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1 Introduction

The land cover of England is the result of a coratiam of natural and physical processes and
the influence of external drivers that have changest timescales of decades, centuries and
millennia. These processes and influences are still shapiniguod cover and will continue to
do so in the futureDutside urban areas, the land cover is predomwanritbenced by
agriculture and changes can happen over shortsiales, as rapidly as from year to year, as
farmers respond to economic pressures and markettoities.Since the World Wars,
agriculture has essentially been synonymous wibkl faroduction but, at the end of the
twentieth century, low profit margins from food pgy coupled with concerns over oll
supplies, resulted in an increasing interest info@ad crops, particularly those that could be
used as feedstocks for enerbypn-food crops, specifically grown for energy protion, are
called biomass crops and include grasses andwigiel would be a significant change in
land-use from arable agriculturEhis has raised concern about the lack of knowlentge
possible impacts of such a potentially large-staid cover change, for example on water,
biodiversity and the historic environmefmitis report describes a literature review of the
aspects that are likely to be relevant to the pvad®n of the historic environment, of the two
biomass crops commercially grown in England: shatetion coppice willow and
Miscanthus As such, it mainly considers the subsurface emvirent and makes comparisons
with other, selected rural land covers: conventienaps, grassland and woodland. The report
Is structured to represent the major issues that haen considered:

The current and future scale and distribution oftass plantings;

Impacts of mechanical operations;

Soil water content;

Soil chemistry and water quality

These are discussed in detail in the relevanisecand an extended summary is included
which omits the discussion of the evidence base.



2 Extended Summary

2.1 Background

Short rotation coppice (SRC) willow aiMiscanthusare classed as biomass crops — grown
with the primary objective of harvesting and usungually all the above ground growth (the
biomass) for energy or other non-food uses. Thex@aumber of potential uses but the
current dominant driver is to use the biomassfaedstock for energy production. In terms of
their management and crop cycle they are veryréifiteto conventional crops — see section
2.3.

Interest in biomass crops, in the UK, began dutiregoil crisis of the 1970’s and was driven
by a rise in fossil fuel prices. Initially, thistarest focussed on short rotation coppice (SRC),
especially willow which had been the subject oesesh previously. Although market interest
in biomass subsequently decreased, with the faliliprices, research continued so that,
when farmers were searching for alternative craghe 1990’s, there was a body of
knowledge about biomass crops that could be drawi$BC willow andvliscanthusa semi
—temperate grass, have emerged as the preferredhtheblbiomass crops in the UK. The
recent interest in biomass crops is driven domigdnt as sources of alternative incomes for
landowners, as a means of climate change mitigagi®security of energy supply.

The anticipated end-uses of biomass crops haveased over the last 20 years. Originally,
they were seen as being used in direct combugtiohgeat and/or electricity generation.
Direct combustion for heat is still the most thellsnafficient method but is not widely used
in the UK. Thermal conversion to produce electyicstdone on a large scale, either in
dedicated plants or mixed with coal (co-firing).wkwver, most of the biomass used in these
plants is currently imported. In the future, iexpected that biomass crops will be used as
feedstock to produce biofuels, using so called s@generation processes, but this
technology is not currently operational commergiall

Three key attributes are required from a biomagp or order for it to be cost effective:

High output

Low input

Harvested material suitable for end use
In practice, high output is synonymous with higélgibecause there is little variation in the
calorific content per unit dry matter between tloenthant crops. A low input is required to
minimise the initial and recurrent costs. As a lieserennial crops, with an economic life
time of about two decades, tend to be preferred aweual crops in order to reduce
establishment costs. In addition, efficient reayglof nutrients, low incidence of diseases and
insect pests, and low weed control requirementsralduce input costs. Finally, an end
product that has low water content and low conegioins of elements that could be
detrimental to the processes used for energy ptimauis required.

2.2 Summary of the issues relevant to the historic environment

The table below draws together the informationeexsad with respect to different issues
(rooting depth, soil compaction etajo a simple classification which depicts whether
change from a conventional land cover to eitheéhefbiomass crops is neutral, positive or
negative for a given issue. It is an approximabased on the overall findings, which for



many issues are in need of further study. As sushduld be used with extreme caution and
only with reference to the section dealing in detath the issue concerned.

SRC willow as compared with: Miscanthus as compared with:
arable grassland  woodland arable grassland  woodland
crops crops

Rooting depth

Crop establishment 41.1 41.1
Crop removal _ 4.1.4
Soil compaction 4.1.6 4.1.6
Soil erosion 4.1.7 4.1.7
Soil water quality 4.3.1.2 4.3.2.2
Soil chemistry 43.1.1 43.2.1

Negative - significant issue for considerationeiplaced by the
biomass crop

Neutral - no significant change anticipated if eg@d by the
biomass crop

Positive — significant improvement if replaced hg biomass
crop

Table 1 Comparison of the issues which might impaon the historical environment of SRC willow and
Miscanthuswith other land covers. The red blocks highlight ptential issues for concern. The numbers in
the cell are the Sections in this report which disgss that issue. NOTE this table only gives indicatée
classifications and readers must refer to the detksi in the relevant text.

2.3 The characteristics of SRC willow and Miscanthu S

Compared to conventional agricultural crops, traees:
are perennial and likely to lne situ for around 20 years; there are no annual
cultivations;
have relatively low plant population densities;
are usually harvested later — in the winter orrgpri
are taller, up to 3 m favliscanthusand 8 m for SRC willow, for a large part of the
year
are deeper rooting, potentially in excess of 2 m;
less mechanical operations are required.

Willow uses the gphotosynthetic pathway (as do the vast majoritglahts in the UK). It is
usually planted in the spring. The plants are agklat the end of the first year to stimulate
coppicing, i.e. the production of more branchegratind level. The first harvest is then taken
three years after cutback, i.e. four years aftengohg. Harvests are subsequently taken at
regular intervals, generally every three yearsythation period. A leaf litter layer
accumulates, due to leaf fall in the autumn, wihielps to recycle nutrients. Herbicides are
often required in the establishment year, and agfén cutback and each harvest. Fertilizers



can also be applied after each harvest, when tgeisrshort enough for conventional
application equipment to be used.

Miscanthushas the ¢photosynthetic pathway (generally found in tropmasemi-tropical
grasses) but it can grow more efficiently at lomperatures than most othey @ants. It is a
rhizomatous grass; the rhizomes are the below grstorage and perennating organ. The
hybrid of Miscanthusgrown for biomasdyliscanthus x giganteuss a naturally occurring
inter-specific hybrid which does not set fertiledeand so has to be multiplied vegetatively.
The usual method of propagation is to use pieceSindme, harvested from crops two —
three years old, which are usually planted in Mardkpril. At the end of the first year there
Is insufficient growth for economic harvesting,tbe aerial biomass is mown and left in the
field. This starts the build up of a layer of mulmh the soil which is added to in subsequent
years by théMiscanthudeaves which drop off in the late summer and autbefore each
harvest. The mulch helps to suppress weed growdtttanserve water. The first proper
harvest is taken at the end of the second yearthencrop is then harvested annually, usually
around March. Herbicides are used at establishraadtpccasionally in mature crops. Most
commercial crops currently receive no fertilizer.

Both biomass crops are established with a relatwade spacing between plants and rows
when compared with conventional agricultural crdpghe case oMiscanthusthe rhizomes
spread slowly so the rows ultimately disappearandiform stand results.

Both crops are deeper rooting than conventionas;revhich can cause concern to growers as
the roots may block field drains, where these agsgnt. It is thought that this is more likely

to occur with willow. The rooting depths of the fyiass crops are, however, comparable to
those of trees.

2.4 The scale and distribution of biomass crop plan tings - current
and future

In England, the Energy Crops Scheme, which stant@®01, pays a planting grant to
growers ofMiscanthusand SRC. The current areas planted under thisnSelaee scattered
throughout England but they are more common irSihieth West and the East Midlands.
Some crops were planted before the Scheme stadhly about 2000 ha of SRC for the
ARBRE project, in Yorkshire, in the late nineti@meMiscanthuswas also established
prior to the Scheme starting and, since 2001, sooes have been planted outside of the
Scheme, usually because they were grown for ubes thitan energy, e.liscanthusor
rhizome production and horse bedding. So in tthake is likely to currently be around 10
000 ha of dedicated biomass crops in England, appsadely two thirds of which is
Miscanthug(cf 3,700,000 ha of cropped land in England)

It is very difficult to estimate the future scalelmomass crops as it will be influenced by a
number of factors, e.g. the profit margins of carti@al crops; the price of fossil fuels;
regulatory schemes promoting renewable energy;desperceptions etc. A number of these
factors are global and so not easily predictedheg, tin turn, reflect global economic and
political conditions.

There are currently, in 2009, three drivers sugingsthe uptake of biomass crops. Firstly,
although the profit margins from food crops havelided since the peak in 2008, higher
profit margins on conventional crops reduces theéa's interest in planting biomass crops.



Secondly, the EU has reduced the requirement teassde to 0%, because of high grain
prices and low grain stocks This affects the ptaptf biomass crops because the regulations
allowed the planting of non-food crops on set-asiderdly, there was a temporary
disincentive because the re-writing of the EnergypS Scheme took longer than expected.

In contrast, there are two favourable factors eraging the market for biomass crops.
Firstly, the prices of fossil fuels reached allgitmghs in 2008 and, although they
subsequently fell significantly as a result of tteevnturn in the global economy, higher
prices are anticipated to be the norm in the lotgen, encouraging the search for cheaper
alternatives. Secondly, the proposed changes tBé¢hewables Obligations should increase
both the demand and price of biomass. In the leng,tthe development of second
generation biofuels, which use ligno-cellulose &sealstock, will increase demand for
biomass crops.

In the longer term, the UK Government’s Biomassit®gy has identified that up to 350 000
ha may be used for biomass crops by 2020. Althalighis now interpreted as an aspiration
rather than a target, it indicates the scale aitpig required to meet the Government’s
objectives.

Just as it is difficult to predict the scaling ¢&pting, it is also difficult to predict where itilv
be grown as this is likely to be influenced by #mel use of the crop. Where the use is small
scale, e.g. for an office or school, the plantinime small scale and the distribution close to
the user; a few fields near the locality will béfgient. In contrast, where the use is large
scale, e.g. a dedicated biomass power statiomlémtings are likely to be clustered around
farm businesses that have decide to plant a signifiproportion of their land with biomass,
in a region around the user. In the longer term,dévelopment of very large scale demand,
e.g. a biorefinery producing biofuels, may resuithe catchment for feed stocks being
substantial, probably including imports from ouésttie UK.

The nature of the landscape will also influencedisgribution of biomass crops. Currently,
most biomass crops have been established on daabldut, future planting may replace
grassland. In addition there are constraints ims$eof: the soil type, climate and the
efficiency of mechanical operations. In particutax temperatures or, to a lesser extent, low
summer rainfall may restrict the yield and thus eakunprofitable to grow biomass crops in
particular areas.

Future climate change may have an impact on theeld where biomass crops are planted,
although there is a complex interplay of a numiddactors so it is difficult to currently form
any specific conclusions. Factors that may haveftact are:
- Higher levels of atmospheric G@cting to “fertilise” the crops;
- Increased concentrations of ozone in the lower gpiere may result in crop damage;
- Predicted increases in average temperaturesxtélhd the growing season and may
also allow the crops to be grown in areas whichewpgeviously too cold;
- A decrease in summer rainfall may result in grobeing limited even more by water
availability, particularly in areas of low summainfall.

2.5 Subsurface impacts of mechanical operations

Due to their perennial habit, subsurface mechamipatations for biomass crops only occur
prior to establishment and during plantation renho&a exception is the production of



Miscanthughizomes, for planting material, which are obtdifitem crops that have been
grown for three years, usually with a higher plagtiensity than biomass production crops.
The rhizomes are harvested using one or two passesotary tiller to break up the rhizomes,
with pieces then lifted using a stone picker oubbkpotato harvester, and so the mechanical
operations are within the depth of normal mechdmparations for conventional crops.

The operations required for planting SRC willow &fidcanthusare fairly similar to each
other. Planting takes place in Spring; between taatyrand June are the maximal though, for
best results, between March and May is preferreghdtation before planting could include
removal of large stones to facilitate machineryrapens, but this is rarely if ever done in the
UK. Occasionally, where appropriate, the soil issailed to 35-40cm before planting, e.g. to
remove a plough pan which can limit growth. The soihen ploughed 20-30cm deep in
autumn using standard farm equipment and left emewter to aid breakdown of soil by
frost. Shortly before planting both crops, the lamdultivated to produce a fine tilth. These
soil tillage requirements are typical of most agitigral crops, and where the crops are being
grown on arable or non-permanent grassland, itistitikely that similar operations would
have been carried out many times previously fomother cropsMiscanthushizomes are
planted fairly shallow, 5- 20cm, as emergence fdm@aper planted rhizomes takes longer
reducing the establishment and survival rates.tiPigiof SRC willows generally uses semi-
automatic step planters which cut rods of willowoiouttings, 18-25 cm long, which are
inserted into the soil vertically, before firminget surrounding soil.

Thus the mechanical operations required for plgrbiomass crops do not differ significantly
from those required for conventional crops.

In contrast, plantation removal is not usually fieegi for conventional crops; even in the rare
case of removal of woodland, e.g. for habitat negton, passive methods are used. In
general, a biomass crop plantation will be remaoaetthe end of its economic life, which is
anticipated to be about 20 years. However, it coaltur earlier for a number of reasons, e.g.
poor productivity, economics or plant breeding imy@ments. In the case Mfiscanthushe
procedure is comparatively simple as it involvesdpplication of a post emergence herbicide
in the spring, followed by ploughing or rotovatiahich is unlikely to be to a depth greater
than 30 cm and thus comparable in depth to ploggfaina conventional crop.

The removal of SRC willow is a more complex magted the method used tends to reflect
the age of the plantation. Plantations under twaryeld are removed by the plants being
ploughed back into the soil using a conventionaugh. Plantations that have undergone one
or two harvest rotations can be removed in a similanner to that used witMiscanthusi.e.
application of a post emergence herbicide in tmagpfollowed by ploughing. The

application of a herbicide in the spring is alsedifor removing mature plantations, but there
are a number of options for removing the stumpu@ting may be used but the timing of this
will depend on the size and decay rate of the sfuingpuld be up to three seasons after the
application of the herbicide. Mulching the soil astdmp/root material decreases the time
taken to convert the land for establishing anotinep. It might be possible to use a tractor
driven mulcher to a depth of 4-7 cm. Older plawotadi can be mulched to up to 90 cm depth
using one or two passes of a modified peat cutteeduce the biomass to wood chips,
however we have not known of this being done inUKe Complete removal of the stumps is
possible, using a bucket attached to a diggener lne stumps out, followed by cultivating

to remove the finer roots. However, this methoal$® expensive and can adversely affect the
soil structure and so is likely to be used rar&hys the removal of mature SRC willow



plantations could involve mechanical operationa ttepth of 90 cm, substantially deeper than
any mechanical operation generally associated avithnventional crop although comparable
to some used in forestry.

2.6 Soil compaction and erosion

Soil compaction usually affects just the topsaiit im some circumstances may also affect the
subsoil. Compaction increases soil bulk densitylzesla negative effect on the number and
volume of pores and associated organisms. Furtlretma@ter and air permeability is
decreased and there is a greater root penetrasmstance. Consequently soil compaction
from machinery can affect the entire soil systefth@ugh there are few studies focussing on
biomass crops, comparisons can be made betwe@netbsure exerted by conventional
equipment and equipment used for biomass cropshamck predictions of effects can be
made.

The number of vehicle passes that a field recatvepled with the weight and pressure
exerted from a pass are key factors in understgrikely soil compaction and its extent in a
field. A pass of machinery counts as one vehicleingover the soil, i.e. a tractor and trailer
constitutes two passes.

Wheels ruts are the most common form of damagesancte of compaction. They are
caused by solil being pushed out and up from undénneheels, causing increased soil
density under the rut. Soils with greater clay eohsuffer deeper ruts. The exposing of the
lower soil increases risks of soil erosion, whighmore likely to occur on steeper slopes.

The amount of soil water is the most importantdadetermining the soil compaction process
and the soil water content should be below thetipléisit to prevent long term damage.
During the winter months a general increase in iatatent leads to a reduction in the
number of working days available.

Once the SRC crop is established, the dominant amécdl operation is harvesting. The two
types of harvester, used for SRC willow in the Wi§th require tractors and trailers to collect
the crop from the harvesters and it is possiblegbeaeral tractors and trailers may follow a
harvester. Studies have concluded that the hargestese minimal ground damage but the
tractors and trailers cause rutting which can gaeiicant in wet conditions. It should be
noted that harvesting generally occurs every theak.

In contrast, the harvesting bfiscanthuss more typical of a conventional crop, due to the
annual cycle and the lack of definable rows. Thetéd data available suggests that the
harvesting machinery does not affect the soik peculated that the increasing levels of soll
organic matter, coupled with the production of atrand rhizome mat, may help prevent soil
damage.

Conventional, annual, crops allow the grower thpaofunity to sub-soil to remove the effects
of compaction. This option is not available witlodmiass crops but the available evidence
suggests that soil compaction is less of an isstiebaomass crops due to the reduced
number of mechanical operations.

In the UK, the average annual amount of soil foromais over an order of magnitude less
than the average erosion rate of cropland. Thieminantly because removing the ground



cover, thus exposing bare ground to the environnecieases the risk of sediment loss
through water and wind erosion. It should be nolted soil erosion can result in deposition
elsewhere, increasing the soil depth. Soil typelaadtion affect the amount of sediment loss,
but in general, processes removing the finer swoiligdes reduce soil depth and increase bulk
density. During biomass crop production the highis&s of soil erosion occur during
establishment, harvesting and final plantation reashd-or up to 24 months during
establishment, and dependent on the removal metsed| up to another 24 months at the end
of the plantation lifetime, soil erosion is likeky be high at vulnerable sites. Harvest erosion
losses occur across a much more restricted timeefthan with conventional crops. There is
very little information about soil erosion rates lbomass crops but what there is suggests
that the rates are significantly less than thosafable crops and may be comparable with
those from grassland. They appear to be higherttiese associated with undisturbed forest
but comparable to those for harvested forestspadth they may be lower during the
establishment phase.

2.7 Soil water content

The soil water content is a complex function o€ thtes of precipitation and irrigation; the
rates of evaporation (dominantly determined bysbgetation structure), the root depth and
density; and the soil hydraulic properties. In Emgl the dominant factor determining the
seasonal evaporation rates is the amount of dowhs@ar radiation at the land surface; so
evaporation rates are at their lowest during th@eviand highest during the summer. An
exception to this can occur with coniferous woodlas the greater aerodynamic roughness
can result in evaporation rates during the wirttat aire comparable to those in summer. In
contrast the average monthly precipitation ratesegther higher in winter, mainly in the west
of the country, or similar throughout the year. THadance between these rates means that soil
water deficits (which are defined as water contéags than the water content at which
drainage ceases) are very rare in winter. So, ébraage in land cover at a specific location
(i.e. with a defined soil and climate) the majastéas determining the extent of soil water
deficits are the evaporation rates during the sunmane the rooting depth and density. Most
vegetation roots down to a depth of at least 0.8ars0il water deficits can be anticipated to a
depth of at least 1 m, allowing for a capillarynfye, in virtually all conditions except where
the water table is shallower than this depth, @age to a permanent body of water. Thus, in
the context of this report, changes between vagetagpes with shallow rooting depths and
those with deep rooting depths is important. BA®CSwvillow andMiscanthushave rooting
depths of up to 2.5 m, i.e. deeper than grass asd agricultural crops (exceptions are
maize, which can develop roots down to 2 m anckedsrape which can root down to 1.5 m)

AlthoughMiscanthuss a cold tolerant £plant, for growth, it needs temperatures a few
degrees higher than those for the vast majorigtioér vegetation in England (an exception is
maize which is also aplant, but not cold tolerant). Thus the period whteéhas a well
developed green canopy, and thus evaporation aegdsighest, starts later than most other
vegetation and will stop earlier in the autumn;eptdor annual crops most of which will
have started to senesce earliefuher factor to consider is that, on averagentslavith the
C,4 photosynthetic pathway use half the water perhioithass increase compared to those
that use the £photosynthetic pathway. 3discanthushas average evaporation rates during
the growing season which are comparable to thoseotllands but higher than those of
grass or cereals. It is assisted in maintainingdlevaporation rates by its rooting depth,
potentially up to 2.5 m. As a consequendescanthusreplacing conventional crops and



grassland is, in most situations and for averagaivee conditions, likely to result in greater
soil water deficits extending to greater depths.

The situation for SRC willow is similar to that fdtiscanthusi.e. replacing conventional
crops and grassland is, in most situations andverage weather conditions, likely to result
in greater soil water deficits extending to grealepths, although there are differences in
detail. SRC willow has a root depth similafMisscanthusbut its growing season is longer
although this is counter balanced by slightly loweaporation rates during this period. There
is a complication in the form of the three yeaatimin as, for the same weather, the
evaporation rates differ in each successive ye#reasrop grows.

2.8 Soil chemistry and water quality

Because SRC willow varieties have been selectedyeowin commercially foat least 20

years, there is a reasonable body of researchablailalthough much focuses on the issues of
leaching of fertilisers. In terms of soil chemisttlyere are reports of low to moderate uptake
of metal pollutants and this seems to be linkeithéoeffects of dissolved organic carbon
(DOC) mobilising the pollutants and so increasing tiptake. Increases in soil carbon are
reported but micronutrients, such as boron, mighdiépleted. The leaching of nitrogen and
phosphorus is reported to be lower than from geenps, ca 30-50%. In part this seems to be
because smaller amounts of fertiliser need to Ipdexpdue, in part, to nitrogen in the leaves
being re-distributed to perennating organs, suagterss and roots, in the autumn. In addition,
leaf fall will act to recycle nutrients in the sollhe result is that, although some nutrients are
lost at harvest, this can be made good with maajgslications of fertiliser.

In comparison, there is relatively little informai aboutMiscanthus So far, studies have
focussed on the issues of soil carbon and nitregeinphosphorus in fertilisers. In the UK,
commercial practice is generally not to apply fesers and the current evidence suggests that
aerial deposition of nitrogen is sufficient to m#et plants needs. As a consequence, it is
thought that rates of nitrate leaching belghgcanthuscrops, will be low, probably
comparable to extensively managed grasslands rrthidwe arable crops.

There is concern that, were grassland to be plalighdor biomass crops, the supply of
nitrogen from mineralization would exceed the ceo@gquirements resulting in an increase in
nitrate leaching, particularly in the first five ars.

Biomass crops generally have higher nutrient dBeiencies compared with annual food
crops because they remobilise nutrients at theoérile growing season and store them in
vegetative structures until next year’s growthatidition, the @ photosynthetic pathway of
Miscanthusis more nitrogen-use efficient than theg gathway of conventional UK crops.
Growing perennial energy crops instead of annuadforops reduces the risk of water
pollution through leaching and runoff, due to restidnput of fertiliser, longer growing
season, soil cover all year round and a more extensot system. Nutrient use differs
somewhat betweeMiscanthusand SRC willow, with willow appearing to requireors.
Nitrate and phosphorus leaching could be reducelruperennial biomass crops relative to
arable and indeed these crops have been suggestaddve nutrients from polluted water or
metals from polluted land. Soil pH appears to beesiightly more acidic under energy crops
than arable crops and there is an increase in csolbbon content with an increase or
improvement in associated soil properties such a#ort exchange capacity, hydraulic
conductivity and aggregate stability.



2.9 Recommendations

This report should be updated in about 3-5 years tb take advantage of
information that becomes available and thus reduncertainties;

A study should be carried out into the impactsarhmercial machinery, for
biomass crops, operating in commercial fields;

A study, involving numerical modelling, should berged out to allow a
comparison of the developments of soil water desfiehder different land covers,
for a variety of soils and climatic conditions falim England, to inform those
interested in the historic environment;

A study should be made tife soil chemistry and water quality issues that ar
relevant to the historic environment, under bion@asgs and, if there is a lack of
information, other land covers.
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3 Background

Interest in biomass crops, in the UK, began duttiregoil crisis of the 1970’s and was driven
by the rise in fossil fuel prices. In the case @bmice willow, there has been active research
programmes since the 1920’s, at Long Ashton Rekegtation, Somerset, primarily due to
the importance of willow for basket making. By th&s, as other materials became available,
the basket-making industry reduced in size to aigjpst craft industry. However, the ability

of willow to produce high yields from low inputsdithe suitability of the wood for use as a
biomass fuel had become recognised.

Subsequently, as the oil price came down, theasten biomass diminished, but the research
was continued. By the early 1990’s farmers and grewvere keen to have alternative
profitable uses for their land, as a result of mg income from conventional arable crops
and the introduction across the EU of compulsotyas@le. Simultaneously, there were
governmental incentive schemes for renewable enanajgcts (e.g. Non Fossil Fuel
Objectives, NFFO'’s). The result was that interedtiomass crops revived, and along with
willow, Miscanthuggrass was identified as an ideal plant for bionpasduction in temperate
climates. At the same time, non-food uses of cotiweal crops were developed, e.g.
enabling oilseed rape to be grown for industrisikiicant uses on set-aside land.

Through the nineties, as concerns about climategshgrew, biomass energy systems were
seen not only as a source of alternative incomé&fatowners, but also as one route for
climate change mitigation. These two drivers favgng biomass continued into the 2000’s.
Most recently, the rise in fuel use in the transgector has led to concerns over future
supplies of liquid transport fuels and a push fdrsdituting these with biological alternatives.
In the US, fuel security has been a primary drasaat has led to the rapid expansion of bio-
ethanol refineries. In the EU the main driver isnelte change, as the transport sector is
currently the only one with rising greenhouse gasssions.

There can be confusion between the terms biomagseband bioenergy. Throughout this
report we adhere to the commonly used definitibm@mass refers to crops producing high
yields of ligno-cellulosic material. The term bieta refers to the production of liquid
transport fuels, for example, bioethanol or biodieBioenergy covers both these systems,
and also renewable energy systems such as anadrgéstion of plant and animal wastes,
i.e. it is derived from recently living organismistbheir metabolic by-products.

Through the 1970’s and 80’s, the expected end-arskeidmass was direct combustion, either
for heat or for electricity production from steamtines. However, a wide range of end-uses
and conversion processes is how envisaged. Dioaebuastion for heat is still the most
thermally efficient process, but it is not yet wigased in the UK. Thermal conversion to
produce electricity is deployed on a large scalibhéUK at a few dedicated generation plants,
and also through co-firing at most coal fired postions.

There are several technologies for generating rahlnelectricity, for example wind, tidal,
wave, but currently only crops provide alternatif@sliquid transport fuels. “First

generation” renewable transport fuels use seed fitsaed crops as a feedstock for bio-diesel
or grain or sugar for ethanol production as a @pigent for petrol. “Second generation”
transport fuels will use biomass crops as the teedlswhich will either be processed to fuels
via biological conversion, though breakdown of ligaocellulose followed by
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saccharificationor thermal conversion, though gasification andgtaeluction of synthetic
hydrocarbon fuels from the syngas. Life cycle asialpf second generation transport fuels
shows them to have higher energy savings and gignify lower green house gas emissions
associated with their production than first generafuels.

Other sources of plant biomass include forestry, @otentially algae, however these are not
considered in this report.

3.1 What are biomass crops?

During the 1990’s over thirty plant species weraleated at Rothamsted Research to
determine their suitability as biomass crops. Basethe results, together with those from
trials conducted by others in similar temperatmales, three grass and two woody species
were identified as having potentidiscanthugMiscanthus x gigantejsswitchgrass
(Panicum virgatur)y reed-canary grasPlialaris arundinacep and the two woody species,
both grown as short rotation coppice (SRC), will@alix spp) and poplarRopulus spp.

Currently, in the UK, onlMiscanthusand SRC willow are commercially produced (Figure
1), with insignificant areas of the other cropsvgnoA total of 1,671 ha of willow and 5,772
ha ofMiscanthushas been planted under the Energy Crops Schenree &®as of both crops
have been established without grant aid, eithealmsethey were planted before the scheme
started, or else because they did not qualify fangfor various reasons. Therefore the actual
area planted is somewhat greater, possibly as @s1d®,000ha. In comparison, agricultural
holdings in England cover approximately 9,290,08{dbout 71.3% of the total land area) of
which crops account for about 3,700,000 ha
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Fig 1. Areas ofMiscanthusand SRC willow planted in England each year, fron2001, receiving the
Energy Crops Scheme planting grant.

Plant species need to have three key attributbe suitable for biomass cropping:
High output
Low input
Harvested material suitable for end-use
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In reality high output means high yield. Most iftradl the varieties studied have a similar
calorific content on a dry matter basis, so in otdeanaximise energy yield, total biomass
yield needs to be high. NIAB (2007) draws togetheryield data from the UK. These data

give an average annual yield fdiscanthusof 13

three forMiscanthusand 10.1 (+1.5) t DM hhyr*

.1 (+3.4) t DM h@ from seven sites at year
for 18 varieties of SRC willow over six

years at four sites. These yields should be coreidadicative as they are from trial plots

with a limited spread in locations across the U

KeEnergy equivalent of these yields is an

elusive quantity as it depends on the end useeoétiergy produced and the conversion
process used. Nevertheless, taking the value @fNIWh,, used in the UK Biomass Strategy
(Defra, 2007) for electricity generation from biossacrops, means that each hectare of

biomass crops will produce about 17 My ele

Box 1: Photosynthesis

All plants use the process of photosynthesis
convert carbon dioxide to plant material. The
are two different types of photosynthesis,
commonly known as £and G. C, plants have
bio-chemical, physiological and morphologic
adaptations to facilitate G@oncentration in a
particular site within the leaf. They can
achieve higher rates of photosynthesis with
less nitrogen than theirs€ounterparts. €
plants typically grow at lower temperatures
than G plants, and this becomes an importan
consideration in cooler climates where the
temperatures may rarely be sufficient for the
C,4 process. The optimum temperature fgr C
photosynthesis is in the range 15-30 C whils
for C4 it is 30-45 C. Most crop plants grown
in the UK are @s; maize is the only
commonly grown G. C, plants have the

efficiently than G plants and hence, in suitab
climates, tend to have a higher yield potentig
Miscanthudgs unusual in that, despite using tf
C,4 process. its optimum temperature range
seems to lie between the usual values tor C
andC,.

ctricity.

Low input is needed to maximise the
energy return; a high energy yield with
low energy input gives a high energy
toreturn. To achieve low input, perennial
respecies are preferable to annual species,
as there is a one off establishment cost in
the plantation lifetime. It is currently
alexpected that, for the species studied,
plantations should be economically
viable for at least 20 years. A further
condition required to achieve low input is
that species with low fertilizer
requirements are very desirable because
it the fertilizer, especially if it is
nitrogenous, has a very high energy, and
consequentlygsreenhouse Gas (GHG),
cost. It is known tha¥liscanthusbelongs
it to a group of plants (Box 1) that uses
nitrogen efficiently, however, some
woody species, such as willow, are
almost as good. It is also desirable to

benefit of using nutrients, light and water mofreselect species with low incidence of

einsect pest or disease susceptibility, and

. low weed control requirements as this

neminimizes the requirements for
agrochemicals, which again have a
significant energy and GHG cost. Low
input requirements also indicate low

financial growing costs.

When selecting a crop for biomass production
situations, biomass with a high dry matter/low

itigortant to consider the end-use. In most
watntent is required. This reduces

transport costs (as less water has to be transp)palows for easier storage, and maximises
the net calorific content for most end-uses. #ls0 important to consider the elemental
content of the biomass, and whether any undesiedblaents are present, or whether their

concentration is of significance.
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3.1.1 SRC Willow

Willow is a G plant. It is planted as stem cuttings in springraund 15 000 plants haThe
established practice is to plant a number of viaseinterspersed throughout a particular
field, in order to limit the spread of diseasetl#¢ end of the first year the plants are cut back,
with a tractor mower, which stimulates coppicing, the plants respond by producing more
branches in the following spring. The first harvieshen taken three years after cutback, i.e.
four years after planting. Harvests are subsequéaiten at regular intervals — the rotation
period. Willow grown for biomass is usually hanegsbnce every three years, although some
growers harvest on a two or four year rotationufeg2. The length of the harvest cycle
depends partly on the amount of growth; where gndvets been very good a shorter rotation
may be used, and where growth has been poor tleeregs might use the longer rotation.
Herbicides are required in the establishment yaad,again after cutback and each harvest.
Fertilizers can also be applied after each harvdst.details of the operations required
including plantation removal are discussed latehig report.

April yr 1

June yrl

Willow 3 year harvest cycle

August yr

January yr 1 September yr 1

Fig 2. The SRC willow growth cycle through a thregrear production period. The crop grows quickly
through the year, reaching around 2m height by theend of the first year, and 5m by the end of the thd
year.

3.1.2 Miscanthus

Miscanthushas the ¢photosynthetic pathway; however, it can grow nedfieiently at
lower temperatures than othey @ants (Bealet al, 1996). It is a rhizomatous grass, the
rhizomes are the below ground storage and peremnatgan. The hybrid d¥liscanthus
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currently grown for biomas$/iscanthus x giganteugs a naturally occurring inter-specific
hybrid. Although both its parents are floweringaps, producing fertile seell. x giganteus
does not set fertile seed, and so has to be mattipkgetatively. The usual method of
propagation is to use pieces of rhizome, harvefsted crops two to three years old. The
pieces are planted at 10 000 — 20 008, isually in March — April. At the end of the first
year after planting there is insufficient growtl &wonomic harvesting, so the aerial biomass
is mown and left in the field. This is done to addhe layer of litter and crop mulch that
builds up on the soil surface, and which is addeid subsequent years by thigscanthus
leaves which drop off in the late summer and autbefore each harvest. The mulch helps to
suppress weed growth and conserve water. Thefiopier harvest is taken at the end of the
second year, and the crop is then harvested agnuallally around March. The oldest on-
going experiment in the UK is now in its sixteegdar and shows no sign of losing vigour. It
is therefore expected that crops should last at @& years. Herbicides are used at
establishment, and occasionally in mature cropseler, most commercial crops currently
receive no fertilizer.

May

April

Miscanthus annual growth cycle

February

November September

Fig 3. TheMiscanthusannual production cycle. The crop grows very quicky between the end of May and
the middle of August, often reaching over 3m height

3.1.3 Differences between conventional and biomass crops

Compared to conventional agricultural crops, bisrasps:

are perennial and likely to e situ for around 20 years; there are no annual
cultivations;
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have relatively low plant population densities;

are usually harvested in winter or spring;

are taller for a large part of the year,

are deeper rooting;

less mechanical operations are required.
All conventlonal UK arable crops are annual, ugualltumn or spring planted and summer
or autumn harvested. Most crops require someiiadge prior to planting, although reduced
and zero tillage has become more popular in regeants for combinable crops. In contrast,
Miscanthusand SRC require tillage only for establishment, dadthe lifetime of the
plantation, no further soil cultivation is expected

Maximum depth Maximum

of high root depth of roots
Vegetation type density (m) (m) Source
Main agricultural crops
Maincrop potato 0.7 1.0 (Bailey 1990; Smit and
Groenwold 2005)
Oilseed rape 1.0 15 (Bailey 1990)
Winter cereals, 0.8 1.2 (Bailey 1990; Thorup-Kristensen
ryegrass barley 2006)
Winter wheat 0.8 1.3 (Gregory et al., 1978)
Spring cereals 0.5 1.2 (Bailey 1990)
Onions 0.25 0.6 (Bailey 1990)
Peas 0.25 0.7 (Bailey 1990)
Sugar Beet 1.0 1.6 (Bailey 1990)
Strawberries 0.45 0.6 (Bailey 1990)
Permanent Grass 0.5 0.8 (Cranfield University 2001b)
Forestry
Coniferous 0.5 (about 70%) 25 (Canadell et al. 1996; Crow
2005, Roberts et al. 2006,
Jackson et al. 1996)
Broadleaf 0.5 (about 80%) 4.0 (Canadell et al. 1996; Crow
2005, Roberts et al. 2006,
Jackson et al. 1996)
Biomass crops
SRC Willow 0.36 (70%) 25 (Cranfield University 2001b;
Long roots, Crow and Houston 2004; Souch,
deeper than Martin et al. 2004)
0.36, are <10mm
Miscanthus 1.2 (75%) 25 (Riche and Christian, 2001a;

Beale et al. 1999; Neukirchen et
al. 1999; Cranfield University
2001b)

Table 2. Rooting depths of conventional UK cropsrad Miscanthusand SRC willow.

Both Miscanthusand SRC are established with a relatively widesgabetween plants and
rows, very different to conventional arable crddsscanthusrhizomes spread slowly,
approximately 5 cm ¥k, so the rows disappear, with time, and resultumiéorm stand.
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Miscanthuss harvested March — April. SRC willow is idealigrvested during the winter,
but it is sometimes harvested at other times of/&a if there has been a significant pest
attack. Because of the winter or spring harvest,lm@tause the crops are so tall, both crops
can have a significant visual impact during thetainwhen conventional crops are very
short.

Both crops are deeper rooting than conventionggrtypical rooting depths of the crops are
given in Table 2. The deep rooting habit is ustdulextracting water for crop growth, but

can be of concern to growers in that it is thoubht the roots may block field drains. This is
of particular concern with willow, where it is thgiht to be most likely, due to the presence of
larger diameter roots (greater that 10 mm). Mmcanthusthe rhizomes rarely penetrate
deeper than 0.2 m.

3.2 The scale and distribution of biomass crop plan tings - current
and future

In England, the Energy Crops Scheme pays a plagtiaugt to growers dfliscanthusand

SRC. The scheme started in 2001. The current aféddscanthusand SRC willow planted

in England within the Energy Crops Scheme are shaviaigure 1. Some SRC willow was
planted before the Scheme started, notably abd@ Ba of SRC for the ARBRE project in
the late nineties. (The Arable Biomass Renewabbkrdynproject was a ‘flagship’ project in
the UK to demonstrate electricity generation fromdidated energy crops, employing the high
efficiency of gasification combined cycle technolggOther plantings are unlikely to be
extensive so of the order of 3000 ha have probla&én planted outside the Scheme. Some
Miscanthuswas also established prior to the scheme staatidg since 2001 some crops have
been planted outside of the scheme, usually be¢hageavere grown for uses other than
energy, e.g. for rhizome production or horse begldiiis is likely to be of the order of 2000
ha. So in total, there is likely to be, at the tiafevriting, around 10,000 ha of dedicated
biomass crops in England, approximately two thotiehich isMiscanthus There are also
known to be only small areas of both crops in Walss Scotland.

It is very difficult to estimate the future scalelmomass crops; at one extreme arable crop
profit margins have shown large fluctuations in plast few years and when they are high the
farmers’ interest in growing biomass is signifidgmeduced. At the other end of the
spectrum, large scale power generators need reiheteaibnologies to fulfil their renewable
obligations, and co-firing with biomass is one tealogy that works and it could provide a
market for large volumes of biomass. In the futaedemand for renewable transport fuels
increases, it is also possible that bio-refinendkbe built that can convert biomass into
synthetic diesel and petrol and, with current te@tbgy, the optimum size of a bio-refinery is
generally thought to be one processing aroundrfiion tonnes of biomass per year. This
clearly means that large areas of biomass cropsdwmed to be grown to fulfil the demand.

The UK Biomass Strategy (Defra, 2007) stai&e ‘believe there is significant potential to
expand the UK supply of biomass without any detrtalesffect on food supplies and in a
sustainable manner by ... increasing the amount i@&neal energy crops produced in the
UK to meet market demands — with the potentiab®up to a further 350,000 hectares
across the UK by 2020This is now interpreted as an aspiration rathanta firm target but

it indicates the scale of planting required for @@vernment’s objectives to be attained. In
any case, it is unlikely to happen without new drs/— e.g. lower incomes from conventional
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land uses, increased energy prices, or incentiveblmations imposed to promote the uptake
of biomass crops. There are also increasing coa@arer world food production and prices,
and the potential conflict for land use, food cglfis gaining recognition.

There are currently three factors suppressing piieke of energy crops.

Firstly, and most importantly, through 2007 worlitps of cereals increased dramatically.
Between 2001 and mid-2006, the UK price of wheaiedsbetween around £60 and £80 t
From then on the price increased steadily, peakirsgound £170%in late summer 2007,
before falling back somewhat. These high pricesevdeiven by several factors, including
drought and poor yields in some regions of the egrincreased demand for bio-ethanol in
the US and also increased demand from other regianan extent, the high prices were
offset by increased costs of fertilisers so thdipnoargins were not as high as might be
expected at first sight. Nevertheless, when thétprargins on food crops are high, growers
are likely to be content growing crops they areduse it is only when margins fall to near or
below zero, or significantly below alternativesatigrowers get interested in the alternative
crops. In 2007, biomass could not compete econdipiwéh conventional arable crops but,
in 2008, the situation was more advantageous.

Secondly, as a result of the world grain
stocks being at very low levels, and grain
prices being high, the EU has reduced the
requirement for set-aside to 0%. There is
the option to re-instate set-aside at a higher
level in the future, but at present this seems
unlikely. This has had a negative effect on
the uptake of biomass crops. Many farmers
did not like leaving land fallow, and hence
looked for alternative non-food uses, such
as biomass, which were allowed under the
regulations. With the removal of set-aside
such land is again most likely to be used
for food.

Box 2: Renewables Obligation

This is the main UK incentive scheme
renewable electricity. The obligation requi
licenseed electricity suppliers to source
certain percentage, increasing annually
electricity from approved renewable sourc
The obligation came into effect in Ap
2002, and is expected to last until 2027. E
MWh of electricity produced from ¢
approwed renewable source is awarded
Renewables Obligation Certificate (RO
and each supplier has to obtain their reqt
number of ROC'’s during the year — etthy
buying ROC’s from other suppliers,
producing their own renewable electricity
a supplier fails to obtain sufficient ROC
they have to pay a buwt price, the
proceeds of which are distributed paia
between suppliers that have presented RC
For 2007/08 7.9% of electricity supplied |
to be from a renewable source.

The third, and temporary, disincentive for
biomass crops was the re-writing of the
energy crops scheme. The old scheme
ended in 2006 (but applications made in

006 could cover plantings in that year and

7 and 08), and a new scheme had to be
approved by the EU. This took time, and as
a result there was a period of uncertainty,
with the level of the grant unconfirmed.
This put growers off committing land to biomasspscespecially as they would probably
face a few years of negative cash flow before thlely become economic. As a result, the
areas planted in 2007 and 2008 were lower thandvoave been the case if the grant scheme
had been continued or renewed sooner.

To balance these three negative drivers, two faldarfactors remain: the prices of fossil
fuels reached all time highs in 2008 and, althoilngly subsequently fell significantly as a

18



result of the downturn in the global economy, highréces are anticipated to be the norm in
the longer term; the proposed changes to the rdrliesvabligation (Box 2) should both
increase demand and increase the price of biorira®e case of the latter, co-firing biomass
with coal can only be currently used to supply 18Ra supplier’'s renewables obligation,
reducing to 5% for 2011-15/16 and 0% from 2016. Ewsv, from 2009 an increasing
proportion of the co-fired biomass will have to afrom an energy crop (25% for 09/10,
50% for 10/11 and 75% for 2011-15/16).

In addition, the proposed changes to the renewaltlkgation will allocate two renewables
obligation certificates (ROCs) to each MWh of eleity generated from dedicated burning
of biomass, and single ROCs to each MWh generabaa €o-firing with energy crops. The
support for the largest UK source of renewabletataty, landfill gas, will reduce to 0.25
ROCs per MWh. The overall effect, if these propssak passed, will be additional indirect
support for biomass crops.

Just as it is hard to predict the uptake of biontagps, it is also difficult to predict the
distribution of plantations. Where demand is sraadlle, e.g. for household, office or village
school heat, distribution is likely to be local asmall scale; a few fields in the near locality
will be sufficient and optimal. Where demand igascale, either for dedicated biomass
plants or for co-firing, then plantings are likétybe clustered across a region; the clusters are
likely to centre around farm businesses that haggdéd to convert a significant proportion

of their land to biomass production. The large essckdmand points may well occur at the sites
of current coal fired generators. A further devehgmt would be very large scale demand
centres, e.g. a biorefinery, and for this it mayl we that biomass will be transported over a
longer distance, simply to get enough supply. Taegport may be by rail or sea, and the
biomass might be densified, e.g. by pyrolysis, ekenthe transportation more efficient.

A further factor that will influence the distribon of biomass crops is the land type: currently
most biomass crops have been established on daalédut, with increasing arable margins,
it seems likely that some might be grown on ex-gjeasl, if demand for biomass also
increases. With higher commodity prices, incomenflivestock is likely to decline which

may make biomass more competitive with livestockeathan with arable farming systems.
Further constraints include, the crop yield (whilkdominantly a function of soil and

climate), factors determining access of machiner/@assification of the land (e.g. as an
SSSI). These issues are discussed in detail ifollogving paragraphs.

The best soils for biomass crops are well aeratgenvetentive soils (rainfall 900-1100mm),
of pH 5.5-7.5 (Abrahamson, Volit al. 2002; Defra 2004; DAFF 2007; DAFF 2007; Defra
2007; McCracken 2007). However, establishment leas Isuccessful on a variety of soils
from sandy to heavy clay soillthough the latter has been associated with poor
establishment in some cases, and caution is adwvidetvesting as heavy soils are prone to
damage (Hilton 2001; Defra 2004). The soil can hegeeat effect on the life cycle and, at
least in the initial period, yields of a biomassgmMiscanthususually takes between three
and five years to reach its full yield potentiat kil yield can be reached earlier on soils
where establishment is quicker. Soils must be &biake the weight of harvesting machinery
(see below). Climatic factors may need to be careid in conjunction with the soil type, i.e.
sandy soils may suffer higher losses due to windien, whereas heavier clay soils will be
more affected by rain. The presence of drainagesysmay need toe considered prior to
planting, as roots will penetrate to the depthhefdrains (Danforst al. 1998; Defra 2004).
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Site selection requirements also include sufficaatess for machinery and for removing the
harvested material. Biomass crops are often groitmwide un-cropped headlands (typically
8-10 m), to facilitate machinery movements (Danfgral. 1998; Mitchellet al 1999; Defra
2004; DAFF 2007; DAFF 2007; Defra 2007). These haats should be planted with a cover
such as grass to prevent ground damage by mach{iDanforset al 1998; Mitchellet al

1999). Planting in long rows maximises machineficieicy (Danforset al 1998). In order

to qualify for the energy crops scheme, growersineglant areas of at least 3 ha (Defra
2004; Defra 2007).

Fields that have too steep a slope are unlikebetased because harvesting could be difficult
and dangerous. Defra, 2004 recommends that, for\8iR&w, the slope should be up to 7%
and a maximum of 15%. Not only is machinery accekded to slope but also the likelihood
of soil erosion (see section 4.1.7).

The climate of a location is an important consitlerain determining the yield. The average
temperature has an effect through both the lenigtiheogrowing season and the efficiency of
photosynthesis. Thus higher latitude and topogapeight may limit the yield. This is likely
to have a greater impact on the yielddigcanthusdue to its use of the;@hotosynthetic
pathway, that SRC willow. The amount of rainfallidig the summer may also be important
as, in areas of low summer rainfall the depletibthe amount of water stored in the soils
may exceed the rate of replenishment by the rdisigh that the rate of growth becomes so
limited that an economic yield can not be achievaatrently, although there is evidence that
yields may be limited by water availability in sbhaast England, it does not seem to be
sufficient to render the yield uneconomic.

Future climate change may have an impact on theelod where biomass crops are planted,
although there is a complex interplay of a numiddactors so it is difficult to reach any
specific conclusions currently. There is eviderat#hough not conclusive, that increasing
levels of atmospheric C{act to “fertilise” the crops so that higher yiel® obtained,
implying that the same yield could be obtained frmsmaller land area. However, increased
concentrations of ozone in the lower atmosphere mi#igate this to some extent. Generally,
the simulations for the future climate of Englangigest an increase in the average summer
and winter temperatures and an increase in wiatafall balanced by a decrease in summer
rainfall — the latter continuing a trend that hagib present since the C19. The increase in
temperatures will increase yields by extendinggtmving season. It may also allow the
crops to be grown in areas which were previoustycmld. However, these “gains” may be
offset by the reduction in summer rainfall resudtin growth being limited by water
availability. Research is ongoing to produce nuoannodels of crop yield that incorporate
the impact of climate change.
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4  Aspects of biomass crops relevant to the historic
environment

4.1 Impacts of mechanical operations

This section considers the likely impacts of thehamical operations associated with
biomass crops. The mechanical operations are disdus relation to operations associated
with conventional cropping.

In general, the machinery currently in use in theisleither identical to, or is a modified
version of, those used for conventional crops. Bfised machinery is required for
harvesting because of the more substantial nafure@bove ground growth but even these
tend to be based on existing machinery. The maifarence between biomass and
conventional crops, including temporary grasshésrtumber of machine operations required
per year. After the first year, the only operatioaguired, for biomass crops, are the harvest
and intermittent applications of fertilisers. Thasvery different to conventional crops where
frequent applications of fertilisers, herbicidamdicides and pesticides, combined with soil
preparation and planting occurring annually onétrivals of a few years result in many more
vehicle passes.

The two main impacts of vehicle movements areswitpaction and soil erosion. Both
processes can reduce the depth of soil, in efféagipg the lower layers of soil closer to the
surface. Erosion can also have the opposite effextasing the depth of soil where the
eroded solil is deposited.

Due to the perennial habit of biomass crops, stiasemmechanical operations only occur
prior to establishment and during plantation renholhis means that in a plantation lasting
20 years there will be 18 years of no subsurfattévations. It is just possible that growers
could use sub-soilers to alleviate particular cottipa problems in growing crops; however
this is very likely to be rare, particularly witegulations aimed at minimizing soil damage.

The other exception linked to the industry, ispiheduction ofMiscanthushizomes. Because
the variety ofMiscanthusggrown for biomass has to be grown from piecesiiome, it is
necessary to grow crops especially for rhizome gpetdn. These crops are usually grown for
three years before harvesting the planting matearal the harvesting process involves some
soil disturbance; the establishment of rhizome sig@lmost identical to the establishment of
aMiscanthusbiomass crop.

The ground conditions for machinery activities elifbetween countries which restricts the
relevance of work in other countries to conditianghe UK. In Sweden, it is often possible to
work on frozen and possibly snow covered soils,imiing the risk of soil damage and
facilitating the use of heavier machinery. In mildémates such as Denmark and the UK
these conditions are much less likely, and cegtaiahnot be relied on (Danfors and Nordén
1995; Spinelli and Kofman 1996; Danfaal 1998). Also in the UK, soils often have a
higher clay content and, coupled with potentialstter conditions, this can make harvesting
more difficult.
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The nature of the soil has a strong influence oarwinechanical operations can be carried
out. For sandy soils there are potentially moresdalgen work can be carried out compared
with clay soils. In soils exhibiting more than 1%53ay, work conducted too soon after rainfall
will exert severe damage to soil structure (Waiéss. comm.)

For this report data has been collated on typieagits of the machinery associated with
establishing, maintaining and harvesting, and reaho¥SRC andMiscanthuscrops. There is
a lack of data on the actual ground pressuredtieae machines will exert, and it is not
possible to simply convert the weights to grounespures. The ground pressure will depend
on the size of the tyres fitted to the tractors arathinery, and also the air pressure in the
tyres. To do the conversion it would be necessainow the surface area of tyre or track in
contact with the soil. Also, any soil engaging part any machinery used will affect the
ground pressures.

4.1.1 Planting

Prior to planting, a number of operations are negiiiSome literature suggests that large
stones should be removed to facilitate machinegratmns (Mitchellet al 1999;
Abrahamsoret al. 2002; McCracken 2007); however this is rarelgviér done in the UK.
Literature also suggests that a stony site carsbd hut care should be taken as removal of
large stones can disturb the soil leaving opensatitet could increase soil erosion losses.

Occasionally, where appropriate, the soil shoulduizsoiled to 35-40 cm before planting
(Hilton 2001; Defra 2004; Defra 2007). This maytbeéemove a plough pan (layer of
compaction below cultivation depth) which can limibwth (Makeschin 1994). The soil is
then ploughed 20-30 cm deep in autumn using stdrfdam equipment and left to overwinter
to aid breakdown of soil by frost (Mitchadt al. 1999; Hilton 2001; Abrahamsat al 2002;
Defra 2004; Defra 2007; McCracken 2007). Shortlipobe planting both crops, the land
should be power harrowed to produce a fine tiltlit¢hell et al. 1999; Defra 2004;
McCracken 2007). These soil tillage requiremengstgpical of most agricultural crops, and
where the crops are being grown on arable or nomgu@ent grassland, it is most likely that
similar operations would have been carried out ntamgs previously for the other crops
(Danforset al 1998).Miscanthughizomes are planted fairly shallow, between 52G:@m
(Jorgensen 1995; Kristensen 1997; Defra 2007)mresgence from deeper planted rhizomes
takes longer, reducing the establishment and salrvates (Schwaret al. 1999; Nixonet al
2001).

Planting takes place in spring; between FebruadyJame are possible, though for best
results, from March to May is preferred. Earliearging makes use of a longer growing
season and soil moisture and produces more grawitteifirst year. Obtaining good first year
growth is important for survival and tolerance ofccwinters (Schwaret al 1999; Defra
2004; Defra 2007)

Both SRC andWliscanthuscrops should be planted at a density of 10-20p0a6ts ha,

though field losses may reduce the actual planébkshed (Danforst al 1998; Mitchellet
al. 1999; Defra 2004; DAFF 2007; DAFF 2007; Defra 200
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Yearly

Max Tractor  Tractor  Total
no. Weight  power  weight Weight
Machinery Timing passes (kg) (kw) (kg) (kg)
Herbicide application =~ Summer/Autumn in 1-2 up 670 37 2572 3242
— Boom sprayer establishment x3 to3
Cutback and or
Harvest
Stone picker Autumn/spring 1 1200 34 2572 3772
Subsoiler Autumn 1 1600- 45-200 4000- 5600-
3700 11700 15400
Plough Autumn 1 1200 60 4000 5200
Rotary Tiller Winter - rhizome 1-2 130-360 60 4000 4130
production
Potato harvester Winter — rhizome 1 5440 100 5230 10670
collection
Harrow/disc Spring, prior to 1-2 2000 100-130 7850 9850
planting
Planter Spring March-May 1 Various, 75-100 4500- 8000
up to 6000
2000
Roller Spring, post planting 1 5000 75 4500 9500
Fertiliser spreader spring 1-2 180 75 4500 4680
Mower for cutback Spring after 1% years 1 270 54 3240 3510
(SRC) growth
Seed At end of rotation 1 400-1000 34 2572 3572

spreader/precision
drilling (cover crop)

Table 3. Typical machinery used in establishing thbiomass crops with their respective weights. (Data
adapted from Heller et al 2003 and manufacturer’s specifications. The numbyef vehicle passes received
per year is estimated; see 3.1.1 for definition @& pass.)

4.1.1.1 SRC Willow

For SRC willow, planting equipment from the Nordmuntries has been introduced in the
UK because the industry there is further ahead milchinery development. Willow is
usually planted on twin rows of 0.75 m with 1.5 ptween the twin rows. Distance between
willows in the rows is usually around 0.6 m. Reshdras shown that good pest and disease
control can be obtained by planting mixed varietighin a field. Mixtures of at least six
varieties are recommended (Danfetsal 1998; Mitchellet al 1999; Abrahamsoet al

2002; Defra 2004; DAFF 2007).

Initially establishment used either a modified cadpd planter or hand planting, both of which
are slow (Mitchellet al 1999; Hilton 2001; Defra 2004). However, the depment of semi-
automatic step planters, from Scandinavia, haviacefd these and become the standard.
These cut 1-2 m rods of willow into cuttings of 2B-cm which are inserted into the soil
vertically, before firming the surrounding soil. @&alix Maskiner (8-10 ha/day) is capable of
planting four rows at one time, the Frobbesta Salanter plants just two rows (Danfasal
1998; Rushton 1999; Defra 2004) (Table 3). Botls¢hmachines have low overall weight
and require low powered tractor. They can be adidotsuit the local soil conditions (Hilton
2001; Abrahamsoat al 2002).
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An alternative design, lay-flat planters, placershads (billets), of 5-10 cm in length,
horizontally into furrows of 2-8cm depth. A machipmduced by Austoft (Mitche#t al.

1999) that uses rods produced from their harvestiaghinery is an automatic planter that
works in a similar way to the lay-flat planter. Beemethods produce random shoots due to
the placement of the billets and hence are les. lis@vever using billets could reduce costs
as less planting precision is required, and biltets be taken straight from the harvesting
operation.

The site should be rolled after planting to aid @veentrol, though the pressure exerted
should be minimal (Culshaw and Stokes 1995; Abradmenat al 2002; Defra 2004; DAFF
2007). A summary of the equipment used is givehahle 4.

Planter Tractor
Work rate weight power Total
Method ha/d (kg) (kw) weight

Potato planter 0.3 2000 75-100 6740+
Manure spreader 20-25 3-6000 75-130 7740+
Bespoke Planter Small 5 Unknown

Large 10-25
Salix Maskiner Step 8-10 1400 75 6140

Planter

Table 4. Miscanthusplanting machinery and Salix Maskiner planter. (The work rates and vehicle weights
were obtained from reference to agricultural machirery websites. Information related to the bespoke
planters is guarded and therefore difficult to obtan. Only information relating to the willow planter

shown could be found.)

4.1.1.2 Miscanthus

Initially planting was done with manure spreadexslcasting the rhizomes across the land
at a relatively fast and cheap rate. However tbk ¢d uniformity in planting depth, and
spacing, resulting in poor establishment, couplét the high cost of the rhizomes, made
this an unsuitable method (Hilton 2001; Defra 200 RHe desired density and planting depth
can be achieved through using a manually fed pgiatater, but most UK fields are now
established using bespoke engineered plantersgBabT he potato planters can be very
successful, and are available on some farms, bwtlaw and labour intensive. However the
automatic design of the bespoke machinery resuliswer costs and higher work rates as
only a single operator is required. These bespekeyds can plant 2-6 rows depending on the
machine and with a high rhizome load capacity tidrihes, can plant large areas quickly. If
conventional potato planters are used the cropd rudéng post-planting, however the
bespoke planters incorporate this rolling operatima the machine (Kristensen 1997,
Lewandowskiet al 2000; Nixonet al 2001; DAFF 2007).
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4.1.2 Applications of herbicides and fertilisers

Before a biomass crop is established, in the automan to planting, removal of the current
vegetation including weeds is achieved throughaghiication of a herbicide (typically
glyphosate). Efficient weed control is vital duethe long term nature of the crops and in
ensuring maximum yield at harvest (Culshaw and &dl©95; Danforst al. 1998; Sage
1999; Abrahamsoat al 2002). Hence up to two applications may be reglio obtain
optimum weed control before ploughing later in #odumn, with a further application
possible prior to planting in spring (Defra 2004&fa 2007).

If weed control is necessary in establisMidcanthus herbicides should be applied after
harvest when the plant is dormant. Timing thisnpartant to ensure new shoots are not
damaged (Defra 20071 SRC willow, the applications take place aftetback and the
harvests if required (Abrahamsenal 2002; Defra 2004). Once both crops have matured,
after the first two seasons of growth, the lea¢tibnd canopy cover combine to provide
effective weed control (Defra 2004). Applicationherbicides should not affect the soil at or
below the surface.

Biomass crops typically have very low nutrient regonents. Currently, most UKliscanthus
receives no fertilizer, and most SRC receives sevgaglge rather than inorganic fertilizers.
If biomass crops are grown on lower quality lantj & sewage sludge is not available, then
inorganic fertilizers may be required for optimabguction. In this case, fertilizer application
may take place during the first growing seasonagherotation for willow, but not within the
establishment year (Abrahamsetnal 2002; Defra 2004).

On poor soils fertilizer may be appliedNbscanthuswithin the first two years (Defra 2007).
However, once the rhizome has built up a nutriesérve, fertiliser requirements are lowered.
Application can be done using a standard spreadata spring/early summer (Abrahamson
et al. 2002; Helleret al. 2003) though more specialised equipment woulcefaired to

fertilise mature SRC crops in years two or threthefrotation (Defra 2004).

These operations do not involve subsurface dishad®dand so the impacts are restricted to
the passage of the farm vehicles causing soil cotiggaand, due to the infrequent nature of
these operations, these are likely to be limited.

4.1.3 Harvesting and cutback

4.1.3.1 SRC Willow

SRC is cutback after the first year's growth inuly-February to stimulate coppicing (Defra
2004). A modified sickle-bar mower is used to detaly to within 10 cm of the ground,

from which 5-20 shoots per stool should emerg&énspring (Helleet al 2003; McCracken
2007). A clean cut is important to avoid jaggedesdthat may encourage attack from
pathogens (Hilton 2001).

The harvesting of SRC is carried out during theterimonths, between December to March
after senescence and before bud break. This ooogesin the 3-4 year cycle. Extensive
trialling of harvest machinery across Europe andiNAmerica has been reviewed in a
number of papers (Culshaw and Stokes 1995; Hartseiugl 1996; Spinelli and Kofman
1996; Kofman and Spinelli 1997; Mitcheit al 1999; Hartsough and Spinelli 2001; Hilton
2001).Harvesting methods can be grouped into: whole sbéfat, or cut and chip, and
comprise both self-propelled and trailed machin€hge end use and or desired chip quality
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will determine which method is used. A summaryha weights and work rates of biomass
crop harvesting machinery in use is presented bieTa

Harvesting the whole stem (up to 8m tall) produmesdles which can be stored for later use
(Kofman and Spinelli 1997). In the UK whole stenmiesting is not practiced commercially.
The bundles must be processed (e.g. chipped),lysidtdr drying, before use, adding an
extra handling stage. Chipping dried whole stenggagie to shattering, reducing the size and
quality of the chips. Hence if this is important the end use, this method is not advisable.
(Danforset al 1998; Mitchellet al 1999; Hilton 2001; Defra 2004).

Max. Machine
Number weight Tractor
Machinery Rate ha/hr passes (kg) weight
SRC willow
Cut and chip Forage harvester with 0.64-0.72 3-5 11560 5030
specialist header and 5590 (trailer)
tractor and trailer to
transport biomass
Salix Maskiner Bender 0.25-0.48 1 1250 4740
Billet Billet harvester with Unkown 3-5 Unknown 5030
tractors and trailers to 5590 (trailer)
transport the biomass
Wholestem Segerslatt Empire 2000 0.38-0.53 1 Unkown
Miscanthus
Mow and Tractor mower 2 2550 5030
chop Forage Harvester with 3 11560 5030
tractor and trailer to 5590 (trailer)
transport biomass
Mow and bale  Tractor mower 1 6 2550 5030
Baler with tractor and (mower) 5600
chaser to transport 8440 (baler) 4740
bales 5250
(chaser)
Mow and Agostini reed grass 1-2
bundle harvester. Reaper-

binder

Table 5.Miscanthusand SRC harvesting methods with associated machineand weights of machinery.
(Rates where given are averaged across various sthdensities and soil types. The number of passes
depends on the capacity of the machinery and the mber of trailers following. (Danfors and Nordén
1995; Danforset al 1998; Venturiet al 1998; Hartsough and Spinelli 2001; DAFF 2007))

Billet harvesting is the mid-way between whole stamd chipping and produces rods 5-20 cm
in length which are stored and dried in outsidektgDefra 2004). Billets leave the wood
with the bark which prevents rainwater from re-entgthe billets. Large air spaces between
the billets within the stacks facilitate increasédflow, aiding drying without decomposition,
heating or fungal build up that can occur when evaps are left in storage (Hilton 2001,
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O'Sullivan 2006). As for whole stem harvestinggeatra step is added in the harvesting
process by the requirement to chip the billetslatex stage. However the chip produced is
uniform in shape and of high quality (O'SullivarOB). The Austoft 7700 is a self propelled
adapted sugar cane harvester used in the UK fet bérvesting, with a tractor/trailer shuttle
running alongside to collect the crop. A modifiegtsion in Scandinavia has been adapted to
produce chips 3-5cm long. The billets can be usestitly for planting with some planters
(Culshaw and Stokes 1995; Spinelli 2003), but agéis is not practiced in the UK.

Cut and chip methods reduce the handling and toahsgpguirements. The Salix Maskiner
Bender and Claas Jaguar are two frequently useanclichip harvesters (Hartsough and
Spinelli 2001; Abrahamsaral. 2002; Volket al 2006). The Bender is not used in the UK
and falls into a group of machines designed spgadralSweden to harvest the twin row
system of willow coppice, comprising a header dgalcto a tractor. The Bender is row
independent, and can cut across rows if require@ditgdugh and Spinelli 2001; Abrahamson
et al. 2002). The Claas Jaguar meanwhile is a convededentional agricultural self-
propelled forage harvester with a specially buRiCSheader; it has to be driven along rows,
i.e. it is not row-independent (Culshaw and Stdkes5; Spinelli and Kofman 1996;
Abrahamsoret al. 2002; Spinelli 2003). Both the Claas and Salixskliaer machine can use
high sided tipping trailers towed behind to colléw chips, but the Class usually delivers
directly to a trailer towed alongside the harvebtea tractor. Whilst it is an advantage to use
conventional equipment, it has been noted thatdmeersion is not necessarily cheap
(Spinelli and Kofman 1996).

4.1.3.2 Miscanthus

Miscanthuss harvested annually between March-May when tbisture content of the
biomass is at a minimum, to maximise the qualitthef product (DAFF 2007; Defra 2007).
With the crop reaching a typical height of 2.5-B%with rigid stems, there has been some
development of adapted headers, originating fronzenar grass cutters. A range of mowers
have been used to harvddiscanthusand forage harvesters are also often used tanclt
swath the crop (Huisman and Kortleve 1994; Reynetdd 2000; Huisman 2003; Adlet

al. 2006). Mower-conditioners are recommended, tovadsture loss, (by increasing surface
area and air flow) and handling, through shortenigglength of the stems (Huisman 2003;
DAFF 2007). The swath is usually baled into largghldensity bales. Similar to willows, the
end use dictates the harvesting process and hesxd@mary used. Use of the whole stems is
appropriate for use as fibre material for buildorgextiles (Huisman and Kortleve 1994;
Venturiet al 1998; Lewandowslet al 2000). TheMiscanthudor this end use is bundled
based on a harvester designed for reed grass (Vehal 1998). This is rarely, if ever, done
in the UK. Table 5 summarisddiscanthusharvesting machinery, and Table 6 summarises
balers and chasers, the machines used to colldctaok the bales.

ExperimentaMiscanthusand SRC plots are often not harvested as theydamail
commercially; typically small horticultural scaleachinery is used to cut the plots, and the
biomass collected manually. Consequently, the tffetcthe harvesting operation on the soil
cannot be accurately quantified using dadan these experimental trials.
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Baler Tractor

Bale size Weight Weight Total weight

(w by h, cm) (kg) (kg) (kg)
130 by 120 8440 5600 14040
90 by 120 7500-9350 5030 12530+
70 by 120 7500-9350 4740 12240+
90 by 80 6600- 8300 4740 11340+
Chaser (collects  5250-6850 4740-5030 9990+
bales)

Table 6 Miscanthusbalers and chaser weights with tractor required. hformation from manufacturer’'s
websites.

4.1.4 Plantation Removal

Plantation removal is not a requirement for anmuaps and, in forestry, it is good practice to
re-establish felled areas. The suggested econdmgplan ofMiscanthusand willow SRC is

in the range 15 to 20 years, although up to 30sykas been mooteHor SRC, this idased

on the advised 3-4 yr cycle and 6 harvests (Dargbat 1998; Mitchellet al. 1999;
Lewandowskiet al 2000; Abrahamsoet al. 2002; Defra 2004; DAFF 2007; DAFF 2007,
Defra 2007). The crop may be removed before thentolupoor productivity, including pest
or disease attack; economics such as the fluctuatiorop prices making agricultural crops a
more viable option; or breeding improvements - méames with greater yielding or
resistance characteristics. Thus removal may bereih order to re-establish the biomass
crop, or to change to a different land use (Mzlal 2003; Devineet al 2006; Goodlasst al
2007). Either way the land will be exposed, asrpgstablishment, to the erosive effects of
wind and rain. How removal is undertaken will blated to the intended subsequent land use.

4.1.4.1 SRC Willow

Whether or not, and how, SRC willow is removeckigted to a number of factors (Table 7).
In the UK there is very little experience of SR@rghtion removal. Jonsson and Hadders,
1999, described methods based on interviews witbd&l farmers who removed crop for
plantation renewal or conversion to cereal produnctlyoung plantations under two years old
are easiest to remove with stools being ploughe# lvdo the ground with a conventional
plough. As they have yet to reach first harvestotgtion, they are still small and so do not
require chemical input (Jonsson and Hadders 1988)ever, it would be very unusual to
want to destroy such young crops. Stands that hagtergone one or more harvest rotations
can be removed in a similar wayNbscanthus by application of glyphosate and/or
ploughing out, but will take longer to decay. St this age can be 7-10 cm in diameter
(Jonsson and Hadders 1999; Lamb 1999; Mitckelhl 1999).

The application of post emergence glyphosate poioemoval is common for all other
techniques. After final harvest, shoots are alloteegrow to 15-20 cm followed by the
application of herbicide in the spring. A secong@lagation can be applied in summer to
complete stool death. Timing of ploughing to remetiemps will depend on the size and
decay rate; in sycamore this can take up to treasas (Devinet al 2006). This method

has been found to work for many established wilfpantations (Lamb 1999; Mitchedk al
1999). Methods of this nature have a time delamffimal harvest to re-seeding the new crop
of 18-24 months, though an earlier final harvest loa used to shorten the time taken
(Jonsson and Hadders 1999; Lamb 1999; Mitattedll. 1999; Defra 2004).
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The use of the stump wood from biomass crops has deggested as an additional from of
biomass production. In SRC poplar where the treseldp a tap root, the larger rooting
system would make this a viable option, thoughafdeeavy machinery is required (Defra
2004; Spinelliet al 2005). The technique uses a bucket attachedligger to lever the stools
out. However the machinery and time taken makeathisxpensive method with estimates
made of ~30 hours/ha for poplar (Lamb 1999; Mittkehll 1999; Goodlasst al. 2007). The
land is however immediately available for cultieatiof the next crop. Following this
procedure the land is power harrowed to removditiee roots (Goodlass 2007).

Factor Effect

Age of stand Older stools have more developed roots

Soil type Heavier soils likely to be damaged more by removal.

Species/Clone Different clones may produce more root biomass, also other
bioenergy woody species (poplar more biomass — see
section)

Subsequent land use Next crop species to be grown

Disease control Full removal may be required to prevent spread of fungal
disease

Use of chemicals Limit amount apply to land

Time available The time between removal method and next crop is

important for economics, and relates to climate

Table 7. The factors effecting removal of SRC willy from a plot (Mitchell et al 1999; Hakkila 2004)

Max
Plantation  Time to Machinery weight No.
Method Age next crop Machinery (kg) passes
Herbicide only 1-2yrs 2-3 months Sprayer see Table 3 1
Herbicide/plough 3yrs+ 10-14 Sprayer, see Table 3 3-4
months plough
Stump removal 3+ but more Available Digger 1
10+/older immediately
Topsoil mulch 3+ 10 months Sprayer, 1000-2500 3
Tractor Tractor
trailed 6620-
mulcher 11770
90cm mulch 10+/older Available Heavy duty 9000-12000 1
plantations  immediately mulcher
Fodder/cover crop 10-14 Sprayer see Table 3 2

months Seed drill

Table 8. Removal methods of SRC. The age of the plation, time to next crop, machinery used and
weight, alongside maximum number of passes beforégqughing for the next crop (Jonsson and Hadders
1999; Lamb 1999; Mitchellet al 1999).

Due to the small size of willow stools, it is urdli that they could be used for biomass
production (Devinet al2006). Complete removal of stumps from sites ctald
recommended as a method to prevent fungal rot d@ec also facilitating site regeneration
(Hakkila 2004). However complete removal can adsgraffect the soil structure, with the
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removal of soil organic matter (SOM), extreme slisturbance and potentially more risk of
erosion.

Mulching the soil and stump/root material decredsegime taken to convert the land to a
state suitable for establishing other crops. Thehdef the soil that is required to be mulched
will affect the size of the machinery required.Bwoling glyphosate application, a tractor
driven mulcher can be used to mulch the top 4-0teoil. This method can convert land to
grassland within 10 months (Lamb 1999; Mitcletlbl 1999).

Older plantations, such as those over 10 yearsheanulched to up to 90 cm deep, to include
the stool and majority of root matter (Jonsson ldadders 1999). This can be achieved by
one or two passes with a modified peat cutter doce the biomass to wood chips. This
operation requires the land to be stone free tadawachinery damage (Lamb 1999; Mitchell
et al. 1999; Abrahamsoet al 2002). Similar to the stump removal, the lantimediately
available for use, but the operation is expensintgeaan have a detrimental effect on the soll
structure (Jonsson and Hadders 1999; Lamb 199¢hkliet al 1999). A summary of

removal methods is provided in Table 8.

4.1.4.2 Miscanthus

The destruction of the rhizomes can be achievealifir the application of post-emergence
herbicide in the spring, followed by ploughing otavation (DAFF 2007; Defra 2007).
Although this is a standard procedure, some res#ien rhizomes has been noted
commercially. The crop may be grown to around 1.&lprior to applying the herbicide,
and once the crop has been killed the aerial bisroasld be harvested and sold.

In one study, investigating a 10 year Mascanthusstand, (Kahlet al 2002) glyphosate was
applied after the last harvest in July and therctib@ was mulched in August. The depth was
not recorded but may be assumed to be within th&®cm. Preparations were also made for
the sowing of winter rape in August, which estdi¥id identically to rape in a control plot.
The conversion back to arable cropdiscanthuds therefore a relatively easy transition.

4.1.5 Miscanthus rhizome production

As Miscanthusseeds are infertile, establishment is done eftben plantlets or rhizomes
(Lewandowskiet al. 2000; DAFF 2007; Defra 2007). The more expenplaatlet
establishment technique is sometimes used for erpatal plots, but the main commercial
propagation method uses rhizomes. Rhizomes caiviged by hand or machine, the former
producing a higher multiplication (100 x) compatedhe latter (50 x) (Ventugt al 1998;
Lewandowskiet al 2000).

Fields of dormant 2-3 year old plants are subjestesinter or early spring to up to two
passes of a rotary tiller, with pieces lifted usangtone picker or bulb/potato harvester
(Jorgensen 1995; Ventwat al 1998; Lewandowslet al 2000; Defra 2007). The rhizomes
are usually further sorted from soil and stones gnading line. Planting must be done as
quickly as possible after division to avoid moistloss, or else the rhizomes are put into cold
storage. Viability losses occur after a few weekh mappropriate storage (Nielsen 1987;
Lewandowskiet al 2000; Defra 2007). The effect on the soil of theperations is not
documented.
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4.1.6 Soil compaction

Land degradation through conventional agricultpraktise has received much research
attention, particularly the effects on soil erosam soil compaction. Soil compaction usually
affects just the topsoil, but in some circumstamoay also affect the subsoil, which carries
significantly greater problems as it is more diffido rectify. Compaction increases soil bulk
density and has a negative effect on the numbevaludne of pores and associated
organisms. Furthermore, water and air permealifilecreased and there is a greater root
penetration resistance. Consequently soil compaétaon machinery can affect the entire
soil system. There are few studies focussing ombsgs crops within these areas. However
comparisons can be made between the pressureckgrtonventional equipment and
equipment used for biomass crops to make predetbpossible effects.

The number of vehicle passes that a field recatvepled with the weight and pressure
exerted from a pass are key factors in understgrikely soil compaction and its extent in a
field. A pass of machinery counts as one vehicleingover the soil, i.e. a tractor and trailer
constitutes two passes. In widely spaced row csapk as SRC, aridiscanthusn its early
years, the most likely route of machinery is to kvop and down the rows (Rushton 1999).

Wheels ruts are the most common form of damagesancte of compaction, they are caused
by soil being pushed out and up from underneathelsheausing increased soil density under
the rut (Souclet al 2004). On steeper slopes especially, the expasitite lower soil
increases risks of soil erosion. Soils with greatay content suffer deeper ruts (Watsal
2005).

The soil water content is the most important fadietermining the soil compaction process
(Hamza and Anderson 2005). It should be below thstig limit to prevent long term

damage. During the winter months a general increaseil water content leads to a reduction
in the number of working days available (Culshaw 8tokes 1995; Nix 2006).

4.1.6.1 SRC Willow

To minimize compaction, machinery with a low weigind low ground pressure should be
used if possible. Once the crops have establighedarvesting equipment will be the
heaviest machinery regularly in the field. Onelef SRC harvesters in the UK, the Austoft,
runs on caterpillar tracks, which spread the pmessuer a larger surface, bringing an
increased mobility with harvesting recorded on slepes of over 20% gradient (Hartsowegh
al. 1996; Spinelli and Kofman 1996). In contrast, dtiger main type of harvester used, Claas
Jaguar forage harvester, cannot operate on sugh sigpes. Both harvesters require tractors
and trailers to collect the crop from the harvest&herefore whilst both harvesters have had
very limited soil disturbance recorded, a small antf rutting can be caused by the tractors
and trailers (Spinelli and Kofman 1996). Confirnoatof this is provided in trials by Forest
Research (1998) that concluded that harvester&dauamimal ground damage. Instead the
tractor and trailer units caused rutting and sigairitly so in wet conditions.

Alternatives to conventional trailers are possibig, tracked trailers may limit vehicle road
transport, therefore wheeled trailers with low grdypressure tyres (tyres with a larger width,
giving a greater surface area in contact with thg may be the best option to minimise
compaction (Culshaw and Stokes 1995; Kofman andefpiL997).

Conventional agricultural tractors can be useda the trailers, and again, low ground
pressure tyres should be used if possible. In dadercrease the speed of the harvesting
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process, several tractors and trailers often folleavharvester to maintain a constant supply
of trailers for the harvester, however this meapeated passes will occur along the same
strip of land, and should be avoided (Spinelli &adiman 1996).

The stresses imparted from various wheeling treatsr@mulating harvesting machinery
were measured by Wais al (2005) using sensors 30 cm below the surface &RC field.
The experimental area was established at ~10,@G08sph&. The highest recorded stresses
were from a tractor pass followed by a tractor &alén trailer (total weight ~13,000 kg) with
tractor ground pressure being ~200 kPa and thert260 kPa.

To avoid compaction damage, ground pressure sheukekpt below 200 kPa in top soil and
preferably below 150, but up to a maximum of 20@,kR subsoil (Lewandowskit al. 2000;
Spooret al 2003). The study of Watet al (2005) found stresses at 30 cm above these
limits, showing that harvesting machinery with atheut the multiple passes of trailers may
well cause damage. Other work has estimated teantdximal weight on tandem wheels
should not exceed 8-10 tonnes (Danfors and Nor866)1

In contrast, Wattset al 2005 found that a caterpillar crawler tractorginig ~8 tonnes
exerted a maximum of 25 kPa at 30 cm, clearly destnating the advantage of tracked
systems.

The extent of the compaction zone on an SRC field assessed by Soustal (2004)
investigating clay-loam and silt-loam soil. Two goaction treatments; moderate, with three
passes of a seven tonne telehandler down eachedmw] and heavy, with three passes
between and within each double row, were appliealdoy soil. The moderate treatment was
meant to represent commercial passage of loadsthatheavy treatment representing
excessive traffic. The heavy treatment producenifssggnt changes in soil structure,
increasing soil strength and bulk density in b $and and clay soils tested. The compacted
soil formed U-shape zones up to 40 cm deep anctrB@ide around each rutting, covering a
potentially large area. In response the trees’srpodliferated within the topsoil. In practice,
the heavy treatmeimtescribed is unlikely to occur. Heavy loads camXgected between the
rows with the potential of forming wheel ruts, Isail within the rows is unlikely to be driven
over. The telehandler used to simulate the hangstiovements is not an accurate
representation of the harvesting machinery curyarged, which is heavier, and there are
potentially more passes. Also, some of the plamtativere at densities of 8 330 and 9 660
plants hd, almost half the typical 15 000 plants’ha&t commercial densities the compaction
area and roots responses may differ. Overall dtfeetonethod used, the application of this
data may be limited.

Direct wheel damage caused by driving over thelstiedhe biggest cause of damage to SRC
willow, facilitating entry of infections into brokestumps (Danfors and Nordén 1995; Souch
et al. 2004). As for conventional crops, care is neagssaen driving within rows to avoid
driving on stools, and all turning should be aténel of the rows.

4.1.6.2 Miscanthus

The harvesting oMiscanthuds more typical of a conventional arable crop ttuthe annual
cycle and lack of definable rows in a mature plaata Nixon and Bullard (2003) passed two
harvesting machines, a John Deere mower conditmmela Claas Rape swather, over two
sites, sandy and silt-clay for spring and autummést ofMiscanthus Autumn harvest is not
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commercial practice, and both machines are fornguthe crop, it would be necessary to
follow with another operation to bale the crop. Pemetration resistance up to 50 cm was
measured for both treatments and also a contediere no passes had occurred. The
penetration resistance relates to the level of @mtign and bulk density. In general, both
sites recorded similar results, i.e. the controtgivere not significantly different from the
harvested sites. The sandy soil required less torpenetrate then the clay soil, with the
greatest resistances being measured during thegdmarvest. The sandy site had greater
resistance for both harvest dates in the top 2@atbelow this the control had greater
resistance. The clay soil did not differ in rega@$he depth in the soil versus the control.
Therefore it appears the harvesting machinery dichegatively affect the soil structure. The
full extent of the trial is not reported, includitite number of passes or similar information.

Similarly Kahleet al (1999) noted during theMiscanthudrials no negative effect was
observed from harvesting machinery. However no darecorded, their conclusions being
based on observations and assumptions from bulktg@neasurements.

The limited data suggests tiMiscanthusharvesting machinery does not adversely affect the
soil. The increasing levels of soil organic matteupled with the production of a root and
rhizome mat may prevent soil damagéiiscanthusstands. Furthermore the root mat
produced by these plants occurs at around 35 cichwimay influence the strength of the soil
to limit damage by providing support for machinéBpuchet al 2004; Wattst al 2005).

Direct evidence is required to support this.

4.1.6.3 Comparison with conventional crops

More information is required for both biomass cropsthe effect of associated machinery on
the soil, including that related to the level ofrqmaction and the number of machinery passes.
The time between passes allows for soils to recandr as noted above, consecutive passes
can build up high stresses on the soil. These jigbsures increase the likelihood of soil
damage, which may be permanent or measurablerigrderiods after the original impact
(Alakukku 1996). Farmers may get the opportunitgub-soil to remove compaction in

annual crops, but this is unlikely in perennialpgoespecially SRC, so damage sustained may
not be easily corrected. Therefore, natural allesisby earthworms, soil cracking (drought)
and roots may become the predominant form of switltioning (Culshaw and Stokes 1995).

Subsoil compaction e.g. a plough pan may sometpr@sde a benefit by protecting the
deeper parts of the sub-soil from further compacpicessures (Spoet al 2003; Schafer-
Landefeldet al 2004). However, plough pans may restrict rootvging and therefore
remedial action may be beneficial if they remailiofwing preparatory cultivations
(Makeschin 1994).

In forestry, where heavy machinery may create larigeel ruts, foresters try to alleviate
pressure through the use of brash mats. Brashmpased of the leaf litter and biomass that is
not sold on commercially (Moffat al 2006). Brash mats can be strengthened througbfuse
straw or other timber and demonstrate that theiggmn of plant material on the ground can
aid soil support (Murgatroyd and Saunders 200B3canthusin particular, forms a mat of
litter and plant debris at the soil surface whiddaoubtedly aids harvesting, but the effect has
not been quantified.

A direct comparison between conventional agricaltand biomass crop machinery would
provide clearer information in regards to effeatssoil structure. The limited studies done so
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far, compounded by different soil types, hampeesdbnclusions that can be made. Inference
can currently be made from pressure data but tperirance of direct comparison should not
be ignored.

The technology of the machinery is constantly depelg, e.g. with lighter trailers resulting
in reduced ground pressure, and as the land in uskdse crops increases, the number of
machines available for the operations alongsidetheunt of investment put into the design
of machinery should increase (Hilton 2001). A newiew of the available machinery
including relative work rates, costs and groundgguee on the soils would provide a
reference point of the current situation.

Overall, the key difference between biomass and@atonal crops that will have an impact
at the soil surface is the harvesting. The apptioatof herbicides and any fertilisers are not
likely to cause any different damage compared ajtplying them to conventional crops. The
harvesting operation, on the other hasdsomewhat different from conventional arable
crops, and is carried out at a different time adry# good practise is followed, i.e. avoiding
use of the machinery when ground conditions areitatse, it seems unlikely that significant
soil disturbance will occur during the harvest mirhass cropsThe fact that it is hard to carry
out remedial action in biomass crops makes it ingmirfor the grower to avoid possible
damage. And although the equipment used is notdypi arable farms, it is very similar to
machinery used on grassland farms for silage ptextya process that is common across the
grassland regions of the UK.

4.1.7 Soil erosion

The average annual amount of soil formation is 1Hdd year', whereas cropland has an
average erosion rate of 18.1 Mg'hgeai* (Pimentel and Krummel 1987). Subsequently soil
erosion has a major effect on the productivity anstainability of agriculture.

Removing the ground cover and exposing bare grtmutite environment increases risk of
sediment loss through water and wind erosion. t{gpé and location will affect the amount of
sediment loss, but in general processes removgriar soil particles reduce soil depth and
increase bulk density. During biomass crop produncthe highest risks of soil erosion occur
during establishment, harvesting and final plantatemoval. For up to 24 months during
establishment, and dependent on the removal meised| up to another 24 months at the end
of the plantation lifetime, soil erosion is likeky be high at vulnerable sites (Ranney and
Mann 1994; Koret al. 1998; Mitchellet al 1999; Defra 2007). Harvest erosion losses occur
across a much more restricted time frame.

Once a SRC plantation has reached its life sparttanfinal harvest has been taken, keeping
stumps in the ground as they decompose will mairgame soil stability. Devinet al

(2006) describe stump decomposition after finavési: microbes colonised within th& 1
year, with most of the stump broken down in th&y2ar leading to the stump being
undetectable from the surface by tffty@ar. No mechanical impedance is conferred during
this time.

4.1.7.1 Comparison between conventional and biomass crops

Studies looking at the effect on the soil when @stimg to biomass crops are limited. Table 9
shows some data on soil erosion losses from diftexgricultural land useslowever, a
number of papers have looked at erosion lossdgitUSA for SRC willow with rotations up
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to 10 years and also in the herbaceous grass gnaieh In addition, high erosion losses for
two crops were been found by Gresral (1996) in a comparison of three species (corn,
switchgrass and sweetgum). In this study, lossesvidchgrass and sweetgum were high
compared to corn production but corn and switclglasses reduced over the year in contrast
to sweetgum. Planting fescue in the sweetgum ticee gecreased the losses to below those
of the other two crops.

Thorntonet al (1998), measuring first year losses in corn dandhhss trees, found losses
within the first year of establishment were alwaignificantly higher in the corn than in the
biomass tree crops (cottonwood, sycamore and swagtd hey found initial losses were
significantly higher during the first months of &slishment but, as stands established, these
losses decreased very significantly to levels sint no-till corn. Greatest losses were under
tilled cotton (16.2 Mg ha) in 14 months and the lowest in cottonwood (2.314gd). Planting
with a cover crop aided lower erosion loss in sgaet. Hansen (1993) concluded from a
study looking at poplar plantations that soil carlbmss occurred from the top 30 cm early on
after planting. However as trees aged to over satythe soil carbon increased. Decreasing
erosion losses after stand establishment is a gktnend found in research projects (Tolbert
et al 1998).

Establishment

Average Erosion year
Vegetation type loss Mg ha *yr™ Mg ha™yr™ Source
Corn 21.8 (Pimentel and Krummel 1987;
U.S. Congress 1993)
Wheat 14.0 (4% slope) (Pimentel and Krummel 1987;
Ranney and Mann 1994)
Av. agricultural loss 18.1 (Pimentel and Krummel 1987)
Pasture 0.2 (Mann and Tolbert 2000)
Herbaceous grasses 0.2-2.0 (Mann and Tolbert 2000)
SRC 2-4.0 130 (Pimentel and Krummel 1987;
(Poplaron 13%  Y-S. Congress 1993; Mann and
slope) Tolbert 2000; White et al. 1991,
cited by Volk et al. 2002)
Undisturbed Forest 0.2-4 (Pimentel and Krummel 1987;
Mann and Tolbert 2000)
Harvested forest 2-4 2-17 (Pimentel and Krummel 1987)

Table 9. Soil erosion losses from agricultural, farstry and biomass crops.

Pimentel and Krummel 1987 estimated an averageMyg 2* y* of soil erosion for a five

year SRC field on a 5% slope, and for herbaceotenp@!l grasses they estimateg t* y

! or even as low as permanent grassland at 0.2Ng.tErosion rates for SRC might also be

as low as grassland if it was not for the initisadlishment phase (Ranney and Mann 1994).
Overall, losses are significantly less for biomasgs compared to conventional agricultural

crops (Table 9).

The slope of the land dramatically affects the swmilsion potential. An increase from 0-2% to

12-20% slope can produce a 20-fold increase inesogion (Pimentel and Krummel 1987).
Whilst there is a recommended maximum slope for 8RIBw of 15% no such guidance is
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given forMiscanthusother than that relating to machinery access.rglegdmachinery is
working on steeper slopes, particularly under veetditions, the erosion losses may be
increased further.

4.1.7.2 Methods for alleviating soil erosion

In general, studies for boiscanthusand SRC willow conclude that additions of soll
organic matter bring about decreases in bulk dgmsth increasing porosity and water
retention (Kahlest al 1999; Tolberet al. 1999; Kahleet al 2001; Kahlegt al 2002; Tolbert
et al 2002). The extensive rooting systems and rootthatcontribute to the soil organic
matter, alongside the ground cover provided byp#rennial crop through the rotation period,
mean biomass crops can be used as an environnauitéd reduce or stabilise erosion loss
(Pimentel and Krummel 1987; Kast al 1998; Borjesson 1999; Wilkinson 1999; Kuzovkina
and Quigley 2005). These characteristics are éstylto promote resilience to machinery
passes after establishment (Soathl 2004).

The incorporation of cover crops during establishiean be used to address the soil erosion
risk. In addition cover crops can aid weed suppoesand add nutrients to the soil. Maék

al. in two studies (2000; 2001) investigated the eféédbur cover crops introduced during
establishment of short-rotation woody crops (sweigon erosion control and any
subsequent loss in biomass yield. In these studiegrass performed best, reducing erosion
losses by 64% whilst decreasing biomass the lgas5% versus the control. Nyakataeta

al. (2006) found thaplanting a fescue cover crop in sweetgum signitigareduced sediment
yield compared to sweetgum without cover.

On a similar idea, clover was planted into SRCamillplantations, before being destroyed
and added as a green manure by Areeala. (2005). Plots were planted at densities of
~10,500 plants haand harvested on an annual basis. The biomasts yigre higher in the
covered plot versus the control in tH& lBarvest but lower in the’12" and 4. Potential
biomass yield loss is the principal reason covepsrare not popular. Vol al (2002)

found that a cover crop (rye grass) could be ssfakbgincorporated without reduction in
biomass yield in the first two growing seasons RCS However pre-emergence herbicide had
to be applied immediately after planting. They daded that a balance between above
ground biomass production, weed control and coka@y s required in the management
method applied.

Use of cover crops during removal is less studgetha yield of the biomass crop is not an
issue. A fodder crop may be added for grazingeattisheep, whose trampling will facilitate
stump decomposition (Mitchedit al. 1999). Devinest al (2006) planted wheat following
removal of a woody biomass crop (sycamore) beforeversion to arable. The cover crop
also helps weed control.

4.1.7.3 Summary

Overall soil erosion risks are highest within thstftwo years of growth, however once the
stands have established they have a stabilisiegtethitial losses may be comparable to row
crops, but on average biomass crops will only peedup to 4 Mg hayr* erosion compared

to 18.1 Mg hd yr for agricultural crops (Table 5).

Due to the lower erosion potential, biomass crapgelbeen used in a number of conservation
projects to restore land and as a buffer strigtluce run-off of nitrogen and sediment
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(Borjesson 1999). So far studies looking at erofigses associated with biomass crops have
been short term, up to three years after estabéshrnihe average erosion loss remains an
estimate until longer term studies have been choug. Work is also needed to study losses
associated with plantation removal. The soil typeduin the studies is not always provided in
the literature, which is an issue, as soil typeltave a large effect. Experimentation looking
at the effect of soil type in relation to estahirsnt and removal would be useful.

4.2 Soll water content

The soil water content is a balance between theat ifgvecipitation and/or irrigation) and the
outputs (lateral flow, drainage and evaporation)ldwing a period of rainfall or irrigation,
sufficient to saturate the soil, the soil drainsilithe water held by surface tension on the soil
particles is in equilibrium with the gravitatiorfakce causing drainage, i.e. drainage ceases. It
is then defined as being at field capacity. It tgtly takes a few days for drainage to cease.
During the period of drainage, water loss can atstr through evaporation, either directly
from the surface of the soil or water extracteatigh the vegetation’s roots to support
transpiration. Once drainage has stopped, soihdrgontinues due to evaporation, with little
restriction due to the soil water content until tbetical” soil water content is reached. The
amount of soil water between field capacity andditigcal point is often referred to as the
readily available water content. As drying contisuie evaporation rate is increasingly
limited by the soil water content until a pointéached at which the evaporation rate is
effectively zero. This represents a progressiomftioe evaporation controlled by
meteorological conditions to it being controlledthe soil. Soil water deficits are defined
relative to the soil water content at field capadih practise, the amount of soil water that is
available for plants does not show large differsroetween soil types with the exception of
sandy soils, when it is less, and chalk and orgsmils when it is greater.

The amount of soil water available to vegetatiantfanspiration depends on two factors, the
hydraulic properties of the soil and the rootingttieof the vegetation. The rooting depth can
change as the vegetation goes through its lifecyalpoint of particular significance for
annual vegetation. The depth to which soil watdicde develop is predominantly a function
of two factors: The distribution of roots with da@nd the hydraulic properties of the soil.
The distribution of roots with depth can be conediwof as being determined by two
parameters. The first of these is the maximum ngatiepth of vegetation, see Table 2, which
shows significant variation between vegetation syfdée second is the root length density
which generally reduces with depth, approximatedigxponential function, so the soil
water deficits often show a similar trend with depthe hydraulic properties of the soil
determine the thickness of a “capillary” zone inietthupward movement of water develops
beneath the root zone. In most soils this is Vieiry &and often is undetectable. The exception
to this is the Chalk where the capillary zone ceerd for several metres. The variations in
soil water content with depth are rarely reportethie literature but, in the majority of cases,
they show an exponential decrease with depth, nmgdhe change in root density. In
England, soil water deficits usually begin to deyein the late spring, as the evaporation rate
begins to exceed the precipitation rate. The drypuigof the soil begins near the ground
surface, where the greatest density of roots indoAs time progresses, the depth to which
the soil water deficits extend deepens and theddiee soil water deficit increases in the
near surface. Changes in the soil water contenttheagyround surface, ca 0.3 m, can be very
dynamic through the summer as rainfall events \pethe soils, followed by a period of
drying over several days. In the autumn, the dmlgin to wet up, as the precipitation rate
exceeds the evaporation rate, and this procesasrgm the ground surface and extends
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downwards. It should be noted that detectableveatér deficits do not necessarily extend to
the full rooting depth of the plant. This is beaaust low root densities, the amount of soill
water extracted is too small to be measured (Baile90)

In this report the soil water contents and defiares given in depths of water - mm. This is
done to allow easy comparison with rainfall andp®ration. However, in the context of soil
water, it should be noted that the value applies depth interval, which may be measured
from the surface e.g. in this case of the totatingodepth. It should also be noted that the soll
water contents are instantaneous values of waieage whereas rainfall and evaporation are
rates and so apply to a defined interval of tinta@sTs often a day but can also be over a more
arbitrary interval, e.g. the growing season

Values of soil water deficit are rarely quotedhe titerature but a surrogate can be used, the
evaporation rate, and this is done in this regdre magnitude of the soil water contents, and
thus of soil water deficits, is essentially detared by the balance between the input from
precipitation or irrigation and the outputs duatocombination of drainage and evaporation.
In England, there is a strong seasonal variatidgherevaporation; being lower in winter and
higher in summer. (An exception to this can occithwoodland as the greater aerodynamic
roughness of the canopy can result in the evaporasites during winter being similar to
those in summer.) As a result, soil water defiares very rare in winter but occur in most
summers, except where the water table is clodeetsurface e.g. close to a river. They will
be greater in areas of lower summer rainfall, saitheast England.

The evaporation is predominantly due to three sminnterception (precipitation intercepted
by plant canopies and evaporated directly, witleséring the soil), evaporation from the
soil and transpiration from plants. Evaporatiomirthe soil is generally from soil water
within 0.2 m of the surface and so tends to bdadively small proportion of the total — thus
the characteristics of the vegetation are mairgpoesible for explaining the differences in
evaporation rates and consequently the size andgiaf soil water deficits. Interception is
usually a small fraction of the evaporation forghv@getation but it is often a significant
fraction (20-40%) of the annual evaporation fronodiand.

The term “water use” is often found in the literawoncerning crops. To be precise, this
should really be called “water loss” as the wasanat actually used in photosynthesis. The
term approximates to the evaporation over a giveiog in the vegetation’s life cycle but it is
not always clear whether a publication is definirgs transpiration alone or transpiration and
interception combined. Much of the literature isrenooncerned with water use efficiency
rather than water ugeer se There are a number of definitions of water udieieficy but

they are basically a measure of the amount of bssraacumulated by the vegetation per unit
water use. Unfortunately, it is not possible to data about water use efficiency to discuss
soil water contents unless the values for the yaeddgiven, which is rarely the case.

4.2.1 Conventional land use

4.2.1.1 Grass

In terms of evaporation rates and soil water cdastegrass is generally considered to be the
simplest land cover in terms of both processesnagasurements. In England, the
interception rates are generally found to be coatgarto the transpiration rates, significantly
reducing the uncertainties. Hence grass is gegeaeken as the benchmark against which
comparisons are made.
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Finch (2000) measured the soil water contents libraepasture in Berkshire during 1997 and
showed that there was depletion of the soil watetent down to a depth of 1.2 m. The
maximum total soil water deficits recorded wereugueh 130 mm. He simulated the
evaporation rate at this site, using a water balancdel, for a 25 year period getting an
average annual evaporation rate of 0.97 rfinantd an average evaporation rate over the
growing season of 1.5 mm'‘d

Similarly, Greeret al (2006) made measurements under grass, in No&mghire, from

1998 to 2002. They recorded soil water deficitato 150 mm between the surface and a
depth of 2 m, a depth which would comfortably extte rooting depth of the grass. Calder
et al. (2003) used these data to calibrate a modeleofvtiter balance which they then used to
simulate the long term average annual evaporatits obtaining a value of 1.4 mrit.d

Finch and Harding (1998) measured the soil watatesds under grass, at a riparian site in
Oxfordshire during 1997. They also made direct mesaments of the evaporation rates. The
maximum soil water deficit measured, down to a kdetl.5 m, was 150 mm whilst the
average evaporation rate during the growing seaSoril, to September, was 1.1 mrit d

Roberts and Rosier (2005a and b) measured thevat@l deficits under grass, at a site in
Hampshire, and also directly measured the evaporatihey recorded soil water deficits of

up to 250 mm down to a depth of 7.8 m. The aveeag@oration was 1.6 mni‘dver the

period March 1999 to March 2000. This work needsd®een in context because the site was
on a chalk soil, which has very anomalous hydrauiaperties compared to other mineral
soils. In particular more water is available toson evaporation and drainage takes much
longer to cease.

4.2.1.2 Winter wheat

The annual average evaporation rates of cereas @apgenerally similar to those from grass
but the timing within the year differs significaptlEvaporation rates are lower during the late
summer and early autumn. This is a result of aceolu in photosynthesis as the crops ripen
and then, following harvest, the evaporation carggat a reduced rate because evaporation
is only from the soil until the new crop emergeswdéver, cereal crops tend to have higher
evaporation rates than grass during the growingasgassentially reflecting their more
vigorous growth, and soil moisture deficits extém@ greater depth due to the greater rooting
depth.

Weir and Barraclough (1986) measured the soil wadatents, to a depth of 2 m, beneath
winter wheat at a site in the UK. Soil water defiavere observed down to depths in excess
of 1.5 m. The average evaporation rate during thevigg season, 24March to 2¢ August,
was estimated from the water balance giving a vafue3 mm & for a droughted crop and
2.0 mm d for a rain fed crop.

Hall and Heaven (1970) measured soil water defi@tseath wheat in 1975. The deficits
extended to greater than 1 m but not to 1.5 m.

Scottet al (1994) analysed data from a site in Nottinghanestior the growing season, April
to August, they obtained average evaporation @ftéss mm &, when no fertiliser was
applied, and 1.7 mm dwhen fertiliser was applied, implying that thetileser application
promoted more vigorous growth resulting in higheaoration rates.
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4.2.1.3 Potatoes

Potatoes are shallow rooting and thus are pronediaced yield due to low rainfall during the
growing period with the result that they are makely to be irrigated.

Asfareyet al (1983) reported soil water deficits developed doava depth of 0.75 m under
potatoes at a site near Reading. They calculatedubrage evaporation rate through the
growing season (mid-April to mid-August 1978), wsthe water balance method, to be 1.5
mm d* when not irrigated and 2.3 mrit evhen irrigated.

Feddest al (1988) in a study in the Netherlands, found tlodtwater deficits were limited to
a depth of 0.65 m. Using a numerical model of treperation and soil water tested against
observations, they estimated that the averagepiration rate during the growing season
(mid May to mid September 1976) was 2.0 mim d

A study in Canada by Singdt al (1993) also estimated the average evaporatiorusiig a
numerical model and concluded that it was 3.8 rfinfdine to mid August 1988) with soil
water deficits dominantly occurring at depths liggs 0.6 m. It is not clear why this
evaporation rate is so much higher than the ra@sated in the other studies.

4.2.1.4 Broadleaf woodland

The water balance of broadleaf woodland has beefottus of numerous studies in the last
two decades. The absence of leaves during the wirgans that the evaporation rates during
this period will be low, in terms of both transpica and interception. However, during the
summer, higher evaporation rates can be expecaetlly due to the greater aerodynamic
turbulence associated with the shape of the ticspies and partly because they are deep
rooted, typically several metres, allowing thenmtaintain transpiration rates in low rainfall
years (Herbset al, 2007; Herbsét al 2008). The situation can become more complex evher
an understory is present.

In a comparison of reported annual transpiratidesraf temperate forests, Roberts (1983)
pointed out that the rates showed remarkable giityil@veraging 0.91 mmd Subsequent
research, summarised by Komatsu (2005), has shwatndn average, broadleaf woodlands
have higher annual transpiration rates than nesdlis woodland. Herbst (pers. comm.)
considers that the annual transpiration rates gfi&mbroadleaf woodlands are remarkably
similar, with the exception of “wet” woodlands whibave higher rates. However there are
differences in the seasonal transpiration ratesdest different species.

Finch (2000) measured the soil water contents, doveandepth of 3 m, beneath a small,
mature mixed broadleaf woodland in England duri@§7land showed that there was
depletion of the soil water content down to a degtR.1 m. The low soil water contents
recorded below this depth strongly suggest thawgater deficits existed at depth prior to
1997, indicating that soil water deficits actuadiktended to a depth in excess of 3 m. Finch
simulated the evaporation rate, using a water loalamodel, for a 25 year period getting an
average evaporation rate of 1.6 muhpublished measurements, made during the drought
years 2003-5 at a site about 10 km away from teatl by Finch (2000), have confirmed the
development of soil water deficits at depths dowd tn which can persist through the

winter.

Greenet al (2006) made measurements under an oak woodlanhttinghamshire, from
1998 to 2002. They recorded soil water deficitaymto 200 mm, between the surface and a
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depth of 2 m, which they considered correspondetdanajority of the roots. Caldet al
(2003) used these data to calibrate a model oivtter balance which they used to simulate
the long term evaporation rates. The long termayeannual evaporation rate vila8 mm d

! with an average annual transpiration rate ofni d™.

4.2.1.5 Coniferous woodland

Concern about the possible impact of extensivetipigrof coniferous woodland on water
resources was first raised in the 1950’s with #salt that there is now a significant volume
of research in the UK, although much is relatedit®s in the uplands, i.e. high rainfall areas.
The presence of leaves throughout the year willlt@s active transpiration through the
winter, albeit at a low rate, but the major impadhrough a significant loss of water due to
interception from the tree canopy. In terms of s@iter, these factors are unlikely to have a
significant effect on the soil water content, exaaedow rainfall areas during winters with
significantly below average rainfall. Coniferousds tend to be shallower rooting than
broadleaf trees, a typical value being around 2ewr, Table 2,. The combination of these
factors leads to the conclusion that the annugb@edion rates from coniferous woodland are
greater than for grass.

Law (1956) measured the water balance of Sitkacgprua small catchment located in
Yorkshire and estimated that, over a period of yea, the average transpiration rate was 0.9
mm d’ whilst the average interception rate was 1.0 rinildhere was little variation in the
interception rate through the year but a signifiadifierence between the winter and summer
transpiration rates, the latter averaging 1.2 mimRutter (1968) describes measurements of
transpiration of Scots Pine and reported an aveaageal rate of 1.2 mmi'd

A detailed experiment to measure the evaporatiom fa forest of Scots and Corsican pine in
Norfolk during 1975 is described by Gash and Ste(#®77). The average interception rate
over the year was 0.59 mrit avhilst the average transpiration rate was 0.97dvinThe

lower interception rate compared to that of Laws@0Ocan be attributed to lower rainfall rates
and wind speeds at the site. The average sumnmsptration rate was 1.7 mndRobertset
al.(1982) carried out further studies and concludhed the differences in the evaporation
rates of the two types of pine were minimal, whichy attributed to the greater leaf area of
the Corsican pine being balanced by an understdoyagken in the Scots pine.

Analysing a 30 year set of measurements of thenbalances of two experimental
catchments in mid-Wales, Marc and Robinson (200@tkided that the average evaporation
rate from mixed coniferous woodland was 1.6 mimtdowever this hides a trend of
decreasing evaporation with the age of the forest.

On the continent Tajchman (1971), reported an draweage transpiration rate b2 mm d
! and an annual average interception rate of 0.4dfhfor Norway spruce.

4.2.2 SRC Willow

There has been interest in the water use of SRIGwibr some time. A number of studies
have been carried out in the UK but there is alsigaificant body of work from Sweden.

Jargensen and Schelde (2001) measured the soil eeatients, over three 0.5 m intervals

down to a depth of 1.5 m, under two clones (78-4d@ 78-113), from 1997 to 1999 at a site
in Denmark. Soil water deficits occurred throughthé period May to October inclusive. The
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maximum soil water deficit for clone 112, over thepth interval 0 — 1 m, was 180 mm whilst
over the interval 0 — 1.5 m it was 185 mm. In corngmm, the equivalent soil water deficits
for clone 183 were 105 mm and 145 mm. This impdissallower rooting depth for clone
183, possibly not much more than 1 m, but highapevation rates. The authors went on to
use a numerical model of the land surface watemeal (Gardenas and Jansson, 1995) to
estimate the evaporation by calibrating the modalrest the measured soil water contents.
The results gave an average annual evaporationfaté mm d for clone 112 and 1.2 mm
d* for clone 183. The corresponding values for therage annual transpiration rate are 0.96
mm d*and 0.712 mmd

The evaporation from SRC willow was estimated bgsBan (1997), for a period of six years
using a numerical model, for conditions in Swedssuaning a rooting depth of 1m. The
model used was an earlier version of that of Gaadexmd Jansson (1995). The average
annual transpiration rate was estimated to be Bu84d, with the rate being well above this
average value during the months April to Octoher,the period with leaves.

Measurements by Lindersathal (2007) of the transpiration from six SRC willoVores, at
a site in southern Sweden gave an average tratispirate of 1.3 mm dfor the period May
to September 2000. However there was consideraiation about this mean, covering a
range of 1.0 mmdto 2.1 mm &, part of which can be explained by the differerioethe
amount of leaves of the different clones. A simikzsult was obtained by Grad al (1989),
who measured the evaporation of irrigated SRC wililo three stands at a site in southern
Sweden in the second year of growth after harvgsiliney then simulated the evaporation
from the optimally irrigated SRC willow and for aone limited irrigation. In the case of the
latter, the annual evaporation rate was 1.4 riofdvhich 1.0 mm d was transpiration, 0.15
mm d* was interception and 0.25 mrit das soil evaporation. The values of transpiration
and soil evaporation must be considered to be hidjaa will be obtained in practice, due to
the irrigation.

In the UK, ongoing measurements of the soil wabatent at a site in Lincolnshire (Finch
pers. comm.) began in May 2006. The SRC willowt ieast four years old. The maximum
soil water deficit recorded during 2006 was 165 riiime range of soil water contents
recorded clearly show that soil water deficits soed down to a depth of 1.2 m. Below this
depth the soil is saturated and it is likely the permanently waterlogged conditions have
restricted root development.

At a site near Swindon, Fin@t al (2004) made detailed measurements of the traatspir

from a number of varieties of SRC willow during giemmer of 2002. These measurements
were used to test and calibrate a numerical mddélkedand surface water balance which was
then used to simulate the evaporation of SRC wilbkeer England and Wales at a spatial
scale of 1 kr For a location near Ludlow, the annual averagmeration rate, over the three
year growing period, was 1.6 mrit,cout was composed of a rate of varying betweemth8

d* in the first year, 1.6 mmtin the second and 1.8 mrit @ the third. During the growing
season, April to October incl., the three year agerevaporation rate was 1.8 mth d

Cranfield University (2001a) carried out a modejlstudy, taking parameter values from the
literature, and simulated the annual evaporatitesritom SRC willow at three sites over a
period of up to 30 years. The values for two ofghes, Silsoe and Selby, were similar at 1.2
mm d* and 1.3 mm d. However, at the third site, Cirencester, the @alas much higher, at
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1.6 mm d. The authors speculated that this might be dingioer rainfall and/or the
meteorological conditions.

4.2.3 Miscanthus

There is less information in the literature abliscanthushan SRC willow because interest
in this crop is much more recent. Neverthelessethave been a number of studies in the
UK. Bealeet al (1999) measured the soil water contents, dovendepth of 1.2 m, and the
transpiration of a 3 year old crop during the grayvseason of 1994 at a site in Essex. They
recorded the maximum soil water deficit as 108 ralthough it is likely that they did not
record the soil water deficits to the full deptineTaverage evaporation rate over a period of
118 days, starting on 26 April, was estimated t@8emm d, based on the soil water
balance.

Measurements of the soil water content at a sioimerset (Finch pers. comm.) began in
May 2006 and were taken at intervals of 2-3 week# Eebruary 2007. Thkliscanthusvas
planted in 2003 and so was in its fourth year. fdmge of soil water contents recorded
clearly shows that soil water deficits occurred ddw a depth of 1.2 m and are likely to
continue beneath this. Thus, the maximum soil waéicit recorded, 140 mm is probably an
underestimate. Fincott al (2004) made measurements of the soil water cgrdewn to a
depth of 1.2 m during the summer of 2003 at aretr Ludlow. They also measured the sum
of transpiration and soil evaporation over an avith a radius of about 100 m. The maximum
soil water deficit recorded was 150 mm but the earggorded shows that soil water deficits
existed to an unknown depth below the measureméhésmeasurements were used to test
and calibrate a numerical model of the land surfeaer balance which was then used to
simulate the evaporation bfiscanthusover England and Wales at a spatial scale of 4 km
The simulated annual average evaporation rateatteree year period was 1.4 mifor the
measuredrlnent site. The average rate during the ggos@aason April to September incl. was
2.6 mmd.

Cranfield University (2001a) carried out a modelstudy, taking parameter values from the
literature and simulated the annual evaporatiomfiscanthusat three sites over a period of
up to 30 years. The values for two of the sitelso8iand Selby, were similar at 1.2 mrh d
However, at the third site, Cirencester, the valas much higher at 1.6 mmdThey
speculated that this might be due to higher rdiafadl/or the meteorological conditions.

Cosentincet al. (2007) measured the soil water contents at iaterf 0.2 m to a depth of 0.8
m under plots oMiscanthusan Sicily during 1994 and 1995. The measuremeriewnade
over the growing season, defined as June to Novenihe rainfall at the site was low during
the growing season, 57 mm in 1994 and 151 mm i5,1&%d two different levels of
irrigation were applied. The total precipitatioairfall + irrigation) for the first treatment was
about 260 mm in 1994 and 230 mm in 1995 whilstas\s00 mm in 1994 and 400 mm in
1995 for the second treatment. The first treatrapptroximates to average rainfall and the
second to above average rainfall during the growemson for areas of low rainfall in
England. The authors give the average evaporadien(estimated from the soil water
balance) during the growing season as 2.1 nimd 994 and 1.9 mm tin 1995 for the first
treatment and 3.1 mni'dn 1994 and 2.0 mm tfor the second.

Finch and Riche (2008) report measured soil waiatents, from four sites in England,
which show soil water deficits extending down t@ t at two of the sites. At the other sites
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the measurements did not extend down to this daydtkoil water deficits extended to the
maximum depth at which measurements were made. dinysed these data to estimate
evaporation rates during the summer months. Thagesignificant variability between sites
but the highest rates occurred in June, when thege rate was around 3.2 mih dhich

then decreased as the summer progressed, to ataandd" in October. The authors point
out that the evaporation rates in October are gighatypical as two of the sets of
measurements were made in 2003, which was one afrtest summers on record, and there
was clear evidence of soil water availability limg the transpiration rates.

It should be noted that there is a degree of camriusetween the depth that thkscanthus
rhizomes extend down to, typically 0.2 m, and teptd to which the roots extend to,
typically 2 m.

4.2.4 Comparison between conventional and biomass ¢ rops

Inevitably there are dangers in making generabsatias conditions at each site will vary
from the “average”. Nevertheless, it is possiblestablish some broad characteristics from
the details given above. Soil water content, frompgerspective of the historic environment,
is dominantly concerned with the evaporation rai@ging the growing season and the
availability of soil water to support these. Sodter deficits are likely to occur down to a
depth of 1 m under virtually all vegetation typescept in parts of the country where the
summer evaporation rates are significantly less tha rainfall rates — generally in the west
of England. Amongst the conventional land useis, liroadleaf woodland that is likely to
result in the greatest soil water deficits. Althbuge evaporation rates are similar to the other
land cover types, Table 10, they are maintaingdeste levels during dry summers by
drawing on the greater amounts of soil water alb&laue to the greater maximum rooting
depth. The result is that, during a period of twonmre winters with low rainfall, significant
soil water deficits can be developed to a deptinpoto 4 m. SRC willow anMiscanthusare
significantly shallower rooted than broadleaf waodl and so soil water deficits under these
will not extend to the depth that may occur undeableaf woodland. However, the higher
evaporation rates of these crops suggest thahtbesity of the soil water deficits could be
greater.

Typical growing

season average Maximum
evaporation rate rooting
Land cover (mmd™) depth (m)
Conventional land cover
Grass 11-16 0.8
Winter wheat 13-17 1.2
Potatoes 15-23 1.0
Broadleaf woodland 15-17 4.0
Coniferous woodland 15-2.0 25
SRC willow 15-26 2.0
Miscanthus 1.8-2.6 25

Table 10 Typical growing season evaporation ratesnd maximum rooting depths for SRC willow,
Miscanthusand selected conventional land uses.

The rooting depths of the two biomass crops arepewable to that of coniferous woodland.
Although the range of evaporation rates of the ¢waps overlap, those of coniferous
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woodland tend to be lower which suggests thatpalgh soil water deficits will extend down
to about the same depth, the intensity of thevgaier deficits under the biomass crops will be
higher. The remaining land cover types are shalloaeting than the biomass crops whilst
also having lower evaporation rates so the soienaéficits will extend to a shallower depth
under these land covers. An exception to arablescbeing shallower rooting than the
biomass crops is maize which can have roots dov2nto(Liedgens and Richner, 2001).

It is not practical to make any specific commemigtee impact of the water table levels in
wetlands were SRC willow and/dfiscanthugo be planted in the vicinity. This is because
the result would be determined by a complex intewva®f a number of factors such as: the
land cover the biomass crops replaced; the aveeaggll in the area; the fraction of the
contributing area to flow into the wetland that veasered by the biomass crops; the amount
of flow out of the wetlandetc In the worse case scenario, were the whole ofonéributing
area to be covered with biomass crops and thetscegbland covers with low evaporation
rates then it would be anticipated that a loweahthe water table would occur but it is not
possible to quantify how much this would be otlemtto carry out a detailed analysis of
specific sites.

4.3 Soil chemistry and water quality

4.3.1 SRC Willow

4.3.1.1 Soil chemistry

SRC willow varieties have been selected and grommraercially for almost 20 years and a
wide range of genotypes exist and so there is soredle amount of information in the
literature. Weih and Nordh (2002) characterisedcihes of willow in terms of relative
growth rate, total biomass production, nitrogen-(&hd water-use efficiency under different
irrigation and fertilisation treatments from budeék to leaf abscission. Significant
differences were found in nearly all parameterssuesd and clones varied in response to the
different experimental treatments. None of the efrwas superior in terms of shoot
production, N and water economy under all the tneats tested. This suggests that the
industry may select optimal clones for growing ire tdifferent environmental conditions
associated with specific regions of the UK.

Meers et al (2007) and Maxtecet al, (2007) report low to moderate uptake of metal
pollutants by willow from soil suggesting a usepimytoremediation of lightly-polluted land,
for example where contaminated sludge has beemedpplptake varied with species and was
enhanced by chelating agents (Meefral, 2007). Zhaaet al (2007) found strongly variable
and thus localised effects of dissolved organiba@ar(DOC) on metal concentrations in soil
columns planted with willow. DOC is able to complegavy metals and mobilise them (e.qg.
de Vrieset al, 2007). Zhacet al (2007) suggest that the source of the DOC is ahiat
rather than plant and that mobilisation increades uptake rather than leaching of the
pollutants.

Mann and Tolbert (2000) in a review of biomass sr@gspecially SRC, found an increase in
soil C and a reduction in sediment loss, afterititeal establishment phase, as a result of an
increase in aggregate stability. Although biomaspg were thought to reduce the leaching of
N and P there were suggestions that micronutrismt¢tr as boron might be depleted in soil
under energy crops (Mann and Tolbert, 2000). BlangGanquiet al (2007) also found
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evidence of an increase in aggregate stabilityelation to increases in soil organic matter
under several trees grown for fibre including popla

4.3.1.2 Water quality

In willow, evidence suggests that N cycling is d$amito poplar, where developing leaves
represent a dominant sink for N during the growsegson followed by a major internal
redistribution of N from leaves to perennating eigauch as stems and roots. During autumn,
N-rich amino-acids and other mobile nutrients ar@ndported via the phloem and are
accumulated in protein-filled vacuoles in parenchyeells of bark (Cooke and Weih 2005).
Willows also lose a large fraction of the nutrietdken up during the growing season by leaf
abscission in the autumn and the leaf litter gyalit terms of nutrient concentration, is a
strong determinant of litter decomposition and ieuatr cycling in soil (Weih and Nordh,
2002).

In a lysimeter study of the whole-season nitrogeddet of willow, during the first season in
which 191 kg N ha of liquid fertilizer was applied, 98 kg N favas taken up by plants
(Aronsson, 2001). In another experiment, Morteretesl (1998) concluded that 75 kg N ha
could be applied to willow without a leaching hakan studies in which willows were used
as vegetation filters to clean polluted drainagerfragricultural land (10-17 mg NN 1)
irrigation was 6 mm in excess of transpiration. ldger, all the total N delivered (185 kg ha
1) was taken up by the crop (Elowson, 1999). Lahreaq al, (1998) studied supply of N
from sewage sludge (at the rates of 0 to 300 kdlaita N ha’) by monitoring growth,
nutritional plant response and impact on soil. Nhe leaves varied between 25 and 47 mg N
g* DM, with yields of 19-22 t DM h& Stem and branch nutrient concentrations suggested
that N was the most limiting factor but 100 kg N*haas sufficient to ensure growth and
avoid nitrate pollution (Labrecquet al, 1998). A later study raised the optimum N input t
150 kg N h& (Labrecque and Teodorescu, 2001). The effect wbgen fertilization on
accumulated stem growth over the experimental gesas found to be significant only for
nitrogen applied in years 2 and 3 (Alriksseinal, 1997). A negative interaction coefficient
between these years was interpreted as the sysbitityg to recycle N from roots.

Lysimeter experiments suffer from the initial caimtis and at least 1/3 (69 kg Nhacan be
leached (Aronsson, 2001). With higher initial N, N leaching loads were very high the
first year after plant establishment (on average Bg N ha" from clay and 140 kg N Ha
from sand lysimeters; Aronsson and Bergstrom, 20Bbwever, leaching loads decreased
and were low or negligible during the second (48rfrclay and 17 kg N Rafrom sand
lysimeters) and third year (3 kg N “hdrom clay and less than 1 kg N hdrom sand
lysimeters; Aronsson and Bergstrom, 2001).

Leaching problems during field establishment cagimate from high mineral N contents in
the planting year and it has been concluded thiigation should be avoided in the year of
planting (Mortenseret al, 1998), while 75 kg N hacan be given thereafter. In studies in
which 0-53 kg N ha fertiliser were applied, nitrate concentrationsevidund to be very low
(0.5 mg I*; Aronssonet al, 2000), a value that confirmed earlier observati(Bergstrom and
Johansson, 1992). Using waste water from sewaglgeltreatment imposed doses up to 320
kg N ha', which resulted in leaching loads of 70-90 kg N fimm clay and sand lysimeters
(Dimitriou and Aronsson, 2004).

Leaching of nitrate from crops is one of the biggésctors affecting diffuse water
contamination. Nitrogen leaching from SRC has bestimated to be 30-50% lower than
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from grain production (Makesschin, 1994 Rijtema aedVries 1994). This benefit will be
greatest on coarse-textured sandy soils, as thagait leakage from these soils is on average
double that from fine textured soils (Borjesson,9909 Good removal efficiencies of
problematic landfill leachate components have badmreved in Sweden, with the nitrogen
content of leachate reduced by 93% from 1600 kgiNyii* to approximately 100 kg N Ha
yr' over a ten year period (Hasselgren, 1998).

A recent modelling study confirmed the ability abimass crops to store carbon in soil but
also the danger that these crops might use morer wetn current agricultural crops (Garcia-
Quijanoet al, 2008).

4.3.2 Miscanthus

4.3.2.1 Soil Chemistry

Kahleet al (2002) found that the pH in the top 20cm of soilerMiscanthusgrown for 10
years declined by about 0.25 units. There was argémcrease in potassium in soils and to a
lesser extent magnesium, probably as a resulteoivithdrawal of cations from depth and
return to the surface in residues (Kaétal, 2001). These same authors found a significant
increase in the cation exchange capacity (CEC)stui@ retention characteristics, a widening
of the soil C:N ratio and a decrease in the bulksttg probably as a result of increases in
organic carbon. However, since the control so#s @hanged in the same direction it is not
clear to what extent growingiscanthushas brought about the changes or whether some
other factor was responsible.

Unlike poplar and willow which have been grown wid®r many years, there is little
literature on the use ddiscanthusn remediation of contaminated land. Joatal (2005)
discuss the merits dfliscanthusfor phytoremediation of landfill waste. They poait that
althoughMiscanthusds able to tolerate the high levels of N foundandfill leachate, most
leachates contain more N than the plant will use.

Earthworm numbers halved unddiscanthugelative to a meadow (Kohdit al, 1999)
apparently because of a decline in quality of #madary plant compounds in the plant
residues; the benefits to soil and water chemisirybe expected to decline in proportion. In
contrast, recoveries in earthworm numbers and ri@ar@a are quoted on transition from
maize to wild-flowers (Mann and Tolbert, 2000). tBarorms promote aggregation and
aeration (Shet al, 2004) and are thought to bring benefits to mastspof the whole soll
ecosystem (Lavellest al., 1997).

The Defra growers guide recommends that there dimih soil nitrogen supply in excess of
150 kg h& for the first two seasons but has no further revemdations. Current UK
commercial practice is not to apply nitrogen fezél toMiscanthusat any stage. This is
supported by various pieces of research, but nvgfitchange if crops are established on
poorer soils. To date, most experimental and coraialesrops have been grown on
reasonable quality soils. Various experiments Wtkcanthus x giganteua Germany
showed that although a supply of up to 150 kg N ¢&n increase the biomass yield
(Lewandowski and Schmidt, 2006), yields of lessith@ tDM ha' require less than 40 kg N
ha'yr-*; in the UK this amount is quite commonly receiviein aerial deposition, in addition
to what is available from the soil (Goulding, 1990he study also ignored the N cycling
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between rhizomes and aerial biomass which detesmseeond year re-growth (Wieskdral,
1997).

A study evaluating 97 experiments fdiscanthus x giganteus 3 years after planting,
average of 22 tDM hY showed a significant positive response to watelrid (Heatoret al,
2004), however under UK conditions yields are lkiel be significantly less, and factors
other than N, e.g. water and temperature are ni@ky ko be limiting to growth
(Lewandowski and Schmidt, 2006). The capacity &ian uptake of N throughout the year
resulting in late additional growth was reportedNb sinensigWiesleret al, 1997).

Less data are available on phosphorus although MadTolbert (2000) expect a reduction
in P loss in biomass crops compared to other dtwial use. In establishddiscanthusn the
UK around 11 kg of phosphorus are removed in thiald@omass at harvest (Defra, 2001).

4.3.2.2 Water quality

Nitrate leaching undeMiscanthus x giganteuseceiving 0, 60 and 120 kg N ha™ was
measured over the six years following establishnanRothamsted (Christian and Riche,
1998, Riche and Christian 2000). The treatmentiveweno N fertilizer (i.e. recommended
practice on fertile soils) had a mean nitrate-Naerration of 32 mg in the drainage water
over the first winter following establishment. metsubsequent five winters this concentration
reduced significantly to a range of 1 to 7 mg nésl . The EU limit for drinking water is
11.3 mg 1. The high concentration in the first winter was m@bly due to the site having high
levels of soil nitrogen (the site was permanensgig to 1988), and very little crop growth in
the first year as the crop was established usingaapropagules, which is not commercial
practice. The actual quantities leached were at$y bow after the establishment year, just 8
and 3 kg nitrate-N h&in the second and third winters. These low amoargsa result of the
low concentrations and also the low drainage flows. Miscanthusgrows through the
summer, and also intercepts a significant proportib rainfall (Riche and Christian, 2000),
there is usually a large soil moisture deficit by tend of the growing season, which then
takes a lot of the winter to be reduced. Leachosgés were closer to those recorded under
extensively managed grassland than arable laneabdhing undeMiscanthus x giganteus
was also found to be negligible in another studgalB and Long, 1997).

4.3.3 Effects of planting biomass crops into grassl and

If grassland were ploughed up to provide land feomass crops, N supply from
mineralization would exceed the crop’s N requiretagand it is likely that nitrate leaching
and nitrous oxide emissions to the atmosphere wimddease. Whitmore (1992) estimated
that up to half of any losses of N on ploughinggugssland will occur during the first 5 years
and more than 90% during the first 20 years. Typcis were found to lose 4 t haf N
from organic matter altogether. The resultant catre¢ion in natural waters is determined by
the crop grown and the site, since some areaseatdbntry receive more rainfall than others
and some crops use more water in winter than atfi¢as concentrations are likely to range
from 300 mg N@N I (at worst) to 80 (at best) directly under the gloed land and
averaged over the first 5 years. Both these corafgorts are in excess of the EU limit of 11.3
mg " in natural waters.
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5 Discussion and recommendations

Although there has been research into SRC willawrfore than two decades, there is a
limited amount of information available on subsagaonditions and the information that is
present tends to reflect concern about soil wagécits and water quality in terms of
agricultural residues. Even less information isilaée aboutMiscanthusas interest in it as a
crop is more recenHowever, some of the studies have had positiveoous, and shown a
benefit from growing biomass crops.

Soil erosion and compaction are mainly due to meichoperations although soil
compaction can result from livestock. They are important factors when considering the
impact of agriculture on soils. Soil compaction aapede water infiltration, leading to
increased surface water and associated surface,flvd so can result in erosion. Both
processes effectively reduce the depth of topbaitging the subsoil closer to the surface.
However it is in the grower’s best interest to aveoil damage that will affect crop
productivity because, being perennial, there teldr no opportunity to rectify issues in the
growing biomass crops. There is a degree of uriogytan the mechanical operations as the
machinery for some operations, e.g. harvestingfilieing developed but it would seem
unlikely that the effect of the vehicles themselwdlt be significantly different to those used
with conventional crops. However there is a lacknefasurements on commercially used
machinery operating on commercial fields.

It is unlikely that activities to prepare the soit planting will differ significantly from those
used for conventional crops, e.g. if deep ploughsngeeded for biomass crops, it is likely to
be needed for conventional crops. However, if pmesiy uncultivated grassland is being
converted to biomass crops, then the disturbanideely to be greater than has previously
occurred.

Once the crops have been established, being pateti@ only significant regular mechanical
operation is the harvest, annually Miscanthusand usually once in three or four years with
SRC willow. Harvesting both crops involves seveatses with relatively heavy machinery
so there are risks of damage to the soil but tisditle evidence to suggest that the effect
will be greater than with the machinery used onvemional arable crops. It may well be less
due to the development of a leaf mat on the graumthce by both crops and there is the
added advantage of carrying out fewer or no opmratio apply fertilisers and herbicides.
Again, the situation is likely to be different ifdmass crops replace uncultivated grassland.

Where biomass crops differ from conventional cngga the need for removal of the crop at
the end of its economic lifetime. In the casédidcanthughe process is relatively simple and
would be comparable to normal ploughing. Howev&CSwillow may require major
mechanical operations to be used. In this, it wagdear to be similar to woodland, but
stumps are rarely actively removed in woodlandsbse, in managed woodland, it is usually
re-planted whilst in other situations the stumpsuwsually left to rot. Because of the long
economic life of SRC willow antMiscanthusand the interest in planting is relatively recent
there is little experience of how, in practice, theps are removed.

There is a reasonable amount of information orrabbéing habit of biomass crops, in terms of

the maximum rooting depth, root density distribntith depth, and the root diameter
distribution. Both SRC willow aniliscanthusare significantly deeper rooting, at up to 2.5
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m, than the majority of conventional crops (an @tiom is maize) and thus the risk of
physical damage to historic remains is greatlyeased, although the large majority of roots
occur at depths shallower than 0.5 m. Where tlseadack of information, as there is with
other plant types, is in how these parameters adifred by local conditions, e.g.
permanently water logged conditions or the presefeehard layer within the normal rooting
depth.

There is no simple answer to the question of whetieebiomass crops will result in greater
drying out of soils as it depends on: the land cakey are being compared with, the soil type
and hydrological conditions at the site, and theamt of summer rainfall. Although there is
quite a bit of information in the literature, arfgbte are a number of ongoing studies that will
report shortly, it is difficult to make comparisobstween these studies and with information
about other land covers. The situation becomekldutomplicated when it comes to making
guidance available for those working with the histenvironment, so that it is relevant to a
given site. The solution to both difficulties isdarry out a study using numerical modelling.
There is sufficient information available to pardense such a model and to carry out
simulations to an appropriate accuracy. The simarlatcould be used to quantify the effect
of the different factors. The challenge will badentify how to distil the information in a

way that is meaningful. However, a few general cants can be made. In general, both
biomass crops have higher evaporation rates thamvéntional” crops or grass during the
summer. Combined with greater rooting depths, likedy that soil water deficits will be

more intense and extend to a greater depth. A goesee of this is that soil water deficits
are probably eliminated later in the year.

In terms of soil chemistry and water quality, thesea lack of information that is directly
relevant to the historic environment, mainly beeaussearch has focussed on the issue of
nitrates, from the point of view of the needs & ttrop and the potential for contamination.
Thus there is a need for a study that addressesfisplty the factors that could impact the
historic environment, e.g. acidity.

The greatest uncertainty is in the future scaledastlibution of biomass crops in England.
Factors involved include: the prices of food anofixéls, technological advances (e.g. in
converting biomass to liquid transport fuels) aotigies of organisations such as the UK
Government and the European Union. The situaticarigently changing rapidly and it is
difficult to know which changes are short term avidch are longer term. As a result, there is
a persuasive argument to update this report anestiale of around 3-5 years when more
information is available and general trends maglbarer.

In summary, we recommend that:
This report should be updated in about 3-5 years tb take advantage of
information that becomes available and thus reduncertainties;
A study should be carried out into the impactsarhmercial machinery, for
biomass crops, operating in commercial fields;
A study, involving numerical modelling, should kerged out to allow a
comparison of the developments of soil water desfiehder different land covers,
for a variety of soils and climatic conditions falim England, to inform those
interested in the historic environment;
A study should be made tife soil chemistry and water quality issues that are
relevant to the historic environment, under bion@asgs and, if there is a lack of
information, other land covers.
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Annexe — list of abbreviations

ARBRE
DAFF
ECS
EU
Defra
DM
GHG
MAFF
NFFO
NIAB
ROC
SOM
SRC
UK
us

Arable Biomass Renewable Energy
Department of Agriculture, Fisheries and Etme
Energy crop scheme

European Union

Department for the Environment, Food andaRAffairs
Dry material

Greenhouse gas

Ministry of Agriculture, Food and Fisheries
Non fossil fuel objectives

National Institute of Agricultural Botany
Renewables obligations certificate

Soil organic matter

Short rotation coppice

United Kingdom

United States of America
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