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Thinning mixed-species stands of Douglas-fir and western hemlock in the presence of Swiss
needle cast: Guidelines based on relative basal area growth of individual trees

Abstract

In coastal forests of the Pacific Northwest, young coniferous plantations typically contain a
mixture of planted and natural Douglas-fir (Pseudotsuga menziesii) and western hemlock (Tsuga
heterophylla). Swiss needle cast (SNC) disease inhibits the growth of Douglas-fir to varying
degrees in these stands, depending on SNC severity. In addition to the value differential between
Douglas-fir and western hemlock, foresters must account for differences in growth potential (tree
size, competitive position, site characteristics, disease pressure) when selecting trees for retention
during thinning operations. Diameter increment models for Douglas-fir and western hemlock
were developed from permanent plot data collected for the SNC growth impact study (GIS), Pre-
commercial Thinning Study (PCT), Commercial Thinning Study (CT), and Retrospective
Commercial Thinning Study (RCT). Predictor variables represent tree size, competitive position,
site characteristics, and SNC severity. SNC severity was indexed by foliage retention, defined as
the number of annual needle cohorts held by a tree. Foliage retention was positively correlated
with Douglas-fir diameter increment and negatively correlated with western hemlock diameter
increment. Charts developed from the diameter growth models provide a field tool for assessing
the relative basal area growth of adjacent Douglas-fir and western hemlock of a given initial
diameter in a stand of given SNC severity. In a stand with severe SNC (foliage retention=1.5
years) the basal area growth of a 6-inch western hemlock tree will exceed the basal area growth
of any Douglas-fir tree up to 7.7 inches in DBH. In a relatively healthy stand (foliage
retention=3.0 years) the basal area growth of 6-inch Douglas-fir and western hemlock trees will
be approximately equivalent.

Key Words: Relative growth, basal area increment, foliage retention, disease severity, thinning

guidelines.
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1. Introduction

Young Douglas-fir plantations (<40 yr) are tremendously important to the economic and
environmental health of Oregon and Washington due to their extent and productivity (Campbell
et al. 2004, Gray et al. 2005). Over the past 20 years, coastal forests in this region have been
suffering from an epidemic of Swiss needle cast (SNC), a foliar disease of Douglas-fir
(Pseudotsuga menziesii) caused by the Ascomycete Phaeocryptopus gaeumannii (Hansen et al.
2000). Productivity of Douglas-fir in affected stands has diminished considerably, with volume
growth losses reaching as high as 50% due to premature needle abscission and disruption of
photosynthesis in surviving foliage (Hansen et al. 2000, Manter et al. 2003, 2005, Maguire et al.
2011). Annual aerial surveys of three million acres of coastal forests conducted by the Oregon
Department of Forestry indicate that the area of symptomatic forest (stands with visible
chlorosis) has been fluctuating annually but has also been gradually increasing since 1996. The
SNC-affected area reported in 2012 was 519,375 acres, the highest total since the aerial survey
began (Kanaskie and McWilliams 2012). The extent of discoloration is particularly significant
given the relatively aggressive conversion of both merchantable and non-merchantable Douglas-
fir stands to non-susceptible tree species in the most severely impacted areas.

Pre-commercial thinning is commonly used to achieve management objectives in stands
where high stand density limits individual tree growth and reduces vigor to a level that leaves
trees more susceptible to insects and disease (Mitchell et al. 1983). Pre-commercial thinning was
among the earliest silvicultural treatments applied in severely SNC-impacted stands to test for
possible beneficial or detrimental effects on residual tree growth and foliage retention (Kanaskie
et al. 1998). Results from a commercial thinning study indicate that infected stands respond
positively to thinning (Mainwaring et al. 2005a, Mainwaring et al. in review). However,

consistent with unthinned stands (Maguire et al. 2011), Douglas-fir growth in pre-commercial
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thinning stands remains lower than its potential in absence of SNC. With continued increase in
affected area of coastal Douglas-fir, land managers are not currently emphasizing Douglas-fir as
much as they have in the recent past in coastal Oregon. Specifically, silvicultural strategies have
shifted to interplanting with non-susceptible species and preferential retention of the both planted
and naturally-regenerated trees of these other species during pre-commercial thinning.

The SNC problem is mostly limited to the strip of land between the Pacific Ocean and
approximately 20 miles inland, with the disease gradually diminishing in intensity from west to
east, probably due to climate factors strongly influenced by proximity to the Pacific Coast (Zhao
etal. 2011). Natural stands within the narrow Picea sitchensis vegetation zone immediately
adjacent to the ocean (Franklin and Dryness 1973) have historically contained a mixture of other
commercial species, including western hemlock (Tsuga heterophylla), Sitka spruce (Picea
sitchensis), and red alder (Alnus rubra), with much less Douglas-fir than is currently present.
Within this zone, conversion of naturally regenerated stands to Douglas-fir plantations during the
1970s is believed to have played a role in the elevation of SNC from endemic to epidemic status
(Hansen et al. 2000), but many other climatic and nutritional factors are probably contributing to
the emergence of SNC as a serious obstacle to growing Douglas-fir in this coastal band (EI-Hajj
et al. 2004, Manter et al. 2005, Stone et al. 2008, Zhao et al. 2011).

Due to its historically greater value, Douglas-fir continues to be an important component of
planted stands. Increasing proportions of Douglas-fir are generally planted from west to east
within the Coast Ranges of Oregon, with western hemlock most commonly planted as the
substitute species (Beth Fitch, pers. comm). Natural regeneration of western hemlock
contributes to this planned shift in species composition with closer proximity to the coast,
presumably due to higher precipitation and lower summer temperatures (Schrader 1998). The
abundance of natural regeneration of hemlock generally increases along the gradient of

increasing SNC severity in Douglas-fir. Although prolific natural regeneration often makes
4
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density control in these stands necessary, the resulting mix of Douglas-fir and hemlock also
provides an opportunity for manipulating species composition to match the anticipated relative
growth performance of the two species at any one location.

In the absence of SNC, a larger planted Douglas-fir would be retained during thinning in
preference to a smaller western hemlock, given the equal or greater growth potential of Douglas-
fir and its higher market value. However, the current negative growth impact of SNC should be
accounted for in determining the best species mix for coastal stands. With appropriate diameter
increment equations, expected relative growth rates of the two species can be assessed by
considering SNC intensity, stand structure, site quality, and relative size.

Individual-tree diameter increment models are routinely applied to simulate the growth
dynamics among trees in stands of varying structure and among sites of varying quality (Wykoff
1990; Monserud and Sterba 1996; Trasobares et al. 2004). Diameter or basal area growth is
fundamental to these growth models (Cao 2000; Westfall 2006), in part because it is a dimension
that is relatively easy to measure with high precision and in part because it is widely used for
predicting future tree volume or biomass, as well as probability of survival (Yang et al, 2009). In
many models, diameter growth is expressed as a function of tree size, competition effects, and
site characteristics (Wykoff 1990; Hann and Hanus 2002; Trasobares and Pukkala 2004; Zhao et
al. 2004; Calama and Montero 2005; Uzoh and Oliver 2008; Hartmann et al. 2009). Previous
work makes it clear that a distance-independent, individual-tree model structure is flexible
enough to predict diameter growth in pure even-aged stands as well as in mixed multi-aged
stands (Monserud and Sterba 1996; Lhotka and Loewenstein 2011).

The aims of the present study were: 1) to develop distance-independent individual-tree
diameter growth models for young Douglas-fir and western hemlock trees growing in mixed-
species stands across a gradient in SNC severity; 2) to compute the implied relative basal area

growth of Douglas-fir and western hemlock trees of varying initial diameter as a function of
5
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foliage retention; and 3) to develop a field chart to help managers select trees for removal and

retention during thinning of mixed Douglas-fir and hemlock stands .

2. Methods

2.1 Field sites

Data for this analysis were compiled from four ongoing studies established on
predominately Douglas-fir sites to investigate the influence of Swiss needle cast on growth
losses and response to thinning (Table 1). Plots were established across a range in topographic
positions and SNC severity. Latitudes ranged from 43.5°N to 46.22°N, longitudes from
124.06°W to 122.29°W, and elevation from 45 to 1024 ft above sea level (Fig. 1). Over the last
40 years, the mean January minimum for this region was 32 °F and the mean July maximum was
77 °F. Total annual precipitation averaged 59-118 inches, with approximately 70% of the total
falling from October to March.

The Growth Impact Study (GIS) was established in the winter and spring of 1998
within 76 Douglas-fir plantations ranging in total age from10 to 30 years. These plots were
established to monitor SNC severity and growth impacts within young stands in the Oregon
Coast Range (Maguire et al. 2002, 2011). These plantations were sampled from a population of
stands located within 18 miles of the Pacific coast and between the cities of Newport in the south
and Astoria in the north.

The Pre-commercial Thinning Study (PCT) was established in 23 Douglas-fir
plantations to assess the effects of precommercial thinning on SNC symptom development and
possible growth reduction (Kanaskie et al. 1998). In April and May of 1998, 23 paired plots were
established within 29 miles of the Pacific coast and between the cities of Newport and Astoria.

One plot in each pair was precommercially thinned to approximately 200 trees per acre in May
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1998 (because of initial stocking levels, at two sites the target residual was 100 trees per acre).
At five of the 23 locations, an additional plot was thinned to approximately 100 trees per acre.
Only the unthinned stands were used in the present study.

The Commercial Thinning Study (CT) was established in 30 stands scheduled for
commercial thinning. These stands were older, ranging from 25 to 60 yrs, and were sampled to
test the influence of commercial thinning on tree growth and SNC symptom development
(Mainwaring et al. 2004, 2005b). Half of the plots were established prior to the 2002 growing
season while the other half were established prior to the 2003 growing season. Prior to thinning,
paired 0.5-ac fixed area plots, each with a 33-ft buffer, were established in each stand. One of the
plots was thinned while the other was left unthinned. Plots were chosen to fill a sampling matrix
based on three levels of SNC severity (severe, moderate, light) and two levels of Douglas-fir
stand density (relative density 20-35 and 35-50 ft?-ac *-in"*°; Curtis 1982). Located on state land
managed by the Oregon Department of Forestry, twenty-eight of the stands were in the Oregon
Coast Ranges and two were in the western foothills of the Cascade Mountains. Only the
unthinned plots were used in this analysis.

The Retrospective Commercial Thinning Study (RCT) was established in 40 Douglas-
fir stands that were 30- to 60-years-old and had been commercially thinned 4 to 10 years prior to
plot establishment in 2002. This study was initiated to study the effects of commercial thinning
on retrospective stand development under varying levels of current SNC (Mainwaring et al.
2005a).

2.2 Plot and tree measurements

In the younger GIS and PCT plantations, all trees with diameter at breast height (DBH)
>2 inch (5 cm) were tagged on 0.2 ac (0.08ha) permanent plots established in 1998. Trees were
re-measured in 2000, 2002, 2004 and 2008. DBH was recorded for all trees, and total height (HT)

and height to lowest live branch (HLB) were measured on a subsample of Douglas-fir trees
7



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

across the diameter range. Where small trees (DBH<2 inch) were abundant, a 0.05 ac (0.02 ha)
subplot was established and only these small trees were measured for DBH on this nested
subplot. Ten dominant or codominant trees were scored annually in April or May for SNC
severity. On each tree, crown length was divided into thirds and foliage retention (FR) estimated
visually as the average number of annual needle cohorts. Tree-level foliage retention was
computed as the average of all crown thirds and plot-level retention as the average of all 10
sample trees.

In the CT stands, all trees with DBH>2 inch (5 cm) were tagged on square 0.5 ac (0.2 ha)
permanent plots established during the winter prior to the 2002 or 2003 growing seasons. Trees
were measured before the growing season of 2002, 2004 and 2006 on the 15 plots established in
2002 and before the growing seasons of 2003, 2005 and 2007 for the 15 plots established in 2003.
All tagged trees were measured for DBH and a subsample of 40 Douglas-fir trees was measured
for HT and HLB. This subsample included the 10 largest Douglas-fir trees by DBH and the 4
smallest by DBH, with the remaining 26 distributed evenly across the DBH range within the plot.
On the largest 10 Douglas-fir trees, breast height ages were also obtained by coring the trees.
Due to the height of crowns and associated visibility problems in these older, larger trees,
binoculars were used to estimate a single foliage retention on the 5-10 largest trees on each plot.

In the RCT stands, all trees with DBH>2 inch (5 cm) were tagged and measured on
square 0.5 ac (0.2 ha) permanent plots established during the winter of 2001-2002. The plots
were remeasured just before the growing seasons of 2005 and 2006, and individual tree
measurements (DBH, HT, HLB, and foliage retention) were measured the same way as on the
CT plots. Breast-height ages were obtained from the 10 largest Douglas-fir trees, and foliage

retention on the same 10 trees provided an estimate of SNC severity.
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2.3 Model development

Periodic annual increment in tree diameter was modeled as a function of tree size,

competitive position, site attributes and SNC severity. The tested explanatory variables include

the following:

1.

2.

3.

4.

Tree size variables: DBH, in addition to its logarithmic, inverse, and squared transformations.
Competition variables: number of stems, TPA (stems/acre); average diameter of largest 40
trees by dbh, D40 (inches); average height of largest 40 trees by DBH, H40 (feet); quadratic
mean diameter of all trees, QMD (inches); stand age, Age (year); total basal area, BA
(feet’/acre); crown competition factor, CCF (Krajicek et al. 1961); stand density index, SDI;
basal area of trees larger than the subject tree, BAL (feet?/acre); crown competition factor in
trees larger than the subject tree (CCFL); and various transformations of these variables.
Crown competition factor (CCF, Krajicek et al., 1961) was calculated for each plot and
inventory year with species-specific maximum crown width estimated from equations
developed by Paine and Hann (1982) and Bechtold (2004). Reineke’s (1933) SDI was
computed as the competitive equivalent of a varying number of trees per acre with a
quadratic mean diameter of 10 inches.

Site characteristics: Bruce’s site index (Bruce 1981), Sl (feet) and distance from coast, DIST
(miles), in addition to their squared, logarithmic, and inverse transformations.

SNC severity: the number of years of retained foliage, FR, along with its squared,

logarithmic, and inverse transformations.

Various linear and nonlinear models were fitted to the data to model periodic annual diameter

growth of Douglas-fir and western hemlock. Linear diameter increment models with the

logarithm of diameter growth as the response variable were tested in the first stage of model
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fitting. Potential predictor variables at the tree-level and stand-level were selected based on the
available data and their biological significance to tree growth (Wykoff 1990, Zhao et al. 2004). A
combination of methods was used to select the variables and their transformations: 1) stepwise
regression; 2) subjective selection based on known drivers of stand dynamics (tree size,
competition, site characteristics, and SNC severity); and 3) selection based on a combination of
statistical fit and biological interpretability. The linear model was estimated using the maximum
likelihood procedures in PROC REG in SAS version 9.2 (SAS Institute, 2008).

At the second stage, nonlinear diameter increment models were tested using the predictors
identified with the log-linear diameter increment models. The nonlinear model was estimated
using maximum likelihood by PROC NLIN in SAS version 9.2 (SAS Institute, 2008).
Preliminary analysis indicated that a random plot effect was not suitable in accounting for the
repeated measurements across different growth periods, primarily because the random plot effect
served in part as a surrogate for plot-level foliage retention. Final models were chosen on the
basis of statistical significance of parameter estimates (o= 0.05), residual analysis, and biological
interpretability.

For selecting the most suitable regression model, it is generally advisable to use some
measure of lack of fit in combination with one or more test statistics (Kozak and Kozak, 2003).
An independent dataset can provide validation of model accuracy (Kariuki, 2008). In this study,
a random selection of 80% of the data was used for initial model development, and the remaining
20% was set aside to evaluate growth model accuracy (Table 2). The models were evaluated
quantitatively by examining the magnitude and distribution of residuals on all possible
combinations of variables to detect any obvious dependencies or patterns that indicate systematic
bias. A fit index (F1) was computed as an analog to R?, in addition to root mean square error

(RMSE), mean bias (MB), and absolute mean bias (ABS):
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_ Si,(ADBH — ADBH )"
> (ADBH — ADBH )2

1] FI=

[2] RMSE =37 (ADBH — ADBH )’

[8] MB=~-%",(ADBH — ADBH )

[4] AMB ==Y7,(|ADBH — ADBH |)

here n was the number of observations; ADBH was the measured diameter increment; ADBH was

predicted diameter increment; and ADBH was mean measured diameter increment.

Trends in diameter growth implied by the fitted models over initial tree diameter and SNC
intensity were graphically assessed for their behavior by setting other predictor variables to their
averages across the entire dataset.

2.4 Thinning guidelines

To illustrate potential application of the models, implied basal area growth was computed
assuming that a subject stand had 400 trees/acre (988 trees/ha), including 250 Douglas-fir/ac
(618 trees /ha) and 150 western hemlock/ac (370 trees /ha). Western hemlock trees ranged in
diameter from 2 to 12 inches (5.1 to 30.5 cm), and Douglas-fir trees ranged in diameter from 0 to
5 inches (0 to 12.7cm) larger than the western hemlock. For simplicity, all Douglas-fir trees
were assumed to have equal DBH and all western hemlock trees were likewise assumed to have
equal diameters, but 0 to 5 inches (0 to 12.7cm) smaller than Douglas-fir. Plantation age was set
to 10 years. The ratio of basal area growth of the Douglas-fir and western hemlock trees was
computed as a function of foliage retention and the difference between the diameters of the two
species. This basal area growth ratio was plotted on the diameter difference between the two
species for different SNC intensities as measured by foliage retention. For a given foliage

retention, the diameter difference between the two species at which the growth ratio equals one

11
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(or some other value of the forester’s choice) implies a diameter difference threshold that can be

applied during a thinning to select the leave tree from a pair of adjacent trees of the two species.
3. Results

A large range of tree sizes was available for both species, with Douglas-fir exhibiting a
greater diameter range (Table 2). The following final diameter increment equation for Douglas-

fir included variables representing initial tree size, competition, and SNC severity:

2
[5]  ADBH = exp (0‘0 + oy X DBH + a; x DBH? + a3 x log(Age) + ay X —]13)‘;];1 +

5+ o6 X H40 + a; X log(BA) ) + &

where ADBH = Periodic annual diameter growth of a Douglas-fir or western hemlock
(inches/yr)
DBH = Initial tree diameter (inches)
Age = Plantation age (yr)
BAL = Basal area in trees with larger dbh than subject tree (ft?/acre)
FR = Plot mean foliage retention (years)
H40 =  Average height of largest 40 trees by dbh (ft)
BA =  Total basal area per acre (ft*/acre)
(o = Parameter to be estimated from the data
€1 = Random error with &€ ~ N(0,0; 2)

All parameter estimates for Douglas-fir (Table 3) were significantly different from zero at
a=0.05, the fit index was 0.6177, RMSE was 0.0875, MB was 0.0011, and AMB was 0.0831.
Residual plots indicated that the model provided a good fit to the data. VValidation using 20% of

the plots produced a fit index of 0.5871, RMSE of 0.1147, MB of 0.0028, AMB of 0.0858.
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The following final model describing western hemlock diameter increment had fewer
predictor variables, but also included variables representing tree size, competition, and SNC
severity:

[6] ADBH = exp (Bo + By X log(DBH) + B x DBH? + B; x log(Age) + B4 X %I: +

Es 1 Bo x H40 + B, x log(BA) ) + &

Parameter to be estimated from the data

where Py

Random error with £ ~ N(0,0; 2)

€2

and all other variables were defined above.

All parameter estimates for western hemlock (Table 3) were significantly different from zero at
a=0.05, the fit index was 0.6243, RMSE was 0.1014, MB was -0.0010, and AMB was 0.0954.
Residual plots indicated that the model provided a good fit to the data. \VValidation using 20%
plots produce fit index of 0.6470, RMSE of 0.1349, MB of 0.0409, AMB of 0.1033.

SNC severity was negatively correlated with Douglas-fir diameter increment, but
positively correlated with western hemlock diameter increment. Douglas-fir diameter increment
under severe SNC (foliage retention of 1.5 years) was only 69% of that expected in a comparable
uninfected stand (foliage retention of 3.5 years) (Fig. 2). In contrast, western hemlock growing in
the same mixed species stand grew 34% more in diameter where foliage retention in Douglas-fir
was only one year.

As indicated in the Methods sections, the graphs constructed for depicting the basal area
growth ratios as a function of initial tree diameter and foliage retention relied on some
assumptions that simplified the wide range in possible stand structures (specifically the diameter
and height distributions by species). These assumptions allowed an approximate assessment of
relative basal area growth of Douglas-fir and western hemlock trees in stands with two potential
components, a set of Douglas-fir with uniform diameters and heights, and a set of western

13
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hemlock with uniform diameters (and implied equal heights) that were less than or equal to the
diameter of the Douglas-fir component. When constructing the field charts, compatibility
between DBH and H40 was ensured by fitting the following equation to the dataset (Table 4):
[7] H40 = 4.5+ y; * exp(y,/D40 + y3/BA) + €

Parameter to be estimated from the data

where vk

Random error with £ ~ N(0,03 2)

€3
Fit index of the above model was 0.8029, and RMSE was 11.19.
The Douglas-fir and western hemlock diameter growth models implied that, as SNC severity
increased, successively smaller western hemlock trees are capable of matching or exceeding the
basal area growth of Douglas-fir (Fig. 3). Under the assumptions made to generate the charts
(Fig. 3), basal area growth of individual Douglas-fir trees in a healthy stand (foliage retention of
about 3.5 years) would always exceed that of western hemlock. Basal area growth ratio between
western hemlock and Douglas-fir trees increasing with increasing SNC severity (declining
foliage retention). Western hemlock trees with DBH of 2-10 inches can out grow Douglas-fir of
the same size if SNC is sufficiently severe. For western hemicok with DBH larger than 12
inches, basal area growth of an equal or larger Douglas-fir would always be greater, regardless of
Swiss needle cast intensity. In stands with severe SNC, (foliage retention of 1.5 years or less),
basal area growth of individual western hemlock trees with DBH of approximately 4 to 6 inches

exceeds that of Douglas-firtrees that are up to 2 inches greater in DBH (Fig. 3).

4. Discussion

In the last 20 years, SNC has emerged as sufficiently influential in the Oregon Coast Ranges
that land managers can no longer plant or tend Douglas-fir without considering SNC effects on

Douglas-fir growth, on its ability to compete against other species, and even on survival of
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Douglas-fir to commercial size. Although it has been estimated that Douglas-fir remained
financially competitive with other local conifer species even with as much as a 50% volume
growth loss (Elwood and Mainwaring 2004, unpublished), this conclusion relies on assumptions
about relative value. Furthermore, knowledge that SNC is at least influenced if not controlled by
climate factors (Manter et al. 2005, Zhao et al. 2011), coupled with anticipated changes in future
Pacific Northwest climates, suggests that the current epidemic may not just be a short term
anomaly (Stone et al. 2008). Although research has identified Douglas-fir families that exhibit
tolerance to SNC (Johnson 2002, Temel et al. 2005), the enhanced performance of such families
are believed to be practical only in areas of moderate infection, not where disease intensity is
high (Filip et al. 2000). Managers must consider including greater proportions of non-
susceptible species on forestland within areas of higher SNC risk (Filip et al. 2000).

Western hemlock generally has slower juvenile height growth than Douglas-fir, but its
shade tolerance allows it to persist in stands where the two species are associated (Tesch 1995).
In healthy even-aged stands, growth rates of the two species tend to diverge as western hemlock
becomes overtopped by Douglas-fir (Wierman and Oliver 1979; Figs. 2 and 3). In healthy stands
with a foliage retention of 3.5, the relative basal area growth of western hemlock with the same
size initial DBH(i=0) declines as tree diameter increases from 2 to 12 inches, due to natural
differentiation patterns of the species mix rather than to relative species performance in absence
of overtopping. Not surprisingly, as foliage retention declines with increasing SNC severity,
combined Douglas-fir growth decline and increasing canopy light transmittance improve the
relative performance of hemlock.

At foliage retention of 1.5 years, the most severe SNC depicted in this analysis, western
hemlock outproduces individual Douglas-fir trees that are 1-2 inches larger in diameter
depending in part on the initial diameter of the western hemlock (Fig. 3). This difference would

almost certainly be larger at lower foliage retention, although where foliage retention has
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remained at such a low level, optimal selection of residual trees in a thinning operation becomes
considerably more obvious. To illustrate general application of the graphs, assume that an 6-
inch western hemlock tree was growing next to a Douglas-fir tree in a stand with foliage
retention of 2.0 years. In this case, the Douglas-fir tree would have to be 7.7 inches in diameter
to produce the same basal area increment as the western hemlock. This conclusion, of course, is
a consequence of the assumptions made to generate the field guides, and represents the average
growth pattern observed in plots from set of Swiss Needle Cast Corporative (SNCC) studies,
including the Growth growth impact study (GIS), Pre-commercial Thinning Study (PCT),
Commercial Thinning Study (CT), and Retrospective Commercial Thinning Study (RCT). Other
factors that would enter into the decision include the relative stand-level productivity of the two
species (partly reflected in diameter growth differences at a given stand density but also in
maximum potential stand density, e.g., McArdle et al. (1961) versus Barnes (1962)), the relative
value of the two species, and other stand management objectives besides timber production or
maximization of economic return. Note also that under moderate to severe SNC the act of
removing the adjacent Douglas-fir will produce a proportionately greater release effect on the
growth of the residual western hemlock than removal of the western hemlock would have on the
Douglas-fir. In other words, the charts developed from the growth equations (Fig. 3) depict the
current relative growth rates under current stand conditions, but differences in growth potential
between the two trees are dynamic and will be even greater after thinning.

Under a stand management objective of maximizing economic return, conclusions from
the analysis and graphs developed in this study would have to be further modified to the degree
that market values of Douglas-fir and western hemlock diverge. In the third quarter of 2011, the
delivered price for Number 2 Douglas-fir and western hemlock sawlogs in NW Oregon was
$530/mbf and $455/mbf, respectively, or a difference of $75/mbf. These prices during the same

quarter five and ten years earlier were approximately $580/mbf and $385/mbf, or a difference of
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$195 (http://www.oregon.gov/ODF/STATE FORESTS/TIMBER SALES/logpage.shtml).

During pre-commercial thinning operations, current log prices are not as important as long-term
projections, so continued market fluctuations underscore the appeal of also considering relative
growth potential of individual trees and corresponding stand-level differences in potential
productivity.

Finally, the growth equations developed for this specific set of SNC-impacted stands
provide insights into the altered stand dynamics of the specific subject population. They were
developed to yield pre-commercial thinning guidelines for a relatively narrow geographic range,
over a relatively short portion of a Douglas-fir rotation, and for a relatively narrow range in stand
conditions. Long-term stand dynamics under SNC intensities that vary spatially and fluctuate
temporally are largely unknown. Analyses using these equations can be complemented with
predictions from more comprehensive regional growth models and other sources of information
to confirm or modify developed guidelines and to compare the possible long-term consequences
of alternative decisions about pre-commercial thinning in these stands. Although such
projections must be recognized as gross extrapolations and interpreted with the same level of
caution as the short-term implications of the equations developed here, the more information that
can be brought to bear on decisions about managing these mixed-species, SNC-impacted stands,
the more likely it is that stand management objectives will be met. We therefore strongly
advocate that: 1) foresters apply the diameter growth equations in creative ways to develop
guidelines for meeting their own stand management objectives for their own current stand
conditions (i.e., Fig. 3 is intended as only one very specific and simplified application); and 2)
foresters combine the information from these equations with other lines of evidence to design
strategies for stand management that will have the highest probability of achieving their

objectives under uncertain future conditions.
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5. Conclusion

The foliar losses of Douglas-fir imposed by SNC reduce Douglas-fir crown density and diameter
increment, thereby enhancing diameter increment of western hemlock, the most common
associate of Douglas-fir in coastal forests of Oregon. Application of Douglas-fir and western
hemlock diameter increment models indicates that the relative basal area growth of the two
species in young, mixed stands varies directly with foliage retention. When thinning in mixed
stands where foliage retention is as low as 1.5 yrs, western hemlock trees will grow more in
basal area than Douglas-fir tree that are 1-2 inches larger in diameter. These results can be
useful for forest managers who can prescribe “D-+x” thinning where X represents the diameter
advantage that Douglas-fir must have over an adjacent western hemlock to be selected as the
leave tree under the objective of providing comparable basal area growth over the short-term. In
this approach, “x” would be selected as a function of SNC intensity as measured by foliage

retention.

Literature Cited
Barnes, G.H. 1962. Yield of evenaged stands of western hemlock. USDA, Washington, D.C.

Technical Bulletin No. 1273

Bechtold, W.A. 2004. Largest-crown-width prediction models for 53 species in the western
United States. Western Journal of Applied Forestry 9(4):245-251.

Bruce, D. 1981. Consistent height-growth and growth-rate estimates for remeasured plots. For.
Sci. 27(4):711-725.

Calama, R., Montero, G., 2005. Multilevel linear mixed model for tree diameter increment in

stone pine (Pinus pinea): a calibrating approach. Silva Fennica 39 (1), 37-54.

18



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467
468
469

Campobell, S., P. Dunham, and D. Azuma. 2004. Timber resource statistics for Oregon. USDA-
FS Pacific Northwest Research Station, Portland, Oregon. Resource Bulletin PNW-RB-242.

Cao, Q. V. 2000. Prediction of annual diameter growth and survival for individual trees from
periodic measurements. For. Sci. 46:127-131.

Curtis, R.0. 1982. A simple index of stand density for Douglas-fir. For. Sci. 28: 92-94.

El-Hajj, Z, K.L Kavanagh, Z. C. Rose and Kanaan-Atallah. (2004). Nitrogen and carbon
dynamics of a foliar biotrophic fungal parasite in fertilized Douglas-fir. New Phytologist,
163:139-147.

Elwood, N., and Mainwaring, D. 2004. Economic implications of growing Douglas-fir in the
Swiss needle cast zone. Presented at the Growing Douglas-fir in the Swiss needle cast zone,
Eugene, Oregon.

Filip, G., A. Kanaskie, K. Kavanagh, G. Johnson, R. Johnson, AND D.Maguire. 2000.
Silviculture and Swiss needle cast: Research and recommendations. Research Contribution
30, Forest Research Laboratory, College of Forestry, Oregon State Univ., Corvallis, OR.

Franklin, J. F., and Dyrness, C. T. 1973. Natural Vegetation of Oregon and Washington. U.S.
Dep. Agric. For. Serv. Gen. Tech. Rep. PNW-8.

Gray, A.N., C.F. Veneklase, and R.D. Rhoads. 2005. Timber resource statistics for nonnational
forest land in western Washington, 2001. USDA-FS Pacific Northwest Research Station,
Portland, Oregon. Resource Bulletin PNW-RB-246.

Hann, D.W. and M.L. Hanus. 2002. Enhanced diameter-growth-rate equations for undamaged
and damaged trees in southwest Oregon. Forest Research Lab., Oregon State University,
Corvallis, Oregon. Research Contribution #39. 54p.

Hansen, E. M., Stone, J. K., Capitano, B. R., Rosso, P., Sutton, W., Winton, L., Kanaskie, A.,
and McWilliams, M., 2000. Incidence and impact of Swiss needle cast in forest plantations
of Douglas-fir in coastal Oregon. Plant. Dis. 84, 773-778.

19



470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

Hartmann, H., Beaudet, M., Mazerolle, M. and Messier, C. 2009. Sugar maple (Acer saccharum
Marsh.) growth is influenced by close conspecifics and skid trail proximity following
selection harvest. Forest Ecology and Management 258: 823-831.

Johnson, G.R. 2002. Genetic Variation in Tolerance of Douglas-fir to Swiss Needle Cast as
Assessed by Symptom Expression. Silv. Gen. 51:80-86.

Kanaskie, A. and McWilliams, M. Swiss Needle Cast Aerial Survey, 2012. Pg. 6-9 in 2012
Annual Report, Swiss Needle Cast Cooperative, College of Forestry, Oregon State
University, Corvallis, Oregon, USA.

Kanaskie, A., Maguire, D., Kavanagh, K., and McWilliams, M. 1998. Growth response to

precommercial thinning in Douglas-fir stands with varying intensity of SNC in the Coast
Range of Oregon. Pg. 19 in 1998 Annual Report, Swiss Needle Cast Cooperative,
College of Forestry, Oregon State University, Corvallis, Oregon, USA.

Kariuki, M., 2008. Modelling the impacts of various thinning intensities on tree growth and
survival in a mixed species eucalypt forest in central Gippsland, Victoria, Australia. Forest
Ecology and Management 256, 2007—2017.

Kozak, A., Kozak, R., 2003. Does cross validation provide additional information in the
evaluation of regression models? Can. J. For. Res. 33, 976-987.

Krajicek, J.E., Brinkman, K.E., Gingrich, S.F., 1961. Crown competition + a measure of density.
For. Sci. 7, 35-42.

Lhotka, J.M., Loewenstein, E.F. 2011. An individual-tree diameter growth model for managed
uneven-aged oak-shortleaf pine stands in the Ozark Highlands of Missouri, USA. Forest
Ecology and Management 261, 770-778.

Maguire, D.A., Kanaskie, A., Voelker, W., Johnson, R., Johnson, G., 2002. Growth of young
Douglas-fir plantations across a gradient in Swiss needle cast severity. West. J. Appl. For.

17, 86-95.
20



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

Maguire, D.A., Mainwaring, D.B., and Kanaskie, A. 2011. Ten-year growth and mortality in
young Douglas-fir stands experiencing a range in Swiss needle cast severity. Can. J. For.
Res. 41, 2064-2076.

Mainwaring, D.B., Maguire, D.A., Kanaskie, A., and Brandt, J. 2004. Interactive effects of Swiss
needle cast and commercial thinning on Douglas-fir growth and development in North
coastal Oregon: Results from the first 15 permanent plots. Pp. 80-90 in D. Mainwaring (ed).
Annual Report 2004, Swiss Needle Cast Cooperative, College of Forestry, Oregon State
University, Corvallis, OR.

Mainwaring, D.B., Maguire, D.A., Kanaskie, A., and Brandt, J. 2005a. Growth responses to
commercial thinning in Douglas-fir stands with varying severity of Swiss needle cast in
Oregon, USA. Can. J. For. Res. 35: 2394-2402.

Mainwaring, D.B., Maguire, D.A., Kanaskie, A., and Brandt, J. 2005b. Interactive effects of
Swiss needle cast and commercial thinning on Douglas-fir growth and development in north
coastal Oregon: two year response from 30 permanent monitoring plots, 2005. Pp. 23-33 in
D. Shaw (ed). Annual Report 2005, Swiss Needle Cast Cooperative, College of Forestry,
Oregon State University, Corvallis, OR.

Mainwaring, D.B., Maguire, D.A., and Kanaskie, A. Response of Swiss needle cast-infected
Douglas-fir to pre-commercial thinning in northwestern Oregon. In review.

Manter, D.K., P.W. Reeser, and J.K. Stone. 2005. A climate-based model for predicting
geographic variation in Swiss needle cast severity in the Oregon Coast Range.
Phytopathology 95:1256-1265.

Manter, D., Bond B.J., Kavanagh K.L., Stone J.K. and G. M. Filip. 2003. Modelling the impacts
of the foliar pathogen, Phaeocryptopus gaeumannii, on Douglas-fir physiology: net canopy

carbon assimilation, needle abscission and growth. Ecological Modelling. 164: 211-226.

21



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

McArdle, R.E., W.H. Meyer, and D. Bruce. 1961. The yield of Douglas-fir in the Pacific
Northwest. USDA, Washington, DC. Technical Bulletin 201 (rev).

Mitchell, R. G., Waring, R. H., and Pitman, G.B. 1983. Thinning lodgepole pine increases tree
vigor and resistance to mountain pine beetle. For. Sci. 29: 204-211.

Monserud, R.A., Sterba, H., 1996. A basal area increment model for individual trees growing in
even- and uneven-aged forest stands in Austria. For. Ecol. Manage. 80, 57—80.

Paine, D.P. and Hann, D.W., 1982. Maximum crown-width equations for southwestern Oregon
tree species. In: Research Pap. 46, Forest Research Laboratory, Oregon State University,
Corvallis, OR, p. 20.

Reineke, L.H., 1933. Perfecting a stand-density index for even-aged forests. Journal of
Agricultural Research 46, 627—638.

SAS Institute Inc. 2008. SAS/STAT® 9.2 User’s Guide. Cary, NC: SAS Institute Inc.

Schrader, B.A. 1998. Structural development of late successional forests in the central Oregon
Coast Range: abundance, dispersal, and growth of western hemlock (Tsuga heterophylla)
regeneration. Ph.D. Dissertation. Oregon State University, Corvallis, OR.

Stone, J.K., Coop, L.B., and Manter, D.K. 2008. Predicting effects of climate change on Swiss
needle cast disease severity in Pacific Northwest forests. Can . J. Plant. Path. 30: 169-176

Temel, F., Johnson, G.R., and Adams, W.T. 2005. Early genetic testing of coastal Douglas-fir for
Swiss needle cast tolerance. Can. J. For. Res. 35: 521-529.

Tesch, S.D. 1995. The Pacific Northwest Region. In J.W. Barrett (Ed.) Regional Silviculture of
the United States. John Wiley and Sons, Inc. New York. Pp. 499-558.

Trasobares, A. and Pukkala, T. 2004. Using past growth to improve individual-tree diameter
growth models for uneven-aged mixtures of Pinus sylvestris L. and Pinus nigra Arn. in

Catalonia, north-east Spain. Ann. For. Sci. 61, 409 — 417.

22



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

Trasobares A., Tome” M. and Miina J. 2004. Growth and yield model for Pinus halepensis in
Catalonia, north-east Spain. Forest Ecol. Manage. 203: 49-62.

Uzoh, F.C.C., Oliver, W.W., 2008. Individual tree diameter increment model for managed even-
aged stands of ponderosa pine throughout the western United States using multilevel linear
mixed effects models. Forest Ecology and Management 256, 438-445.

Westfall, J.A., 2006. Predicting past and future diameter growth for trees in the northeastern
United States. Canadian Journal of Forest Research 36, 1551-1562.

Wierman, C. A. and C.D. Oliver. 1979. Crown stratification by species in even-aged mixed
stands of Douglas-fir - western hemlock. Canadian Journal of Forest Research 9, 1-9.

Wykoff, R.W., 1990. A basal area increment model for individual conifers in the northern Rocky
Mountains. For. Sci. 36, 1077-1104.

Yang, Y. Huang, S. Meng, S.X. Trincado, G. and VanderSchaaf, C.L. 2009. A multilevel
individual tree basal area increment model for aspen in boreal mixedwood stands, Can. J.
For. Res. 39, 2203-2214.

Zhao D.H., Borders B., and Wilson M., 2004. Individual-tree diameter growth and mortality
models for bottomland mixed-species hardwood stands in the lower Mississippi alluvial
valley. For. Ecol. Manage. 199: 307-322.

Zhao, J., Mainwaring, D.B., Maguire, D.A., and Kanaskie, A. 2011. Regional and annual trends

in Douglas-fir foliage retention: correlations with climatic variables. For. Ecol. Man. 262:

1872-1886.

23


http://www.cabdirect.org.proxy.library.oregonstate.edu/search.html?q=au%3A%22Wierman%2C+C.+A.%22
http://www.cabdirect.org.proxy.library.oregonstate.edu/search.html?q=au%3A%22Oliver%2C+C.+D.%22

564  Table 1. Summary of stand characteristics in Swiss Needle Cast Cooperative database for
565  modeling individual-tree diameter growth of Douglas-fir and western hemlock in the Oregon
566  Coast Ranges.
Species | Variable Mean Std Min Max Mean Std Min Max
Dev Dev
modeling data set (383 plots) validation data set (92 plots)
Age (yr) 27.34 1231 8.00 75.78 | 25.57 10.99 12.00  66.51
FR (yr) 250 066 1.10 4.63 239  0.54 1.01 4.09
Distance (mile) 14.07 1139 0.60 87.60 | 12.49 9.78  0.60  78.20
BA (ft’/acre) 12595 52.68 17.20 344.67 | 121.17 48.90  7.44 256.75
Douglas- | CCF (ft’/acre) 184.28 72.36 38.00 553.54 | 177.56 57.02 38.97 305.02
fir D40 (inch) 12.23 3.85 3.39 25.59 | 11.82 3.76 219 20.75
H40 (ft) 65.11 25.41 18.25 157.49| 61.21 24.03 13.17 133.63
TPA (trees/acre) | 434.22 301.22 42.00 2099.11 | 417.54 234.64 72.00 1094.53
QMD (inch) 8.56 3.83 254 2270| 821 3.42 1.62 18.25
SDI (inch) 249.66 97.88 52.22  783.29(240.70 82.55 28.01 443.96
SI (ft) 139.78 20.60 46.92 205.05 | 141.06 23.27 45.28 207.02
modeling data set (181 plots) validation data set (42 plots)
Age (yr) 28.07 12.80 11.00 75.78 | 26.29 1254 13.00  66.51
FR (yr) 236 0.67 1.10 4.63 237  0.44 1.48 3.30
Distance (mile) 12.68 13.78 0.60 87.60 | 10.57 1259 0.60  78.20
BA (ft’/acre) 138.81 54.68 2530 344.67 [ 132.00 49.94 16.24 256.75
Western | CCF (ft’/acre) 203.49 78.77 62.89 553.54 ( 191.18 52.57 43.16 304.58
hemlock | D40 (inch) 12.39 3.72  4.23 23.71| 12.03 3.68  4.88 20.75
H40 (ft) 65.16 24.82 20.75 156.39 | 60.50 24.57 27.74 133.55
TPA (trees/acre) | 515.59 343.54 42.00 2099.11 | 481.89 238.45 72.00 1094.53
QMD (inch) 8.24  3.63 2.89 2270 | 7.81 3.21 3.26 18.25
SDI (inch) 281.09 107.75 75.73 783.29 | 266.98 83.23  46.35 443.94
SI (ft) 136.97 20.50 86.61 198.16 | 142.55 21.77 104.00 207.02
567
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568  Table 2. Summary of tree characteristics in Swiss Needle Cast Cooperative database for
569  modeling individual-tree diameter growth of Douglas-fir and western hemlock in the Oregon
570 Coast Ranges.
Species Variable Mean Std Min Max Mean Std Min Max
Dev Dev
modeling data set (23510 trees) validation data set (5763 trees)
DBH (inch) 9.10 430 0.12 39.09 8.75 4.05 0.04 38.39
Douglas- | CR 0.70 0.18 0.07 1.00 0.72 0.17 0.03 1.00
fir BAL (ft*/acre) 77.05 50.82 0.00 331.03| 7592 51.34 0.00 248.93
CCFL (ftZ/acre) 9797 63.87 0.00 516.79| 97.78 61.60 0.00 304.39
ADBH (inch/year) 0.24 0.18 0.00 1.32 0.25 0.18 0.00 1.14
modeling data set (4219 trees) validation data set (576 trees)
DBH (inch) 6.13 3.70 1.93 40.71 6.43 371 224 21.85
Western | CR 0.81 014 019 1.00( 0.84 011 0.23 1.00
hemlock | BAL (ftz/acre) 120.62 75.85 0.00 340.94|106.44 64.76 0.00 256.68
CCFL (ftz/acre) 170.75 11531 0.00 534.76 |135.04 7297 0.00 276.04
ADBH (inch/year) 0.27 0.21 0.00 1.26 0.33 0.23 0.00 1.20
571
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572  Table 3. Parameter estimates and their standard errors for the Douglas-fir and western hemlock

573 diameter growth models (equations [5] and [6])

574
Douglas-fir Western hemlock
Parameter Variable Estimate Standard Error Estimate Standard Error
0o Intercept 1.8601 0.0423
o DBH 0.1297 0.0033
0y DBH? -0.0026 0.0001
03 Log(Age) -0.3702 0.0149
04 BAL? DBH  -0.0003 0.0000
0s 1/FR -1.0002 0.0270
Os H40 -0.0092 0.0004
07 Log(BA) -0.3769 0.0080
Bo Intercept -0.8082 0.0958
B1 Log(DBH) 0.8632 0.0313
B2 DBH? -0.0006 0.0001
B3 Log(Age) 0.2710 0.0442
Ba BAL?/ DBH -0.0001 0.0000
Bs 1/FR 0.8242 0.0407
Bs H40 -0.0245 0.0010
B Log(BA) -0.3461 0.0150
575
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576  Table 4. Parameter estimates and their standard errors for the relationship between mean diameter

577 and mean height of the 40 largest (by diameter) trees per acre in the SNCC database (equation [7]).

Parameter Estimate Standard Error

V1 224.9 6.9582

Y2 -16.814 0.4839

V3 10.1474 2.5272
578
579
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580  Figure Captions

581  Figure 1. Location of the permanent research installations used in this analysis.

582  Figure 2. Diameter increment of Douglas-fir and western hemlock for a given initial diameter

583 and SNC severity (foliage retention) in a stand with average age, QMD, TPA, H40,
584 and BA. BAL for Douglas-fir and western hemlock was calculated from BA, DBH,
585 QMD, and H40. Specifically, for Douglas-fir, BAL=-4.88468+0.61475*BA-

586 13.85379*DBH+9.36785*QMD+0.35728*H40+12.11854*log(DBH), (R*=0.8448);
587 for Western hemlock, BAL=59.14009+0.66528*BA-5.12461*DBH+

588 6.64968*QMD+0.50032*H40-56.16876*log(DBH) (R°=0.8149).

589  Figure 3. Ratio of western hemlock to Douglas-fir basal area growth as a function of size

590 differential (DBHpr - DBHwy) between Douglas-fir and western hemlock under
591 different initial diameters of western hemlock (DBH_WH) and SNC severity (foliage
592 retention). Assumptions required to construct these charts were described in the

593 Methods section. H40 was calculated using equation [7] to ensure compatibility with
594 DBH.
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