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EXECUTIVE SUMMARY

The deliverable and acceptance criteria for this report are as follows:

Deliverable D4.6: Report on the findings i.e. Model outputs and what this uncovers in
terms of effects of LUC into Bioenergy crops and subsequent crop
management on soil carbon and GHG in the UK. Results to be
presented as bioenergy opportunity maps, in line with future
predictions of renewable energy requirements across the UK.

Acceptance Criteria: This report will provide a detailed discussion of the findings of the
meta-model - in terms of effects of LUC into Bioenergy crops and
subsequent soil carbon and GHG in the UK. The report will include
Bioenergy opportunity maps, in line with future predictions of
renewable energy requirements across the UK. The opportunity maps
will also be provided separately as high resolution images (jpeg or
similar). The report will be provided in both Microsoft Word and Adobe
pdf formats. The report will also have a clear executive summary,
contents page, next steps (linking it to previous and future
deliverables) and a complete 'references' section (references to be
provided in form of Global Change Biology Journal).

The aim of the ELUM project has been to develop a model to predict greenhouse gas
fluxes and changes in soil organic carbon content resulting from the conversion of land
to bioenergy crop production. This report documents the key results and findings of
the spatial modelling work undertaken to determine how land-use change to bioenergy
crops affects soil global warming potential (GWP) in the UK, for the period 2015-2050.
This work is the culmination of earlier deliverables that provided data on the impacts
of transitions to bioenergy crops on soil C (WP2), greenhouse gas emissions at the
network sites (WP3) and the subsequent development and parameterisation of the
model (WP4, deliverable D4.3). The model outputs generated as part this deliverable
provide the raw data for the look-up table that forms the basis of the spatial modelling
tool described in deliverable D4.3.

KEY FINDINGS

e Conversion of rotational crops to Miscanthus, SRC and SRF and conversion of
permanent grass to SRF show beneficial changes in soil GWP over a
significant area.

e Conversion of permanent grass to Miscanthus, permanent grass to SRF and
forest to SRF show small detrimental changes (0 to 50 t CO.e ha' after 35
years) in soil GWP over a significant area (where COze is carbon dioxide-
equivalent).

e Conversion of permanent grass to wheat, oilseed rape and sugar beet and all
conversions from forest show large detrimental changes (> 50 t COze ha™ after
35 years) in soil GWP over most of the simulation area, largely due to moving
from uncultivated soil to regular cultivation.

e Conversion of permanent grass to SRC (willow) also shows large detrimental
changes (> 50 t CO.e ha' after 35 years) in soil GWP over most of the
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simulation area, largely due to poor SRC yields leading to lower carbon returns
to the soil (see below)

e Impact of soil GWP is dominated by effects on soil organic carbon with the
difference among Miscanthus, SRC and SRF largely determined by yield, since
higher yields mean higher carbon returns to the soil, which increases soil
organic carbon stocks relative to low yield.

e Low yields lead to SOC decline, so a target for management of perennial
energy crops is to achieve the best possible yield by using the most appropriate
energy crop and cultivar for the local situation, as long as this can be done
without excessive nitrogen fertiliser use, which would increase nitrous oxide
emissions.

e Overall, SRF (poplar) offers the greatest beneficial impact on soil GWP, in
terms of both the magnitude and spatial extent of the decreases in GWP.

e The high, medium and low climate projections have an insignificant impact on
modelled soil GWP.

e Some sources of uncertainty in the model results relating to natural variability
in yield, climate and soils are difficult to quantify and should be considered
when interpreting the results.

e The criteria for selection of bioenergy crops extends beyond direct effects on
soil GWP to include GWP increases/decreases resulting from displaced food
production, bio-physical factors (e.g. the energy-density of the crop) and socio-
economic factors (e.g. expenditure on harvesting equipment).

Summary of methods

The ECOSSE soil carbon and nitrogen model was used to simulate the effects of land-
use change from rotational cropland, permanent grassland and forest to bioenergy
crops on soil organic carbon content and greenhouse gas emissions for a 35 year
period running from 2015 and 2050. Three ‘null’ transitions for rotational crops,
permanent grass and forest were also simulated to provide results for unchanged land-
use for comparison.

The model was applied over the whole of the UK on a 1 km grid basis. Grid cells which
contain inappropriate land for growing bioenergy crops were excluded from the
simulations. Simulations were carried out for each of the 5 dominant soil types in each
grid cell, using soil data from the Harmonized World Soil Database. Simulations were
conducted using three different climate scenarios: low, medium and high emissions.

Prior to each simulation, the model is initialised based on the assumption that the soll
organic carbon in the soil column is at stable equilibrium under the initial land use at
the start of the simulation. Following initialisation, the main simulation is executed,
which begins with land-use change from the initial land-use type to the bioenergy crop.
Any soil cultivation carried out during land-use change is simulated. The model then
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simulates soil dynamics under the bioenergy crop. The annual plant inputs of carbon
and nitrogen to the soil are calculated from the annual yield estimate for the crop
(obtained from a range of yield models), using crop-specific ratios estimated from the
literature.

Each perennial bioenergy crop (Miscanthus, SRC and SRF) is re-established after a
20-year period (the estimated productive life-span of the crop). Nitrogen fertiliser is
applied annually to each crop (if appropriate) following best-practice guidelines.

For all land-use types the changes in soil organic carbon and emissions of greenhouse
gases are calculated for the top metre of the soil profile (since this is the depth to which
soil data is provided by the soil database). Changes in soil organic carbon and
greenhouse gas emissions resulting from land-use change are calculated by
subtracting the results of the appropriate null transition from the land-use change
results, so that a change can be attributed solely to the land-use change. For example,
to calculate the impact of land-use change from permanent grass to SRC, the results
from the permanent grass null transition (i.e. grass remaining as grass), are subtracted
from the permanent grass to SRC results.

The results express the area-weighted average obtained from each of the 5 dominant
soil types in each grid cell. All results are reported in terms of CO-equivalent values
(CO2e), using IPCC 100-year GWPs.

Summary of results

Net global warming potential represents the combined effects of changes in nitrous
oxide, methane and soil organic carbon, and is therefore the most comprehensive
measure of bioenergy impacts. Only second-generation bioenergy crops (Miscanthus,
SRC and SRF) showed any beneficial changes in soil GWP; all conversions to first-
generation bioenergy crops (wheat, sugar-beet and oilseed rape) showed a
detrimental GWP.

Of the three initial land-uses, conversion from rotational crops has the most favourable
net GWP. Conversion of rotational crops to SRF, SRC and Miscanthus each showed
a beneficial response in almost all grid cells, with mean net GWPs of -126.9, -37.8
and -76.4 t CO.e ha' over 35 years respectively (section 3.1.4.1). In contrast, all
conversions from permanent grass result in a detrimental change in net GWP in all
grid cells except for SRF, which shows a small beneficial (> -21 t COze ha') change
over large parts of the West Midlands, East Midlands and East Anglia (section 3.1.4.1).
Transitions from forest show detrimental soil GWPs in all grid cells with mean soil
GWPs of 88.7, 128.6 and 102.9 CO.¢e ha™ over 35 years for SRF, SRC and Miscanthus
respectively (section 3.1.4.3). Overall, conversion of rotational crops to SRF is the most
favourable conversion because it has the most beneficial net GWP over the largest
area.

Conversion of land to bioenergy crops shows a large spatial and temporal variation in
net GWP and its components: soil organic carbon, nitrous oxide and methane. The
impact of land-use change on soil GWP depends upon the type of land-use being
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converted, the type of bioenergy crop planted and the geographic location. Overall,
changes in soil organic carbon content have the largest impact on net GWP, followed
by changes nitrous oxide and methane emissions. In general, most of the benefits to
soil GWP from favourable conversions are realised in the first 15-20 years following
conversion. After this time, the rate of decrease in net GWP slows as the soil carbon
content approaches a new equilibrium.

Simulations using different climate scenarios reveal a general trend towards more
beneficial GWPs as climate increases from low to high emissions, though the
difference between scenarios is very small for all transitions (section 3.2).

References to other ELUM Reports

The reader’s attention is drawn to the following additional ELUM reports which are
referred to in this report:

e BI1001_PM07.3.5_WP3_Bioenergy GHG and LUC v1.0
e BI1001_PM07.4.3_WP4_LUC and Crop Management Model v1.0

Full-page versions of each of the maps in this report are provided in a separate
appendix:

e BI1001_PM07.4.6_WP4_Effects on LUC in Bioenergy v1.5 Appendix Il
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1. INTRODUCTION

The modelling work of the ELUM project is divided into two main parts. The first is the
development and validation of the ECOSSE soil organic carbon (SOC) and
greenhouse gas (GHG) emission model, using data from ELUM field measurements
as reported in deliverable report D4.3 (BI1001_PM07.4.3_WP4_LUC and Crop
Management Model v1.0). The second part is to apply the updated ECOSSE model
spatially in the UK, using existing datasets as inputs, thus forming the basis for the
meta-model and spatial modelling tool (as detailed in D4.3).

The principal objective of the spatial modelling exercise is to estimate the effects of
land-use change (LUC) into Bioenergy crops on SOC content and GHG emissions in
the UK in order to identify bioenergy opportunities. Eighteen LUCs are considered:

¢ Rotational crops (which includes rotations consisting entirely of arable crops
and also those including rotational grass) to Miscanthus, short rotation coppice
(SRC; here represented by willow, since this is the SRC species used in
commercial plantations in the UK) and short rotation forestry (SRF; here
represented by poplar, since this generally shows the highest yield under UK
conditions)

e Permanent grass and forest to wheat, oilseed rape (OSR), sugar beet,
Miscanthus, SRC and SRF

e Three ‘null’ transitions for rotational crops, permanent grass and forest to
provide results for unchanged land use as a baseline.

Conversion from rotational crops to OSR, sugar beet and wheat are not considered
because the rotational crops land-use prior to transition is assumed to be the same as
that following the transition, resulting in no change in GWP.

This report provides a summary of the ECOSSE model, its application at the national
scale and the input data used to drive the simulations. Results from the spatial
simulations carried out to determine the effects of land-use change (LUC) into
bioenergy crops on SOC, GHG emissions and net GWP in the UK are presented. Net
GWPs from simulations carried out using data from low, medium and high emission
climate scenarios are compared to determine the impact of climate uncertainty.

Results are for the whole of the UK on a 1 km grid basis and express the area-weighted
average obtained from simulations of the 5 most dominant soil types in each grid cell.

For consistency and ease of comparison, all results (i.e. CH4, N2O, change in SOC
and net GWP) are reported in terms of COz-equivalent values (COe), using IPCC
100-year GWPs (IPCC, 2001); net GHG is therefore referred to as net GWP throughout
the report. More recent IPCC reports have provided updated GWPs from those given
in the IPCC 2001 report. However, for consistency with national inventory GHG
emission estimates, we have used the IPCC 2001 GWP values, following the
recommended practice for national GHG inventories. Results show the cumulative
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total of each output variable and are relative to the value obtained if no transition had
occurred (hence results show directly the effect of the transition).
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2. METHODS

2.1 ECOSSE model

The ECOSSE (Estimation of Carbon in Organic Soils — Sequestration and Emissions)
model simulates soil C and N dynamics in mineral and organic soils using
meteorological, land use, land management and soil data, and simulates changes in
SOC and soil GHG emissions. The model is able to function at the field scale or at the
national scale (using only the limited data available at this scale).

ECOSSE was developed from concepts originally derived for mineral soils in the RothC
model (Jenkinson & Rayner 1977, Jenkinson et al. 1987, Coleman & Jenkinson 1996)
and SUNDIAL model (Bradbury et al. 1993, Smith et al. 1996). ECOSSE describes soll
organic matter using 5 pools: inert organic matter, humus, biomass, resistant plant
material and decomposable plant material. All of the major processes of C and N
turnover are included in the model, but each process is simulated using only simple
equations driven by readily available inputs. This enables ECOSSE to be used for
national scale simulations for which only limited input data are available.

ECOSSE simulates the soil profile to a depth of up to 3 metres, dividing the soil into
5 cm layers to facilitate the accurate simulation of processes to depth. Plant C and N
inputs are added monthly to the decomposable and resistant plant material pools.
During the decomposition process, material is exchanged between the soil organic
matter pools according to first-order rate equations, characterised by a specific rate
constant for each pool. The rate constant of each pool is modified dependent on the
temperature, water content, plant cover and pH of the soil (with additional modifiers
dependent upon soil bulk density and inorganic N concentration in the case of
anaerobic decomposition). The decomposition process results in gaseous losses of
CO: and CHs, with CO2 losses dominating under aerobic conditions and CH, losses
under anaerobic conditions. ECOSSE also simulates the oxidation of atmospheric
CHs., which, under aerobic conditions, can lead to the soil being a net consumer of
CHa.

The nitrogen (N) content of the soil follows the decomposition of the soil organic matter,
with a stable C:N ratio defined for each soil organic matter pool at a given pH, and N
being either mineralised or immobilised to maintain that ratio. Nitrogen is released from
decomposing soil organic matter as ammonium (NH4*) or nitrified to nitrate (NOs’). C
and N may be lost from the soil by the processes of leaching (NOs), dissolved organic
C, and dissolved organic N, denitrification to nitric oxide (NO) and nitrous oxide (N20),
volatilisation or crop off-take. C and N may be returned to the soil by plant inputs,
inorganic fertilisers, atmospheric deposition or organic amendments (e.g. manure,
crop residues).

ECOSSE models the soil water content of each layer using a “tipping bucket” approach
based on SUNDIAL (Smith et al. 1996). Water flows through the soil as ‘piston flow’,
whereby water from precipitation entering the soil forces water in the soil deeper into
the soil profile. Precipitation fills the uppermost soil layer with water until it reaches field
capacity. Any remaining precipitation is then used to fill the next layer to field capacity.
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This process is repeated until no precipitation remains or the bottom of the profile is
reached. Any precipitation water remaining after filling all layers to field capacity is
partitioned between drainage (water leaving the soil profile), and excess, which is used
to fill layers to saturation from the bottom of the profile upwards. ECOSSE uses the
observed depth of the water table, the available water at saturation and weather data
to calculate the restriction to drainage (i.e. the fraction of the remaining water that
becomes excess), that is required to achieve the observed water table depth. Water is
also lost from the top of the profile as evapotranspiration, which is estimated using the
Thornthwaite (1948) method.

2.2 Spatial application of the model

The spatial simulations of the UK are carried out on a 1 km grid basis consisting of
nearly 0.25 million grid cells. Grid cells which contain inappropriate land for growing
bioenergy crops were excluded from the simulations based on the UKERC 7w land-
use constraints (Lovett et al., 2014; see section 3.2.3.2 in report D4.3 for more details).
The UKERC 7w constraints mask excludes grid cells that meet one or more of the
following criteria:

e Slope 2 15%

Peat (soil C = 30%)

e Designated areas

e Urban areas, roads, rivers

e Parks

e Scheduled Monuments/World Heritage Sites

e Woodland (except transitions to SRF)

The simulation of each LUC is carried out for up to 5 different soil types in each grid
cell to capture soil heterogeneity at the sub-grid cell level. All combinations of LUC
from rotational crops, permanent grass and forest to: wheat, oilseed rape, sugar beet,
Miscanthus, SRC and SRF were simulated, except for rotational crops to wheat,
oilseed rape and sugar beet which, being types of rotational crops, were considered to
be equivalent to no LUC. Three ‘null’ transitions for rotational crops, permanent grass
and forest were also simulated to provide results for unchanged land-use for
comparison.

The rotational crops land-use category represents land used to grow arable crops and
includes all-arable rotations and rotations that include rotational or temporary
grassland for part of the rotation. The permanent grass land-use category represents
permanent, uncultivated grassland only, since rotational grass is not a land-use, and
is part of rotational farming represented better by the rotational crops category.
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Results have been obtained using three different climate scenarios (see below) for a
35-year period running from 2015 to 2050. Prior to each simulation, the model is
initialised based on the assumption that the SOC in the soil column is at stable
equilibrium under the initial land use at the start of the simulation (see section 2.1.1 in
report D4.3).

Following initialisation, the main simulation is executed. This begins with LUC from the
initial land-use type to the bioenergy crop. Any soil cultivation carried out during LUC
is simulated. Since rotational cropland typically undergoes annual cultivation, the
model assumes there is no additional cultivation required for the establishment of
bioenergy crops. In contrast, the model simulates soil cultivation for LUC from
permanent grass and forestry because these land-use types typically require ground
preparation before bioenergy crops are planted. The model simulates physical
fragmentation of soil organic matter resulting from cultivation by moving a proportion
of the C and N in the humus pool, (which has a slow decomposition rate), to the
decomposable and resistant plant material pools (which have faster decomposition
rates). Redistribution of soil organic matter during cultivation is simulated by
homogenising the vertical distribution of the soil organic matter pools down to the
cultivation depth. The simulated cultivation depth for conversion from forest and
permanent grass is 0.5 and 0.3 m respectively.

After simulation of the LUC cultivation, the model simulates soil dynamics under the
bioenergy crop. The annual plant inputs of C and N to the soil are calculated from the
annual yield of the crop (provided as an input to the model), using crop-specific ratios
estimated from the literature.

For perennial bioenergy crops the model simulates annual yield dynamics over the
lifetime of the crop to account for reduced yields during establishment and peak yield
later in the crop lifecycle. Yield dynamics are modelled using the lifetime mean annual
yield of the crop (as an input to the model) and five crop-specific parameters:

1. Ypeakrato - ratio of peak annual yield to lifetime mean annual yield, used to
calculate peak annual yield.

2. Tpeak — time required for the crop to reach peak annual yield.

3. To—time spent at initial yield, before annual yield begins to increase towards
peak annual yield. Used to approximate a sigmoidal growth curve.

4. Yosac — initial yield as a fraction of lifetime mean annual yield. This parameter
is calculated from the other parameters to ensure that the lifetime mean annual
yield of the crop is preserved.

5. Lifetime — the lifespan of the crop.

The parameter values for each perennial crop, which are based on expert opinion, are
given in Table 1.1. The simulated yield dynamics are characterised by 3 stages: a
period spent at initial annual yield (SRF only), a period of linearly increasing annual
yield and a period spent at peak annual yield. An example of the growth dynamics of
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each crop given by the parameter values in Table 1.1 is shown in Figure 1.1. The
lifetime mean annual yields used as an input to the model are taken from a number of
sources, which are described in section 2.3.3.

Table 1.1: Yield model parameters for Miscanthus, SRC and SRF. See text for an explanation of each
parameter.

Lifetime
Crop Y peak-ratio Tpeak (Yyears) To (years) Yo-trac (years)
Miscanthus 1.1 5 0 0.299 20
SRC 1.1 6 0 0.433 20
SRF 1.6 15 4 0.267 20
18
16 -
= 14 -
©
<! | e Miscanthus
S
CETE
o) - = =SRC
g 35
>
Tg 6 - SRF
c
< 4
: —— — Lifetime mean annual
2 - yield
O T T T
0 5 10 15 20

Growth year

Figure 2.1: Annual yield dynamics of Miscanthus, SRC and SRF over the 20-year lifespan of each crop,
with a lifetime mean annual yield of 10 odt ha™'. Lifetime mean annual yield is represented by the dashed
grey line for comparison.

The annual yield dynamics of perennial crops typically follow a sigmoidal curve. Here,
we employed a simple linear-based approach to yield modelling to maintain model
parsimony. Miscanthus and SRC establish quickly and do not have a very pronounced
sigmoidal growth curve. Therefore, the linear increase during establishment will only
result in a small error in the timing of plant inputs to the soil (and subsequent effects
on the timing of changes in SOC and GHG emission). For SRF, which has a longer
establishment time and a more pronounced sigmoidal growth curve, we introduced an
additional flat growth phase at the start of establishment to better approximate the
sigmoidal curve and minimise the error in the timing of plant inputs.
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Each perennial bioenergy crop is re-established after a 20-year period (the estimated
productive lifespan of the crop). It is assumed that re-establishment does not involve
further cultivation. This assumption has been made because perennial bioenergy
crops can be re-established with only shallow soil disturbance or very localised soil
disturbance. Miscanthus crops can be re-established by herbicide application of the
existing crop followed by direct drilling of rhizomes. Ploughing of Miscanthus can be
avoided by exposing the rhizomes on top of the soil so that they dehydrate and die
(Caslin et al, 2011). SRC can be removed by application of herbicide followed by
mulching of the stools (using a bush-hogger), into the top 5-10 cm of the soil (Defra,
2004) and SRF may be re-established by planting between previous stumps (McKay,
2011). The impacts of soil disturbance during re-establishment of perennial bioenergy
crops are poorly understood and require further research (Grogan and Matthews,
2002). However, since the re-establishment of these crops can be made with only
shallow soil disturbance (the top 5-10 cm), or very localised disturbance (e.g. direct
drilling of Miscanthus and replanting SRF between stumps), we expect the impacts on
SOC to be small. Fertiliser is applied to Miscanthus and SRC at an annual rate of 30
and 60 kg N ha' respectively, following recommended practice (Caslin et al, 2011a;
Defra, 2010). Fertiliser is applied to SRF at a rate of 45 kg N ha™'. No fertiliser is applied
to Miscanthus, SRC and SRF during the first 2 years after planting, again following
best-practice guidelines (Caslin et al, 2011a; Defra, 2010).

Forest is assumed to be unfertilised. Rotational crops, permanent grass, wheat,
oilseed rape and sugar beet are assumed to be fertilised at a rate equal to the annual
crop N demand. Crop N demand is a function of plant yield and the C:N ratio of the
plant. Modelled crop N demand is high for wheat because it has a low C:N ratio and a
relatively high vyield. In contrast, modelled N demand for permanent grass is
significantly lower because it has a higher C:N ratio.

For all land-use types the changes in SOC and emissions of GHGs are calculated for
the top metre of the soil profile. Only the top metre is considered because this is the
depth to which soil parameters are provided by the HWSD soil database (see section
2.2.1). Changes in SOC, CHs and N2O resulting from LUC are calculated by
subtracting the results of the appropriate null transition from the LUC results, so that a
change can be attributed solely to the LUC. For example, to calculate the impact of
LUC from permanent grass to SRC, the results from the permanent grass null transition
(i.e. grass remaining as grass), are subtracted from the permanent grass to SRC
results. Each grid cell value in the model output represents the area-weighted mean of
the simulations carried out for each soil type in the grid cell.

2.2.1 Soil data

The Harmonised World Soil Database (HWSD) version 1.2 was used to provide initial
soil conditions in the model (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012). The HWSD
provides soil data to a depth of 1 metre at a resolution of 30 arc seconds (approximately
1 km), for the dominant soil types in each grid cell.

The soil properties used from this database to drive ECOSSE were: organic C content,
bulk density, pH, and sand, silt and clay faction. The HWSD does not include
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information on the water-holding capacities of soils so these were estimated using
British Soil Survey pedotransfer functions (Hutson and Cass, 1992), which performed
well in evaluations (Donatelli et al, 1996; Givi et al, 2004).

The HWSD also provides the percentage of grid cell area covered by each soil type.
The percentage cover is applied to the ECOSSE results for each dominant soil type in
each grid cell to produce area-weighted grid cell mean responses.

2.3.2 Climate data

ECOSSE requires precipitation and air temperature data which are used to drive the
soil water model and to determine temperature-based rate modifiers of various soil
processes. The meteorological driving data has been taken from the UKCPQ9 Spatially
Coherent Projections (Murphy et al, 2009). UKCP09 provides average monthly
temperature and precipitation in a 25 km grid for overlapping 30-year periods centred
upon decades ranging from the 2020s to the 2080s, for high, medium and low
emissions scenarios.

2.3.3 Yield data

ECOSSE requires yield data for each land-use type in order to estimate the monthly
plant inputs to the soil. Yield data for the bioenergy crops have been obtained from a
range of sources of varying spatial resolution.

Defra yield statistics from 2000 to 2008 were used to establish baseline yield values
for wheat, oilseed rape and sugar beet. Baseline yields (yields at the start of the
simulation period) for wheat and oilseed rape were calculated for each NUTS
(Nomenclature of Territorial Units for Statistics) level 1 region (12 regions for the UK).
Defra only provide national average yield values for sugar beet so the calculated
baseline yield is restricted to a single national value in this case. The baseline yield
values for the rotational crop land-use category follow those of wheat.

Yield estimates for wheat, oilseed rape and sugar beet under different climate
scenarios were obtained by adjusting the baseline yields using the Miami model (Lieth,
1975). Miami is an empirical net primary production (NPP) model that estimates annual
net primary production from mean annual temperature and annual precipitation. The
Miami estimate of net primary production was calculated for each decade in each grid
cell using the same UKCPO09 climate data that was used for the ECOSSE simulations.
The percentage change in net primary production relative to the baseline Miami net
primary production was applied to the baseline yield data to adjust the yield for each
climate scenario. Yield estimates for permanent grass and forest are obtained using
net primary production estimates from Miami, which are then linearly rescaled
according to observed peak yields (Living Countryside, 2013) to reflect differences in
grass and forest productivity.

Lifetime mean annual yield estimates for Miscanthus, SRC and SRF were obtained
from simulations using the models Miscanfor (Hastings et al., 2009), ForestGrowth
SRC (Tallis et al., 2012) and ESC-CARBINE (Pyatt et al, 2001; Thompson and
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Matthews, 1989) respectively. The yield predictions have been obtained using the
same UKCPQ9 climate and HWSD soil data used as inputs to ECOSSE. These models
are used due to their validated accuracy and use of compatible data. The lifetime mean
annual yields are provided for each decade because the UKCPO9 climate data
provides long-term average climate values centred on each decade (see section
2.3.2). As an ECOSSE simulation progresses, the annual yield for each year of the
simulation is calculated from the lifetime mean annual yield (as described in section
2.2) for the current decade. Therefore, if the lifetime mean annual yield changes
between decades, this is reflected by a change in the annual yield calculated within
the model.

SRC is represented here by willow. The yield modelling study of Hastings et al (2013)
found that SRC poplar outperformed SRC willow in all regions within Great Britain.
However, willow is the SRC species used in commercial plantations in the UK, with a
breeding and propagation program in Rothamsted and several European Union
countries. SRC poplar currently has a much lower commercial status than SRC willow.
This may in part be due to SRC poplar being a less practical crop for farmers because
it produces thicker stems that are not easy to harvest, whereas willow produces thinner
stems that can be harvested with a modified forage harvester. We therefore believe
that willow, despite lower yields, is likely to remain the dominant commercial SRC
species.

SRF is represented here by poplar, since Hastings et al (2013) found that poplar
outperformed all other SRF species included in the study except for sitka spruce in the
Scottish Highlands and Pennines (areas which are mostly within the UKERC
constraints mask). The other SRF species included in the study are: aspen (Populus
tremulaL.), black alder (Alnus glutinosal.), European ash (Fraxinus excelsiorL.), sitka
spruce (Picea sitchensis [Nong.] Carr.) and silver birch (Betula pendula Roth). The
lifetime mean annual yields of SRF poplar across Great Britain were at least double
those of other species. With no clear commercial benefits of selecting other SRF
species over poplar, we assume the strong commercial incentive offered by the much
higher yields will mean that poplar will be the dominant SRF species in the UK.
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3. RESULTS

This section describes and illustrates the findings from the spatial simulations.
Interpretation of the findings, including explanations for each section of results, is
covered in the Discussion (section 4).

3.1 Land-use change

The effects of LUC to bioenergy crops shown in this section are obtained from
simulations carried out using the medium climate scenario. All results refer to the
period 2015 - 2050 unless otherwise stated. The effects of each climate scenario are
described in section 3.2 of this report. The maps relating to change in SOC and net
GWP are divided into 3 categories, each with a specific colour scale: beneficial
responses (green, change in SOC greater than 0 t COze ha), small detrimental
responses (amber, change in SOC between 0 and -50 t CO.e ha') and larger
detrimental responses (red, change in SOC less than -50 t COze ha). The maps
relating to CHs and N>O are divided into just 2 categories: beneficial (green) and
detrimental (red) in order to maintain brevity and because these variables influence
net GWP less than changes in SOC. Larger (full-page) versions of all maps are
available in a separate appendix: BI1001_PMO07.4.6_WP4_Effects on LUC in
Bioenergy Appendix Il v1.5.

3.1.1 Effects on soil organic carbon

The mean, minimum and maximum changes in SOC from 2015 to 2050 following LUC
from rotational crops, permanent grass and forest are shown in Tables 3.1, 3.2 and
3.3 respectively.

Table 3.1: Mean, minimum and maximum cumulative change in SOC (t COze ha™) from 2015-2050
following conversion from rotational crops to bioenergy crops under the medium climate scenario.

Wheat  OSR S:e%"‘;r Miscanthus  SRC SRF
Mean n/a n/a n/a 55.4 18.7 102.9
Min n/a n/a n/a -0.7 -27.4 9.9
Max n/a n/a n/a 121.8 114.4 205.4

Table 3.2: Mean, minimum and maximum cumulative change in SOC (t COze ha™) from 2015-2050
following conversion from permanent grass to bioenergy crops under the medium climate scenario.

Wheat  OSR S:e%"‘;r Miscanthus  SRC SRF
Mean 854 1199  -1186 447 -70.0 243
Min 2206  -2835  -2825 1478 -186.3  -147.1
Max 37.8 -65.3 64.2 1.7 -33.0 30.2
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Table 3.3: Mean, minimum and maximum cumulative change in SOC (t COze ha') from 2015-2050
following conversion from forest to bioenergy crops under the medium climate scenario.

Wheat OSR S;‘e%‘:' Miscanthus  SRC SRF
Mean 117.9 1497 1485 782 -102.0 -64.0
Min 3215  -369.0  -365.4 216.8  -251.8  -219.1
Max -56.8 816 -80.6 -31.0 -56.6 46

Grid cells with a larger detrimental, small detrimental and beneficial change in SOC
are shown in Figures 3.1, 3.2 and 3.3 respectively. These maps (together with the
results presented in Tables 3.1 to 3.3) show that whilst there is a strong spatial
variation in SOC response for each LUC, the initial land-use type is the most significant
determinant of SOC response, with transitions from rotational crops being broadly
beneficial and transitions from permanent grass and forest being broadly detrimental.
In general, the change in SOC resulting from conversion from forest is more
detrimental than from grass.

3.1.1.1 Conversion of rotational crops

Conversion of rotational crops to Miscanthus, SRC and SRF generally result in a
beneficial change in SOC, with conversion of rotational crops to SRF showing a
beneficial change in every simulated grid cell. Rotational crops to SRF shows the
largest mean accumulation of SOC, nearly double that of rotational crops to
Miscanthus, which has the next highest mean accumulation of SOC.

Conversion from rotational crops to Miscanthus and SRC shows some areas with a
small detrimental change in SOC, though for Miscanthus this is restricted to a very
small number of grid cells in East Anglia which have only a very small detrimental
change in SOC and is therefore of minor concern. No conversions from rotational crops
show a large detrimental change in SOC. All other LUCs show a mean (detrimental)
loss of SOC. LUCs from permanent grass and forest to wheat, OSR and sugar beet
show the largest mean SOC losses.

3.1.1.2 Conversion of permanent grass

All conversions from permanent grass show a mean detrimental change in SOC, with
conversions to wheat, OSR and sugar beet showing the most detrimental changes.
However, conversions from permanent grass to Miscanthus and SRF show a beneficial
SOC response in some grid cells. For Miscanthus this beneficial response is restricted
to a small number of grid cells in southern England, whereas for SRF the beneficial
response is widespread over central and eastern England.

Conversions from permanent grass to wheat, OSR and sugar beet are dominated by
large detrimental changes in SOC. Of these conversions, only wheat has areas that
fall into the small detrimental change category, and these are confined to a small
number of grid cells occurring predominantly in East Anglia and East Midlands.
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3.1.1.3 Conversion of forest

As with conversions from permanent grass, all conversions from forest show a mean
detrimental change in SOC, with conversions to wheat, OSR and sugar beet showing
the most detrimental changes. Moreover, none of the transitions from forest show a
beneficial change in SOC anywhere in the simulated area. A small detrimental change
in SOC occurs for two of the bioenergy crops: SRF (over most of the simulated area)
and Miscanthus (confined mainly to two areas located in southern and north-east
England). All other transitions from forest (wheat, OSR, sugar beet and SRC) show a
large detrimental change in SOC throughout the simulation area.
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Figure 3.1: Maps showing grid cells with a large negative (detrimental) change in SOC (less than -50 t
COze ha'") for the period 2015 to 2050, following conversion from rotational crops, permanent grass and
forest to bioenergy crops under the medium climate scenario. The legend shows the colour code of
change in SOC. Grey represents excluded areas and areas that do not have a large negative change in
SOC.
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Figure 3.2: Maps showing grid cells with a small negative (detrimental) change in SOC (between 0
and -50 t COze ha™") for the period 2015 to 2050, following conversion from rotational crops, permanent
grass and forest to bioenergy crops under the medium climate scenario. The legend shows the colour
code of change in SOC. Grey represents excluded areas and areas that do not have a small negative
change in SOC.
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Figure 3.3: Maps showing grid cells with a positive (beneficial) change in SOC (more than 0 t COze ha™)
for the period 2015 to 2050, following conversion from rotational crops, permanent grass and forest to
bioenergy crops under the medium climate scenario. The legend shows the colour code of change in
SOC. Grey represents excluded areas and areas that do not have a positive (beneficial) change in SOC.
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3.1.1.4 Temporal dynamics

The mean cumulative change in SOC over time for each transition is shown in Figure
3.4. Conversion from rotational crops to Miscanthus and SRF show the most rapid
increases in SOC, with both crops showing an approximately equal increase in SOC
after the first 10 years. After 10 years, however, SRF begins to accumulate SOC more
rapidly than Miscanthus. Rotational crops to SRC shows little change in SOC after 5
years, then begins to gradually increase.

All other LUCs show rapid SOC loss during the first 5 years following conversion. The
rapid SOC loss during this period is due to the simulated cultivation event that occurs
when converting permanent grass and forest to a bioenergy crop (see section 2.2).
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Figure 3.4: Time series of mean cumulative change in soil organic carbon (SOC) resulting from land-use
change to bioenergy crops in 2015 under the medium emissions climate scenario. Shaded areas show
the 95% confidence interval of the distribution of modelled results from the simulations across the UK.
Error bars show the model error based on the comparison of modelled and measured SOC from the site-
level modelling study.

After five years, some LUCs begin to show a significant decrease in the rate of SOC
loss, with permanent grass to SRF beginning to show an accumulation of SOC
approximately 15 years after LUC. Thirty-five years after LUC, permanent grass and
forest to Miscanthus and forest to SRF are, on average, approaching a new equilibrium
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(or near-equilibrium) SOC level, in which plant C inputs to the soil approximately equal
C losses from the soil.

3.1.2 Effects on N20 fluxes

The mean, minimum and maximum changes in N2O flux from 2015 to 2050 following
LUC from rotational crops, permanent grass and forest are shown in Tables 3.4, 3.5
and 3.6, respectively. Comparison of these results with those of changes in SOC in
Tables 3.1, 3.2 and 3.3 show that, overall, mean changes in N2O emissions have a
much smaller impact than mean changes in SOC.

Table 3.4: Mean, minimum and maximum cumulative change in N20 flux (t COze ha') from 2015-2050
following conversion from rotational crops to bioenergy crops under the medium climate scenario.

Wheat  OSR S;ege";r Miscanthus  SRC SRF
Mean n/a n/a n/a -21.0 -19.0 -24.0
Min n/a n/a n/a -33.6 -30.8 -37.3
Max n/a n/a n/a -13.2 -12.5 -15.8

Table 3.5: Mean, minimum and maximum cumulative change in N20 flux (t COze ha') from 2015-2050
following conversion from permanent grass to bioenergy crops under the medium climate scenario.

Wheat OSR Sugar  Miscanthus SRC SRF
beet
Mean 35.9 10.9 20.5 8.8 10.5 8.6
Min 23.6 -0.6 10.3 0.2 1.6 -2.1
Max 74.8 54.3 62.1 43.9 49.2 442

Table 3.6: Mean, minimum and maximum cumulative change in N20O flux (t COze ha™') from 2015-2050
following conversion from forest to bioenergy crops under the medium climate scenario.

Wheat OSR Sugar Miscanthus SRC SRF
beet
Mean 52.4 27.3 36.9 24.7 26.6 24.7
Min 39.0 16.8 25.4 13.6 17.9 16.5
Max 88.0 56.4 66.5 42.9 47.7 42.3

The spatial distribution of detrimental and beneficial change in N2O emissions are
shown in Figures 3.5 and 3.6 respectively. These maps show that there is less spatial
variation in NoO emissions than for changes in SOC. Where changes in N2O are
beneficial (Figure 3.6), the effect is more pronounced on the west side of the UK than
on the east. Within the permanent grass and forest land-use categories, conversion to
wheat results in the most detrimental change in N-O emissions, followed by sugar beet.
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Mean changes resulting from conversion to OSR, Miscanthus, SRC and SRF are all
fairly similar.

3.1.2.1 Conversion of rotational crops

Conversion of rotational crops to Miscanthus, SRC and SRF results in a negative
(beneficial) change in N2O emissions in every grid cell. The largest beneficial changes
occur under SRF, followed by Miscanthus and then SRC, though the mean changes
are all fairly similar (within 5t CO.e ha™' of each other).

3.1.2.2 Conversion of permanent grass

Conversion of permanent grass to bioenergy crops generally shows a small mean
(detrimental) increase in N-O emissions (typically less than 21 t CO.e ha™), although
the change following conversion to wheat is significantly higher than for other
bioenergy crops (35.9 t CO2¢e ha™). Conversions from permanent grass to wheat, sugar
beet, Miscanthus and SRC show a detrimental change in N2O emissions in every
simulated grid cell. SRF predominantly shows a detrimental change in N.O emissions
except in a few small areas in the South West and North West of England, where very
small (> -3 t CO.e ha') beneficial reductions in N.O emissions occur. Similarly, OSR
shows very small (> -1 t COze ha') beneficial changes in N.O emissions in two very
small areas in South Wales and the North West of England.

3.1.2.3 Conversion of forest

Conversion from forest always (in every grid cell) results in a detrimental change in
N20O emissions. The mean change in N-O emission for each bioenergy crop is always
larger for conversion from forest than from permanent grass.
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Figure 3.5: Maps showing grid cells with a positive (detrimental) change in N2O emissions (t COze hal)
for the period 2015 to 2050, following conversion from rotational crops, permanent grass and forest to
bioenergy crops under the medium climate scenario. The legend shows the colour code of change in N2O
emissions. Grey represents excluded areas and areas that do not have a positive (detrimental) change in
N20 emissions.
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