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Executive summary

With rising concern over climate change, global efforts are being made to reduce emissions and
increase carborsequestration. Hedgerows a prevalent feature of the British countryside, with an
estimated 700,000 km in Great Britainprovide a multitude of ecosystem services and sequester
carbon in both above and beleground biomass (Falloon et al., 2004; Careplet2008). Despite

their potential to store considerable amounts of carbon, little empirical data exists on the role that
hedgerows play in capturing and storing carbon (Falloon et al., 2004; Follain et al., 2007). Hedges can
also be managed for woodfuead renewable source of energy, using practices such as coppicing
(Devon Hedge Group, 2014). It is therefore important to ask the question: does coppicing, the
cutting and removal of abovground biomass, have a negative impact on soil carbon stocks and is
this balanced by the carbon savings in regrowth and offsetting of fossil fuel use?

To determine the effects of hedgerow management for woodfuel on carbon sequestration, carbon
stocks and flows were estimated for paired 15m coppiced andappiced plotestablished in three
hedges of different species in the south of England, and an existing pfoassd model of the
carbon sequestration under short rotation coppice adapted to a woodfuel from hedgerows scenario.
The impacts of coppice management on cartstorage were then assessed along with the potential
to offset fossil fuel use using a carbon budget analysis.

The study revealed that while hedges which are not managed by coppicing sequester larger
guantities of carbon, total carbon savings are higiwben hedges are managed by coppicing due to
the substitution of fossil fuels via the production of woodfuel. Although the results presented from
this smallscale, shorterm study should be viewed as provisional, they present a useful starting
point for future enquiry, identifying the need for lorigrm chronological studies and data collection

on carbon sequestration processes specific to hedges. Collection of further empirical data on the
carbon sequestration potential of hedgerows will be needed to a#didexisting estimates and
models and to inform decisions not only at a farm management level but also for wider policy.
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1. Introduction

With rising concern over climate change, global efforts are being made to reztutssions and
increase carbon sequestration. Hedgerogva prevalent feature of the British countryside, with an
estimated 700,000 km in Great Britainprovide a multitude of ecosystem services and sequester
carbon in both aboveand belowground biomasgFalloon et al., 2004; Carey et al., 2008). Despite
their potential to store considerable amounts of carbon, little empirical data exists on the role that
hedgerows play in capturing and storing carbon (Falloon et al., 2004; Follain et al., 2007). ldedges c
also be managed for woodfuel, a renewable source of energy, using practices such as coppicing
(Devon Hedge Group, 2014). It is therefore important to ask the question: does coppicing, the
cutting and removal of abovground biomass, have a negative inspan soil carbon stocks and is

this balanced by the carbon savings in regrowth and offsetting of fossil fuel use?

To determine the effects of hedgerow management for woodfuel on carbon sequestration, carbon
stocks were estimated for paired 15m coppicamlaun-coppiced plots established in three hedges

of different species in the South of England, and an existing prd@essd model of the carbon
sequestration under short rotation coppice adapted to a woodfuel from hedgerows scenario. The
impacts of coppie management on carbon storage were then assessed along with the potential to
offset fossil fuel use using a simple carbon budget analysis.

The report begins with a literature review of existing information on the carbon sequestration
potential of Europearmgricultural hedgerows, critically assessing its successes and limitations. This is
followed by a description of the methods used to estimate hedge carbon stores, model the effects of
coppice management on carbon storage and to calculate the carbon budigetch scenario. The
results and discussion are structured around these three methods: estimated carbon stores, model
FRIFLIWGFGAZ2YZE FYR OFNb2Yy o6dzRISGAasX yR fSIFER G2
supporting literature on the carbon sequestion potential of UK hedges managed for woodfuel.



2. Literature review

The following review evaluates the current state of research on the carbon sequestration potential
of European agricultural hedgews, critically assessing its successes and limitations. Due to its

significant role in the sequestration of carbon and prominence in hedgerow research, studies on soll
organic carbon (SOC) provide the main focus of the review.

2.1 Carbon stocks and seques tration estimates

Soils contain over three times the quantity of organic carbon found in vegetation and double that of
the atmosphere (IPCC, 2000; Alemu, 2014). In forest ecosydetos-ground carbon accounts for

10 to 46% of the total tree carbon po@fielmisaari et al., 2002). Increases in net primary production
(NPP), both aboveand belowground, increase soil inputs and hence have piotential to increase
SOC (IR 2000).

Current models estimate hedgerow biomass carbon stocks to range from et @ 45 t Cha’
(Falloon et al., 2004; Warner, 2011; Robertson et al., 2012) and SOC stocks froha#3tb@36.8

t Cha' (Falloonet al., 2004; Robertson et al., 2012). In the absence of measured data, such models
use values extrapolated from average carbon stock values from other vegetation types. It may then
be arguable that such assumptions, and therefore estimates, overlookeffeets from carbon
cycling processes unique to hedgerows.

2.1.1 Assumed accumulation rates of SOC

In their study of UK field margins, Falloon et al. (2004) use expected SOC accumulasoforat
natural woodland (1.17% Yy and arable conversions to gtare (1.30%yr") as representative
values for tree and grass strips. Lacking data on carbon accumulation under hedgerows, Falloon et
al. (2004) assume a rate between the values prescribed to grasgins and tree strips (1.23%yr

Given the limited waailability of empirical data these assumptions seem justified. However, trees
grown at a wide spacing have been found to demonstrate less apical dominance, forming larger
crowns and heavier branches than trees grown in plantatigwilliams et al., 1997)Such
assumptions may have led to inaccuracies in their estimates. Nevertheless, Falloon et al. (2004)
make it explicit that the values presented by the study are preliminary and based on hypothetical
scenarios.

2.1.2 Hedge structure and management effect s

A number of factors determine SOC accumulation within woodlands: tree species, arrangement, age,
and management. Although hedges may contain trees of a similar age and species to woodlands,
their management regimes can differ dramatically. As hedgerowagement practices affect hedge
structure and dimensions (Baudry, 2000), it may be argued that differing management regimes
result in carbon stock variation due to differing soil input characteristics.

The dominant pathway for carbon to enter the soillisdugh fineroot turnover (Al Afas et al., 2008;

Upson and Burgess, 2013). Despite their relatively small contribution to overall root biomass, fine
root turnover accounts for up to 33% of annual NPP and responds rapidly to changes in the rooting
environment (Jackson et al., 1997). Hedgerows in the UK are predominately maintained through
FELAfAYAL gKSNBE flFad &SFNRa INRPgGK Aa NBY2OSR
forest species the removal of abogeound biomass results in the redumti of fineroots through

necrosis (Jones et al., 1998; Jackson et al., 2000; Peter and Lehmann, 2000; Bayala et al., 2004; Crow
and Houston, 2004; Montagnoli et al., 2012). Both repeated flailing and coppicing may therefore
increase SOC through increasedhefroot turnover and cuttings which are left behind.
Unfortunately, the influence of management on carbon stocks and accumulation rates has not been
widely explored, with most studies approaching hedge structure differently.
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Falloon et al., (2004) and Weer (2011) calculate carbon stocks for hedgerows per 0.1m of hedge
height, while Robertson et al. (2012) use three height classes (2m or less, >2m to 3m, >3m to 6m).
Only Warner (2011) directly considers the effect of hedge management on carbon stocks by
including laid hedges laying being a traditional management style. All three studies, however,
calculate SOC using hedge age, width and height as the sole influencing factors, overlooking
potential differences in the frequency, quantity, and quality il inputs from different
management practices.

Hedgerow trees are a common feature of European hedgerows, providing a number of ecosystem
services (Forman and Baudry, 1984; Auclair and Dupraz, 1999; Barr, 2004; Ryszkowski and Kedziora,
2007). With largevolumes of aboveyround biomass they are likely to contribute significantly to the
potential carbon storage of hedgerows (Wolton et al., 2014). It is however unclear whether any of
the reviewed studies take into account the presence and abundance of fhatees.

2.1.3 Total carbon budgets

Several studies indicate the importance of including the total carbon budget when assessing
potential management options to increase the carbon sequestration potentiadresfry (Pussinen

et al., 1997 Deckmyn et a] 2004). Although the reviewed literature considers the potential carbon
stocks and sequestration rates of hedgerows, total carbon budgets of the whole system are not
included, with emissions from management activities, sequestration from durable prqdaits
substitution of fossil fuels unaccounted.

Recent interest in managing hedgerows for woodf(Wkestaway et al., 2013; Wolton et al., 2014)
raises the question: does coppicing, the cutting and removal of abgomend biomass, have a
negative impact on SOC and is this balanced by the carbon savings in regrowth and substitution of
fossil fuels? Totatarbon budgets could be used to explore such questions. A simple carbon budget
which captures the emissions from the management activities of coppicing, chipping and product
transport and the substitution of fossil fuels was therefore included in theystud

2.2 Field research

A limited number of studies have collected field data on the carbon storage of hedgerows.
Prominent studies are that of Walter et al. (2003) who investigated the influence of contour hedging
on SOC at a hidllope scale and Follain e. (2007) who considered the effects of hedgerow
networks on SOC at a landscape scale. However, within these studies a number of methodological
challenges are notable.

2.2.1 Sampling depths

Most soil studies are limited to sampling depths of 20 to 30(W@aair, 2012). This depth is thought to
correspond with the ploughed layer of arable land and is responsive to changes in management
practices (Walter et al., 2003). However, a number of studies have demonstrated that although the
establishment of trees omarable land can increase SOC within the upper soil horizon, it may also
result in the depletion of soil carbon at depth (Jug et al., 1999; Upson and Burgess, 2013). For
example, Upson and Burgess (2013) discovered a decline in SOC beneath poplargreatasoil
depths than 60 cm. Inadequate sampling depths may therefore lead to the overestimation of carbon
stocks within agroforestry systems. Sampling depths greater than 30 cm are therefore advised by
Nair (2012) when considering trdmsed systems.

Follain et al. (2007) and Walter et al. (2003) both deal with this methodological challenge well by
using sampling depths greater than 30 cm. Follain et al. (2007) use a depth of 55cm altteyigh
concludal that a sampling depth of 30 cm accounts for 65%tatal carbon stocks within a
hedgerow network and allows for better comparison between studies.



Walter et al. (2003) take an arguably more robust approach to sampling by using the thickness of the
A horizon(i.e. the surface soil horizon where organictteais mixed with mineral matteryf the soll

to determine sampling depth. Samples were taken in 10 cm increments for the whole of the A
horizon and the first 10 cm of the mineral horizon (Walter et al., 2003). Walter et al. (2003) found
soil depth to bethe single most significant factor in SOC content variation. Under the hedges, SOC
content of the whole A horizon was systematically greater than that of the top 30 cm, implying that
a sampling depth of 30 cm would have likely been inadequate.

2.2.2 Soil analysis

The residence time of SOC is a function of aggregate Giees{ensen, 2001; Elliott, 198Barton,

1987; Six et al.2000,2002a, 2002b). Macroaggregates (ZBI00 um), microaggregates (250

pum), and silt and clay (<53 pm) soil fractions caveha mean residence time of 1 to 10, 25, and 100

to 1000 years respectively (Howlett et al., 2011). The formation of microaggregates and silt and clay
aggregates within macroaggregates is preferential for lofgan carbon storage, due to carbon
within smaller fractions being protected from microbial activity (Jastrow et al., 1998; Howlett et al.,
2011). Determining the carbon content of different soil fractions therefore allows for the estimation
of SOC residence times within a given soil and the potefmiidongterm carbon storage (Howlett et

al., 2011). Walter et al. (2003) and Follain et al. (2007) measure SOC for the whole soil rather than
different soil fractions. The location and residence time of carbon within the soils therefore remains
undetermined.

Both Walter et al. (2003) and Folla@t al. (2007) use soil samples ground to 2 mm for analysis.
Carbon is also likely to be stored within larger soil fractions (Howlett et al., 2011; Nair, 2012).
Exclusion of these larger fractions may therefore have resulted in an underestimation of SOC.

Both Walter et al. (2003) and Follain et al. (2007) use a single sampling event, overlooking any
temporal variation effects in carbon stocks. Within tleased systems changes in carbon stock are
unlikely to be linear (Nair, 2012) and given the slow resgoand long residence times of SOC
(Howlett et al.,, 2011) a chronosequential study would be required to determine changes in
hedgerow carbon stocks ovéme.

2.2.3 Scaling -up

Walter et al. (2003) attempt to extrapolate their field survey results to adaape scale considering
different hedge network densities. Follain et al. (2007) criticise Walter et al. (2003) for their
generalizatiorof local carbon stocks at a landscape scale. Follain et al. (2007) argue that favourable
study site conditions with rdgerows positioned perpendicular to slgpdisregard for the high
variability of SOC stocks at a landscape seald a lack of information on the real distribution of
hedges acting as barriers within the network, are likely to have resulted in the oweatisin of
carbon stocks at a landscape scale.

2.3 Conclusion

The validity of current estimates for hedgerow carbon stocks and accumulation rates is limited by
incomplete information on the effect of vegetation type, hedge structure, management practices,
total carbon budgets, and the landscapeale impact of local carbon storage processes.
Furthermore, methodological challenges in SOC analysis restrict the accuracy of data regarding the
location and form of carbon within soils. The reviewed studies aneever explicit about their
limitations, and given the absence of empirical data, present a useful starting point for future
enquiry. Collection of further empirical data on the carbon sequestration potential of hedgerows is
needed to validate existing pdéctions and models and to inform decisions not only at a farm
management level but also for wider policy.



3. Methods

In order to estimate carbon stores, develop model adaptations, and calculate carbon budgets, data
was collected from three hedges on igelstock farm in the South of England. Methods included
guantification of the biomass productivity of each hedge, current SOC stocks, leaf litter production
and measurement of coppice regrowth. Due to the absence of replicates, no statistical analyses
were carried out within this study.

Site description

ElIm Farm is an 85 hectare organic livestock farm in the South East of England. The farm has an
average annual rainfall of 71cm. The soil type is mainly Wickham Series clay, poorly drained clay
loams suscetible to structural damage. The hedges on EIm Farm have not been actively managed
for a number of years, aside from occasional side flailing to maintain field sizes and statutory
roadside management. Results from a survey of all hedges on the farm cauated July 2013
showed that the dominant woody species is BlackthdPnuQus spinoga with other commonly
recorded species being Hawthor@r@taegus monogyna Hazel Corylus avellana Pussy Willow

(Salix caprea/cinergaand Oak Quercus robyr Blacktlorn, bramble and rose outgrowth is also
common, resulting in wide unruly hedges, often with the existing fences being engulfed by this
shrubby outgrowth.

Experimental design
The experimental design consisted of paired 15m cut and uncut plots (Figuraldl)st®d in three
different hedgerow types: blackthorn dominated, hawthorn dominated, and hazel dominated.

These hedges were chosen based on the following factors:

w The management history of the hedgerow and the stage in the hedgerow management
cycle Hedgelink, 2008). Hedges at a suitable stage for coppice management were selected.

w The ability to identify two 15m plots within the hedges broadly comparable in terms of
woody species composition and hedgerow structure.

w The ability to site plots at leasttbaway from hedge ends and intersections with other
hedges and mature tree canopies.

w Ease of access to the hedge for management activities.

w Boundary and roadside hedges were excluded due to potential management conflicts.

One 15m plot from each hedge type was chosen at random and all woody material coppiced by
hand. Any outgrowth of bushy vegetation from the hedge was cut back prior to coppicing.

5m
Field cut - - uncut

15m 15m

Figure 1. Trial plot set up: a 15m cut plot next to a 15m uncut plot witBra uncut buffer between.



Definition of the system boundaries

For the estimation of carbon stores, model scenarios and carbon budgets, two hedge scenarios
0Fraaz20Ar SR gAGK Odzi FyR dzyOdzi LX 203a0 6SNB dzaSF
unmanaged referring to hedges occasionally flailed to control outtiromnd not managed by

coppicing, and managed referring to hedges managed on a 15 year coppice rotation for woodfuel.

Managed hedges:

The carbon stores and flows associated with the managed hedge system are depicted in Figure 2.
There are assumed to be siain carbon pools within the hedgerow system: two within the above
ground biomass (leaves and stems); two within the begpaund biomass (structural roots and fine
roots); and two soil carbon pools (fresh soil carbon and humic soil carbon). Carborbétween

these pools include leditter from the aboveground biomass of the hedge and belground fine

root turnover. Carbon flows out of the system include soil respiration and woodchip produced from
aboveground biomass. Although the woodchip producagbstitutes the use of carbon from fossil
fuels for energy production, it is burnt and therefore do®t store carbon in the longerm. Carbon
outputs also consist of direct fossil fuel combustion from fuel used in harvesting and processing
machinery, thetransportation of the woodchip and the embedded energy of the machinery itself.
Energy inputs related to labour were not considered within this study.

Unmanaged hedges:

The carbon stores and flows within the system associated with the unmanaged hextgm sre
identical to those of the managed system. Carbon flows out of the unmanaged system however
exclude those from the production of woodchip and the woodchip itself.

Abovegroundbiomass WOOdChip.
(leaves and stems) (product, production and
transportation)

Leaf litter inputs

Soil respiration

Soil organic carbon
(fresh and humic pools)

Root turnover

Belowground biomass
(Structural and fine roots)

Figure 2. Schematic diagram of carbon stores (purple), carbon flows within ghetem (blue), and carbol
flows out of the system (orange) under the managed hedge system. Woodchip (product, production
transportation) is excluded under the unmanaged scenario.




3.1 Estimation of current carbon stores

In order to estimate the current carbon stores of both managed (cut) and unmanaged (uncut)
hedges the following parameters were measured: biomass harvested following coppicing, coppice
regrowth, leaf litter production and soil organic carbon.

3.1.1 Above -ground biomass

Preharvest both the average width and height of each hedge plot was estimated using a 2m long
pole. These dimensions were later used to estimate the biomass productivity of the regrowth
following coppicing. Podtarvest all woody material oppiced from eachmanagedsection was
chipped using a forestry chippdransported to a hard standing and transferred into 1 tonne dumpy
bags and weighed using a tractmounted spring balance.

Moisture content (MC) of the chip was specified as a pemgaf the total sample weight and was
determined using a simple oven drying method, where five representative samples of approximately
0.25kg each were taken from each chip pile, weighed (green weight) and dried in an oven at 100
degrees Celsius until apmstant mass was reached (dry weight). The moisture content was then
calculated by subtracting the dry weight from the green weight in order to calculate the weight of
water. The weight of water was then divided by the green weight to calculate the meistuntent

of the sample. The average moisture content of the five samples was taken as the average moisture
content of the whole chip pile. The dry mass (0% MC) of woodchip produced per metre of hedge
was then calculated and a carbon content of 0.49 wssumed for the fraction of C within the
coppiced biomasgMatthews 1®3). These figures were then used to estimate the abgr@und
carbon store of each unmanaged hedge scenario. Carbon stored within the unutilised coppice stools
remaining after coppicing was not measured due to the difficulties of stool excavéigues for

total carbon stored abowground may therefore be underestimates.

To determine the abowground carbon store of the managed hedge scenarios the number of living
shoots present on each stool at the end of May 2014 was recorded. For the firsfolleaving
coppicing regrowth measurements are taken at twuoonthly intervals throughout the growing
season. As per Croxton et al. (2003) the five longest shoots from each live stool were measured and
an average per stool calculated. At the end of thewjng season, November 2014, the total
number of shoots on each stool wascgeunted along with the length of the five longest shoots and
average width of the hedge to give the total growth in the first year following coppicing. Due to the
suckering natureof blackthorn, root sucker regrowth was recorded as associated with a stool if it
occurred within 20cm of the stool.

In order to estimate the total carbon stored within the regrowth of each coppiced hedge plot the
following nondestructive method was usk By multiplying the average height by the average width
of the regrowth, the volume of regrowth per metre was estimated. The volume of the regrowth per
metre was then divided by the volume per metre of the hedge plot before coppicing to provide a
scalingfactor. This scaling factor was then multiplied by the dry mass of the woodchip produced per
metre of hedge when coppiced. Total carbon within the regrowth material was also assumed to be
0.49 of the estimated biomagdatthews 1993) In effect, the biomass production of the mature
hedge was used to estimate that of tlseppice regrowth. This method dodsowever, assume the
regrowth to be of a similar density and composition to that of a mature hedge. Regrowth is
however, unlikely to have contained the same quantities of woody material antlaee been as
dense as themature hedge These aboveground carbon stores are therefore treated as
overestimates.



3.1.2 Soil organic carbon

Total soil organic carbon (SOC) was determined for both cut and uncut hedge plots using a
composite sampling design one year after copgjcifihe distribution of SOC within different soil
carbon pools (e.g. fresh and humic) was not determined due to the high resource requirement of
fractionation and analysis.

Composite sampling design

A composite sampling design was chosen where five soil cores were taken along five transects
running parallel to the hedge (Figure 3). One trangectas close to the centre of the hedge as
possible, and the other transects at 2m and 4m from the centrin@fedge on either side. A total

of 25 cores per hedge plot were taken. Each soil core was then divided into four layers determined
by depth (G7.5, 7.515, 1530, 3050cm). The same layer from each soil core within a transect was
then combined to form @omposite sample for that depth. Using composite sampling substantially
reduces the number of samples required for carbon analysis without significant loss in the precision
of mean estimates. Samples were then oulried at approximately 40°C. A temperature of 40°C
was used as temperatures above 65°C can activate carbon oxidation.

Am * %* . ¢ * *

L EEEEEE Y-~ === - e - - -

Centre F—— - ¢ ----—- Y———-——— o= ————— - - B ——

) I S oo U Y R

4m A A A A A
W w K S %
2.5m sm 7.5m 10m 12.5m

i\( Core sampling point

Figure 3. An aerial view of plot layout. Location of each core sample represented btaa Each colour
indicates a different transect composed of five sampling points i.e. yellow stars represent the centre
transect.

Samples were then sent to Chemtec Environmental [dvw.chemtechenv.co.uk)for analysis
where total organic carbon (TO@®as determined using the following methodology:

A representative sulsample was crushed using a soil mill. The whole of each sample was crushed
and no stones were removed (if any were present). Approximately 0.200g of sample was weighed
into a filteringcrucible.The crucible with sample was then placed into a wash block and a vacuum
applied. Hydrochloric acid (10%) was then added to the crucible in small aliquots until effervescence
stopped. Once effervescence stopped, the crucible was filled with hiindc acid (10%) and
allowed to drain. Hydrochloric acid was again added to the crucible and again allowed to drain. The
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remaining sample was then washed three times with water with the crucible being allowed to drain
between each washing. The cruciblesmiien placed in an oven to dry at 105 + 5°C for at least 2
hours. Iron chip and tungsten accelerator were then added to the sample which was then analysed
using an Eltra G&0 Carbon Analyser.

Sampling depth

Sampling depths-8.5cm and 7.8.5cm were se SOG SR F2NJ O2YLJI GAOAfAGE 6A
Survey (Countryside Survey, 2007) and the layeo I50Y 61 &8 OK2aSy o6l aSR 2
recommendation of 30cm as a default sampling depth (IPCC, 2003). The depth of 30cm corresponds
with that of the plougled layer (Walter et al., 2003) and has been shown to account for 65% (Follain

et al., 2007) and 78.8% (Howlett et al., 2011) of total carbon stock within hedgerow networks.
Although establishment of trees on arable land can lead to increased SOC withippke soll

horizon it may also result in the depletion of soil carbon at depth @fdat and Ritter, 2002; Jug et

al., 1999; Ritter et al., 1999; Upson and Burgess, 2013). An inadequate sampling depth may
therefore lead to the overestimations of carboriosks. In an attempt to address potential
overestimation while taking into account practicality, the final sampling depth e5(®n was

chosen.

Timing
In order to reduce temporal variations in SOC, soil sampling was undertaken in late January when
biological activity is low (Vladimir et al., 2005).

Bulk density

Bulk density is the weight of soil in a given volume and is required for the calculation of soil carbon
stocks. Since bulk density is generally less variable than SOC (Aynekulu et al., 2044) it
determined by taking three randomly chosen sampling sites per hedge plot (cut and uncut). In each
location a 50cm deep pit was dug and two bulk density cores taken from the side wall using a
cylinder of known volume; one core taken from the2Bcm horzon, and one between 250cm.

Bulk density samples were then ovdried and the dry weight divided by the volume of the cylinder

to give the bulk density of the soil. The average bulk density of samples taken from the upper
horizon of each plot was lateipplied to the results of SOC samples taken-@&t%tm, 7.515cm, and

15-30. The average bulk density of samples taken in the lower horizon was applied to SOC samples
taken at 3650cm.

3.1.3 Below -ground carbon

Carbon stored within hedge roots was not measured directly due to the difficulties of root
excavation. Instead beloground carbon stores were estimated assuming 0.25 of the total net
carbon assimilated each year is allocated to root gro@nogan and Mahews, 2002) Below
ground carbon stores were therefore calculated as a third of the algowand carbon storéabove
ground is 0.75 and below ground is 0.25 therefore to estimate the below ground store from the
above ground store divide by 75/25 = 3)

Although coppicing is a welinown silvicultural practiceelatively little is known about roesystem
responses to coppicing (Dickman et al., 1996). The response abfiteto coppicing hadhowever,

been found to vary with tree species (Crow et al.02)) stool age, and coppice rotation length
(Bedeneau et al., 1989). Coppicing may also indirectly affectdimteturnover due to increased soil
temperatures following canopy removal (Montagnoli et al., 2012). Although it is expected that
coppicing aree will cause a shoterm decline in fineoot biomass this may not always be the case.
For example, certaipoplar clones have been shown to produce substantiakfowd production in

the spring following coppicing with no signs of significant roobaik (Dickman et al., 1996). Such
findings indicate that the root systems of certain trees contain adequate carbon and nitrogen
reserves to induce a flush of regtowth despite removal of abowvground biomass (Dickman et al.,
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1996). AdditionallyBedeneauet al. (1989) and Crow et al. (2004) suggest that longer coppice
rotations, and hence increased stool age, equate to larger carbon and nitrogen reserves within
roots.

Although it is assumed that coppicing was followed by dieback of fine roots withithitbe hedge

plots, a conservative figure for the proportion of bel@round biomass lost after coppicing was
used asin most tree species coppicing leads to dieback of fine roots followed by rapid recovery of
their biomass (Montagnoli et al., 2012), adde to the small contribution of fine roots to overall

root biomass (Jackson et al., 1997). When calculating the below ground biomass of the recently
coppiced hedge only 10% of the roots are assumed to have diedsbaskio not overestimate root
necrosis

3.1.4 Estimation of carbon flows

To determine the potential carbon entering the soil through the foliage pool, leaf litter samples were
collected from each plot after leaf fall in December and dry mass determi¥edinden et al.,
2013).For each plotrhanaged and unmanagg@ 25cm wide transect was established through the
centre of the plot perpendicular to the hedge. Samples using a 1m x 0.25m quadrat were taken
every 1m along each transect with all leaf litter removed and weighed asdbsample dried.
Although different plant tissue types vary in carbon content (Matthews et al., 1204af litter
carbon content of 0.4 C (g DM) (Grogan and Matthews, 2002) was assumed for simplicity in the
absence of data on the production offfdirent components within the leaf litter (twigs and leaves)
and their carbon content. This figure is lower than that used to estimate the carbon in the-above
ground biomass which is likely to contain larger quantities of woody material.

Woodchip productin is considered a carbon flow out of the system. See section on apouad
biomass estimation for details on its calculation.
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3.2 Modelling

Given the limited understanding of, and data on, carbon dynamics under hedgerow systems, the aim
was to develop a model that could be used as a starting point for future enquiry. A pioaesd

model developed by Grogan and Matthews (2002) and descripedil K S A NJ LJ- LISNJ Ww! Y2 RS

of the potential for soil carbon sequestration under short rotation coppice willow bioenergy
LX Iyl GdA2yaQ ¢6Fa |RFLIGSR dzaaAy3a 1S@& LI NIFYSHSNa
for each hedge type (blackthodominated, hawthorn dominated and hazel dominated).

3.2.1 Model Description

The model developed by Grogan and Matthews (2002) aims to analyse the potential for soil carbon
sequestration under short rotation coppice (SRC) willow. The model is based ompla shass
balance of the major pools and fluxes of carbon within a managed woodland and SRC plantation and
was adapted from the carbon cycle modelling structure used in CENTURY (Parton et al. 1993) and
RothC (Coleman & Jenkinson, 1996). Data from @reesroft Wilderness site, anaturally
regenerated woodland in South England, was used to develop and calibrate the model, then key
parameters specific to SRC willow in the UK, such as production data and management practices,
were applied to the model in ordeto estimate both above and beloground carbon pools under

SRC.

Their model assumes there to be six main carbon pools (Figure 4): two within the-gioovel
biomass (leaves and stems); two within the belgmund biomass (structural roots and fine rept
and two soil carbon pools (fresh soil carbon and humic soil carbon).

Net Primary Production
J, Respiration

Leaves

b Stems
_____ Structural h
roots \ Fresh soil C
pool

Fine roots

Humic

soil C pool

Figure 4. The main carbon pools and fluxes used in the carbon sequestration model developed by Grogan
and Matthews (2002). The arrows to the left of the diagram indicateetcarbon losses due to the short
rotation coppice harvest (dotted line) and plantation reestablishment (solid line). (Diagram adapted from
Grogan and Matthews, 2002).
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Grogan and Matthews (2002) characterise the major fluxes and pools as follows:

Biomas s production:

20 v 0
Q0 P P

w»

| SN DNR3AlIY FtyR allidKSga dzasS || @GSNEAZ2Yy 27F
biomass (aboveand belowground) expressed as units of carbon (kbeC yr'), S is the annual
receipt of shortwave solar radiation (Mth? yr?), e is the efficiency of conversion of this solar
radiation into biomass (g DMIJ"), k is the light extinction coefficient, L is the leafairelex (leaf),
andf, is the is the fraction of carbon in the bionsag C (g DM). The &ctor of 10 is used to
convert g C M into kg Cha®. Their model is intended for investigating carbon changes over a
century and runs on a yearly tinsep.

Despite a preliminary study carried out by Matthews et al. (1994) indigahat different tissue

types vary in carbon content (stem wood0=38g C (g DM)and fine roots =0.46 g C (g D),
Grogan and Matthews use a valuefef0.4 g C (g DM) This is done for simplicity in the absence of
any data on biomass and production of different components and their carbon content. Grogan and
Matthews assume a value of k = 0.6 for the light extinction coefficient under both woodland and SRC
scenariosalthoughthey provide no justification.

Of the total net carbon assimilated each year, Grogan and Mattlzssame that a fixed proportion
(f) is allocated to new root growth, with the remainder (i.e.fd being allocated to abovground
growth. A valueof 0.25 is assumed fdy which is thought to be consistent with figures reported by
Lamberset al. (1998). A value of S = 4000 Mi3yr* is used based on typical values measured at
Silsoe which is located 50km away from Greescroft.

Based on measured ean annual production data for a SRC site in the UK (14600kigaDM™) a

value ofe, = 0.67 g MJis used (Armstrong, 2000). For the Greescroft Wilderness site a valeg-of

0.21 gMJ' is used based on observed production datarkinsoret al. 1993. The higher value for

the SRC reflects not only the faster growth rate in the SRC system but also the higher planting
densities.

Leaf area index:

Grogan and Matthews use Leaf area index (L) as one of the main variables from which annual
biomass production is derived aritlis also used in their model to determine the amount of leaf
litter reaching the soil.

For GreescroftGrogan and Matthews assume leaf area index to increase linearly to a maximum of 9
m? m? after 10 years and that it reains at this value thereafter. This value is chosen based on the
leaf litter data from the Greescroft Wilderness site (Poulton, 1996) and L values reported for
temperate deciduous forests (Larcher, 1995).

For the SRCL is based on measured production @afCannell et al. 1987) and expressed as a
function of age since planting (L = 2.3 in year 1; 4.6 in year 2; and 7 in the third and subsequent
years).

12
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Carbon inputs from canopy and root system:

Grogan and Matthews assume all leaf material produced iiwvengyear falls at the end of that year,
FYR SyiSNB (KS WFNBakKQ az2iAft OFNb2y LR2f YR GKI |
that falls to the ground and enters the fresh carbon pool. They include not only branches and twigs
but also dead ®es from seklthinning. In their model the annual amount of carbon input into the
WFNBAKQ a2Af OFNb2y L2t RdzS (G2 OFy2L®R &a2dNOSa o
0"Q o O
Y0 6 pm
Where SLA is the specific leaf area, §nid the fractionof aboveground carbon input (g, kg Cha
1), that enters the fresh carbon pool as woody material rather than leaf litter.

This fraction is determined ds=0.015/(1+10@"). For Greescroftis the number of years since the

start of the simulation for the SRQ is the number of years since the last coppicing. This results in
almost all of the carbon input coming from the canopy in the early years of growthaarttie stand

ages progressively more woody material starts to enter tlesh carbon pool up to a maximum of
1.5% per year of the aboyground biomass. However it is noted by Grogan and Matthews that in
reality very little woody biomass would enter the soil under a SRC system as the woody biomass is
removed before it becomes @lenough to fall.

They assume that a proportidffirrgd of the newly assimilated carbon allocated to the root system
each year is lost in fine root turnover and enters the fresh carbon pool; this value also includes
carbon lost through root respiration anchizodeposition. Grogan and Matthews assume that a
fraction of the plant carbon belowground also enters the fresh carbon pool through the death and
decay of woody root biomass. They assume this fraction to be the same as that calculated for the
aboveground wood detritus. The total carbon inputs into the fresh soibeoar pool from the root
system Wri, kg Cha), are calculated as:

: Qw S

©  qwa
Where Wggis the weight of carbon beloyground in the root system (kg I@&"). It is assumed that
50% of the belowground carbon in the root system is lost to fine root turnover on an annual basis
(frrro= 0.5)for Greescroft. However a higher value is assumed for the (BRG= 0.85)due to
increasel root necrosis following freeent coppicing of abovground biomass.

Decomposition of soil carbon pools:

In order to keep their model simple Grogan and Matthews (2002) assume that there are two organic
carbon pools in the soil, that of fresh carbon originating from recent tree grpeither from the
OFy2LlR 2NJ TNRY (KS NR2( aeéadaSy o ThBdskilodan@El yA O
OFNb2y O02NJ KdzYdzay Wl ! aQuad ¢KS RSOl &-or@efkinéticcsSa S g
with different rate constants as calculatdelow:

Q0 Y

o o Q

WheredG/dt is the rate of change of the carbon pgwin question (kg Bat yrY), G is the size of

the pool (kg aY), andk; is the rate constant for each poolr(). Each year, decomposition losses

of carbon are subtracted from the pool in question, and any remaining carbon in the fresh organic
pool is assumed to enter the humic carbon pool.
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Through preliminary simulations Grogan and Matthews found their n®dataracy to be
particularly sensitive to rates of decay. To gain the most realistic rates of decay for the two carbon
pools the model rate constantk:ow and k) of decay were calibrated with the Greescroft
Wilderness soil carbon data. The two rate constathat gave the best fit with the Greescroft data
were 0.786yr" for keow and 0.0031yr” for kqum corresponding to turnover times of around 1.27
years for the fresh carbon pool and 325 years for the humic carbon pool.

Coppice rotation:

The SRC is harvested at intervals of three years and is modelled by removing all of thgrabode
biomass from the system while the root biomass is assumed to remain in theélsailation re

establishment is simulatedy Grogan and Matthewby removirg both above and belowground

biomass every 24 years.

Soil carbon distribution:

Grogan and Matthews assume that SRC plantations are able to influence carbon sequestration to a
maximum depth of 0.5 m and that 80% of the humdo! occurs in the top 0.23 m soil layer.
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3.2.2 Hedge specific adaptations

In order to adapt the model developed by Grogan and Matthews to a hedgerow scenario, their
original model was replicated in Python (3.4) using the equations and parameteesl statheir
paper. Both the original model outputs produced by Grogan and Mathews and the @odel
replication can be seen in FigureB5Despite use of the details provided by Grogan and Matthews,
the replicated model was unable to produce the same préalis for changes in soil carbon. As
stated by Grogan and Matthewsheir modelling approach is relatively simple and relies on a
number of assumptions, resulting in a modehich is highly sensitive to inputs and parameter
values Even small variations in the degree of precision at which simulations are run may therefore
have resulted in these differences (e.g. values stated in their paper rounded to two decimal places).

=—o=Roots (Geescroft)
=e— Above-ground (SRC}

70 = —o— Above-ground (Geescroft)
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Figure 5. The predicted above and belewround Homasses for the Greescroft Wilderness site since
regeneration and for the SRC willow plantation system over 100 years as presented by Grogan and

Matthews (2002) in their paper. SRC harvest interval is three years and total removal for replanting occurs
every 24 years.
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Figure 6. Replication using Python (3.4) of the predicted above and bejosund biomasses for the
Greescroft Wilderness site since regeneration and for the SRC willow plantation system over 100 years using
the model developed by Groganma Matthews (2002).
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Figure 7. The predicted changes in soil carbon in th23@m layer for the Greescroitvilderness woodland
and for SRC growing on the same site as presented by Grogan and Matthews (2002) in their paper. SRC
harvest interval is three years and total removal for replanting occurs every 24 years.
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Figure 8. Replication using Python (3.4)tbé predicted changes in soil carbon in the2Bcm layer for the
Greescroft Wilderness woodland and for SRC growing on the same site using the model developed by
Grogan and Matthews (2002).

Key parameters specific to the three hedge types were then aptigide model in order to predict
both above and belowground carbon pools over 100 years. For each hedge species (hazel,

hawthorn and blackthorn) carbon pools were calculated for both managed and unmanaged
scenarios.

The following parameters were adaptéalmodel the hedge specific scenarios; all other parameters
NEYIFIAYSR GKS &aryYyS ad& Ay DNR3IFY FYR alliliKSgaQ 2N

Biomass production:

Values for the conversion efficiency of solar radiation into biomagswere calculated for each
scenario as:
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Where ¢ is the efficiency of conversion of this solar radiation into biomass (gM3V), B is the
annual aboveground biomass production (g DM™ yr?), Sis the annual receipt of showave solar
radiation (Mdm?yr?), andf.is the fraction of the total net carbon assimilated each year allocated to
new root growth, with the remainder (i.e-f}) being allocated to abovground growth.

The annual abovground biomass productiorBf for the unmanaged scenarios was calculated by
dividing the aboveground biomass production per metre by the estimated age of the hedge. The
age of each of the three hedgbadbeen estimated by counting the numbef annual rings present

on three randomy chosen stumps shortly after coppicing. For the managed scend@itsthe
estimated aboveground biomass production per metre one year after coppicing.

A value of 4000 Mt yr' was used for S, the annual receipt of shedve radiation, the same

figure as used by Grogan and Matthews. This figure is based on typical values measured at Silsoe
located 50km from Greescroft. Silsoe is approximately 90km north east of EIm Farm, Néhbury
location of the three hedgé@s ThisS value was therefore thoughadequate for the hedgerow
scenario model. In the absence of hedge specific data, the $anadue (0.25) as used by Grogan

and Matthews was used.

The ¢ values calculated for each scenario are shown in Table 1. The ggbedues for the hazel

and hawhorn managed scenarios reflects the faster growth rate following biomass harvest due to
the invigorating effects of coppicing (Dickman et al., 1996). In the blackthorn experimental plot,
regrowth following coppicing was poor, while in contrast, hazel fwaad to respoml exceptionally

well to coppicing.

Table 1. Conversion efficiency of solar radiation into biomasg (@lues calculated for each hedge scenario
based on estimated abowveand belowground biomass production and an annual receipt of shevave
radiation of 4000 MJ rifyr™.

Hedge scenario Conversion efficiencyg)
Blackthorn

Managed 0.47
Unmanaged 1.18
Hawthorn

Managed 0.56
Unmanaged 0.48

Hazel

Managed 1.61
Unmanaged 0.48
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Leaf area index:

Leaf area index (LAI) values for both managed and unmanaged hedge scenarios were taken from
Pocock et al. (2010) who developed a predictive model for hedgerow LAI based on measured data.
Variation in hedge LAI was found to be a function of hedge heightvadtth (Figure 9).

Although not species specific, the average measured LAI for a mature hedgerow excluding basal
vegetation was 6.8n°/m?®. Under the unmanaged scenarios LAl is therefore assumed to have
increased linearly up to a maximum of &1&/m? after ten years (Table 2). In the absence of
empirical data, this time scale is based on the assumption that most hedgerows reach maturity
within this period.
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Figure 9. Model presented by Pocock et al. (2010) depicting the relationship between hedge sidzefdnd

For the managed scenarios LAl values (Table 2) were based on the linear progression in LAl as a
function of hedge size for new hedges as shown in Figure 9. For each metre gained in hedge size LAI
increases by a factor of one. Once again LAl wasressto increase linearly to a maximum of 6.8

2 2
m/m*~.

18



Table 2. Leaf area index (LAI) values for both managed and unmanaged hedge scenarios based on measured
data and predictive LAl model by Pocock et al. (2010).

Annual LAl values (until maximum is reached

Year tjz;ln; ?)r(]e?:?ees(; Blackthorn Hawthorn Hazel
1 0.62 0.74 1.09 2.62
2 1.24 1.48 2.18 5.24
3 1.82 2.22 3.27 6.80
4 2.48 2.96 4.36
5 3.10 3.70 5.45
6 3.72 4.44 6.54
7 4.34 5.18 6.80
8 4.96 5.92
9 5.58 6.66
10 6.80 6.80

Carbon inputs from canopy and root system:

Specific leaf area (SLA) is the ratio of leaf area to dry mass (Garnier et al., 2001) and is used by
Grogan and Matthews to calculate the abeyeund carbon input that enters the fresh carbon pool.

Values for BA were determined for each hedge species from six leaf samples in July 2015 (Table 3).
The area of each leaf was measured using ImageJ (www.imagej.net), a digital image analysis
A2F06I NS RSaAAIAYSR F2NI AOASY(ATA @ay,@afON.A RAYSyaArzyl

Table 3. Specific leaf area values used for each hedge species.

Hedge species SLA¢nY/g)
Blackthorn 123.78
Hawthorn 121.42
Hazel 90.34
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Six young, fully expanded leaves, without serious herbivore or pathogen damage, were selected
from each hedge type (Garnier et al., 2001). Leaf samples were collected in the early morning and
placed directly into plastic zileck bags containing damp tissue to ensure leaves remained hydrated
(Garnier et al., 2001). The leaves were then digitally scaoned arranged on a white A4 sheet of

card (Figure 10) around a reference of known size (a yellow dot) which was then used as a scale
during digital image analysis. Leaf samples were then -ovied at 60 degrees until constant mass

was achieved (Garniet al., 2001).

Figure 10. Example of scanned image of leaf sample from
the hazel hedge with reference of known area (yellow
dot) used to calculate the specific leaf area with digital
image analysis software.

Coppice rotation:

Under the managed scerias hedges are coppiced at intervals of 15 years and modelled by
removing all abovground biomass from the system while root biomass is assumed to remain in the
soil. In their model under the SRC syste@®rogan and Matthews simulate plantation -re
establityment by removing both aboveand belowground biomass every 24 years. In the adapted
model neither managed or unmanaged hedges undergo plantatieestablishment within the
simulation period (100 years). Plantation-establishment was therefore set tocour after the
period of interest witlin the simulations (+100 years)
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3.3 Carbon budget analyses

Several studies indicate the importance of including carbon budgets when assessing potential
management options to increase the carbon sequestratpotential of forestry (Pussinen et al.,
1997, 2002; Deckmyn et al., 2004). Although the reviewed literature considers the potential carbon
stocks and sequestration rates of hedgerows, fetudies account for the emissions from
management activities andubstitution of fossil fuels when hedges are managed for woodfuel.
Simple carbon savings budgets which capture the emissions from management activities and the
substitution of fossil fuel were therefore included in the study.

Assuming 5.33 kWh per kg @ppiced hedge material (based on woodchip calorific content analysis
carried out at EIm Farm on woodchip produced from a mixed blackthorn and hazel (@umbers

et al, 2015) the length of each hedge type required to produce 20,000 kWh, the typicalahnn
energy consumption of a house (Biomass Energy Centre, 2014), was calculated.

For the managed scenarios, the potential carbon sequestration values provided by these hedge
f Sya3dkKa 20SNI I mp &SIN LISNA2R ¢ SNE . The éstoraeed G SR
carbon emissions resulting from woodchip production were then subtracted assuming emissions of
0.14 tonnes of carbon per 20,000 kWh worth of woodchip (Biomass Energy Centre, 2014). Carbon
emissions resulting from woodchip production wouldwever, in practice, vary with hedge type,
production practices, and transport distances.

As with SRC, the biomass energy from coppicing hedges is considered arcautrah source of
energy that does not contribute to carbon dioxide enrichment of the@sphere NjakouDjomo et

al., 2013; Repet al., 2011; Mann et al., 1997The carbon emissions produced when the woodchip
is burnt were therefore assumed to be zero.

For the unmanaged scenarios the potential carbon sequestration values provided by these hedge
lengths over a 15 year period were once again calculated based on the model results, and the
estimated carbon emissions resulting from the use of heating oiB(68anes) to provide 20,000
kWhwere subtracted (Biomass Energy Centre, 2014).

21



4. Results

Here the estimated carbon stocks and flows of each hedge treatment and the results from the
quantification of SOC and leaf litter inputs are presentedovegd by the results from the adapted
model and carbon budget analysis.

4.1 Estimated carbon stores and flows

Carbon stores and flows were estimated for both cut and uncut hedge plots on EIm Farm and are
displayed in Table 5, 6 and 7. Due to the absenaepifcates, no statistical analyses were carried
out on the data; general observations only are therefore presented here as an estimate of the
carbon stored under each treatment.

Carbon stores are expressed as bothha and t Ckm™ to facilitate conparison with the estimates
presented in the reviewed literature. Estimates are based on a sampling depth of 50cm and the
relevant hedge widths (Table 4). Estimates made on a hectare basis assume a full hectare of hedge
and are not based on a set hedgerdensity within the landscape.

As shown in Table 5, 6 andtiie unmanagedhedges were estimated to store more carbon than the
recently coppiced hedges. This is primarily due to the algpeeind biomass having been removed,
substantially decreasing abogeound carbon stores. In comparison with the hazel hedge,
blackthorn and hawthorn hedges responded poorly to coppicing as shown by their lower-above
ground carbon stores 1 year after coppicing.

For both hazel and hawthorn, coppiced hedges had lower lgaf tarbon flows than uncoppiced
hedges. Carbon flows within the coppiced blackthorn hedge were however higher than the
uncoppiced hedge. This is most likely due to the large amounts of dead twiggy material, left behind
following coppicing, having beenciuded in the leaf litter samples.

Average SOC stores were found to be higher within themamagedblackthorn and hawthorn
hedges, if only marginally, and average SOC stores slightly higher in the coppiced hazel hedge
compared to the umanagedhazel hedge

Table 4. Estimated average width of hedges before coppicing and one year following coppicing.

Estimated average hedge width (m)

Hedge Before coppicing 1 year after coppicing
Blackthorn 3.5 0.55
Hawthorn 6 0.70
Hazel 4 1.50
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Table 5.Estimated carbon stores and flows within and out of the system for blackthorn under both managed

and unmanaged scenarios.

Uncoppiced 1 year after Uncoppiced 1 year after
hedge coppicing hedge coppicing

Carbon stocks tC ha tC hd t C knt' t C knt'
Aboveground 131.50 27.62 46.02 0.74
Belowground 43.83 39.45 15.34 13.81
SOC 111.93 95.31 89.55 76.25
Total stocks 287.26 162.38 150.91 90.80
Carbon flows within t Cha'yrt t C ha yrt t C kmt yrt t C knmttyrt
Leaf litter 35.04 42.62 1.23 1.49
Total flows within 35.04 42.62 1.23 1.49
Carbon flows out tC ha yr' t C ha yrt t C kmt yrt t C knmttyrt
Woodchip 0 131.50 0 46.02
Total flows out 0 131.50 0 46.02

Table 6.Estimated carbon stores and flows within and out of the system for hawthorn under both managed

and unmanaged scenarios.

Uncoppiced 1 year after Uncoppiced 1 year after
hedge coppicing hedge coppicing

Carbon stocks tC ha tC hd t C knt' t C knt'
Aboveground 93.50 25.65 28.05 0.88
Belowground 31.17 28.05 9.35 8.42
SOC 74.04 66.52 59.23 53.22
Total stocks 198.71 120.22 96.63 62.51
Carbon flows within tC ha yr* t C ha yrt t C knmt' yrt t C knmt' yrt
Leaf litter 32.30 26.61 0.97 0.80
Total flows within 32.30 26.61 0.97 0.80
Carbon flows out tC ha yr* t C ha yrt t C knmt' yrt t C knmt' yrt
Woodchip 0 93.50 0 28.05
Total flows out 0 93.50 0 28.05
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Table 7. Estimated carbon stores and flows within and out of the system for hazel under both managed and
unmanaged scenarios.

Uncoppiced 1 year after Uncoppiced 1 year after
hedge coppicing hedge coppicing

Carbon stocks tC ha tC ha t C knt' t C knt'
Aboveground 45.08 34.35 18.03 2.52
Belowground 15.03 13.52 6.01 5.41
SOC 85.36 88.80 68.29 71.04
Total stocks 145.46 136.67 92.33 78.97
Carbon flows within tC ha yr' t C ha yr' t C kmt yrt t C km'yr!
Leaf litter 20.85 8.98 0.83 0.36
Total flows within 20.85 8.98 0.83 0.36
Carbon flows out tC ha yr' t C ha yr' t C kmt yrt t C km'yr!
Woodchip 0 45.08 0 18.03
Total flows out 0 45.08 0 18.03
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4.1.1 Distribution of soil organic carbon

Figure 11 shows the distribution of SOC within each hedge plot. Both cut and uncut plots of each
hedge type have a similar distribution of SOC across transects and soil depths. This may suggest that
the distribution of SOC is largely determined by factotiser than whether or not a hedge is
coppiced such as topography and soil type. However, based on the slow response and long
residence times of SOC (Howlett et al., 2011; Coleman et al., 188kinson et al., 199Upson and
Burgess, 2013), any dramatibanges in SOC concentration and distributame unlikely to have
occurred within one year following coppicing.
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Figure 11. Distribution of SOC within each hedge plot displayed in soil depth by tramsatices with
interpolation. Darker colours represent high concentrations of SOC.
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4.1.2 Distribution of leaf litter inputs

For each hedge type, leaf litter distribution following coppicing would seem to have become
narrower and more concentrated withimansects close to the coppice stools (Figure 12). This is as
expected due to uncoppiced hedges having a wider area of leaf fall due to their larger canopies,
while the hedge canopy is severely reduced following coppicing.
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Figure 12. Distribution of leflitter inputs within each hedge plot.
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4.2 Modelling results
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Figure 13. Predicted aboveand belowground biomasses for both managed and unmanaged scenarios for
each hedge type over 100 years. Managed hedges are coppiced-yedbintervals.
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Figure 14. Predicted soil carbon for both managed and unmanaged scenarios for each hedge type over 100
years. Managed hedges are coppiced inylé&ar intervals.

For blackthorn and hawthorn simulations, unmanaged scenarios were shown to sequester more
carbonboth in above and belowground biomass and SOC than managed scenarios (Figure 13 and
14). This is due to their poorer responses to coppicing when compared to the hazel hedge. The
managed hazel scenario however was shown to sequester larger amountsohdarboth below
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ground biomass and SOC over the 100 year simulation due to its exceptionally good response to
coppicing (Figure 13 and 14). It is however important to note that the managed scenarios were
based on production data from just one year aftewppicing and assume a linear increase in
biomass. In practice this may not be the case, and blackthorn and hawthorn species may just be slow
to respond to coppicing. Only with continued long term monitoring and inclusion of further data
points can the aagacy of the model be improved.

4.2.1 Average annual carbon sequestration

Annual carbon sequestration rates were determined using a-giap linear interpolation of the
graphs presented in Figure 13 and 14. The sequestration rates shown in Table &,19 ane
therefore approximated average annual carbon sequestration rates over 100 years. Carbon
sequestration within abovground biomass under managed scenarios are however assumed to be
zero as abowground biomass is removed and burnt every 15 yeaids therefore doe not store

carbon in the longerm. Values are expressed in both th&" and t Ckm™. As with the previous
carbon storage and flow estimates, values on a hectare basis assume a full hectare of hedge and are
not based on a set hedgerow dgity within the landscape.

Table 8. Approximate average annual carbon sequestration rates (displayed in both fIQ'rffaand t C knit

yr'l) over 100 years for both managed and unmanaged blackthorn scenarios. Carbon sequestration within
aboveground biomass under the managed scenario is assumed to be 0 as apawend biomass is
removed every 15 years.

Unmanaged Managed Unmanaged Managed

t C ha yrt t C ha yrt t C kmt yrt t C km'yr!

Aboveground biomass 6.00 0.00 2.10 0.00
Belowground biomass 1.10 0.15 0.39 0.01
SocC 2.10 0.38 0.74 0.02
Total 9.20 0.53 3.22 0.03

Table 9.Approximate average annual carbon sequestration rates over 100 years (displayed in both t'C ha
yr'l and t C knt yr"l) for both managed and unmanaged hawthorn scenarios. Carbon sequestration within
aboveground biomass under the managed scenario assumed to be 0 as abowground biomass is
removed every 15 years.

Unmanaged Managed Unmanaged Managed

t C ha yrt t C ha yrt t C knmt' yr' t C km'yr!
Aboveground biomass 1.79 0.00 0.54 0.00
Belowground biomass 0.50 0.20 0.15 0.01
SocC 9.90 0.43 2.97 0.03
Total 12.19 0.63 3.66 0.04
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Table 10. Approximate average annual carbon sequestration rates over 100 years (displayed in both't C ha
yr*and t C krit yr'™) for both managed and unmanaged hazel scenarios. Carbon sequestratitihin above-
ground biomass under the managed scenario is assumed to be 0 as apawend biomass is removed every

15 years.

Unmanaged Managed Unmanaged Managed

t C ha yrt t C ha yrt t C kmttyrt t C km'yr!
Aboveground biomass 1.25 0.00 0.50 0.00
Belowground biomass 0.49 0.65 0.20 0.10
SOC 1.0 1.39 0.40 0.21
Total 2.74 2.04 1.10 0.31
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4.3 Carbon budget analyses

Assuming 5.33 kWh per kg of coppiced hedge material (based on calorific content analysis carried
out at EImFarm on woodchip produced from a mixed blackthorn and hazel hedge) the length of
each hedge type required to produce 20,000 kWh, the typical annual energy consumption of a house
(Biomass Energy Centre, 2014), was calculated (Table 11).

Table 11. Length ofeach hedge type required to produce 20,000 kWh, the typical annual energy
consumption of a house (Biomass Energy Centre, 2014).

Hedge type Metres required
annually

Blackthorn 40

Hawthorn 66

Hazel 102

To calculate the carbon budgets for the managed scenarios (Table 12, 13 and 14) the potential
carbon sequestration values provided by these hedge lengths over a 15 year period were then
calculated based on the model results and the estimated carbon emgssasulting from woodchip
production subtracted. Carbon emissions for woodchip production were assumed to be 0.14 tonnes
of carbon per 20,000 kwh worth of woodchip based on figures presented by the Biomass Energy
Centre (2014). Carbon emissions resultirgm woodchip production would however, in practice,
vary with hedge length, type, production practices, and transport distances.

As with SRC, the biomass energy from coppicing hedges is considered areautrah source of
SYySNHe& (KI{i B® Saibgnripxid® enyichrihtdmfditie atmosphetdigkouDjomo et

al., 2013; Repo et al., 2011; Mann et al. 1999). The carbon emissions produced when the woodchip is
burnt were therefore assumed to be zero.

For the unmanaged scenario carbon budgéte potential carbon sequestration values provided by
these hedge lengths over a 15 year period were once again calculated based on the model results,
and the estimated carbon emissions resulting from use of heating oil (fossil fuel) subtracted. Carbon
emissiors resulting from use of heating oil were assumed to be 6.28 tonnes of carbon per year to
heat a typical house (Biomass Energy Centre, 2014).

Despite all unmanaged hedges sequestering more carbon, all three hedge types save more carbon
when managed for wodfuel than when left unmanaged due to the substitution of fossil fuels, as
shown by the simple carbon budget results in Table 12, 13 and 14.
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Table 12. Simple carbon budget for both managed and unmanaged blackthorn scenarios and the potential
carbon savigs when managed for woodfuel.

Managed(t C yi) Unmanagedt C yr')
C sequestered 0.02 1.93
C released 0.14 6.28
Total carbon sequestered 0.12 -4.35

Carbon saving when hedge managed for woodfuet:47 t C yt

Table 13.Simple carbon budget for both managed and unmanaged hawthorn scenarios and the potential
carbon savings when managed for woodfuel.

Managed(t C yt) Unmanagedt C yf)
C sequestered 0.04 3.62
C released 0.14 6.28
Total carbon sequestered -0.10 -2.66

Carbon saving when hedge managed for woodfuel:  2.56 % (

Table 14. Simple carbon budget for both managed and unmanaged hazel scenarios and the potential carbon
savings when managed for woodfuel.

Managed(t C yi) Unmanagedt C yr')
Csequestered 0.47 1.68
C released 0.14 6.28
Total carbon sequestered 0.33 -4.60

Carbon saving when hedge managed for woodfuel:  4.93 7% (
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5. Discussion

The discussion is structured around the three methods used in determining the effects of managing
hedges for woodfuel on carbon sequestration: estimates of carbon stores and flows, model
adaptation, and carbon budgets, and is followed by a conclusion Bgéd G KS NB L2 NI Q&
supporting literature on the carbon sequestration potential of UK hedges managed for woodfuel.

5.1 Estimation of current carbon stores and flows

This study indicates that carbon stores within unmanaged hedges, that is, hedgesmnaged by
coppicing, are higher than within hedges one year following coppicing, with most of this difference
due to the substantial decrease in abegund biomass following coppicing. Carbon stored within
the aboveground biomass wasestimated tobe higher in the unmanaged hedges by an average of
60.82 t Cha' and 29.32 t &km™ when compared with hedges one year after coppicing. This large
difference in estimated abovground carbon stores would however become smaller as the recently
coppiced hedes regrow, and continue sequestering carbon within their abgveund biomass.

Aboveground carbon stores within coppice regrowth were based on the production data from
unmanaged hedges when harvested. This method assumed coppice regrowth to be @fittke s
density as material harvested from the mature unmanaged hedges, which in practice is very unlikely.
These abovground carbon estimates are therefore likely to have been overestimated. To acquire
more accurate data on the productivity of hedges follogvicoppicing chronological studies using
destructive methods or nodestructive estimation methods, such as hedgerspecific allometric
equations, would be needed.

As expected, based on the reduction of ab@reund biomass, both coppiced hawthorn andzeh
hedges were found to have lower leaf litter carbon flows than uncoppiced hedges. Carbon flows
within the coppiced blackthorn hedge were however higher than the uncoppiced blackthorn hedge.
This is most likely due to the large amounts of dead twiggyensdtleft behind following coppicing,
having been included in the leaf litter samples.

Average SOC stores were found to be higher within the uncoppiced blackthorn and hawthorn
hedges, if only marginally, and average SOC stores slightly higher in thieecbyazel hedge
compared to the uncoppiced hazel hedge. Due to the absence of replicates, no statistical analyses
were carried out on the data; general observations only are therefore possible. Although differences
in SOC between coppiced and uncoppicedde plots are observed, these differences would seem
negligible with an average difference of 7.35 h&' equivalent to 9.19 t &m™. Similarly, little
variation in SOC distribution was seen between coppiced and uncoppiced plots for each hedge
species.These limited differences in SOC concentration and distribution may be explained by the
slow response and long residence times of SOC (Howlett et al., 2011; Coleman et al., 1997; Jenkinson
et al.,, 1997; Upson and Burgess, 2013). Dramatic changes in 8Qia@fore unlikely to have
occurred within one year of coppicing. Once again, chronological studies would be required to
establish how SOC changes between coppice intervals and to observe argrionignpacts of
coppicing on carbon storage.

Current models reviewed within the literature estimate the abayreund biomass carbon stocks of
typical agricultural hedges, synonymous to unmanaged hedges within this study, to range from 5t C
ha' to 45 t Cha' (Falloon et al., 2004; Warner, 2011; Rdison et al., 2012) and SOC stores from 43

t Cha'to 136.8 t Cha® (Falloon et al., 2004; Robertson et al., 2012). With an average of 90.02't C
ha's G KA& &idzRe Qdround Didriadsl carBoR stdres 2r@ Sonsiderably higher than
previously pblished estimates. This may be explained, not only by the variable nature of hedges,
but by the particularly tall overgrown character of the hedges at EIm Farm due to relaxed
management over the past decade. Soil organic carbon stores presented by this fetiu
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unmanaged hedges, however, range from 74.04ha€to 111.93 t Cha’, well within the ranges
previously reported.

Within this study several flows and stores of carbon were not included due to difficulties with their
measurement and estimationpf example soil respiration and carbon stored within the unutilised
biomass of the coppice stools. Due to limited data on root biomass production and dynamics for the
hedge species investigated, root biomass was simply assumed to be a third of the edtahate

ground biomass and to decrease by 10% following coppicing due to necrosis. In addition, hedgerow
trees are a common feature of European hedgerows (Forman and Baudry, 1984; Auclair and Dupraz,
1999; Barr, 2004Ryszkowski and Kedziora, 20@ay, with large volumes of abovground biomass,

are likely to contribute significantly to the potential carbon storage of hedgerows (Wolton et al.,
2014). Hedgerow trees were however not included within this study. Such assumptions and
unaccounted flows andtares are therefore likely to have resulted in inaccuracies within the
resulting estimated carbon stores and flows. The presented estimates of carbon stores and flows
from this smaliscale, shorterm study of hedges managed for woodfuel should therefoseviewed

with caution, althoughhey may serve as a useful starting point for future investigation.

5.2 Model adaptations

For all three hedge types, unmanaged scenarios were shown to have higher carbon sequestration
rates than the managed scenarios by arerage of 6.98 t C Hayr* and 2.53 t C kihyr™. These
differences are largely attributed to the larger abegeund carbon stores of the unmanaged
hedges based on the assumption that the abgwveund biomass of the managed hedges does not
contribute to the longterm storage of carbon when burnt for energy production. Abgveund
biomass harvested from hedges under the management scenario would, however, contribute to
carbon savings through the substitution of fossil fuels when used for bioenergysaa#ien into
account by the carbon budget analyses.

Carbon sequestration rates modelled Baylor et al. (2010pr non-lailed hedges range from 2.20 t

C ha yr'to 11.40 t C hayr! with amid-rangeof 6.37 t C hayr'. Although substantially gher

than those presented by Falloon et al. (2004) (shrubby hedge = 1 t C,Himgs of trees = 2.8t C ha
yrh), it is encouraging to note that the carbon sequestration rates modelled from this study for
unmanaged hedge scenarios, ranging from 2.%4ha yt to 12.19 t C ha ¥k, are in line with those
made by Taylor et al. (2010).

Leaf area index (LAIl) values for both managed and unmanaged hedge scenarios were taken from
Pocock et al. (2010) who developed a predictive model for hedgerow LAl basedasured data.

Under both managed and unmanaged scenarios LAl was assumed to increase linearly up to a
maximum of 6.8 fim? LAI are however likely to vary with hedge species and management
practices and unlikely to increase linearly. Additionally, ahimn@eases in LAl values for managed
A0SYIFINA2a 6SNB o0lFlaSR 2y GKS FTANBG &SFNRA NBEINEP,
values for the hazel and hawthorn managed scenarios therefore reflect the faster growth rate due to
the invigorating effect of @ppicing (Dickman et al., 199&pr blackthorn however, regrowth one

year following coppicing was poor. This may suggest blackthorn is a less suitable species for coppice
management or it may be the case that blackthorn is simply slower to resfmiedppicing and

growth rates may pick up a couple of years following cut back. Further investigation into the species
specific responses to coppicing and resulting LAI is therefore needed.

A substantial flaw in the adapted model is that both managed andchanaged scenarios are

simulated from hedge establishment despiisingdata from mature (approx. 20 to 30 years old)

hedges which were then coppicetlK A & Aa RdzS G2 DNR3IAlIY IyR al 0GKSg
developed to compare SRC from establishment and the naturally regeneration of wootiand.

practice, both managed and unmanaged hedges would have similar initial growth rates after
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planting andbefore the first coppice rotation. In future adaptations of the model this would need to
be addressed for fairer comparison of managed and unmanaged scenarios.

In summary, the adapted hedgerow model is still heavily dependent on assumiththe resuts
presented by this study should therefore be seen as a preliminary and used only to guide further
SYljdZANE® ! RILIGFGAR2Y 2F DNR3IlLY | yR alhovewessaQ
identified where additional data collection is required for the ilypement of carbon sequestration
models for hedgerow systems.

5.3 Carbon budgets

Despite all unmanaged hedge scenarios sequestering more carbon than managed scenarios, results
from the carbon budget analyses revealed that all three managed scenarios sagecanbon than
unmanaged scenarios due to the substitution of fossil fuels via the production of woodfuel.
Considering all three unmanaged hedge scenarios were shown by the adapted model to have higher
carbon sequestration rates than the managed scenatiosse results highlight the importance of
including carbon budgets and accounting for carbon substitution when assessing the impacts of
potential management options for climate change mitigation.

The carbon budget analyses within this study however oglya number of generalisations and
assume similar carbon emissions as those reported for other woodchip production systems. To
improve the reliability of these carbon budgets, not only is further empirical data on carbon
dynamics under hedgerow systems dee, but further quantification of the embedded energy in

the production of woodfuel from such systenssrequired

6. Conclusion

The validity of current estimates for hedgerow carbon stocks and accumulation rates is limited by
incomplete information onhe effect of vegetation type, hedge structure, management practices,
carbon budgets, and the landscapeale impact of carbon storage processes. This study aimed to
address a number of these shortfalls and to explore the effects of hedgerow management for
woodfuel on carbon sequestration.

The study revealed that while hedges which are not managed by coppicing sequester larger
guantities of carbon, total carbon savings are higher when hedges are managed by coppicing due to
the substitution of fossil fuelsia the production of woodfuel, and highlights to importance of whole
system carbon budgets.

Although the results presented by this smsdhle, shordterm study should be viewed as provisional,

they present a useful starting point for future enquiry, idi&ning the need for longerm
chronological studies and data collection on carbon sequestration processes specific to hedges. It is
also encouraging to note that estimates for carbon sequestration under unmanaged scenarios
presented here are in line witthose found in other studies. Collection of further empirical data on

the carbon sequestration potential of hedgerows will however be needed to validate existing
estimates and models and to inform decisions not only at a farm management level but also for
wider policy.
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