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Abstract

There is increasing interest mhantationswith the objective of producing biomass
for energy and fuel. These types of plantations are called Short Rotation Woody Crops
(SRWC). Popular SRWC species are Eucalypt (Eucalyptus spp.), Cottonwood (Populus
deltoids) and Black Willow (Salix spp. These species have in common strong growth
rates, the capability to adapt to several weather conditions, the ability to coppice and
rotations of 210 years.SRWC have generated interestrimany forest products companies
and tmber producers and althgh they might help with theupply for the expected growth
onthebioenergyand biofuelanarket, there are still several concerbsi the best way to
harvest them maximizing their ability to coppicBRWC have elevated establishment and
maintenance ceés if compared to othdype of plantations, budue the coppicing ability,
the same plantation may be harvested up to 5 times without the nestdldfsbing a new
one. This will aid in the avoidance tfe cost of establishing new plantations after the
harvest. Study plotsvere installed at several locations in Florida, Mississippi and
Arkansas and were cut with a chainsaw and a shear head during summer and tavinter
determine the effects of felling method and season on coppice regenefausn fots
were divided in 4 treatmentsheafwinter, sawwinter, sheasummer, sawsummer.
Harvestingeucalypt trees during winteesulted in96% of the stumps withcoppice
regeneration, while harggng during summer resulted wi#9% coppicing however,

therewasno effect fromfelling methodon c@pice regeneration. Aarvestseason effect



was observedn cottonwood, wherbarvesting during summer negatively affected coppice
regeneration when compared to harvesting during winter. On the othettlneredyaso
significant effect observed on coppicing ability when trees were cut with the shear head or
the chainsaw Finally, no statistically significant differencevas found oncoppice
regeneration of black willow when harvesting during winter or summer witlaiagaw or

a shear head
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l. Introduction

The increasing necessity of finding new alternatives to produce fuel and energy has
never been so evidenh the United Stateslssues like e increaing population
dependence on foreign oiind the decliningavailability of fossil fuels have made
renewable energy sourgesichas biomassbecome a plausiblend promisingoptionto
addresghese issuesMoreover researchers and politicians have deped some ideas
where a major part swil betsbucedirarenevablduslsCneaer gy |
ofthesei deas 1 s t he 253, in2bichtAd gbal istoreptace22Xbofthey 2 5
nation’s fuel and ener gy ean energyprodpcedfran by s
renewabledy the year 20255everal states in the U.S. are joiningaaltes similar to the
2 5 x ,a@dms a resulif that,agreat amount of biomass will be requirt® produce clean
energy and accomplish the goaisconsiderale amounbf that biomass will be allocated
to woody biomass from harvest and forest products mill residues, but also from new

plantations intended to supply new biofuel and bioenergy mills.

The woody biomassupply is currently coming fromegging operat ons and mi |
residues; however, they are not sufficient to nieetexpected increagemar ket ! s ne e
Recently,several corpanies ad institutions have ventured intioe short rotation woody
crops (SRWC) supply systemccording to the US. Departmenof Energy (2011)a
SRWC is a intensivelymanaged plantation of a fagtowing tree species that produces

large amount of biomass over a short period of time, usually less than 10 years,



that can be shortened to as little as 3 years when coppicetddepen the species and
production method. In other wordsS&WC is defined as a plantation established to grow
lignocellulosic material (wood) and biomass with thepose of producing biofuel and
bioenergy.The characteristics that define the SRWC taeeability to coppice, rotations
between 2 and 10 years, adimpressivéast growth. It is also important to highlight that
SRWC generallyhave very high costsTuskan (1998 specifies that SRWC involve
appropriate site selection, use of improved doplanting, extensive weed control,
fertilization as required, pest control, and efficient harvesting anehaogést processing.
For this reasortp maximize the utilization of the plantation through the coppicing ability
is fundamental. The coppicingibity is the ability that a tree has to regenerated new stems
from the stump, after the harvesperformed. Depending on genetics, species, and other
factors, the same plantation can be harvested up to five times (Langholtz et al., 2007) due

the coppicig ability, thus reducing the costs and increasing the feasibilitye system

The concept of SRWC became popular in
Department of Energy (DOE) embraced this technology as a way of supplying biomass
feedstock forthe conversion to liquid transportation fuelaugkan, 1998; Ranney et al,
1987).Since the SRWC supply systergamne into existenda the U.S., mangtudies have
been implemented or undertakém determine potential regions to establish SRWC
plantationssuitable species for each region, and silvicultural practices. Also, genetic and
biotechnologcal improvements have been realif@dskan, 1998). However, asth any
other new technology the researclon SRWCmust continue and several questictif

remain unanswered



Initially the effortsin SRWC supply systenfecused on specieste trials within
potential production regions, and as a result from these efforts the-ceottial,
southeastern, northeastern and Pacific Northwest regions were defpwdrasal regions
to establish SRWC. The popular and most promising species at that time were poplar
(Populus sp, sycamorePRlatanus occidentalik.), silver maple Acer saccharunMarsh),
and hybrid willow Galix sp), with poplar being the principal edidate through most of
the defined regions (Tuskan, 1998Jthough research projects and genetic improvesie
have been performed wittoplar, there are sonexotic species being used as SRWC in
other parts of the world antbuld also be used in the UiBrritory, potentially producing
better resultshan thoseobtained to dateOne of the most promising species being
introduced in plantations ithe U.S. is the EucalyptHucalyptus sp. The Eucalypis one
of the most plantedeneran the wald, with more than 900 specieshias been extensilye
studied plantedmanagegdand genetically improvetleing able t@adapt to severaleather
conditiorsand regiosin the world.The United States Department of Energy (2011) states
that poplar, southern pingjllow, and eucalypt, are the most likely woody energy crop

species to be developed for bioenergy produdtbday.

The short rotations may be attractive to landowners looking for quicker return on
investment and also looking to diversify their land uBee wider variety of species
combined with all the research and genetipriovement made to those specas, making
SRWC productions more viabfglig et al., 2000, givingthe landowners more optiots
venture on this “unktthererhas beep & donsiderableincreasé s
in total acres of commercial and tSRWC plantations in the southeast regiath a

major focus on Eucalypt, Cottonwood and Willow



Although the establishment of SRWC plantations is becoming popular in the SE
region, and the introduction of new species with better and promising results have been
proved possible, the biofuel and bioenergy markets are not yet completely deveioped.
countries and regions where a bioenergy market is already established, therdenelo
and use of machinery specialized to har&8WC is very common. Howeven,the U.S.
the absence of a solid bioenergy market has discouraged the development of a system
specialized in harvesting SRWC plantatiotis)js making the investment on a foye

machine not feasible.

The conventional wholree harvesting system, where a febencherwith a
circular saw heatklls and bunches the trees and a rultived grapple skidder drags the
trees to the loading deck, is thest common system usedtive Sutheas{Wilkerson et
al., 2009. This system processes the gaéthe bading deckSRWC standsare planted
with high densityspacingandmanagedinder 3- 10 yearotations, which meatnat large
equipmentas thosaised in wholdree systemamay not be feasible or productive, since
they are designeid harvest large trees plantedanger spacingand SRWGrees are small
in diameter, possibly with more than one stem per stump (if coppice is used as
management) Besides, SRWC trees maye procesed at the stump to avoid dirt
accumulation which is not desired on fuel transformatiorhe utilization of smaller
equipment, with low capital and maintenance cegth asa feller-bunchermwith a shear
head, may be a temporary option, while specialize@dchinery is being developed.
However, this equipment may cause damage

cause possible effects on coppice regeneration.

t
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On the other hand, little is known about thyimal havest scheduling in SRWC
in the Sutheast.The effect of the seson of the harest has alwaybeen a subject of
interest Theories state that harvesting during summer could damage the gtawgmting
coppice and thudimiting the harvest to the winter seastiithese theories are camhed,
the impact onhte developing SRWC supply sgats in U.S. would be tremendous, with

elevated economic challengéswever his theory has ndieen provemor testedyet

It is evident that further researchSRWCharvesting techniqueshd machineris
needed This study will compare the effects of harmegt SRWC plantations in the
Southeast region with a small shdwad and with a chainsaw (simulating a circular-saw
head), and alsexamine the potentialifferencein coppice respondeetween hamsting

during winter and summer seasons.



I1. Objectives

The objective of this stly is to determine the potenteffects of the felling
methodandthe harvestseason in coppicegeneratiomn shortrotation woody crops in

the SoutheastnUnited States.

The specific objectives encompassed by this project are:

1. Comparethe f f ect s on short rotation woody <cr
felled with a sheathead ora chainsaw.

2. Determine if the short rotation woodyr o p s’ ¢ o p paffectechygthea b i | i t y
season of year (winter summer) in which the harvest is performed.

3. Determine if the damage caused to the stump and to its bark during the harvest
operation have an effect on the coppice regeneration.

4. Evaluate the effect of the diameter of the stwahihe cut level have an effect on

coppice regeneration.



I11. Literature Review

3.1 Short Rotation Woody Crops supply systems

Woody biomass represents a renewable resource with multiple industrial
applications. It serves as feedstock for the pulg paper industry but also can be planted
specifically to address the feedstock needHetiofuels industry (Hinchee et al., 2009).

The concept of short rotation woody crops
1 9 7 QTuskan, 1998)Short rotabn forestry refers to the cultivation of fagtowing
deciduous tree specieggenerating,generally through sprouts, using short rotation
periods, intensive methods and dense stocking (Hytbnen et al., 1995). In other words,
SRWC are tree crops grown dmost rotations, typically with more intensive management

than timber plantations (White, 2010), in order to produce lignocellulosic material for

bioenergy and fuel conversion.

SRWC are a renewable energy feedstock for biofuels, bioenergy, and bioproducts,
which can be strategically placed in the landscape to conserve soil and water, recycle
nutrients, and sequester carbon (Mamt al., 2010)Tamang (2005) found that given
adequate soil preparation, high density SRWC plantatioksicdilyptusspp. can excide
cogongrass, speed dewateringlooding areasincrease soil organic matter and facilitate

growth of native understory vegetatideing sowillow (Salix spp). or cottonwood



(Populus deltoidgs may produce similar environmental benefits as the @mesd with

eucalypt plantations.

According to Perlack et al. (1995), a successful SRWC is defined by:

1 More than 80% survival of the material planted.
1 Annual productivity greater than 42 dry tons/ha of harvested biomass.
1 Uniformity in diameter, heighand straightness.

1 Less than $50/dry ton in delivered cost.

There are also other characteristics that distinguish the SRWC from other type of
plantations, such as the extremely high density, the short rotations, and the ability to
coppice. Establishment &RWC is recommended af200— 1,400 stems h to reduce
establishment and harvesting costs (Tuskan, 1998). The rotation of a SRWC plantation
may vary between 2 10 years, depending on the species used, the final product, and the
region where it is eshbdished. The coppice regeneration is the ability a treedgsoiw
new stems from the stump. Coppicimgll occur when apical control is blocked or
destroyed by some extrinsic factor, like the harvest. Langholtz et al. (2007) states that
SRWC systems uskastgrowing tree species that coppice, and typically involve 38

harvests before replanting, with-2L0 years between harvests.

Coppice regeneration &characteristic that most of the SRWC tree species share
However, sme disadvantages hateen noed. Tuskan (1998) declarédat the use of
coppice as a regeneration option has been almost elimifdtecadvantage that it offers
in improved yields are lost over longer rotations ef B) years, and the pesbppice tree

form increases harvesting cesBenetic improvement of the treessultsin substantially

8



greater increases in productivity compared to coppice. On the other hand, coppice
regenerationreducesthe establishment costs of new plantations (site preparation,
seedlings, and planting costand increasing the productiviggr mean annual increment)
when compared to the initial singdéem harvest (Dougherty and Wright, 2012; Hinchee

et al., 2009; Kauter et al., 2003).

Increased productivity achieved by coppiced stems results from angstdioot
system designed for a larger plant. Thus, the new coppiceddaeedraw water and
nutrients from a large soil volume and recycle carbohydrate reserves from the root tissues.
Over multiple rotations roaystems decline in vigor, and geneticaiiyproved clmal lines

or seedlings can h@anted (Steinbeck, 1978).

3.2 Introduction to Coppicing

The sprouts regeneratiomill occur when apical control is disturbed by some
external factor. Zimmermann & Brown (1974) decthtleat the development of fim in
trees is controlled by growth regulators that emanate from the distal tip of a shoot. The two
mechanisms in charge of controlling treewtto are theapical dominance, whicls a
temporary inhibition of the growth of axillary buds on a stgnai acitvely growing shoot
tip and the apical controlwhich describes the regulation of overall tree shape by the
terminal bud. The majority of tree species will only naturally produce secondary trunks
when apical control is destroyed, hence terminatinghtb@archicalrelationships which
regulate the development of tree form. Thereby, coppice may be defined as the process

whereby a tree develops secondary replacement trunks (Del Tredici, 2001).



The coppicing ability,and sprout morphologywill vary considerbly by tree
species. Also, several internal and external factors control the regeneration of new stems
from the stump. It has been shown with many tree species that several factors such as
cutting season, cutting equipment, stump height, tree diameterages growing site,
spacing, and rotation length have an effect on coppice regeneration (Hytonen, 1996;
Dougherty and Wright, 2012). Nonetheless, Ceulemans et al. (1996) declares that with the
speciesSalix and Populus depending upon management and pecbdebjectives, the
particular hybrids grown, the length of the rotation, and the availability of improved clones

or cultivars, eharvested stand mdne naturally regenerated by coppice.

Ceulemans et al. (1996) compatkd coppicing ability of the gen@alix (willow),
Eucalyptugeucalypt) andPopulus(popla stating that in willow trees, the shoots develop
from dormant axillary bud groups on the remaining basal parts of the harvested stems and
on theoriginal cutting stump.n eucalypt trees, the sptsugrow from epicormic buds
embedded in the banwhich originate from axillary meristem®n the other hanghoplars
of the Leucesection coppice primarily by way of root suckers, while poplars from the

AigeirosandTacamahacaections sprout primarilydm the stump.

Opie et al. (1984) commentedat all eucalypts have some capacity to produce
epicormic shoots, which will arise from dormant buds that originate as meristematic tissue
in the axils of the leaves. When the crown is removed by fire, inseckatir harvest,
dormant buds develop into epicormic shoots that are capable of completely replacing the

crown.
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3.3 Types of Sprouts

Additionally, Del Tredici (2001¢lassifiedsprouts according to the size of the stem
that is sprouting, the number of spte produced, and the location of the sprouts in relation
to the trunk. There ar®ur basic types of sprouts morphologies displayed by temperate
trees: collar sprouts, sprouts from specialized underground stems, sproutsdtgramd

opportunistic sprais.

3.3.1 Collar Sprouts

For the vast majority of tre¢ke greatest potential for the production of secondary
trunks is localized at the coll@Button & Tinus, 1983)vhich can be defined as the point
on the seedling axis where the root and the shot¢msgscome together. In angiosperms
and a few gymnosperntise collar on a tree originates from stem tissue immediately above
the cotyledonary node. In mature trees the collar develops at or just below ground level
and is readily identifiable by the presemdenumerous suppressed buds that protrude out
from the trunk. Suppressed buds grow slowly, just enough to keep pace with the radial
growth of the trunk (Sakai et al., 1995; Wilson, 1968; Zimmermann & Brown, 1974).
Typically there is a strong density gradi of suppressed buds along the trunk of the tree,
with a maximum concentration at the collar that decreases as one moves up the trunk.
Carbohydrate storage at thesbaf the trunk causes swelliagd functions to support the
growth and proliferation osuppressed buds and facilitate their development into leafy
shoots following traumatic disturbance (Sakai et al., 1995). The sprouts can originate from
below, aboveor at ground level. If they originate from above ground level, they will be
dependent orhe primary trunk and root system for water and mineral nutrients (Wilson,
1968). However if they originate from below or at ground level, they will be in direct
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contact with soil and will have the opportunity to develop adventitious roots from the
buried mrtions of their stem and become autonomous from the parent trunk (Sakai et al.,
1995). Also, sprouts which arise from the collar of a mature tree are considered to be

juvenile relative to the mature parts of the tree (Fontainer & Jonkers, 1976).

3.3.2 Sprouts from specialized underground stems

As opposed to collar sprouts, this sprout typically emerges some distance away
from the primary trunkwhichreduces the competition betwede fprimary trunk and the
sprout. The separation facilitatde autonomaosi development of the sprout later in life
(Del Tredici, 2001). There are two types of specialized underground stems: lignotubers and
rhizomes. The first consists of a basal swelling, produced by suppressed buds and axillary
buds up on the stem that proteuout from the stem and may have a downward orientation
(Del Tredici, 2001). The lignotuber will store and produce suppressed buds, carbohydrates
and adventitious roots, which can facilitate resprouting following traumatic injury
(Canadell & Zedler, 1995]ames, 1984Examples of trees that produce lignotubers are
Eucalyptus marginatarilia americanaandQuercus suberOn the other hand, rhizomes
grow out from the base of the trunk and produce aerial stems some distance away from its
parent (Del Tredici2001).Tree species such @erusvirginiana, Prunusvirginiana, and
some species of the gerspulusare example of trees that develop rhizonhegeneral,
the two types of specialized underground stems allow trees to survive the occurrence of
frequentdisturbanceTheir sprouts have a strong potential to form adventitious roots and
to develop into autonomous ramets, since they typically emerge friomw geound (Del

Tredici, 2001).
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3.3.3 Sprouts from roots

From the anatomical perspective, the tredgquoduce two basic types of shoot
buds: additional buds and reparative buds. Additional buds are formed by the deep tissues
(endogenously) of young, uninjured roots. They will grow enough to keep up with the
diameter growth of the root, typically branebi to form prominent bud clusters.
Meanwhile, reparative buds are formed near the surface of the root (exogenously) in
response to senescence or injury (Bosela & Ewers, 1997). Somprtvdase new stems
spontaneouslgs f@rt of their normal developmertionethelessmost of the trees do not
begin suckering until the primary trunk has experienced some form of traumatic damage
(Del Tredici, 2001).Suckering can be define as the production of shoots from the root
system when the trunk of the tree has suffe@me type of injuryAlthough the presence
of a healthy trunk does not seem to inhibit the production of buds, it often suppresses their
development into aerial shoo®hereforefor mog temperate treesoot sprouing appears
to be primarily a reparate response that only secondarily results in clonal growth (Burns

& Honkala, 1990.

3.3.4 Opportunistic sprouts

This type of sprout occurs only undgecific environmental conditions. Layered
sprouts develop from losmanging lateral branches that produoots where thegome
into contact withthe soil. The sprout may eventuaibym vertical shoots that can develop
into autonomous trunks when the parent branch rots away (Del Tredici, 2001). lehas be
proved that some species ubis sprouting mecham more to survive suppression than
to increase populatioof thesite (Hibbs and Fischer, 1979). Buds on the horizontal trunk
of leaning or partially uprooted trees produce trunk sprouts, especially when they are
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growing on open sites with wet, peatylsar on forested sites with moist soils and heavy
shades (Del Tredici, 2001). This phenomenon has been documented mostly in conifers;
however, it can also occur with some angiosperms, suShlasnigra(Del Tredici, 2001;

Burns and Honkala, 1990).

Reardlessof the type of sprouting, the buds close to the point of the traumatic
damage, be they on branches or the trighow the most vigorous growthhis is an
indication thabasal sprouting is generally an induced response. In other words, the primary
purpose is to replace the damaged trunk (Del Tredici, 2001). However, most of the
angiosperms trees produce numerous collar sprouts after logging. The majority of these
sprouts will die within five to ten years, leaving only the most vigorous or thefimobt
attached sprouts (Del Tredici, 2001; Burns & Honkala, 1990; Johnson, 1977; Wendel,

1975.

3.4 Factors affecting the coppicing ability

There are several factors that naffect coppicetype vigor and number of new
stems.Season of harvest, fellingethod, height of stump, growing site, tree diameter, tree
age, spacing, rotation length, and species influence the regeneration of cDgp8mugza
et al., 1991 Ducrey and Turrel, 19924ytonen, 1994, 1996, 2001; Simdes et al., 1972;

Strong and Zavitoug, 1983.

3.4.1 Season of harvest

According to Hytonen, 1996, the reasons for differences in coppicing due to timing
of the cutting are not fully understoo@ihe highest number of sprouts for downy birch

resulted from being cut back in the summer. Atee,buds of exotic willow species burst
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even when cut in late summer or early autumn, but in the liegiof winter, such sprouts
weresmdl and their moisture content wémgh. The study affirmedhat one reason for
poor coppicing vigor and increasedrsip mortality followinglate autumn cutting maye

in the death of these small sprouts due to frost.

Additionally, Ceulemans et al. (1996) affirmed tdarmantseason harvest ensures
maximum sprout vigor, l[mause sprouting epparently severely decreaswhen stools are
cut in an actively growing stage. This decrease may partly be attributable to low availability
of carbohydrate reserves in roots after the onset of shoot growth during the first part of the

growingseason

Steinbeck (1978) harvested caynore plots at various times throughout the year,
and observed that the trees produced more sprouts than desirable regardless of timing of
harvest, but the sprouts emerging in summer did not seem to match, for several growing

seasons, the growth of sprewtriginating after other harvesting dates.

Hytonen (1994) studied the effect of cutting season on coppicing and growth of
exotic and native willows and downy birch in central Finland. The results showed that for
the exotic willow, the dominant height ahe growing seasoafter summer harvest was,
half of that when the cutting was done during the dormant period. Also, the heights of birch
and native willows oagrowing season after cutting were affected by the cutting season,
with the winter harvest redirlg in highest stems. The results also showed that cutting
during the growing season decreased the survival of exotic willows, however, the survival
of native willow and birch was not affected by cutting season. Finally, the number of exotic

willow sprous per living stump was lower when the harvest was performed during
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summer, differing from the local willow and birch results, in which the highest number of

stems per stump was noted on the summer cut.

Strong and Zavitovski (1983) studied the effect ef hlarvesting season on hybrid
poplar coppicing. The results showed that stump survival was 92% for the harvests from
September to May, 65% for the June harvest and less than 10% for the July and August
harvest. The results conclude that coppicioigjits of poplar in Wisconsin waaffected by
harvesting season. The study also concluded that the average height of dominant sprouts
ranged from 0.9 for the June through August harvest to 2.3 meters for the dormant season
harvests, and that the DBH of dominantagggs of individuals harvested during dormant

season was 0.9 cm, while the individualsvieated in September was 0.5 cm.

3.4.2 Harvesting equipment

In the U.S. the harvesting of SRWC relies upon traditional stop and go equipment
for felling, followed byskidding to a common landing, chipping at the landing, with chips
being blown into the back of tractor/trailer for transport to the conversion facility (Tuskan,
1998). Depending on the final product derived from the SRWC plantation, the harvesting
equipmen, as well as the whole harvesting operation, may vary. If the primary product is
wood chips for pulp and paper, the stems will be debarked at the landing and the wood
chips placed directly into a trailer and the bark and branches may be segregated into ho

chip piles used as feedstock for direct combustion power production (Tuskan, 1998).

Simdes et al. (1972) compared the effects of the cutting method on the coppice
regeneration oEucalyptus salignain the southeast region of Brazil. For their studythe

used a 10 year old plantation located in Mogi Guagu, Brazil, and performed harvests using
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a regular chainsaw and an ax. The results of the study concluded that there was no
difference in stump survival between the ax and the chainsaw (64% and 62%lsurviva
respectively). Furthermore, they concluded that there was no difference between the stems
height of stumps cut with ax and stumps cut with chainsaw (2.83 m and 2.65 m

respectively).

Harvesting damage inflicted on the stump during harvest may alsotateattility
to coppice of the tree. In many cases, the harvesting damage is attributed to the equipment
used. Hytonen (1994) studied the effects of harvesting damage on the sprouting and
biomass yield of willows in central and southern Finland. The stadgisted of two sites
planted withSalix aquatica The first site was planted during the spring of 1983 and cut
three times, during fall of 1983, 1985 and 1987, with a final harvest occurred in 1990. The
cutting was performed with a secateurs, or hanehgmy resulting in a smooth cutting
surface, and with a brush saw, leaving a rougher cutting surface. Additionally, haf of th
stumps were damaged manuaResults for the first site showed that the difference in the
measured parameters between the myittnethods were small during all rotation periods.
However, the number of sprouts per stump was statistically different. In stumps cut with
the brush saw, there were, on average, 1.2 sprouts more per stump than in stumps cut with
secateurs. Also, damaginige stumps decreased survival by 8.8% in the first rotation,
10.7% in the second rotation, and 16.8% after seven growing seasons. The height of the
sprouts produced by the damaged stumps was also lower (16 cm lower in the first rotation,
and 12 cm at theesond).The second site was also planted v@8thaquatican 1982, but
was cut when 8 years old in 1991. The harvest at this site wasnped using a chainsaw

anda brush saw. Both treatments included a control, aVigight Farmi Trac forwarder
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driving on the row of stumps, and manual damage of the strhesesults on the second
site showed no difference between the two cutting methods, but showed a lower number

of sprouts per living stump on stumps damaged byrimiforwarder and manually.

Crist et al. (1983) evaluated the effect of severing method and stump height on
coppice growth in a short rotation intensively cultuRsmpulusplantation one, two and
three years after the harvest in Wisconsin. The variables measured during the study were
totd number of stems per stump, height and diameter (at 1 foot from the base) of each
stem. They compared a shearing method to a normal chainsaw, and found that there were
no effects on the coppice or differences between the metimbis)g as the stumps didt
result excessively damaged during the haruéstong the stump height, they compared
stumps with 3, 6 and 18 inches tall, and found that initially the height, diameter and number
of stems varied between stump heights; however, as the trees greargtreaind more
vigorous stems would survive and dominate the stump, remaining between 1 and 3 stems

for stump for all the heights.

3.4.3 Tree Species

There is a considerable variety of species that can be considered for SRWC, and as
with every biologicalcharacteristic, the coppicing ability differs among the genus, and
even among the species. According to Tuskan et al. (1994) the U.S. Department of Energy
(DOE) initiated the Biofuels Feedstock Development Program (BFDP) in 1978, and during
the first 15 yars of the program more than 150 woody plant species were evaluated,
selectingPopulusspp., Acer saccharinumand Salix spp. based on their productivity,

adaptability and suitability as biomasgdstock
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Sakai & Sakai (1998), and Sakai et al. (199597)9mentiord that sprouting
involves at least two basicresomzd | ocati on strategi es. The
involves the translocation of carbohydrate reserves from underground portions of the trunk
and/or root system to support rapid spnogtifollowing serious damage to the above
ground portions of the plant. The other st
leads to the development of a multitrunked form in which each stem develops its own
adventitious root system. Trees sprogtwith the resource remobilization strategy will
dramatically reduce sprouting after the removal of aboveground stems, in comparison with

trees that use the resprouters strategy.

According to Hyténen (1996jhere are considerable intgpecies differeres in
the reaction to the timing of cutting. The study compared 5 willow species (native and
exotic) and one birch specie, in northern Finland. Results proved thaspetges
differences in survival were clearly evident. Contrary to the behavior atexitiows, the
survival of downy birch and indigenous willow species was not affected by the timing of

cut, exceeding 80% throughout.

Ceulemans et al. (1996) made a comparison among eucalypt, poplar and willow
characteristics including the sprouting lapiof each speci Eucalypt plantations differ
from poplar and willows in several ways. Eucalypts are evergreen species, differing from
poplars and willows. One of the characteristics found in many eucalypt species, but not in
willows and poplars, is thpresence of lignotubewghich is associated with sprouting. As
already mentioned before, eucalypt sprouts grow fromoepic buds embedded in the
bark which originate from axillary buds, while the coppice regrowth on willow trees

develop from dormant d@lary bud groups on the remaining basal parts of the harvested
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stems. On the other hand, poplar trees will coppice primarily by way of root suckers,

although young poplars may also produce sprouts from stumps.

Since eucalypts are an evergreen genusowith clear dormancy phaggeulemans
et al.,, 1996)he seasonality athe sprouting is different than on thdeciduous genera.
Stems of eucalypt may sprout when felled at any time of the year, even in regions with a

temperate or Mediterranean type of @dt@ (Ceulemans et al., 1996).

Not only will the stump survival rateary among species; the number of sprouts
per stump also differs. Ceulemans et al. (1996) also made a comparison between the
number of sprouts per stump in poplar, willomdaeucalypt. Tie study indicatethat in
willows there wereften 20 to 25 shoots per stump. Furthermore, the initial number of
sprouts after harvest increasetth successive rotations, because the number of buds
depends on the number o arvested si@ol Howavey, the delé m’ s
thinning rate is high, leaving no more than 25% of the sprouts at the end of the first growing
season, and less than 10% after8Byears. On the other hand most poplar clomnelsled
from 5 to 8 sprouts (sometimes mucbne). In stands of Euramerican poplar harvested at
1 - 3 year intervals, harvested biomass increased over the first few coppice rotations, but
then declined. Stump survival and number of sprouts per stump declined steadily with

successive coppices.

In the case of eucalypt, the number of sprouts per stump may be very large. An
average of 20 sprouts per stump was reported for 6.5 ye&:. clmmaldulensig Israel,
at the end of the first year after felling. In Italy, an average of 7.5 sprouts per stump was

found in E. globulusand E. camaldulensifCeulemans et al., 1996here was a

20

f



seasonality effect in the number of i per stump, the maximuabserved on stumps
cut during spring. However, the seasonality was not observed in Portugal, where the
numbe of sprouts per stump i&. globulusdid not vary significantlywith the time of

harvest, abpproximately 4.3 per stump (Ceulemans et al., 1996).

Cremer et al. (1984) affirm that the coppicing ability of the species of the genera
Eucalyptusraries amonghem. In general, species with lignotubers coppice well and some
of the others do not. Howevet, pilularis, E. grandis, E. sieberand many forms oE.

camaldulensifiave no lignotuéers, yet commonly coppice well.

Eucalypt, poplar and willow are similan many aspects, but differ in others
(Ceulemans et al., 1996). Although there are several tree species capable of regenerating
coppice, their phenology gives the sprouts different morphologic and ecologic
characteristicsThis indicates thatactors thaaffect the coppicing ability of a specific tree

species may not affect the coppicing ability of trees from a different species.
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V. Materials and Methods

4.1 Site Description

Five sites were selected to determine the effetteofelling method antheseason
of year on the coppicing ability. The sites selected are located in south Florida, central
Arkansas, and western Mississippi (Figure Two felling methods were compared to
determine the different effects they mawvk on coppice regeneration. Yheerea small
shearhead and a chainsaw (to simulate the effect of alair@awhead). The harvests
took place at each study site in two different seasons of year: summaewiated. A
randomized block design was the experimental design used tothstaitatments at each
study site, which were composed by a study plot divided into four treatrsantser/saw
harvest, summer/shear harvest, winter/saw haresst winter/shear harvesthe study
plotsin all sites vere~1 acre in sizeThe specific ar@of the study plots werehosen in
concordance with the landowners, seeking for good tree growth, and avoiding wet and

marginalgrowingsites.

Since one of the objectives of the study is to compare the effects of the harvest
season on coppice regeneratidans important to explain the climate conditions for the
study sites in each seasom conprehend the phenology of tirees at the time of harvest

The two seasons compared will be summer and winter; therefore weather
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conditions for the periods fronDecember to March and May to August will be

summarizedsince harvests are planned to occur among these months.

All soil information of the study sites used in this project was obtained from the
soil map of the USDA- Natural Resources Conservation SezgidVeb Soil Survey

(http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey)agik historic weather data

for this study was obtained online from the web pageather underground

(http://www.wunderground.cony/It is also important to highlight that the weather stations

are not located at the study sites; thus, we can deduce that there may be small differences
between the temperature an@gpitation data collected at the closest weather station to

the temperature and precipitation occurred at the studySgitee weather stations were
located considerably close to the study sites (approximatel§®miles), but none was

located fartheritan 30 miles away.

U N
v N 1 Pwrew,

A [Southeast United States]

Figurel: Location of five sites selected for the project. Three in south Florida, one in central

Arkansas and one in western Mississippi.
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4.1.1 Evans Properties

The Evans Properties site is located in sdtitinida, about 10 miles west of Fort
Pierce, at Latitude/Longitude coordinat2g:39817580.490003The soil type at this site
is defined as Winder loamy sand, mostly composed by sand and loam, and was previously
used for citrus plaations. The soil is deep soiWwith the restrictive features at more than
80 inches deep and the water tableAddo 18 inches deep. The site wéanted with clonal
Eucalyptus urograndisn 50 feet wide beds amias 2 yearsld at the time of harvest
Trees were plantedt 728 trees/acre, witB feet between rows by 6 feet between trees
(Figure 3) The aerage DBH for the trees wds8 inches, ranging from 1.8 to 7.6 inches,
ard the average height wds.6 fe¢. Due the cofiguration of the beds, there wadarger
spacingof 14 feet every 5 rows, which allows for a furrow/drainage row between the beds.
A study plot(Figure 2)was installed and divided in 8 subplots. A subplot consisted of a
bedded area, therefore, 5 rows with approximately 20 trees per row, totaling a@fund
trees per subplognd200 trees per treatmefthe harvests at this site occurred during the
months of December (winter harvest) of 2013 and May (summer harvest) of 2014. In total,

828 trees were felled.
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Figure2: Layout ofthe study plot installed at Evarihe dots represent the number of tree per

row. Each dot represents a harvested tree.

Figure3: Evans Properties sitB0 foot wide bed with 5 rows 8tfeet apart andatger gap of 14
feet betveen beds.
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The climate at this site igefined as tropical (under Kdppen classification), with
hot humid summers and mild winters. The rainy season for this region is defined between
the montls of June and Decembewith an average annual precipitation %f inches.
During winter, the average temperature is 64@fhile during summer the average

temperature i80°F (Figure 4.

Avg. Precipitation, Maximum, Minimum and Average
Temperature for Winter and Summer Months iBvans, FL
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Figure4: Average, maximum and minimum temperature on left axis and average precipitation on

right axis atEvans Properties, FL, during winter and summer months.

4.1.2 ArborGen Bates

This site is also located in south Florida, about 9 miles southeast of Lake Placid, at
Latitude/Longitude coordinate®27.22359981.288292 The soil type is classified as
Tequeta muck, mostly composed by sand. This is a poorly drained deep soil, with the
restrictive features found at more than 80 inches deep and with a very superficial water
table(12— 18 inches) This sitewasplanted with clonaEucalyptus urograndighe sae
clone planted athe Evans Properties sitand at the time of harvest it was 2 years old

Trees were planted at 1,282 trees/acre ®itbet between rows by 4 feet between trees.
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The trees at this site averaged 4.6 inches in DBH, rangingdr@o 79 inches, and 57.9

feet in height. The study plot for this site was subdivided into 2 subplots (one for each
season). Each subplot consisted of 15 rows, distributed between the two felling methods,
resulting in 8 rows to shear and 7 rows to chain@agure 5) Each row had approximately

30 trees, totaling between 23:®40 trees per treatment, 450 trees per subplot, and 900

trees in toth
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Figure5: Layout of the study plot installed at Bat&he dots represent the number oétreer

row. Each dot represents a harvested tree.

The climate is defined as tropical (under Képpen classification). Precipitation at
this location is concentrated beten June and Decembevith an annual average of 53

inches. Average temperaguduring wnter is 64°F an@0°Fduring summer (Figure)6
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Avg. Precipitation, Maximum, Minimum and Average
Temperature for Winter and Summer Months ates, FL
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Figure6: Average, maximum and minimum temperature on left axis and average precipitation on

right axis, during winter and summer months, at ArborGen Bates, FL.

4.1.3 Lykes Ranch

Also located in south Florida, this site is about 7 miles south of Venus, at
Latitude/Longitude coordinate26.993833,-81.341282 with a soil type classified as
Immokalee sand, which is a sandy, poorly drained and deep soil, with the restrictive
featuredound at more than 80 inches and the water table between 6 to 18 inches deep. The
Lykes Ranch site consists of an 8 year Blccalyptus grandiplantation. The mortality
during early years of the plantati¢probablyduring the first and second yg¢ait this site
was high, around 780%, likely due to high vegetative competition and scarce
maintenancgFigure 7. As a consequence tife age and lower number of trees per acre
dueto high mortality the DBH for this site averaged 7.4 inches, ranging from B3t
inches. A study plot was installed at the site, and subdivided into 4 subplots. The subplots

consisted of 5 an@ rows, with approximately trees per row, totaling between26trees
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per subplat The winter harvest occurred in December of 2013, anotal of 105 trees

were cut.

Figure7: Lykes Ranch site with 8 years dilicalyptu grandisLarge DBH and high mortality

are visible.

This site has a tropical climate (under Koppen classification), with a similar
precipitationregime explained in the previous study sites, andannual average of 51
inches.During winter, the average temperature is 64f@ diring summer, the average

temperature tended to be 8(qFgure §.
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Avg. Precipitation, Maximum, Minimum and Average
Temperature for Winter and Summer Months in Lykes, FL

100 7
—~ -U
L g0 63
o 52
g % !
§40 ;g
L 20 13

0 0o~

mmmm Avg. Prec. == &= Max Temp.

Mean Temp. == @= Min Temp.

Figure8: Average, maximumand minimum temperature on left axis and average precipitation on

right axis at Lykes, FL, during winter and summer months.

4.1.4 Estes

The Estes site is located in central Arkansas, about 20 miles southeast of Little
Rock, on the east side of the ArkaasRiver, and at Latitude/Longitude coordinates:
34.60402792.146046 Soil type for this site is classified as Keo silt loam, mostly
composed by silt loam. This soil type is a wdihined, deep soil with the restrictive
features and water table foundmabre than 80 inctseedeep. The site wagdanted with
Cottonwood Populus deltoideghat was 3 yearsld at the time of the harvesthe DBH
averaged 1.7 inches, ranging from 2 inches, andhe average height was 29 te€he
plantation layout consists double rows, with 2.5dot spacing, separated bysdoat gap
from the next double rowThis plantation is also a spacing test, including 4 different
spacingbetween treesbut was generally 2 feein this site two plots were installed,
consisting of 6double rows (one double row is equivalent to one row), equally divided

between the felling methods, with approximately 70 trees per double row, totaling around
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210 trees per treatmenatnd420 treeger plot(Figure 9) The winter harvest occurred in
themonth of March of 2014, while the summer harvest occurred in the month of June of

2014. A total of 803 trees were harvested.
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Figure9: Layout of the study plots installed at EsfElse dots represent the number of trees per
row. Each dot represents a harvested tree.

This study site has a climate defined as humid subtropical (under Kdppen
classification), with hot humid summers and mild to cool winter. Heavy rainfall occurs
mostly during spring and fall, with spring being the n@shounced rainy season (Figure
10); average annual precipitation is around 50 incBaeswfall may occur during winter.

The average temperature during winte4 78F and80°F during summer
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FigurelQ: Average, maximum and minimutemperature on the left axis and average

precipitation on right axis at Estes, AR, during winter and summer months.

4.1.5 Admire Tract

This site is located in Leland, Mississippi, approximately 10 miles east of
Greenville, with the Latitude/Longitude aalinates at33.42148490.89633 The soll
type at this site is defined as Bosket very fine sandy loam, composed by loam. This soil is
moderately well drained, with the restrictive features found at more than 80 inches deep
and the water table betwee# ® 36 inches deep. The site waanted with Cottonwood
(Populus deltoidesand Black Willow Galix spp); bothwere 5 year®ld at the time of
harvest The average DBH and iight for the Cottonwood was 4iiiches (ranging from
1.3 to 11.2 inches) and 2384, respectively, and for the Black willow it was 3 inches
(ranging from 0.6 to 7 inches) and 18éfrespectively. The plantation at this site consists
of a block of 600 trees for each species, in a 5 x 5 foot spacing. One study plot was installed
in each species’ bl ock, and divided in two

Black Willow consist of 14 rows, equally divided between the felling methods, with 20
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trees per row, totaling apprioxately 140 trees per treatment, 28D trees pesubplot
(Figure 11) The harvests occurred during the month of March (winter harvest) and June
(summer harvest). A total of 583 trees were harveStee.Cottonwood block had a high
mortality after the planting, reducing considerably the original numbéd®@trees in the

block; for this reason the subplots were installed according to the available number of trees,
resulting in appmimately 77 trees per treatment atib trees for eachubplot (Figure

12). The harvests at the study site located in Miggmsvere performed during the months

of March (winter harvest) and June (summer harvest) of 2014. In total, 301 trees were

felled.
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Figurel2 Layout of the study plot located at the cottonwood site in Adrfilte.dots represent

the number of trees per row. Each dot representsvadiad tree.

The climate at this site defined as humid subtropical, with long summers, and
short mild winters. The rainfall is fairly evenly digtuted through the year (Figur8)1
however the area is subject to periods of drought and flood. Yeartgge precipitation
is 52inches The average temperatudering winter is46°F; snowfll may occur during

this seasonThe temperature during summer averagésg.78
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Figurel3 Average, maximum and minimum temperature on le& ard average precipitation,

during winter and summer months, at Admire Tract, MS.

4.2 Equipment Specifications

The felling machine for shear felling was a skid steer (Caterpillar 289C track skid
steer, Caterpillar 279D track skid steer or John Deere 828k skid steer) with a Fecon
FBS1400EXC bunching shear head. Saw cut trees were felled manually with a chainsaw.
A Turbo Forest skiddefwith 59 horsepower and 9,300 Ibg&as used at the Evans, Lykes
and ArborGen Bates sites, in both hanagstrationgwinter and summenyhile the trees
at the Estes and Admire sites were hakidded, since their size was smaller and the

distance to theile was shorter.

4.2.1 Fecon FBS1400EXC Shear Head

The shear head used for the harvests on this study was &ksiifglleunching shear
head manufacturday Fecan model FBS1400EXC. This equipment has a cutting capacity

of 14inchesdiameter and its dimensions are Gf&heshigh, 48incheswide and 43nches
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deep.The total weight for the shear head is 1,800 Ib., é¢bunching capacity is 350
squarenches This head is equipped with an accumulator arm, which gives the ability to
bunch several trees before dumping, one grabbing arm, one adjustable and moving knife,
and one fixed Kife, as illustrated in Figure 1&During the harvests, the range of trees cut

per bunch was froraneto 37.Due the small size of the trees felled at Estes and Admire
Black willow, the operator was able to cut and bunch up to 37 trees per bunch; while on
the other sites the trees were Engreating the need of sometimes cutting and felling one
tree at a timeThe hydraulic and electric connections of this head fit almost all skid steers
models. Although this equipment has one movingarelfixed knife, th@perator always
allowed theknivesto meet very close to the center of the tree when cuttingp@tying a

clean cut with minimal damage on the stump.
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Figurel4: Fecon shear head with (a) grabbing arm, (b) accumulator arm, (c) moving knife, and
(d) fixedknife.

4.2.2 Caterpillar 289C

The CAT 289C track skid steer (Figure )lWvas usedon the winter harvest
performedat the Evans, ArborGen and Lykes sites in Florida, and at the Admire site in
Mississippi. This is a 10,365 Ib. machine, withiii8heswide, 45 inches widthbetween
tracks and 16.5 inches wide trackghe ground contact area of this machine is 2,504 square
inches the length of the tracks on the ground is 68dhes and theground pressures

equivalent to 4.1 Ibs/inéh
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4.2.3 Caterpillar 279D

The CAT 279D track skid steer was used during the winter harvest performed at
the Estes site in Arkansas. This machine is very similar to the CAT 289C, with an
operational wight of 9,893 Ib., a total widtbf 78inches 41incheswide between tracks
and 18 inches wide track¥he ground pressure produced by thigigepent is equivalent
to 4.4 Ibs/inch, with a ground contact area of 2,272 squachesand a track length of

64.2inches

Figurel5: Caterpillar 289C track st steer used during the winter harvest at Evans, ArborGen,
Lykes, and Admire sites.

4.2.4 John Deere 329E

The John Deere 329E tkaskid steer (Figure )@vas used to perform the summer
harvest at all sites. Although this machine is very similar to tA& €quipment,the
operator observed thitwas faster cutting and moving due to greater hydraulic flow rates.

The total operational weight of this equipment is 11,500 Ib., with art@ahine widttof
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79 inches,a distance between tracks of #thes ard 16 inches wide track3he total
track length in contact with the ground for this equipment isn6Bes with a ground

contact area of 2,022 squanehes for a total ground pressure af73bs/inch.

Figure16: John Deere JE track skid steer used during summer harvest in all sites.

4.3 Harvesting Methodology

The orientation of the row#ong axis)in the study plots was preferable from east
to west to allow full sunlight reception amal minimizelight competition. Howeverdue
to the small size of most of the sites and some harvesting limitations, the only site where it
was possible to install the eagést directional study plot wasdltvans site. On the Estes
study site a bufferof one double row at each sidf the pbt and five to seven trees at the
endwas cutto minimize light competitionpon the other sitethe entire plantation was

harvested thus eliminating the light competition.

The layout or design of the plantations was fundamental to the selection of the

hawvesting treatmentThe ideal methodology wahe completely randomized design,
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randomly cutting each tree, and controlling the effect of extraneous variables. However,
dueto physical and spatial limitations, and to facilitate the felling operation, itnoas
possible to implement the random design. As a consequence, altertmegtiriglling
equipment between rows, harvesting one row with the chainsaw and the adjacent row with
the sheahead (Figure 1ywas the selected experimental desighis methodologyvas
implemented in three of the four sites: Arden Bates, Estes and Admiren Goth the
ArborGen and Admire sites, the harvest was conducted usintypaef cut forevery

other row, while, in the Estes site, since every double row was equivalerd townthe
felling typewas alternated every double raw.order to facilitate the felling, bunching and

the skidding of the trees, the harvest was performed row after row, alternating the
equipment after a row was cut; this was net mhost productive ntieodology; however,

the objectives of this project do not focus on productivigncet was not an issue.

Figurel7: Alternating rows methodology implemented at most of sites. Each flag color belongs
to a felling equipment.
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At the Evans sitéhe layoutof the plantation and the 50 fegide bedgroduceda
differencein yield between rows due to soil quality the alternating rows methodology
was implemented in this site, there could have been a row effect on the study.
Congquently, the methodology e on this site was to harvest fik@vs (which consist
on an entire bed) with one equipment type and then alternate the equipment type on the
following bed, thig creating plots consisting of firews. In this case, the mosfiefent
way to havest was to cut and bunch the frasvs in each treatment with ofedling method
and then poceed to harvest the following five@ws using the alternate felling type,

facilitating both the felling and skidding operations.

After completon of the harvest at each siéa evaluation of damage caused to the
stumpand stumgbarkwas performed. According to studies pmsly mentioned in this
project bark damagenay have a significant effect on the coppice regeneration. For this
study, five damage classes were specified¢chrepresenting the percentadettoe bark of
the stump that resulted damaged: G0 1 (:25%), 2 (2650%), 3 (5175%), and 4
(>75%). Additional vy , the di ameter oWwas imdagurecsforieaclp ' s ¢
stump, toaccount for the effect that diameter maywé on the coppice regeneratiéior
practical purposes the diameter of cut surface will be called DGL in this piibjees also
notedwhetherthe damage tahe barkwas caused by the felling method equipment
driving over the stump3dVhenever a rubber tigr trackmark was noted at the stump, the
damage was detern@d to be caused bythek i d st eer s’ & rtaictke oana kr
cuttingoperationHarvest damage caused to the stumasalgo noted. Thgy/pe of harvest

damage observed were: barber chair, missing churfigs), pull, split, axd shattered
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stump. Different fronthe bark damage, the harvest damage wasedatsthe structural

part of the stump, or to the wood, and not to the exterior part

4.5 Coppice Evaluation

The field evaluation of the coppicesponseoccurred 5 months after the winter
harvest and 6 months after the summer harvBEs¢ onemonth difference between
evaluationsappeared to have little impacsince the stumps had suféat time to
regenerate sprouts in both cadéss important to highlight that from the winter harvest
until the measurement date47 days with growing conditions past, whil&2 growing
days past between the summer harvest and the evaluation distes fielevant for the
cottonwood and black willow species but not for the eucalyptus, since it is an evergreen
species. The winter harvest of the cottonwood and black willow occurred in late

winter/beginning of springand buds were already visible in somi¢he felled trees.

For the coppice evaluation, each stump was individually analyzed. If the stump
presented angew stems regenerated, it wasordedas a live stumpHowever, if it had
no new stems it wacordedas a“dead stump The number of newstems regenerated
was counted at each stump. If the spmasregenerated directly from the stump, it was
counted, but if itwas regenerated from the base of another sprout, it was not counted.
Additionally, theheighto f e ach st ump’ veasndtednAdeomanant spreup r o u t

was the tallesbne among all the sprouts in the same stump.
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4.6 Data Analysis

The data analysis for this project used statistical tools, charts and tables to
determine the effects that the independent varigf#@iismg equipmen harvesseasonand
bark and stump damagkave on the dependent variablesgpice respon3ewhich were
classified as the coppng ability (or stump survivadland the number of new stems
regenerategper stump Additionally, DGL and skidder damage (wh existing) were
considered, since they coub@ related tacoppicing ability of the cut tree® Software
(V3.1.2 for Windows) was used to perform the analyBise Generalized.inearMixed
Model (GLMM) analysis was used to compare the coppicing respdrnise stumpsThe
results presented at this study are supported by the appropriate statistical tests resulted from
the “glmer” functi on [lefsuppodlstatigties conkishef2” f r ¢
values with the associateevplues, obtained from WWhZ testswhich arerecommended
for analysis of this type (Bolker et al., 20@olker, 2015;Bates, 2006{Jnpublished;

Berridge and Crouchley, 2011).

Although each stump was individually evaluatdde the experimental design, the
harvesting methodolgg andthe layout of the study plots, a random effect of rows nested
into plot was accounted ftlne Evansand Lykessites, while a random effect of rowsas
accounted foat the other sites. As a consequenpiats (for Evans and Lykes) amdws
(for the other sites) were considered as the experiatamtit, and not the stumThe
vari abl e “ coppahwnary ariabldevaluatet! gctordiwgats the successful
coppicing or not by the stumpeimg labelled as zero (0) or one (1) depending on the
response As a result, this wvariabl eforénalysiss i nt

with the GLMM procedur e. On the other har
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regenerated” was evaluated according to
harvest. It was acontinuousvariable thafell intot he “ poi sson”forthami | vy
analysiswith the GLMM procedureEach study site was individually analyzed, with the

utilization of a full model.

Tablel: Models used to deterine the felling techniques on coppice regeneration.

Site # Model

1 6 »OUFY O®¢ "0O0dOM¢ 00" 'OC "YC p 0 aTYE )
Evans

2 § ®OUTY 0@¢ "O0dod@¢ ‘00" '0C "YC p O arFvE )

3 6 »0b 0d¢ "'Oidod¢ 000 "0C "YC p O arvE )
Lykes

4 6700 Od¢ "0idow¢ 0°0" '0C "YC p O arYE )

5 0 WOUFrY O®c¢ "0O0dowe 00" OC p YEH
Estes

6 0 ®O0TY OM¢ "0O0dOoOd¢ O0O" 'OC psYE O

7 0 W"OUrY O "O0dow¢ OO 'OC p YE
Admire

8 0 ®O0TY OM¢ "0O0dOoOd¢ O0O" 'OC psYE O
CR=Coppice regeneration DGL=Diameter at Ground Level (inch)
S=Season (winter and summer) HD=Harvest Damage Type
FM=Felling Method (shear and chainsaw) SD=Skidder Damage
Dam=Bark Damage Class NS=Number of New Sprouts

: = Interaction between
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The same variables were included in all the model, exclusion ofSK which
wasonly present on the eucalyptsites.Since theobjectivesof the project are to detmine
the effects of harvesting techniques on coppice regeneration, a model selection was not
necessary, only utilizing the full model to determine the variables that affected the
regeneration of coppicélthough all modelsncluded all the variabtestudied in this
project only the effects of variables that resulted statistically significant are explained and
addressed in the results chaptéra variable didnot have significant effect ocoppice
regeneration, it was not explaingdthe results chapt. However, a summary table with
the pvalues of all variables included in the models is displayed for each species studied on

this project.
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V. Results and Discussions

After the coppice evaluation, it was decided thatBhtes study sitevould not be
included on the analysis. Although this site was planted with the same clone and the trees
were the same age as the trees at Evans, and the harvest was performed at the same time
and with the same equipment, the survival rate was below 30% for each $&akmmgical
explanation was found for this behavior, with possible reasons being herbicide application
or height of cut. Freeze damage was discarded since the summer harvest showed similar
survival to the winter harvesi addition to the Bates site, a son@r effect could not be
determined at the Lykes site, since the summer harvest was not performed. The trees at
Lykeswerelarger than expectedjith somereaching the shear head capacity of 14 inches,
causing problem® its operationFor this reason, was decided not to perform the summer
harvest. However, a comparison between felling methods was performed for the winter
harvestAlthough the effect of season on coppice regeneration was calculated for all study
sites, and the resultsereported, the xperimental design of the plots was not the ideal.
Hence, it can be inferred that the results presented for the effects of season on coppice

regeneration can be suggested butcootsideredlefinitive.

It is important to have knowledge about the mean D&id bark damage
distribution of each study site before studying the dependent variables, since they both

could have amffect on the coppicing abilityHytonen, 1994, 1996, 2001; Simdes et al.,
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1972; Ducrey and Turrel, 1992; Strong and Zavitovski, 1983;90uza et al., 1991
Consequently, a diameter distribution of the stumps DGL was developed for each study
site to better illustrate this parameter. In addittbestumpbark damage was classified by
felling method for each study site, resulting in tneation of a bark damagstribution

for each felling type

5.1 Eucalyptus sites

5.1.1 Evans Properties

The average DGlof the treeswas 5.2 inches, with a minimum of 1.3 and a
maximum of 9.5 incheswhile the Basal Area (BA) was calculated to 1@8.0 ft2.
Descriptive statistics for the DGL are listegldeason and equipment in Tabld Be larger
mean DGL for the trees cut during the summer harvest may be attributed to the 5 months
difference between the harvestavhich the trees had more time togyr

Table2: Key statistics of the DGL of harvestesicalypttreesat Evans.
Mean DGL Max DGL Min DGL Standard

N (inch) (inch) (inch) Deviation
Summer
Saw 210 54 7.7 2.4 1.1
Shear 209 5.7 9.5 13 13
Total 419 5.5
Winter
Saw 198 4.7 6.8 1.8 1.1
Shear 211 4.9 7.6 2.2 1.0
Total 409 4.8
Overall 828 5.1
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The DGL distribution showed a normal distribution, in which the majority of the
harvested trees had a diameter on the range of the mean DGL value (B)gurbkis

corresponded to the observed homogerditire plantation.

Diameter at Ground Level (DGL) Frequency Distribution
300 100%
[2)
S 250 - 80%
=]
2 200
N - 60%
o 150 34.2% s
r ()
£ 100 200% 19.4%
Z 50 3.99 - 4.6% o
0.4% >27° 0.6% 0.2%
0 o= : : : : : F=t— 0%
12 23 34 45 56 67 7-8 89 910
DGL (inch)
Stumps Pct (%)

Figurel18: Frequency Distribution chart of the Diameter at Ground Level (DGEJo&lypttirees

harvestd at the Evans Properties study site

A summary of tie bark damage caused to the stumps is presenfeabla 3.The
total number dstumps cut wth shear waslightly higher han the stumps cut with saw
The majority of the stumpl®r both equipment typeslfavithin the bark damage classes
0, 1 and2. Howerer, the shear head generally caused more damage to the bark of the
stumps than the sawOn bark damage classes 0, 1 @&hdawed stumps were present in
higher numbers than sheared stumps; whiteark damage classes 4 andligared stumps

were presenti higher numbex
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Table3: Bark damage distribution of the stumps cut at Evans, by felling method.

0 1 2 3 4 Overall
Saw
Summer 19 89 50 28 24 210
Winter 16 56 64 34 28 198
Total 35 145 114 62 52 408
Shear
Summer 2 45 48 53 62 210
Winter 18 68 62 28 37 213
Total 20 113 110 81 99 423
Overall 55 258 224 143 151 831

5.1.2 Lykes Ranch

The mean DGL of trees cut at this site was 7.4 inches, rgqrfigpm 2.5 to 13.2
inches. The BA for the winter harvest svealcuhited to be 31.#42 Descriptive statistics

for the DGL of the harvestddees are summarized in Table 4

Table4: Key datistics of the DGL of harvestedicalyptirees at Lykes

. Mean DGL Max DGL Min DGL Standard
Equipment N

(inch) (inch) (inch) Deviation
Saw 59 7.2 11.9 3.0 2.1
Shear 46 7.8 13.2 2.5 2.6
Overall 105 7.4

The DGL frequency distribution of the harvested trees slzom@mal distribution
(Figure 19, in which the majority of the harvested trees were presentinghter of the
distribution (around the mean DGL) with low number of trees present on the edges.
However, due to the wide variation of the DGL (ranging from 2 to 13 inches), the

distribution was spread over all the DGL classes.
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Figurel9: Frequency Distribution charf the DGL of eucalypttrees harvested at Lykes Ranch
study site.

Compared to the other sites, the difference in total humber of harvested trees
between the two felling equipment was not large; however, since tidentomber of
harvested trees was considerably lower than in other sites, the percentage difference
between the number of harvested trees by each felling equipment was higher, almost 12%.

Of the 105 felled trees, 59 were felled using the chainsaw andid &wishear hegdable

5).
Table5: Bark damage distribution of the stumps cut at Lykes, by felling method.
{ddzyLJAaQ . FN)] 5FYF3S /|
Equipment 0 1 2 3 4 Total
Saw 1 21 20 7 10 59
Shear 0 7 20 11 8 48
Total 1 28 40 18 18 105
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5.1.3 Effects of felling method and season on eucalypt coppice regeneration

The effects of the fellinghethod andeasoron coppicing regenation of eucalypt
were determinedsing the previously described statistical models 1 and 2, at Evans, and 3
and4, at Lykes RanciiTable 6) Models 1 and 3 were used to determine the effects on
stump survival, while models 2 and 4 were used to determine the effects on the number of

sprouts regenerated per stump.

The significance of the factors were determinedcat = 0. 05 . A summar
significant p-values for the felling method and harvest season effect on coppice
regeneration athe eucalypt sites displayedn Table 6.

Table6: P-values for effects of felling method and seasonappice regeneratioof eucalyptus

plantations with significant ones highlighted

Season on Felling method  Felling method
: Season on
Site . number of on stump on number of
stump survival -
sprouts/stump survival sprouts/stump
Evans 0.00781 0.7749 0.15988 0.072
Lykes N/A N/A 0.995 0.841460

TheANOVA analysis of model 1, used at Ev.
0.05. The ANOVA table (Table 7) shows that thedortor variables included in thisodel

are related to stump survival.

Table7: Analysis of Variance foModel 1 used at Evans

Df Deviance Chi Squared Chi Df P-value
Model 1 16 466.96 29.395 12 0.003441
Null model 4 496.36
Model 1:

rd 07 ke et e Ao e
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The ANOVA analysis of model 2, used at Evansypeod it t o be si gni
0.05. The ANOVA table (Table 8) shows that the variables included in this model are

related to the variability of the regeneration of sprouts per stump.

Table8: Analysis of Variance of Model; 2isedat Evans.

Df Deviance Chi Squared Chi Df P-value
Model 2 16 2910.1 40.54 12 5.849°
Null model 4 2950.6
Model 2:

118 r+C 3ddrf+C rasar o =He

At the Evans site dotal of 409 trees were cut during the winharvest and 419
during the summer harvesigure 20displaysthe harvestseason effect on the coppicing
ability, where 96% of the trees felled during the winter hargastessfullyregenerated
new sprouts, while only 79% of the trdeled during thesummer harvest regenerated new
sprouts Although eucalypt is an evergreen species, and the literature review mentioned it
could coppice regardless of the season, the winter harvest presented better survival rate
than the summer. This pattern may be exydiwith the fact that the period of rain in
south Florida occurs during summer, and although eucalypt is an evergreen species, it may
store higher levels of carbohydrates during the drought period, maximizing the

regeneration of coppice if harvest occdusing winter.
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Effect of Harvest's Season on Coppicing Ability
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Figure20: Effect of season on stump survival of eucalypt harvested at Evans.

According to the GLMM analysis, the trees cut during the winter harvest were
21.3 (19.1-23.6 95% C.L.) times as likely toegenerateoppice as trees cut kg the

summer harvest (Tablg.9

Table9: Model results oModel 1used at Evans. &ails dtained from GLMM procedure
Significant variables were found at

(OEZSTaaggs) Std. Error z-value P-value

Intercept 21.327 1.08798 2.706 0.00682
Winter 17.993 1.11342 2.879 0.00398
2Bark damage 0.535797 0.2179 -2.863 0.00419
8Shear:Damage 2.134644 0.2726 2.781 0.00541

Compared to summer.
2Bark damage classes.
3Interaction between shear headidark damage.

5.1.4 Other factors affecting coppice regeneration of eucalypt

For the effects of DGL, bark and stump damage, and resulting interactions on the
coppice regeneration of eucalypt, models 1 and 2, were used at Evans, and 3 and 4 were
used aLykes. A summary of the-palues for the variables abovesntioned is presented

inTablel with the significant at o = 0.05 hig

53



TablelQ: P-values for effects dDGL, bark and stump damage, and skidaecoppice
regenertion of eucalyptus plantationsvith significant variablekighlighted.

Stump survival
Bark Stump

Site DGL damage damage Seas:Equip Equip:Barkdam  Skidder
Evans 0.71721  0.00417 0.63962 0.24139 0.00540 0.60259
Lykes  0.101 0.729 0.309 N/A 0.637 0.675

Number of sprouts/stump
. Bark Stump ) . - .

Site DGL damage damage Seas:Equip Equip:Barkdam  Skidder
Evans 5.43e-06  0.2500 0.1488 0.8156 0.4526 0.7945
Lykes 1.77e-08 0.106615 0.321423 N/A 0.144492 0'12695

The effectof thebark damage on the stump survigdleucalypt trees from Evans
is illustratedin Figure 21 Higher damage othe bark of the stump negativelffected the
ability to coppice In total, 55trees felled were classified under the bdaknage class 0
ard 52 (95%) of those trees successfully regenerated coppice; while 151 of trees felled
were classified under the bark damage class 4 and only 125 (83%) of those trees were
sucessful in regenerating coppicé&his is probably because the axillary buds that
regenerate sprouts in eucalypt trees are located under the bark, and damaging the bark may

damage or expose those buds, affecting the coppice regeneration.
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Effect of Stump Damage on Coppicing Ability

250 Bo—_ 100%

200 959

A - 80%
8% 85% 83%

(o]

7|

150 60%

100 40%

20 g%
0 Aﬁ " ,
0

Damage Class

20%

Number of Stumps

0%

Coppiced - Stumps Dead - Stumps

= fl= Coppiced - Pct (%) Dead - Pct (%)

Figure2l: Effect of the bark damage on the stump survival of eucalygs tnarvested at Evans

According to the statistical parameters obtained with the GLMM procedure, stumps
without bark damagevere 0.54 (0.11- 0.96; 95% C.L.) times as likely to coppice as
stumps with bark damagpreviously presented ifiade 9). This indicatedthat increasing

bark damage negatively affected coppicing abdityucalypt trees at Evans

In additionto thebark danage, a significant effect of anteraction between the
shear and the bark damage was deteatdtlvans For trees cut with thehear head, not
causing damage to the bark resulted 180% of copice regeneratior(Figure 23.
However, the results showed that when bark damage was paebayiter levelgclass 4)
thestumps survival rate was highttanwhendamage wamoderateclasses 2 and 3) and
as much asvhendamagewas low(class 1). On the other harfdy stumps cut with the
chainsaw stumps with bark damage class 4 had lower survival rates than the stumps with
the other damage classdsferring that when cutting with the almsaw, higher bark
damage affects the stump survival, while when cutting with the shearhigfaet bark

damage may have similar effects that when damage is low.
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Effect of Shear's Stump Damage on Coppicing Ability
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Figure22: Effect of the interaction between shear head and lmriade, affecting the survival of

the stumps at Evans site

After analyzing the model with the GLMM procedure, the conclusion wassthatps
harvested with the she head were 2.13 (1.602.67;95% C.L.) as likely to coppice when bark
damage was severe simmps cut with the chainsaw and with severe bark damage. The model

resultsare summarized above in Table 9

The number of sprouts regenerated per stump resulted statistically significantly
affected by the DGL at the Evans siumps with larger diameis generally regenerated
a larger number of sprouBigure 23. Smaller stumps, with DGL range betweer 2,
regenerated an average of 3 sprouts per stump, and larger stumps, with DGL on the range
between 8 9, averaged 6.7 sprouts per stump regergrates pattern was expected, due

the higher number of buds on larger stumps.
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Effect of DGL on the regeneration of new sprouts

Number of Sprouts/stump

DGL (inch)

Figure23: Scatter plot of the effect of DGL on the number of sprouts per stunivans

The GLMM procedure indicates that feach 1 inch increase DGL, stumps
regenerated 1.0Q1.06 — 1.13 95% CL.) times as many new sprouts. Model results to
support this conclusion are summarized in TableThke ANOVA table for this model
(Table 8) was previously shawand proved the model to be significant exping the
number of sprouts per stump.

Tablell: Model 2details obtained from GLMM procedure, for the effect of DGL on number of

sprouts per stump in eucalypt at Evans

Estimate
(odd ratios) Std. Error z value P-value
Intercept 3.052863 0.119211 9.362 0.00001
IDGL 1.095588 0.018443 4.950 7.427

!Diameter of the stump at cut level, in inches
On the other hand, the DGL of the eucalypt trees cut at Lykes was the only variable
that showed significant effect on coppice regenenatffecting the number of sprouts per

stump (pvalue:0.0001).
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Figure 24illustrates how the DGL had an impact on the number of sprouts
regenerated per stump. There is a positive linear relation between number of new sprouts
regenerated and the DGL. Tamnaller stumps at Lykes, with DGL betwee# 2 inches,
regenerated an average of 4.4 new sprouts, while the &tgeps, with DGL between 10

—12inches, regemated an average of 13frouts.

Effect of DGL on Number of New Sprouts
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Figure24: Scatter plot of theffect of DGL on the number of sprouts per stuompLykes

The ANOVAtable (Table 12) summarizes that firedictor variables incluet in

model 4proved to be significant in the number of sprouts regenerated per stump at the

Lykes site.
Tablel2: Analysis of Variance of Model 4, used at Lykes
Df Deviance Chi Squared Chi Df P-value
Model 4 14 621.90 54.223 11 1.075
Null model 3 676.13
Model 4:

434 pdc 3ddr$c rqa: 7270 40 Fm 7{<
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The GLMM procedure indicated that for eucalypt trees cut at Lykes, for each 1 inch
increase on stump diameter, stumps regenethtd® (1.07— 1.13; 95% C.L.) as many
sprouts. The results from theddel 4 used at this site are listed in Table 13, supporting

this condusion.

Table13: Model 4details obtained from GLMM procedurie,eucalyptsiteat Lykes Significant

variables fanda t a.= 0.05
Estimate
(odd ratios) Std. Error z value P-value
Intercept 5.063561 0.19727 8.223 0.00001
IDGL 1.097791 0.01643 5.679 1.358

!Diameter of the stump at cut level, in inches.

5.2 Cottonwood sites

5.2.1 Estes

The mean DGL for treefelled on the sitevas 1.9 inches, ranging frot4to 4.8
inches(Table 14) The BA was calculated 42.7 f£. Similarly to the other sites, the DGL
of trees harvest during summeas larger than the DGL a&fees harvested during winjer

due to the 3 months d&rence between the harvests.
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Tablel4: Key Statistics of the DGL of harvested cottonwood trees at Estes.
Mean DGL Max DGL Min DGL Standard

N (inch) (inch) (inch) deviation
Summer
Saw 225 2.2 4.8 0.4 0.8
Shear 200 2.1 3.7 0.5 0.7
Total 425 2.1
Winter
Saw 201 1.7 3.3 0.4 0.7
Shear 177 1.7 3.5 0.5 0.6
Total 378 1.7
Overall 803 1.9

The DGL frequency distribution for trees harvested at this site also sh@wed
normd shape (Figure 25 The majoity of the harvested tredmd a DGL in the range of

the mean DGL.

Diameter at Ground Level (DGL) Frequency
Distribution
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Figure25: Frequency Distribution chaof the DGLof cottonwoodrees harvested at Este
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The damage causéd the bark wasigher when the harvest was performed with
the shear headpproximately 89% of the trees cut with the chainsaw had dankage
classified under class @hile only 11% of trees cut with the shear head were classified in
the bark darage class (Table15). However, despitéhe number of stumps cutth the
shear heawith no bark damageas low, most of the shearstlimps were classified under

class @amage 1 and Zhis indicates that while damage was more frequent it was minimal

Table15: Bark damage distribution of theustips cut at Estes, by felling method

0 1 2 3 4 Overall
Saw
Summer 182 39 3 1 0 225
Winter 175 18 6 0 2 201
Total 357 57 9 1 2 426
Shear
Summer 16 53 54 32 45 200
Winter 28 59 47 24 21 179
Total 44 112 101 56 66 379
Overall 401 169 110 57 68 805

5.2.2 Admire Cottonwood

The DGL averaged 4.6 inches for this site, with a minimum of 1.3 inches and a
maximum of 11.2 inches, and the calculation of the BA resultdd.;ft. The mean DGL
of trees harvested during both harvest showedaimasults: trees harvested during winter

averaged 4.7 inches, while trees harvested during summer averaged 4.5 inches. Some key

statistics about the DGL aregsented in Table 16
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Tablel6: Key statistics of the DGL of harvestedttonwood trees at Admire site.
Mean DGL Max DGL Min DGL Standard

N (inch) (inch) (inch) Deviation
Summer
Saw 79 4.5 8.2 2.1 14
Shear 67 4.4 9.1 2.0 1.7
Total 146 4.5
Winter
Saw 67 4.5 8.0 13 15
Shear 88 4.8 11.2 1.7 2.2
Total 155 4.7
Overall 301 4.6

The frequency distribution afie DGL of harvested trees is illustrated in Figure 26
The distribution isslightly skewed to the right, witla fewer number of trees with DGL
below the mean; howevat,is possible to observbat the majority of the harvested trees

are located in the mean DGL class, and in the classes immediately nextatihelass

Diameter at Ground Level (DGL) Frequency
Distribution
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Q 70 %
- 80%
5 60
v 50 - 60%
© 40
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E 50 14.9% o 17.9%
0,
< 10 149 - i & 4:4% 2 4% 1.00\]_ 20%
o —* L 0%
1-2 23 34 45 56 67 78 89 9-10
DGL (inch)
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Figure26: Frequacy Distribution chart of the DGbf cottonwoodreesharvested at Admite
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Most stumps at this site were not damaggtable 17showsthat for trees cut with

both felling equipment, about 70% of them did not receive damage on their bark.

Table17: Bark Damage distribution of the cottonwood stumps cut at Adioyréelling method

0 1 2 3 4 Overall
Saw
Summer 40 29 9 0 1 79
Winter 63 3 1 0 67
Total 103 32 10 0 1 146
Shear
Summer 48 15 2 1 1 67
Winter 64 20 0 1 88
Total 112 35 5 1 2 155
Overall 215 67 15 1 3 301

5.2.3 Effects of felling method and season on cottonwood coppice regeneration

The models used to determine the effect of felling method and season of year on
coppice regeneration of cottonwood traegstesvereModel 5 ands, while Model 7 and
Model 8 were used to analyze thdmire site.Model 5and 7 weraised to determine the
effects of the factoren stump survival, while Model 6 and 8 wersed to determine the
effects of the factors on the number of sprouts per stump. Table 18 summarizes the
significance at o = Gelliietrood and season inaudléd anthe models.

Table18: P-values for the effect of felling method and season on coppice regeneration of

cottonwood plantations, with significance highlighted.

S Season on Felling method  Felling method
. eason on
Site . number of on stump on number of
stump survival X
sprouts/stump survival sprouts/stump
Estes 0.000372 0.4913 0.081431 0.3139
Admire 0.9982 0.0698 0.0762 0.0350
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The ANOVA analysis of Model 5, used at tBstesstudy site, prove it to be
significant at a = 0.05. The ANOVsAhist abl e

conclusion, proving that the variables included explain cottonwood stumps survival.

Tablel19: Analysis of Variance of Model 5 used at Estes

Df Deviance Chi Squared Chi Df P-value
Model 5 12 516.37 27.992 9 0.0009567
Null model 3 544.36
Model 5:

Fra A rfC 3ddr$C ra 9 q o

Among all the study sites, the season effect was most noticed at the EstEgesite
season variable was the only significaatiableon the stump survival at this s{i@value:
0.000372) A total of 803 trees were cut during thervests. As Figure 2ilustrates 98%
of trees harvested during the winter were successful in regenecappge, while only
49% of trees harvested during summer regenerated coppice. Performing the harvest during

the summer negatively affected the coppicing abilitynore than 50% of the stumps.
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Effect of Harvest's Season on Coppicing Ability
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Figure27: Effect of harvest seasam the survivabf cottonwood stumpat Estes.

According to the GLMM procedure performed on the effect of season on coppicing
ability, trees cut during the wier harvest were 138413.99-17.0Q 95% C.L.) times as
likely to regenerate coppice after tharvest as trees cut during summer haridstel

resultssupporting this conclusioare listedn Table 20

Table20: Model 5 used in Estes analysis to determine effect on stump survietilobained

from GLMM procedure

(O%S(;“g?itgs) Std. Error z value P-value
Intercept 3.637149 0.5812 2.222 0.026306
Winter 15.49473 0.7699 3.559 0.000372
2\Winter:Shear 33.72367 1.4759 2.384 0.017135
8Shear:Damage 0.4038951 0.4223 -2.147 0.031821

Compared to summer
%Interaction between winter and shear head
3Interaction between shear and bark damage

On the other hand, the felling equipment had a significant effect on the number of

new sprouts per stump of felled cottonwood at the Admire stel{pe: 0.0350).The
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ANOVA analyss of the Model 8used to determine this effect, showed that the included

factors are related to the number of sprouts per stump (Table 21).

Table21: Analysis of Variance of Model 8sed at Admire planted with cottonwood

Df Deviance Chi Squared Chi Df P-value
Model 8 12 1277.5 127.79 9 0.0001
Null model 3 1405.3
Model 8:

T4 r+c 3ddr+C o3¢ 4d-°o

On average, stumps cut withe shear head regeneratedspibuts, while stumps
cut with the chainsaw regenerated 4pfouts. Although sheared stumps regenerated more
sprouts per stump, theren® certainty of the importance of regenerating more sprouts.
The GLMM procedure indicated that stumps cut with the shear head regenerated 1.22 (1.03
—1.40; 95% C.L.Yimesas many sprouts as stumps cut with the chainsaw (Table 22).
Table22: Model 8, used in analysis of number of sprouts per stofrgottonwood at Admire.

Detals obtained from GLMM procedure

Estimate

) Std. Error z value P-value

(odd ratios)
Intercept 2.525452 0.09995 9.269 0.0001
'Shear 1.219365 0.09408 2.108 0.0850
’DGL 1.161172 0.01424 10.495 0.0001

!Compared to the chainsaw
2Diameter of stump at cut level, in inches

5.2.4 Other factors affecting coppice regeneration of cottonwood

To determine the effects of DGL, bark and stump damage, and pertinent
interactons on the coppice regeneration of cottonwood, models 5 and Gsexteathe
Estessiteandmodels 7 and 8 were used at the Admire. $itedel 5and 7 weraused to

determine the factors affecting stump survival, while Modei® 8 wereised to determine
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factors affecting number of sprouts per stump. Table 23 presents the significantee{p
of each factor on coppice regeneration. Si
Table23: P-values for the effect ddGL, bark and stumpainage, and interactio® coppice

regeneration of cottonwood plantatsnvith significance highlighted

Stump survival

. Stump . . -
Site DGL Bark damage damage Seas:Equip Equip:Barkdam
Estes 0.342348 0.183808 0.995610 0.017135 0.031821
Admire 0.0073 0.2692 0.9997 0.9983 0.0523
Number of sprouts/stump
Site DGL Bark damage Sl Seas:Equip Equip:Barkdam
damage : :
Estes 0.0001 0.9094 0.0732 0.1488 0.3093
Admire 0.0001 0.7340 0.1641 0.7031 0.8142

The analysis of variance performed to Model 5, used &diesstudy site, showed
significant relation with the stump survi ve

19).

In addition to the season, a significant effect, & vel a = 0. 08&n was
interaction between harvest season andnfgliinethod (pvalue: 0.0X135) andfor an
interaction between felling method and bark damage (0.03182th)e stump survival of

cottonwood at Estes

The interaction between the shear head and the seasonhgglgpllustrated in
Figure 28 Despite tle stumps survival rates being higher when harvest is performed during
winter, the difference between shed@nter harvest and sheaummer harvest is
considerably large and inverse. In all treatments, the survival rate of the stumps was higher

than the marlity rate, however on the case of the skanmer harvest the survival rate
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was only 26%, with remaining 74% of the stumps considered dead or not coppiced. On the
other hand, the survival rate of the shear stumps felled during winter wa3B@%means
that the season effect observed, and previously mentioned, is highly explained by the

interaction between the shear head and the season.

Effect of Equipment x Season on Coppicing Ability
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Figure28: Interaction between the felling equipment (shear head) and harvest seiager) G
the effect of stump survival at Estes

As indicated by the GLMM procedure, the stumps cut with the shear head during
the winter were 33.7 (30.8336.62; 95% C.L.) times diely to regenerate coppice as
stumps cut with the shear head duringgbbmmer. Model results to support this conclusion

are listedn Table 20.

The interaction between the shear head and the bark damage was another
interaction determined to be significant on the survival of cottonwood stumps at Estes.
Figure 29compares tb effects of the bark damage on stump survival when felling with the
shear head and when felling with the chains@wmps felled with the chainsaw had less
damage on their bark, when compared to shear stumps. Additionalfewtmeimber of
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stumps cut wh the chainsaw that had bark damage were highly successful in coppicing,
while the coppicing success of the stumps cut with shear head had a negative linear relation

with bark damagehemore severe damaghelower thesurvival rate resulted.

Effect of Equipment Bark Damage on Coppicing Ability
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Figure29: Interaction between the felling method (shear) laautk damage on stump survival of

trees felled at Estes

The GLMM procedure indicated that stumps cut with the shear head, and with bark
damage, were 0.460(42—1.23; 95% (L.) times as likely to regenerate coppice as stumps
felled with the chainsaw and with bark damage present. The model results for this

conclusionarepresented in Table 20.

The DGL of the stumps had a significant effect on the stump survival of trees cut
atAdmire. Figure 30 illustrates how the stumps with larger D&ulted irbetter survival
rates than the stumps witsmaller DGL. This pattern may be explained with the fact that
larger stumps probably hawelarger root system, which can capture higaerount of
nutrients and water, suppressing the growth or regeneration of new sprouts by the stumps

with smaller DGL.
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Effect of DGL on Coppicing Ability
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Figure30: Effect of the DGL on the stump survival at Admire.
Table 24 includes the results of the ANOVA, whicdldicate that Model 7 was
significant forstump survival of trees cut at tAemire study siteAccording to the GLMM
procedure of the survival of the stumps at Admire, for each 1 inch increase in the DGL, the

stumps were 2.26 (1.672.86; 95% C.L.) timeas likely to regenerate coppice (Table 25).

Table24: Analysis of Variance of Model 7 used at Admire planted with cottonwood

Df Deviance Chi Squared Chi Df P-value
Model 7 13 72.281 31.225 10 0.0005386
Null model 3 103.506
Model 7:

e r+C addrFC o A i

Table25: Details of Model 7 used at Admire site determine effects on stump survival.

(o%ﬁlg?itc?s) Std. Error z value P-value
Intercept 5.8334363 79.45 0.000 0.9997
IDGL 2.263925 3.046! 2.683 0.0073

Diameter of the stump at cut level, in inches.
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The DGL of the stumpalsohad a significant effect on the number of new sprouts,
both in the Estes {palue: 0.0001) and Admire {yalue: 00001) studysites.Model 6 was
used to analyze the effects on trees cut at Estes, while Model 8 was asedye the
Admire study site The ANOVA analysis (Table 26) of Model 6, used at Estes, proved it
to be significant at ao = 0.05, and proves
to number of new sprout§able 21, previously presented, shows the results of the ANOVA
analysis, which determined the parameters included to be significant explaining themum

of sprouts at Admire.

Table26: Analysis of Variance of Model 6 used at Estes planted with cottonwood

Df Deviance Chi Squared Chi Df P-value
Model 6 12 1980.1 248.77 6 0.0001
Null model 3 2228.8
Model 6:

4344 r+c 3ddr+C o3¢ d-°o

At the Estes study sité,wasobserved that stumps wiglarger DGL regenerated
more sprouts, when compared to stumps wgmaller DGL. On average, the stumps with
DGL between 0 and 1 inch ragsrated 1.4 sprouts, while the stumps with larger DGL

regenerated up to ¥sprouts (Figure 31
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Effect of DGL on Number of New Sprouts
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Figure3L1: scatter plot for theftect of the DGL of the stumps on the number of sprouts

regenerated per stump, at Estes.

After peforming the GLMM procedure, it was determined that for each 1 inch
increase in stump diameter, the cottonwood stumps at Estes regenerated 1:66.7359
95% C.L.) as many sprouts. The model results supporting the GLMM carchre listed
below in Tdle 27

Table27: Model 6, used in analysis of number of sprouts per stump of cottonwood at Estes.
Details obtained from GLMM procedure. Significant variables are highlighted.

Estimate

(odd ratios) Std. Error z value Pr(>|z|)
Intercept 0.8679328 0.120026 -1.180 0.2380
DGL 1.658343 0.034441 14.686 0.0001

!Diameter of the stump at cut level, in inches.

The results were similar admire, where stumps with smaller DGL regenerated
less sprouts than stumps waharger DGL (Figure31). On average, stumps with lower
DGL regenerated 2.7 sprouts, while the stumps with larger DGL regenerated an average of

8.5 sproutsThis pattern, in both sites, pertinent, since the stumps with larger DGL have
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more buds that can develop to form nstems to replace thmaterialremovedduring

harvest.

Effect of DGL on Number of New Sprouts

N
(6]

N
o
[

[y
v

=
o

(6]

Number of Sprouts/Stump

DGL (inch)

Figure32 Scatter plot for theféect of the stump DGL on the number of hew sprouts per stump
at Admire

The GLMM procedure for the effect of DGL on number of sprouts inelicthat
for each 1 inch increase i n st u+ilpld;8%di amet
C.L) as many sprouts. The model results supporting this conclusion were previously listed

in Table 22.

5.3 Black Willow site
The average DGLlfor harvested bigk willow treeswas 2.9 inches. The average
DGL for trees harvested during sumnveais 2.7 inches, while for trees hanesstiuring

winter was 3 inchegTable 28. The BA at this site was calculated to28:6 f£.
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Table28: Key stdistics of the DGL of harvested black willow trees at Admire site.

N Mean DGL Max DGL Min DGL Standard

(inch) (inch) (inch) Deviation
Summer
Saw 162 2.7 7.4 0.6 1.0
Shear 143 2.8 8.3 0.8 1.1
Total 305 2.7
Winter
Saw 150 2.9 6.3 0.6 1.2
Shear 128 3.1 7.0 1.1 1.2
Total 278 3.0
Overall 583 2.8

The DGL frequency distribution of the black willow trees seérsieewed to the
right (Figure 3). However, it is possible to observe that the majority of the harvested trees
(~84%) were loated in the mean DGL class or the classes immediately before and after
the mean. Trees harvested at this site had homogeneous DGL, although a low number of
trees (located on the edges of the plantation) had larger DGL. This could be the reason why

the distibution looks skewed.
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Frequency Distribution of Stump Diameter
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Figure33: Frequency Distribution charf the DGL of black willow trees harvested at Admire

study site.

At this site, the bark mthe stump®f trees cut with the shear heaxhibited more
damageTable29 showsthat the majority of trees cut with the chainsaw hdark damage
correspondent to classes 0, 1 an®®Rthe 312 trees cut with the chainsaw, 223 @hlihi
represent 71% of the total) corresponded to bark damage ckmstide 271 trees cut with
the shear head, only 62 (representing 23% of the total), were classified under the bark

damage class 0.

Table29: Bark Damag distribution of the black willowtumps cut at Admire, by felling method.

0 1 2 3 4 Overall

Saw

Summer 95 45 13 4 5 162
Winter 128 18 4 150
Total 223 63 17 4 5 312
Shear

Summer 8 59 45 11 20 143
Winter 54 62 5 3 5 129
Total 62 121 50 14 25 272

Overall 285 184 67 18 30 584
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5.3.1 Effect of felling method and harvest season on coppice regeneration of black

willow

The models used to determine the effect of felling method and season of year on
coppice regenerain of black willow were Model 7 and Model &s occurred with té
cottonwood plot in Admire, Modelwas used to determine thersiiicance of the variables
on the stmp survival rate, while Model ®&as used to determine the significance on the
number of sprouts. The significandeepof the
values obtained for the effects of felling method aedson on coppice regeneration are
summarized in Table 30

Table30: P-values for the effect of felling method and season on coppice regjenef black
willow trees with the significant highlighted

Season on Felling method  Felling method
. Season on
Site - number of on stump on number of
stump survival ;
sprouts/stump survival sprouts/stump
Admire 0.9094 0.0001 0.9027 0.4709

As observed, while harvest season affected the number of new sprouts per stump,
season did not cause arffeet on the coppice regeneration. The ANOVA analySable
31) proved that Model 8ndicated significance iexplairing the regeneration of sprouts

per stump of bla@d willow trees, at a
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Table31: Analysis of Variancef Model 8 used at Admire planted with black willow

Df Deviance Chi Squared Chi Df P-value
Model 8 14 2654.8 192.51 11 0.0001
Null model 3 2847.3
Model 8:

I43d rdc sddr+c o a3 H-e o

It was observed that the averagember of sprouts regenerated per stump was
higher when the haest was performed during summtiian when prformed during
winter. Figure 34illustrates this difference, proving thatumgs cut during summer
averaged 6.3prouts per stump while sty® cutduring winter average 4.§prouts per
stump. This pattern differs from what was observed with the other species, where no
significant effect of season was observed on number of sprouts per Shimgifference,
although unexpected, may be explained wiite fact that when the winter harvest was
performed, the trees already showed signs of being in growing season, with some leaf buds

on their branches.
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Effect of Harvest's Season on Number of New Sprouts
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Figure34: Average number of sprouts per stump regenerated at each haagest aeAdmire

site planted with black willow
The GLMM procedure used for this analysis indicated that when trees were felled
during summer they regenerated 1.60 (14 72; 95% C.L.) times as many sprouts as
whentreeswere felled during winter (Tabl&2).

Table32: Model § used in analysis of number of sprouts per stump of black will@taiB®
obtained from GLMM procedure.

(Oisglgﬁitgs) Std. Error z value Pr(>|z|)

Intercept 3.643956 0.06275 20.608 0.0001
Summer 1594978 0.06225 -7.499 0.0001
DGL 1.221244 0.01537 13.001 0.0001

1Compared to winter
’Diamter of the stump at cut level, in inches

5.3.2 Other factors affecting coppice regeneration of black willow

To test br the other factorbesidedelling method ad season affecting coppice
regeneration of black willow, thsame models were used. Modelas used to determine

the effect of DGL, bark and stump damage, and possible interactions, on the survival of
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the stunps; while Model 8wvas used to determine thdesfts of the same factors on the
number of sprouts per stump listofthepv al ues, deter mined at a

Table 33

Table33: P-values for the effect of DGL, bark and stump damage, and interactionpiceo
regeneration of black willoylantation, with significance higighted.

Stump survival

. Stump . g .
Site DGL Bark damage damage Seas:Equip Equip:Barkdam
Admire 0.0188 0.0834 0.3713 0.9962 0.6666
Number of sprouts/stump
. Stump . : .
Site DGL Bark damage damage Seas:Equip Equip:Barkdam
Admire 0.0001 0.2391 0.3232 0.0506 0.4834

The DGL was determined to have an effect on the coppice regeneration of black
willow, both in the stump survival {palue: 0.0188) and in the number of sprouts
regenerated per stump @001). The ANOVA table (Table 34oroved that after the
analysisof variance performed on Model dsed with the black willow, the included
parameters are related to the survivathe stumps. Also, the Mode| Bsed at the same

site, alr@ady proved significanc@ able 3} to explain the number of sprouts per stump.

Table 34: Analysis of Variance of Model dsed at Admire planted with black willow

Df Deviance Chi Squared Chi Df P-value
Model 7 14 162.34 23.393 11 0.01555
Null model 3 185.73
Model 7:

s rfC 3ddr$C ra 9 q o
The effect of the stump’s DGL treeqiist he

illustrated in Figure 35 The stumps with the lowest DGL class had lower survival rates
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when compared to the higher DGlastesThis pattern may be explained becaustef

competition between the stumps for nutrients and water. Stumps with higher DGL probably

hadabetter root system, which captured more nutrients than small DGL trees, suppressing

the development of sprouby these smaller trees.

Effect of DGL on Coppicing Ability
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Figure35Ef f ect of the stump’s DGL

on t

he

According to the GLMM procedure performed to the stump survival of black

willow trees, for each 1 inch anease in stump DGL, the stumps were 2.00 (£.259;

95% C.L.) times as likely to regenerate coppice. The model results supporting this

conclusion are presemtén Table 35

Table35: Model 7, used in analysis of number of spper stump of black willow. Etails

obtained from GLMM procedure.

Estimate
(odd ratios) Std. Error z value Pr(>|z|)
Intercept 12.146 1.022 2.444 0.0145
DGL 2.004912 0.2962 2.349 0.0188

!Diameter of stump at cut level, in inches.
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The DGL of theblackwillow stumps also had a significant effect on the number of
new sprouts per stump. A positive linear relation was observed between the DGL and the
number of sprouts per stump, where stumps with larger ,@@herally regenerated a
larger number of sproutStumps located on the smallest DGL class averaged 1.44 sprouts,
while the stumps on the largest DGL classes averagedQppmuts. This linear reian

is illustrated in Figure 36

Effect of DGL on Number of New Sprouts
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Figure36: Scatter plot of theftect of the DGL on the number of new sprouts regenerated per

stump of black willow harvested at Admire.

After performing the GLMM procedure, was estimatedhat for each 1 inch
increase in stump DGL, stumps of black willow regenerated 1.22 {111%5;95% C.L.)

as many sprouts. Miel results for this conclusiamerepreviously presented in Table.32
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IV. Conclusions
This project studied the effect of the felling method and the season of year on
coppice regeneration of eucalypt, cottonwood and blattkwtrees.However, besides
felling equipment and harvest season, several other fawters considered when
determining effects on coppicing ability and number of new sprouts regenerated after

harvest.

Despite analyzing the effects of season on coppigeratioml harvesting
restrictions affectethe experimental desigfor this reasorthe results presented should
not be consideed as definitive, and further research is recommended to determine the

effect of season on coppice regeneration.

4.1 Stump Survival

Results showed that harvesting eucalgitthe Evansstudy site,during winter
resulted in higher stump survival when compared to summer hadwestasoreffectwas
observed at theykes study siteThe difference in the results between the two sitghmi
be due the different species of eucalyfainted at each sit&(urograndisat Evans anét.
grandisat Lykes) The season effect observed at Evans showed that survival rate of stumps
cut during winter was 17% higher thdresurvival rate of stumps tduring summer. This
difference was not expected, since eucalypt is an evergreen specie; however, the difference
might be attributed to the precipitation regime of the region, which is higher during

summer. Furthermore, badamage resulted significantdetermine the survival of
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eucalypt stumps. It was concluded that higher bark damage affects the regeneration of
coppice. A harvest operation, with minimal impact on the bark of the stump, is
recommended to ensure higher survival rates. No effect afdatjuipment was observed,;
concluding that the utilization of a shear head might be considered as a less costly

alternative to harvest eucalypt plantations.

Similar results were observed at the cottonwood sites. A season effect was observed
at the Estes &, where the winter harvest presented better results than summer harvest,
while no effect was observed at the Admire site. The season effect observed at Estes
showed that winter cut stumps had a survival 49% higher than stumps cut during summer.
This resit was expected, since cottonwood trees terattmmulate carbohydrates during
the dormant season, which supports the regeneration of sprouts when the main stem is
harvested. In addition, a stump diameter effect was observed on the survival of the stumps,
where stumps with larger diameter had better survival rates. This result was also expected,
since the number of shoot buds present on the stump is higher on stumps with larger
diameter; also, the competition between the stumps may reduce the chancestofgsp
of the stumps with smaller diameter, since their root system does not have the same ability
to capture nutrients and water. An effect of felling method was not observed with this
species, also concluding that the utilization of a shear head may dleernative to the

chainsaw ocircularsaw fellekbuncher.

On the black willow site, neither the harvest season nor the felling equipment had
a significant effect on the stump survivahis indicates that eithertype of felling method
can be used toanvest this species, and the harvest can be performed the entire year,

regardles®f the season or phenology of the tree. However, a similar diameter effect to the
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one observed withottonwood was observed on the survival of the stufapger stumps

weremore successful).

4.2 Number of sprouts per stump

Although the number of sprouts regenerated per stump was studied, it is very
important to deepen the study on the importance of this factess found that depending
on the species, the number of spsaueer stump was affected by DGL, felling method, and
harvest season. However, the DGL of the stump was consistent in showing statistically
significant effect on the number of sprouts for all the species. In all cases, stumps with
larger DGL regenerated n@sprouts per stump, which is pertinent due the higher number

of shoot buds present on larger stumps.

Nonetheless, the importance of the number of sprouts regenerated per stump is not
yet clear. There is no certainty if having several sprouts per sesulps better than having
one sprout per stump. Perhaps having a single sprout regenerated per stump may be more
desirable, depending on the goal of implementing a coppice plantation. In addition, there
is knowledge of occurrence of s@lfuning after a dermined time after the harvest, in
which the coppiced stumps will automatically eliminate the smaller stems, maintaining

only the dominants or one single main stem.

In conclusion, the season effect observed on the stump survival of eucalypt and
cottonwoa mayimply aneconomic impact on the SRWC supply, restricting the harvest
to the winter harvest. However, the utilization of the shear head can be recommended as a

possible felling methotb harvest SRWC, since it does not have an effect on the survival
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of the stumps; which could reduce the costs of actual harvests operations used at SRWC

plantations.
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