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Abstract

The Four Forest Restoration Initiative (4FRI) imadscapescalecollaborative project
aimed at reducing the threat of catastrophic wildfires and improving forest health by moving
forest ecosystenia northern Arizona on a trajectory that is more resilient to future disturbances
and guided by historical reference conditions. A key component of this initiative aims to support
sustainable forest industries by increasing markets for azdded wood mducts made from
smalldiameter trees. Currently, traditional markets for ponderosa pine in the region consist of
mainly lowvalue products.

The aim of this study was to provide information to forest managers and investors on the
guality of the woodharvestedduring4FRI operations. In the Centennial Forest, near Flagstaff,
Arizona, we measured acoustic velocity (a proxy for wood stiffness) and radial density profiles
to investigate the relationship between internal wood properties and atahtteeeve
variables. We also collected acoustic velocity data from the Taylor Wewelsof-growing
stockstudy on the Fort Valley Experimental Foradood density and acoustic velocity relate to
stiffness and strength, important properties that determineigngdotential.

Acoustic velocity was higher, on average, in trees fstands with higher basal areas
while basal arehad only a small effect on wood density. This indicates that wood quaigy
improve with increasingasal aregbut these gainmaybe offset by lower volume production
from harvesting smallliameter materialOur findings may help dispel the notion that wood from
smalldiameter ponderosa pine trees is unsuitable for-vedie applications. We hope these
findings encourage investmentwood processing infrastructure in the region; without such
investment, forest restoration projects in 8oeithwest may not be economically viable over the
long-term.



Part One: An Overview oForest Operations anthe Wood Products Industryn
Norther Arizona

I ntroduction

More than a century ahappropriatdorest management activitiesmorthern and central
Arizona, principally fire suppression and exclusigmazing, and irresponsible logging practices
has resulted ihigh basal areatands of predominantly smallameter treesulnerable to
catastrophiavildfire, insect attacks, and disease outbreaks (Covington and Moorg 1994
Covington et al 1997 In responsetheUnited State$-orest Service has undertaken a massive
restoration initiative known as the Four Forest Restoration Initiative (4BBipssfour national
forests, the Forest Service has begun work to
health of fireadapéd ponderosa pine ecosystems; reduce fuels aniéehieood of unnaturally
severe wildfires; and pr oWwttpdvevwfsosda.gov/dfyigl | i f e an
September 20)6More than600,000 acre of forestare scheduled to be treateder the nex20
years http://www.4fri.org/background.htmb September 20} 6potentially producing ovesne
million cubic feet ofstem woodand 9.6 million greetonsof biomasdrom tree crowns
(Hampton et a2008. However, ponderosa pirfRinus ponderosais considered to be of little
commercial value imuch ofthe southwesterrUnited StatesThough commercially exploited in
other parts of its rangéncluding in otherparts ofArizona, processing oponderosa pine is not
seen as economicallycrativethroughout much of Arizona and New Mexi@@ovingtonet al
1997).

Public skepticism and regance from environmental groufistimber removal has
l argely | imited the FonplerntforéSteastoraticneadddireagaodc i a |l |
reduction treatments that ageologically and economically sensilfiéghapmarN, pers. comm.,
April 2017).Though ambitious in its spe,4FRIhas been limited in its operational objectives.
Operations are generally limited to the harvesting of trees Uridaches in diameter, which
often results in basal areas and trees peradmeethe histori@al range ofvariationfor the region
(USFS Old Growth and Large Tree Retention Strategy R0hkre is evidence that a
considerable number of larger ponderosa pine trees simofact be removed from the forest for
a variety of reasonsncludingreducingtorching indicesandimprovingwate yield andseedling
regeneratiomposttreatmeniAbella et al 2006Sanchez Meadat al 2015 Flathers et al 2036

Given the negative perceptions of ponderosa pine wood in the region, piblaties
impede the harvesting of larger trgwesent challenging economic barriers to efficient; self
sustaining restoration initiativeghis resistance amonfe public and environmentgroups
stemsfrom a history of irresponsible logging praes. AfterEuro-American settlement in the
late 1800s t he | argest pine trees | mthetlated800setlei on we
northern Arizona forests provided an abundant timber supply ofhlalaad easily harvested
southwesterryellow pine[i.e. Pinus ponderodafor railroadties. The larvesting process
required the heavy cutting of elgtowth timber with little attendi n gi ven t o futur e
(Geils 2008, pp2). By the early 1900s, intensive logging of large ponderosa pine trees
threatened the viability of the logging indusimynorthern Arizona. As a result, the Fort Valley
Experimental Forest was established to conduct studies relating to the health and sustainability of
forests in the region. Though the logging industry declined from an initial boom period, industry
remainedelatively stable in the Flagstaff area until the early 1990s. It was during this period
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that unfavorable market conditions and high volumes of unmerchantable stems, coupled with
lawsuits from environmental groups, applEtenmore pressurenan alreadystressed wood
industry §folliott 2008). The result was the near total collapse of the private, commercial
logging industry of nortkcentral Arizona.

After a periodwithout significantlogging operationsaandwood productsmanufacturing
theU.S. ForestService becamessentiallythe only significant forest management group in the
region. Withhigh frequencylow-intensityfire and private commercial loggirigrgelyremoved
from the landscape, nesommercial, mechanical thinning has become the dominaidwsiural
technique applied to reduce stockirgelsin thehigh basal areforess around Flagstaff. To
date, the Forest Service claims to have mechanically thinned approximately 150,000 acres across
the 4FRI project aredftps://www.fs.usda.gov/Inteet/FSE_DOCUMENTS/fseprd544111.pdf
18 June 2017). However, the consensus among the scientific and forest industry communities is
that 4FRI is significantly delayed, with some sources claiming that the Forest Service is
approximately 140,000 acres behimthedule
(https:/mww.williamsnews.com/news/2017/may/30/treatrrenttinueskaibabdespiteslow-
Afri-progr/, 18 June 2017).

Although the obstacles to efficient, successful forest restoration across the 4FRI area are
complex, a lack of market demand for wipavhich could help offset treatment costs, is often
cited as the main cause of operational delays. Only a handful of small mills are functioning in
north-central Arizona. NewPac Fibre is one of these facilifieis largely through collaboration
with The Nature Conservancy thidewPachas been able to stay in business, producing cants
that are exported to Mexico as lexalue pallet stock (Chapman Ners comm, September
2017). Small operators like these are simply unable to absorb the large volumedlafiameter
trees from fuels reduction and other treatments in the region.

A relatively successful project in eastern Arizona known as the White Mountain
Stewardship Projeaisostimulated local industry and partially met restoration gahtsugh
the stewardship program, loggers receigetbsidies from the federal governmentreattens of
thousands of acres of vulnerable forest in eastern Arjzocal wood products manufacturers
received substantial support as w8itko andHurteau2010. Given the near complete absence
of significant industry imorth-central Arizonasuch stewardship agreements will be an essential
componenbf reestablishinghe wood productsmdustry around Flagstaff.he White Mountain
Stewardship Project, thoughniovative and somewhat successful, was not without its challenges
and pitfalls (Mottek et al 2017).nE myriad of lessons learnadhile implementing stewardship
projects in the White Mountairean be applied to improve initiatives in the Flagstaff areacime
at reinvigorating local industry while reducing finazard (Mottek et al 2017).

Despite relative success in other parts of Arizona reviving local wood products industries,
largerscale manufacturefsveso farbeen deterred from returning to thkaggaff area The
reasongor this include in addition to a lack of detailed information about ponderosa pine wood
properties, tdomplicRtedcortrad syskeamsometimesiscairagingndustry
growth, andsmall logging contracts of only a fewousand acreseingoffered to loggers with
no guarantee of lontgerm supply (Chapman,pers comm, September 2017). Both loggers and
mills are limited by the annual fluctuation in the size of these conttamggiers awarded
contracts to fell timber near Flagstaftencannot obtain sufficient capitepans to complete
operations anfrequentlysubcontract their work to other operat@hapman Npers comm,
September 2017T.his lack of operational continyitesults in an inefficient and imperfect
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implementation of restoration prescriptions, which is an impediment to entrepreneurial
commitmentandlargescale investment in high volume, valadded wood processing facilities
in the region.

At present, hope®r meetingrestoration and fudtazard reductionbjectives on the
western extent of the 4FRI area lay in the potential construction of biomass energy facilities
(http://azdailysun.com/news/localAiooksto-reboot/ 18 June 2017). Despite the completudn
several feasibility studies and ongoing plans to use ponderosa pine wood as biomass feedstock,
the construction of a fully operational plant has not yet been realizedstern Arizona,
however the utilization of smatdimeter pine as biomass, supieal by federal grants, has
helped to address lackluster regional markets while simultaneously boosting rural economies
(Davis et al 2014)However, directing the entire wood supply of nectntral Arizona toward
biomass facilities neglects the fact thaich of the volume across the landscape may be
appropriate for highevalue usesThough directing some smaliameter ponderosa pine for use
in biomass energy plants may be an appropriat
resource oversupply potems, it is likely not a stardlone solution.

Ultimately, landscapescale restoratioafforts in the regionvill depend ommoreefficient
and profitableutilization of smaldiameterdogs(Lowell and Green 20Q1A key component in
realizing this goald a more accurate and comprehensive understanding of the properties of the
wood supplyCurrent knowledge about ponderosa pine wood properties is largely anecdotal:
many foresters in the region view the wood as soft, knotty, and unfit for structurabsippkc
Scientific quantification of the wood properties of these trees is therefore an essential component
in dispelling these conceptions.

Significance of Acoustic Velocity and Wood Density

Wood stiffness and streng#ne often seen to be of paramount importance by the wood
industry as theyplay a large part in determiniriige enduse potentiabf logs(Grabianowski et
al 2006; Wang et al 2007a; Wang efa@D7b; Auty and Achim 2008Measured irmilesper
second, thepeed at which sound travels through a tree correlates dit@t#ydynamic wood
stiffness which in turn correlates to tlstiffness determined in static bendidgsuming green
wood density remains constafaster acoustic speeds suggest stifferavddis relationship is
driven by, among other factors, the proportdhatewood present in a stg@arter et al 2005).
Theoretically, acoustic velocity is directly relatedie dynamicmodulus of elasticityor
dynamic wood stiffnesgnd wood density by the equation:

MOE, = r V

MOEp = dynamicmodulus of elasticitylp in?) , greenwood densitylp ft ), v = acoustic velocitymi sec?).

Though @&oustic toolgprovide individualtreelevel values, thegre most useful ahe
forest levelwhere they can be used to compare wood stiffaessssstands for proper
segregation o$tems Toward such endsield use of acoustic tools has increased in recent years
throughout both the comercial and research forestry sectors (http://www.fibre
gen.com/researepapers, 12 October 20168)he use of acoustic tools for early genetic selection
of stock in commercial trebreedingprograms islso increasingas wood stiffness is strongly
influenced by genetic€layawickrama et al 201llenz et al 2013Lowell et al 2014 This has
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encouraged forest genesits toconsideracousticvelocity when selectindamiliesfor

commercial tredreedingDeBell J,pers. comm.July 2017)Geneticists and refestation

foresters are also empowered through acoustic velocity measurements to include wood stiffness

in their reforestati on abiitatemaximizeypnofishrenrtheir ncr eas
forested landg-urther commerciapplicationdor acoustic toolsexistat thewoodprocessing

level: in New Zealand and Australia, for example, atmutesting of logs befongrocessindnas
enabledmore efficient segregation stemsbasedn their structural qualities (Carter et al 2013).

Though mordlifficult to collect, wooddensity measuremerase also strong indicators
of themechanicapropertiesof a stem(Shmulsky and Jones 2015%Yood density can be
measured througK-ray densitometrywhere the radial density profiles smples prepared
from increment cores are scanrad fine scale using Xays Asthisis acomplex and costly
processit is not applied widely by field foresterspmpanies and organizatioliisely do not
have thdinancial capitalor manpowenecessaryo collect, cut, and scan wood samples from
their forestsStill, modelsfor commercially valuable species suchsa®ts pine and Sitka spruce
do existthat linkwood density tstand and tretevel variablegGuilleya et al 1999Repola
2006,Gardiner efal 2017 Auty et al 2015 The potential exists for these models to be applied in
determining the endse potential of stentg1a commercial scal&o such model or basic
relational descriptioexists for ponderosa pirie the Southwest

Together, wood desity and acoustic velocity data give a strong indication of the
structural properties of a stdmy providing informatioron the strength and stiffnessmées and
logs For structural applications, most timber must meet certain minimum standardsrigtrstre
and stiffness as expressed through the modwiasticity(MOE) andrupture(MOR) (Auty and
Achim 2008. Higher strength anstiffnessvalues may allow for the use of stems in higi&lue
structural applications such as building constructionomposite lumbemanufacturing Still,
such utilizationrdepends largelgn the variance and uniformity of strength and stiffness
properties across an entire st&stems producing wood with poor highly variablestrength and
stiffness propertieBavetraditionallybeen chipped for landscaping, utilized as biomass energy,
piled and burned in the forest, or processed into ¢amsmnufacturdow-value products such as
pallets

Factors Impacting WoodPropertiesand End-Use Potential

Of importance irunderstandinghe resultsof this studyis a discussion of thele of
latewoodin determining wood density and stiffness. Commonly, latewood is the term used to
describethethicval | ed tracheid fibers added radially
growing season. Latewood contains more densely compacted xylem trabheielarlywood,
which is developed in spring and early summidreopencavitiesat the center of xylem
tracheidspr lumen,arealso smaller in latewood fibers. Tpeoportionof latewood in a stem
relative to earlywood is correlated to wood density and theusadgotential of a logi wo o d
density may be closely approximated and evaluated by the proportion of latewood in the growth
r i n gasson 1963, p3).

Many factors contributeo latewood proportion in annual growth rings. Of théise,
extent of a tstroaglynkedd earyeood forrmatiam. Thedive crown produces
auxin a growthregulatinghormonethat increases in concentratisth crown growth and size.
Large crowns generally lead to greediuxin production, resulting in higher earlywood

5



percentages in annual growth ringslditionally, the presence of photosynthates, often linked to
live crown vigor, late into the growing season is commonly associatedheithickening of cell
walls and thdormationof latewood (Larson 1969However trees with exceptionally small
crowns will not produce enough photosynthates to allow for the formation of thick latewood
bands during late summer and autumn (Larson 1968ulsky and Jones 2015).

The relationship between the live crown and water demiaralso related tatewood
proportion larger crowngequiremore water from their roots to satisfy greater photosynthetic
demands; a greater proportion of earlywood cells wthédefore be expecteds they are better
conduitsfor water (Larson 1963Bmaller crownsassociated with lower photosynthate
productionandreducedvater demands, correlai@higher percentages of latewoodaistem
(Larson 1969). In th&nited StateSouthwest, latewood formation may be conneatedt
closelyto lateseason soil moisture availabiliyndsummer vapor pressure def&iKerhoulaset
al 2017).

The proportion of juvenile wood in trees alselps determinenduse potential. Juvenile
wood tends to be low in density, contaamsiderable amountd tension and compression
wood, and is generally of inferior qualiyith respet to structural uses thamature vood
(Shmulsky and Jones 201B)epen@nton species and site conditioh®esbetweerthe agesof
15 and 2%egin toreduce production of lowensity juvenile woo@nd transition to the
formation of structurally superionature woodZobel andSprague2012). After this, juvenile
wood production is restricted to theeas close to tHeve crown Therefore, tees with larger
crownswill likely producerelatively high amounts glivenile wood regardless aotheir age.

Conventiorally, manufacturers ofolid wood products have sought uniformity in wood
properties namely the evenness with which latewood and earlywood bands are distributed across
annual growth ringd.arson(1969, p47xstates thafione of the greatest woaylality problems

facingallwoodu si ng i ndustries is |l ack of uniformityé
the greater the neaniformity of the wood produceslPonderosa pine in the Southwgstws
under such erratic conditiongirgely due totheergi ond6s dry ¢l i mauale, ponde

growth is highly variable. Additionallyntense crowdingnh many standsan compound drought
stress, increasing irregularitiesimernalwood properties (Martinelleier et al 2015)Highly
variable standasdareasand intense competiticsocontribute to the formation afregulaty
sized growtlringsthat result in variable internal strength and stiffness properties

However, with the development cbmposite woogbroducts, a greater variety of raw
mateial is suitable for commercial use. Irregularitivgrowth ringwidth, variaton in latewood
and earlywood bands, and stregsadients created by knots canrbitigatedby many of the
processes that foreomposite woogroductsShmulsky and Jones 2015Yith the growth of
composite wood industries, less dense, structurally inferior woodsoragtimede preferred, as
it is more mechanically efficient to process this weaker wood into products such as oriented
strand board§hmulsky and Jones 2013) feasibility studyfrom the early 2000s concluded that
a small number of ponderosa pine logs may be of suitable quality for use as structural lumber
and that a greater number mayappropriatgor use in composite wood produgcssich as
glulam beams and origed strand boar(LeVanGreenand Livingston 2001).

Still, the investment necessary to establish a composite wood product manufacturing
plant is extremely prohibitive: depending on the product to be manufactured, processing plants
requirecapital investment levelsa the tens to hundreds of millions of dollars. Sragimeter

6



ponderosa pine in the United States Southwest will be harvested almost exclusively from federal
lands and investors are likely wary of their investments depgedtirely on operational

contracts administered by the federal government. Additionally, the climate and fire regime of
the region further destabilize the resource base necessary to maintain composite wood product
plants.

Ultimately, resolving the economic asdientific problems facing the region will require
complex, nuanced, and proactive stratetjies target a cluster of entses and forest industries
to diversify marketsit is unlikely thata single producbr market willsufficeto absorb the bulk
of ponderosa pine wooagmoved irfire-hazard reductionperationsOnly a thorough
guantification of the strengtistiffnessand other important wogaroperties across the regional
landscape will determine the appropriate potentiateses for the stems hastedn northern
Arizona.

Part Two: Using nondestructive techniques to assess wood quality in
ponderosa pine forests near Flagstaff, Arizona.

Study Obijective

To use nondestructitesting (NDT) method® investigate the relationship between
internal wood properties, namely wodednsityandstiffness and tree and staddvel variables
in replicated ponderosa pitevels-of-growing-stockexperiments.

Methods
Study Sites

Datawerecollectedin the summeyof 2015and 2016 n Nor t her n Ari zona |
Centennial Foregs nd t he F o Tagle WooB8develsof-grosvidgsstockstudy both
near Flagstaff, Arizonal'he area has a sefiid climatewith most significant precipitation
falling as winter snow aaslate summer, monsoonal raiffthe foresat our sitess dominagd by
ponderosa pine arBambel oaQuercus gambelji

Throughout thistudy, stand density is expressed in terms of basalArthe
Centennial Forest, a thinnimg 2005 resulted in the creationfofe replicated basal area
treatments 060, 80, 100, 120, and 158 &c'across a total of 20 treatment blocks, each
approximatelyfive acres in sizePostthinning tasal arearangel from 62ft2 ac! to 175 f£ ac?!
acrosghetwenty distinct treatmeninits The study was created using an unesied group
selection with even spacing; pireatment basal areas ranged from 58dt to 174 f€ac?
(Gaylord et al 2011)Theexperiment has not been treated agamae the initial thinningPre
treatment basal areas and trees per acre across the site were highly variable: several replicates
werealreadyat postthinning targets in 2005 and did rmefquire thinninghoweverjn most
replicatesthere was napparent link between prand posthinning basal area (Gaylord et al
2011).Basal area classes did not exist in disfinct,systematianannerprior to 2005.The
study at Taylor Woods ldea similar design. It was established in 1962 and has been periodically
thinned to maintain replicate treatmemitsnear ®, 60, 80, 100, 120 and 188ac?!, which

7



range in size from.75 to 1.24 acres (Bailey 2008)aylor Woods also contains unthinned and
nonforested unitsAs of 2016, actual basal areas varstightly from targetgFlathers et al
2016).

Many of the stand® be treated by the Forest Service under 4fBabove 55% of
maximum stand densiipdex (SDI) andhavebasal aremgreater than 20@%ac* (McCuskeret
al 2014. However, a certain number of treatment8 occur in stands with basal areas between
150ft?act and 200ft2act (4FRI Landscape Restoration Strategy for the First Anafysia
2010).Comparativelythe highest basal area stands at our two studyasg@nalogous to the
most open stands to be treated across northern Arizona. The lower basal area stands at the
Centennial Forest and Taylor Woods more closely resesabhe ofthe desiregbosttreatment
conditionsdetailed iMdFRI6 ebjectives USFSProposed Action for FotfForest Restoration
Initiative 2011, McCusker et al 2004

Sampling Techniques and Data @llection

In the Centennial Foreghree randomly locatefiked-area0.1-acreplotswere
established irach of the 2@reatmenblocks for 60 plots in totalStudy plotsverechosen by
selecting a random number of paces and a random azimuth. We esthhiesfirst plot by
walking the decided number of paces along a random azimuth from the corner of a given
treatment unitthe two subsequent plots in eaght wereestablished using the same technique,
starting from the center of the previous plot. In thigs/, we hopdto overcome the natural bias
to walk toward open areadl/e repeated this proceasTaylor Woodsbut sampled in fewer total
replicatetreatment blockghan at the Centennial Foresbtal trees per plot varied greatly
dependingonagivente at ment wunitoés basal treatmenahlockk n s o me
fewer tharsix live ponderosa pingeesgreater than five inches in diametegre suitable for
measurement per sample plot. In the highest basal area stands, as dtangessper [t were
appropriate for sampling.

At Taylor Woodstree diameteat breast height (DBH, in.jotal treeheight (ft.),height
to the base of the live crown (ftgnd acoustic velogitwererecorded for each tremverfive
inchesin DBH in a givenplot, for a total 0333 trees Due to permission restrictiongsicrement
cores were nabkenfrom trees afTaylor Woodsln the Centennial Forest, we measured tree
diameter and recorded acoustic velocity for #Rlividuals Total tree height and height to
crown baseveremeasured on a subsampleapproximately sixreesper plot totaling279
measurement#\ single ncrementorewasextractedat breast heigh#(5feetfrom ground
level) from the samesubsamplsof 279trees using standard increment boriteghniquesTo
select ousubsample of trees, velosendividualsthat wouldtheoreticallybe suitable for
commercial harvest and utilization baseddBH, total height, crown height, arstem
straightnessAfter extracton, cores were secured in modified drinking straws and placed in a
freezer for storage.

Measuring Acoustic Velocity

Acoustic velocitiesvererecordedat both Taylor Woods and the Centennial Fousstg
the ST300 Hitman todqFibre-gen, ChristchurciNlew Zealand)Gambel oak trees were not
tested, nor were ponderosa pine trees ufigeinches in diameter due to the heightened risk of
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damage to the trees from t he Inaddgienratousion o f
velocity measurements from the Hitman tool are known to be less reliable in treefivender
inches in diameterWe placelt h e two mrdbés $n eachonderosa pine tree to be sampled
one near the base of the tea®dthe otheyfor practical purposegjst abovebreast height

(Figure A2) Though recordingcousticvelocity at breast height may se¢orbe an
inappropriatdechniqueor measuringheinternalqualitiesof an entire stem, various studies
haveconcludedhatsuchdata can be interpolated to an entire stem with relative confidence
(Haines and Leban 1997, Auty and Achim 2008). Additionally, acoustic dava fali@a very
accuratecomparison ofnternalwood properties between trees apacific userdetermined

point alonga stem.

To operate the ST3Q0ol, the usetapsthe lower probe 24 times with a hammer
producinga velocitymeasuremenilhe distance traveled by the wdwem the lower probe to
the upper probes measured and the transit time is recor#@shwing the distance between
probes, velocitymiles per second, nsit) is calculatedasthe distance over théme-of-flight of
the acoustic wavéFigure A3) Opinions varyon whether consistent placement of probes on a
specificside of a tree is importariVang et a[2007a)chose a side randomly for eactdividual
tree while Mora et a[2009)did notidentify consisteay in probeplacement aa significant
factor inproducingaccurate acoustic readou§e chose to take measementsonthe north side
of all treesfor consistency

Measuring Wood Density

Wood density was measured sampledrom the Centennial Foreasing theQuintek
QMRS-01X Tree Ring ScannéQuintek Measurement Systems Inc., Knoxville TBgfore
scanning, the cores were conditioned in a clircatatrolled chamber to approximately866
moisture content. Alhe QMRS-01X is unable to analyze intact cores, our samples were
prepared with the assistance of Dr. Joseph Dahlen from the Warnell Schomsify-and
Natural Resources, University of Geordiathe scanning proceszmm-thick barkto-pith
samplesveresecured in a fivanillimeter cartridgeandmounted on a linear stage. The stage
then movesn 25-um increments and theé-ray beamscans thesampleon the tangential facé
camera also creates a detailed image ofdtal profile of thesample The result is a graphical
representation ais a m p dadiafdensity profile, measured poundspersquare inclflb in?),
accompanied by a photaph of the samplefhe QTRS01X softwarealsoproducesaring-level
density summary, which quantifiga tabular format, thaveragedensity for each year of
growth based on th#ensityvariationbetween adjacent lat®od bandsAs wood density is
usuallyaveraged for each annual rjimge often refer to our results in terwisring-level wood
density throughout this worlhe ringlevel summaries also include average earlywood and
latewood density values for each annual ring.

Beforescanningwe calculateda mass attenuation coefficiemwhich is used to calibrate
the densitometeiThis coefficient is an estimate of the amount of energyistaisorbed by any
given wood samplélhe mass attenuation coefficient is specasl regiorspecific ands
necessary for accurate density measureni@entalculate this, @ measured the specific gravity
of tenrandomly selectethtactcores by suspending them in a beaker of water. Divitiagnass
of each core (Ibby its volume(ft®) gaveus the specific gravitgf each sample. We averaged the
samples to get an approximation of average specific gravity for our cdbefi fnWe entered
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this average into thecan setip parameteras the targetvood densityvaluefor aparticular
sample We then scannetie sampleandthe software usethe knownspecific gravityof the
coreto calculate a mass attenuation coefficintuse infuture scans

In measuring wood density, our methods parallelesely those of Antony et £2012)
who alsouseal nondestructive sampling methad<., extraction of increment cores.
Nondestructive methods for testing wood properties may limit the amount of information one
can gather from givensample for example, strength and bending tests to deterthmexact
moduli of ruptureand elasticity for a sample can only be performedestructively sampled
trees.Still, nondestructive sampling allovgggnificantlymore samples to be extracted for wood
density analysegroviding the opportunity toollectdata frommany more individuals.

Data Analysis

The following analyses were conducted on the data from the Centennial Forest and
Taylor Woods

1 Centennial Forestve linked tree height andBH to basal area treatment and acoustic
velocity using 720 diameter measurements and 279 height measurements.

1 Centennial Forest: waescribe alinearrelationshipcorrelatingacoustic velocityo wood
densityusingpairedvelocity and wood density measurements from 279 thsssustic
measurements were averaged dherlast 50 years of growthsacoustic wavetend to
travelthrough thestiffest materiali.e., theouterwoodportionof the stem.

1 Centennial Forestising279wood density samplesve described relationstspetween
wood density andambialage year of ring formation, anstandlevel basal areas well as
the relationship between cambial age and avesiagealring width.

1 Centennial Forestisingdatafrom 279 treesve linkedDBH andaverage trebeight totree
ageat breast height

1 Taylor Woods we established relationships betwesoustic velocityandtree heightand
diameterand basal area treatmersing 333 data points per analysis

Study Limitations

This experimentlid not have pure controls; untreated stawdsenot included in our
study In part, untreated stands were not sampled because their trees were too small for both
application of the ST300 Hitman acoustic probes and safe extraction of increment cores; these
stands also contain trees with insufficient volume for valdéed usesnaking their internal
wood quality properties largely irrelevant.

Ouranalysiswaslimited in that itdid not relate wood qualityharacteristicslirectly to
climate variablesDrying and warming patterns throughout the Southwest have their own effects
onwood formation in pondesa pinesomeof these effects have already been documented
(MartinezMeier et al2015, Dannenberg and Wise 2p1Brought, for example, is known to
induceproduction of smaller diameter tracheids, resultinffatse ring® (Larson 1969). These
slight changes in wood density and color can make proper delineation of ring boundaries
difficult. Though anX-ray densitometry analysis of the average wood density of an satimele
is unaffected by these false rings, examining ahwaariation in wood density becomes
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chall enging when many false rings aanuad present
growth can become nearly impossible. For tinisk, cores were not croskateddue to time
constraintsWithout matchingannualring patterns across multiple coredentifying the true

location of a given year on a particular scan or-tengel density summary was difficult.

Consequently, years of ring formation and dates associated with wood density scans contain a
degree of erno Future experimentightaddress this by crogkating cores and magcorporate

climate da& more directly into analyses of woddnsityand acoustieelocity. Such a study may

help determingherelativeinfluence ofstand basal areendclimateon porderosa pinénternal

wood properties.

Another limiting factorof this researclwasthatlevelsof-growingstockstudiesat the
Centennial Foresind Taylor Woods hawveot been strictly maintained. Lower baaata classes
are beginning to converge with higher ones. This may confound results linkingestahiobasal
area to wood ensity and acoustieelocity. Future studies would benefit from stricter
maintenance of target basal argasranalysismayalso be linted in its scope of inference: we
did not samplestandsrom acrosghe southweseérn United StatesSuch ambitions were beyond
the scope of this pilot study.

Resultsand Discussion

Acoustic velocity results incorporate data collected from both Taylor Wood$iand t
Centennial Foresthile wood censity results have beeéerived fromincrement coresollected
only from the Centennial Forest.

General Trends
Tree Characteristics by Site and Basal Area Treatment

The summary statistics presented in Table 1 allow comparisons to be made across study
sites. Mean tree DBH and heights were generally higher at Taylor Woods than at the Centennial
Forest, which is likely related to of the longer duration of the studyybom#/oods. The levels
of-growingstock study at Taylor Woods was established in 1962, so trees in the more open
treatment blocks at Taylor Woods would likely have had greater access to resources for longer
than at the Centennial Forest. Basal areas waaNe been higher across much of the Centennial
Forest until the thinning of 200%saylord et al 2011)The standard deviations for both tree
heights and diameters tended to be greatest at the Centennial Forest, with only a few exceptions
in the lowest badarea treatments of Taylor Woods, where new cohorts of young ponderosa
pine have established.

Average tree age at the Centennial Forest was highest for trees in the lowest basal area
class, while the inverse was true for trees for the highest treatraegt siggesting that older
trees were present before the thinning of 2005 in the?@@%¥teplicates and were retained post
thinning. Still, average tree ages suggest that few trees across the study site would have
established before Euvmerican setément. Ranges of recorded acoustic velocity values were
more variable at the Centennial Forest and the maximum velocity values in the Centennial
Forestds highest basal area classes were cons
at Taylor WoodsRelatively high standard deviations for acoustic velocity values at both sites
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may be a result of crowded growing conditions and limited access to soil moisture causing
differential wood formation across trees sharing space and resources.

Table 1:Meantree characteristics by site; CF Centennial Forest and TW Taylor WoodsLacking increment cores
from Taylor Woods, average tree age per treatment class could not be calculated.

Mean DBH (SD) Mean Ht (SD) | Mean Vel (SD)| Avg. Age ‘

Site | Treatment  No. of Trees BA 2015  Range (in) Range (ft)  Range (mis?) | (yrs)
cF | 6o o | 8 | syisse | somima | ranzer |
cF | w0 100 | 8 | 513 | satiaos | 1soizse | O
CF| w0 | 18 | 10 | 5657 | sosisos | 1sizes | %
cF | 120 | 19 | 10 | o550 | sseredo | 1aisos |
CF | 10 | 29 | 49 | o535 | soaieso | o069 | O
w0 15 | ST | glioas | onsives | 1siz10 |
™w | e 2 | | ieoioid | sroi7eo | rroiods |
w0 % | 108 | voiorr | siaeto | reoisss | "
w | 100 0 | 124 | gutise | saiteea | tenzel |
w | 120 7| 14| 007y | sisizen | 2oioss |
™| s | w2 | 167 | 7iiee | ssarmos | torizes | -

AverageTree Height and Diameteat Breast Heights Basal Area Treatment

At the Centennial Forest, tree height and DBH decrease with increasing target basal area
(Figure 1). This negative relationship is stronger for DBH than for total tree heugjgesting
that trees with limited access to resources will prioritize height growth over diameter growth.
These results are as expected since in higher basal area stands, fewer resources will be available
to individual trees as competition will be moré¢einse, thereby restricting growth. However, in a
following section, we show that acoustic velocity, a surrogate for wood stiffness, likely increases
with increasing stand basal ar@&is phenomenon suggesisitthere are tradeoffs between
stiffness gaingnd volume losses imgher basal arestandsThough higher basal area stands
may contain trees with stiffer wood, volume losses and the loss of total harvestable material in
these stands may offset improvements in wood stiffness. We would expectsimig@etrends
at Taylor Woods.
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Figure 1: Boxplots of average tree height and DBH for each basal area treatment at Centennial Forest and Taylor
WoodsBoth areragetree heightand DBH decrease with increasirizasal areaThese resultare from the
Centennial Forestn = 279 (heigh); n= 720(DBH).

AverageTree Height and Diameteat Breast Heights Ageat Breast Height

There was a positive correlation between average tree height and age at breast height in
the Centennial Forest. Thesrrelation is weakest in our lowest basal area treatment, as more
opengrowing trees have less need to emphasize height growth (Figure 2). The positive
relationship between height and tree age was strongest in tira@taftd 120 flac’ classes.

Individuals in stands that are under moderate competition have likely allocated resources to

height growth to achieve more favorable crown positions; this growth has closely paralleled age

at breast height. The relationship weakens in the highest basal asdhaagh crown height is
still likely to be important, more intense ¢
allocate toward height growth.

Though in the intermediate treatments there was a moderate positive correlation between
diameter aibreast height and tree age at breast height, this relationship was significantly weaker
in our lowest and highest basal area treatments. In thé &g} ftlass, this may be a result of
larger tree diameters. As trees become larger, they experienoedesh diameter growth for
the same amount of overall growth. Trees must form more woody material around their stem as
their crosssectional area increases. However, the lower correlation in the?Hs0 ftas likely
caused by other factors. Competititor soil moisture, light, and space in the higher basal area
treatment blocks have likely reduced the amount of resources available for individual trees to
allocate toward diameter growth. This obscures the relationship between tree diameter and age in
higher basal area stands. This phenomenon is common across much of the forested Arizona
landscape, where many stands have had basal areas overaz0@oit decades.
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Figure2: Scatterplots of tree height (toghd DBH (bottomys. tree age at breakeight for each basal area treatment
at the Centennial Forest. the Centennial Foresgveragetree heighincreaseswith age. The relationship between
diameter at breast heiglaind ageat breast heighis also positiveyetboth relationships vary sigficantly by basal
area classn = 279.
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Acoustic Velocity

Acousic Velocity viBasal Area Treatment

Our results indicate that acoustic velocity is positively correlated with basal area
treatmeniFigure 3) This phenomenon is likely explained by an increase in the proportion of
latewood present in the annual rings of the relatively gjoawing trees in the higher basal area
treatments. Sound waves are conducted more rapidly through the compasatditecicells of
latewood relative to the thinnaralled earlywood cells with wider lumen. Many factors
influence the ratio of latewood to earlywood cells in an annual ring. These include crown size; at
the individual tree level, the smaller crowns of trees gihér basal area stands have lower water
demands than the larger crowns of trees in apewn stands and thus require less earlywood to

conduct water upward from the roots.

While we found only a weak correlation between acoustic velocity and basal area
treatment at the Centennial Forest, there was a stronger trend at Taylor Woods. The reasons for
this are not clear, though it may have to do with generally largertiedeg presenat Taylor
Woods. This suggests the possibility that trees at Taylor Woikdsnere extensive root
systems may have greater access tedateson soil moisture, allowing for increased latewood

formation.
Centennial Forest Taylor Woods
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Figure 3: Boxplots of acoustic velocity for each target BA treatment. Mean velocity (i.e. dynamic wood stiffness) is
postively carelated with stand basal aredhis relationship is significantly stronger @tylor Woodsn = 720
(Centennial Fore$t n = 333(Taylor Woods

In addition to analyzing the relationship between acowstiiacity and basal area
treatment classes, we must consider a more fundamental question: are our reported acoustic
from a wood
highest basal aramits of 120 and 1582ac?at bothTaylor Woods and Centennial Forests

val ues

fgoodo

15

pr o dalocityvwaluepiethes pect i v



ranged from approximately 1.24 mi ggo 3.11 mi se¢. Most values were clustered between
1.86 and 2.48 mi sé¢however, approximately 10% of values were above 2.48 rii sec

In general, acoustic tools alldier precise characterization of the forest resource before
processing. This deeper understanding of the internal wood properties of a stem gives foresters
and mill operators the power to maximize their profits by segregating logs based on their internal
propertes. Examples of acoustic tools being used to study ponderosa pine in the United States
Southwest do not exist. It was thus inherently difficult to determine whether the ranges of
acoustic velocity values reported for ponderosa pine in this study sheplteiconfidence that
trees removed from 4FRI operations will be suitable for-viglne eneuses.

Though problematic, we must look to other species to contextualize our results. In a study
of acoustic properties in plantatignmown New Zealand radiata @Pinus radiatg, theauthors
reportedstandingtree acoustic velocityaluesrangedfrom just above 1.86 mi sédo just below
3.11 mi se&, with the bulk of acoustic measurements clustered near the mean of 2.34'mi sec
(Matheson et al 2002Althoughthe relationship between downed log acoustic velocity and
staticwood stiffness was stronger thtdratbetween standingree acoustic velocity and wood
stiffness,acoustic velocity in standing trees wasl moderatelycorrelated with dynamic wood
stiffness and had the power to inform jprecessing segregation decisions. The authors
ultimately concluded that based on wood stiffpéss top 50% of stems were appropriate for
structural eneuses while théottom50% would be best suited for nstructural applications.

Another study lookedt acoustiaelocity inwhite sprucgPicea glaucagrowing in
plantations irQuebec, Canad@érubéDeschénest al 2016). The plantations were ready for a
first commercial hinning at around twenty years of agée average acoustic velocjiye-
thinningranged froml.86to 2.17 mi se¢. The authors also described a similar relationship
between dynamic wood stiffness and crowdingthinning where increased competition and
reduced crown size increased latewood percentages in stems and, ultimately, improved wood
stiffness. Ultimately, slow growth was also associated with higher latewood percentage and
acousticvelocity.

Drawing strong conclusions on appropriate-esds for ponderosa pine through cfoss
species comparisons would be problem&mderosa pine wood fromorthern Arizonawill
have to compete with domestic and international wood products from plantatiogsdtius, a
broad contextualization of ponderosa sgline woo
appropriate. Though standitrg@eacoustic velocities are not perfect for assessing the potential
enduse of a given stem, relative comparisonaadustic velocities do allow us to understand the
stiffness of ponderosa pine in our region relative to stems growing elsewhere (DeBell J, pers.
comm., September 2017).

The Washington State Department of Natural Resources Genetic Resources Program has
sd up over 30 Douglafir (Pseudotsuga menzigsirogeny test sites throughout the state. The
oldest sites were established in the 19B0$ currenththe agencylsomaintains secondnd
third-generation test sites. The department began collectingtaceeiscity data in its second
generation sites, planted in the early 1990seltondgeneratiorsites, Dougladir trees between
20 and 30 years old had average acoustic velocities between 2.49'ange2. 11 mi set
(DeBell J, pers. comm., Septemi2917). Comparing these progeny sitgth our study results,
average acoustic values from the seegaderation Washington state sites are higher than the
majority of values recorded from Taylor Woods and the Centennial Flinsshot surprising
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thatDouglasfir trees with access to abundant resources in plantation setprgguced higher
acoustic velocity readouts than ponderosa gnegving in natural standa the southwestern

United StatesThis suggests that, in termsiofrinsic wood properties, ponderosa pine wood

from our regiorwill clearlystruggle to compete with plantatignown Dougladir from the

Pacific Northwest. Still, this does not preclude the possibility that stiffer, denser ponderosa pine
wood from certain stems maylkbe suitable for highevalue usesratherthanasbiomass
feedstoclor low-valuepallet stock

Ultimately, further,detailed information is needed abdl intrinsic properties of wood
from our regionfor examplemechanical bending tests need tacbaductedn trees from
across the landscape to enhance results from this pilot Sudyesults suggest that certain
individuals growing irhigher basal arestands (120 ftac’ or above) may be suitable for higher
value, structural uses based strictiytheir acoustic properties apcedictedmproved wood
stiffness.The average acoustic velocities in thighest basal aresands we measured
approached 2.50 mi s&cbased on results from the studies detailed above n@.Sect may be
an approximat cutoff for structural use

Undoubtedly, a thresholeistswhere the relationship between stdedel basal areand
acoustic velocity collapse¥ery stressedrees inhigher basal arestands may not have
sufficient resources tproduce higher qualit denser and stiffer wood\dditionally, trees from
completely unthinned stands, witlsal areawell above 200 ftac?, may simply be too small
for any uses other than as biomass energy feedstock. Researchers might focus future studies
solely onhigherbasal areatands (10@t2aci 200 f€ac?) to determine up to what point the
relationship described in this subsection holds true.

Acoustic Velocity vs Diametat Breast Height

In general, there was a weak relationship between acoustic velocity and DBH across the
different treatments at both study sites (Figure 4). While in the Centennial Forest there was a
positive relationship across all basal area treatments, this was w©asthér Taylor Woods.

Potential confounding effects relating to differences in site quality or stand history may have
affected our results. The fact that fewer trees were sampled at Taylor Woods and that these trees
had a narrower range of diameters miglsb contribute to the differences seen between the two
sites.

Confirmation of the Centennial Forest results by future studies would indicate a
significant tradeoff between intrinsic wood properties and tree volume. Taller;diarakter
individuals graving in relatively high basal area stands are likely to produce stiff wood suitable
for high-value applications; however, larggiameter trees may also produce stiff wood, while
generating more merchantable volume. Additional work is needed acrossea gaege of sites
to confirm the relationship between diameter and acoustic velocity in ponderosa pine growing in
the Southwest U.S.
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Figure 4: Acoustic velocity vs DBH for each basal area treatment at the Centennial Forest and Taylor Woods.
Therewasgenerallya positive correlation between acoustic velocity &8H for treesin the Centennial Forest
Patterns ardess cleamat Taylor Woodsn = 720(Centennial Fore$t n = 333 (Taylor Woods

Acoustic Velocity vs Total Tree Height

The correlation®etween acoustic velocity and tree height were weak overall (Figure 5),
although a positive relationship between average tree height and acoustic velocity does appear to
exist across both study sites. For all basal area treatments at both Taylor Wothas and
Centennial Forest, acoustic velocity increased with increasing tree height. This relationship was
weakest in the mitevel treatments of 80 and 1084dt?, but was still slightly positive. This
general relationship could be explained by a combinatidactors: the relationship between
tree height and age likely played a role in shaping our results. Taller trees tend to be older
(Figure 2) and older trees tend to form denser wffadures 7 and 8)f we assume that denser
wood correlates with highestiffness, this wood would transmit a sound wave more quickly
between the two probes of the ST300.

Additionally, after reaching approximately 25 years of age, trees will have transitioned
from producing juvenile wood to producing mature wood, whichdeade stiffer and denser
than juvenile wood. Somewhat independent of age, taller trees may also have more extensive
root systems. Coupled with more favorable canopy positions, taller individuals are likely better
prepared to sequester resources latertime growing season. However, higher basal area
treatments generally contain smaller, shorter trees. This suggests there may be tradeoffs between
dynamic stiffness gains and volume losses in these higher basal area stands.
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Figure 5: Acoustic velocitys total tree height in each basal area treatment at the two study sitesarApositive
correlation exists betwedree height and acoustic velocigcross both siteswith the pattern most clearly
expresseth the lowest and highest basal area treattsen = 279 (Centennial Fore$t n = 333(Taylor Woods

Acoustic VelocitwsRinglevel Wood [@nsity

The correlation between acoustic velocity and4awgel wood density was examined
over the last fifty years of growth, as an acoustic wave only travels through the outerwood of a
stem. Our results indicate a weak positive correlation between acoustitywatwd wood
density (Figure 6). Regardless of treatment class, denser wood correlates to higher acoustic
velocity. These results are not entirely surprising. As discussed, wood density is often linked to
higher latewood percentage in a stem. Denser wamttaining higher amounts of latewood, will
likely conduct sound waves faster than wood with a lower proportion of latewood. These results
suggest that wood density may be inferred from acoustic velocity measurements. Such an
inference could be significarwhereas it is a laborious process to measure wood density at the
stand level, it is relatively simple to measure acoustic velocity in sample plots across multiple
stands.

The next logical step in this line of research would be to bolster this preditdel for
wood density based on acoustic velocity, which would allow analysts to infer both dynamic
stiffness and wood density from easily obtained acoustic measurements, among other variables.
The positive relationship between acoustic velocity and waemkity across all basal area
treatments suggests that trees in higher basal area stands, regardless of their size, may not only
have stiffer wood than previously thought, but also denser wood.
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Figure 6: Acoustic velocity vs the mean density of the38sannual rings in each basal are@atment Results
exclusively from the Centennial Forest shioweak, yet positive relationship between acoustic velocityvaod
densityacrossall basal area treatments = 279.

Wood Density
Ringlevel Wood Dengitvs. Cambial Agand Year of Ring Formation

When comparing rirdevel wood density to cambial age and year of ring formation, most
trees exhibited irregular density early in their lives (Figures 7 and 8). However, as might be
expected, rindevel wood density stabilized and slightly increased iemégears. This is most
likely linked to a reduction in juvenile wood production as trees age. Climatic variation,
undeniably tied to competition, also likely played a significant part in shaping these results.
Significant drought events and particuladgosg summer monsoons at different times during
the 2000s likely contributed to spikes and dips in wood density over the last two decades.

Treatments of 100fac!, 120fEac?, and 150ftac! show a weak yet positive correlation
between cambial age @minglevel wood density, while in the lowest basal area stands there
appears to be no correlation between these variables. It is possible that in open st&ras (60ft
and 80 ftac?) greatemproductionof earlywood offsets wood density gains asseciatith the
shift from juvenile to mature wood production. Oggnown trees should have greater radial
growth rates than trees growing in higher basal area stands. Much of this additional radial growth
will consist of thirwalled, low-density earlywood ctd with wide lumen. In general, our results
suggest that the internal wood properties of ponderosa pine vary widely based on multiple
variables. Forest managers should consider average tree age when anticipating the intrinsic wood
properties of trees anbdir potential endises.
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Figure 8: Mean ring density vs year of wood formation averaged across all basal area treatments at Centennial
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Ringlevel Wood Density vBasal Area Treatment

Given the highly variable conditions at the Centennial Forest before the thofrEog5,
it is not possible to accurately link staleel basal area to wood density before 2(0B&ylord
et al 2011) In general, increased water availability late in the growing season is one of the most
significant factors influencing latewood formati and thus wood density in our region. It is
logical to assume that lageason water availability was historically a major contributing factor
in wood density differences over time.

We may more conclusively hypothesize about the causes of trends irdessity across
basal area treatment classes after the thinning of 2005 (Figure 9). As we did ndateassr
samples, the position of 2005 on our graph is an approximation and it is therefore difficult to
detect the exact impact of thinning on woodsin Still, general trends and differences between
basal area treatments can be analyzed with relative confidence from the last ten years. In the
2000s, the higher basal area treatments of 126ttand 150 ftac® had generally slightly higher
averageaing-level wood densities than the basal area treatment classes?@c6080ft ac?,
and 100ftac’. Several factors may have influenced the surprisingly highlewng) wood
density of trees in the highest basal area treatment blocks. Treeben bégal area stands have
less opportunity for diameter growth; thinning blocks to 22@ftand 150ft ac* would not
necessarily have resulted in significant radial growth, depending engatenent basal areas.
However, after the thinning of 2005, éin these higher basal area stands would have had more
resources available to them later in the growing season. With small crowns and limited room to
grow radially, there would be little reason for trees in higher basal area treatment blocks to add
wide-lumen, earlywood cells. Given the smaller crowns of trees from higher basal area stands, it
seems logical that resources made available after a forest thinning would be preferentially
directed toward forming compact, latewood cells rather thardensity,earlywood cells
(Larson 1969).

Regardless of the cause of the phenomena described above, the implications for wood
utilization are significant: trees in higher basal area stands form wood that is at least as dense as
the wood formed by trees in more omtands. We do not know the point at which this
relationship might break down: doghair thickets of berér ponderosa pine may not be
producing particularly dense wood. This pattern may already be present in our data: trac150ft
! treatment class exhibits lower average wood density at many points in time relative to the
slightly more open 120fac! treatment class.
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Thinning

Figure 9: Annual ring density vs year of wood formation by treatmentioitast 16 years of wood formationtae
Centennial Forest. étual basal areasverenot accurately knowbeforethe thinning of 200%hen the study was
establishedTrees in he highest density treatments of 12adt and 150 ffac! appear to form sjhtly denser wood
thanthose inlower basal area treatmenta = 279.

AnnualRingWidthvsCambial Age

A general trend of decreasing ring width with increasing age exists in trees from the
Centennial Forest (Figure 10). An initial rapid decrestabilized over time; across most basal
area treatment classes, ring width leveled off between theo&gBsand 50, except for in the 60
ft?ac!treatment. The initial decrease in ring width as a tree ages is likely a result of wider annual
rings and mee rapid growth when trees are younger and subject to less competition. Older trees
mustproduce increasingly more wood to cover their larger circumferences, resulting in
progressively narrower rings until diameter growth stabilizes at a much lower level.

However, wood formation at a finer scale is highly variable, resulting in annual
fluctuations in ring width. Irregular ring widths are present across all treatments. These
anomalies suggest that growth rates have been inconsistent over time, resldtegond and
earlywood bands that are highly variable in width. Images and graphical readouts of scanned
samples confirm this variability across many of our wood samples.

The semiarid climate of the region is likely a significant driver of these redliltsited
soil moisture and periodic drouglebupled with years of heavy monsoonal rains, directly affects
latewood growth and consequently ring widkefhoulaset al 2017). Coupled with intense
crowding and increased competition in the highest basatr@aaents, these factors likely
explain much of the variability in ring width seen in our results. Production of latewood that
varies in density by year results in inconsistent ring widths, likely creating highly variable
mechanical wood properties witha given stem.
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