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1 Context
The AGFORWARD research project (January-R6dédmber 2017), funded by the European
Commisgin, is promoting agroforestry practices in Europe that will advance sustainable rural
development. The project has four objectives:
1. to understand the context and extent of agroforestry in Europe,
2. to identify, develop and fieldest innovations (through pécipatory research) to improve the
benefits and viability of agroforestry systems in Europe,
3. to evaluate innovative agroforestry designs and practices at & fidldn and landscape scale,
and
4. to promote the wider adoption of appropriate agroforestryssems in Europe through policy
development and dissemination.
This report contributes to the second objectiard specificallpeliverable 2.4 which ainte provide
I GNBLR2NI RSAONAROAY3I (GKS O2YLRySydas aidaNHzOGdzNB =
KAIK Odzf GdzNI £ |y R yI GdzNF £ @I ThizBatalinAd@dTnahieBepait NE & & 2
will also inform the modelling activities being devetd related to Objective 3.

This report provides some general background on wood pastamesparklandsn the UK.t then
focuses on some specific researchdevelop and apply a management tool fapod pastures A
substantial part of this report wasompleted by Alicia Bernal Lopez as part of her MSc thasis
Cranfield Universitin 2015 (Bernal Lopez 2015)

2 Wood pastures and parkland in the UK

In the UKwood pasturesand parklandsare defined asopen woodlands comprisingcattered trees
with a richunderstory of grassland or heathlar{@able 1). Maddock (2011) reports thathey are
often found in a mosaic landscape includimgensive open and woody areakheyhaveoften been
created fom long-term human interactionfor examplehunting grounds and wooded commo(isay
2004)

Wood pasture and parkland systems occur throughout theTli€reare no reliable statistics on the
extent of wood pasture and parkldnThe UKBiodiversity Steering Group reports an area of 10,000
to 20,000 haimi g 2 N] Ay 3 O2 y R204I\ Pligninget e 4l(RRZ (sing theEuropean
LUCAS dataset estimatdtat wood pasturecovered about 3.3% of the surveyed area equivalent to
about 800,000ha. Wood pastureincludes landscapscale sites sucthe New Foresand Epping
Forest in Englandhrough to smaller fielescale areasManagement practices in woegasture
typically include grazingyften by cattle, and the pollarding and coppicing of trees to obtain charcoal
and wood Pollarding can also help produce wrio-habitats for lichens andsaproxylic species
(Maddock 2011; Fay 2004)

Wood pastures are valuefr their biodiversity with a particular focus on large invenates. Red
listed speciesncludethe stag beetle (ucanus cerviighat livesin crevices andhe dead wood of
veteran treesHenceveteran treesare a key feature of most wood pastures and the loss of veteran
trees is a particular conceridence &orts are sometimesmade to clear the areas surrounding
veteran treego reducecompetition.
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Tablel. Geneal description of wood pastures and parkland in the UK

General descriptionof system

Name of group

Wood Pasture and Parkland in the UK

Contact

Paul Burgess

Work-package

2: High Nature and Cultural Value Agroforestry

Geographical extent

Wood pasturesind parklands exist throughout the Wi€luding England (e.g
New Forest, Epping Forest), Wales (e.g. Dinefwr Park in Carmarthenshir
{O020GfFYyR o0S®3d Dt Sy CAy3IftlLavz |y
Caunty Fermanagh)

Estimated area

Maddock (®11) reported an area of 10,000 to 20,000 ha in working
condition Plieninger et al (2015) using the LUCAS dataset estimated a tg
wood pasture area in the UK of 799,800 ha, equivalent to 3.3% of the are

Typical soil types

Wood pastures exist on mosbil types that occur in the UK

Description

Wood pasturesind parklandsre open woodlands comprisirsgattered trees
with a rich understory of grassland or heathlaiiaddock 2011)

Tree species

UK wood pastures and parkland species include Qale cusoburand
petraed, beech Fagus sylvatida alder Alnus glutinosy birch Betula
species), hazeCprylus avellanieand sweet chestnutGastanea sativaScots
pine Pinus sylvestrjss typical in parts of Scotland (Maddock, 2011)

Tree products

Fuelwood

Understoreyspecies

Various includingmall trees and shrubgrass and herbaceous species like
brambles

Understorey
products

Ad-hoc nonrcommercial harvesting of blackberries and mushrooms

Animal species

Conservation efforts in wood pastures tend to usetle rather than sheep.
Sheep, cattle and domesticated deer are used in parklands.

Animal products

Breedingivestockand meat products

Regulating services

Quine at al. (2012) highlight the regulatireygces provided by treegor
example tees carmoderate themicroclimatereducing thetemperature
fluctuationsexperienced by people, livestock, vegetation and soil fatirees
can sequester carbon primarily as wood biom&sdp moderate the runoff o
water and theeby contribute to flood control, and help reduce noise and
atmospheric pollution.

Habitat services and
biodiversity

Wood pastures and parklands are valued for their biodiversitiuding deer,
butterflies, lichens fungi,and saproxylidnvertebrates such as spiders and
beetles(Maddock 2011; Fay 2004A mosaic of grassland and woodland
habitatscan alsencourage wild pollinators such as bebta(linger et al.
2016).Wood pastures can favour birds such as woodpeckers and bats w
can roost in crevices and hollowsong estalished closed herds of deer and
livestock are often associated with wood pastures (Maddock 2011).

Cultural services

Wood pastues and parklands in the UKNE JA RS | 6A RS N
GAYF2NXIGA2YyE & SNIBA OS anvibrawérkto éxércise,)
to walk a dog, education, and landscape appreciation (Agbenyega et al.
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In some case¢Barwick & Powers 200Ghe current number of ancient veteran tree has been
consideed too low and techniqueO | y © S | LILX¥odn§ ReesEentually 8v8r¢ lngterm
trees such as oak wiliegland hence it is necesyao ensure the continuity of the tre@opulation.
Unfortunately it is not easy to determine what a sustainable gapon of trees might look like

There islittle literature about the economigof mature wood pasture and parklarsdin the UK.
Dagley et al. (2014) provide a description about the costs of invisible fencing within a wood pasture.
Estimates have been made of the revenue and costs associated with new silvopastoral systems
Bullock et al (1994) investigated the establishment of widglsced ash on grassland with lowland
sheep.The analysis assumed thatocking levelsould be mainhined close to grassland without
trees, but the tree establishmentcosts wereonly partly offset by future timber revenues and
available subidies The driving argument for integrating trees with livestock system is therefore
often based on additional beffies such as landscape enhancement, sport, shelter, reduced energy
expenditure by livestock, or enhanced conservation (Bullock et al. 184y)ess et al. (2000)
predicted the revenue and costs of establishing a parkland system near Bedford (over ar60 yea
rotation) relative to continued livestock production and conventional woodlafde parkland
system was assumed to maintain similar returns as continued livestock production, but the cost of
tree establishment and protection was not fully covered by ggaand anticipatedtimber and
fuelwood revenue. However it was a more cost effective way of establishing a landscape with trees
than conventional woodland. There were also significant cultural benefits (Agbenyega et al. 2009).

Upson and Burgess (2014) steibed the results of an initial stakeholder meeting held in 2014
focused on wood pasture and parkland in the UKe participants of this meeting highlighted the
importance of wood pasture in terms of its biodiversity and provision of wildlife habiBts.
resilience of wood pastures, their commercial availability and tools for grazing management were
highlighted as areas of interest.

Later Upson and Burgess (2015) identified three possible objectives for future research on wood
pastures within the UKoenponent of the AGFORWARD projelttese were: 1) to develop a web
based platform to allow farmers to interrogate GPS data from cattle collars, 2) perform a simple cost
benefit analysis of the invisible fencing system, and 3) develop and apply a managewiefar
assessing the impact of grazing and tree managemem. focus of the remainder of this report is

on the third objective.

3 Models of wood pasture creation and maintenance

3.1 Wood pasture as a dynamic system

As indicated above this report focusasnanagement tool to evaluate the sustainability of wood
pasturesystems¢ KSNBE I NE O2YLISGAy3a | NAdzySyita a G2 GKS
Europe.Some like Birks (2005) argue than pollen analysis suggests that the key ecosystem in many
parts of lowland Europe wadhigh forest. By contrastVera (2000)used pollen samples targue

that the original landscape was a mosaic of shifting grassland, sciaded woodlandand open
canopy woodland (Figure 1He argued thatlarge herbivores would prevent the regeneration of
trees (Gove phase) contributing tit opeming up (Breakup phase) resulting in a open parkland

(Park phase)The gassland wouldhen be invaded by shrubs (Scrub phaséich would provide

safe niches for the trees to regenerate and grow into a cles®opy forest again (Groyghasg. In
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this system, tree regeneratiotanti I { S LI I OS Ay LI NJt+FyYR SyWghNRYyYSy
forest $02a2a0S8Ya |Lghhk calsddDoy tiee deaihtaddNEDA(Kirby 2003)+ S NI Q &
hypothesis is of interest because it s&gg i da G KI G GKS &yl dzNI fhea@a G 5S¢
mosaic of wood pasture and parkland systerki®weverKirby (2003) explains that most wood

pasture conservationdoes not seek to reael 0 S & LINA Y-Ragtlird, but ratBe & cultural

landscape fromhe last 3000 years.

2. Scrub phase: spread of 1. The openor an‘k pha,.se: largely ‘
thomy shrubs excludes open landscape with a thin scatter of
herbivores; young trees grow ¢ trees le_ir h‘om_the previous grove;
up with the shrubs and vegetation mainly grassland or heath
species.

eventually overtop them.

\

3. Grove: tree dominated
phase ofthe cycle: closed
canopy shades out the

shrubs: herbivores retum,

4.
Break-up 4. Break-up: period during
which the canopy opens out
as trees die; vegetation shiffs
from woodland to grassland

preventing regeneration. species.

Figurel. Vera's model, consisting of four phases of vegetation structopen park, scrub, grove,
YR GaeiNSF 3Gl 3Sadele KSH IGANBAHMa | RRSR (2 NBLINBaSy
grovebackto open habitats (Kirby 2003).

N

Many of the wood pasture and parkland areas considered of value in the Ui eshidence of
grazing and pollardinddowever diring the last 200 years, the extent of pollardand grazinchas
reduced These changes medhat many woodpastures have disappeared, transformed into dense
canopy woodland and scrubby habitats which aften assumed to be less diverse than wood
pastures J. Dagley per communication 18 June2015. There is also a greater mortality of the
veteran trees, partly attributed to mechanical breaks caused by the inability of the tree to support a
large crown(Fay 2004)

In response to anncreased interest in theecological,cultural and recreational value of wood
pasture (Maddock 2011), conservation organisations and other groups have deve&sgtedation
plans to preserveghe andgent trees, open up theanopy and removenderstory trees However

the appropriate amount of canopy openness is uncertaifirby (2003) argues that woqghstures

are more open than they used to heciting that thereare less young and intermediatged trees
than there should be according to the number of ancient trees present. It is clear that tree
regeneration is necessary, yet the best way to achieve it is not kndwdeeper understanding of
how regeneration works on wood pastures and on therent state of the tree populations needs to

be achieved to adapt the restoration plans to the real necessities of the sites.

System description www.agforward.eu



3.2 What is asustainable tree populatior?

TheRAI dy2aia 2F | daadaldlAylFoftS GNBS LRBWAIFI TFR2AYE F
ALISOATAO t20FG4A2Y YR (GKS aOdzZNNByd adl (The ' yR K,
target ecosystenis effectively amental picture of thedesiredecosystem The description of the

G OdzNNByYy G adl S | ypRvidésvauabi Nfortatibn abiohtithe ikEhiiexdiboé of

the ecosystem and about the elements that are influencing and constraining it.

A widelyused method to assess the tree population dynamics is the distribofidree sizegCondit

et al. 1998) This is done bgorting the trees into cohorts according tdor exampletheir diameter

or height, andcountingthe number of treesin each cohort.The selected tree size parameter is
considered as a proxy of the tree agsd populationswith a large number of trees in theyoung
cohorts areconsideredto be more stable whilst those withfew or no youngindividuals are
considered as beinigp declining populationgCondit et al. 1998)Although the assumption that tree
sizes are a useful proxy for tree dgas been questione(Silvertown and Charlesworth 2001; Saura
et al. 2011) others consider that it still is a useful indicator of the regeneration process and
consewation status l(eDuc and Havill 1998).

One weakness of the tree population methodologthit it fails to take into account the growth dn
survival rates of the speciePlant growthvaries between individuals in the same population and
during the lifetime of an individuglSilvertown and Charlesworth 201Tjrees often go through a
period of reduced growth, whersubjected to adverse conditions or strong competitidrefore
resuming higher rates of growth wheamstrairts are removedStudies of the tree ringsf pollarded
oak trees showperiod of reduced wth following pollarding, followed bincreased growtldue to

the higher availability of ligh(Rozas 2004)Building onthe above,Kirby (2014)built a model to
simulate the structure of a sustainable oak populatioran oak parkland. This model can be used as
a reference to compare the a@l oak age structure of the parkland and hence to predict the likely
evolution of the oak population.

This report describes thdzd S 2 F modelilNdlationdo the key tree species at Eppifigrest
The aim of thestudy is to determine the effectthe restorationhad and is having on thevood
pastureandto evaluate the stability of the tree populatioo achieve this aim, we developed the
following objectives:
1. To cetermine the differencesn tree layerstructure and compositionand understorydiversity
and groundcoverbetween restored, unrest@d and secondary wood pasture areas.
2. To asess the differences on the density and size structures between the key tree species.
To estimate the age of the oaks, beech, hornbeam and holly populations.
4. Tomodel the age structures the tree populations should have to maintain an stable number of
GNBSa Ay (GKSANI 2t RSaid O2K2NIi GKNRdJZAK (KS I RI LI
5. To compare the predictedvolutionin tree populationsfor the actual conditions anthodeled
age structures.
6. To pedict the effect of the restoration on the ecosystem dynamics, including the tree layer and
understory.

w
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4 Methodology

4.1 Epping Forest

Epping (originally Waltham)Forest was a royal hunting grouncbmprising amedieval forest
currenty located in Essex and Greater Londdmable 2). It was originally managed asveood-
pasture commonsvith different parties having different right3-he king had theight to keep and

hunt deer, landownersnay own the land but not the hunting rights, armbmmoners had the right

to pollardthe trees for firewood and to graze livestock. It is these common rights which led to the
wood pasture features o& low density ofpollarded trees within a matrix of grasslaii@ackham
2006).1n the nineteenthcentury, increasing urbanisation and the use of coal rather than wigad,

to a decline in the practice of pollarding and commons grazing. Encroachment onto the forest was
prevented in 1878, by the Epping Forest Aghich ensured thatth& 2 NS ad & |y Wiy
G§KS NBONBIGA2Y YR Sye22eyYSyid 2F GKS LldzotA0Qd

Today Eppind-orestcovers over 250 haand it is managed by the City of London Corporation
(2015). Most of it is covered by ancient and secondawood pastureof hornbeam Carpinus
betulug, beech Fagus sylvatigaand pedunculated oalQuercus robyrwhich used to be pollarded
until 1876. Parts of the forest areSites of Special Scientific Interest (SSSI) and ébpaas of
Conservation (SAC)s part of the site management plan, some areas of Epping have started to be
restored.In the early 1990sancient trees started to be pollarded again and1995 maiden trees
were introduced to the cycl@INCC 2011The project is stilh progress, being extended sogreater
areaeachyear. Themanagement @n alsoincludes the reintroduction of cattle, using an innovative
invisible fencing system to control tteeea they camaccess There are already some signals of the
effect the cows are having on the area, such as the dispersal of the lousd®eaiit(lais sylvatica

(Site manager, pspnalcorrespondencel8 June€2015. However, the number of cows and time they
have been allowed to graze on field have been considered too low to study their impact on the site.

Table2. Descriptionof Epping Forest

Site characteristics

Description of| Epping Foressin the southeast of England, in the counties of Essex
forest Greater London. It was designated as a Site of Special Scientific Inte
on 1981 and as a Special Conservation Area005 The Pecial
Conservation Areaovers1605 ha

Area: 2400 ha

Coordinates: The centre of the conservation areébis°’yy Qo pQQ b | YR
Soil type Eutric luvic fanosol

Soil depth 100 cm is a typical UK for thgickham soil series (NSRI, 2015a, 2015k
Soil texture Fine loam

Tree characteristics
Tree species 70% of Epping Forest is covered by bréealzed deciduous forest. The
majority of it could be classified as ancient, semaiural woodland, and
it isabundant in veteran beecfiFragus sylvatigaoak(Quercusoburand
petraed and hornbeamCarpinus betulygollards. The understory is
mostly covered by holly, sometimes accompanied by yeax$ (JNC,
2011)

Tree density Typically30-60 trees hd (Hornbeam) an®0-50 trees ha (Beech)

System description www.agforward.eu
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Tree protection None

Understorey characteristics

Species Animportant feature of Epping Forest are unimproved acid grasslanc
which cover approximately 20% of the area; and dry and wet heathla
which are conglered as qualifying habitats for the designation of the s
as aSpecial Area of Conservatidrhe Forest also includes inland wate
bodies. Ponds, bogs driens are present in the area.

Coverage Complete, but shade dependent
Livestock characteristics

Species Red polls and Longhorn cattle
Stocking density | Variable

Management
History Epping Forest is a remnant of the Royal Forest of Essex. It used to b
managed as a woepasture which the commoners used to graze their
cattle, dig gravel and extragtood, usually through pollding. This site
isrenowned for its high concerdtion of old veteran pollarduring the
19" century these traditional practices progressively fell out of practid
and were definitely ceased in 1878 under the Epping Forestivhich
gave the jurisdiction of the forest to the City of London Corporation tc
manage the place for recreatioNonetheless the necessity to reinstall
these practices was issued recently, and in 1998 a new managemen
strategy to restore the wooghasturewas approved. The pollarded cycl
re-started in the early 1990 and in 1995 new maiden trees were
introduced to the cycle. Similarly, cattle grazing is beingt®duced to
the site, through an innovive invisible fencing system.

Biodiversity Thewood pastureareas support rich fungi, epiphyte and invertebrate
communities, which include many rare species such as the dagsdon
fosteri, or the saproxylitucanus cervds . A NRQ& 0A2RA
high, and includes 48 breeding species. H@@avedgrasses dominate thg
unimproved grasslands, and include a wide variety of spethesponds
and bogs are pools of biodiversity, and provide hitz for rare flora
and fauna.

Threats The cessation of traditional management practices such as coppicing
pollarding and grazing, has affected the forest siwoe andthere had
been a decline in thepiphytic population. This community is starting t
recover, thanks to the reintroduction of the pollarding cycle and the
reduction of pollutant emissiong.he satusof the grassland areas ta
declined due to shrub emoachment and tree recruitment, butew
conservation pragtes are reversing this change.
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4.2 Experimental area

The field measurements were taken from the Fair Meadow area of Epping Feristto the site
selection, the woodland area was classified according to its historical and current managements. The
classification was based on a GIS layer provided by the site manager. Three classes of woodland
were differentiated(Table3).

Table3. Description of the experimental treatments and the measurements

Area Epping Forest
Treatment 1: £ M
Ancientrestored
wood pasture

Areas with
veteran trees
and which had
recently been
restored. Ths
woodlandhad
recentlybeen
opened up and
its trees had
beenre-
pollarded

Areas which
used to be
pollarded in the
past but where
no management
has been
undertaken in
the last few
decades.

Treatment 2:
Ancient

unrestored wood
pasture

Treatment 3: Areas with no

Secondary Wooq | past pollarding

pasture records and no
current
management

either. Prior to
the site visit, it
was assumed
that veteran
trees were
absentor barely
present on these
areas.
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Map of system

0 125 25 5 Miles
T T T N TR T S |

Sampling Area location

Legend

Quadrant
[ Ancient Restored Woodland
[_1 Ancient Unrestored Woodland
[_1 Secundary Woodland

* \eteran Tree Table final1_point

Climate characteristics
Mean monthly temperature

Location of the sampling parcels at Epping Forest

[_IRestored Areas
[ Epping Forest

{

10.7°C

Mean annual precipitation

704 mm

Detals of weather station

Hampsted (1982010; 137 m amsl; 19 km from Epping)
http://www.metoffice.gov.uk/public/weather/climate/ul0

jbtxsb

Soil type Epping is a lowland area. The geology is vairedyuding
neutral to acidt clays and sands in the south.

Soil depth Not determined

Soil texture Not determined
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4.3 Field measurements

The sampling sites were chosen using an aerial image, in which each tiréeeclasses was
mapped. Areas tere thethree wood pastureclasses lied next to each other were identified and
then the plots were drawn on them, trying to avoid the borders between the different clg$séxde

3). The objective wasto selectadjacentplots of thethree treatments to minimisethe effects of
differences in local ecology¥he coordinates of these pidesigned parcels were taken, and used to
localize the parcels on field with a Trimble GPSin€ieease the accuracy of the survey, the parcels
were redefined on field using a 5@ tape measure and a compass. The followed methodology is
describedm Appendix A

Floristic data wre collected in 12 parcelsneasuring 50 m x 50 m (as used for woodland
classification in the National Vegetation Classification (N§@kies andjirth ata breast height of
1.3 mwere surveyed in all the trees higher than in3n each parcellinside each parcel, fiverd x4

m plots were set to assess the field and shrapel diversity, ging the coveabundance method
and aBraunBlanquet scal€Table4). These were located on the centre and at Agdgth of each
semidiagonal of theparcel. The number of seedlingisees shorter than 1.3n), their species and
their height were recorded on arh x 1 m squareinside each 4n x4 m plot.

Table4. Equivalence between BratBlanquet values and the percentages of ceabundance they
represent. The midpoint cover was the value used to convert the BBdamquet value into a
percentage.

BraunBlanquet scale Range of cover (%) Midpoint of coverrange(%)
5 75100 875
4 50-75 625
3 2550 375
2 5-25 15.0
1 15 25
+ <1 0.1

4.4 Dataanalysis
Construction of population sizetructures
The collected data wre entered onto a spreadsheet anthe tree girths were converted into
diameter, assuming thestems were perfectly cylindric@Equationl).

oO® ' ERDE Equationl
The trees werethen sorted out into size classes of the samieh. Thisrange of each class was
determined by dividing the greatestbh (118 cm corresponding toa hornbeam) into 1lequal
classe®f 12 cm

Parcel characteristics

In each parcelthe basal area and number of individuals of each tree species was calculated, as well
as their overall values for all species and the tree diversity. titgqua@ shows the basal ared8f)
calculation for each species,at each parcet, wherengis the number of trees of the species.

606 B y Qdrc Equaion 2
Total parcel basal area was calculated as the sum of each species basal e pancel
60 B 060 Equation3

System description www.agforward.eu
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Understorey diversity

The understogy data was arranged into a matrix of 60 samples x 24 species containing the cover
abundance measurements as percentages. The conversion of theaowedance into prcentages

was performed assigning to each of the Brddlanquet categories their corresponding mmhge
percentage(Tabled). The proportion of bare soih each quadrant was inferred from the proportion

of soil covered by the specieSpecies richness and ShanAdiener diversity index were calculated

for all the samples and then axaged for each 5t x 50 m parcel.ShannorWeaver diversity index
provides ameasurement of the sample diversity from the log proportion each species represents on
it (Equation 4.
0 B nif Equation 4

Keyspecies regeneration

In order to study the regeneration of the oak, beech, hornbeam and holly trees, the regedli
heights were sorted intadhree categories, <1@m, 1615 cm and >15cm tall. The number of
seedlings of each species and height category was counted in each parcel, summing the number of
seedlings of each category at each of tha £ 1 msubplots.

Statistical analysis

All the analysis were performed using(R DevelopmentCore Team 2013he statistical level of
significance was of 05 in all the testsCount data variables cannot be modelled using ANOVA
because their variance tends to increase with their means, and their errors are hardly ever normally
distributed (Crawley 2005)Hence, all the variables expressing counts included in this study were
analysed using Kruskéfalis nonparametric tests, which are able to handle raadk well as count

data (McDonald 2014)Thiswas important to model tree distributions and regeneration, as tibh

and seedling heights were previously sorted into classes.

The patterns driving the tree size distributions were studied running several Kisihd tests
against the null hypothesis that there was no difference on the mean rank number of trees across
different groups ofwood pasturetype, dbh class, species dnall of their second and third order
interactions.Similarly,seventests were run to test the existence of significant differences between
the number of seedlings and their height between speciasod pasturetypes and theinteraction

of three. The anaJsis of density and diversity at each parcel required one test for each, in which
their variation withwood pasturetype waschecked.

Parcel characteristics

¢tKS @FNAFYOS 0SiGeSSy GKS olalt FNBIF NBEO2NRSR
implemented on the Rtats package(R DevelopmentCore Team 2015)o avoid the extra
component of variance introduced by the location of the parcels from interfering on the analysis, the
variable site was included as an error strata on the ANOVA.

The same analysis was applied to both classes of species doesnaheach parcel antb the
Shannon indexes and species cover at each understory Plstall of these were propioon data,
they were first aresine transformed into normally distributed dat@Crawley 2005)This was mostly

System description www.agforward.eu
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successfylbut some remaining signs ofon-normality were noted in the residuals valusssulting

from the model of the Shannon indexes, probablyirmyto the considerable amount ofero values

contained in the datasetThe analysis of the understory data included the quadrant as an error

strata as well as the sitdlo compare the differences among tlcategories inside each factor (

species andvood pastuetype-0 = ¢ dz] S8 Qa | 2y Sad { Ap@yoinedudingyhé 5 A FF S
HSD.test function on the Agricolae R packéidendiburu 2014) The proportion of bare ground at

each quadrant was modelled with an ANOVA.

4.5 Tree age estimation

The ages of the oak, hornbeam, beech and holly trees were estimated followihige s
methodology (1998)In this method, tree age is assessed subtracting its core area to its curraht bas
area(Equation 5)

6 ¢ 10000 — Equation 5

Different sets of core age, basal area and outer ring area estimates are provided by White according

to the growth conditions of the trees. As information about the structure of theod pasturewhen

these stands grew was not available, we used the "woodland boundary pollard or open woodland"
parameters for the oaks, and the "inside woodland" parameters for the emtd holly trees,

2oy Ay3a (2 GKS RAaGlFryOSa 20aSNWSR 0SisSSy (G(NBSac
study, so beech parameters were used agdiable4), as it was assumed that the growth rate of

both species in this location would be simi@able5).

Table5. Equations used to relate tree size (cm) to tree age (years)

Oak Q & 7o,
i z O
p mm—S Uv cwrtw Equation6
X @
Beech and hornbeam ol | 50T Ty C
p ¢ m—S , X Equation 7
? ¥
Holly AAE
2z
o —S v) pupm Equation 8
(N

46 YANSHAE F Ay lFof Se¢ 1LI2LJzt I A2y GNSS Y2RSH

In order to assesthe sustainability of thevood pasturestructureaccording to the dataecorded on

field, a model representing a stable population structure was constructed foh epecies. This
model was based on a model Kirby2914)devised for oak woogbastures. Itcalculates the number

of treesthe species should have on each cohort to maintireven population on itsldest cohort.

The inputs of the model are the time length of the cohorts or time lapse between regeneration
episodes, the average loss rate of trees, and the target density of ancient Tlesswumber of trees
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the population shold have in one cohort is calculated from the annual mortality rate (t);the
cohort’s length; and the number of trees on the immediately older cohort

0 v . Equation 9

P O

The process followed to adapt the model to Epping Forest gegiass is illustrated ifigure2.

Number of trees in

each size class

White's equations
dbh-age

Number of trees in
each age class

Select the
Cohort’s length

Number of trees in each
cohort

Target density Cohort length
(number of trees on

the oldest cohort) Select a Mortality rate

Predicted number of

trees in each cohort

Figure2. Process to build the stable age distributions. The tree size structures were converted into
age structures using White equations and sorting the trees according to the cohort lengths. Then,
the number of trees in the oldest cohort was used as the target density of the model. This combined
with the mortality rate and the cohort length was used éstimate the number of trees that the
population should have in each cohort.

The oak model was run using the same parametersisEsi byKirbyi.e. 100 years coho# and
annual loss rates of 0.7%r trees younger than 300 years and 0.4% for older trdds target
density was the number of trees in the oldest cohort (Bl years), considering all the measured
parcels togetherOnly one tree, of 205 years, was in this class, busiie did not differed much
from that of some of the other oaks sortedtdnthe next cohort. Probably all these trees were on the
verge between 100 and 200 yeanld, sotiwas decided to include this oak in the P00 yearsld
class

System description www.agforward.eu



15

There are few or no references in the scientific literature about the length between regigmer
events for beech, hornbeam or holly. As beech starts producing flowers once they turn 50 years old
(Packham et al. 2019nd its seedlings redue the occurrence of smattanopy gaps to growth,
beech was allocated0 yearsold cohorts. The same age cohorts were assigned to hornbeam, which
starts producing seeds after 30 yea(Savill 2013)ut may require bigger gaps to regenerate
(unpublished datan Szwagrzyk et al. 2012he first fruits appear on the hollies as young as 20
years, so they were assigned 50 years cohdite choice of cohort ages is explained in more detalil

in Appendix B

The annual loss rate of trees was inferred from the mortality model deviseddizwarth et al.
(2013) for a nearnatural mixed forest stand of beech, hornbeam and ash in Central Germany.
Average values of annual mortalities for each cohort of beech and hornbeam were estimated
calculating the area ured the curve of the annual loss rate, then dividing it by the DBH range of the
cohorts(Figure3).

— Ash
= = Heech

1

+ =+ Hombeam

1

Frobability
004 006 008 010
|

|

000 002

0 20 40 G0 g0 100
d.b.h. (cm)

Figure3. Holzwarth et al. (2013nodelled annual mortality probability over dbh (cm) for ash, beech
and hornbeamThe thick lines represent the median estimate and the thin laves shaded area the
95% confidence interval.

Due to the lack of scientific references, loss rates for holly cohorts were assumed to be similar to
beech.The trget density of oldrees was the number of treea ithe oldest cohort, which for beech

was 3 fo beechand 2 for hornbeam Table6). All the holly trees belong to the same and youngest
cohort, so this species was not modelled.
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Table6. Cohort lengths, target density and annual mortality rate per cohort and species
Species k Cohort length Target density Annual mortality rate

(years) 1st cohort 2nd cohort 3rd cohort
Oak 100 52 0.7 0.7 0.7
Beech 70 2 1.8 0.9 1.6
Hornbeam 70 1 4 2 3
Holly 50 - 1.8 0.9 1.6

In order to assess the relative weight each of the input parameters have in the model, four
additional age structures were generated for beech and hornbeam changing the mortality rates and
cohort lengths Table7).

Table7 Model names and parameters.
Model

Cohort Mortality rates

length
Original mode(OM) 70 Calculated for each cohorTéble6)
Equal Mortality Rate modéEMR) 70 0.007, equal to all species and cohorts
Reduced Mortality Rate modéRMR) 70 90% of the originahortality rate of each
cohort
Equal Cohort Lengths mod@&CL) 100 Rea@lculated mortality rate fod 00 year cohorts
Equal ModelEQ) 100 0.007,equal to all species and cohorts
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5 Results

Themethod of statistical analysigaries withthe type of data. While normal distributions were fully
described with their means and standard deviation, the median and the mad values were necessary
to describe nomormal distributions resulting from count data. In certain cases jitter plots and
boxpbts were more illustrative than the numeric values. A short explanation of how these should be
interpreted is included ippendix C

5.1 Population size structures

The number of trees at Eppingried acrossibh size classes (p<0.001) and tree species (P£D.0
but not wood pasture type (p=0.41). However there were interactions betweach of the
combinations ofdbh class, species, and wood pasture type, and high level interaction between all
three explanatory variablesI éble8). The main effect of species was that the nhumber eéth and
holly treeswas greater than fooak and hornbean({Table9).

Table8. Analysis of the effects albhclass, speciesyood pasturetype andtheir interactions on the
number of trees per parcel (0.28) in Epping Forest

Explanatory variables Df p-values
Dbhclass 10 <0.001
Species 3 <0.001
Wood pastureype 2 0.41
Dbhclass x species 43 <0.001
Dbhclass xvood pasturetype 32 <0.001
Species wood pasturetype 11 0.0003
Dbhclass x specieswood pasturetype 131 <0.001

Table9. Treecountson different specieper 0.25 ha pedbh class (n=132). The last column is the
averaged count resulting from the aggregation of thh classes (1 12)

Species Mean * sd Median +t mad  Averaged mean * sd
Oak 1°+1 00 11.4+5
Beech 2°+6 00 21.8+55
Hornbeam 3.°+ 10 1+1 35+31
Holly 8.6°+ 33 0+0 94.9+91

Treesize distributions were positively skewed, sorthevere many trees with a smalbh and few
trees of largedbh (Figure4). Thae were similar large numbers of trees in the two narrowebh
classes, similar numbers ihg next three size classes (24lbh <60 cm),and fewer trees withdbhs
between 60 and.08cm. There was only one tree withdbh>120cm.
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Figure4. The overall number of trees within eadbh class declines as thdbh increases (= 48).

The lower figure is a snapshot of the upper one, which covers the whobge of measured Vaes.
Within each figure andbhrange, each point represents a measured value. The line within each box
shows the median, and the box limits the upper and lower quartiles, while the whiskers show the
interquartile range x 1.5.

Theae were significant interactions between species aiith classesThe total count for oaks was
low, but theoaks had abell-shapeddistribution of dbhwith a large numbebetween 36 and 72 cm
(Figure5). There were few or no trees larger than 96 chhedbhof the beechtrees had artinverse
X RA a( Nie® dzdeivirs/a largemumber ofnarrow trees but similar numbers of medium
sized treeq(Figure5). Both the holly and hornbeam treeshowed high levels of narrow trees, but
whereas the widesholly treeshad adbhbelow39 cm the widest hornbeam was 118 cm
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a) Sizedistribution of oak trees
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Figureb. Distributions for eactwood pasturetype for a) oak, b) beech, c) hornbeam, and d) holly.
Note that the vertical scales differ.

System description www.agforward.eu



20

Thedistribution of trees (in terms adbh classes) was similar between the thieeod pasturetypes,
although the unrestored area had a greater number of trees in2#86 cm class and the restored

area had fewer trees in the smallest clagsg(re 6). The individual species showed a similar
response. Counts of hornbeam in unrestd areas were significantly different from that of the
beech and holly on all the parcels, as well as from the count of oaks in unrestored areas. Beech and
holly distributions were quite similar.

W T
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%:::—
8 .-
g.r_-
= RS e N
3
34 0-72 72-84 B4-0 wr=d I--*1'~c|1'~-' =120
S ' DBHclqés{cm) T
u
] |
0 4 = »
35— - = I' ] - -
- I Ete éﬁhha&m_a___h__
R
g“: e
= 1
%:— - .
= n— "- £ﬂ' *A‘i-.—_&-—-.u——-

3648 48-60 60-72 —-108

DBEH class («:m
Figure6. The count of trees per species in the unrestored (U), restored (R) and secondaiopdS)
pasturein 11dbhclasses (= 16)

Third order interactions

There was substantial variation in the tree counts between replicates which made it difficult to
establsh statistically significant differencedowever some remarkable results were observedr

the two smallest diameter classes, holly trees were scarcer in restored areas than in the secondary
and unrestored aread=(gure7). There was also a lack of large beech trees beyond size clas8@ (24
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cm). Because there were few large trees of any species, there was no statistical difference in the
species counts above size class 8 (> 84 cm).

5.2 Diversity, density and basal area

Tree diversity, density and basal area of the parcels was similar in the Wwuoee pasturetypes
(p>0.01,Table10). However there were significant interactions between species and wood pasture
type in terms of density and basal ar@ablel0).

Table10. Significance of the effect afood pasturetype, species, and interactions on density and
basal area

Explanatory variables df p-values for p-values for

density basal area
Species 3 <0.001 <0.001
Wood pastureype 2 0.59 0.985
Species wood pasturetype 6 0.03 <0.001
Residuals 36

The holly trees were dominant in the unrestored and secondeopd pasturebut scarce in the
restored areas. This caused the oak and hornbeam relative importance to be much smaller on the
unrestored and secondary areas than in the restored ones, as their number and sizes are similar
across all thevood pasturetypes(Figure?).

Tablell Meanbasal areagensity anddiversityacross the three wood pasture types

Parcel characteristic Mean P value
Basal area (fha) 26.13 0.89
Density (treeia’) 611 0.08
Diversity (specie.25ha)™) 5 0.73

Tablel2. The dominance of each species according to their basal area andydeiikin each wood
pasture type

Species Dominance according toasal aea (%)

Restored Unrestored Secondary
Oak 0.52°% 0.1 0.16+ 0.0 0.28+0.2
Beech 0.36%+ 0.2 0.25'+0.2 0.33'+0.2
Hornbeam 0.82*+ 0.1 0.42°+0.2 0.51%%+ 0.2
Holly 0.13'+0.2 0.9+ 0.2 0.82°+0.2
Species Dominance according tdensity (%)

Restored Unrestored Secondary

Oak 0.84+0.1 0.65"+ 0.8 0.83+0.1
Beech 0.196%+ 0.2 0.36+0.3 0.26°+0.3
Hornbeam 0.51%°+ 0.1 0.64°+0.1 0.61%+0.2
Holly 0.3+ 0.1 0.35°+ 0.1 0.3°+0.1
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Figure?7. The cumulative count over 1 ha of oak, beech, hornbeam and holly trees in the unrestored
(V), restored (R) and secondary (S) wood pasture. Note that the vertical axis have different scales

5.3 Understorydiversity

The proportion of bare ground, the species richness, and the Shannon diversity index of the
understory varied with the wood pasture type (P < 0.01). Bare ground, which was high in all wood
pasture types, occupied a larger area in the secondappdvpasture than the restored wood
pasture Table13). HSD tests did not indicate significant differences between the restored and
unrestored areas, but with a bonfemi correction, the difference was significant, which
corresponded with the impression received during the field visits. Shannon diversity index and
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species richness were greater in the restored areas than on the unrestored and secondary wood
pasture ablel4).

Tablel3. Effect ofwood pasturetype on the proportion of bare groun@o) (n=20)

Wood pastureype Mean + sd M (HSD) M (bonferroni)
Restored 73.3+£32 a a
Unrestored 90.5+23 ab b
Secondary 93.1+16 b b

Table 14. Effect of wood pasture type on the Shannon diversity indexes and species richness
recorded oreach 4 m x 4 m quadrat (n=20)
Wood pastureype Shannon diversity Index Species richness

Mean + sd Mean + sd Median £ mad
Restored 0.68'+£ 0.5 4.9+ 2 5+15
Unrestored 0.29+0.4 2.1°+ 2 2+15
Secondary 0.23+0.3 2*+1 2+15

A higher Shannon index represents higher diversity, in teritise relative proportion of the species. The species richness
is the mean number of species.

There were significant wood pasture type and species effects and interactions on the proportion of
understorey coverTfablel5). Bracken was the most common species, being abundant on the

restored areas and present in the secondary and unrestored plots. It was followed by holly, moss,
hornbeam and oak seedlings, where therendid not differ between wood pasture typeEhe

restored areas had the most diverse understory; 14 of the 24 recorded species in this wood pasture
were not found on any of the other types. One of these species, the raspberry, was actually classified
asthe third more abundant species, reflecting the high percentage of bare soil on the secondary and
unrestored wood pasture. The full list of species recordéd ©&able 16

Tablel5. Significant of the effect of wood pasture type and species on the understory cover

Explanatory variables df p-values
Wood pastureype 2 <0.001
Species 23 <0.001
Species wood pasturetype 46 <0.001
Residuals 1349
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Table 16. Recorded understory species, ordered according to their abundance, on each wood
pasture type. The colour represents species which appeared in more than one wood pasture type.

Restored wood pasture Unrestored wood Secondary areas
pasture

Bracken Pteridium aquilinun{L.) Kuhn) | Holly Holly

Bramble Rubus fruticosuk.) Nettle Urtica dioica | Hornbeam seedlings

Grass 2Foaceae L.) L.) Oak seedlings

Holly (lex aquifoliuniL.) Bracken Moss

Hornbeam seedling&Carpinus betuluk.) | Hornbeam seedlings | Bracken

MossBriophyta Honeysuckle

Oak seedlingguercus petrae@MVatt.) Oak seedlings

Liebl)

Second Rubus species

Thistle 1 AsteraceadBercht. & J.Presl)
Grass 1Hoaceae L.)
Honeysuckl€Lonicera L.)

Ash seedlingsfaxinus excelsidr.)
Poplar seedlingdPppulus tremuld..)
Pinnate herb

Beech seedling$-gus sylvatich.)
Grass 3Roaceae L.)

Elder seedlingsSambucus nigrh)
Hawthorn Crataegus monogynaacq.)
Ivy (Hedera helit..)

Slender rust{Juncus tenuigVilld)

Thistle 2 Asteraceae Bercht. & J.Presl)
Unidentified

Though the vegetation was identified to the species level whenever possible, some of the plants were identified only to the
family level and two of the surveyed individuals (named pinnate and unidentified® too young to even distinguish
these.

5.4 Tree regeneration

The number of seedlings differed considerably between different species and height categories, but
not betweenwood pasturetypes (p >0.05). All the interactions studied were found to be sigait
(Tablel?).

Tablel7. Results from the analysis of variance (Kruskal Wallis) of tree regeneration.

Explanatory variables df p-values
Height 2 <0.01
Species 3 <0.01
Wood pasturetype 2 0.27
Height x species 11 <0.001
Height xwood pasturetype 8 0.04
Species wood pasturetype 11 <0.01
Height x specieswood pasturetype 35 <0.01
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Height and species of tree seedlings

Most seedlings were less than 10 cm tall andst of the seedlings wereombeans (Table18).
There was substantial variations in the densityoak and hornbeanseedlings aseflectedin the
highstandard devitions. By contrast the regeneration of beech and holly trees was minimal.

Table 18. Seedling density according to heigft = 240) and speciegn = 180) Mean, standard
deviation, median and mad values are given.

Height (cm) Meanseedling density (i) Median® mad
<10 166.6° 54.3 0°0
10-15 26.6° 10.9 0°0
>15 0.5°1.7 0°0
Species Mean® sd Median® mad
Oak 35.8°° 125.3 0°0
Beech 0.1°° 0.5 0°0
Hornbeam 225.5'° 617.8 0°0
Holly 0.2°° 0.44 0°0

Most hornbeam seedlingsere less than 10 cnbut there were small and similar numbers of-19
cm and > 15 cm heighTéble19). There were a number of oaks up to &b tall. The number of
beech and holly seedlings was low

Table 19. Seedling densitynumber of seedlingsn®) across different combinations of height
categories and species. Mean and standard deviation are given.
Species Height(cm)

<10 1015 >15

Oak 125%+ 28.3 94.7+ 208 0.1+ 0.3
Beech 0.3+ 0.9 0°+0 0°+0
Hornbeam 646.6'+ 960 11.6°9+ 28.5 18.3°+32.1
Holly 0.4+ 0.7 0.1+ 0.3 0°+0

5.5 Tree age

Using the equations described Table5, the distribution of tree ages were estimatetiable 20.
Hornbeam showed the widest range of ag&he oldest oak tree wasstimated to be205 yearsld,
andthe oldest beech 15¢%ears oldEach blly treewasestimated to be undeb0 years.
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Table20. Tree distributionof each specieaccording to their age

Age
<30
3040
40-50
50-60
60-70
70-80
8090
90-100
100-110
110120
120130
130-140
140-150
150160
160-170
170180
180190
190-200
200-210
>210

Oak

Hornbeam Beech Holly
366
742
7
108 54
15 182 170
22 50 15
30 26 6
26 21 7
18 14 2
14 1
9 8
2 2 1
2 1
4 1
1
1
1
1
1

Ages have been sorted into 10 yeatasses. Note that the equations used have a lower limit to estimate tree
ages, being unable to differentiate ages of oaks smaller than 70 years, hornbeams and beeches smaller than 60

and hollies younger than 30 years.

5.6 Comparison with a modelled sustainable population
The number of trees on each cohort needed to maintain the population stable, as predicted by

YANDE&Qa Y2RSt X
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to that predicted by the model, though there were 10% less trees in the young cdkigrre8). The
number of beech trees in the field was substantially higher than predictedhbymodel. The
number of hornbeam in the field aged -4@d0 years was higher than that proposed for a stable
population, but there were fewer at less than 70 years.
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Figure8. Comparison between tree number on each cohort according to the model (in blue) and the
actual number of trees surveyeh field (in red), Results per thréectares

Making assumptions about mortality rates, it is possible tedict the future distribution of the
treesat Eppingwas predicted applying the modélable21). The number of trees within any cohort
declines with time. Accordinp the model, nine of the oak trees (which are currently 200 years old)
will reach more than 400 years, which is regarded as the age of the oldest oak cohort in(Biitain
2014) Because the current population of young beech trees is high, the population of old beech
trees is predicted to increase. By contraseé humberof maturehornbeamss predicted toincrease

in the next 70 yearand then decline.
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Table21. Predicted number of oaks, beech, and hornbeam in the future auegrto the current
population

100200 52 46

200-300 26 23

300400 13 12
>400 9
Beechpopulation Present (2015) 2085 2155 2225
<70 224

70-140 32 61

140210 2 17 32

210280 1 5 10
Hornbeam population Present (2015) 2085 2155 2225
<70 209

70-140 121 12

140210 1 29 3

210280 1 0 3 0

Sensitivity of the model

Theresults from the model are sensitive to relatively small modifications of the input parameters
(Table22). For instance, a 10% reduction in the mortality rate (asliiséhe Reduced Mortality Rate
(RMR) model) decreased the number in the youngest cohort of beech trees by 20% and the youngest
cohort for hornbeam by 48%F his is as a result of the multiplicative effect of mortality.

Table22. Comparison of thetree populations within a given cohort within the Original model (OM),
a reduced mortality model (RMR), an equal mortality model (EMR), a model assuming equal cohort
lengths (ECL), and an equal model (EM) assuming a consistent mortality ra

Beech
Model/ Cohort

Hornbeam
Model/ Cohort

Note: OM uses 7§ear cohorts with different mortalityates. The Reduced Mortality Model (RMR) uses the
same input parameters but the mortality rates are 10% smaller than on the OM. The Equal Mortality Model
applies a 0.7% mortality rates to all its-y@ars cohorts. The Equal Cohort Length adapts the otiginatality

rates to 100 yeacohorts. The Equal model applies the same mortality rate of 0.7% to each of Hgeab0
cohort.

Expanding the cohorts from 70 to 100 years, as in the Equal Cohort Length (ECL) scenario increased
the required number of treesn the younger cohorts. For hornbeam this increase was of 305%,
354% and 133% in the first or youngest, second and third cohorts respectively. A comparison of the
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outcomes of Equal Mortality Rasand Equal Model, which differ only in termsiok S O 2ehgth NI Q &
illustrate the effect of this length on the cohort structufieigure9). Finallyit is worth noticing that

the prediction would have been totally differentafl the species had been modelled using the same
parameters, as in the Equal Model.
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Figure9. Representation of the beech structie@enerated by different models
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6 Discussion

6.1 Restoration effects

The effect of woodland management can be described in terms of its impact on mature trees and
the understory including seedlings.

In the tree layer, the most notable effect of restoration was the reduction in holly trees. This was a
result of the restoraibn plan, because mature holly trees are not considered a desirable feature of
wood pastures. Nonetheless, holly is a useful food source for small mammals and birds which feed
from its berries during winterAs most of the holly trees belonged to the twmallest size classes
(Figureb), their clearance from restored areas significantly reduced the number of small trees, and
increased the relative importance of othgrecies Figure?).

The understoryaried withwood pasturetype. The restored areas hach@re opencanopyand a
more diversainderstorey compared tanrestoredwood pasture angecondarywoodland (where
bare groundwvas the dominant cover)rhespeciegichness was approximatelgur times greater on
the restoredarea (Table 16.

Despite the abovetree regenerationwas not significant better in theestored areasthan the
unrestored wood pasture and secondary woodlamtiscould partlybe attributed to the dominance

of bracken in open areaBrackens highly competitive in full light conditions and once established it
produces aheavy shade antkleases allopatic substances. Thean prevent the growth of the tree
seedlings(RhonePoulenc 1990; Humphrey & Swaine 1997; Mountford et al. 2@08) other
understory speciegRhonePoulenc 1990)in factdense bracken standsan reducebiodiversity and
has been reported as problematic in other wepdstures(Barwick & Powers 2000)

Figurel0. Dense bracken stand on a restored parcel

6.2 Tree age estimation

System description www.agforward.eu




































