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Loblolly pine is a major fibre source for the pulp and paper industry. Here we developed the first nonlinear models
to predict the within-tree and regional variation of tracheid length and width for planted loblolly pine. Data were
obtained from macerated tracheids and near-infrared spectroscopy calibration models from trees sampled in
109 stands across the southeastern United States. The fixed effects for the final tracheid length model, which
included cambial age, height of disk within tree, and physiographic region, explained 71 percent of the variation
with root mean square error (RMSE) of 0.28 mm, while the fixed effects for the final tracheid width model
explained 57 percent of the variation with RMSE of 1.4 pm. There was significant variation in tracheid properties
across the growing regions. Tree maps showing within-tree variability in tracheid properties were produced. Five
simulated scenarios were compared using the models developed, with mean tracheid dimensions calculated
on a whole-tree basis at a first and second thinnings, and at final harvest. Also from the final harvest, the tops
of trees, and outerwood chips produced during lumber manufacturing were also simulated. For the whole tree
scenarios, both mean tracheid length and width increased with age, increasing from 2.24 mm and 40.5 pm (age
12),t0 2.51 mm and 41.3 um (age 18), and to 2.73 and 41.8 um at age 25, respectively. The tops of the trees
at age 25 had a mean tracheid length of 2.46 mm and a mean width of 41.0 um, while the chips had a mean
tracheid length of 3.13 mm and a mean width of 42.5 um. Due to the models representing samples collected
from across the southeastern United States, and their relatively high precision, they are suitable for incorporation

into growth and yield systems allowing for prediction of tracheid properties.

Introduction

Loblolly pine (Pinus taeda L.) is the primary source of fibre for
the pulp and paper industry in the southeastern United States.
Roundwood accounts for approximately 80 percent of the soft-
wood pulp produced in the region, with the remainder being
chips from the outermost wood of logs removed during lumber
manufacturing (Gray et al. 2018). Trees with diameter at breast
height (d.b.h.) values ranging from 13 to 20 cm are pulpwood,
while chip-n-saw and sawtimber trees, with a d.b.h. greater
than 20 cm, are usually used for lumber. The tops of chip-n-
saw and sawtimber trees are also used by the pulp and paper
industry, as are trees of any size with visible defects that preclude
their use in lumber, and these defects include sweep, crook,
forks, and cankers from fusiform rust. The combined effects of
improved genetic selection (McKeand et al. 2003) and enhanced
silvicultural practices (Fox et al. 2007) have led to rapid growth,
thereby allowing rotation ages to be decreased to 25 years or

less, with site indices as high as 32 m (base-age 25) (Zhao
et al. 2016). Accordingly, like other intensively managed conifer
species, plantation-grown loblolly pine contains a large propor-
tion of corewood (aka juvenile wood) (Burdon et al. 2004; White
et al. 2009; Moore and Cown 2017).

Due to the radial and longitudinal variation in wood and fiber
properties in a given loblolly pine tree stem, chips produced from
the outermost wood of sawlogs will have different morphological
fibre characteristics than pulpwood from thinning operations or
tops of older sawtimber-sized trees. Both tracheid length and
tracheid width increase radially (Lachenbruch et al. 2011, Hay-
atgheibi et al. 2019). Tracheid length varies by height within
tree for a given cambial age, with the shortest tracheids at the
base (Megraw 1985). For example, Megraw (1985) found that
at stump height near the pith, tracheid length is approximately
1.5 mm, increasing to 2.25 mm higher in the stem. More recently,
Schimleck et al. (2020) produced tree maps showing variation
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in tracheid properties determined on solid samples using the
SilviScan instrument (tracheid length not determined); for trees
at age 22, tangential tracheid width increased from approxi-
mately 25 to 35 um from pith to bark regardless of height. In
loblolly pine and other “hard” pines (pine species that have high
wood density: southern pine, radiata pine, red pine, lodgepole
pine, etc.), the patterns of increasing tracheid length and tracheid
width with height for a given cambial age (Megraw 1985; Schim-
leck et al. 2020) differ from specific gravity (SG), which is highest
at the stump and decreases with height in the stem (Dahlen et al.
2018). Generally, most of the changes in wood properties with
height in the tree occur within the first log at the base of the stem
(stump to 5 m) (Burdon et al. 2004).

The changes that occur in tracheid dimensions due to the
growth and maturation of trees results in tracheids with very dif-
ferent mechanical properties within the profile of the stem (Mott
et al. 2002; Groom et al. 2002a, 2002b). Groom et al. (2002a)
tested individual loblolly pine latewood tracheids in tension and
found that at stump height, modulus of elasticity (MOE) of the
tracheids increased from 6.6 to 24.6 GPa between cambial ages
5 and 48 (years). At the same height, and cambial age range,
modulus of rupture (MOR) increased from approximately 400 to
1200 MPa. The within-tree variation in the mechanical properties
of tracheids are a result of both the increase in the dimensions
of the tracheids and a concomitant reduction in microfibril angle
(MFA) (Brandstrom 2001).

Paper and paperboard properties (sheet density, tensile
strength, tear strength, burst strength) are strongly influenced by
tracheid length and tracheid width (Kibblewhite 1980; McKenzie
1994; Evans et al. 1997; Kibblewhite et al. 1997; Evans et al. 1999;
Kibblewhite et al. 2003; Via et al. 2004; Pulkkinen et al. 2006).
Collapsibility is a function of the ratio of tracheid width to the
cell wall thickness, and since tracheids with thick walls tend to
resist collapse, sheets with low density are formed (Kibblewhite
etal. 1997; Kibblewhite et al. 2003). Although the shorter lengths
and thinner walls of juvenile wood fibres may result in lower
tear strength, burst strength is higher (Zobel and Sprague 1998);
thus, while properties of paper produced from mature wood and
juvenile wood can be quite different, paper produced from the
latter is not necessarily inferior for specific product types.

Given within-tree changes in tracheid dimensions with cam-
bial age and height, the development of predictive models for
tracheid width and length would be of particular use to the
pulp and paper manufacturing sector for informing procurement
strategies. Combining models that predict tracheid dimensions,
with knowledge of pits within the tracheids, would enable better
links to tree physiology (Domec and Gartner 2002). However,
developing robust models requires data from a large number
of samples, and the measurement of tracheid dimensions is
both time-consuming and expensive. Individual tracheids must
first be separated through a slow and harsh chemical treatment
(maceration), and then the length and width measured for each
tracheid using an optical image analyser (Hirn and Bauer 2006).
An alternative method for measuring tracheid width on solid
samples relies on the SilviScan system, which measures the radial
and tangential diameters of tracheids, with wall thickness and
coarseness (being the weight per unit length) calculated from the
tracheid diameters and density measurements collected using
an X-ray densitometer (Evans 1994). Tracheid width and cell wall

thickness are not directly comparable between solid samples and
macerated samples because during chemical pulping tracheid
width and cell wall thickness decrease due to associated losses
of hemicelluloses and lignin (Scallan and Green 1975; Kibble-
white and Evans 2001; Copur et al. 2005). In contrast, tracheid
length remains largely unaffected by chemical pulping (Paavi-
lainen 1993). One solution for increasing the sample throughput
of measuring tracheid length, which cannot be measured rapidly
on intact radial samples, is to combine near-infrared (NIR) spec-
troscopy or hyperspectral imaging predictions with macerations,
to provide rapid estimations of tracheid properties (Schimleck
et al. 2004; Via et al. 2005). Nabavi et al. (2018) developed NIR
calibrations for tracheid width and length collected from loblolly
pine samples from across the southeastern United States and
reported strong prediction statistics for tracheid dimensions.

In the current study, our primary goals were to: 1) develop
predictive models of tracheid dimensions (i.e. length and width)
as functions of cambial age, height along the stem, and
physiographic region for loblolly pine harvested from plantations
from across the southeastern United States; 2) build tree “maps”
showing the within-tree variation in these properties; 3) calculate
mean tracheid properties for different roundwood procurement
scenarios across a rotation. Predictive models of tracheid
dimensions are herein provided in a format that will allow their
incorporation into growth and yield systems, facilitating more
informed decision-making that can account for the variation
in wood properties (Lindstrém 2002; Briggs 2010; Burkhart and
Tomé 2012).

Methods

Sample locations and sample preparation

The loblolly pine samples analysed in this study were from the
Wood Quality Consortium baseline study (Jordan et al. 2008;
Antony et al. 2010; Nabavi et al. 2018); 109 stands were sampled
from six physiographic regions of the southeastern United States:
1) Lower Coastal Plain (N = 32), 2) North Atlantic (N=7), 3) Upper
Coastal Plain (N=12), 4) Piedmont (N=16), 5) Gulf Coastal Plain
(N=16) and 6) Hilly Coastal region (N =26) (Figure 1). Phospho-
rus fertilizer was applied on deficient sites at stand establish-
ment, but otherwise there was no fertilization or competition
control. From each stand, three trees were felled, one tree from
the mean diameter class, and one tree from each of the classes
50 mm above and below the mean diameter class. In total,
268 trees produced samples that were suitable for this study.
Wood disks, 25 mm thick, were cut at approximately 1.5 m
intervals starting from the stump up to a top diameter of 25 mm,
with the second disk being collected at breast height (1.37 m
above ground-level). Each disk typically yielded two pith-to-bark
radial strips cut to 12 mm high by 12 mm wide which were
then dried to approximately 12 percent moisture content. The
radial strips obtained from the disks that were not blue-stained
(N=1842) were scanned on a FOSS NIRSystems Model 5000
scanning spectrophotometer (FOSS NIRSystems, Inc., Laurel, MD)
with a static diffuse-reflectance module. Spectra were obtained
from the radial-longitudinal face every 10 mm. The annual rings
were counted for each 10-mm interval to determine the mean
cambial age for each 10-mm section that would later be cut from
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Figure 1 Map of the stands sampled from across the southeastern United States.

the radial strip. A total of 11 428 10-mm intervals (sections) were
scanned on the NIR spectrometer (Nabavi et al. 2018).

A total of 2018 wood sections were macerated after being
selected using the Duplex (Snee 1977) sample selection algo-
rithm (Nabavi et al. 2018). The wood sections selected for macer-
ation were cut using a razor blade into smaller (ca. 2 mm) pieces
and then macerated with 20 mL of 50 percent hydrogen peroxide,
30 mL of water, and 50 mL glacial acetic acid at 60°C for 48 hours
(Franklin 1945). The tracheids were separated from the pulping
chemicals using a Buchner funnel and filter paper, rinsed with
approximately 1.9 L of water, and then the rinsed tracheids were
washed into a beaker, separated by gently shaking, and diluted
with water to a total approximate volume of 1 L. The resultant
fiber suspensions were then analysed using a TechPap MorFi Com-
pact Fiber & Shive Analyzer with a 4-pm resolution camera (Tech-
pap SAS, France) where for each sample approximately 2500
tracheids were measured. The length-weighted tracheid length
and the width-weighted tracheid width were calculated based
on the distribution of tracheids measured which minimizes the
effect of cut tracheids (Carvalho et al. 1997). Length-weighted
tracheid length is calculated by:

L= —"# (1)

where L, is length-weighted tracheid length, n; is number of
tracheids in the ith class, and |; is the mean length of the ith
class (Carvalho et al. 1997), width-weighted tracheid width was
calculated using the same equation but substituting width for
length.

Partial least squares (PLS) regression models were constructed
on the calibration dataset (N=1020) and their performance
checked against the validation set (N=998). The calibration
model for tracheid length applied to the validation set had

R? =0.87 and standard error of prediction=0.23 mm. The
calibration model for tracheid width applied to the validation set
had R? =0.61 and standard error of prediction=1.6 um, which
was within the measurement error of an individual tracheid for
the system (£ 2 um). The values for tracheid length and tracheid
width of the remaining 9410 samples were predicted from these
models (Nabavi et al. 2018).

Model development and statistical analysis

Models, statistical analyses and associated graphics were done in
the R statistical programming environment (R Core Team 2019)
using the RStudio interface (RStudio 2019). Data wrangling was
done using the tidyverse series of packages (Wickham 2017),
and data visualizations were produced using ggplot2 (Wickham
2009). Nonlinear mixed-effects models were developed using
the nlme library (Pinheiro et al. 2016); those were compared
using AIC values, likelihood-ratio tests, fit indices (R?) of the
fixed, and fixed plus random (stand, tree) components of the
models, and root mean square error (RMSE) values. All mod-
els were developed iteratively, keeping only those parameters
with p-values less than or equal to 0.05 in the models. Serial
correlation (autocorrelation) due to the repeated measurements
(multiple measurements per disk) was addressed by adding a first
order continuous autoregressive AR(1) autocorrelation structure
(Pinherio and Bates 2000). Tree maps were produced using the
gstat (Pebesma 2004; Grdler et al. 2016), raster (Hijmans 2016),
and spatstat (Baddeley et al. 2015) packages.

Tracheid length model development

An important part of the modeling exercise was to identify a suit-
able model form that adequately represented the available data,
but could also be applied outside the data range. For loblolly pine,
the four-parameter logistic function has previously been used for
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modeling the variation of SG with cambial age (Mora et al. 2007,
Antony et al. 2011; Dahlen et al. 2018). This model form was
considered here, but the model tends to reach an asymptote at
relatively young cambial ages. While a different species, Mdkinen
et al. (2007) found that tracheid length for Norway spruce (Picea
abies (L.) Karst.) continues to increase for 60 years. Since the
material in this study originated from short-rotation plantations
less than 30 years old, we looked for a model form where the
response gradually increased over time to account for increases
in tracheid length at cambial ages beyond the range of the data.
Such a model form reflects a balance between the available data
and the available literature on tracheid length. As such, we used
a 3-parameter curve with an inflection point:

length = B, (1 - e’ﬁlc“sz) (2)

where length is the tracheid length for an annual growth ring
at a particular cambial age, CA is the cambial age (ring number
from the pith), 8o is the model asymptote, and the B, and B,
parameters determine how fast the model reaches the asymp-
tote (Ratkowsky 1990). Although this model form reaches an
asymptote, the length of time it takes to do so exceeds the
cambial age range in our data and thus was considered a suitable
model form for tracheid length in this study.

Considering both fixed and random effects, the base model
was:

B
lengthy, = (Bo + boi + boj) (1 _ e P z) 3)

where length and cambial age represent the [th annual ring of
the kth disk from the jth tree at the ith site. The fixed effects
parameters are Bo, B1, and B3, and the random effects for the
model, bg; and by, represent the nested random effects of the
asymptote parameter (o) at the site and tree levels, respectively.
Because tracheid length varies with height within a tree, i.e.
increasing at the pith with increasing height (Megraw 1985), the
effect of disk height (DH) was incorporated into equation 4 as
follows:

—(B1+aq log(1+DH))CA:, P22 109(1+DH)
Iengthijk, = (50 + bg; + bOij) (1 _e (Bq+aq log( ) ikl (4)

where o4 is the fixed effect that varies 8, and «; is the fixed
effect that varies B8, by disk height. The nonlinear effect of disk
height was incorporated into the model by taking the natural
logarithm of disk height (in meters). For each disk height, 1 m was
added to each value to prevent negative infinity values and to
reduce the slope of the natural log effect that occurs with values
below 1. Moore et al. (2014) employed a similar procedure when
modelling MFA for radiata pine (Pinus radiata D. Don). The effect
of region was incorporated into the disk height model (equation
4) by allowing the B, term to vary by region (equation not shown).

Tracheid width model development

For tracheid width, the three-parameter logistic function
(Ratkowsky 1990) was selected:

Bo
By —CA)

width =
1+ e( P2

(5)

where width is the mean ring tracheid width for a particular
growthring, Bo is the asymptote as cambial age approaches infin-
ity, B1 the inflection point, and g a scale parameter. Considering
both fixed and random effects, the base model form was:

Bo + boi + boj

B1—CAjjk )

Widthij'kp =
1+ e( P2

where widthjy is the mean tracheid width in each annual growth
ring, CAjy is the cambial age of the lth annual ring of the kth disk
from the jth tree at the ith site. The random effects for the model
are bo; and byj, and represent the nested random effects of the
asymptote parameter (B8o) at the site and tree levels, respectively.
Because loblolly pine tracheid width varies by height within a
tree, the effect of disk height was incorporated into the model
as follows:

Bo + boi + bojj + a log (1 + DH)

B1—CAjjki )

Wldthukl =
1+ e< b2

(7)

where aq is the fixed effect that varies the gy parameter with the
log of disk height plus 1 m added as was done for the tracheid
length models. The effect of region was incorporated into the
disk height model (equation 7) by allowing the 8o term to vary
by region.

Tree property map development

Within-tree wood property maps were produced following the
procedures described by Auty et al. (2014) and Dahlen et al.
(2018). For intra-tree tracheid property variation, we predicted
the height of the tree from age 1 to 30 years using the dynamic
model developed by Diéguez-Aranda et al. (2006) for loblolly
pine:

B 26.14 + Xy
T ] 4 1455 wg-1107
Xo

(8)

where Y is the predicted height at age t, and X is:

Xo = 0.5*(Y0—26.14+\/(Y0 — 26.14)* + 4 * (1455 *Yo *to %)
(9)

130

LZ0z Arenuer go uo Jesn Aseiqi] dopiseq [eybig s,yasn do1161a Aq 2990G68G/.2 L/L/y6/e10Me/Ansaioy/woo dno-ojwepeoe//:sdiy woij papeojumoqg



Models for predicting the within-tree and regional variation of tracheid length and width for plantation loblolly pine

where Yy is the site index (m) and to is the base age (25 years).
The site index we used to build the model was 23.7 m, which
is the average site index of the stands in the current study. The
diameter inside bark at breast height was predicted using the ring
width model developed by Dahlen et al. (2018):

108.64 — 1.108DH
RW =
8.66 + CA

(10)

where RW is ring width in mm. To utilize taper models to predict
the diameter at different height levels, the diameter inside bark
at breast height was converted to diameter outside bark using
the relationship developed by Dahlen et al. (2018):

DOB = 1.073 x DIB (11)

where DOB is diameter outside bark (cm), and DIB is the diameter
inside bark (cm) (R? =0.99, RMSE =0.62 cm). The diameter of
the tree was predicted for each sequenced height level using the
model generated by Bullock and Burkhart (2003) for loblolly pine
with its original English units (inches, feet):

1 1
d,b.h4'1697 %.3397 (H _ h)2.883 %3397
DOB = abs| 09468 «abs| Log| 1 —0.8819 x hzas10
(12)

where abs is the absolute value, d.b.h. is the diameter at breast
height in inches, H is total height in feet, and h is each successive
height level in feet. The site index tree height, DIB to DOB, and
taper models provided annual height and taper information for
ages 1 to 30 throughout the entire stem. The tracheid dimensions
tree map thus generated shows the yearly values of tracheid
length and width at each specific combination of cambial age
and height. To produce a smoothed map showing the within-
tree variation in tracheid dimensions, the data were interpolated
using an inverse-distance weighted interpolation algorithm with
a 25 by 25 kernel (Baddeley et al. 2015).

Mean tracheid properties during a rotation

The modelled annual within-tree tracheid length and tracheid
width dataset was used to calculate the mean tracheid dimen-
sions for five simulated roundwood procurement scenarios that
follow where pulp mills obtain raw materials in the southeastern
United States. First thinning typically occurs at age 12 when trees
have reached pulpwood size (=15 cm d.b.h.), with the whole
tree up to a 5-cm top being sent to the pulp mill (scenario #1).
Second thinning use the same diameter criteria as first thinnings
and typically occur at age 18; most material is sold as pulpwood,
but some material is large enough as chip-N-saw logs for lumber
production, and is excluded (scenario #2). At the final harvest age
(i.e. rotation age) considered here, 25 years, material can be sold
to a pulp mill in three different ways: whole trees that contain
defects are sold as pulpwood (scenario #3), similar to the first
two scenarios; tops of trees obtained from a clearcut, with wood
up to a 13 cm diameter being sent to lumber facilities, and the
remaining wood to a 5 cm diameter sold as pulpwood (scenario
#4); and finally, taking into consideration the fibre properties from

the outerwood of sawlogs, the outermost wood of sawlogs is
removed via a chipper-canter headrig and the resultant chips are
sold to a pulp mill (scenario #5). Because they are exclusively
outerwood, these chips have different fibre properties than their
whole-tree or tops counterparts.

To calculate the mean tracheid length and width values for
the first three scenarios, the total volume of the tree from the
stump (0.15 m) to a 5 cm diameter top (2.5 cm radius, see
Figure 2) was calculated. The tracheid property values at each
height and cambial age combination were weighted by the vol-
ume of the annual ring compared to the overall volume. The
weighted tracheid length and width values were then summed
for each respective height and cambial age combination, giving
the mean tracheid length and width values for the tree. For the
4t scenario, the minimum small end diameter for sawtimber
was 13 cm (6.5 cm radius), thus, the tops were from the height
at which this occurred to a 5 ¢cm top. For the 5™ scenario, the
sawlog was assumed to be from the stump height (0.15 m) to the
merchantable height (>13 cm). The sawlog was split into 5.2-m
logs, or in the case of the third log, the remaining length from
the top of the second log to the 13 cm diameter merchantable
height. The small end diameter for each log was assumed to be
processed into lumber, and any material above the small end
diameter was assumed to be chipped. The volume of the chips
and the weighted length and width of the chipped materials were
calculated as described above.

Results

When averaged across all rings, mean tracheid length was
2.4 mm, with a standard deviation (SD) of 0.52 mm (Table 1). For
tracheid width, the mean was 41.0 pm (SD = 2.08 um). Generally,
the regions closer to the southern coast, specifically the Lower
Coastal, Upper Coastal, and Gulf Coastal Plains, had greater mean
tracheid lengths and tracheid widths. Due to the greater ranges in
the data for these regions, the standard deviations were higher
than those for the other regions; the lowest variations in the
data were in the North Atlantic and Piedmont regions. Tracheid
length ranged from a minimum of 0.8 mm to a maximum of
4.0 mm. Note that values outside this range were measured on
individual tracheids. The measurements provided here are the
weighted lengths (and widths) determined from the frequency
distribution of individual tracheid length (and width) values
measured using the fibre analyser to minimize the effects of
fines and cut tracheids on the data.

The summary tables for the model parameters are shown in
Table 2. Summaries of the fit indices and error statics for these
models are shown in Table 3. At the same cambial age, tracheid
length and width both increased with disk height. Accordingly,
the fit indices were higher for the hierarchical effects (fixed,
stand, tree) when disk height was included in the model. Tracheid
length and width varied by region, and thus the fit indices further
improved when including region in the model.

Tracheid length increased rapidly for the first 8 growth rings
then continued to gradually increase over time. The base tra-
cheid length model (equation 3) did not include disk height (or
region) and explained 55 percent of the variation in tracheid
length (fixed effects only), and the RMSE was 0.35 mm. Allowing
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Table 1 Summary of tracheid property values overall and by region (see Figure 1 for stand locations in each region).

Region? # Stands Tracheid Length (mm) Tracheid Width (um)
Mean Min Max SD Mean Min Max SD

1 32 2.5 0.8 4.0 0.55 41.5 33.2 48.9 2.09
2 7 2.2 0.9 3.2 0.45 39.9 31.9 46.2 1.99
3 12 2.4 1.0 3.7 0.50 411 32.8 48.6 2.08
4 16 2.2 1.1 3.7 0.48 40.4 32.6 46.2 1.95
5 16 2.5 0.9 39 0.55 413 33.2 47.6 2.13
6 26 2.4 1.1 3.6 0.49 40.7 32.6 47.2 1.95
Overall 109 2.4 0.8 4.0 0.52 41.0 31.9 48.9 2.08

1Region 1 = Lower Coastal Plain; Region 2 = North Atlantic; Region 3 = Upper Coastal Plain; Region 4 = Piedmont; Region 5 = Gulf Coastal Plain; Region

6 =Hilly Coastal

Table 2 Parameter estimates for the tracheid length and tracheid width models.

Property Parameter Model!
Base (eq. 3) Disk Height (eq. 4)
Tracheid length Bo 4.050 (0.085) 3.828 (0.061)
B1 0.355 (0.006) 0.193 (0.003)
B> 0.491 (0.009) 0.656 (0.010)
a1 - 0.100 (0.003)
a - —0.070 (0.003)
Base (eg. 6) Disk Height (eq. 7)
Tracheid width Bo 42.777 (0.074) 41.729 (0.083)
B1 —4.525(0.107) —4.740 (0.116)
B> 3.270(0.052) 3.448 (0.058)
ag - 0.602 (0.019)

IStandard errors for parameters in parentheses

Table 3 Fit indices and model errors for the tracheid length and tracheid width models.

Property Model! AIC Fit indices (R?) Model errors?
Fixed Stand Tree E RMSE |E|%
Tracheid Base 838 0.55 0.65 0.68 -0.004 0.347 11.55
Length DH -2448 0.68 0.77 0.80 -0.001 0.294 10.03
Region -2485 0.71 0.76 0.80 -0.006 0.279 9.52
Tracheid Base 36667 0.46 0.57 0.61 0.028 1.517 2.89
Width DH 35735 0.52 0.62 0.66 0.028 1.438 2.76
Region 35666 0.57 0.63 0.68 0.014 1.356 2.69

1Base model does not include disk height or region, DH = disk height model. 2Mean error (E), root mean square error (RMSE), and mean percentage

error (|E%]) are calculated from the fixed part of each model.

tracheid length to vary by height (disk height model, equation
4) improved the percent of the variation explained to 68 percent
(fixed effects only) and reduced the RMSE to 0.29 mm. This model
also had a lower AIC and higher log-likelihood than the base
model (p < 0.0001). The asymptote (8o) was 3.82 mm which is
reasonable given the data (Table 2) and previous work in loblolly

pine (Megraw 1985). The stand-level random effects explained
an additional 9 percent of the variability in the data, and tree-
within-stand explained a further 3 percent of the variation. A
scatterplot showing the variation of tracheid length with cambial
age and disk height in the stem is shown in Figure 3. Allowing
the asymptote term (Bo) to vary by region yielded a significantly
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Figure 2 Diagram for scenarios #3, #4 and #5 at age 25. Scenario #3
considered the whole-tree to a 2.5 cm radius top. Scenario #4 represented
the tracheid properties from the tops of the trees from 6.5 cm to 2.5 cm
radius. Scenario #5 represented the tracheid properties of the chips
produced during lumber manufacturing from the outermost wood of the
logs at age 25. The solid line indicates the taper of the tree and the dotted
lines represent the distinction between the various scenarios.

improved model versus the disk height model (p <0.0001). The
Gulf Coastal Plain (region 5) had the highest tracheid length
asymptote (4.07 mm) versus the Lower Coastal Plain (region 1)
and Upper Coastal Plain (region 3) (3.85 mm). The Hilly Coastal
region (6) had a higher asymptote (3.72 mm) versus the North
Atlantic (region 2) and the Piedmont (region 4) (3.53 mm). The
incorporation of region improved the percent variation explained
to 71 percent (fixed effects) and reduced the RMSE to 0.28 mm.

Tracheid width also increased rapidly for approximately
8 years, then gradually increased to an asymptote at approxi-
mately 15 years. The base tracheid width model (equation 6),
that did not include a term for disk height, explained 46 percent
of the variation (fixed effects only), with an RMSE of 1.5 pym.
Allowing tracheid width to vary by height (disk height model,
equation 7) improved the variation explained to 52 percent (fixed
effects only) and reduced the RMSE to 1.4 pm, a significant
improvement over model 1 according to AIC and a likelihood-
ratio test (p < 0.0001). The asymptote (Bo) was 41.7 pm (Table 2)

which is reasonable based on reported tracheid widths in loblolly
pine (Schimleck et al. 2020). The stand-level random effects
accounted for an additional 10 percent of the variability in
tracheid width, and tree-within-stand explained a further 4
percent of the variation. A scatterplot showing the variation of
tracheid width with cambial age and height in the stem is shown
in Figure 4. Allowing the asymptote term (8o) to vary by region
yielded a significantly improved model versus the disk height
model (p < 0.0001). The Lower Coastal Plain (region 1), Upper
Coastal Plain (region 3), and Gulf Coastal Plain (region 5) had
the highest tracheid width (42.5 pm) versus the other regions
(41.8 pm). The incorporation of region improved the percent
variation explained to 57 percent (fixed effects), however the
RMSE was not affected (1.4 um).

The modelled tree maps for both tracheid length and width
for a mean tree across all regions from this study are shown
in Figure 5. The maps illustrate that for tracheid length, the
variability in height is largely restricted to the first 5-m log and
then only gradual changes occur due to height. Radial variability,
due to cambial age, is large for tracheid length throughout the
data range. in contrast, for tracheid width, the variability with
height is minimal and most of the variability is due to cambial
age. Both maps show that tracheid properties generally increase
with height and that length increases relatively more than width.

For the five simulated scenarios (Table 4), both mean tracheid
length and width increase with age as follows: 2.24 mm and
40.5 pm (age 12, scenario #1), 2.51 mm and 41.3 pm (age 18,
scenario #2), and 2.73 mm and 41.8 um (age 25, scenario #3).
The tops of the trees at age 25 (scenario #4) had a mean tracheid
length and width of 2.46 mm and 41.0 pm, respectively, while
chips obtained from the outerwood of sawlogs had a mean tra-
cheid length of 3.13 mm and a mean tracheid width of 42.5 pm.
At age 25, the longest tracheids (weighted) are found at 4.0 min
height (3.28 mm), while the widest tracheid (weighted) are found
at 13.8 min height (43.2 um).

Discussion

The models presented are the first nonlinear models developed
for tracheid length and width of loblolly pine to be reported in
the literature. The radial and longitudinal variation in tracheid
dimensions in this study are consistent with previous work on
plantation-grown loblolly pine (Megraw 1985) and with general
trends reported for softwoods (Cown and Kibblewhite 1980; Lind-
strom 1997). Variation in tracheid length was captured in a model
that predicted tracheid length as a function of cambial age; the
fit for the model was improved by including the random effects
of both stand and tree. Incorporating disk height gave a better
fit over the base model (Figure 3), which was also improved by
including the random effects. The increase in predicted values
with heightin the tree are shown in Figures 3-5. The model for tra-
cheid length had better prediction accuracy (R*> =0.55) than the
corresponding tracheid width model (R? = 0.46); this carried over
to all permutations with the inclusion of disk height and phys-
iographic region in the model, and the random effects of stand
and tree. The poorer performance for the tracheid width model
can be attributed to various factors, including the narrower range
of values for tracheid width, and limits to the optical resolution of
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Figure 3 Variation in loblolly pine tracheid length by cambial age and disk height within tree. Lines represent predictions from equation 4 at the
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Figure 4 Variation in loblolly pine tracheid width by cambial age and height within tree. Lines represent the predictions from equation 7 at the following

disk heights: 0.15 m, 1.4 m, 5.2 m, and 10.4 m.

the fiber analyzer, as well as uncontrollable variability in taking
measurements on macerated tracheids. In regard to the last
factor, the tracheid width measurement represents both tangen-
tial and radial width of the tracheids. Tangential tracheid diam-
eter is relatively constant within an annual ring whereas radial
diameter varies between the earlywood and latewood (Evans
1994). The orientation of the fibers in the optical path during
the measurement could impact the width value depending upon
whether the tangential view, radial view, or an intermediate view
is measured. The ability to differentiate between radial diameter
and tangential diameter may improve future modeling efforts,

but doing so would present some technical obstacles and exor-
bitantly increase sample measurement time. Also, as mentioned
earlier, the pulping of fibers impacts the measurement of width
but not length (Paavilainen 1993).

Megraw (1985) presented results based on the variation of
measured tracheid dimensions with cambial age and disk height,
but no models were reported. Our models allow for their inclusion
in growth and yield prediction systems, as well as procurement
model systems that predict within-tree wood properties based on
age and tree size. The models developed represent the variation
in the available data while accounting for the limitations in the
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Figure 5 Modelled within-tree wood properties maps for tracheid length (left) and tracheid width (right).

Table & Tracheid length and width values during a rotation for five timber product scenarios across a 25-year rotation.

Scenario Age Pulpwood resource Volume (m?3) Tracheid Length (mm) Tracheid Width (um)
#1 First 12 Whole-tree 0.102 2.24 40.5

Thinning

#2 Second 18 Whole-tree 0.25 2.51 413

Thinning

#3 Final Harvest 25 Whole-tree 0.468 2.73 41.8

#4 Final Harvest 25 Tops only 0.065 2.46 41.0

#5 Final Harvest 25 Outerwoodchips 0.105 3.13 42.5

data. Here, tracheid length reached an asymptote at 3.83 mm
before including height effects. Other work suggests that tra-
cheid length will not reach an asymptote or will do so much
later than we have shown, and thus the question arises of how
accurate the models are when extrapolated beyond the range
of the data (Gogoi et al. 2018). For example, in Norway spruce,
Buksnowitz et al. (2010) found that tracheid length reaches
asymptotic values after 100 years, with rapid increases occurring
for the first 50 years. In the same species, Mdkinen et al. (2007)
found that tracheid length continued to increase up to the age
of the trees sampled (50 years), whereas tracheid width reached
an asymptote at approximately 25 years. The model form we
used was selected specifically to allow continued increases in

length beyond the limits of our data. However, due to the rela-
tively short rotations for loblolly pine, very little older material is
commercially available and thus the models probably represent
a significant proportion of the available resource that is used by
the pulp and paper sector.

The model parameters estimated in this study are likely to
be strongly influenced by our choice of sampling methods. Trees
from the mean diameter class, and the classes (50 mm) imme-
diately above and below the mean class were felled. Thus, our
sample did not contain the smallest trees and largest trees
within the stands. The consequences of this sampling strategy
are likely evident in the random effects estimates, since the
stand-level random effect accounted for an additional 9 percent
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and 10 percent of the variation in tracheid length and width for
the disk height models, respectively, while the tree-within-stand
random effect accounted for very little additional variability (3
percent and 4 percent for tracheid width and tracheid length,
respectively, over and above that explained by the fixed effects).
Adding an effect of physiographic region to the model reduced
the random effect of stand by 4 percent for tracheid length and
width, with minimal changes in the tree random effect estimate.
For Norway spruce, Chen et al. (2016) found that trees with lower
growth rates had longer tracheids than fast-growing trees, and
Jaakkola et al. (2005) found that increased thinning intensity was
associated with a decrease in tracheid length, hence strategies
that sample trees across the diameter distribution may result in
higher random tree-within-stand variability. Dahlen et al. (2018)
found that tree-within-stand accounted for an additional 6 per-
cent of the variability in SG for loblolly pine, with data from a
narrower range of stand conditions than sampled in the current
study. Outside of loblolly pine, the impact of the random effects
appears to be dependent on the species and the property in
question. Auty et al. (2014) found that the random effect of tree
explained over 10 percent of the variation in wood density models
for Scots pine, and a little under 10 percent for MFA (Auty et al.
2013). For radiata pine, Moore et al. (2014) found the random
effect of tree on the MFA of radiata pine was similar to the
values found here for tracheid dimensions. Moore et al. (2015)
found in radiata pine that the random effect of tree explained
approximately 20 percent of the variability in spiral grain.

The differences in fibre properties across the southeastern
United States growing regions closely follow previous regional
variation results for loblolly pine whereby “improved” properties
are found in trees near the southern coasts (Lower Coastal Plain,
Gulf Coastal Plain, Upper Coastal Plain) versus trees grown further
north and further inland (Hilly Coastal, Piedmont, North Atlantic)
(Schimleck et al. 2018). This trend has been found by Jordan et al.
(2007) for MFA, Jordan et al. (2008) and Antony et al. (2010)
for SG, and Antony et al. (2011b) for MOE and MOR obtained
from short clear samples. Loblolly pine growing near the southern
coasts has a higher amount of latewood for a given cambial
age than loblolly pine grown further north (Jordan et al. 2008;
Samuelson et al. 2013). The increased amount of latewood is
one reason why we found regional differences in tracheid length,
because for a given annual ring, latewood tracheids are approx-
imately 4 percent longer than earlywood tracheids (Buksnowitz
etal. 2010). Jordan et al. (2008) hypothesized that the increased
latewood near the southern coasts is due to higher number of
degree days, warmer temperature, and increased precipitation
that occurs in the late summer months. The variation in wood
properties due to growing region is not unique to loblolly pine. In
New Zealand, Cown and Ball (2001) attributed the regional vari-
ation in radiata pine wood density to the differences in latewood
percent, while Kimberley et al. (2017) found regional differences
in Douglas-fir (Pseudotsuga menziesii Mirb. Franco) wood density
that were attributed to mean annual temperature differences.

The modelled stem maps show the within-tree variation of
tracheid dimensions between juvenile corewood and outerwood,
and mature corewood and outerwood that parallels the con-
ceptual illustration put forth by Burdon et al. (2004). The radial
variations are quite pronounced from the base of the modelled
tree to the top; gradual shading in the lower 3 m of the profiles

can be attributed to the so-called juvenile corewood, transitional
(wood), and outerwood in the lower 3 m of the Burdon et al.
(2004) illustrations. The tracheid length and width maps do not
directly parallel tree maps constructed for SG for loblolly pine
(Mora and Schimleck 2009; Dahlen et al. 2018), particularly for
tracheid width where there is little property change with height.
The trends by height are also reversed for tracheid length and
width (with both increasing with height) when compared to SG,
which typically decreases with height for a given cambial age
(Auty et al. 2014; Dahlen et al. 2018). Given that lower MFA coin-
cides with greater tracheid length (Brandstrém 2001; Hasegawa
etal. 2010), it is not surprising the tracheid length map presented
here more closely follows the pattern seen for MFA (Schimleck
et al. 2018) than for SG. The different patterns of within-tree
variability by wood property are related to the different types of
morphological changes that occur in cells. New cells are created
in the vascular cambium through cell division, followed by cell
elongation and cell wall thickening (Nanayakkara et al. 2019). Cell
elongation ceases when wall thickening occurs (Abe et al. 1997).
The traditional concepts of juvenile and mature wood being asso-
ciated with pith-to-bark variability is supported by the within-tree
variation in wall thickness and SG. Burdon et al. (2004) discuss the
need for a more detailed description of the within-tree variation
in properties, preferring the terms “corewood” and “outerwood”
torepresent radial (i.e. pith-to-bark) variability, and “juvenile” and
“mature” wood to represent the developing cambium that occurs
with height in the tree. That is, wood formed at the stump and the
pith is considered juvenile corewood, whereas higher in the stem
(e.g. 10 m) the wood formed at the pith is considered mature
corewood. The visual differences we see in wood properties maps
appear to be related to whether a property is associated with cell
wall elongation (MFA, tracheid length) or wall thickening (SG, wall
thickness).

Longitudinal tracheids comprise over 90 percent of the cell vol-
ume in the secondary xylem for softwoods (Borovikov and Ugolev
1989). Because of the dual role that these tracheids have in
providing water conduction and mechanical support, there are a
number of hypotheses as to why the changes occur in their prop-
erties/dimensions (Lachenbruch et al. 2011). Mott et al. (2002)
and Groom et al. (2000aq,b) clearly show that tracheids produced
at older cambial ages have significantly increased mechanical
properties compared to tracheids produced at young ages. The
increased mechanical properties with cambial age are needed
in order for a tree to support its added weight as it grows, and
to resist wind loads that increase with height growth (Lachen-
bruch et al. 2011, Hale et al. 2012, Gardiner et al. 2016, Dargahi
et al. 2019). Regarding water transport, a compelling argument
for why trees produce corewood with narrow tracheids, is that
a young tree is more vulnerable to embolism because of the
limited development of its root system which limits access to
water during dry periods (Miller and Johnson 2017). Because of
this increased vulnerability to embolism, trees produce corewood
that is more resistant to embolism. For example, Domec and
Gartner (2001) show that Douglas-fir corewood, with its nar-
rower tracheids, loses 50 percent of its hydraulic conductivity at
higher negative tensions (—4.7 MPa), compared to outerwood
which loses 50 percent of its hydraulic conductivity at —3.5 MPa
(—4.7 MPa is drier conditions than —3.5 MPa). As a tree establishes
its root system, it gains access to more water, and due to the
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increasing size of the tree, the tree in turn must pump more
water to support the larger crown. Gartner (2006) calculated that
as trees increased in size, water transport needs to increase by
orders of magnitude in order to support the larger foliage area (up
to 300 times). Here we find that tracheid width changes very little
after 10 years, and thus hydraulic conductivity increases after
10 years is likely due to the increasing length of the tracheids,
which results in water having to flow through fewer pits which
decreases resistance to flow (Spicer and Gartner 1998).

The generation of mean tracheid length and width values
based on a variety of simulated harvesting scenarios provides
context to the pulp and paper industry for adjusting procure-
ment strategies to account for variation in morphological fiber
properties. Depending on product type, a facility may prefer
chips from the outerwood, and tops, to obtain longer and wider
tracheids, versus feedstock from forest thinnings. Nearly all of
the pulp in the southeastern United States is produced from
the Kraft process (Bentley and Steppleton 2013), which yields
products such as linerboard, sack papers, fluff pulp, and dis-
solving pulp. For linerboard, tracheid coarseness is an important
property, while tracheid length is important for sack papers and
fluff pulp. For dissolving pulp, wood chemistry is likely more
important than tracheid dimensions, although wood chemical
composition and tracheid dimensions are clearly linked (Nabavi
et al. 2018). Kibblewhite (1999) states that for radiata pine, the
minimum tracheid length that pulp mills need to maintain is
2.05 mm to retain marketable tensile strength and bulk in the
final paper product. Information for loblolly pine thresholds are
not available, but all harvesting scenarios met this minimum
length. While segregating material for tracheid length may be
effective, doing so for width will likely not be effective because
tracheid width varied little in the five scenarios simulated here.
Similar conclusions were found by Havimo et al. (2008) for Nor-
way spruce, who concluded that for tracheid width, the only
meaningful distinction would be in separating between early-
wood and latewood, which in practice is not feasible. While cell
wall thickness was not measured in this study, products where
thinner cell walls are desirable would favor tree tops over wood
chips procured from sawmills because SG, and thus wall thick-
ness, decreases with height for loblolly pine (Dahlen et al. 2018;
Schimleck et al. 2020).

A limitation of the models developed here is the inability to
differentiate earlywood and latewood tracheids, as well as to
delineate relatively narrow rings. This is because we used a fixed
window size of 10 mm for the NIR spectroscopy. A finer resolution
could have been achieved at the expense of model accuracy.
Using the same NIR spectrometer setup, Jones et al. (2007)
found that prediction accuracy decreased with smaller sampling
windows. They also reported that increased scanning resolution
made the organization of spectra significantly more challenging
because the NIR spectrometer is not directly linked to the radial
scanning equipment. Equipment that is specifically designed for
linear scanning, such as line scan hyperspectral imaging systems,
would have great potential for use in describing and predicting
wood property radial variability, since these systems allow for
within-ring separation of earlywood and latewood properties to

be estimated. The latter can be achieved because hyperspectral
systems combine NIR spectroscopy with imaging, so within-ring
variation can be predicted. Using such a system would repre-
sent a significant improvement over the 10 mm resolution used
in this study. Separating the earlywood and latewood tracheid
properties would also enable improved links between anatom-
ical properties and water transport (Domec and Gartner 2002)
because for a given annual ring, latewood tracheids are longer
than earlywood tracheids (Taylor and Burton 1982; Buksnowitz
et al. 2010).

Conclusions

In this study, we present the first modelled tracheid length and
tracheid width from data collected from macerated tracheids
and near-infrared spectroscopy calibration models for loblolly
pine obtained from managed plantations. Nonlinear mixed-
effects models were constructed to quantify the variation in
these properties that occurs within trees. The fixed effects of the
models explained 71 percent of the variation for tracheid length,
and 57 percent of the variation for tracheid width. Significant
regional differences were found, with larger asymptotic values
for tracheid length and width for trees growing near the southern
coasts. Two-dimensional whole-tree maps of tracheid dimension
were constructed showing changes in tracheid length and
width with tree age. Whole-tree tracheid length increased from
2.24 mm at age 12, to 2.51 mm at age 18 and to 2.73 mm at
age 25. Whole-tree tracheid width increased from 40.5 um at
age 12, to 41.3 pm at age 18, to 41.8 um at age 25. The tops of
trees at age 25 had similar tracheid length and width (2.46 mm,
41.0 um) as the whole-tree average at age 18. Chips generated
from the outermost wood of sawlogs at age 25 had the highest
tracheid length (3.13 mm) and width (42.5 pm) amongst the
five simulated product scenarios that were compared. Models
that predict variability in wood and fibre properties are needed
in order to better understand the available plantation resource,
and the models developed here could be integrated into growth
and yield systems or procurement systems to predict tracheid
properties for loblolly pine. The five product scenarios shown
here at different ages and positions within the tree demonstrate
an application that the pulp and paper or the forest products
industries could use to improve resource assessment to meets
the needs for current and future products.
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