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Abstract 

 

The Four Forest Restoration Initiative (4FRI) is a landscape-scale collaborative project 

aimed at reducing the threat of catastrophic wildfires and improving forest health by moving 

forest ecosystems in 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and guided by historical reference conditions.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 value-added wood products made from 

small-diameter trees. Currently, traditional markets for ponderosa pine in the region consist of 

mainly low-value products.  

The aim of this study was to provide information to forest managers and investors on the 

quality of the wood harvested during 4FRI 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 stand- and tree-level 

variables. We also collected acoustic velocity data from the Taylor Woods levels-of-growing-

stock study on the Fort Valley Experimental Forest. Wood density and acoustic velocity relate to 

stiffness and strength, important properties that determine end-use potential. 

Acoustic velocity was higher, on average, in trees from stands with higher basal areas, 

while basal area had only a small effect on wood density. This indicates that wood quality may 

improve with increasing basal area, but these gains may be offset by lower volume production 

from harvesting small-diameter material. Our findings may help dispel the notion that wood from 

small-diameter ponderosa pine trees is unsuitable for high-value applications. We hope these 

findings encourage investment in wood processing infrastructure in the region; without such 

investment, forest restoration projects in the Southwest may not be economically viable over the 

long-term. 
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Part One: An Overview of Forest Operations and the Wood Products Industry in 

Norther Arizona 

 

Introduction  

 More than a century of inappropriate forest management activities in northern and central 

Arizona, principally fire suppression and exclusion, grazing, and irresponsible logging practices, 

has resulted in high basal area stands of predominantly small-diameter trees vulnerable to 

catastrophic wildfire, insect attacks, and disease outbreaks (Covington and Moore 1994; 

Covington et al 1997). In response, the United States Forest Service has undertaken a massive 

restoration initiative known as the Four Forest Restoration Initiative (4FRI). Across four national 

forests, the Forest Service has begun work to ñrestore the structure, pattern, composition, and 

health of fire-adapted ponderosa pine ecosystems; reduce fuels and the likelihood of unnaturally 

severe wildfires; and provide for wildlife and plant diversityò (http://www.fs.usda.gov/4fri, 6 

September 2016). More than 600,000 acres of forest are scheduled to be treated over the next 20 

years (http://www.4fri.org/background.html, 6 September 2016), potentially producing over one 

million cubic feet of stem wood and 9.6 million green tons of biomass from tree crowns 

(Hampton et al 2008). However, ponderosa pine (Pinus ponderosa), is considered to be of little 

commercial value in much of the southwestern United States. Though commercially exploited in 

other parts of its range, including in other parts of Arizona, processing of ponderosa pine is not 

seen as economically lucrative throughout much of Arizona and New Mexico (Covington et al 

1997). 

Public skepticism and resistance from environmental groups to timber removal has 

largely limited the Forest Serviceôs social license to implement forest restoration and fire-hazard 

reduction treatments that are ecologically and economically sensible (Chapman N, pers. comm., 

April  2017). Though ambitious in its scope, 4FRI has been limited in its operational objectives. 

Operations are generally limited to the harvesting of trees under 16 inches in diameter, which 

often results in basal areas and trees per acre above the historical range of variation for the region 

(USFS Old Growth and Large Tree Retention Strategy 2011). There is evidence that a 

considerable number of larger ponderosa pine trees should in fact be removed from the forest for 

a variety of reasons, including reducing torching indices and improving water yield and seedling 

regeneration post-treatment (Abella et al 2006, Sánchez Meador et al 2015, Flathers et al 2016).  

Given the negative perceptions of ponderosa pine wood in the region, policies that 

impede the harvesting of larger trees present challenging economic barriers to efficient, self-

sustaining restoration initiatives. This resistance among the public and environmental groups 

stems from a history of irresponsible logging practices. After Euro-American settlement in the 

late 1800s, the largest pine trees in the region were cut without restraint: ñin the late 1800s, the 

northern Arizona forests provided an abundant timber supply of valuable and easily harvested 

southwestern yellow pine [i.e. Pinus ponderosa] for railroad ties. The harvesting process 

required the heavy cutting of old-growth timber with little attention given to future productivityò 

(Geils 2008, pp1-2). By the early 1900s, intensive logging of large ponderosa pine trees 

threatened the viability of the logging industry in northern 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 

remained relatively stable in the Flagstaff area until the early 1990s. It was during this period 

http://www.fs.usda.gov/4fri
http://www.4fri.org/background.html
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that unfavorable market conditions and high volumes of unmerchantable stems, coupled with 

lawsuits from environmental groups, applied even more pressure on an already stressed wood 

industry (Ffolliott 2008). The result was the near total collapse of the private, commercial 

logging industry of north-central Arizona. 

After a period without significant logging operations and wood products manufacturing, 

the U.S. Forest Service became essentially the only significant forest management group in the 

region. With high frequency, low-intensity fire and private commercial logging largely removed 

from the landscape, non-commercial, mechanical thinning has become the dominant silvicultural 

technique applied to reduce stocking levels in the high basal area forests around Flagstaff. To 

date, the Forest Service claims to have mechanically thinned approximately 150,000 acres across 

the 4FRI project area (https://www.fs.usda.gov/Internet/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 behind schedule 

(https://www.williamsnews.com/news/2017/may/30/treatment-continues-kaibab-despite-slow-

4fri-progr/, 18 June 2017).  

Although the obstacles to efficient, successful forest restoration across the 4FRI area are 

complex, a lack of market demand for wood, which 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 facilities. It is largely through collaboration 

with The Nature Conservancy that NewPac has been able to stay in business, producing cants 

that are exported to Mexico as low-value pallet stock (Chapman N, pers. comm., September 

2017). Small operators like these are simply unable to absorb the large volume of small-diameter 

trees from fuels reduction and other treatments in the region.  

A relatively successful project in eastern Arizona known as the White Mountain 

Stewardship Project also stimulated local industry and partially met restoration goals: through 

the stewardship program, loggers received subsidies from the federal government to treat tens of 

thousands of acres of vulnerable forest in eastern Arizona; local wood products manufacturers 

received substantial support as well (Sitko and Hurteau 2010). Given the near complete absence 

of significant industry in north-central Arizona, such stewardship agreements will be an essential 

component of reestablishing the wood products industry around Flagstaff. The White Mountain 

Stewardship Project, though innovative and somewhat successful, was not without its challenges 

and pitfalls (Mottek et al 2017). The myriad of lessons learned while implementing stewardship 

projects in the White Mountains can be applied to improve initiatives in the Flagstaff area aimed 

at reinvigorating local industry while reducing fire-hazard (Mottek et al 2017).  

Despite relative success in other parts of Arizona reviving local wood products industries, 

larger-scale manufacturers have so far been deterred from returning to the Flagstaff area. The 

reasons for this include, in addition to a lack of detailed information about ponderosa pine wood 

properties, the Forest Serviceôs complicated contract system sometimes discouraging industry 

growth, and small logging contracts of only a few thousand acres being offered to loggers with 

no guarantee of long-term supply (Chapman N, pers. comm., September 2017). Both loggers and 

mills are limited by the annual fluctuation in the size of these contracts. Loggers awarded 

contracts to fell timber near Flagstaff often cannot obtain sufficient capital loans to complete 

operations and frequently subcontract their work to other operators (Chapman N, pers. comm., 

September 2017). This lack of operational continuity results in an inefficient and imperfect 
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implementation of restoration prescriptions, which is an impediment to entrepreneurial 

commitment and large-scale investment in high volume, value-added wood processing facilities 

in the region.  

At present, hopes for meeting restoration and fuel-hazard reduction objectives on the 

western extent of the 4FRI area lay in the potential construction of biomass energy facilities 

(http://azdailysun.com/news/local/fri-looks-to-reboot/, 18 June 2017). Despite the completion of 

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 realized. In eastern Arizona, 

however, the utilization of small-dimeter pine as biomass, supported 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 north-central Arizona toward 

biomass facilities neglects the fact that much of the volume across the landscape may be 

appropriate for higher-value uses. Though directing some small-diameter ponderosa pine for use 

in biomass energy plants may be an appropriate part of a larger plan to solve the regionôs 

resource oversupply problems, it is likely not a stand-alone solution. 

 Ultimately, landscape-scale restoration efforts in the region will depend on more efficient 

and profitable utilization of small-diameter logs (Lowell and Green 2001). A key component in 

realizing this goal is a more accurate and comprehensive understanding of the properties of the 

wood supply. Current knowledge about ponderosa pine wood properties is largely anecdotal: 

many foresters in the region view the wood as soft, knotty, and unfit for structural applications. 

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 strength are often seen to be of paramount importance by the wood 

industry, as they play a large part in determining the end-use potential of logs (Grabianowski et 

al 2006; Wang et al 2007a; Wang et al 2007b; Auty and Achim 2008). Measured in miles per 

second, the speed at which sound travels through a tree correlates directly to its dynamic wood 

stiffness, which in turn correlates to the stiffness determined in static bending. Assuming green 

wood density remains constant, faster acoustic speeds suggest stiffer wood. This relationship is 

driven by, among other factors, the proportion of latewood present in a stem (Carter et al 2005). 

Theoretically, acoustic velocity is directly related to the dynamic modulus of elasticity, or 

dynamic wood stiffness, and wood density by the equation: 

 

 

MOED = dynamic modulus of elasticity (lb in-2), ɟ = green wood density (lb ft -3), v = acoustic velocity (mi sec-1). 

Though acoustic tools provide individual, tree-level values, they are most useful at the 

forest level where they can be used to compare wood stiffness across stands for proper 

segregation of stems. Toward such ends, field use of acoustic tools has increased in recent years 

throughout both the commercial and research forestry sectors (http://www.fibre-

gen.com/research-papers, 12 October 2016). The use of acoustic tools for early genetic selection 

of stock in commercial tree-breeding programs is also increasing, as wood stiffness is strongly 

influenced by genetics (Jayawickrama et al 2011, Lenz et al 2013, Lowell et al 2014). This has 

2
DMOE vr=
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encouraged forest geneticists to consider acoustic velocity when selecting families for 

commercial tree breeding (DeBell J, pers. comm., July 2017). Geneticists and reforestation 

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

in their reforestation plans, further increasing managersô ability to maximize profits from their 

forested lands. Further commercial applications for acoustic tools exist at the wood-processing 

level: in New Zealand and Australia, for example, acoustic testing of logs before processing has 

enabled more efficient segregation of stems based on their structural qualities (Carter et al 2013).  

Though more difficult to collect, wood density measurements are also strong indicators 

of the mechanical properties of a stem (Shmulsky and Jones 2015). Wood density can be 

measured through X-ray densitometry, where the radial density profiles of samples prepared 

from increment cores are scanned at a fine scale using X-rays. As this is a complex and costly 

process, it is not applied widely by field foresters; companies and organizations likely do not 

have the financial capital or manpower necessary to collect, cut, and scan wood samples from 

their forests. Still, models for commercially valuable species such as Scots pine and Sitka spruce 

do exist that link wood density to stand and tree-level variables (Guilleya et al 1999, Repola 

2006, Gardiner et al 2011, Auty et al 2016). The potential exists for these models to be applied in 

determining the end-use potential of stems on a commercial scale. No such model or basic 

relational description exists for ponderosa pine in the Southwest. 

Together, wood density and acoustic velocity data give a strong indication of the 

structural properties of a stem by providing information on the strength and stiffness of trees and 

logs. For structural applications, most timber must meet certain minimum standards for strength 

and stiffness as expressed through the moduli of elasticity (MOE) and rupture (MOR) (Auty and 

Achim 2008). Higher strength and stiffness values may allow for the use of stems in higher-value 

structural applications such as building construction or composite lumber manufacturing. Still, 

such utilization depends largely on the variance and uniformity of strength and stiffness 

properties across an entire stem. Stems producing wood with poor or highly variable strength and 

stiffness properties have traditionally been chipped for landscaping, utilized as biomass energy, 

piled and burned in the forest, or processed into cants to manufacture low-value products such as 

pallets.  

 

Factors Impacting Wood Properties and End-Use Potential  

 Of importance in understanding the results of this study is a discussion of the role of 

latewood in determining wood density and stiffness. Commonly, latewood is the term used to 

describe the thick-walled tracheid fibers added radially to a treeôs stem toward the end of a 

growing season. Latewood contains more densely compacted xylem tracheids than earlywood, 

which is developed in spring and early summer. The open cavities at the center of xylem 

tracheids, or lumen, are also smaller in latewood fibers. The proportion of latewood in a stem 

relative to earlywood is correlated to wood density and the end-use potential of a log: ñwood 

density may be closely approximated and evaluated by the proportion of latewood in the growth 

ringsò (Larson 1963, p28). 

 Many factors contribute to latewood proportion in annual growth rings. Of these, the 

extent of a treeôs live crown is strongly linked to earlywood formation. The live crown produces 

auxin, a growth-regulating hormone that increases in concentration with crown growth and size. 

Large crowns generally lead to greater auxin production, resulting in higher earlywood 
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percentages in annual growth rings. Additionally, the presence of photosynthates, often linked to 

live crown vigor, late into the growing season is commonly associated with the thickening of cell 

walls and the formation of latewood (Larson 1969). However, 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 1969, Shmulsky and Jones 2015).  

The relationship between the live crown and water demands is also related to latewood 

proportion: larger crowns require more water from their roots to satisfy greater photosynthetic 

demands; a greater proportion of earlywood cells would therefore be expected, as they are better 

conduits for water (Larson 1963). Smaller crowns, associated with lower photosynthate 

production and reduced water demands, correlate to higher percentages of latewood in a stem 

(Larson 1969). In the United States Southwest, latewood formation may be connected most 

closely to late-season soil moisture availability and summer vapor pressure deficits (Kerhoulas et 

al 2017).  

The proportion of juvenile wood in trees also helps determine end-use potential. Juvenile 

wood tends to be low in density, contains considerable amounts of tension and compression 

wood, and is generally of inferior quality with respect to structural uses than mature wood 

(Shmulsky and Jones 2015). Dependent on species and site conditions, trees between the ages of 

15 and 25 begin to reduce production of low-density juvenile wood and transition to the 

formation of structurally superior mature wood (Zobel and Sprague 2012). After this, juvenile 

wood production is restricted to the areas close to the live crown. Therefore, trees with larger 

crowns will likely produce relatively high amounts of juvenile wood, regardless of their age.  

Conventionally, manufacturers of solid wood products have sought uniformity in wood 

properties, namely the evenness with which latewood and earlywood bands are distributed across 

annual growth rings. Larson (1969, p47) states that ñone of the greatest wood quality problems 

facing all wood-using industries is lack of uniformityéthe more erratic the growth conditions, 

the greater the non-uniformity of the wood produced.ò Ponderosa pine in the Southwest grows 

under such erratic conditions; largely due to the regionôs dry climate, ponderosa pineôs annual 

growth is highly variable. Additionally, intense crowding in many stands can compound drought 

stress, increasing irregularities in internal wood properties (Martinez-Meier et al 2015). Highly 

variable stand basal areas and intense competition also contribute to the formation of irregularly 

sized growth rings that result in variable internal strength and stiffness properties.  

 However, with the development of composite wood products, a greater variety of raw 

material is suitable for commercial use. Irregularities in growth ring width, variation in latewood 

and earlywood bands, and stress-gradients created by knots can be mitigated by many of the 

processes that form composite wood products (Shmulsky and Jones 2015). With the growth of 

composite wood industries, less dense, structurally inferior wood may sometimes be preferred, as 

it is more mechanically efficient to process this weaker wood into products such as oriented 

strand board (Shmulsky and Jones 2015). A feasibility study from 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 may be appropriate for use in composite wood products, such as 

glulam beams and oriented strand board (LeVan-Green and 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 

require capital investment levels in the tens to hundreds of millions of dollars. Small-diameter 
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ponderosa pine in the United States Southwest will be harvested almost exclusively from federal 

lands and investors are likely wary of their investments depending entirely 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 and scientific problems facing the region will require 

complex, nuanced, and proactive strategies that target a cluster of end-uses and forest industries 

to diversify markets. It is unlikely that a single product or market will suffice to absorb the bulk 

of ponderosa pine wood removed in fire-hazard reduction operations. Only a thorough 

quantification of the strength, stiffness and other important wood properties across the regional 

landscape will determine the appropriate potential end-uses for the stems harvested in northern 

Arizona.    

 

Part Two: Using nondestructive techniques to assess wood quality in 

ponderosa pine forests near Flagstaff, Arizona. 

  

Study Objective 

To use nondestructive testing (NDT) methods to investigate the relationship between 

internal wood properties, namely wood density and stiffness, and tree and stand-level variables 

in replicated ponderosa pine levels-of-growing-stock experiments. 

 

Methods  

Study Sites 

Data were collected in the summers of 2015 and 2016 in Northern Arizona Universityôs 

Centennial Forest and the Forest Serviceôs Taylor Woods levels-of-growing-stock study, both 

near Flagstaff, Arizona. The area has a semi-arid climate with most significant precipitation 

falling as winter snow or as late summer, monsoonal rain. The forest at our sites is dominated by 

ponderosa pine and Gambel oak (Quercus gambelii).  

Throughout this study, stand density is expressed in terms of basal area. At the 

Centennial Forest, a thinning in 2005 resulted in the creation of five replicated basal area 

treatments of 60, 80, 100, 120, and 150 ft2 ac-1 across a total of 20 treatment blocks, each 

approximately five acres in size. Post-thinning basal areas ranged from 62 ft2 ac-1 to 175 ft2 ac-1 

across the twenty distinct treatment units. The study was created using an uneven-sized group 

selection with even spacing; pre-treatment basal areas ranged from 58 ft2 ac-1 to 174 ft2 ac-1 

(Gaylord et al 2011). The experiment has not been treated again since the initial thinning. Pre-

treatment basal areas and trees per acre across the site were highly variable: several replicates 

were already at post-thinning targets in 2005 and did not require thinning; however, in most 

replicates, there was no apparent link between pre- and post-thinning basal area (Gaylord et al 

2011). Basal area classes did not exist in any distinct, systematic manner prior to 2005. The 

study at Taylor Woods had a similar design. It was established in 1962 and has been periodically 

thinned to maintain replicate treatment units near 30, 60, 80, 100, 120 and 150 ft2 ac-1, which 
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range in size from 0.75 to 1.24 acres (Bailey 2008). Taylor Woods also contains unthinned and 

non-forested units. As of 2016, actual basal areas varied slightly from targets (Flathers et al 

2016).   

Many of the stands to be treated by the Forest Service under 4FRI are above 55% of 

maximum stand density index (SDI) and have basal areas greater than 200 ft2 ac-1 (McCusker et 

al 2014). However, a certain number of treatments will occur in stands with basal areas between 

150 ft2 ac-1 and 200 ft2 ac-1 (4FRI Landscape Restoration Strategy for the First Analysis Area 

2010). Comparatively, the highest basal area stands at our two study sites are analogous 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 resemble some of the desired post-treatment 

conditions detailed in 4FRIôs objectives (USFS Proposed Action for Four-Forest Restoration 

Initiative 2011, McCusker et al 2014). 

 

Sampling Techniques and Data Collection 

In the Centennial Forest, three randomly located fixed-area 0.1-acre plots were 

established in each of the 20 treatment blocks, for 60 plots in total. Study plots were chosen by 

selecting a random number of paces and a random azimuth. We established the first plot by 

walking the decided number of paces along a random azimuth from the corner of a given 

treatment unit; the two subsequent plots in each unit were established using the same technique, 

starting from the center of the previous plot. In this way, we hoped to overcome the natural bias 

to walk toward open areas. We repeated this process at Taylor Woods, but sampled in fewer total 

replicate treatment blocks than at the Centennial Forest. Total trees per plot varied greatly 

depending on a given treatment unitôs basal area. In some of the most open treatment blocks, 

fewer than six live ponderosa pine trees greater than five inches in diameter were suitable for 

measurement per sample plot. In the highest basal area stands, as many as 40 trees per plot were 

appropriate for sampling.  

At Taylor Woods, tree diameter at breast height (DBH, in.), total tree height (ft.), height 

to the base of the live crown (ft.), and acoustic velocity were recorded for each tree over five 

inches in DBH in a given plot, for a total of 333 trees. Due to permission restrictions, increment 

cores were not taken from trees at Taylor Woods. In the Centennial Forest, we measured tree 

diameter and recorded acoustic velocity for 720 individuals. Total tree height and height to 

crown base were measured on a subsample of approximately six trees per plot, totaling 279 

measurements. A single increment core was extracted at breast height (4.5 feet from ground 

level) from the same subsamples of 279 trees, using standard increment boring techniques. To 

select our subsample of trees, we chose individuals that would theoretically be suitable for 

commercial harvest and utilization based on DBH, total height, crown height, and stem 

straightness. After extraction, cores were secured in modified drinking straws and placed in a 

freezer for storage.  

 

Measuring Acoustic Velocity 

 Acoustic velocities were recorded at both Taylor Woods and the Centennial Forest using 

the ST300 Hitman tool (Fibre-gen, Christchurch, New Zealand). Gambel oak trees were not 

tested, nor were ponderosa pine trees under five inches in diameter due to the heightened risk of 
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damage to the trees from the insertion of the ST300ôs acoustic probes. In addition, acoustic 

velocity measurements from the Hitman tool are known to be less reliable in trees under five 

inches in diameter. We placed the toolôs two probes in each ponderosa pine tree to be sampled, 

one near the base of the tree and the other, for practical purposes, just above breast height 

(Figure A2). Though recording acoustic velocity at breast height may seem to be an 

inappropriate technique for measuring the internal qualities of an entire stem, various studies 

have concluded that such data can be interpolated to an entire stem with relative confidence 

(Haines and Leban 1997, Auty and Achim 2008). Additionally, acoustic data allow for a very 

accurate comparison of internal wood properties between trees at a specific, user-determined 

point along a stem.  

To operate the ST300 tool, the user taps the lower probe 24 times with a hammer, 

producing a velocity measurement. The distance traveled by the wave from the lower probe to 

the upper probe is measured and the transit time is recorded. Knowing the distance between 

probes, velocity (miles per second, mi s-1) is calculated as the distance over the time-of-flight of 

the acoustic wave (Figure A3). Opinions vary on whether consistent placement of probes on a 

specific side of a tree is important. Wang et al (2007a) chose a side randomly for each individual 

tree, while Mora et al (2009) did not identify consistency in probe placement as a significant 

factor in producing accurate acoustic readouts. We chose to take measurements on the north side 

of all trees for consistency.  

 

Measuring Wood Density 

 Wood density was measured on samples from the Centennial Forest using the Quintek 

QMRS-01X Tree Ring Scanner (Quintek Measurement Systems Inc., Knoxville TN). Before 

scanning, the cores were conditioned in a climate-controlled chamber to approximately 6-8% 

moisture content. As the QMRS-01X is unable to analyze intact cores, our samples were 

prepared with the assistance of Dr. Joseph Dahlen from the Warnell School of Forestry and 

Natural Resources, University of Georgia. In the scanning process, 2-mm-thick bark-to-pith 

samples were secured in a five-millimeter cartridge and mounted on a linear stage. The stage 

then moves in 25-µm increments and the X-ray beam scans the sample on the tangential face. A 

camera also creates a detailed image of the radial profile of the sample. The result is a graphical 

representation of a sampleôs radial density profile, measured in pounds per square inch (lb in-2), 

accompanied by a photograph of the sample. The QTRS-01X software also produces a ring-level 

density summary, which quantifies, in tabular format, the average density for each year of 

growth based on the density variation between adjacent latewood bands. As wood density is 

usually averaged for each annual ring, we often refer to our results in terms of ring-level wood 

density throughout this work. The ring-level summaries also include average earlywood and 

latewood density values for each annual ring. 

Before scanning, we calculated a mass attenuation coefficient, which is used to calibrate 

the densitometer. This coefficient is an estimate of the amount of energy that is absorbed by any 

given wood sample. The mass attenuation coefficient is species- and region-specific and is 

necessary for accurate density measurement. To calculate this, we measured the specific gravity 

of ten randomly selected intact cores by suspending them in a beaker of water. Dividing the mass 

of each core (lb) by its volume (ft3) gave us the specific gravity of each sample. We averaged the 

samples to get an approximation of average specific gravity for our cores in lb ft-3. We entered 
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this average into the scan set-up parameters as the target wood density value for a particular 

sample. We then scanned the sample and the software used the known specific gravity of the 

core to calculate a mass attenuation coefficient for use in future scans.  

In measuring wood density, our methods paralleled closely those of Antony et al (2012), 

who also used non-destructive sampling methods, i.e., extraction of increment cores. 

Nondestructive methods for testing wood properties may limit the amount of information one 

can gather from a given sample: for example, strength and bending tests to determine the exact 

moduli of rupture and elasticity for a sample can only be performed on destructively sampled 

trees. Still, nondestructive sampling allows significantly more samples to be extracted for wood 

density analyses, providing the opportunity to collect data from many more individuals.   

  

Data Analysis 

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

Taylor Woods:  

¶ Centennial Forest: we linked tree height and DBH to basal area treatment and acoustic 

velocity using 720 diameter measurements and 279 height measurements.  

¶ Centennial Forest: we described a linear relationship correlating acoustic velocity to wood 

density using paired velocity and wood density measurements from 279 trees. Acoustic 

measurements were averaged over the last 50 years of growth, as acoustic waves tend to 
travel through the stiffest material, i.e., the outerwood portion of the stem.  

¶ Centennial Forest: using 279 wood density samples, we described relationships between 

wood density and cambial age, year of ring formation, and stand-level basal area, as well as 

the relationship between cambial age and average annual ring width.  

¶ Centennial Forest: using data from 279 trees we linked DBH and average tree height to tree 

age at breast height.  

¶ Taylor Woods: we established relationships between acoustic velocity and tree height and 

diameter and basal area treatment using 333 data points per analysis.  

 

Study Limitations   

 This experiment did not have pure controls; untreated stands were not 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 value-added uses, making their internal 

wood quality properties largely irrelevant.  

Our analysis was limited in that it did not relate wood quality characteristics directly to 

climate variables. Drying and warming patterns throughout the Southwest have their own effects 

on wood formation in ponderosa pine; some of these effects have already been documented 

(Martinez-Meier et al 2015, Dannenberg and Wise 2016). Drought, for example, is known to 

induce production of smaller diameter tracheids, resulting in ñfalse ringsò (Larson 1969). These 

slight changes in wood density and color can make proper delineation of ring boundaries 

difficult. Though an X-ray densitometry analysis of the average wood density of an entire sample 

is unaffected by these false rings, examining annual variation in wood density becomes 
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challenging when many false rings are present; determining the true end of a treeôs annual 

growth can become nearly impossible. For this work, cores were not cross-dated due to time 

constraints. Without matching annual ring patterns across multiple cores, identifying the true 

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

Consequently, years of ring formation and dates associated with wood density scans contain a 

degree of error. Future experiments might address this by cross-dating cores and may incorporate 

climate data more directly into analyses of wood density and acoustic velocity. Such a study may 

help determine the relative influence of stand basal area and climate on ponderosa pine internal 

wood properties.  

 Another limiting factor of this research was that levels-of-growing-stock studies at the 

Centennial Forest and Taylor Woods have not been strictly maintained. Lower basal area classes 

are beginning to converge with higher ones. This may confound results linking stand-level basal 

area to wood density and acoustic velocity. Future studies would benefit from stricter 

maintenance of target basal areas. Our analysis may also be limited in its scope of inference: we 

did not sample stands from across the southwestern United States. Such ambitions were beyond 

the scope of this pilot study.  

 

Results and Discussion 

Acoustic velocity results incorporate data collected from both Taylor Woods and the 

Centennial Forest, while wood density results have been derived from increment cores collected 

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 study at Taylor Woods. The levels-

of-growing-stock 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 would have been higher across much of the Centennial 

Forest until the thinning of 2005 (Gaylord 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 basal area 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 treatment class, suggesting that older 

trees were present before the thinning of 2005 in the 60 ft2 ac-1 replicates and were retained post-

thinning. Still, average tree ages suggest that few trees across the study site would have 

established before Euro-American settlement. Ranges of recorded acoustic velocity values were 

more variable at the Centennial Forest and the maximum velocity values in the Centennial 

Forestôs highest basal area classes were considerably higher than values from comparable stands 

at Taylor Woods. Relatively 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: Mean tree characteristics by site; CF = Centennial Forest and TW = Taylor Woods. Lacking increment cores 

from Taylor Woods, average tree age per treatment class could not be calculated.  

Site Treatment No. of Trees BA 2015 

Mean DBH (SD) 

Range (in.) 

Mean Ht (SD) 

Range (ft.) 

Mean Vel (SD) 

Range (mi s-1) 

Avg. Age  

(yrs) 

CF 60 67 89 
16.2 (3.8) 

5.7 ï 23.6    

58.1 (10.7) 

20.4 ï 77.4 

2.17 (0.25) 

1.47 ï 2.67 
99 

CF 80 100 83 
12.8 (4.1) 

5.6 ï 21.3 

53.0 (11.9) 

24.1 ï 80.3 

2.12 (0.26) 

1.30 ï 2.55 
86 

CF 100 143 130 
13.3 (4.3) 

5.0 ï 24.1 

56.7 (11.0) 

23.8 ï 80.3 

2.18 (0.25) 

1.34 ï 2.66 
90 

CF 120 191 130 
11.4 (4.0) 

5.3 ï 28.0 

51.9 (15.3) 

24.6 ï 84.0 

2.28 (0.27) 

1.32 ï 3.06 
82 

CF 150 219 149 
11.2 (3.6) 

5.0 ï 23.5 

52.9 (11.7) 

25.8 ï 85.0 

2.23 (0.26) 

1.29 ï 2.99 
81 

TW 30 15 57 
16.8 (7.3) 

6.1 ï 24.5 

56.2 (19.7)  

28.5 ï 79.2 

1.82 (0.28) 

1.32 ï 2.19 

_ 

TW 60 23 70 
18.2 (1.4) 

16.0 ï 21.3 

66.4 (5.4) 

57.0 ï 75.0 

2.09 (0.19) 

1.79 ï 2.46 

_ 

TW 80 46 108 
15.9 (1.9) 

11.9 ï 21.7 

64.6 (5.7) 

51.8 ï 81.0 

2.19 (0.15) 

1.80 ï 2.55 

_ 

TW 100 70 124 
13.8 (2.1) 

9.4 ï 18.9 

61.3 (8.2) 

39.1 ï 82.4 

2.29 (0.15) 

1.81 ï 2.67 

_ 

TW 120 37 134 
14.0 (1.8) 

10.7 ï 17.7 

63.0 (5.8) 

51.5 ï 73.8 

2.29 (0.13) 

2.03 ï 2.56 

_ 

TW 150 142 167 
11.2 (2.1) 

7.4 ï 16.6 

56.6 (6.2) 

38.2 ï 70.4 

2.41 (0.15) 

1.91 ï 2.68 

_ 

 

Average Tree Height and Diameter at Breast Height vs 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 height, suggesting 

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 more intense, thereby restricting growth. However, in a 

following section, we show that acoustic velocity, a surrogate for wood stiffness, likely increases 

with increasing stand basal area. This phenomenon suggests that there are tradeoffs between 

stiffness gains and volume losses in higher basal area stands. Though 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 expect to see similar trends 

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 

Woods. Both average tree height and DBH decrease with increasing basal area. These results are from the 

Centennial Forest; n = 279 (height); n = 720 (DBH).   

 

Average Tree Height and Diameter at Breast Height vs Age at Breast Height 

There was a positive correlation between average tree height and age at breast height in 

the Centennial Forest. This correlation is weakest in our lowest basal area treatment, as more 

open-growing trees have less need to emphasize height growth (Figure 2). The positive 

relationship between height and tree age was strongest in the 80 ft2ac-1 and 120 ft2ac-1 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 area class; though crown height is 

still likely to be important, more intense crowding may have limited treesô access to resources to 

allocate toward height growth.  

Though in the intermediate treatments there was a moderate positive correlation between 

diameter at breast height and tree age at breast height, this relationship was significantly weaker 

in our lowest and highest basal area treatments. In the 60 ft2 ac-1 class, this may be a result of 

larger tree diameters. As trees become larger, they experience less overall diameter growth for 

the same amount of overall growth. Trees must form more woody material around their stem as 

their cross-sectional area increases. However, the lower correlation in the 150 ft2 ac-1 was likely 

caused by other factors. Competition for 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 over 200 ft2 ac-1 for decades.  
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Figure 2: Scatterplots of tree height (top) and DBH (bottom) vs. tree age at breast height for each basal area treatment 

at the Centennial Forest.  In the Centennial Forest, average tree height increases with age. The relationship between 

diameter at breast height and age at breast height is also positive, yet both relationships vary significantly by basal 

area class; n = 279. 
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Acoustic Velocity  

Acoustic Velocity vs Basal Area Treatment 

Our results indicate that acoustic velocity is positively correlated with basal area 

treatment (Figure 3). This phenomenon is likely explained by an increase in the proportion of 

latewood present in the annual rings of the relatively slow-growing trees in the higher basal area 

treatments. Sound waves are conducted more rapidly through the compact, thick-walled cells of 

latewood relative to the thinner-walled 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 in higher basal area stands have lower water 

demands than the larger crowns of trees in open-grown 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 larger trees being present at Taylor 

Woods. This suggests the possibility that trees at Taylor Woods with more extensive root 

systems may have greater access to late-season soil moisture, allowing for increased latewood 

formation.  

 

Figure 3: Boxplots of acoustic velocity for each target BA treatment. Mean velocity (i.e. dynamic wood stiffness) is 

positively correlated with stand basal area; this relationship is significantly stronger at Taylor Woods; n = 720 

(Centennial Forest); n = 333 (Taylor Woods). 

 

In addition to analyzing the relationship between acoustic velocity and basal area 

treatment classes, we must consider a more fundamental question: are our reported acoustic 

values ñgoodò from a wood products perspective? Our reported acoustic velocity values in the 

highest basal area units of 120 and 150 ft2 ac-1 at both Taylor Woods and Centennial Forests 
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ranged from approximately 1.24 mi sec-1 to 3.11 mi sec-1. Most values were clustered between 

1.86 and 2.48 mi sec-1; however, approximately 10% of values were above 2.48 mi sec-1.   

In general, acoustic tools allow for 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 

properties. 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 should inspire confidence that 

trees removed from 4FRI operations will be suitable for high-value end-uses. 

Though problematic, we must look to other species to contextualize our results. In a study 

of acoustic properties in plantation-grown New Zealand radiata pine (Pinus radiata), the authors 

reported standing-tree acoustic velocity values ranged from just above 1.86 mi sec-1 to just below 

3.11 mi sec-1, with the bulk of acoustic measurements clustered near the mean of 2.34 mi sec-1 

(Matheson et al 2002). Although the relationship between downed log acoustic velocity and 

static wood stiffness was stronger than that between standing-tree acoustic velocity and wood 

stiffness, acoustic velocity in standing trees was still moderately correlated with dynamic wood 

stiffness and had the power to inform pre-processing segregation decisions. The authors 

ultimately concluded that based on wood stiffness, the top 50% of stems were appropriate for 

structural end-uses while the bottom 50% would be best suited for non-structural applications.  

Another study looked at acoustic velocity in white spruce (Picea glauca) growing in 

plantations in Quebec, Canada (Bérubé-Deschênes et al 2016). The plantations were ready for a 

first commercial thinning at around twenty years of age. The average acoustic velocity pre-

thinning ranged from 1.86 to 2.17 mi sec-1. The authors also described a similar relationship 

between dynamic wood stiffness and crowding pre-thinning, 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 

acoustic velocity.   

Drawing strong conclusions on appropriate end-uses for ponderosa pine through cross-

species comparisons would be problematic. Ponderosa pine wood from northern Arizona will 

have to compete with domestic and international wood products from plantation settings; thus, a 

broad contextualization of ponderosa pine wood properties relative to ñthe competitionò is still 

appropriate. Though standing tree acoustic velocities are not perfect for assessing the potential 

end-use of a given stem, relative comparisons of acoustic 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 

set up over 30 Douglas-fir (Pseudotsuga menziesii) progeny test sites throughout the state. The 

oldest sites were established in the 1970s, but currently the agency also maintains second- and 

third-generation test sites. The department began collecting acoustic velocity data in its second-

generation sites, planted in the early 1990s. In second-generation sites, Douglas-fir trees between 

20 and 30 years old had average acoustic velocities between 2.49 mi sec-1 and 3.11 mi sec-1 

(DeBell J, pers. comm., September 2017). Comparing these progeny sites with our study results, 

average acoustic values from the second-generation Washington state sites are higher than the 

majority of values recorded from Taylor Woods and the Centennial Forest. It is not surprising 
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that Douglas-fir trees, with access to abundant resources in plantation settings, produced higher 

acoustic velocity readouts than ponderosa pine growing in natural stands in the southwestern 

United States. This suggests that, in terms of intrinsic wood properties, ponderosa pine wood 

from our region will clearly struggle to compete with plantation-grown Douglas-fir from the 

Pacific Northwest. Still, this does not preclude the possibility that stiffer, denser ponderosa pine 

wood from certain stems may still be suitable for higher-value uses, rather than as biomass 

feedstock or low-value pallet stock.  

Ultimately, further, detailed information is needed about the intrinsic properties of wood 

from our region, for example, mechanical bending tests need to be conducted on trees from 

across the landscape to enhance results from this pilot study. Our results suggest that certain 

individuals growing in higher basal area stands (120 ft2 ac-1 or above) may be suitable for higher 

value, structural uses based strictly on their acoustic properties and predicted improved wood 

stiffness. The average acoustic velocities in the highest basal area stands we measured 

approached 2.50 mi sec-1; based on results from the studies detailed above, 2.50 mi sec-1 may be 

an approximate cutoff for structural uses.  

Undoubtedly, a threshold exists where the relationship between stand-level basal area and 

acoustic velocity collapses. Very stressed trees in higher basal area stands may not have 

sufficient resources to produce higher quality, denser and stiffer wood. Additionally, trees from 

completely unthinned stands, with basal areas well above 200 ft2 ac-1, may simply be too small 

for any uses other than as biomass energy feedstock. Researchers might focus future studies 

solely on higher basal area stands (100 ft2 ac-1 ï 200 ft2 ac-1) to determine up to what point the 

relationship described in this subsection holds true.  

 

Acoustic Velocity vs Diameter at 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 not the case for 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 might also 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, small-diameter 

individuals growing in relatively high basal area stands are likely to produce stiff wood suitable 

for high-value applications; however, larger-diameter trees may also produce stiff wood, while 

generating more merchantable volume. Additional work is needed across a greater range 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. 

There was generally a positive correlation between acoustic velocity and DBH for trees in the Centennial Forest. 

Patterns are less clear at Taylor Woods; n = 720 (Centennial Forest); n = 333 (Taylor Woods).  

 

Acoustic Velocity vs Total Tree Height 

The correlations between 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 Woods and the 

Centennial Forest, acoustic velocity increased with increasing tree height. This relationship was 

weakest in the mid-level treatments of 80 and 100 ft2 ac-1, but was still slightly positive. This 

general relationship could be explained by a combination of factors: 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 wood (Figures 7 and 8). If we assume that denser 

wood correlates with higher stiffness, 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, which tends to be 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 later into the 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 velocity vs total tree height in each basal area treatment at the two study sites. A clear, positive 

correlation exists between tree height and acoustic velocity across both sites, with the pattern most clearly 

expressed in the lowest and highest basal area treatments; n = 279 (Centennial Forest); n = 333 (Taylor Woods).  

 

Acoustic Velocity vs Ring-level Wood Density  

The correlation between acoustic velocity and ring-level 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 acoustic velocity and 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 wood, containing 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 significant: whereas 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 predictive model 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 wood density 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 the last 50 annual rings in each basal area treatment. Results 

exclusively from the Centennial Forest show a weak, yet positive relationship between acoustic velocity and wood 

density across all basal area treatments; n = 279. 

 

Wood Density 

Ring-level Wood Density vs. Cambial Age and Year of Ring Formation  

When comparing ring-level 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, ring-level wood density stabilized and slightly increased in recent years. 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 particularly strong summer monsoons at different times during 

the 2000s likely contributed to spikes and dips in wood density over the last two decades.   

Treatments of 100ft2 ac-1, 120ft2 ac-1, and 150ft2 ac-1 show a weak yet positive correlation 

between cambial age and ring-level wood density, while in the lowest basal area stands there 

appears to be no correlation between these variables. It is possible that in open stands (60ft2 ac-1 

and 80 ft2 ac-1) greater production of earlywood offsets wood density gains associated with the 

shift from juvenile to mature wood production. Open-grown trees should have greater radial 

growth rates than trees growing in higher basal area stands. Much of this additional radial growth 

will consist of thin-walled, low-density earlywood cells 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 and their potential end-uses.  
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Figure 7: Mean ring density vs cambial age for all basal area treatments at Centennial Forest. The decrease in 

wood density near the pith is followed by a weak trend of increasing ring-level wood density at higher cambial ages, 

as shown by the red line representing a smoothed moving average. Grey lines represent individual tree density 

profiles; n = 279.   

 

Figure 8: Mean ring density vs year of wood formation averaged across all basal area treatments at Centennial 

Forest. Excluding large variation in young trees, ring-level wood density generally increased with year of ring 

formation; n = 279. 
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Ring-level Wood Density vs Basal Area Treatment 

Given the highly variable conditions at the Centennial Forest before the thinning of 2005, 

it is not possible to accurately link stand-level basal area to wood density before 2005 (Gaylord 

et al 2011). In general, increased water availability late in the growing season is one of the most 

significant factors influencing latewood formation and thus wood density in our region. It is 

logical to assume that late-season water availability was historically a major contributing factor 

in wood density differences over time.  

We may more conclusively hypothesize about the causes of trends in wood density across 

basal area treatment classes after the thinning of 2005 (Figure 9). As we did not cross-date our 

samples, the position of 2005 on our graph is an approximation and it is therefore difficult to 

detect the exact impact of thinning on wood density. 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 120ft2 ac-1 and 150 ft2 ac-1 had generally slightly higher 

average ring-level wood densities than the basal area treatment classes of 60ft2 ac-1, 80ft2 ac-1, 

and 100ft2 ac-1. Several factors may have influenced the surprisingly high ring-level wood 

density of trees in the highest basal area treatment blocks. Trees in higher basal area stands have 

less opportunity for diameter growth; thinning blocks to 120ft2ac-1and 150ft2 ac-1 would not 

necessarily have resulted in significant radial growth, depending on pre-treatment basal areas. 

However, after the thinning of 2005, trees in 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 than low-density, 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 open stands. We do not know the point at which this 

relationship might break down: doghair thickets of bent-over ponderosa pine may not be 

producing particularly dense wood. This pattern may already be present in our data: the 150ft2 ac-

1 treatment class exhibits lower average wood density at many points in time relative to the 

slightly more open 120ft2 ac-1 treatment class.  
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Figure 9: Annual ring density vs year of wood formation by treatment for the last 16 years of wood formation at the 

Centennial Forest. Actual basal areas were not accurately known before the thinning of 2005 when the study was 

established. Trees in the highest density treatments of 120 ft2ac-1 and 150 ft2ac-1 appear to form slightly denser wood 

than those in lower basal area treatments; n = 279.  

  

Annual Ring Width vs Cambial Age 

A general trend of decreasing ring width with increasing age exists in trees from the 

Centennial Forest (Figure 10). An initial rapid decrease stabilized over time; across most basal 

area treatment classes, ring width leveled off between the ages of 25 and 50, except for in the 60 

ft2 ac-1 treatment. The initial decrease in ring width as a tree ages is likely a result of wider annual 

rings and more rapid growth when trees are younger and subject to less competition. Older trees 

must produce 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, resulting in latewood 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 semi-arid climate of the region is likely a significant driver of these results. Limited 

soil moisture and periodic drought, coupled with years of heavy monsoonal rains, directly affects 

latewood growth and consequently ring width (Kerhoulas et al 2017). Coupled with intense 

crowding and increased competition in the highest basal area treatments, 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 within a given stem.  
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