their effect on soil C is rather small (Johmaad Curtis, 2001). Whole-tree harvest caused a
small decrease in A-horizon C stocks, whereas adioveal harvesting, leaving the harvest
residues on the soil, resulted in a small incredd#nough soil C changes were noted after
harvesting, they diminished over time without ditageffect.
Longer rotation periods have been proposed to foster C sequestrationr@stid The effect of
increased rotation lengths is mainly determinedth®y current management practice. Longer
rotation lengths with more old forests lead to leig@ pools than short rotations with only young
plantations. Old-growth forests have the highese@sity, whereas younger stands have a larger
C sink capacity. After harvest operations, soild@Ip in managed forests recover to the previous
level. Short rotation lengths where the time ofvieat is close to the age of maximum mean
annual increment will maximize aboveground biomasgduction, but not C storage. Longer
rotation periods imply that the disturbance frequyedue to forest operations is reduced and soils
can accumulate C (Schule¢ al, 1999). Growth and yield tables suggest that spanductivity
declines significantly in mature forest stands. ldoer, a mature Siberian Scots pine forest and
old-growth forests in USA transferred a higher mmjon of its C into the soil than in the early
stages of the stand development and continuousheased the soil C stock (Harmen al,
1990; Schulzeet al, 2000). The accumulation of C continues until t8e gain from
photosynthesis is larger than respiration lossase-successional speciesd. beech, Norway
spruce) are able to maintain high C sequestraitesfor longer than pioneer tree species. Over-
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mature forest stands are not able to close canapg greated by natural mortality or thinning.
Consequently the decomposition of SOM is enhancet decreases the soil C pool. Several
modelling studies suggest that very long rotatiemgths not necessarily maximize the total C
balance of managed forests (Cannell, 1999; laslil, 2001; Harmon and Marks, 2002).
Silvicultural changes are often associated with changes in species csitiggo and mixture,
which are difficult to assess as reported aboventi@oous cover forestry with selective
harvesting is linked with reduced soil disturbanoepared with clear-cut harvesting which may
decrease soil C losses (ECCP-Working group on feigks, 2003).

Minimising site preparatianSite preparation techniques include manual, m@chh chemical
methods and prescribed burning, most of which ohelthe exposure of the mineral soil by removal
or mixing of the organic layer. The soil disturbanchanges the microclimate and stimulates the
decomposition of SOM, thereby releasing nutrieR&rigren, 1984; Johansson, 1994). A review on
the effects of site preparation showed a net Idssotd C and an increase in stand productivity
(Johnson, 1992). The effects varied with site amdtinent. Several studies that compared different
site preparation methods found that the loss off Goincreased with the intensity of the soil
disturbance (Johansson, 1994; Orlareteal, 1996; Schmidet al, 1996; Mallik and Hu, 1997). At
scarified sites, organic matter in logging residaesl humus, mixed with- or buried beneath the
mineral soil, is exposed to different conditions fiecomposition and mineralization compared to
conditions existing on the soil surface of clear-ateas. The soil moisture status of a site haatgre
importance for the response to soil scarificatidiime increase in decomposition was more
pronounced at poor, coarsely textured dry sites traricher, fresh to wet sites (Johansson, 1994).
Sandy soils are particularly sensitive to managérmpeactices, which result in significant losse<Cof
and N (Carlyle, 1993). Intensive site preparatioethnds might result in increased nutrient losses
and decreased long-term productivity (Lundmark,8)98

Tending and weed controlending includes all activities in forest plamats after planting up to
the moment of the first (commercial) thinning. T8ed weed cut in tending operations usually are
not removed from the site. The decomposition ofrthdiage, stems and roots increases soil C
content (Paukt al, 2002). However, weed control by e.g. soil sceaifion could result in the loss of
soil carbon due to accelerated decomposition ofadoy matter and wind and water erosion
(Johnson, 1992; Past al, 2002). Tending in combination with thinning caavi a beneficial effect

of up to 10% on carbon sequestration, becauseethaining trees will grow better (Kairiukstis and
Juodvalkis, 2005).

Increased productivity (including fertilization atiching): As for agricultural lands, forests can be
improved by a variety of measures that promote getidity. A meta-analysis by Johnson and Curtis
(2001) showed that fertilization had an overallr@asing effect on soil C storage due to increased
litter production and reduced soil respiration.rdlien fertilization stimulates biomass production,
but the effect on the soil C pool is more compléstimulates the microbial decomposition of SOM,
which can lead to a net C loss from the soil amdlead to the formation of nitrogen oxides (Jagtd|
al., 2007).

Potential side-effectsThe effect of C sequestration in the abovegrobiothass is partly offset by
the production of BD. This has been shown in agricultural as welha®iest ecosystems (Brumme
and Beese, 1992; Mosiet al, 1998). In Central and Northern Europe many foseds have been
limed in the past in order to regulate soil andae water chemistry, to prevent the ecosystem from
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irreversible acidification and to mobilize recataitt forest floor material (Fiedlat al, 1973; von
Wilpert & Schaffer, 2000). However, the target ablmlizing the forest floor is in conflict with the
objective of C sequestration. Liming causes aosd bf C in temperate and boreal forest soils due t
increased microbial activity and DOC leaching (Broenand Beese, 1992; Jarelial, 2003;
Lundstromet al, 2003).

Protecting against disturbanceghe role offire in ecosystem C changes is not straightforward.
Several experiments showed that wildfire had causagdases in soil C, which may be driven by the
incorporation of charcoal into soils and new C itspua post-fire M fixation (Hirschet al, 2001;
Johnson and Curtis, 2001; Johnstral, 2004; Schulzet al, 1999). Nevertheless, N-fixing plants
are not common to all fire-prone ecosystems. Farestagement can temporarily decrease forest
fire risk by manipulating the fuel characteristids. very important measure is to disrupt the
continuity of the fuel, both within stands (opemefst) and between stands (fire breaks, variation in
stand characteristics). Planning at the landscape is also very important (Hirsat al, 2001).
The amount of fuel can be reduced by prescribedibgy or by active removal (Fernandes and
Botelho, 2003). Other management options are toag®rthe forest to create an open structure
(combined with removal of felling debris) or to clge tree species to less flammable species.

Storm damage may result in strongly increased amounts of coarsedy debris on the
forest floor. The C dynamics after the disturbaace also affected by subsequent management
decisions. In case of a severe reduction of theeydahe stand will be harvested and damaged timber
will be salvaged. When only parts of the canopylaaken and the stand is already mature, it may
be wise to continue the originally planned produetcycle (Thiriget al, 2005). Uprooting of trees
by windthrow destroys soil structure, which in tunakes protected C accessible for decomposers.
Important options for increased stability are wadkigned thinning regimes (including no-thinning
regimes in stands at high risks) and carefully péghfellings in order to minimize the length of
exposed edges (Gardiner and Quine, 2000). Treaespeloice also plays a decisive role in stand
stability. Especially Norway spruce and Sitka sprace known to be sensitive to wind throw. In
conclusion, disturbances consistently lead to tbéilzation of C and present a potentially large C
source. There are many interdependencies with neamagf activities such as choice of tree species,
regulation of stand structure, thinning intensiyd rotation length. Without forest management
interventions, the importance of disturbances faly@amics increases.

Potential side-effectsThe policy of fire suppression can delay but cdarprevent wildfires over the
long term. It leads to C accumulation with the safiiect of higher fuel loads, which increases the
risk of large C release during catastrophic fires.

Removing harvest residueshe effects of harvest residue extraction on saibon and long term
site productivity are still not fully clear. Witmcreasing demand for renewable bio-energy, biomass
removals from forests after harvest operations hiaseased a lot recently in Sweden, Finland and
other European countries. Harvest residues lefiitenare decomposing rather quickly in temperate
forest conditions and therefore removing them &msfl fuel substitution may have a positive effect
on the GHG balance (Johnson and Curtis, 2001).ifgsdrom the North American long-term soil
productivity experiment suggest that under modeeaté warmer climates, carbon from harvest
residues is mainly respired as £@nd very little carbon is incorporated into tlod gPowerset al,
2005).

97



Potential side-effectsiVhile many short-term studies showed no negatitecebf harvest residue
removal on growth (Robertst al, 2005), it is possible that negative growth impaatcur in the
long term. This has been shown in Northern Swedenvhole-tree harvesting in Scots pine stands
on nutrient-poor sites, where growth declines weneealed only 12 — 24 years after harvesting
(Egnell and Valinger, 2003). Therefore, utilisingrdst harvest residues on poor sites could be
detrimental to site productivity and long-term smkbon storage without compensatory fertilisation
(Sverdrup and Rosen, 1998; Richardssnal, 2002; Raulund-Rasmusset al, 2008). With a
doubling of biomass removals in intensive biomaawvdsting, the nutrient removal may increase up
to 6-7 times (Raulund-Rasmussenal, 2008). Even on more fertile soil types it is Hes to
retain foliage on the site (Samuelsson, 2002). Tihis beneficial to exclude small branches and
foliage from the biomass removals by extracting drsidues in the case of coniferous species (to
allow needles to drop before chipping), or in theecof broadleaved species to harvest in the winter
months (Richardsoet al, 2002).

When foliage and roots are removed as well, e.gwlmle tree harvesting and stump
extraction, there is a risk for detrimental impaetspecially on nutrient-poor sites. More reseasch
needed to reveal whether wood ash recycling or eatanal fertilization will be sufficient to
sustain long term site productivity under such d¢omas by replenishing the exported nutrients
(Raulund-Rasmusses=t al, 2008).

Contrasting evidence has been found regardingfteete of stump extraction on soil carbon
dynamics and site productivity. Stump removal mamprove growth of the regenerated stand on
sites infected with root rot fungi (Thies and Weest] 2005; Vasaitiset al, 2008). However,
Zabowskiet al. (2008) found an extended decrease in mineraltstal N and C and forest floor
depth in five stands in the Pacific Northwest of éina 22-29 years after stump removal. The
stumped areas showed 20% lower mineral soil nitrogencentration, 24% lower mineral soil
carbon concentrations and 24% lower forest flogthleA non-significant trend of lower foliar N
was also observed with stump removal. The result® wonsistent in all five soil types, suggesting
that the reduction in the organic component of b may be a concern for nutrient cycling and
long-term productivity on poor sites (Zabowsltial, 2008). These results are in line with the most
drastic management scenario of the North Amerioaig-term soil productivity experiment, where
the removal of the forest floor (in addition to W&st residue removal) also led to reduced nitrogen
availability and significant reductions in soil ban concentrations down to a depth of 20 cm
(Powerset al, 2005).

6.4 Comparison of the potential of soil management and land use measures to
mitigate climate change with mitigation effortsin other sectors

6.4.1 Potential of soil carbon sequestration

Soil C sequestration can be achieved by increasiaget flux of C from the atmosphere to the
terrestrial biosphere by increasing global C inpistghe soil (via increasing NPP), by storing a
larger proportion of the C from NPP in the longemt C pools in the soil, or by reducing C losses
from the soils by slowing decomposition. For soisi@ks, the best options are to increase C stocks
in soils that have been depleted in C, i.e. aguical soils and degraded soils, or to halt the tfs
from cultivated peatlands (Smiét al, 2007a).
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Early estimates of the potential for additionall €disequestration varied widely. Based on
studies in European cropland (Sméhal, 2000), U.S. cropland (L&t al, 1998), global degraded
lands (Lal 2001) and global estimates (Cetlel, 1996; IPCC 2000a), an estimate of global soil C
sequestration potential of 0.9 + 0.3 Pg €was made by Lal (20044, b), between a 1/3 anafl/4
the annual increase in atmospheric C levels. O@grears, the level of C sequestration suggested by
Lal (2004a) would restore a large part of the @ fiasn soils historically.

The most recent estimate (Smigh al, 2007a) is that the technical potential for SOC
sequestration globally is around 1.3 Pg € similar to the estimate of Lal (2004). The estesa
made in Smithet al. (2008) for both technical and economic potentighgre other estimates
existed) were compared. Almost all (global and oagl) were found to be close (Smi¢h al,
2007a, 2008). The technical mitigation potentialesy unlikely to be realized. Economic potentials
for SOC sequestration estimated by Sneithal. (2007a) were 0.4, 0.6 and 0.7 Pg €at carbon
prices of 0-20, 0-50 and 0-100 USD t £yuivalent, respectively. At reasonable C prices, then,
global soil C sequestration seems to be limitedraund 0.4-0.7 Pg C'y In Europe, the economic
potentials for C sequestration are around 53-5838@nd 93-102 Mt C (or 0.053-0.058, 0.080-
0.087 and 0.093-0.102 Pg C) at C prices of 0-2600and 0-100 USD t Cg@equivalent,
respectively (from data in Smitket al, 2008). Even then, there are barriers (e.g. ecanom
institutional, educational, social) that mean tber®@mic potential may not be realized (Trie¢sl,
2006; Smith and Trines, 2007). These are discuis#iter in section 5.3.3. The estimates for C
sequestration potential in soils are of the santkeroas for forest trees, which have a technical
potential to sequester about 1 to 2 Pg£(WCC, 1997; Trexler, 1988 [cited in Mettirg al,
1999]), but economic potential for C sequestrationforestry is similar to that for soil C
sequestration in agriculture (IPCC WGIII, 2007).

Many reviews have been published recently discgssptions available for soil C
sequestration and mitigation potentials (e.g. IPE@0a; Cannell, 2003; Mettireg al, 1999; Smith
et al, 2000; Lal 2004a; Lakt al, 1998; Nabuuret al, 1999; Follettet al, 2000; Freibaueet al,
2004; Smithet al, 2007a).

Compared to abiotic carbon sequestration, soil aarbequestration potential is small.
Abiotic carbon and capture and storage (CCS) sémies1 can take the form of oceanic
sequestration through deep ocean injection of, @&D00-10000 Pg C potential), geological
sequestration through the capture, liquefactiandport and injection of GOnto coal seams, old
oil wells, stable rock strata or saline aquiferssarubbing of C@and mineral carbonation at point
of CO, emission (Lal, 2008). However, Lal (2008) pointd that abiotic technologies are expensive,
have leakage risks and may not be available fotimewse until 2025 and beyond, whereas soll
carbon sequestration is natural, cost-effectivéh ancillary benefits and is immediately applicable
(Lal, 2008).

6.4.2 Barriers to implementation of soil carbon sequestraion measures

Despite significant economic potential for GHG giiion through agricultural carbon

sequestration, there are many barriers that corggept the implementation of these measures.

These have recently been reviewed by Sratitlal. (2007b), Trineset al. (2006) and Trines and

Smith (2007)..

* Economic barriers include the cost of land, competition for landntoued poverty, lack of
existing capacity, low price of carbon, populatgrowth, transaction costs and monitoring costs.
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* Risk related barriers include the delay on returns due to slow systesparses, issues of
permanence (particularly of carbon sinks) and sswemcerning leakage and natural variation in
carbon sink strength.

» Political and bureaucratic barriers include the slow land planning bureaucracy and the
complexity and lack of clarity in carbon / greenkewgas accounting rules, resulting in a lack of
political will.

* Amonglogistical barriers considered by Trinest al. (2006) were the fact that land owners are
often scattered and have very different interdabiat large areas are unmanaged, the managed
areas can be inaccessible and some areas arelugfidally suitable.

* The education / societal barriersrelate to the sector and legislation governingeing very
new, stakeholder perceptions and the persistencadfional practices.

Competition with other land uses is a barrier tietessitates a comprehensive consideration
of mitigation potential for the land-use sector.idtimportant that forestry and agricultural land
management options are considered within the saameefvork to optimise mitigation solutions.
Costs of verification and monitoring could be regldiby clear guidelines on how to measure, report
and verify GHG emissions from agriculture.

Transaction costs, on the other hand, will be ndiffecult to address. The process of passing
the money and obligations back and forth betweesdlwho realise the carbon sequestration and
the investors or those who wish to acquire thearalienefits, involves substantial transaction gosts
which increases with the number of landholders Ived. Given the large number of small-holder
farmers in many developing countries, the traneactosts are likely to be even higher than in
developed countries, where costs can amount to @b%e market price (Smitlet al, 2007b).
Organisations such as farmers’ collectives may telgduce this significant barrier by drawing on
the value of social capital. Farmers are in toudth veach other, through local organisations,
magazines or community meetings, providing foruros these groups to set up consortia of
interested forefront players. In order for thesdectives to work, regimes need to be in place
already, and it is essential that the credits etagadly paid to the local owner.

For a number of practices, especially those inmglvcarbon sequestration, risk related
barriers such as delay on returns and potentialdakage and sink reversal, can be significant
barriers. Education, emphasising the long term reatf the sink, could help to overcome this
barrier, but fiscal policies (guaranteed markesk insurance) might also be required.

Education / societal barriers affect many practioesiany regions. There is often a societal
preference for traditional farming practices antiere mitigation measures alter traditional practice
radically (not all practices do), education andceaston would help to reduce some of the barriers to
implementation.

A significant barrier to implementation of mitigati measures in poorer parts of Europe is
economics. Given the challenges many farmers isethregions already face, climate change
mitigation may be a low priority. Capacity buildirgnd education in the use of innovative
technologies and best management practices woatdsalve to reduce barriers.

Maximizing the productivity of existing agricultdréand and applying best management
practices would help to reduce greenhouse gas iemsséSmithet al, 2007b). Ideally agricultural
mitigation measures need to be considered withbroader framework of sustainable development.
Policies to encourage sustainable developmentwake agricultural mitigation more achievable.

The UK’s Stern Reviewwww.sternreview.org.ukwarns that unless we take action in the
next 10-20 years, the environmental damage causelinbate change later in the century could cost
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between 5 and 20% of global GDP every year. Thadrarto implementation of mitigation actions
need to be overcome if we are to realise even @option of the global agricultural climate
mitigation potential. In both environmental and eomic terms, we cannot afford not to act strongly
and quickly.

6.4.3 Soil carbon sequestration in comparison to the GH@nitigation potential in
other sectors

Soil carbon sequestration potential in agricultw@ils is of a similar size as that available tlglou
forest carbon sequestration and prices up to 10D USO,™. Figure 12 shows the findings from the
IPCC Fourth Assessment Report on global econontigation potential (IPCC WGIII, 2007).
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Figure 12 Global economic mitigation potential

At all carbon prices, the greatest mitigation pt#dns in the buildings sector. At low carbon
prices (20 USD t C@eq:?), agricultural mitigation potential (of which 909 due to carbon
sequestration; Smitét al, 2007a, 2008) is similar to the potential in thergy and transport sectors
and is higher than that in the industry, forestig aaste sectors. At medium carbon prices (50 USD
t CO-eq:Y), the mitigation potential for soil carbon sequation is lower than the potential in the
buildings, energy and industry sectors, but is éighan the potential in the transport, forestrgl an
waste sectors. At high carbon prices (100 USD t,-€§%), the mitigation potential from
agricultural soil carbon sequestration is simitathie industry and energy supply sectors, lowen tha
the buildings sector, but higher than the transfuestry and waste sectors. It should be notetd tha
there is considerable uncertainty (denoted by dyaos in Figure 12) associated with the mitigation
potential in all sectors, but especially in therggesupply, industry, agriculture forestry and veast
sectors (IPCC WGIII, 2007). In another analysiscodss-sectoral mitigation potentials, Enqvist
(2007) reported similar potentials from the agtigrdl sector, but that analysis considered only-non
CO, GHG emission reduction. The same organization (Ms&y) has released an updated cross-
sectoral assessment of GHG mitigation potential®atober 2008 that also considers agricultural
soil carbon sequestration, and contains regioreglatown of mitigation potentials.
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To put the figures for soil carbon sequestratioteptial in the context of global annual C
emissions and the annual rise in atmospherie @Mcentration, at 100 USD t G@q.*, 0.7 Pg C
yr! can be sequestered each year in agricultural (itéth, 2007). The current annual emission of
CO,-carbon to the atmosphere is 6.3 £ 1.3 nglCQarbon emission gaps by 2100 could be as high
as 25 Pg C_)ll meaning that the C emission problem could be up times greater than at present.
The maximum annual global C sequestration potergiabout 0.7 Pg C'ly(Smith et al, 2007a)
meaning that even if these rates could be mairdaunatil 2100, soil C sequestration would
contribute a maximum of about 1-3% towards redudimg C emission gap under the highest
emission scenarios. When we also consider theddnduration of C sequestration options in
removing C from the atmosphere, we see that C sémitien could play only a minor role in closing
the emission gap by 2100. It is clear from thegar@s that if we wish to stabilize atmospheric,CO
concentrations by 2100, the increased global pdipanland its increased energy demand can only
be supported if there is a large-scale switch to-@cemitting technologies in the energy, transport,
building, industry, agriculture, forestry and waseetors (IPCC WGIII, 2007).

This demonstrates that soil C sequestration alaneptay only a minor role in closing the C
emission gap by 2100. Nevertheless, if atmosph@€k levels are to be stabilized at reasonable
concentrations by 2100 (e.g. 450-550 ppm), drastiltictions in emissions are required over the
next 20-30 years (IPCC, 2000b; IPCC WGIII, 2007uriBg this critical period, all measures to
reduce net C emissions to the atmosphere would glaynportant role — there will be no single
solution (IPCC WGIII, 2007). IPCC WGIII (2007) shothat there is significant potential for
greenhouse gas mitigation at low cost across aerasfgsectors, but for stabilization at low
atmospheric C®/ GHG concentrations, strong action needs to kentan the very near future,
echoing the findings of the Stern Review (Sterf)&0 Given that C sequestration is likely to be
most effective in its first 20 years of implemeidat it should form a central role in any portfobb
measures to reduce atmospheric ;Céncentrations over the next 20-30 years whilsiv ne
technologies, particularly in the energy sectce, @eveloped and implemented (Smith, 2004; 2007).

6.5 Inventory and reporting systems for measuring the carbon stock changes due
to land use and land use changes

An analysis has been carried out to assess thatextevhich the IPCC/UNFCCC inventory and
reporting system reflects the findings publishedeicent peer-reviewed literature and the confidence
limits of the estimates of carbon sequestrationcdrRenendations for updating the current
IPCC/UNFCCC inventory and reporting systems aremiurthermore the status of development
of reporting schemes outside the EU will be congideand evaluated to assess the potential value
for Europe.

6.5.1 Current status of the inventory and reporting systens for measuring the carbon
stock changes in soils in the land use, land useartge and forestry sector

According to the United Nations Framework Convemtom Climate Change (UNFCCC) Articles 4
and 12, Parties are required to develop and submithe UNFCCC national inventories of
anthropogenic emissions by sources and removatinkyg of all greenhouse gases not controlled by
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the Montreal Protocol on an annual basis. The tggorcalled national inventory reports, or NIRS)
and the associated Common Reporting Format (CRii¢gawhere estimates should be reported,
have to be prepared in accordance with the guigelfivpdated UNFCCC reporting guidelines on
annual inventories following incorporation of theropsions of decision 14/CP.11”
(FCCC/SBSTA/2006/9) adopted by the Conference @Rérties (COP) in 2006 (this supersedes the
previous reporting guidelines, the UNFCCC Reportihgdelines on Annual Inventories as adopted
by Decision 18/CP. 8., FCCC/SBSTA/2004/8).

There are several principles of reporting that ratevant for soils. These include the five
main principles, i. e. accuracy, completeness, isterxcy, comparability and transparency. In
addition, it is important to note that the GHG intey must be done for the entire country. This
means that emissions and removals must be estirf@atadeas that are unusually large compared to
the scale of most scientific or monitoring prografos most countries. This also involves the
application of yet another principle of the GHG emtories, which can be abbreviated as the
“practicability principl€. This principle states that the inventories skobk accurate as far as
practicable The interpretation of what is practicable is olicse up to the countries, and, indeed,
one consequence of this is that countries usuallgst as little resource in the inventory as pdssib
and often rely on IPCC default values.

Additionally, the estimation must be done annuallhich requires that at least annual
changes of land use (i.e., how large areas underahous land use categories have been converted
to other land use) are registered. Also, it is emis and removals that must be estimated, not
stocks, which may have been in the focus of seiiories so far, whether scientific or for certain
monitoring purposes. Finally, taking soil carbord ather soil related measurements is regarded as
being rather expensive. All this makes it veryidifft for countries to conduct an inventory based o
measurements so that reporting could satisfy @jluirements that are usually set for statistical
sample based inventories.

In contrast, emissions from and removals by sbinéasured, are often a key cateddry
the national greenhouse gas inventories. This atekctwo issues. One simply is that, in order to be
accurate in the sense of “completeness”, it wowddrbportant to make efforts to estimate these
emissions and removals. The other issue is thaeshienation methodology would require higher
Tier (i.e., Tier 2 or 3 in the sense of IPCC terotgy, i.e. IPCC, 2003, IPCC; 2006) to ensure the
accuracy that is usually required for such keygates.

Concerning the methodology, it has two basic eldmeme is how land is identified (this
has three so called Approaches), and the othesvisdarbon stocks or their changes are estimated
(so called Tiers). These approaches and tiersiagyeactice combined in a number of ways. Below is
a summary of the more common combinations thatrdogoractice:

= Approach 1, Tier 1: area statistics of land useland management categories for each year
are available, but no country specific soil carboformation is available, and the IPCC
default soil organic carbon (SOC) and so callechlies, which depend on the management
practice, are used.

= Approach 1, Tier 2: in addition to area statisticsuntry specific SOC and F values are
available.

A category is deemed key if it is prioritised witlthe national inventory system because its estithas a significant
influence on a country's total inventory of greem® gases in terms of the absolute level of enmissaad removals, the
trend in emissions and removals, or uncertaingniissions or removals. Whenever the term key cayagaised, it
includes both source and sink categories. For metals, see Chapter 4 of Volume 1 of IPCC (2006).
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= Approach 2, Tier 1. annual land use change matacesavailable, but there are no country
specific soil carbon data, therefore, the IPCC @efaOC and F values are used.

= Approach 2, Tier 2: same as above, but countryiBp&OC and F values are available.

= Approach 3, Tier 1: time series of geographicallgntified locations of land use categories
are available, however, there are no country sigesdil carbon data, therefore, the IPCC
default SOC and F values are used. This is jus¢arétical possibility.

= Approach 3, Tier 2: same as above, but with cowsprcific SOC and F values.

= Approach 3, Tier 3: time series of geographicallgntified locations of land use categories
are available, and country specific database exidtech either comes from statistical soil
inventory and is the basis for the emission andokehestimation, or which is used to
calibrate a model. This model can either be a eguspecific one, or taken from another
country and adapted to local conditions.

Most countries use Approach 1 and Tier 1 for mastluse and land use change categories
where estimation has been attempted. In many iostarhowever, a high degree of uncertainty is
associated with the land area activity data in ggnand the consistent identification of the vaso
land use or land use change categories is not lppessihis of course makes it difficult, or
impossible, to report on certain emissions or ressvlhus, land identification itself may represent
obstacles for the estimation, and resolving thssieasshould be the number one priority for soil C
monitoring, as well as for reporting on other sesroof emissions and removals by sinks.
Furthermore, the area of land converted to othed,lavhich can be an important source or sink in
many countries, is usually relatively small compate the land remaining in the same land
categories, which makes it difficult to identifyetin. For example, area of land converted to forest
land is not easily estimated with sample-based sforaventories. Therefore, the uncertainty
associated with the emissions/removals of theseaseqories is significantly higher than for land
remaining in the same category.

However, as this report mainly concerns itself witethodological issues for estimating C
stock changes, we do not touch this issue in anerdetail except that it is noted that stratifying
land within any land use or land use change cayeghould be done with respect to possible
variations in carbon stoathanges

In Table 10 and Annex 9, the most important pieoésnformation are summarized
concerning what is reported and how by the variéuscountries with respect to soils. The tables
are detailed according to how countries reportrmfttion in the CRF tables, as well as in the
methodological sections of the NIRs. Estimatesenfiovals or emissions are either reported in the
CRF tables numerically, or a so called notation leyapplied that they are reported in another
category (“IE”, i.e. included elsewhere), or tHagy are not reported (“NO” i.e. not occurring, “NE”
i.e. not estimated, or “NA” i.e. not applicablespectively). The tables here are only meant to
demonstrate how often countries are able to repad,in which categories, and not to analyse the
emission or removal estimates. The numbers reportde tables are mean values per unit area, and
depend on country specific soil and forest chareties, but also on artifacts like which categsrie
are included and which are not, and other methgjilcdb details. Thus, these numbers are not to be
compared between countries or categories.
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Table 10 Emissions or removals per unit area faeral and organic soils for the main land use and lise change categories for the EU countriesubatitted CRF tables based on the most receiftiyitad national
inventory reports to the UNFCCC (usually 15 ApfiD8 submissions). Categories are denoted by abboe of the category in the previous year folld\g the category in the current year, e.g. FLgflfdrest land

remaining forest land, and L-FL for (any) land certed to forest land. L means (any) land, CL izfopland, GL is for grassland, WL is for wetlaB is for settlements, and OL is for other landtkie land use categories
by IPCC). IE means ‘included elsewhere', NO meemi®ccurring', NE means 'not estimated’, NA mé&atsapplicable’.

Soil FL CL GL WL SE oL

Country type

Total FL- L-FL Total CL- L-CL Total GL-GL | L-GL Total WL- L-WL Total SE- L-SE Total OL- L-OL
FL CL WL SE OL

Austria Mineral 0.134 NO 2.106 -0.320 0.07¢ -1.009 | 0.241 -0.011 0.798 -0.557 NE -3.808 -0.295 NE 4.12 -4.001 -4.001
Organic NO NO NO NO NO NO IE,NO IE NO

Belgium Mineral 0.043 -0.183 -0.602 NE EN
Organic NE NE NE

Bulgaria Mineral NE NE NE NE NE,NO| NE,NO NE NN NE,NO NE,NO
Organic | NE NE NE NE NE,NO

Czech Rep Mineral 0.002 0.157 -0.004 0.001 -0.356 | 0.099 NE 0.481 NA
Organic | 0.000 NA,NO NANO| NO NA,NO NANQG NO NA,NQ

Germany Mineral NE NE NE -0.509 -0.441 -30.780 84.6 | -0.731 11.090 NE NE NE NE NE NE IE,NE| IE,NH
Organic | NE NE NE NE NE NE NE NE NE

Denmark Mineral 0.011 NE 0.149 0.029 0.029 NA IE,NA |IE NA 0.412 -0.500 0.513 NE NE NE NE NE
Organic_ | NE,NO NE NE,NO -4.451 -4.45]1  NA -1.250 280 NA

Estonia Mineral NE NE NE NE NE NE NE NE NE NE NE NE NE NE NE NE NE
Organic -1.090 -1.090 NE NE NE NE NE NE NE

Spain Mineral NE,NO NE NE,NO NE.NO NE NO NE,N( NE ENO | NE,NO NE NO NE,NO| NE NE,NO NO NO
Organic NO NO NO NO NO NO NO NO NO

Finland Mineral 0.061 0.061 IE 0.286 0.286 NE -312| -3.124 NE -0.066 NE -2.354 NE NE NE NANE NAN
Organic | -0.328 -0.328 IE -4.900 -4.90D NE -0.25p 0.250 NE

France Mineral | 0.046 0.012 0.290 -0.147 -1.293 20.2 12.078 NO NO NO -0.591 NO -0.591 NO NO
Organic 0.000

Greece Mineral 0.000 0.016 0.014 NO NO NO NO ENO | NE NE,NO | NE,NO NE,NO
Organic_| 0.000 NE NE NE NE,N( NE NE,ND  NBEN NE,NO

Hungary Mineral IE,NE,NO NE IE,NO 0.000 0.000Q 1E,ND IE,NO IE IE,NO IE,NE,NO NE IE,NE,NO IE,NE NE JRE IE,NE IE,NE
Organic | NE,NO NE NO NO NO NO NO NO NO

Ireland Mineral -0.144 NE -0.275 -0.038 0.074 -0.67 0.013 NO 0.321 -0.163 -0.163 NE,NO NO NO NO 0.00: 0.166
Organic | -3.953 NE -3.953 NO NO NO -0.25Q -0.250 .250

Italy Mineral 1.019 0.677 33.409 -0.031 -5.785 ON NO -0.235 NE -42.279  NO NO
Organic | NO NO NO -10.00 -10.0Q NO NO NO NO

Lithuania Mineral NE NE NE NE NE NE NANE| NE NANE -0.041 -0.041 NA,NE NANE| NE NANE[ NE NE
Organic NA,NE NE NE NE NE NE NA,NE NE NA,NE

Luxembourg Mineral NE NE NE NE NE NE NE NE NE NE NE NE NE NE NE NE NE
Organic NE NE NE NE NE NE NE NE NE

Latvia Mineral IE,NE NE IE,NE NE NE NE NE NE NE NE NE NE NE NE NE NE NE
Organic | 1E,NE NE IE,NE IE,NE IE NE IE,NE IE NE

Malta Mineral NANE NE NA NE,NO NO NE,NO NE,NO| NE EBNO NO NO NO NE,NO NO NE,NO NE,NQ NE,NQ
Organic | NANE NE NA NE,NO| NO NE,NO NE,NQ NE NE,NQ

Netherlands Mineral IE,NE NE IE 0.010 NE 0.500 a8 | -0.894 4.646 NE NE NE 0.609 NE 3.272 -0.249 7:23
Organic IE,NE NE IE 1E,NE NE IE,NE IE,NE IE IE,NE

Poland Mineral 0.426 0.359 1.975 -0.142 -0.142  NEN | NENO | NO NE,NO | NANE,NO| NA NE,NO NANNE| NA NE NE NE
Organic_ | NE,NO NO NE,NO NE,NO| NE NE,NO NE,N( NE NE

Portugal Mineral 0.013 0.000 0.314 -0.3449 -0.030 .142 1.154 NO 1.154 -3.015 NO -3.095 -2.80P -0.2682.955 0.228 0.321
Organic NO NO NO NO NO NO NO NO NO

Romania Mineral NE NE NE NE NE NE NE NE NE NANE NE NANE NANE | NE NANE | NANE NANE
Organic NE NE NE NE NE NE NE NE NE

Sweden Mineral 0.044 0.044 NA -0.019 -0.020 NANO| .02 0.032 NA -0.002 -0.003 NO NA NA NA NA NA
Organic | -0.022 -0.022  NA -3.004 -3.004  NANO NA NA | NA

Slovenia Mineral IE,NO,NE NE IE,NE,NQ NE,NQ NE NEON NE,NO NE NE,NO NE,NO NE NO NE,NQ NE NE,N{ NO NO
Organic | IE,NO,NE| NE IENE,NO| NENO| NE NE,NO NE,NQ NE NE,NO

Slovakia Mineral IE,NO,NE NE IE,NO NE NE NE NENOQ EN NO IE IE IE IE IE IE -0.21 -1.787
Organic | IE,NO,NE| NE IE,NO NE NE NE NE,NQ NE NO

UK Mineral 0.273 NO 0.433 -0.340 NO -0.704 0.507 NO | 0.507 IE IE IE -1.356 NO -1.356 NO NO
Organic | 0.544 NO 0.544 -2.093 -2.098  IE,NO -12.95012.95 IE,NO
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The most important general conclusions that cadréaen from the tables, from relevant sections of
the NIR of the various countries, and also by camngéahe estimates in NIR with other estimates,
are the following:

Many countries are still not able to report, ofyfukport, on soils in most land use and land
use change categories.

In many cases, one reason for this is that landtifitzation in the required IPCC categories
is not or not yet possible in the respective caastrThis is partly due to the underdeveloped
(in terms of sampling density and frequency) latadigtical data collection schemes, but also
partly that these schemes are not able to diffeenenough the various land uses and land
use changes. (It must be noted here that remogengemethods are only able to detect land
cover, which may not directly translate to land.use

The reporting on soils is often not transparentughoto evaluate the methods, assumptions
and data applied. This often means missing infaonair inadequate description.

Most countries apply Tier 1 method in various stejphe estimation.

The methods applied by the various countries anallysrather different, which is due to the
fact that very different databases and monitoricigeses can be found in the EU countries.
This makes it difficult not only to compare estiemtbut also to harmonize methods at the
European scale.

Many countries rely on IPCC default values.

There are a few countries that apply soil modetsefimating country level emissions and
removals. These models include Yasso (Europeantmes); Roth-C (Australia), Century
(USA and Japan, also Canada for croplands), and-CB®3 (Canada, for forests).

In some other cases, further modelling was usereport on the effect of afforestations
(Denmark, Hungary). This modelling was done basedase studies, and this modelling was
also used in reasoning to conclude that the sall iIsnot a source.

Finally, special models were also used by some tdesnto develop inventories from
available information on land use and carbon std@nges from case studies. However, the
description of these specific models may only hentbin the respective NIR, and thus some
of these models have not been subject to sciestfiatiny.

When evaluating models in country-scale inventofedtoniemi et al. (2007b) concluded that:

model selection is strongly guided by availabibfyrepresentative input data;

simple models may be the only reasonable opti@stionate soil C changes

process-based models are needed when soil resptmseg. management practices are
assessed.

A recent meeting of the IPCC (Helsinki, 13-15 Ma@08), however, concluded that further

guidance is needed to supplement the guidance Q€ I2006) as to how a model should be
described and verified in order that it is scieadifly acceptable and transparent. This especially
relates to uncertainties associated with the model.

Concerning the application of models for countryelereporting in comparison with soil

monitoring, Makipa&t al. (2007) found that:

currently available models can be used in nati@Hd(G inventory for estimation of soil C
changes;
soil monitoring with repeated measurement is |aho]

106



» the minimum number of sample plots for repeatetl measurements is >80 in a cohort of
high rate of change, and >20 soil samples perateeded for reliable mean estimate of
the C stock of organic layer; and

= sampling efficiency can be improved and monitoricgsts reduced by using existing
networks of measures plots, by increasing samptitegval, or by stratification according to
predicted changes of soil C.

It must also be noted that estimates in the NIRsesknt consecutive years have shown an
accelerating development. In fact, considerableravwgments may have occurred in several
countries since the latest reports which servetth@$asis for this analysis. This is because tisé fi
“Kyoto reports” are only due in 2010. A new assemshof the situation will be available at a
workshop to be organized by the JRC in NovembeB26Dwever, this also means that reported
estimates changed from year to year, and may chantpe near future, too, and also that reported
estimates still considerably differ, at least iseaf several countries, from estimates using rdiffe
methodologies (Jansseetsal, 2005).

Uncertainty estimation is rather rare in the NIEsen in cases when reporting is based on
soil monitoring, the uncertainty estimation was eldmsed on IPCC default values and expert
judgement (Austria). However, examples of Tier 2dshuncertainty assessments can also be found
in the literature. For example, uncertainty of ttteange in soil carbon due to afforestation was
analysed by Pautt al. (2003); uncertainty in a forest carbon budget rhdye Smith and Heat
(2001); and uncertainty of the sinks and stock$oodst soil and vegetation by Peltoniestial.
(2006) and Monnet al. (2007). In agricultural soils, uncertainty wasrestted by Ogleet al. (2003)
and Vandengygaaet al. (2004). Whereas the uncertainty of carbon stockseasonable (i.e. at the
order of 30%, e.g. Oglet al, 2003), that of carbon stock changes can stithddigh as 100% or
more (e.g. Monnet al, 2007) even for countries with more developed w@éthogy and relatively
large resources for monitoring.

Some key elements of uncertainty at the countrglleas reported in the NIRs, include:

» The uncertainty associated with applying IPCC dé&dato a specific country is unknown
(however, applying the same defaults across caminiay yield more consistent estimates).

» The uncertainty associated with the applicatiofief 1 assumption that there is no change
in the carbon stocks (e.g. in forests) can resultinderestimating emissions: if change is
reported (“estimated”) to be zero, can it happex there are still emissions due to e.g. forest
operations like soil preparation?

= Several countries use various country specificesia their reporting when applying Tier 2
methodology. These country specific values are vargly compared to IPCC default values.
Examples of such comparisons include those from UWsewhere stock change factors
associated with management impacts on mineral féidgire 13) and carbon loss rates for
organic soils under agricultural management (Figlde are compared with IPCC default
values. Overall, there is a generally good agreg¢ntenwever, differences up to some 20%
do occur.
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Figure 13 One-to-one copy of Table A-209 of NIR US£008) where US factors are compared
to IPCC default values.

Table A- 209: Stock Change Factors forthe United States and the IPCC Default Values Associated with Management
Impacts on Mineral Soils
U.S. Factor
IPCC Warm Moist Warm Dry Cool Moist Cool Dry
default Climate Climate Climate Climate
Land-Use Change Factors
Cultivated® 1 1 1 1 1
General Uncultas (n=251) 14 1.42+0.06 1.37+0.05 1.24+0.06 1.20£0.06
Set-Aside? (n=142) 125 1.31+£0.06 1.26+0.04 1.14+0.06 1.10£0.05
Improved Grassland Factors®
Medium Input 11 1.14+0.06 1.14+0.06 1.14+0.06 1.14+0.06
High Input Na 1.11£0.04 1.11£0.04 1.11£0.04 1.11+£0.04
Wetland Rice Production Factor® 11 11 11 11 11
Tillage Factors
Conv. Till 1 1 1 1 1
Red. Till (n=23) 1.08 1.08+0.03 1.01£0.03 1.08+0.03 1.01£0.03
MNo-till (n=212) 11 1.13+0.02 1.05+0.03 1.13£0.02 1.05+£0.03
Cropland Input Factors
Low (n=85) 09 0.94+0.01 0.94+0.01 0.94+0.01 0.94:0.01
Medium 1 1 1 1 1
High (n=22) 11 1.07+0.02 1.07+0.02 1.07+0.02 1.07+0.02
High with amendmente 1.2 1.38+0.06 1.34+0.08 1.38+0.06 1.34+0.08
Note: The “n” values refer to sample size.
2Factors in fhe IPCC documentation (IPCC 2006) were converted to represent changas in SOC storage froma cultivated condition rafher than a native condition.
b Default factor was higher for aquic soils at 1.7. The U.5. analysis showed no significant diferences between aquic and non-aquic soils, so a single U.S. factor
was estimated for all soil types.
<15 -spedific factors were not esti d for land imp ,fice production, or high input wih amendment because of few studies addressing the impact of
Egume mixtures, imigation, or manure applications for crap and grassland in the United States, or the impact of welland rice production in the US. Factors
provided in IPCC (2003) wers used as the best estimates of these impacts.

Figure 14 One-to-one copy of Table A-211 of NIR US£008) where US factors are compared
to IPCC default values.

Table A-211: Carbon Loss Rates for Organic Seils Under Agricultural Management in the United States, and IPCC
Default Rates [Metric Ton C/ha-yr]

Cropland Grassland

Region IPCC U.S. Revised IPCC U.5. Revised
Cold Temperate, Dry & Cold Temperate, Maist 1 11.2+£2.5 0.25 2.8+0.5°
‘Warm Temperate, Dry & Warm Temperate, Moist 10 14.0+2.5 25 3.5+0.8°
Sub-Tropical, Dry & Sub-Tropical, Moaist 20 14.0+3.3 5 3.5+0.82

aThere were not enough dala available to estimate a U.S. value for C losses from grassland. Consequently, estimates are 25 percent of the values for cropland,
which was an assumption used for the IPCC default organic soil C losses on grassland.

Conclusions

As a conclusion, reporting on soil carbon stocknges under the UNFCCC and its Kyoto Protocol
is quickly changing, but considerable difficultiase still expected in a numer of countries. A bette
and country-specific focus on land use and landassge identification, on identifying relevant
sources of emissions and removals by sinks, omditg monitoring programs, on efforts to collect
more country specific data from case studies, anchodelling (including both calibration, as well
as verification) will be needed in the near futtoeneet challenges. The main gap in the reporsng i
data availability, but some methodological probleaiso remain. Many of these problems are
country-specific, and require efforts by coutries dut the applied methodologies to scientific
scrutiny by the scientific community. However, soaig¢he problems can only be resolved under the
auspices of international organizations like thE@Pdue to the nature of the methodology that it is
to be approved by the international community tiest a stake under the UNFCCC process.
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7 Analysis of selected EU policies affecting soil caon stocks

7.1 Introduction

In the countries of the EU, soil management and lase are affected by many different policies,
with a wide scope of objectives. Unintended, thpsécies may therefore affect soil carbon

sequestration. It is especially important to idgnthose policies that may increase soil carbon
losses or negatively affect soil carbon sequestratlhis section presents an overview of relevant
EU policies and their potential effects on soillxar.

7.2 Common Agricultural Policy

7.2.1 The policy

Council Regulation 1782/2003, covering decoupliigaom payments and cross compliance, and
the introduction of the single payment scheme, @odncil Regulation 1698/2005, covering rural

development, came into force in October 2003, witplementation generally beginning in 2005

and continuing in the following years as differeattors became patrtially and fully decoupled in the
different Member States (MS). Further developmeriliscome about as a result of the CAP ‘Health

Check’ which was finalised in November 2008. Theotwmain elements of CAP reform are

decoupled payments (farm payments separated froduption) and cross compliance (compliance
with legislation being linked to receipt of paym&ntOnly those farm enterprises receiving direct
payments are subject to cross-compliance. This dvextlude e.g. vineyards, fruit production and
sugar production (Hudest al.,2007).

Historically, the principal aim of the CAP had betn maintain food supply and farm
incomes by manipulating producer prices and outjubugh the use of measures such as
intervention, import duties, production quotas &t aside. During the 1990s, however, the
structure of the CAP was radically changed, awaymfrmarket intervention price support to
payments based on farmed area and livestock numiogysther with the introduction of various
rural development and agri-environmental measudslst these policies are likely to influence
land use and management in different ways, itse difficult to disaggregate direct policy effects
from the influence of other socio-economic trendbese include, for example, technological
change, the effects of world markets and internali@greements, changing consumer preferences
as well as soil and water quality (Rounsee¢lhl, 2002).

The Single Payment System (SPS), intended to replse plethora of agricultural support
payments, was to have been introduced in all MenSbates by 2007. The main aim of the SPS,
introduced under the 2003 CAP reform, is to endlitiie between farm payments and agricultural
production. Farmers can decide what to producéenkhowledge that they will receive the same
amount of aid, allowing them to adjust productian duit demand and become more market
focussed. To receive direct payments, farmers ewsply with legislation covering public, animal
and plant health, the environment and animal welfeinder the SPS these pieces of legislation are
known as Statutory Management Requirements (SMiéhaust be complied with, where relevant.
Farmers must also keep their land in good agrirailtand environmental condition (GAEC)
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irrespective of whether or not they farm. Thisuiegment is intended to avoid the abandonment of
agricultural land and its environmental consequence

Where farmers fail to comply with GAEC and the ayprate SMRs, the direct payments
they can claim are reduced or even withdrawn cotelylefor the year concerned (cross-
compliance). Only those farm enterprises receidingct payments are subject to cross-compliance.

Another aspect of the 2003 CAP reform is the regqnant formaintenance of permanent
pasture. With some exceptions, Member States ensire that levels of permanent pasture which
existed in 2003 are retained.

In addition to mandatory requirements associated payment under the SPS, farmers may
also sign up to voluntary agri-environment scheomager which payments are made for improved
environmental management, such as measures tovemprodiversity conservation, that go beyond
legal requirements.

Impacts of the CAP reforms have included a reduaciio livestock numbers (reduced
intensity because payments are no longer linkegbramluction), reduction in inputs including
fertilizers (maximising profit and efficiency of pats rather than volume), improved environmental
practices (because of cross-compliance: SMRs an8@Aand maintenance of grassland and semi-
natural areas and, until recently, the use of sigtea

7.2.2 Potential effects on soil carbon

There has been a clear decline in the area oflgrakss Europe since the 1960s. This is largely a
result of the increased production of maize aneetivhen livestock numbers have reduced due to
the implementation of milk quotas in 1984. Since #arly 1990s, however, grassland areas have
remained fairly stable. Two explanations seem pitdersthe 1992 CAP price support reforms and
the introduction of agri-environmental and ruralvelepment measures. The 1992 MacSharry
reforms effectively prevented grassland to araloleversions by fixing the area of land that was
eligible for arable area payments. Thus, only l#mat was in arable production on 31 December
1991 could claim the aid payment. The Less Favoukeshs (LFA) policies have probably
contributed to the maintenance of permanent pasturerid and upland grazing areas. Thus, the
policy has effectively maintained the status quamany grassland areas and one could question
what land use would have existed if marginal ave@se abandoned or converted to other uses. It is
possible that the return of land to natural vegatatypes would have led to an increase in C stocks
in the biomass whilst soil carbon could have rattemreased (Guo and Gifford, 2002; Jacksioal,
2002; Joaris, 2002; Rounsevetlal, 2002).

The EU reportA long-term perspective for sustainable agricult{iEziropean Commission,
2003), states that the Commission's proposal terdee link between production and subsidy ("de-
coupling”) would favour the extensification of praxdion and would secure significant income gains
for EU farmers.

Nevertheless, as indicated above, further exteasiin of grassland, by reducing grazing
pressure and management control, might lead tacease in soil carbon. This is because reduced
stocking density would lead to a reduced returrorgfanic matter to the soil both in the form of
excreta directly voided to the land during grazemgyd due to the reduction in the amounts of
manures available for spreading. Moreover, thatpoeeds to be borne in mind that de-coupling has
lead to producers’ decisions being driven by macketsiderations rather than by the maximisation
of farm subsidies. This makes the impacts of C&fBrm on soil management difficult to predict.
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With respect to soil as a G@ink, a number of SMRs, the requirement to mamnkand in
GAEC and the requirement to maintain levels of @eremt pasture will all improve soil structure
and maintain organic matter in soil, which willtuwrn lock-up atmospheric carbon. Five directives
are included as environmental SMRs: the Birds Divec (79/409/EEC), Habitats Directive
(92/43/EEC), Groundwater Directive (80/68/EEC), raliés Directive (91/676/EEC), and Sewage
Sludge Directive (86/278/EEC). From a soil carbarspective, the two most likely to have an
impact on soil organic matter are the Sewage SliRigective and the Nitrates Directive, both of
which contribute to the maintenance of soil orgamatter through regulation and control of
spreading of sewage sludge (where applied) andhardertilizers (in NVZs) (Hudeet al.,2007).

The EU PICCMAT projectHttp://climatechangeintelligence.baastel.be/picdimdeéx.php;
Leipprand et al., 2007) assessed the likely impactoil C from range of EU measures. The aim of
that project was to review different EU policiesatthmay affect emissions of greenhouse gases
(GHG) from agriculture. The authors report thatcdepling is also expected to have a beneficial
effect on agricultural GHG emissions, since it ree® or reduces incentives for intensive
production. This recent CAP reforms made the agitical sector more responsive to the market, so
farmers are likely to react more strongly to notigyosignals in the future. If market signals wéoe
change, this might also lead to increases in eanissi Hence should market signals favour arable
crops over livestock products there could be casigarfrom grassland to arable'.

The potential impact of CAP reform on agricultu@HG emissions is summarized below in
Table 11 from Leipprand et al. (2007).

Table 11 CAP reform measures and assumed impact clate-related characteristics of farm
systems in Europe

Measure Expected impact
Decoupling Reduction of incentives towards intensive
production (e.g., extensification, livestock,
reduced fertilizer use)
Farmers more responsive to non-market
signals
Modulation: Reduction in direct payments. Increased budget for rural development -->
Amounts transferred to rural development Stimulate the adoption of environmentally frienghpduction

techniques
Cross-compliance: Incentive to comply with statutory environmentajugements, e.g.
Direct payments conditional to the respect Nitrates Directive (reduced fertilizer use + impedvpractices) GAEC
of Statutory requirements from 19 --> soil conservation, e.g. improved managemesbidforganic matter
Community Acts, including 5 (crop rotation, reduced tillage) reduced soil erpsi
environmental Directives
Maintenance of agricultural land in GAEC
Maintenance of permanent pastures.
Set aside: Less fertilizer use
Maintenance of individual historical set- Potentially increased carbon sequestration, in
aside obligation (10 %), particular long term non-rotational set aside

Maintenance in GAEC

Non-food (energy) cropsan be grown on Carbon substitution potential: promotion of

set aside land biofuels (however, GHG may be released when comeeldng-term
Energy crops support grassy set-aside back into crop land)
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Thus the aspect of CAP reform that could have lead decrease in soil carbon was the
provision that set-aside could be used for thevailon of energy crops. However, this is no lange
an option as set aside was abolished as part @& Health Check

Smith et al. (2007a) estimated that set-aside in dry climategdcmitigate GHG’s by 3.93
(-0.07 - +7.9) t C@eq. hd yr?, comprising an increase in SOC of 1.61 (-0.07.3¥8CQ-eq. ha
yr!, and decreased.® emissions of 2.3 (0.0 - 4.6) t G@g. hd yr'. In moist climates the
estimates were 5.36 (1.17 - 9.51) t£40. ha yr', comprising an increase in SOC of 3.04 (1.17 -
4.91) t CQ-eq. hd yr', and decreased,® emissions of 2.3 (0.0 - 4.6) t G@&q. hd yr™. King et
al. (2004) argued that partial set-aside by expan@iglg margins could play an important role in
mitigating GHG emissions from English agricultuseguestering the equivalent of 0.95 - 1.22t C
ha' yr' via increases in SOC, and reductions in energgauaad other GHG emissions. Land that is
set aside should, however, be vegetated, as leéviaiow may reduce C stocks by 0.2 t*har™
(Arrouayset al, 2002).

Armstrong-Brownet al. (1996), cited in Storey (1997), studied the impadtset-aside policies
on carbon fluxes in the UK. They estimated thatdod set aside from cereal, oilseed and proteip cr
production, 469,000 tonnes C per year could begbegquestered (although limitations to these
estimates were noted). It should be noted, howdvatrthe EU set-aside policies placed constraints
how set aside land could be used, restricting {hatiential benefits. The rotational nature of the s
aside policy meant the afforestation of set-asaghel lwas impossible if this land was to be eligible
arable area payments. The abolition of permandrassde, if the land is put back into production
under tillage crops, will lead to a reduction il €band hence emissions of ¢.O

Leipprand et al. (2007) quote the Scenar 2020 sfNayvicki et al, 2007), which develops
projections for the development of European agmweal based on different socio-economic
scenarios, also expects that livestock numbers asititinue to decrease, due to a decline in beef
production on the one hand, but also an increageaductivity on the other hand. The study also
predicts fertilizer use to decrease in the EU-1thoagh it seems to be unclear whether increasing
demand for biofuels might change this trend. Wiilere are considerable uncertainties attached to
the above conclusions, two possibilities arise Whiould lead to reductions in soil C. First, a
reduction in beef production may lead to surpluasgiand being converted to tillage land with
consequent reductions in soil C. Second, an iser@athe use of fertilizer-N might also lead to a
decrease in soil C.

This latter conclusion is at variance with earlieews that the use of fertilizer-N, by increasing
crop yields, and hence crop residue returns, chtie an increase in soil C, or at least modetage t
decline that takes place as a result of tillages pbtential impact of changing N inputs on soilsC i
discussed in section 2.2.3.3 above. It is difficaltdraw firm conclusions but it seems sensible to
suggest that for agricultural soils:

e previous assumptions that fertilizer-N can incre@sequestration may not be valid;

* increases in crop yields from fertilizer-N do inase the active fraction of SOM, the fraction

that is involved in nutrient turnover, aggregaterfation and is associated with soil fertility;

* butincreases in active SOM may take place while &vil C is decreasing.

Hence measures to reduce N fertilization in orderetiuce pollution of watercourses might lead to
some increases in SOC, rather than small decreadssd previously been feared.

The removal or reduction of production-related agtural subsidies may have beneficial
impacts in terms of increasing the potential forbca sequestration through allowing for the
reversion of some agricultural land into more nat@co-systems and also the conversion to other
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land uses such as forestry. This was, at leasallgitthe experience in New Zealand, where the
removal of subsidies removed an important incentovdarm marginal land, much of which has
reverted to natural ecosystems or was being plaotéatestry (Shepherd, 1996). On the other hand,
the removal or reduction of agricultural subsidiesild have negative impacts if it were to lead to
agricultural farmland being converted to urban dgwaent uses and therefore reducing its function
as a sink of CQ(Storey, 1997).

There is a strong interrelationship between the @A®& the Renewable Energy Directive in
that the latter lead to the establishment of markat sustainable fuel and energy, but it is thePCA
itself which will drive the cultivation of crops toe used for bioenergy production, as an alteraativ
to imported palm oil and other materials. Even tffothe vast majority of CAP payments have now
been decoupled, some measures under the ruralogevent strand of the CAP are specifically
aimed at stimulating the cultivation of energy @pps well as the establishment of small-scale
renewable energy micro-generation. Neverthelessait be argued that it is the RES Directive, with
its targets, that will drive biofuel production,danot the CAP, which merely sets the framework
conditions for crop (and biofuel) cultivation

Under Council Regulation 1782/2003 an energy csgteme was introduced to encourage
the cultivation of energy crops; previously farmbeegl been allowed to grow them on set aside land
but there was no specific support. The regulatetnas area payment of €45/ha for land on which
crops were grown for the purposes of biofuel préidacand biomass production for heat and
electricity generation. This has now been aboliseegart of the 2008 CAP Health Check.

Measures to address climate change and renewabigyepriorities are to be incorporated
within Member States rural development programmesnf2010. Such measures may include
schemes to encourage biogas production, the clittivaf perennial energy crops (such as short
rotation coppice andhiscanthusand the development of processing installatiord iafrastructure
for the production and distribution of energy proéed from biomass.

7221 CrossCompliance- GAEC

The PICCMAT report (Leipprand et al., 2007) statkat 'Annex IV of Regulation 1782/2003
however specifies as a basic framework that staisdawust cover soil erosion, soil organic matter
content, soil structure and a minimum level of nemance. A further requirement provided by the
regulation is that land under permanent pasture treisnaintained as such or at least the total area
of permanent pasture within a member state musiiewease.'

Thus it appears that under cross compliance tlsepeovision to ensure that in response to
CAP reform etc., there should not be an overalveasion from permanent pasture to tillage land.
However, while in the case of non-compliance fasweitl be sanctioned through reductions of their
direct support (and hence the cross complianceumsnt is expected to lead to a greater level of
compliance with existing regulations), if marketicps are sufficiently favourable farmers may
decide to forego income support if there appeabsetsufficient returns from tillage crops.

An assessment of the potential impacts of CAP nefsr likely to become somewhat more
complicated in view of forthcoming, and as yet umfaoned, changes to the CAP under the Health
Check. While proposals for this were submitted @02 final outcomes to the subsequent
consultation are still unknown and may have a erimpact on GAEC, SMRs and set aside, thus
affecting soil C levels. Furthermore, socio-ecomoronanges under the Health Check (such as
phasing out milk quotas) may have an indirect immpadand use and management.
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Maintaining land in GAEC includes requirements &muce soil erosion, maintain soll
organic matter and soil structure, and adopt amum level of maintenance. All of these elements
of soil conservation will contribute to maintainisgil C level but, of course, the most influential
will be the requirement to maintain soil organictr@a The appropriate practices for doing this are
the establishment of standards for crop rotatiortsraanaging arable stubbles. Measures to achieve
the latter include, for example, the banning ofbbta burning (adopted in 13 MS) and the
management of crop remains or incorporation of mmemanure adopted as a measure by a number
of other MS. Alongside appropriate crop rotatiomgasures such as soil organic matter/humus
analysis, the use of cover crops and incorporaifdaguminous plant or other organic materials into
the soil have also been adopted in Member Statedd¢ét al.,2007).

Other measures associated with achieving other GA&Cprotection objectives will also
contribute positively to soil C levels; for instant¢he use of cover crops is used in various Member
States to help maintain soil structure and to preverosion and this can increase soil C
sequestration, at least in the short term. Twengniider States have adopted measures to protect
permanent pasture as a way of fulfilling the obyecbf setting a minimum level of maintenance,
and, again, this will benefit soil C levels.

7.2.3 Conclusions

It is difficult to accurately summarize the impadfssuch a far-reaching policy, but it appears to
have effectively maintained the status quo in mgrassland areas albeit one could question what
land use would have existed if marginal areas vedr@ndoned or converted to other uses. The
requirement to maintain land in GAEC and to mamtaiels of permanent pasture will all improve
soil structure and maintain organic matter in sshjch will in turn lock-up atmospheric carbon. In
contrast, the abolition of permanent set-asidéhef land is put back into production under tillage
crops, will lead to a reduction in soil C and hero@ssions of C@

However, further extensification of grassland, bgiucing grazing pressure and management
control, might lead to a decrease in soil carbomjende-coupling has lead to producers’ decisions
being driven by market considerations rather thgntle maximisation of farm subsidies. A
reduction in beef production may lead to surpluasgiand being converted to tillage land with
consequent reductions in soil C. The removal oruecgdn of production-related agricultural
subsidies may have beneficial impacts in termaofeasing the potential for carbon sequestration
through allowing for the reversion of some agriatdt land into more natural eco-systems and also
the conversion to other land uses such as forestry.

7.3 Nitrates Directive

7.3.1 The policy

The Directive came into force in 1991. Implememtatby Member States was due by 20 December
1993 although the degree and date of implementaaoy between MS. The purpose of the Nitrates
Directive is to protect human health and aquatasgstems and to safeguard other legitimate uses of
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water, by reducing current and preventing futuréewpollution caused or induced by nitrates from
agricultural sources. The Directive aims to mitggtte negative effects of nitrogen (N) fertilizatio
on drinking water sources and ecosystems by lignitive input of inorganic N fertilizers and manure
on farmland. Other aspects include requirementsrifanure and slurry storage and rules covering
certain land management practices.

The Nitrates Directive requires Member States emiifly and designate Nitrate Vulnerable
Zones (NVZs) and to draw up Action Programmes tluce nitrate pollution in surface and ground
waters in these areas. Member States also haveptitn of declaring their whole territory as a
NVZ. Farmers located in NVZs are required to compith Action Programme measures to reduce
nitrate leaching. The main impacts are on appbcaf N fertilizers and manure management
practices. There have also been initiatives toesmwe the area of unfertilized grassland, but these
have not always been continued.

The Directive requires M S to establish standards@des regulating the following issues:

» Periods during which the application of N fertilize limited/prohibited

» Crop requirement limits must be respected by n@iyapg more N than a crop requires,
taking account of crop uptake, soil N supply, escesnter rainfall, and plant or crop
available N from organic manures.

* On top of this, specific limits for N applicatioflsg/ha) from manures are also set, on a field
or farm basis, or both.

» N fertilizer and organic manures should be spreaghvanly and accurately as possible.

* Application of manures or N fertilizers on wateregl, flooded, frozen or snow covered
ground is prohibited.

» Application of manures or N fertilizers to stee@loping fields and in the vicinity of
watercourses is prohibited.

» Sufficient manure storage facilities (or alternati@rrangements) — storage capacity must
exceed that required for storage throughout thgdshperiod during which land application
in the vulnerable zone is prohibited.

* Farmers must keep farm and field records on crappmmestock numbers, N fertilizer usage
and manure usage, for a minimum of five years dfierelevant activity takes place.

At EU 15 level, the reduction recorded in the per&®00-2003 compared with the previous period
1996-1999 was 6% for N and 15% for phosphate isgtd respectively, with downwards trends
continuing also in 2004 and 2005.

7.3.2 Potential effects on soil carbon

The most likely concern with respect to these meessis that any reduction in fertilizer-N inputy, b
reducing crop yields and hence returns via crojlues, might lead to a long-term decline in SOM.
However, a modelling study by Welbdt al. (2003), which assessed the potential impacts of
reductions in fertilizer-N applications on soil € the UK, estimated only very small differences in
soil C over the next 100 years from differencefemtilizer-N strategies. More recent work (Kaéh

al., 2007) reports that N fertilizer may also leadiioreased mineralization of SOM and hence
reduce the potential for C sequestration. The tesilthis paper are discussed under CAP reform. In
summary none of these measures are likely to hagleleterious impact on soil carbon and the
direction of any impact is also uncertain.
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7.3.3 Conclusions

Conventional wisdom may suggest that limiting tldeliaon of N fertilizer may play a role in
reducing soil C contents, although this effect rbaynegligible at the European scale since many
soils are N-saturated. However, more recent stusliggest that reducing fertilizer-N inputs, to
avoid excess N fertilization, may also preserve SOC

7.4 Renewable Energy Sources and Biofuels Directives
7.4.1 The policy

Directive 2001/77/EC on the promotion of electgiditom renewable energy sources in the internal
electricity market (Renewable Energy Sources or Ri&ctive) requires Member States to commit
to specific targets for the use of energy from veatde sources for electricity production. These
targets must be consistent with the global indveatiarget of 12 % of gross national energy
consumption by 2010 and in particular with the Z& Indicative share of electricity produced from
renewable energy sources in total Community elgttrconsumption by 2010. Allowing discretion
for Member States to set their own targets meaatsrédnewable energy will play a larger role in
some energy markets than others; in the UK, fompte, the target set is 10% (BERR, 2008). This
compares with a target of 3.6% by 2010 for Hungamy, at the other end of the scale, 78% for
Austria (European Commission, 2008a).

In addition, it is important to underline that tRES Directive defines 'biomass' as including
'the biodegradable fraction of municipal and indaktwaste' (Article 2(b)). This has an important
bearing on the way in which biodegradable wastkaisdled, in the sense that the production of
energy from it through incineration gets a premiower other forms of management, for instance
composting. The production of compost and its uséaad could contribute to the maintenance or
increase of SOC in EU soils, especially in thoggares that do not have an easy access to other
forms of organic soil improvers, e.g. manure.

Liquid biofuels were not a part of the RES Direetivas they were subject to Directive
2003/30/EC on the promotion of the use of biofuwel®ther renewable fuels for transport (Biofuels
Directive), which set a target of 5.75% of all pétand diesel for transport placed on the market by
31 December 2010 as biofuels. Member States weypaireel to set indicative targets for 2005,
taking a reference value of 2% into account. Thierim indicative target has not been achieved.
Biofuels accounted for 1% of transport fuel in 2006e Commission's conclusion according to the
assessment of the progress is that the targetOfth B not likely to be achieved — expectations are
for a share of about 4.2%.

Recognising that the Biofuels Directive in its @nt form was unlikely to provide the
necessary impetus for the EU to reach the 201Cettaw 5.75% market share, the European
Commission recently published proposals to reirdotice existing legislative framework. The
proposal for a Directive on the promotion of the u$ energy from renewable sourtéenewables
Directive) incorporates elements of the Biofuelsebdiive and aims to establish an overall binding

5 COM(2008)19, 23.1.2008.
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target of a 20% share of renewable energy sourtemnérgy consumption and a 10% binding

minimum target for biofuels in transport to be &sled by each MS, as well as binding national
targets by 2020 in line with the overall EU targét20% (European Commission, 2008a). The
Commission also recognizes that some practicesiafudds production can lead to less-than-

expected reductions of carbon emissions and ta@mwiental problems. The Commission proposes
the introduction of an incentive/ support systenavoid this and to encourage the development of
second generation biofuels.

7.4.2 Potential effects on soil carbon

The current RES Directive has set targets for topgution of electricity produced in the EU from
renewable sources, which include the use of bioraassell as wind and water to produce energy.
Electricity produced from solid biomass in the Easlseen considerable growth in recent years, with
a 16.2% increase between 2004 and 2005. Howevemadsis used in electricity production will
come from a variety of sources and will includegrgducts (such as straw) as well as crops grown
specifically for electricity production, such astrotation coppice.

The new Renewables Directive will strengthen emgstiargets to the extent that by 2020,
20% of Europe’s energy is provided by renewablegnsources, and for transport fuels that figure
is 10%. The Directive will set up a system to esstire environmental sustainability of biofuels
production; however, like the current RES Directitreere is no explicit requirement for increases in
cultivation of crops for the production of biofuedsid biomass for renewable energy production,
since the raw materials could be produced as d rafsincreased productivity. Such a scenario has
been suggested in central European countries ihwvproductivity has declined following the
abolition of subsidies for inputs such as fertizéSmeet®t al, 2004). However, Searchinget al.
(2008) argued that in practice farmers will replawast of the crops diverted from food and feed to
biofuels because the demand for overall food aed,fas opposed to any particular crop, is inelastic
Searchingeet al. (2008) also pointed out that if there is surplgsaultural land such land could be
better used to sequester carbon by reversion dibheoodland or grassland. Use of such surplus
land for biofuels rules out the opportunity for segtration, which could exceed the carbon saved by
using the same land for biofuels. However, Wang Had (2008) considered the conclusions of
Searchingeet al. (2008) may have under-estimated the potentialnforeased yields of feedstocks
as well as under-estimated the extent to whicldves from biofuel production could substitute for
existing production of livestock feed. Wang and Ha08) concluded that that indirect land use
changes are much more difficult to model than dilead use changes. To do so adequately,
researchers must use general equilibrium modetstake into account the supply and demand of
agricultural commodities, land use patterns, amdl lavailability (all at the global scale), among
many other factors. Efforts have only recently be¢m address both direct and indirect land use
changes, and it is not clear what land use chamggsoccur globally as a result of increased biofuel
production, although the Renewables Directive mayide further impetus to an increase in crop
cultivation.

By raising the value of agricultural land, and eesing the returns to agricultural production
in relation to alternative land uses, agricultwsapport policies result in a cost in terms of carbo
sequestration potential foregone. Lippert and Rittefer (1996), for example, identified European
Union agricultural support policies as being théngpal factor inhibiting afforestation in the
Saxony region of Germany. The EEA make the poiat,tin line with the cross-compliance
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objectives agreed in the last reform of the Commgricultural Policy, grassland should not to be
transformed into arable land. This avoids a releds€0O, from grassland soils that would occur
when such land is ploughed.

Banse and Grethe (2008) used the ESIM model tadstethe impact of a 10% target for
biofuels on production and demand for biofuels itine EU. Two policy scenarios were simulated
up to 2020: a baseline under which the share dgtibie in total transport fuels increases to 6.9% by
2020, and a scenario with more demanding legisiatsulting in a 10% share. Results indicate that
a substantial part of the policy-induced demandfofuels is likely to be met by imports of biofsel
and biofuel substrates, especially following thelementation of a potential Doha agreement. In
particular, imports of plant oils were forecasirorease. EU production of bioethanol was forecast
to decrease substantially, while almost all bioeth@emand was forecast to be met by imports. The
authors acknowledge that technological developmeoisd alter their conclusions. Their analysis
was based on first-generation technologies for ibg®l and bioethanol production. Second-
generation technologies, such as biomass-to-liquid=llulose conversion into sugars, could result
in greater yields per ha and provide the optiomge land which is not suited, or is only poorly
suited, for the production of food crops. Othedgts have indicated that increased crop production
on degraded land may lead to increased C sequestriio mention is made of the implications for
land use in the exporting countries.

With respect to the production of plant oils foofbiels, globally there are particular concerns
about biofuel production from palm oil. Palm oil pansion, and in particular the increase in
concessions granted for palm oill, is reported &sajrthe leading cause of deforestation in Indanesi
and Malaysia (Nellermagt al, 2007). After logging, palm oil and timber plamtait are the most
important drivers behind the destruction of peatléorests. In addition to the carbon stored in the
trees, large amounts of carbon are stored in tla. pantation establishment requires intensive
drainage which, together with timber burning, leadthe largest C®emissions of any land use
change (Hooijeet al, 2006). Palm oil production has also been linkethtge-scale deforestation in
Colombia, Ecuador, Brazil, Central America, Ugan@ameroon and elsewhere (Boswellal,
2007).

The authors conclude that 'In the long run, thetipal perspective for biofuels in the EU is
guestionable. In light of the increasing evidendeth® arbitrary environmental effects of first-
generation biofuel production in the EU and thdfiaently high cost of GHG mitigation through
biofuel production, political support may cease'.

Legislation to encourage the production of aralotgs to provide feedstocks for biofuels is
perhaps the legislation most likely to lead to dases in the overall carbon content of European
soils if they are grown on land which was previgushcultivated. However, if food and livestock
feed crops are replaced with those grown for bisftieere would not be any change in soil C in
European soils, although food and feed crops saatied would need to be imported from outside
the EU. Alternatively, some studies indicate thaichn of the demand for biofuels may be met by
imports from outside the EU, rather than by donegstoduction. In either eventuality, there may be
serious implications for soil C stocks in those roes which either supply a greater proportion of
Europe's food or the biofuels or their substrates.
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7.4.3 Conclusions

The proposed Renewables Directive is the one niadylto have adverse effects on SOC if it leads
to the conversion of grassland to arable croppingrder to produce feedstocks for biofuels. Given
the low elasticity of demand for food and the irsiag global population, any significant reduction
of food production is unlikely (it would only be ggible if more people went undernourished), hence
the pressure to convert grassland within the Elarable land (experience so far indicates that
agricultural expansion takes place first on ferfeductive lands rather than on degraded land).

More worrying, if the EU biofuel requirement is, fasecast, met by increased imports, there
are serious implications for soil carbon stockghm exporting countries. For example, production of
soybeans in Brazil and palm oil in Southeast Asisehexpanded largely at the expense of tropical
forest, taking advantage of the fertility arisimgrh mineralization of soil organic matter following
land use change. If biofuels policy results in i&ohin of SOM, it will take many years or decades of
biofuel production for the overall carbon balancebecome positive. In other words, the increased
production of biofuels will result in a significastirge of GHG emissions in the near future, which
may then be compensated by the “savings” from tlemteial production and use over the coming
decades. The GHG balance would be negative fordésc& his is very important for two reasons:
First, it is widely recognised that early mitigati@ction contributes more to stabilisation than
actions in the future. A policy that promises madesure savings at the expense of a significant
increase short-term emissions is questionable. reectuture GHG savings depend on the
assumptions that the use of first-generation blofueps would indeed make sense even decades
from now. Hence, if more efficient alternatives tee available (e.g., second-generation fuels or
alternatives to the internal combustion enginegntBavings may never materialise, but the initial
emissions will have arisen.

In addition, it should be recalled that the defaritof 'biomass' in the current RES Directive
presents the risk of supporting the productionrargy through the incineration of biowaste rather
than a return of such waste, under controlled ¢ardi, for maintaining or enhancing SOC levels.

7.5 Waste Policy

7.5.1 The policy

European legislation to manage waste was firsbdhiced in 1975, with the Waste Framework

Directive 75/441/EEC and the Hazardous Waste Dire@1/689/EEC which put in place the basis

of the regulatory structure on waste. However,algeces of legislation did not touch on the issue
of emissions from waste management facilities amm¢gsses and led to problems associated with
pollution from landfill and incinerators. These plems began to be addressed by the Landfill
Directive 199/31/ EC and the Waste IncineratioreBlive 2000/76/EC, which both set standards for
pollution into the air or groundwater.

In November 2008 the revised Waste Framework Dire@008/98/EC was published in the
Official Journal of the European Union, replaciig fprevious version introduced in 1975. It will
also streamline other EU waste legislation by r@pta two additional directives: the Hazardous
Waste Directive and the Waste Oils Directive. Tleeavrdirective will stand as the central pillar of
EU waste management policy and it also represestsfiain thinking from waste as a burden to a
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potentially valuable resource. The directive se#svrecycling targets for households and the
building industry as well as strengthening the easjgh on waste prevention. The legislation also
reinforces the five-step ‘hierarchy’ of waste magragnt options of which prevention is the
preferred, followed by reuse, recycling, other ferof recovery and with safe disposal as the last
recourse (European Commission, 2008b). The Sewaglge&SDirective 86/278/EEC, which aims to
protect the environment when sewage sludge is us@griculture as a fertilizer and to improve
soils, is referred to under the CAP section (5.1.1)

The aim of the Waste Incineration Directive is t@yent or to reduce as far as possible
negative effects on the environment caused by nb@eration and co-incineration of waste. In
particular, it should reduce pollution caused byissions into the air, soil, surface water and
groundwater, and thus lessen the risks which tpese to human health. This is to be achieved
through the application of operational conditioreghnical requirements, and emission limit values
for waste incineration and co-incineration plantthin the Community.

The aims of the Landfill Directive were ‘to prevemtreduce as far as possible negative effects
on the environment, in particular the pollutionsofface water, groundwater, soil and air, and en th
global environment, including the greenhouse effastwell as any resulting risk to human health,
from the landfilling of waste, during the wholeektycle of the landfill (European Commission,
1999). The directive covers the location of landfites as well as management of leachate into soil
and water. It also sets targets to reduce the ammumunicipal biodegradable material that is
landfilled. These targets are:

* By 2010 to reduce biodegradable municipal wastelfiéed to 75% of that produced in

1995;

* By 2013 to reduce landfill to 50%;

* By 2020 to reduce landfill to 35%.

The directive also required Member States to setatpnal strategies for reducing the quantity of
biodegradable waste going to landfills, such asyalewy, composting, biogas production or
materials/energy recovery.

The new Waste Framework Directive includes tarfmtse-use and recycling of materials of
50% for paper, metal and glass from households788d for construction and demolition waste.
Waste prevention is strengthened with Member Stagésg obliged to establish waste management
and prevention programmes. There will also be getato reduce incineration and landfill even
though incineration will be classified as ‘recovamgther than ‘disposal’ where incineration is used
in an efficient way to generate usable energy.

7.5.2 Potential effects on soil carbon

The waste hierarchy, reinforced under the new Wastenework Directive, includes composting as
a method of recycling organic material as an adteéve to disposal. The end product, compost, then
becomes a useful soil conditioning and fertilizimgterial which has the potential to replace lost
carbon from the soil. Provisions are also madaéndirctive to ensure the protection of soils, all w
as water air and wildlife.

Prior to the proposed new Waste Framework Directive increased emphasis on alternative
methods of disposal, or recovery, of organic wastgsiired under the Landfill Directive lead to an
increase in the use of compost as a disposal misthdar biodegradable products, and hence lead
to increased production of a valuable soil-imprgvimaterial. The Commission envisaged for a
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while to present a directive on the managemeniabgical waste to encourage composting, but it
has so far not emerged. However, Article 22 of Waste Framework Directive calls on the
Commission to 'carry out an assessment on the rearexg of bio-waste with a view to submitting a
proposal if appropriate. The assessment shall aexanthe opportunity of setting minimum

requirements for bio-waste management and qualitgria for compost and digestate from bio-
waste, in order to guarantee a high level of ptaiedor human health and the environment'. It is
therefore to be expected that in future the Comionssvill consider possible further actions to
support composting and digestion of biowaste adies&U.

The Waste Incineration Directive applies to incatem and co-incineration plants. Co-
incineration plants include facilities where wasteised as a fuel or is disposed of at a plant vher
energy generation or production is the main purpdbe directive has littlenmediateinfluence on
soil C, as it is concerned with emission limit v@urather than influencing the amounts of organic
waste to be incinerated. However, changes in tlaoseunts could have an impact on SOC by
diverting organic waste either away from or tow&dd application. Indeed, the support given to
energy production by the Renewable Energy SouRES) Directive 2000/77/EC (see section 6.4)
could result in waste incineration being promotgdrovaste recycling, thus limiting the amount of
biowaste composted and its use as soil improvem#ontaining or enhancing SOC levels.

The Waste Incineration Directive hass a possibtirést effect in improvements in air
quality, as it will reduce the impact of ozonez(@n plant growth by reducing emissions of O
precursors and hence remove a constraint to plamitly, carbohydrate assimilation, and return of
organic matter to soil.

7.5.3 Conclusions

By encouraging the use of composting as a validevesovery option, less organic waste will be
sent to landfill; rather, more will be compostedthwthe resultant compost material becoming
available for land spreading. However, the potémtgoacts of this policy for soil organic carbon

across the EU are likely to be limited, especiblgause there is no obligation for the production o
high quality compost across the EU. There appebetlitle or no likely direct consequences of the
implementation of the Waste Incineration Directfee SOC, although the RES Directive tends to
promote energy production over material recylinghwpotential negative effects in terms of the
return of SOM to the soil.

7.6 EU Thematic Strategy for soil protection
7.6.1 The policy

Current provisions in favour of soil protection agread across many areas, and are designed in
many cases to safeguard other environmental media promote other objectives. They do not
therefore constitute a coherent soil protectioncgolEven if exploited to the full, existing poles
fall a long way short of covering all soils and #ile threats to soil identified. Hence the needafor
coherent strategy to assess and revert soil ddgrada

The aim of the Thematic Strategy for soil protattiannounced in 2006, is 'to ensure that
Europe’s soils remain healthy and capable of supmphuman activities and ecosystems' (European

121



Commission, 2006a). The legislative proposal forSail Framework Directive (European
Commission, 2006b), accompanying the strategy,ohilige Member States to tackle threats such as
landslides, contamination, soil erosion, the lossad organic matter, compaction, salinisation and
sealing wherever they occur, or threaten to oamuitheir national territories. However, the strateg
allows for flexibility within Member States to sebjectives and targets nationally due to the vayyin
nature of soil degradation across all the EU.

7.6.2 Potential effects on soil carbon

An impact assessment was carried out for the pexp&®il Framework Directive (SEC(2006)620).
The assessment lists several beneficial effectslimate to be expected from anti-erosion practices
practices to avoid loss of organic matter, andtpas to avoid compaction: a reduction in £gdd
other GHG emissions due to less machinery use ¢egtitillage) and reduced stocking rates, and
contributions to carbon sequestration. The PICCMAIdy (Leipprand et al., 2007) concluded that
most, if not all, the measures proposed have thenfal to increase C sequestration. However, it
should be noted that the Directive has not yet laelepted, let alone implemented.

7.7 Other policies and legidation

A number of other pieces of legislation that coulave an impact on soil carbon levels were
considered for this study. The Water Framework ®ive (Dir 2000/60/EC) and the Integrated
Pollution Prevention and Control (IPPC) Directi@/61/EC) were both looked at but it was agreed
that the impacts of both on soil carbon levels wdo¢ negligible. However, as with the Nitrates
Directive and CAP reform, the encouragement of resifeeation (under both policies) may lead to
reductions in SOC.

Other areas of legislation which may impact lanchagement and soil C levels indirectly
relate to livestock and, specifically, animal hieglblicy. How governments react to disease, bovine
TB, Foot and Mouth (F&M) and bluetongue, is goinghave an impact on that particular livestock
sector, and hence numbers of livestock. At oneeexé; the UK F&M outbreak of 2001 led to a
large decrease in livestock numbers. While in sameas this was only relatively short-term, in
others less so. However, disease pressures, togetherising financial stress facing some sectors
of the agricultural economy could result in an ease in ungrazed pasture. Combined with the
recent doubling of grain prices, an increase itblararea is likely to arise. These factors, however
are likely to be localised and very much dependlember States attitudes to disease control.

7.8 Assessment

Table 12 presents a qualitative assessment of dtenfal impact of EU policies on soil carbon.
Legislation to encourage the development of marKetsrenewable energy as well as rural
development measures which stimulate the cultimatb energy crops to provide feedstocks for
biofuels are the policies most likely to lead tem@ses in the overall carbon content of European
soils. Taken with other elements of CAP reform,ahhis expected to lead to further decreases in the
numbers of grazing animals, may lead to a decreageassland if such land is converted to arable
cropping, especially in the absence of set aside.
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Table 12 Overview of potential impacts of EU poli@s on carbon sequestration

Qualitative
Policy Measure Impacts assessment of Uncertainty Level of Remarks
effect on soil C Agreement
CAP reform Decoupled Fewer livestock Neutral to Significant Limited Greater exposure
payments potentially uncertainty on the of farmers to the
negative. impacts of greater market could lead
Negative impacts exposure to to increased
could be large if  market forces on arable production
large areas of livestock industry and decreases in
grassland soil C
converted to
arable
Cross-compliance  Reduced inputs Neutral to Significant Limited In dispute,
potentially uncertainty on the generally thought
negative impacts of reduced fertilizer-
But while the increases or N inputs reduce
direction of decreases in use potential for C
change is of n fertilizer on sequestration, but
uncertain, the soil carbon. this is subject to
impacts are likely dispute
to be small
GAEC Maintain or Some Good
increase
maintenance of ~ Maintain or Little Good
grassland increase
abolition of set- Negative Moderate Good
aside
Increased biofuel Increased arable Negative Little Good
cultivation cropping and
SRC
Nitrates Directive N application Less N applied Magrease or  Significant Limited See CAP reform
decrease soil C
Renewables Increased biofuel Increased arable Potentially large  Moderate Reasonable Outcome depends
Directive demand cropping and decreases in solil on balance
cultivation of C between arable
perennial energy and permanent
crops (in crops
conjunction with
CAP)
Support to energy Incentive to Negative Significant, asit Limited, as it is Energy
production from  incineration depends on argued that production from
biowaste rather than decisions to be energy production anaerobic
composting taken by each is beneficial in digestion
Member State GHG terms followed by
composting
would be a win-
win option
Waste policy Emission limits None None
Increase in Moderate Little Good The potential
composting increase in Potential small amounts of
compost additions increase in soil C compost are small
to soil in comparison
with the amounts
of livestock
manures already
applied to land
Framework EU Protect soil Should maintain Subject to
strategy for soll organic matter if not enhance Maintain or Some adoption of the

protection

SOM

increase soil C

Soil Framework
Directive by the
EU
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Glossary

Abatement
Refers to reducing the degree or intensity of gneese-gas emissions.

Adaptation
Adjustment in natural or human systems in respdosEctual or expected climatic stimuli or their
effects, which moderates harm or exploits bendfap@ortunities.

Afforestation
Planting of new forests on lands that historichbye not contained forests.

Annex | Parties

The industrialized countries listed in this annexhte Convention which were committed return their
greenhouse-gas emissions to 1990 levels by the2@$r as per Article 4.2 (a) and (b). They have
also accepted emissions targets for the period-2@08s per Article 3 and Annex B of the Kyoto
Protocol. They include the 24 original OECD memb#re European Union, and 14 countries with
economies in transition. (Croatia, Liechtensteignisico, and Slovenia joined Annex 1 at COP-3,
and the Czech Republic and Slovakia replaced Catmbekia.)

Annex Il Parties

The countries listed in Annex Il to the Conventisthich have a special obligation to provide
financial resources and facilitate technology tfanto developing countries. Annex Il Parties
include the 24 original OECD members plus the EeappUnion.

Anthropogenic greenhouse emissions
Greenhouse-gas emissions resulting from humanitaesiv

Biomass

The total mass of living organisms in a given aseaolume; recently dead plant material is often
included as dead biomass. The quantity of biomsiexpressed as a dry weight or as theenergy,
carbon or nitrogen content.

Biomass fuels or biofuels

A fuel produced from dry organic matter or combhlstioils produced by plants. These fuels are

considered renewable as long as the vegetatiorugiragl them is maintained or replanted, such as
firewood, alcohol fermented from sugar, and comblesbils extracted from soy beans. Their use in

place of fossil fuels cuts greenhouse gas emisdimesause the plants that are the fuel sources
capture carbon dioxide from the atmosphere.

Biome

Major and distinct regional element of the biosgheypically consisting of several ecosystems
(e.g., forests, rivers, ponds, swamps) within aore@f similar climate. Biomes are characterised by
typical communities of plants and animals.
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Bottom-up models
Models represent reality by aggregating charadiesisof specific activities and processes,
considering technological, engineering and cositdet

Carbon Cycle
The term used to describe the flow of carbon (irious forms, e.g., carbon dioxide) through the
atmosphere, ocean, terrestrial biosphere and ptrers.

Carbon market

A popular but misleading term for a trading systénough which countries may buy or sell units of

greenhouse-gas emissions in an effort to meet ttaional limits on emissions, either under the

Kyoto Protocol or under other agreements, suchhas dmong member states of the European
Union. The term comes from the fact that carborxid® is the predominant greenhouse gas and
other gases are measured in units called "carbmreldi equivalents.”

Carbon pool

Carbon pools are: above-ground biomass, belowgrbiomass, litter, dead wood and soil organic
carbon. CDM project participants may choose noadoount one or more carbon pools if they
provide transparent and verifiable information shgathat the choice will not increase the expected
net anthropogenic GHG removals by sinks.

Carbon sequestration
The process of removing carbon from the atmosphededepositing it in a reservoir.

Clean Development Mechanism (CDM)

A mechanism under the Kyoto Protocol through whidaveloped countries may finance
greenhouse-gas emission reduction or removal gsojeadeveloping countries, and receive credits
for doing so which they may apply towards meetirandatory limits on their own emissions.

Common Reporting Format (CRF)
Standardized format for reporting estimates of gneeise-gas emissions and removals and other
relevant information by Annex | Parties.

Compliance
Fulfilment by countries/businesses/individuals afigsion and reporting commitments under the
UNFCCC and the Kyoto Protocol.

Conference of the Parties (COP)

The supreme body of the Convention. It currentlyeteeonce a year to review the Convention's
progress. The word "conference" is not used hergha sense of "meeting" but rather of
"association,” which explains the seemingly redumdxpression "fourth session of the Conference
of the Parties.”

Deforestation
Conversion of forest to non-forest.
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Drought

In general terms, drought is a ‘prolonged absencemarked defi ciency of precipitation’, a ‘defi
ciency that results in water shortage for someviggtor for some group’, or a ‘period of abnormally
dry weather suffi ciently prolonged for the lack mfecipitation to cause a serious hydrological
imbalance’ (Heim, 2002). Drought has been defi meé number of ways. Agricultural drought
relates to moisture defi cits in the topmost 1 meir so of soil (the root zone) that affect crops,
meteorological drought is mainly a prolonged deffiaf precipitation, and hydrologic drought is
related to below-normal streamfl ow, lake and gowater levels. A megadrought is a longdrawn
out and pervasive drought, lasting much longer ti@mal, usually a decade or more.

Emission reduction unit (ERU)
A Kyoto Protocol unit equal to 1 metric tonne of £@quivalent. ERUs are generated for emission
reductions or emission removals from joint impletaéion project.

Evapotranspiration
The combined process of evaporation from the Emghiface and transpiration from vegetation.

Global warming potential (GWP)
An index representing the combined effect of thiéedng times greenhouse gases remain in the
atmosphere and their relative effectiveness inrsg outgoing infrared radiation.

Greenhouse effect

Greenhouse gases effectively absorb thermal irdreadiation, emitted by the Earth’s surface, by
the atmosphere itself due to the same gases, actbbgs. Atmospheric radiation is emitted to all
sides, including downward to the Earth’'s surfacbud, greenhouse gases trap heat within the
surface-troposphere system. This is called thentpaese effect. Thermal infrared radiation in the
troposphere is strongly coupled to the temperatdirdne atmosphere at the altitude at which it is
emitted. In the troposphere, the temperature gépetacreases with height. Effectively, infrared
radiation emitted to space originates from anuagt with a temperature of, on average, —19°C, in
balance with the net incoming solar radiation, wlsrthe Earth’s surface is kept at a much higher
temperature of, on average, +14°C. An increaskarconcentration of greenhouse gases leads to an
increased infrared opacity of the atmosphere, hatefore to an effective radiation into space from
a higher altitude at a lower temperature. This eawasradiative forcing that leads to an enhancement
of the greenhouse effect, the so-called enhanasghpouse effect.

Greenhouse gases (GHGS)

The atmospheric gases responsible for causing Iglsbeming and climate change. The major
GHGs are carbon dioxide (CO2), methane (CH4) atrdus oxide (N20). Less prevalent --but very
powerful -- greenhouse gases are hydrofluorocarfidRr€s), perfluorocarbons (PFCs) and sulphur
hexafluoride (SF6).

Gross Primary Production (GPP)
The amount of energy fixed from the atmosphereutjngohotosynthesis.
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Implementation
Actions (legislation or regulations, judicial deese or other actions) that governments take to
translate international accords into domestic laa policy.

Intergovernmental Panel on Climate Change (IPCC)

Established in 1988 by the World Meteorological &mgation and the UN Environment
Programme, the IPCC surveys world-wide scientified atechnical literature and publishes
assessment reports that are widely recognizedceamndist credible existing sources of information on
climate change. The IPCC also works on methododogiel responds to specific requests from the
Convention's subsidiary bodies. The IPCC is inddpatof the Convention.

Joint implementation (JI)

A mechanism under the Kyoto Protocol through wradtkeveloped country can receive "emissions
reduction units” when it helps to finance projetitat reduce net greenhouse-gas emissions in
another developed country (in practice, the reoipstate is likely to be a country with an "economy
in transition”). An Annex | Party must meet spexcidligibility requirements to participate in joint
implementation.

Kyoto Protocol

An international agreement standing on its own, i@agiiring separate ratification by governments,
but linked to the UNFCCC. The Kyoto Protocol, amarstger things, sets binding targets for the
reduction of greenhouse-gas emissions by indugeglkountries.

Land use and Land use change

Land use refers to the total of arrangements, iievand inputs undertaken in a certain land cover
type (a set of human actions). The term land uséss used in the sense of the social and economic
purposes for which land is managed (e.g., grazingyer extraction and conservation). Land use
change refers to a change in the use or managerhkamd by humans, which may lead to a change
in land cover. Land cover and land use change naje lan impact on the surface albedo,
evapotranspiration, sources and sinks of greenhgases, or other properties of the climate system
and may thus have a radiative forcing and/or oittn@acts on climate, locally or globally. See also
the IPCC Report on Land Use, Land-Use Change, anestry

Land use, land-use change, and forestry (LULUCF)
A greenhouse gas inventory sector that covers @nssnd removals of greenhouse gases resulting
from direct human-induced land use, land-use changdorestry activities.

Mires
Peat-accumulating wetlands.

Mitigation

In the context of climate change, a human intefeanb reduce the sources or enhance the sinks of
greenhouse gases. Examples include using fossd fuere efficiently for industrial processes or
electricity generation, switching to solar energy wind power, improving the insulation of
buildings, and expanding forests and other "sirtkstemove greater amounts of carbon dioxide
from the atmosphere.
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National communication

A document submitted in accordance with the Conwganfand the Protocol) by which a Party
informs other Parties of activities undertaken dorass climate change. Most developed countries
have now submitted their fourth national commun@cet; most developing countries have
completed their first national communication anel iarthe process of preparing their second.

Net biome production (NBP)
Net biome production is the net ecosystem prodocffdEP) minus carbon losses resulting from
disturbances such as fire or insect defoliation.

Net ecosystem production (NEP)

Net ecosystem production is the difference betwestrprimary production (NPP) and heterotrophic
respiration (mostly decomposition of dead organatter) of that ecosystem over the same area (see
also net biome production (NBP).

Net primary production (NPP)
Net primary production is the gross primary productiminus autotrophic respiration, i.e., the sum
of metabolic processes for plant growth and masmer, over the same area.

Non-Annex | Parties
Refers to countries that have ratified or accedethé¢ United Nations Framework Convention on
Climate Change that are not included in Annexthef Convention.

Non-linearity
A process is called ‘non-linear’ when there is mo@e proportional relation between cause and
effect.

Peat

Peat is formed from dead plants, typically Sphagmuosses, which are only partially decomposed
due to the permanent submergence in water and risenqre of conserving substances such as
humic acids.

Photosynthesis

The process by which plants take carbon dioxidenftbe air (or bicarbonate in water) to build
carbohydrates, releasing oxygen in the processeTére® several pathways of photosynthesis with
different responses to atmospheric carbon dioxaheentrations.

Permafrost
Ground (soil or rock and included ice and organaterial) that remains at or below 0°C for at least
two consecutive years.

Rangeland
Unmanaged grasslands, shrublands, savannas amd.tund

129



Reforestation
Replanting of forests on lands that have previousiytained forests but that have been converted to
some other use.

Reservoir (Stock)

A component of the climate system, other than tineosphere, which has the capacity to store,
accumulate or release a substance of concernxémn@e, carbon, a greenhouse gas or a precursor.
Oceans, soils and forests are examples of ressrgbrarbon. Pool is an equivalent term (note that
the definition of pool often includes the atmos@)ehe absolute quantity of the substance of
concern held within a reservoir at a specifi ecetisicalled the stock.

Respiration
The process whereby living organisms convert oxamatter to carbon dioxide, releasing energy
and consuming molecular oxygen.

Sink

Any process, activity or mechanism which removegsegenhouse gas, an aerosol or a precursor of a
greenhouse gas from the atmosphere. Forests aadvetfpetation are considered sinks because they
remove carbon dioxide through photosynthesis.

Source
Any process, activity or mechanism that releasgseanhouse gas, an aerosol or a precursor of a
greenhouse gas or aerosol into the atmosphere.

Sustainable development
Development that meets the cultural, social, pEitand economic needs of the present generation
without compromising the ability of future geneoats to meet their own needs.

Top-down models

Models applying macroeconomic theory, econometrid aptimization techniques to aggregate

economic variables. Using historical data on corston, prices, incomes, and factor costs, top-

down models assess final demand for goods andcsspand supply from main sectors, such as the
energy sector, transportation, agriculture, andusty. Some top-down models incorporate

technology data, narrowing the gap to bottom-up efsd

Uncertainty

An expression of the degree to which a value isnonk (e.g. the future state of the climate
system). Uncertainty can result from lack of infatman or from disagreement about what is known
or even knowable. It may have many types of sourfresn quantifiable errors in the data to
ambiguously defined concepts or terminology, or emtan projections of human behavior.
Uncertainty can therefore be represented by quasintt measures (e.g., a range of values calculated
by various models) or by qualitative statementg.(eeflecting the judgment of a team of experts).

Uptake

The addition of a substance of concern to a regeriioe uptake of carbon containing substances, in
particular carbon dioxide, is often called (carbseuestration.
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Vulnerability

The degree to which a system is susceptible tajnable to cope with, adverse effects of climate
change, including climate variability and extrem¥sinerability is a function of the character,
magnitude, and rate of climate variation to whidystem is exposed, its sensitivity, and its adapti
capacity.

Water-use efficiency

Carbon gain in photosynthesis per unit water lasévapotranspiration. It can be expressed on a
short-term basis as the ratio of photosynthetib@amgain per unit transpirational water loss, olon
seasonal basis as the ratio of net primary prooiar agricultural yield to the amount of available
water.

Wetland

A transitional, regularly waterlogged area of pgadtained soils, often between an aquatic and a
terrestrial ecosystem, fed from rain, surface wategroundwater. Wetlands are characterized by a
prevalence of vegetation adapted for life in saad&oil conditions.
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Annex 1 Methodologies to estimate changes in sodrbon.

Category 1: Statistical analyses of spatially distbuted soil samples

Statistical analyses of spatially distributed ss@imples provide information on changes in soil
carbon pools when the measurements are taken gbdimts in time (e.g. Bellamy et al., 2005) or
are from a chronosequence (simultaneous measureahesites with different histories of change
behind them, e.g. Covington, 1981). This reportcemtrates on the former approach of estimating
soil carbon changes as a difference between repea@surements because this approach is more
useful to estimate the contribution of climate ajario soil carbon changes. Chronosequences
cannot provide this information although they mayuseful to obtain information on the effects of
other factors, such as land use or land management.

When analyzing soil carbon changes based on repeaasurements, relevant issues to be
considered are:

1) sample design, i.e. selection of study sitessahection of sample points at the sites,

2) selection of soil layers to be studied,

3) repeatability of sampling and laboratory measwaats and

4) data analysis.

Sample design, i.e. selection of study sites aledts@n of sample points at the sites

Sample design is an optimization problem, wherettade-off is between required resources and
reliability of resulting estimates. The basic sclesmf sample design to choose from are 1) random
sampling, 2) systematic sampling and 3) stratifsasnpling with either random or systematic
sampling per stratum. Reliability of estimates ai#d using purely random or systematic sampling
can usually be improved by dividing the study arda internally more homogenous groups with
respect to soil carbon changes. This stratificatian be done on the basis of earlier measurements
or model-calculated estimates. Stratification is thore effective the more reliably it is possilde t
estimate the change rate of soil carbon insideagush. In other words, it pays off to stratify tfis
possible to distinguish groups with high changegaif soil carbon from those with low change
rates. In addition, stratification is effectivetife change rates inside the strata can be detetmine
reliably either because the spatial variabilitytleé change is low or because it is possible to take
large number of soil carbon samples and therebgimlat reliable estimate. Peltoniemi et al. (2007)
estimated that it would be possible to reduce thadard error of a mean change estimate of soil
carbon in the Finnish forests by 9 to 34 %, dep&mpdin uncertainty estimates, by dividing the
forests into four strata.

In practice, the process of sample design usuakgists of answering two questions, namely
1) which sites to sample and 2) where to take samihples at the sites. The sites are considered as
homogenous units compared to the study area asokevaind thus they are used as one basis of
stratification. Such two-phase sample design is ptactical from the point of view of the logistics
of taking the soil samples. Inside the study sitas possible to operate on foot but some other
means of transportation is needed to move fromsgedo another.

In selecting study sites or sample locations at dites, systematic sampling is usually
preferred to random sampling. When the sites opgaincations are taken from a systematic grid it
is possible to control the degree of spatial depend, either to avoid it by taking samples from an
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adequate distance from one another or to make lugeand apply geostatistical methods when
analyzing the data. For example, in boreal foresis, spatial dependence of soil carbon density
extends to a few meters (Liski, 1995, Liski etmaanuscript).

When changes in soil carbon pools are estimateddbas repeated sampling, it is also
necessary to decide how the new sample sites anplisg locations will be placed relative to the
original. Work carried out in the east of Englandrk et al 2006) has demonstrated that when
resampling an existing baseline survey it is bestample at the original sites rather than between
them and that the best strategy depends on thelsgaticture of the change in the soil property.
Therefore, when the change in soil carbon contergpatially autocorrelated, taking the new soil
samples from the same site (for example from withensame 20 x 20 m square) as the original ones
helps to increase the statistical reliability of thange estimate because the covariance candye tak
into account when analyzing the data.

Selection of soil layers to be studied

Measurements of soil carbon changes are usuallyedasut in the topmost soil layers (e.g. Bellamy
et al., 2005). In those soils which have an organitlayer on top of mineral soil, only this layier
often sampled. The rationale behind concentratmthe top soil layers is, first, that these soykles

are rich in labile carbon and for this reason thanges are expected to be the largest there, and,
second, that these layers are the easiest to santy@se are usually reasonable reasons considering
the costs and benefits. However, sometimes theongrbols of different soil layers may change in
opposite directions. For example, at a Finnish dboigte, the carbon pool of the organic layer
decreased after harvesting while the pool of themimst 10 cm deep mineral soil layer increased
(Liski et al., manuscript). Looking only at the argc layer would give a biased picture of the soll
carbon changes at the site. It may not be postibtgve a general rule as to which soil layers to
sample when measuring soil carbon changes. It seebesnecessary to consider it case by case and
perhaps carry out pilot studies to provide the gemknd information.

Repeatability of sampling and laboratory measuretsien

Ensuring repeatability of sampling and laboratorgasurements is particularly important when
estimating soil carbon changes based on repeatadumanents. The changes are usually small in
proportional terms, commonly only a few percent araybe as small as one percent. A one percent
change in a soil carbon pool is challenging to deés it is of the same order of magnitude as
measurement errors for soil bulk density and saib@centration.

To make repeated soil sampling and laboratoryyaisapossible, it is necessary to document
these practises carefully. It is also advisablarthive all samples for controlling the repeat&pibif
carbon content measurements.

Data analysis

There are two kinds of methods available to anabtje on soil carbon changes obtained from
repeated measurements: (1) traditional statistoathods and (2) geostatistical methods. The
geostatistical methods make use of spatial auteletion in the data and give more reliable restilts
such autocorrelation exists in the data (e.g. O\&r & Unwin, 2002). However, analysis of the
change in organic carbon in a resampled datasé&irfgland and Wales showed there was no spatial
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structure in the change and that the only way timese change at the sites not resampled was to use
the relationship between change and the origindloraat the site (Bellamy et al, 2005).

In general, it is very challenging to identify thentribution of climate change to measured
changes in soil carbon. Measurements of soil cadianges are characterized by a substantial
uncertainty and it is well known that landuse aandl management changes have large effects on
soil carbon. A project currently being undertakéiCeanfield University is investigating the causes
of the loss of carbon identified across England @fades. Initial results using simple models, fitted
using Bayesian analysis and Markov-Chain MontedCanéthods, indicate that past changes in land
use and management were probably the main causamndlimate change signal is masked by
these other changes (Kirk and Bellamy, 2008) Tdknthe effects of climate change on soil carbon
to be estimated using repeated measurements ierg important for the land use and land
management history of the monitoring sites to bevkm as well as the management between
samplings.

Category 2: Measurements of carbon dioxide fluxes

Carbon dioxide fluxes are measured using variouthoas. The two main types of measurement
that include the contribution from the soil (as opgd to foliar gas exchange equipment) use soil
chambers and eddy covariance (EC) towers. Both adstisuffer from a number of difficulties:
distinguishing between fluxes from vegetation arehdl organic matter in soil, distinguishing
between autotrophic and heterotrophic respiratiomf soil, standard sampling-related issues
concerning location and replication of instrumeatsl, for EC, determining the typically wind-
dependent and therefore variable foot print aremaBse of these difficulties, the methods based on
measuring carbon dioxide fluxes are not very ustfuéstimate changes in soil carbon pools or
heterotrophic soil respiration over large geogreghregions. However, when these methods are
applied at also otherwise intensively studied sitBsy can be very useful to learn more about
processes causing changes in soil carbon anditatakstimates of other methods.

Category 3: Process-based modeling studies

Process-based models are widely used to study ekamgoil carbon stocks. They are used from the
stand scale up to regional and national scalecsothon assessment studies in different land-use
types (Peltoniemi et al., 2007, Powlson et al.,6l ®@mith et al., 1997b, Smith et al., 1998, Tikéak
al., 1995). Models vary from relatively simple mtgdéke RothC (Coleman and Jenkinson, 1996)
and Yasso (Liski et al,. 2005) to models coverimg $oil processes in more detail like CENTURY
(Parton et al., 1987, Parton et al., 1994) and DND@t al., 1992).

Typical input variables that influence the deconifp@s processes in models are temperature
and soil moisture, soil texture as well as chemidaaracteristics of the litter input and soil
(Peltoniemi et al., 2007). When models are usedtudy the impacts of climate change on soll
carbon, the most important driving variables of ¢$iraulations tend to be estimates of the litteuinp
to the model as well as climatic variables like memnual or monthly air temperatures and
precipitation. Very often the environmental varggldetermine decomposition rate in one or more
model compartments. The linearity or non-lineaatythe dependencies of the modelled soil carbon
stocks and stock changes on these driving variahitext the optimal selection of the spatial
calculation unit of the model simulations. In cadelinear dependencies, models can be run in
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coarse resolution whereas in case of non-lineaergncies one should run the models at small
scales and sum up the results to obtain wider sstimates.

With dynamic models, the model results of each tstep depend not only on the model
parameters and input, but also on the previousegatdl the state variables. Model initialisatios, i.
assigning values to the state variables at thenbeyj of the simulations, is therefore an important
step in model applications. This initialisation tigoically hampered by the lack of measurable
counterparts to the model compartments. A mearenafsed in models is to assume the state
variables to be in a steady-state with certain irgstimates given to the model. The accuracy of the
equilibrium assumption depends on the applicataomg easily leads to underestimation in such
applications where the true soil carbon stock rsffam equilibrium. This effect is of particular
importance for the first years of the simulatiode Wit et al., 2006, Peltoniemi et al., 2006), tha
effect can be avoided rather effectively by runnihg model for some years. Assuming an
equilibrium state in model calibrations with sdilet are not in equilibrium may also lead to the
overestimation of the decomposition rates of thmvebkt pools and to the overestimation of the
stocks of recently disturbed sites (Wutzler anccRgtiein, 2007).

The time step of the models varies from daily ms detailed models like DNDC (Li et al,.
1992) some routines are calculated hourly or ewdith®urly) to annual. Simulation periods to
predict the effects of changing climate on soibcar have varied from decades to centuries.

There are different sources of uncertainties in eh@iimulations. Uncertainty propagation
from input data and model parameters can be assesgeMonte Carlo simulations. Peltoniemi et
al. (2006) carried out such analysis to assessarthertainty of the Finnish forest carbon balance fo
which forest inventory information was combinedhwihe Yasso soil carbon model. The uncertainty
of the model structure is more difficult to definimdirectly it can be evaluated with model
comparisons that may highlight the range of possi@lues. Model comparison concerning the
effects of climate on soil carbon stock at the glotcale was done for example by Jones et al.
(2005). The uncertainty related to future preditsios typically handled by using a set of future
scenarios spanning a plausible range.

Repeatability is an important criterion in scierae®l this criterion is of special challenge for
the modelling studies where the complexity in mod#luctures and explicit and implicit
assumptions of the models and modelling processesd#dficult to perceive unless they are
explicitly and clearly documented.

As measuring changes in soil carbon stocks is labsrand expensive, estimating the
changes using soil carbon models appears as acptdetalternative. A few points require particular
attention however to ensure that the estimatesedieble. First, it is important that the modeleds
are built and calibrated in an unequivocal and gpanent way. It is also important that the
applications of the models meet the same crit&econd, it is necessary that the results of the
models are accompanied with uncertainty estiméttés equally important to describe transparently
how the uncertainty estimates are calculated andhndources of the total uncertainty they cover.
Ideally, the requirements of using models in edingasoil carbon changes should be as similar as
possible with the requirements of estimating thanges based on measurements, i.e. the results
should be presented as real probability distrimgiather than single mean estimates.

Category 4: Combination of monitoring and process-Bsed modeling

Combining monitoring and process-based modeling prayide benefits in estimating changes in
soil carbon pools compared to using any of the odshalone. Process-based modeling may
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be used as a basis for sampling design in monggmogrammes. Monitoring may, in turn,
be used to test the validity of model-calculatesuts. This may reduce the total effort of
estimating soil carbon changes if the validity loé tmodel-calculated results can be tested
adequately in a sub-set of monitoring sites. Mamig could also in principle be used to
determine the status of soil carbon compartmenig@tess-based models in the beginning
of the simulations. This would be very useful bessadetermining this status is a particular
problem with using the process-based soil carbodatso However, this is still hard to do in
practice because the monitored soil carbon poolsaidvave counterparts in the soil carbon

models.
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Annex 2 Inventory of available datasets on soil oanic carbon (SOC) or soil
organic matter (SOM) in cultivated agricultural land (arable land and grassland)
and non- cultivated land for the assessments of chges in SOC or SOM content
as a result of land use and management in resporngethe threat “Decline of soil
organic matter”; the information has been collectedwithin the RAMSOIL
framework (http://www.ramsoil.eu/UK/Results/Project+Reports+WP2/).

Country Depth (cm) Method applied Frequency Spatial coverage Reference
Belgium, Flanders  0-24 cm WB (modified) 1990, 199396, 1999 190000 Sleutel et al., 2003
Belgium, Flanders  plough layer WB 1952,1990, 2003 16 Ibcations Sleutel et al., 2006
Belgium, South Variable Variable (LOI, DC) 1990, 2000 Variable (16-11977) etens et al., 2005
7 databases
Belgium, variable WB, 4/3 1955 (1950-1970) 295 Goidts and Wesemael,
Wallonia, resampled in 2005 2007
southern part
Finland Plough layer (~0-20 WB (1974)/DC 1974, 1987, 1998 Farm plots (2000,0132  Sippola & Yli Halla,
cm) 705) 2005
Germany 40 WB Irregular, 1983, 1989, Farm plots Nieder & Richter, 1999
1998
Germany 0-120 cm (8 soil WB (modified)/DC 1969, 1996 Farm plots Rinklebe &késchin,
profile layers) 2002
Ireland 10 (grassland) WB 1964 a second samplingj78/220 Zhang et al., 2004
1995-1996
Netherlands 5 (grassland) 20 or SOCG12,%:KU <1994);  1984-2004 Intervals 4-5 2-50 ha Reijneveld et al.,
25 (arable land) DC (1994) DC (>1995) years (accepted)
SOC>12.5%: LOI
Netherlands 5 (grassland) LOI/DC SOCG12,%:KU 1984-2004 Intervals 4-5 2-50 ha Hanegraaf et al., 2008
20 (maize land) (<1994); DC (1994) DC  years (accepted)
(>1995)
SOC>12.5%: LOI
Netherlands Variable SQQ2,%:KU £1994);  Irregulaf 2-50 ha Smit et al., 2007
DC (1994) DC (>1995)
SOC>12.5%: LOI
Norway Variable topsoil Visual assessment 1952, Farm, 25 ha Riley & Bakkengard,
depth (1952)/0-20  (1952)/LOI 1976, 1986 and 2002 2006
cm.
Norway 0-25cm LOI 1991, 2001 291 Farm plots R#eBakkengard,
2006
Sweden 0-25/25-60 WC (1956/1984 1956, 1984, 2001 124 (1956), 65 (1984)124 Katterer et al., 2004
cm(1956,1984); 0- DC (2001) (2001)
25, 25-35, 35-60 cm
(2001)
UK, England & 0-15 cm WB modified (%C<15 1978-1983 first 5661 (£'sampling); Bellamy et al., 2005
Wales LOI (%C>15) sampling; Second 853/971/535

sampling 1994-1995
arable land; 1995-1996
grassland; 2003 non
agricultural land

1 DC: dry combustion followed by measuring OKU: Kumies, WB: Walkley & Black, LOI: Loss of igriin,” not each year at same place.
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Annex 3 Examples of monitoring schemes in Europeatountries

Below are examples of monitoring schemes for stist have been implemented in several
European countries. This is not a comprehensite lis

Austria (Freudenschuf3, 2006)

Forest Soil Monitoring is carried out by the FedldR@search and Training Centre for Forests,
Natural Hazards and Landscape (BFW) and coverssigd. Environmental Soil Inventories are

conducted at provincial level and comprise a tofat. 5.500 sites. There are also permanent soil
monitoring sites, managed both by the Provinces\VBind the Environment ministry and these

comprisec. 40 sites. Other specific investigations areiedriout by Universities, Federal and

Provincial Institutions. Most of them are includedthe Soil Information System BORIS of the

Umweltbundesamt which comprises more than 10,0@8.si

Czech RepublifNéemetek & Kozak)

Two separate systematic monitoring systems have beplemented in the Czech Republic: (1)
Monitoring of the agricultural land on 200 obsei@atplots, which started in 1992 (Mazanec, 1996),
(2) Monitoring of observation plots in forests (Mata, 1996; Moraiik, 1996). The monitoring of
soil characteristics is accompanied by the obsenvaif atmospheric emissions. Two systems of
monitoring forest soils also exist. The first systetarted at the beginning of the 1980s and was
aimed at studying the input of S and N into soid #éeir direct effects (along with ozone) on 500
forests sites in endangered areas

Germany(Miehe et al.)

In Germany permanent soil monitoring was introduited986 and there are currentdy800 sites.
There are two different types of monitoring siteiethdiffer in intensity of investigation: basic
monitoring sites used for trait documentation whsrentensive monitoring sites additionally are
dealing with process documentation (substance iapdtoutput). Soil monitoring sites have been
comprehensively documented with respect to pedolégyd condition and use. The sites are
sufficiently representative for nationwide soil nitoning.

Norway(Arnoldussen)

Norway contributes to the European Forest Monigppnogramme. Information on forest vitality is

gathered annually from fixed points, lying in adggystem. The soil at each sampling point is
described and samples taken for chemical analyhis. inventory will be repeated after a certain
period so as to obtain information about trendstiédar emphasis is given to monitoring changes
in the content of nitrogen, sulphur and some heaeyals. There is also an additional monitoring
system based on sampling of the plough layer ircalgural areas for the farmers for analysis of
crop relevant parameters. All information is storieda database at the Centre for Soil and
Environmental Research. Information about thesearpaters can be retrieved per municipality.
Farmers are given advice on what to do in situatinorwhich deficiencies occur.

Sweder{Olsson)

Systematic soil monitoring in Sweden, at natioe&kl, is carried out mainly by: (1) The Swedish
National Survey of Forest Soils and Vegetation te¢ Department of Forest Soils, SLU, (2)
Integrated Monitoring (IM) through the Department Bnvironmental Assessment, SLU, (3)
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Intensive Monitoring Plots (ICP Forest, Level 2)ainigh the National Board of Forestry and (4)
Monitoring of Arable Land, carried out by the Dejpaent of Soil Science, SLU. In addition, soil
monitoring is performed on a regional scale untier responsibility of County Boards but with a
common protocol.

The survey methods have changed since the firgegum 1963, but continue to be stratified
random sampling with greater densities in soutl®meden and lesser densities in northern Sweden.
The first inventory, during the 10-year period 19682, comprised random sampling on almost
76,800 plots. The country was re-sampled during3tlyear period 1973-1975, with around 23,100
plots and with several investigational pits pertplthe inventory during the 5-year period 1983 to
1987 comprised a total of 23,100 plots on forestlaf new method was implemented for this
survey with defined permanent circular plots ofdius between 7 and 10 m. The intention is that
the use of permanent plots will enable more aceurasessment of changes over time. The plots are
clustered into "tracts". These are quadratic otaregular with a side, depending on location in the
country, within a range of 300-1,800 m. In genesall pits and soil and site descriptions are made
at one to two circular plots per tract. At eactcaiar plot, general site properties such as veigetat
type and occurrences of different species, typeodfparent material and hydrological conditions
are described. Specific variables include thickngfshumus layer, humus form and thickness of E
horizon. The inventory also records soil type adoay to the Swedish system and the FAO-
UNESCO legend. Samples are stored in a soil baawlerfe material (C horizon) from selected plots
(c. 3,000) has been analysed for the total elementalposition of major and trace elements. Some
plots are included in CCP Forest, level 1 programiftas survey is followed by a new one,
covering the 10-year period 1993-2002. The resflthe measured parameters from The Swedish
National Survey of Forest Soils and Vegetation banrelated to natural site conditions such as
geology and climate and to human impacts such gipa. Using the data, critical loads for acidity
and N deposition have been developed. It has a&sa possible to verify that the accumulation of
carbon is increasing in humus layers. Most of tla@emal is being presented and free to use as maps
or as an interactive databagety://www-markinfo.slu.sp The web-material is in Swedish but a
translation to English is being undertaken.

United Kingdom(SNIFFER, 2006)

National soil sampling schemes in the U.K. inclu@dg: the National Soil Inventory (NSI), (2) the
Representative Soil Sampling Scheme (RSSS), (3)QGbentryside Survey (CS) and (4) the
Environmental Change Network (ECN). The UK’s depemt of Defra instigated project SP0515 to
compare these sampling schemes (SNIFFER 2006).niteendations from this comparison have
fed into a new project designing a UK soil monmgriNetwork (EA 2008).
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Annex 4 Carbon trends in grassland, cropland and fiest soil: methods and their
reliability

When calculating the carbon balance of grasslatid, smith et al. (2005) analysed also carbon
sequestration efficiency of grasslands and thebiiy of their calculation method. The carbon
sequestration efficiency of grasslands (= ratio WBFP) is 0.147 when it is defined as
NBPyadNPPiaia from the data oriented best estimate NRR = 758 g C rif y'. The range of
uncertainty for the sequestration efficiency isA0t® 0.23. The carbon sequestration efficiencyahas
very similar value of 0.13, when it is defined aBRy,o4e/NPRasiv from the model oriented best
estimate NBRoser= 101 g C rif y*, and the NPRAsiv corrected for extensive management (755 g
C m? y™h). Smithet al. (2005), using the RothC soil carbon model and NR&hge estimates from
the LPJ model, estimated that European grasslaitslvgere a net sink in the 1990s of between 8
and 448 Tg C, a net mean sequestration rate ab048.6 Tg C yt for the whole of Europe, smaller
that the estimates of Janssenal (2003, 2005) (Ciais et al., 2008b).

The carbon balance of cropland soils (NBP) is algiguincertain flux, because we lack
inventory data of agricultural soil carbon changéhviull EU-25 coverage. Instead, we estimated
NBP with two process-oriented models, ORCHIDEE-SJ1@nd Roth-C. ORCHIDEE-STICS
(Gervoiset al, 2007) was integrated between 1901 and 200Gjngtdrom ancestral practice and
crop varieties. In this version, the model cal@galNPP, harvest and soil carbon decomposition for
wheat and maize varieties only. It was driven Bjng CQ and by climate at a resolution of 10 km,
with changing technology after 1950, leading tootlt NBP of 0 to 30 gC iy (Ciais et al.,
2008a).

Roth-C is a soil carbon model (Smigh al, 2005) that was prescribed with changing NPP @siin
harvest) from LPJ as soil carbon input (Sigthal, 2003). Roth-C was initialized in, and run from
1900 at a resolution of 10 km to 2100. The cropl&gP values from ORCHIDEE-STICS and
Roth-C models are comparable (respectively a sfitkto 30 g C rif y* and a source of 7.6 g Cm

y! over 1990-1999). Over the EU-25 cropland area, tiainslates into a net carbon balance ranging
from a 39 Tg C ¥ sink, to a 10 Tg Cysource (Ciais et al., 2008a).

Forest soils are estimated to accumulate carbeadh European country. The carbon sink of
the forest soils has been reported earlier for amgstern European countries, i.e. EU-15 plus
Norway and Switzerland (Liski et al. 2002). Forstheport, this analysis was extended to cover also
other European countries using assumptions apgleetier by Janssens et al. (2003 and 2005).
Accordingly, the carbon sink of the European fosesls was estimated to be equal to 44 Tg year-1.
Uncertainty in this estimate, resulting from unasrty about parameter values used in the
calculations, ranges from about 30 to 60 Tg yeériski et al. 2002).
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Annex 5 Case studies for assessing changes in saibon stocks

In this Annex we present 3 case studies where messu changes in soil carbon stocks have been
observed or calculated on the bases of repeatedumsaents. This information is relevant for the
assessment of changes in soil carbon stocks asnpeelsin chapter 3. The cases are:

* England and Wales, National Soil Inventory

» Great Britain, countryside survey

e Belgium
These are the only studies that have presentedrgowide data for determining changes in soil
carbon stocks.

Case 1: England and Wales, National Soil Inventory

The National Soil Inventory (NSI) was designed bdain an unbiased estimate of the distribution of
the soils of England and Wales and of the chemutitye topsoil. Samples were collected and soil
profiles described at the intersections of a 5-kid gver the whole area. Urban areas and water
bodies were avoided, but otherwise all soils wara@ed, this yielded 5,662 sites sampled for soil.
The NSI was originally carried out during the pdria978-83 and each of the samples taken
analysed for a range of soil properties includimgaaic carbon content, pH, metal concentrations
and particle size. A range of other properties vatse recorded at each site such as land use, slope
aspect, altitude etc.

Sub-sets of the sites were re-sampled at interobld2 to 25 years after the original
sampling. This was done in three phases: in 199#B%3rable and rotational grassland sites, in
1995/96 for managed permanent grassland sitesna?@d3 for non-agricultural sites (bogs, scrub,
rough grazing, woodland, etc). Roughly 40% of thginal sites were re-sampled.

The data on soil organic carbon from the two samggliof the NSI was used to investigate
how soil carbon has changed over the interval 180 (Bellamy et al 2005). To allow for the
varying time interval between samplings, annuagaif change in carbon were calculated for each
site by assuming that the process of change waarliover the sampling interval. Some differences
in rates of change between soils and land uses apgarent: for example, peat soils lost carbon an
order of magnitude faster than brown soils and made soils, and bogs and upland grass lost
carbon an order of magnitude faster than lowlarathewnhich appears to have gained carbon on
average. But no statistically significant relatidretween rate of change and land use, rainfalkclas
or soil textural class were found, whether for tla¢a as a whole or for outlying datdowever, a
significant negative linear correlation betweererat change and original organic carbon content
(Corg) was found; that is, the rate of loss incedasvith Corg. Using this relationship it was
estimated that carbon was lost from soils acroggad and Wales over the survey period at a mean
rate of 0.6% yf (relative to the existing soil carbon content)isTastimate was based on the soil
carbon content of the top 15cm of soil. Convertthig to carbon stocks (using a pedotransfer
function to estimate bulk density) it was estimatieat the soils of England and Wales were losing
carbon at the rate of 4.44Tg'yr

One criticism of this analysis was that the relagiop between the original carbon and rate
of change in carbon could be affected by regressidhe mean. Any statistical relation of change to
the baseline value will reflect, at least in p#ne phenomenon of regression to the mean. However
an analysis reported in Lark et al (2006) demoteddrahat for this dataset the conclusion that the
rate of change of organic carbon depended on theliba level was robust, and that the bias in that
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relationship due to regression to the mean waslsArabther criticism of this paper was the use of a
pedotransfer function to estimate bulk density ltovaestimation of carbon stocks. A pedotransfer
function was used as no bulk density measuremesits made at the NSI sites however the function
was based on hundreds of measurements that hadcbbected across the whole range of soils
found in England and Wales. This problem highlights need to measure bulk density in any future
monitoring of soil carbon.

As described above Bellangy al. (2005) observed a mean loss of topsoil soil ogaarbon
(SOC) of 0.6% yf, between 1978 and 2003 in England and Wales, wbaitradicts strong
evidence that the UK and Europe as a whole aret £0¢ sink (Janssengt al, 2003). For non-
agricultural areas, it also contradicts data framther long term study of topsoil SOC in British
woodlandgKirkby et al, 2005). Kirkbyet al. (2005) sampled, in 1971 and 2000-2003, 1648 plots
randomly located in 103 woods; their findings swgjgeo significant change in SOC over 30 years
(slight increase of +0.38% over 30 years; ~+0.01% @ther repeated sampling studies in Europe
have shown contrasting results, with some showirsg bf SOC (e.g. for Flemish cropland soils;
Sleutelet al, 2003), attributed to changing manure applicaicactices, and others showing no loss
of SOC (in Danish croplands; Heidmaeinal, 2002 and in Austrian soils; Dersch & Boehm, 1997)
Smithet al. (2007), using two soil carbon models, suggedtatianly 10-20% of the loss of C from
soils in England and Wales reported by Bellaghgl (2005) could be due to climate change. Recent
work (Kirk and Bellamy, 2008) has shown that itikely that past changes in land use history and
land management were dominant reasons for theofdSs
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Case 2:The Countryside Surveys of Great Britain

The Countryside Surveys of Great Britain (GB) angaing ecological assessments of the non-urban
land in GB. The surveys use a stratified randompta of all the one-kilometre squares in GB
(Firbank et al., 2003) and have taken place in 12984, 1990, 1998 and 2007. Soil samples (0-15
cm depth) were collected alongside land use andtaggn information in 1978 (1197 samples) and
1998 (1098 samples). 754 locations were sampleddis in both 1978 and 1998, whilst 443 and
344 locations were sampled in 1978 and 1998 ordgpectively. Soil C concentration was
measured by loss-on-ignition in all samples. Lasd was determined from a statistical analysis of
the vegetation composition at the soil samplingatmn which groups vegetation into eight
aggregate classes (Bunce et al., 1999; AVC2 gtalis and herbs - was excluded from analyses due
to insufficient sample numbers). Soils were siplib four ‘types’ based on mean C concentration
(<40, 40-150, 150-300 and >300 g Ckglocations which only contained one C concertrati
measurement were therefore excluded from analysisoll type. Statistical analysis utilised all
available data (not just that of locations samede) using a mixed effects model which estimates
the C concentration in each category for each grdrthen assesses whether the difference between
the values in each year is significantly differerom zero.

Average topsoil C concentrations across GB in 1aA8 1998 were 128.8+17.5 and
138.5+17.6 g C KJ (mean+95% CI), respectively. The increase of 6.0+ kg' over the 20 years
(0.5+0.3 g kg yr’) was significantly different to zero (P<0.01). Sificant increases in soil C
concentration were observed in fertile and infergtasslands, upland woodlands, and heath and bog
habitats, and were in the range 0.2-2.1 g ¥g'. Significant changes in mineral soils were lirdite
to fertile (+0.20+0.03 g kK§yr?) and infertile (+0.33+0.03 g Kgyr™) grasslands, in organo-mineral
soils to lowland woodlands (+2.44+0.32 g'kgr), and in highly organic soils to moorland grass
mosaics (+4.38+0.57 g Kgyr’; Fig. 2). Taken together, these results sugdest®B topsoil C
concentration increased slightly in the period 2988although changes differed between soil type
and land use. There was no evidence of significases of topsoil C.

193



Case 3: Belgian soils

In Belgium, a comprehensive national soil surve warried out between 1950 and 1970. At each
location soil pits were dug and over 13,000 saiffigs were recorded. For each horizon, depth and
thickness, textural fraction, rock fragment contandl organic carbon content were recorded, along
with site information such as land use, and locaf\éan Meirvenne et al., 1996).

Re-sampling of the national survey has taken plaieeemeal since 1989, and many
assessments of soil C changes are now availaltleititerature. Two main approaches have been
used to examine change: a paired-sample approadha Eandscape unit characterisation approach.
In the former, only soils from locations sampledcevare considered. This method detects change at
individual locations, and then averages the chamageksose locations to examine overall trends in
the dataset. In this way, Van Meirvenne et al96l9dentified an increase in C stocks in permanent
arable fields of 930 g C fbetween 1950 and 1990 (a rate of 23 g €ynt). Sleutel et al (2006)
then extended this time-series with a further sargpbf some of the locations in 2003-4, and
observed a decrease in soil C stock of 250 gZG-t® g C nif yr?) since 1990.

In the second approach, data from the original r@sdrvey are used together with spatial
data on land-use in Belgium to produce estimateS@EC content for individual landscape units.
This method utilises all available data, includdega from the original survey even where locations
were not re-sampled. Change in soil C is thensasskat the landscape unit level, and reported by
land use (e.g. Lettens et al., 2005a). The pattefisoil C change suggest that arable soils haste |
C since the original survey (although not befor@@;9/an Meirvenne et al., 1996) at a rate of 3-114
g C m?yr!. Grasslands were reported either to be sequegt€rin soils at rates of 22 or 44 g C m
2yr! (Lettens et al., 2005a; Goidts and van Wesem@el7 Xespectively), or losing C at 90 g G m
yr' (Lettens et al., 2005b).  Similar differencesriends in soil C stocks are reported for forests,
which are either gaining C at a rate of 73 g €yn' (Lettens et al., 2005a), or losing C at a rate of
23 g C nf yr* (Stevens and van Wesemael, 2008)

Some of these differences result from differingdgtareas (All of Belgium vs. regions), but
more likely result from the datasets used. Althougany use the 1950-1970 national survey,
resurveys have varied considerably in their meth&dsne workers have sought to combine very
disparate datasets in an attempt to estimate ® atut change (e.g. Lettens et al., 2005a; Lettens e
al., 2005b). In the data they used there werewdiffces in sampling depth and type (6 — 200 cm, by
fixed depth or by horizon), analytical methods (K&y-Black, loss-on-ignition) and additional
information gathered (bulk density, texture). Tambined the datasets, data was converted to C
stock (using estimated bulk densities, where regi)jrextrapolated to standard depths, and assigned
to landscape units. In these circumstances, & lawghber of assumptions must be made to produce
comparable data.

None of the resamplings of the 1950-1970 surveyehased the same sample collection
methods; whilst in the original work a soil pit wasg and soils sampled by horizon, all resampling
has used a bulked sample from an auger eithefik@@ depth or to the bottom of the plough layer.
Similarly, whilst bulk density was measured in thiginal survey, most resurveys have assumed the
bulk density is unchanged, and have estimated derisity from the literature pedotransfer functions
(a rare exception being Sleutel et al., 2006, wieasured the BD of resampled soils).
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Annex 6 Share of soil organic carbon in 0-30 and 000 cm.

The share of soil organic carbon found in the tB® soil layer compared to the amount found in
the top 100 cm varies between soil units, from 36n%ilistosols to 77 % in Podzoluvisols. The
average across all soil units is 52 %. Values atdh% are common for wide-spread soil types in
Europe

Table. Mean organic carbon contents of two depémials by FAO/UNESCO soil unit (kg/m2)
(Batjes 1996)

Soil unit 0-30cm 0-100cm 30/100
Acrisols 5.1 9.4 54 %
Cambisols 5 9.6 52 %
Chernozems 6 12.5 48 %
Podzoluvisols 5.6 7.3 77 %
Rendizinas 13.3 n.a.

Ferrasols 5.7 10.7 53 %
Gelysols 7.7 13.1 59 %
Phaeozems 7.7 14.6 53 %
Lithosols 3.6 n.a.

Fluvisols 3.8 9.3 41 %
Kastanozems 5.4 9.6 56 %
Luvisols 3.1 6.5 48 %
Greyzems 10.8 19.7 55 %
Nitosols 4.1 8.4 49 %
Histosols 28.3 77.6 36 %
Podzols 13.6 24.4 56 %
Arenosols 1.3 3.1 42 %
Regosols 3.1 5 62 %
Solonetz 3.2 6.2 52 %
Andosols 11.4 25.4 45 %
Rankers 159 n.a.

Vertisols 4.5 11.1 41 %
Planosols 3.9 7.7 51 %
Xerosols 2 4.8 42 %
Yermosols 1.3 3 43 %
Solochaks 1.8 4.2 43 %
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Annex 7 Definitions of organic soil and HistosolsHAO, 1998. World reference
base for soil resources, World Soil Resources Rep@4, Food and Agriculture
Organization of the United Nations, Rome).

Key to the reference soil groups of the world refme base for soil resources

Soils having dnistic or folic horizon,

1. either a. 10 cm or more thick from the soil surface tolithic or paralithic contact;
or b. 40 cm or more thick and starting within 30 e¢oni the soil surfacegnd

2. lacking arandicor vitric horizon starting within 30 cm from the soil sudac

HISTOSOLS (HS)

FAO - Soil Unit Classification Scheme: HISTOSOLS

HISTOSOLS (HS)

Soils having 40 cm or more organic soil materid (n or more if the organic materials consist
mainly of sphagnum or moss or have a bulk denditgss than 0.1 Mg/ either extending down
from the surface or taken cumulatively within thgpar 80cm of the soil. The thickness of the
organic surface horizon may be less if it restsrack or on fragmental material in which the
interstices are filled with organic matter.

Synonym: peat and muck soils; (from Gr. histdissue)

Parent material: incompletely decomposed plant remains, with oheait admixtures of sand, silt
or clay.

Environment: the majority of all Histosols have formed in bdresgions. Elsewhere, histosols are
confined to poorly drained basins and decompressiswamp and marshlands with shallow
groundwater, and highland areas with a high pretipn/evapotranspiration ratio.

Profile development: mostly H or HCr profiles. Transformation of plamémains through
biochemical desintegration and formation of humibstances create a surface layer of mould.
Translocated organic material may accumulate irpeleéers but is more often leached from the
soil.

Use:peat lands are used for various forms of exterfeinastry and/or grazing or lie idle. If carefully
reclaimed and managed, Histosols can be very ptvduander capital-intensive forms of arable
cropping/horticulture. Deep peat formations are lfsuntouched.

Subclasses:

Gelic Histosols (HSI)

Histosols having permafrost within 200cm of theface.

Thionic Histosols (HSt)

Other Histosols having a sulfuric horizon or sutfichaterials at less than 125cm from the surface.
Folic Histosols (HSI)

Other Histosols that are well drained and are nsagrrated with water for more than a few days.
Fibric Histosols (HSf)

Other Histosols having raw or weakly decomposedamigmaterials, the fibre content of which is
dominant to a depth of 35cm or more from the safdtaving very poor drainage or being
undrained.

Terric Histosols (HSs)
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Other Histosols having highly decomposed organi¢teneas with only small amounts of visible
plant fibers and a very dark grey to black coloatdepth of 35cm or more from the surface, having
an imperfect to very poor drainage.

MASTER HORIZONS AND LAYERS

The capital letter$d. O. A, E, B. CandR represent the master horizons and layers of sStils.
capital letters are the base symbols to which atharacters are added to complete the designation.
Most horizons and layers are given a single cajetéér symbol, but some require two. Currently
seven master horizons and layers are recognized.

The master horizons and their subdivisions reptelsgers which show evidence of change and
some layers which have not been changed. Most eretig soil horizons, reflecting a qualitative
judgement about the kind of changes which haventpkace. Genetic horizons are not equivalent to
diagnostic horizons, although they may be identicalsoil profiles. Diagnostic horizons are
quantitatively defined features used in classifarat

H horizons or layers Layers dominated by organic material, formed fraccumulations of
undecomposed or partially decomposed organic naatedi the soil surface which may be
underwater. AllH horizons are saturated with water for prolongedogs or were once saturated
but are now artificially drained. AH horizon may be on top of mineral soils or at aggtl beneath
the surface if it is buried.

O horizons or layers: Layers dominated by organitenm, consisting of undecomposed or partially
decomposed litter, such as leaves, needles, twigss, and lichens, which has accumulated on the
surface; they may be on top of either mineral gaaic soils.O horizons are not saturated with
water for prolonged periods. The mineral fractidrsiach material is only a small percentage of the
volume of the material and generally is much léss thalf of the weight.

An O layer may be at the surface of a mineral soilt@y depth beneath the surface if it is buried.
An horizon formed by illuviation of organic matdriato a mineral subsoil is not a@ horizon,
though some horizons formed in this manner containh organic matter.

Histic horizon

General description. The histic horizon (from Grhistos, tissue) is a surface horizon, or a
subsurface horizon occurring at shallow depth, tvhionsists of poorly aerateorganic soll
material.

Diagnostic criteria. A histic horizon must have:

1.either - 18 percent (by weight) organic carbon (30 peroeganic matter) or more if the mineral
fraction comprises 60 percent or more clay;

or - 12 percent (by weight) organic carbon (20 peraengianic matter) or more if the mineral
fraction has no clay;

or - a proportional lower limit of organic carbon t¢ent between 12 and 18 percent if the clay
content of the mineral fraction is between 0 angéftent. If present in materials characteristic fo
andic horizons, the organic carbon content must be ntioa@ 20 percent (35 percent organic
matter);and

2. saturation with water for at least one montimist years (unless artificially drainedjd

3. thickness of 10 cm or more. A histic horizorsl#san 20 cm thick must have 12 percent or more
organic carbon when mixed to a depth of 20 cm.
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Annex 8 Overview of fuel peat use in selected courds

Finland

Peat is mainly used in combined heat and poweryatazth (CHP) plants, serving both public and
private sector. Use of peat has produced 5-7 %ota energy in Finland. The basic idea is to
provide decentralized energy production from marel§ and sufficient domestic content.

Ireland

Of total energy produced in Ireland, 5 % comesnfroombustion of peat. Future demand of
electricity is predicted to increase by 3 % perwannn 2000-2015, and may require the current peat
power plants to be kept running. The future of entlly healthy peat industry is felt uncertain.

Sweden

Peat has a 4 % share among biofuels in Swedenafioent of fuel peat extraction is rather low,
and has mostly local importance in district heatlgergy peat import has increased in Sweden over
the last ten years. Peat is mostly imported frothuania and Estonia.

Estonia

Peat reserves in Estonia are large and about tirdstbf peatlands have been drained during the
Soviet era . Peat is third important domestic epaurce after oil shale and wood. The share of
peat in primary energy resources in Estonian ensegyor was 2.4 % in 2003. About 65 % (expert
estimate) of peat extracted is exported, mainigweden.

Latvia

Fuel peat extraction has virtually ceased overdent years in Latvia, because there are pragtical
no consumers left. Only 0.05 % of the total primanergy consumption is peat. There is not fuel
peat export currently.

Lithuania

Fuel peat has not much socio-economic impact ihulabia. The Government of Lithuania is not
encouraging peat use in energy production becatigkeorelatively high atmospheric warming
impact of peat combustion.
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Annex 9 Summary of methodological choices of coungés on soil categories by
relevant land use and land use change categoriessea on the respective national
inventory reports submitted to the UNFCCC in April 2008. Note that

information of only those countries is included thaprovided appropriate
methodological information in their report. Note also that much more
information may be available in the upcoming new rand of the national
inventory reports due in April 2009.

Austria
Land use/change Soil Tier Methodology Reference soil carbon F fac?ors Uncertainty Other
category category data applied assessment
™ Daseq o
country specific by country specific
land use/change IPCC default IiteL:aturyre salulel
T Mineral T2 GPG type, developed values were ’
Land remaining in ] S expert
based on previous modified X
the same land use i " judgement and
category soft inventory IPCC dofanlt
fi
. or X Depth where SOC
Organic | grasslands; X
T was measured is 0-50
t ific b em
country specific by .
land use/change IPCC default gountw specific
Land converted to . literature value,
Mineral T2 GPG type, developed values were
another land use ! o expert
based on previous modified .
category soil invento judgement and
Y IPCC default
Organic
Belgium
Land use/change Soil Tier Methodology Reference soil carbon F facFors Uncertainty Other
category category data applied assessment
The SOC estimations
YASSOO (forest are based on a
| Mineral T3 soils); RothC (agri number of
Land remaining in soils) heterogeneous
the same land use databases and Denth where SOC
category modelling efforts. epth w erzi 020
Significant increases was measured s 0-
Organic between 1990 and cm
2000 were reported.
Land converted to | \ineral
another land use -
category Organic
Czech Republic
Land use/change Soil Tier Methodology Reference soil carbon F facFors Uncertainty Other
category category data applied assessment
Land remaining in Mineral T no change is
the same land use assumed
category
Depth where SOC
was measured is 0-30
Organic cm
detailed land A
ctatled fan . The SOC estimations
Land converted to use/change matrices are based on over six
Mineral T2/T3 (cadastral statistics) .
another land use X ) X thousand soil
category combined with soil samples
carbon maps ples.
Organic
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Denmark

Land use/change Soil X Reference soil carbon F factors Uncertainty
Tier Methodology X Other
category category data applied assessment
Land remaining i i
ining in e T no change is
the same land use assumed
category Organic -
case studies have not Data are published at
yielded consistent - - http:/iwww.sl-
LETTs) GRTEIet @ Mineral - data on soil carbon .kvi.dk/afforest/
another land use
v stock changes due to
Y afforestation
Organic -
Estonia
Land use/change Soil Tier Methodology Reference soil carbon F facFors Uncertainty Other
category category data applied assessment
Land remaining in . .
no change is i .
the same land use rerEd m assumged page 197 of NIR Soil thicknes in 232
category Organic Tl R R research plots varied
Land converted to | Mineral - between 24 and 92
another land use Organic T PCC IPCC default values cm
category were used
Finland
Land use/change Soil Tier Methodology Reference soil carbon F facFors Uncertainty Other
category category data applied assessment
o — - 5 - -
Land remaining in Mlnergl T3 YASSO model 92% relative De.tal!ed model )
the same land use | Organic T3 N/A N/A standard error | description and main
Land converted to | Mineral N/A for the carbon | data used in YASSO
another land use | Organic N/A stock change in| are reported in the
France
Land use/change Soil Tier Methodology Reference soil carbon F facFors Uncertainty Other
category category data applied assessment
Land remaining in Mmere}l Tl PcC N/A N/A
the same land use | Organic
aggregated country-
Land converted to . level average, based
another land use M=y & IPCC on INRA [2003], for NIA
category FL, CL, GL
Organic
Hungary
Land use/change Soll Tier Methodology Reference soil carbon F fac?ors Uncertainty Other
category category data applied assessment
Land remaining in | Mineral Tid, Metfisdelogy ReTerencEHsm carbon Ffactors Uncertainty Other
the same land use | Organic 16} apiffed assessment
partial
uncertainty
T1 for forests| trend statistics for N/A assessment is [no data for croplands
i N/A i
e Gzt Mineral T1 land usE&éﬁegorES IPCC default values are used doﬂﬁdéﬂa%ty
another land use are available frpm IRGE st is
category Tl I1‘0rd comjjmrybspeuﬂc T Valﬂﬁ?eahrgng
croplan atabases BYBREy specific
for forests, judgegent carbon losses are
Organic T3 for__[international database . N e s i reported for the year
e VETVETTEE T ) i ara| forests, T1- |was used to estimate GRS PR S ST right after the
another land use . values are used X
T2 for others [soils carbon from conversion, so a
category - :
above ground transition period of
Organic [ one year is applied
Latvia
Land use/change Soil Tier Methodology Reference soil carbon F facFors Uncertainty Other
category category data applied assessment
no activity
Mineral data for
Land remaining in forests
the same land use for cropland -
tegory and IPCC default values no quantitative
categ Organic IPCC estimation is
grassland : are used done
T1
no activity
Mineral data for
Land converted to forests
another land use for cropland -
no quantitative
category : and IPCC default values S
Organic IPCC estimation is
grassland : are used
T done
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Lithuania

Land use/change Soil X Reference soil carbon F factors Uncertainty
Tier Methodology . Other
category category data applied assessment
A Mineral
Land remaining in e
the same land use . IPCC default values no _quan_ .
Organic | for forests IPCC estimation is
category are used
done
Land converted to Mineral o quantiative
another land use . IPCC default values gu itati
Organic | for forests IPCC estimation is
category are used
done
The Netherlands
Land use/change Soil Tier Methodology Reference soil carbon F facFors Uncertainty Other
category category data applied assessment
T2+T1,
. "uncertainty is
Land remaining in M=y T the uncertainty
the same land use of the change in
category carbon content
in mineral soil,
hich is -
ca;,Zullateld at soil carbon stock
Organic T2 IPCC country specific data 38%" changes are obtained
using measured
Land converted to | Mineral T2 IPCC country specific data values as well as soil
another land use | Organic T2 IPCC country specific data carbon map
UK
Land use/change Soll Tier Methodology Reference soil carbon F faqors Uncertainty Other
category category data applied assessment
Land remaining in Mmera}l T1 IPCC N/A N/A
the same land use | Organic
detaled changes of C uncertainty
Detailed land use |content of the soil assessment is |Change of carbon
Land converted to . L ) -
Mineral T3 change matrix is used |due to land use N/A done usinga |[stock is assessed to
another land use X
together with change types are Monte Carlo 1 mdepth
category o ) ; :
transition functions |available based analysis
Organic
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Norw ay

Land use/change Soil Tier Methodolo Reference soil carbon F factors Uncertainty Other
category category 9y data applied assessment
Land remaining in | Mineral T3 Yasso model no country specific
i seme g 16 parameters are used
categor Organic T2 for
gory 9 cropland
T1 or not C-stock changes due
estimated for to change in practice
Mineral forests: T2 are larger than in
' other countries due to ; .
for cropland N detailed description of
climatic reasons . . L
Land converted to T2 for estimating emissions
another land use cropland, no due to erosion
g2t uoly change is
Organic | assumed in
some
deforestation
s
New Zealand
Land use/change Soil Tier Methodolo Reference soil carbon F factors Uncertainty Other
category category ol data applied assessment
Land remaining in | Mmineral T1
the same land use =
category Organic
Land converted to | Mineral Tl IPCC country specific data
another land use
category Organic T2 IPCC country specific data
Canada
Land use/change Soil Tier Methodolo Reference soil carbon F factors Uncertainty Other
category category 9y data applied assessment
Land remaining in | Mineral T3 country specific
the same land use | Organic T3 Century model; CBM- v sp under
= values are used to N/A
Land converted to | Mineral T3 CFS3 (for forests) . development
= calibrate models
another land use | Organic T3
USA
Land use/change Soil Reference soil carbon F factors Uncertainty
Tier Methodolo ) Other
category category 9y data applied assessment
T2 for
forests, T3
Land remaining in | Mineral | and T2 for
the same land use . reported based
S cropland and forests: changes in country specific r:)n countr only the uppermost
gory grassland SOC; cropland: N/A MY 10 cm layer is
- Century model values are used specific modelled
Organic T3 &4 information
Land converted to | \rineral 3
another land use
category Organic T3
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Annex 10 Effect of nitrogen on SOC

A recent review (Kahn et al., 2007) has concluded tertilizer-N stimulates microbial breakdown
of soil organic matter (SOM). They report that a#®-50 years of fertilizer-N application, that
exceeded grain N removal by 60 to 190%, a netmedccurred in soil C despite increasingly large
incorporation of C in crop residues. DecreaseéSQC were reported to a depth of 46 cm. However,
the decrease occurred in rotations including gramze and there are other data that suggest the
cultivation of this crop leads to decreases in SQR this study root to shoot ratios were quoted
which ranged from 1.0 for alfalfa to 0.5 for graimaize. Hence there will be a tendency in rotations
dominated by grain maize for less return of C Via toots than for other crops. Other work is
quoted which found additions of N and P fertilizetsnulated mineralization of subsoil SOM. The
authors consider that studies which appear to téporeases in C sequestration as a result of N
fertilization do so erroneously, on the basis ofmparisons with soil in the unfertilized control,
rather than as a result of proper assessmentsaofjel in SOC over time. The authors recommend
that fertilizer-N applications are based on thenetoic optimum requirement, taking account of
available soil N, rather than being based on gwdted yield. Such recommendations have been
implemented within the EU in order to reduce tisk of nitrate leaching.

The views of Kahn et al. (2007) have been challdnge Reid (2008) who suggested that
observed decreases in soil C were caused by faoties than addition of fertilizer-N. However,
Kahn et al. (Reid, 2008) replied that soil C hadlided in long-term experiments despite a large
increase in C returns from crop residues followirgeased use of fertilizer-N.

Reay et al. (2008) recently reviewed evidence Hieritnpact of N on SOC stocks. Most of
this section draws on that analysis and reviewdé&we for changes in soil C sinks under reactive
nitrogen (N) enrichment comes from a variety ofrses, including changes in soil respiration /
carbon mineralization rates in the laboratory @idfi changes in litter decomposition rates, and
changes in soil organic carbon stocks. Eviden@aigradictory, with some studies suggesting that
soil C may decrease under N enrichment, othersestigpg no change, and others suggesting that
soil C sinks may increase (Table).

The response of the soil carbon sink to changirdgpbsition will depend upon the balance
between the N-induced increases in carbon inputsetsoil through increased plant growth, and the
influence of increased N on carbon losses via a@hnic carbon decomposition, respiration, and
mineralization.

N deposition might be expected to increase plaatiyetion in systems that are N-limited
(Magnaniet al, 2007) though, as discussed previously, some eittave questioned the magnitude
of this impact (De Vriegt al, 2008).

In agricultural soils, N fertilization can enhanseil organic carbon (SOC) mineralization
(Lisovoi et al, 2001; Shevtsovat al, 2003)but studies of soil respiration suggest no change
(Kowalenko et al, 1978). Mineralization has been shown to be rethrdt very high N
concentrations (Henrikson & Brelland, 1999) andoimg term experiments in agricultural systems,
artificial N fertilization at much higher rates theeceived from natural deposition has reporteeitly |
to some small increases in SOC (Glendining & Pomld®95). However, a recent examination of
SOC at an experimental site receiving synthetieftlisation over a 40-50 year period indicated a
net decline in soil C (Khaet al, 2007).

In forest soils too, the evidence is contradictdngreases in soil respiration (i.e. short term
carbon loss) in response to N fertilization haverbeeported (Gallardo & Schlesinger, 1994; Brume
& Beese, 1992). While long-term (13 year) contineitigh N addition suppressed soil respiration
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by 41% in both hardwood and pine stands (Boweenl, 2004). It has also been suggested that
(relatively low) rates on N addition can supprestrespiration (Magnaret al, 2007).

Additions of N to forest soils often appear to lowlee C/N ratio without causing major changes in
the total amount of soil carbon (Neilset al, 1992; Harding & Jokela, 1994; Schlesinger &
Andrews, 2000). And an examination of soil C aftryears of N addition to Harvard Forest found
no significant change (Magiét al, 2004). More recently, however, consistent inaeds soil C in
N-fertilized forest plots have been reported wittciamulation rates appearing to be strongly
dependent on soil N status (Hyvonen et al., 200¥dgrtilisation also increased SOC sequestration
at N-rich sites, where the tree-growth responselassuggesting that reduced decomposition rates
after N addition may contribute to soil C accumioliat (Hyvonen et al., 2007a).

The contradictory evidence suggests that it mayoeqgtossible to make sweeping statements
about how soil C sinks will respond to increaseddyposition. Laboratory incubations of soils from
two long term forest fertilisation experiments sleoMa 30% reduction of the mineralization rate in
the organic layer of plots that had received N ol compared to control plots (Perssiral,
2000), and modelling of bomMC data from one of these sites, showed that theicest
mineralisation rate would significantly increaseG6tocks in the long term (Franklet al, 2003).
About 60% of this increase was estimated to be feodecreased decomposition rate, and the rest
from increased litter production. It has been sstgpk that the decreased decomposition rate was
driven by a fertilizer-induced increase in deconguaficiency (production-to-assimilation ratio), a
more rapid rate of decrease in litter quality, andecrease in decomposer basic growth rate (Persson
et al, 2000). Overall then, elevated N deposition mayle a decrease of the mineralization rate
and an accumulation of C in the organic layer (Hhardet al, 2007b). Very recently, increased
SOC accumulation in surface soil layers under lowmemal N addition rates in northern temperate
forests, attributable to decreased SOC decompngitites rather than increased detrital inputs, has
also been reported (Pregitzdral, 2008).

It is not clear whether large increases in soiboarcould be expected in areas that receive
excess atmospheric N deposition (Neils¢ral, 1992). The evidence remains mixed (Table 3), but
the majority of recent studies in N limited systesossuggest that N enrichment may suppress soil C
loss De Vrieset al, 2006; Hyvoneret al, 2007a; Magnaret al, 2007; studies listed in Table&)d
may therefore serve to enhance soil C siBK3C responses to N in the studies presented ireTabl
range from Og C gN (Harding & Jokela, 1994; Schlesinger & AndrewsQ@0Magill et al, 2004)
to 23 g C gN (Pregitzeret al, 2008), with those studies, all of which are forekt soils, showing
an increase in SOC ranging from 7 to 23 g C'dNuyzeret al, 1992; Nadelhoffeet al, 1999; De
Vries et al, 2006; Pregitzeet al, 2008). As such, soil C stocks may increase asnaerjuence of
increased N deposition in the future, but the saitom of this response remains unexplored.

The review of Loveland and Webb (2003) suggestetdl fitrtilizer-N addition, by increasing crop
yields and residue returns, increased the 'adtigetion of soil organic matter and hence nutrient
turnover. That review reported the results of kergn studies in which the active fraction of SOM
was increased by fertilizer-N use, but total soid€creased (e.g Grace et al., 2005), albeit such
decreases are usually attributed to cultivatioherathan to addition of fertilizer-N. Hence paft o
the apparent inconsistency in results may haverati®cause increases in active SOM may take
place while total soil C is decreasing.

Whilst N addition may increase SOC stocks in N tediforests, and may increase SOC
stocks very slightly in agricultural soils (dueit@mreased crop productivity and thereby increased C
inputs to the soil; Glendining & Powlson, 1995; uigb evidence is mixed, see Table 3), N addition
will also increase nitrous oxide emissions. Giveat thitrous oxide is 296 times more powerful per
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kg than CQ, the overall greenhouse gas benefit of N additioimcrease SOC stocks would likely
be negative (Smith et al., 2008).
Fertilizer-N use has made a large contributiorh®drowth in agricultural crop productivity
over the last 50 years, but further increased udlelead to greater emissions of,®. Hence,
perhaps, future emphasis should be concentratéldeoother main driver of productivity, improved
crop varieties, albeit the development of cerealeti@s which partition a greater proportion ofaiot
assimilate to grain have played a crucial rolenicreasing productivity. Perhaps the next goal for
plant breeding, would be perennial cereal cropswhould maintain, if not increase, soil carbon.

Table: Summary of studies providing evidence tbdt@ may increase, decrease or remain
unchanged under N enrichment

Evidence

Ecosystem /
Soil

Type of N addition

Notes

Studies suggesting
soil C loss under N
enrichment

Lisovoi et al. (2001)

Decrease in SOC — lon
term measurements

j Agricultural

Long term mineral
fertilizer

Shevtsoveet al. Decrease in SOC — long Agricultural Long term mineral | Some sites showed no
(2003) term measurements at fertilizer change or soil C gain by
many sites most showed soil C loss
Gallardo and Increased soil respiration  Forest Long term mineral
Schlesinger (1994) fertilizer
Brume and Besse | Increase in litter Forest Long term mineral
(1992) decomposition fertilizer
Hobbie (2000) Increase in litter Forest Long term mineral
decomposition fertilizer
Vestgarden (2001) Increase in litter Forest Long term mineral
decomposition fertilizer
Knorr et al. (2005) Increase in litter Forest Long term mineral | Only at sites with low
decomposition fertilizer ambient N deposition (5
kg ha* yr'™) and for high
quality (low-lignin)
litters
Studies suggesting
no change in soil C
under N
enrichment
Kowalenkoet al. No change in soil Abandoned Long term mineral
(1978) respiration agricultural fertiliser
Neilsenet al. (1992) | No change in soil Forest Long term mineral | Change in C/N ratio but
organic carbon fertiliser no large change in SOC
Harding & Jokela No change is soil organicForest Long term mineral | Change in C/N ratio but
(1994) carbon fertiliser no large change in SOC
Magill et al. (2004) No change is soil organi€¢orest Long term mineral
carbon (15 years) fertiliser
Prescott (1995) No change in litter Forest Long term mineral
decomposition rate fertiliser
Hobbie & Vitousek | No change in litter Forest Long term mineral

(2000)

decomposition rate

fertiliser
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Knopset al. (2007) No change in litter Natural Mineral fertiliser (2 | Change in litter
decomposition rate grassland year) chemistry but not

decomposition

Studies suggesting

soil C gain under N

enrichment

Glendining & Long term SOC meta- | Agricultural Long term mineral | Very small gain in SOC

Powlson (1995) analysis — gain in SOC fertiliser

Henriksen & Breland C mineralisation Agricultural Long term mineral | Mineralization may be

(1999) decrease during fertiliser retarded at very high N
incubation concentrations

Hyvonenet al Soil organic carbon Forest Long term mineral | 13 year continuous high

(2007a) increase - multiple sites fertiliser N addition suppressed

soil respiration by 41%
in both hardwood and
pine stands

Bowdenet al (2004) | Suppressed soll Forest Long term mineral
respiration fertiliser

Magnaniet al. Suppressed soil Forest N deposition (low

(2007) respiration rates)

De Vrieset al. Soil organic carbon Forest N deposition

(2006) increase - multiple sites

Prescott (1995) Litter decomposition | Forest Long term mineral
decrease fertiliser

Magill & Aber Litter decomposition Forest Long term mineral

(1998) decrease fertiliser

Knorr et al (2005) Litter decomposition Forest Long term mineral | Only at sites with
decrease fertiliser moderate ambient N

deposition (5-10 kg ha
yr ) or for low quality
(high-lignin) litters

Perssoret al. (2000) | C mineralisation Forest Long term mineral | 30% reduction in
decrease during fertiliser mineralisation rate
incubation

Franklinet al.(2003) | Modelled SOC Forest Long term mineral | 60% of increased SOC
accumulation fromt*C fertiliser estimated to be from
measurements decreased decompositia

rate and the rest a resul
of increased litter
production.

Craineet al. (2007) C mineralisation Rangeland Mineral fertiliser N limitation increased
decrease during decomposition
incubation

Evans et al. (20067)| Measured and modelledHeathland Long term mineral | Increased growth rates
increase in SOC fertiliser and litter production

Pregitzeret al. Surface SOC increased Forests Low rates (3 g | SOC increases due to

(2008)

NO; N m? yrt) of
mineral fertilizer

decreased decompositia
rate rather than increase
detrital inputs
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