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Abstract
We investigated the vertical pattern of foliage retention of Douglas-ﬁr (Pseudotsuga menziesii) in the western Oregon Coast
Range where Swiss needle cast, a foliage disease caused by Phaeocryptopus gaeumannii, is causing foliage loss and growth
impacts. Swiss needle cast reduced foliage retention more in the upper crown than the lower crown within the epidemic
area, which is unusual as foliage diseases usually reduce foliage retention most in the lower crown. We hypothesized that
as foliage retention increased across environmental gradients that it would also increase in the upper crown at a greater
rate than the lower crown. We randomly selected 72 sites from a population of Douglas-ﬁr plantations in the northwest
Oregon Coast Range. We estimated foliage retention from the lower, mid and upper crown of 10 trees per plot. We ﬁtted
a two-level hierarchical model with tree and stand level predictors to model changes in foliage retention with changing
environmental gradient for foliage in each of three vertical crown positions. We found that the vertical pattern of foliage
retention was generally similar throughout the study area with lowest retention in the upper crown, and highest retention
in the lower crown. Foliage retention increased with increasing distance from the coast, which is correlated with increased
elevation and decreased temperature and site productivity. These ﬁndings are consistent with our current understanding of
conifer foliage retention. No apparent shift occurs from whole crown to lower crown impacts in our study area as foliage
retention increases and approaches normal.
Keywords: Douglas-ﬁr, foliage retention, hierarchical modeling, foliage disease

Introduction
Foliage retention in determinant growth conifers, expressed as the number of years of foliage
cohorts retained on a stem, varies due to environmental and biological factors. Foliage retention
in conifers is known to increase with increasing
elevation and decreasing site productivity (Ewers
and Schmid 1981, Schoettle 1990, Reich et al.
1995, Reich et al. 1996), or increasing latitude and
decreasing temperature (Xiao 2003). Fertilization
with urea (N) has also been shown to reduce foliage
retention (Brix 1983, Balster and Marshall 2000).
Within a healthy tree crown, the upper crown
typically has the lowest foliage retention and the
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lower crown has the highest foliage retention
(Schoettle and Smith 1991, Reich et al. 1995).
Foliage diseases that affect conifers cause reductions in foliage retention, with greater reduction
of foliage occurring where the spores landing on
foliage have the greater chance of survival. This
is typically in the lower portions of the crown
(Tatter 1989, Scharpf 1993, Goheen and Willhite
2006) due to higher humidity. Foliage diseases also
appear to be most prevalent in certain landscape
settings, such as on north slopes and in wetter
areas where humid air settles (Goheen and Willhite
2006, Shaw et al. 2009).
Swiss needle cast (Swiss needle cast), a foliage disease of Douglas-ﬁr, (Pseudotsuga menziesii) caused by Phaeocryptopus gaeumannii,
has reached epidemic proportions in the state of
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Oregon, USA along the Paciﬁc coast and west
slope of the Oregon Coast Range—referred to
hereafter as the epidemic area (Shaw et al. 2011).
The disease is most severe near the coast and at
low elevations. The severity of Swiss needle cast
has been linked to warm winter temperature and
consistent spring/summer leaf wetness (Hansen
et al. 2000, Rosso and Hansen 2003, Manter et
al. 2005). Swiss needle cast symptoms include
early loss of foliage, thinning and chlorosis of
the crown, and reduced tree growth. Within the
epidemic area, Douglas-ﬁr foliage retention is
thought to be directly affected by P. gaeumannii
(Hansen et al. 2000, Manter et al. 2001, Winton et
al. 2003). Tree growth has been directly linked to
foliage retention (Maguire et al. 2011), and effects
of foliage retention have been incorporated into
the forest growth model ORGANON (Maguire
et al. 2002, Garber et al. 2007).
Zhao et al. (2011) investigated the correlation
of regional and annual trends in foliage retention
with 85 different climatic variables. They found
that average foliage retention in western Oregon
Douglas-ﬁr was correlated with a temperaturebased continentality index, mean annual precipitation, winter temperature, summer temperature,
and spring or summer precipitation when distance
from coast and elevation were excluded. Zhao et
al. (2012) then investigated the climatic inﬂuences
on needle cohort survival associated with Swiss
needle cast in coastal Douglas-ﬁr. They found
that needle survival was positively correlated with
maximum summer temperature, and negatively
associated with minimum winter temperature and
spring precipitation.
Typically, Swiss needle cast causes foliage loss
in the lower and inner portion of the crown, where
humidity is higher (Merrill and Longenecker 1973,
Chastagner and Byther 1983, Scharpf 1993). However, Hansen et al. (2000) concluded that disease
severity, measured as the density of Swiss needle
cast reproductive structures emerging from the
stomates (pseudothecia) was greater and foliage
retention was lower in the upper crown for the
ﬁrst three cohorts of foliage at seven Douglas-ﬁr
plantations near Tillamook, Oregon. These coastal
Oregon forests have unique environmental condi24
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tions where summer precipitation and fog cause
similar leaf wetness throughout the entire crown
during the Swiss needle cast spore dispersal period
from late May through August.
Manter et al. (2003) also studied vertical patterns of Swiss needle cast in Douglas-ﬁr crowns
in coastal Oregon. They sampled one branch each
from the north-top, north-bottom, south-top, and
south-bottom quadrants of the crown of three
infected trees at each of ﬁve Swiss needle cast
impacted sites near the coast. The highest pseudothecia density (disease severity) and greatest
relative foliage loss were found on the south-top,
followed by north-top quadrant. Manter et al.
(2003) also compared trees from north and south
aspects across three sample sites representing the
gradient from the western coast to the eastern drier
Willamette Valley margin. They found higher
levels of infection and symptom severity on trees
growing on south slopes in the western Coast
Range. Weiskittel et al. (2006) investigated the
inﬂuence of Swiss needle cast on foliage mass,
foliage age-class structure, and vertical foliage
distribution at twenty-one Douglas-ﬁr plantations
(10- to 60-year-old) across a gradient of disease
severity within the Swiss needle cast epidemic area.
Reduction in the total mass of foliage in each age
class was associated with increasing Swiss needle
cast severity. As would be expected, this resulted
in an increased relative mass in the younger age
classes. The older age classes (4- to 5-year-old)
were skewed to the lower crown, while younger
age classes (1- to 3-year-old) were proportionally
more abundant in the upper crown.
Methods for estimating foliage retention vary
among studies. Hansen et al. (2000) and Manter
et al. (2003) used a disease assessment technique
where they focused on the ﬁrst three years of
cohorts because impacts to these cohorts reﬂect
disease impacts to the host. They estimated the
percent of retained foliage in each cohort and found
that an average of 87% of the foliage was retained
in all three cohorts. Schoettle (1990) used leaf
longevity, deﬁned as the age of the oldest leaves
that are ﬁrmly attached to the stem of a shoot. A
leaf longevity of 10 years indicates presence of
leaves in 11 annual cohorts, including the current

Methods
year. Reich et al. (1996) also assessed needle
longevity or retention by counting annual needle
Study Sites and Data Collection
cohorts. However, a cohort was only counted if
> 50% of the needles in a cohort were retained.
We used an existing plot system of Douglas-ﬁr
With this technique, leaf longevity represents
plantations in the northwest Coast Range of Oran average needle life span. In addition, Reich
egon. This plot system was originally designed
et al. (1996) recognized difference in vertical
to assess tree growth impacts resulting from P.
patterns and averaged needle longevity from the
gaeumannii infection (Maguire et al. 2002). These
upper and lower crown. In contrast, Xiao (2003)
plots were measured annually from 1998-2003
deﬁned leaf longevity as the time in years that
and have become a foundation for monitoring
current-year foliage of individual trees is expected
Swiss needle cast (Shaw et al. 2011). A single
to live given the observed mortality rate using a
permanent 0.02 ha plot was randomly established
life table approach.
within each of 76 Douglas-ﬁr plantations between
10 and 30 years of age, located north of Newport
An understanding of foliage retention pat(N44°35’, W124°00’), south of Astoria (N46°10’,
terns is important to management of the disease.
123°50’), and within 31 km of the coast and on
For example, thinning (density reduction) and
sites ranging in elevation from 45 m to 518 m
vegetation control are suggested as management
(Figure 1). These plantations were randomly
options to reduce foliage disease in conifer planselected from a large database that included all
tations. However, research in the Swiss needle
major landowners with Douglas-ﬁr plantations
cast epidemic area has so far shown thinning and
within the given geographic and age constraints.
vegetation management does not aid in control of
Height, height to live crown base, and foliage
the disease (Crane 2002, Mainwaring et al. 2005).
retention was measured for 10 tallest trees per
Similar insights have been gained in studies of
plot (dominant or co-dominant trees), and tree
Swiss needle cast in New Zealand (Hood and
diameter at breast height (DBH) was measured
Sandberg 1979). However, the lack of response to
for all trees, annually from 1998-2003 (Table 1).
thinning may only be the case in the high severEstimates of foliage retention were obtained in
ity area and it should still be suggested for low
the year 2000. Results are reported for a total of
severity sites (higher foliage retention) if relative
impacts of disease are greater in
the lower crown than the upper.
The objective of our research
was to examine whether the vertical pattern of foliage retention
in Douglas-ﬁr within the Swiss
needle cast epidemic area on the
western slope of the Oregon Coast
Range varies across an environmental gradient of increasing elevation and decreasing temperature
and productivity as one moves
inland. We hypothesized that the
change in foliage retention across
environmental gradients would be
greater in the upper crown than in
the lower crown due to lessening
of disease severity as one moves Figure 1. Map showing Growth Impact Study ﬁeld sites (triangles) on which foliage
retention was measured. Plots are located in the northern half of the Oregon
out of the coastal fog zone.
coastal ecoregion between Newport and Astoria.
Vertical Foliage Retention in Douglas-ﬁr
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TABLE 1. Mean and range of stand attributes for 76 permanent growth impact study plots in the northern
Oregon coast range mountains.
Stand Attribute

Mean

Range

DBH (cm)
Douglas-ﬁr Density (trees/ha)
Douglas-ﬁr Basal Area (m2/ha)
Total Basal Area (m2/ha)
Site Index (Height at 50 yr, m)
Average Foliage retention (yr)
Elevation (m)
Aspect (°)
Distance from Coast (km)

25.9
688
15.77
19.25
41.0
2.26
230
180.8
9.5

11.8 – 40.0*
148 – 1,927
2.03 – 37.24
2.84 – 54.97
24.4 – 52.1
1.12 – 3.4*
45 – 518
0 – 356
0.6 – 19.8

* +/- 2 standard deviations

72 stands and 676 trees. Two sites were excluded
from the analysis because their elevations were
well above the range of the remaining sites and
were located on the east side of the Coast Range
crest, beyond the scope of our study. Two sites
were lost to disturbance.
The purpose of obtaining foliage retention
estimates was to determine the amount of foliage
present and its impact on tree growth (Maguire et
al. 2011). Therefore, our estimate of foliage retention was not foliage longevity. The foliage retention estimate was made by observing the amount
of foliage present and estimating the number of
cohorts where a full complement would ﬁt. For
example, if year 1 and year 2 had full cohorts,

year 3 had 0.8 cohort and year 4 had 0.5 cohort
then foliage retention = 3.3. Foliage retention
was determined in spring (April) prior to current
year budbreak (early May). The live crown was
divided into thirds (lower, middle, upper) with
the base of the live crown deﬁned as the lowest
live branch. A single secondary, or lateral branch,
off a primary branch in the center of each crown
third was examined. A two person crew (rarely a
third person substituting) did the needle retention
estimates to maintain consistency.
Data Analysis
The relationship of foliage retention to environmental measurements (distance from coast, elevation,
aspect) was modeled using a two-level hierarchical
linear model (Bryk and Raudenbush 1992; Singer
1998) with both tree- and stand-level predictors.
This method accounts for multi-level variation
due to measurement of explanatory variables at
different scales than the response variable. The
tree level model assumed the relationship of foliage retention to DBH within a stand did not differ
among crown positions within a tree, but allowed
the mean foliage retention to change as a function
of position within the tree canopy. Although DBH
in general is known to impact foliage retention,
the general variation in DBH among trees in our
study was not great (Figure 2) and it is difﬁcult
to interpret the degree to which DBH actually

Figure 2. Diameter distribution of trees sampled for foliage retention.
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inﬂuences foliage retention. Therefore we held the
effect constant in our models. The model translates
to a constant slope model with different intercepts
for each crown position and can be written as:

where Yijk is the mean foliage retention of the ith
position in the jth tree in the kth stand, and Ib is an
indicator of whether the measurement was made
in the bottom position and Im is an indicator of
whether the measurement was made in the middle
position. By convention, the intercept, β0 represents
the mean foliage retention of the top position. In
this model, each tree was repeatedly measured
(at 3 positions) and residuals were assumed to be
multivariate normal with an unstructured 3 by 3
variance-covariance matrix. Tree level covariates
included DBH and canopy position.
The second level model represented the hypothesis that the mean foliage retention of each
position was dependent on stand level variables.
The second level model was
E 0i
E1i
E 2i
E 3i

J 0 0  J 0 1 X i  O0 i
J 1 0  J 1 1X i  O1i
J 2 0  J 2 1 X i  O2 i
J 3 0  J 3 1X i  O3i

ª0 ªW 020
ªO0i º
« «
«O »
« 1i » ~ MVN «0 , «W 0 1
«0 «W
«O2 i »
« « 02
« »
¬O3i ¼
¬«0 ¬«W 0 3

W 01
W 121
W1 2
W1 3

W 02
W1 2
W 222
W 23

W 0 3ºº
»»
W1 3»»
W 2 3» »
»»
W 323 ¼» ¼»

where Xi represents a stand level variable or
variables, and residuals are multivariate normal
with mean 0 and in a 4 by 4 unstructured variancecovariance matrix. Stand level covariates were
elevation, aspect, and distance from coastline.
Aspect was measured as an azimuth (0-360°) and
transformed for analysis using a cosine transformation (cosine[(aspect/360)*2π]) resulting in
continuous values between 1 (0° or 360°) and -1
(180), thus removing the disjunction between 0°
and 360°. Values of DBH, elevation, and distance
from coast were centered to either the mean values
within a stand (DBH), or the mean values across
all stands (distance and elevation). This approach
provides more interpretable model coefﬁcients
(Singer 1998).
Explanatory variables at the tree (canopy position and DBH) and stand (elevation, distance
from coast, and cos_aspect) levels were used to
develop 18 a priori candidate models (Table 2).

Models included combinations and interactions
of explanatory variables at both the tree and stand
level, based on a priori hypotheses These models
were then compared using Akaike’s Information
Criterion (AIC) to select the best model (Burnham
and Anderson 2002). Models were ranked by the
change in AIC (Δi). and Akaike’s weight (Wi, the
weight of evidence in favor of a model being
the best model within the entire set being tested
given the data [Burnham and Anderson 2002]).
Estimated proportional reduction in variance of
(
) after inclusion of tree level and/
or stand level explanatory variables provided
evidence of the importance of these variables in
explaining variance in foliage retention.
All regression analyses were performed using
the MIXED procedure with maximum likelihood
estimation methods in SAS v9.2 (SAS Institute
Cary, NY). The CORR procedure was also used
prior to model selection to determine correlation
between explanatory variables. Variables with
signiﬁcant correlations were not included in the
same model. Because stand age and tree diameter
were moderately correlated (r = 0.57), stand age
was not used as a stand level variable in model
selection.
Results
The highest ranked models of foliage retention
included canopy position (lower, middle, upper),
tree diameter, and distance from coast (Table 3).
Foliage retention averaged 1.603 (0.038) for the
upper crown, 2.37 (0.051) for the mid crown,
and 2.85 (0.068) for the lower crown. The lowest
foliage retention occurred in the upper third of the
canopy and the highest occurred in the lower third
of the canopy (Figure 3, 4). Variation in foliage
retention was lowest in the upper canopy and highest in the lower canopy (Table 4). One hundred
percent of cumulative weight (Waic) was given
to the top 10 ranked models, which all included
canopy position, DBH, and distance from coast.
We chose the top-ranked model to indicate the
most relevant variables explaining foliage retention due to its relative simplicity and because the
interaction between canopy position and distance
from coast is biologically meaningful in relation
Vertical Foliage Retention in Douglas-ﬁr
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TABLE 2. Rankings based on AIC values and explanatory variables for the 18 a priori candidate modelsand the NULL model.
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Variables
CP, DBH, DIST, CP*DIST
CP, DBH, DIST
CP, DBH, DIST, ELEV
CP, DBH, DIST, ASP
CP, DBH, DIST, ASP, DIST*ASP
CP, DBH, DIST, ELEV, DIST*ASP
CP, DBH, DIST, ELEV, ASP
CP, DBH, DIST, ELEV, DIST*ELEV
CP, DBH, ASP DIST, ELEV, ELEV*ASP
CP, DBH, ASP DIST, ELEV, DIST*ELEV
CP, DBH, ELEV
CP, DBH, ELEV, ASP
CP, DBH, ASP, ELEV*ASP
CP, DBH, ELEV, CP*ELEV
CP, DBH^
CP, DBH, ASP
CP, DBH, ASP, DBH*ASP
CP, DBH, ASP, CP*ASP
NULL

AIC

Δaic

Waic

2835.2
2835.8
2836.4
2836.9
2837.0
2837.4
2837.5
2838.4
2839.3
2839.5
2848.2
2849.3
2851.4
2851.5
2852.1
2853.4
2855.0
2857.3
3022.2

0.0
0.528
1.156
1.631
1.807
2.148
2.220
3.203
4.035
4.265
12.917
14.106
16.152
16.302
16.842
18.180
19.780
22.027
187.0

0.23
0.18
0.13
0.10
0.09
0.08
0.08
0.05
0.03
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

^Tree level variables only

Figure 3. Mean foliage retention estimates in three canopy
positions for trees of average DBH in the Swiss
needle cast infected area of the western Oregon
coast range. Error bars indicate 95% conﬁdence
intervals.

to our original hypotheses (Table 2). All a priori
models with distance as an explanatory variable
were included in this top 10. Delta AIC values (Δaic)
showed that there was little difference among the
top eight models. The second-ranked and simplest
model included only canopy position, DBH, and
28

Shaw, Woolley, and Kanaskie

distance from coast. The model including elevation in addition to canopy position, DBH, and
distance from coast, was ranked third among the
pool of possible models.
At the stand level, distance from coast was the
most important of the stand variables (F1,66.1 =
26.06, p<0.001), but there is some evidence that
its effect differs with position in the canopy (F2,70.1
= 2.33, p = 0.105; Figure 3).When considering
trees of average DBH, foliage retention in the
lower canopy was found to increase by 0.40 years
(95% CI: 0.21-0.58 years) every 10 km increase
in the distance from the coast. In the mid-canopy,
foliage retention was found to increase by 0.33
years (95% CI: 0.19-0.46 years) for every 10
km increase in distance from the coast, and in
the upper canopy, foliage retention was found to
increase by 0.25 years (95% CI: 0.14-0.35 years)
for every 10 km increase in distance from the
coast. Foliage retention does increase at a greater
rate in the upper crown than in the lower crown,
but this difference does not appear meaningful
across the study area.

0.1 years (95% CI: 0.04-0.17) for
every 10 cm increase in DBH. In
addition to DBH, foliage retention
varies by canopy position (lower,
middle, and upper positions).
Discussion
The vertical pattern of foliage retention was generally consistent
throughout the study area with
lowest retention in the upper crown
and highest retention in the lower
crown. Foliage retention in all
crown positions increased with
distance from the coast (Figure
4). Contrary to our hypothesis, we
Figure 4. Foliage retention for lower, middle, and upper canopy positions illustrating could detect little difference in the
the relationship of foliage retention and distance from the coastline for
rate of increase in foliage retention
trees of average DBH.
with distance to the coast among
the three crown positions. The top 10 models (all
In individual tree canopies (i.e., tree level facwithin ~4 AIC units of each other; Table 3), were
tors) in 10-30 year-old Douglas-ﬁr stands on the
similar to one another, all of them involving crown
Oregon coast range, DBH was a signiﬁcant factor
position, DBH and distance from coast, but difexplaining foliage retention patterns (F1,39.5 = 9.71,
fering either by inclusion of an additional stand
p = 0.003) (Table 3). Holding the other model
level variable or by allowing the effect of distance
variables constant, foliage retention increases by
TABLE 3. Rankings based on AIC values for the top three hierarchical models and both the level 1 model (no stand level covariates) and the NULL model (intercept only). T = estimated variance among trees in FR in each crown position.
Proportional variance reduction = (T1 – T2)/T1.

Variables

AIC

Δaic

Waic

T(Crown Position)

Proportional
variance reduction
relative to NULL

1

CP, DBH, DIST,
CP*DIST

2835.2

0.0

0.27 (Upper)
0.23
0.07 (Lower)

0.89
0.14 (Mid)
0.50

0.23
0.87
0.36

0.26

2

CP, DBH, DIST

2835.8

0.528

0.28 (Upper)
0.18
0.07 (Lower)

0.88
0.14 (Mid)
0.50

0.20
0.87
0.36

0.26

3

CP, DBH, DIST,
ELEV

2836.4

1.156

0.28 (Upper)
0.13
0.07 (Lower)

0.88
0.14 (Mid)
0.50

0.20
0.87
0.36

NA

15

CP, DBH
(Level 1)

2852.1

16.8

0.35 (Upper)
0.00
0.11 (Lower)

0.82
0.19 (Mid)
0.21

0.87

NA

19

NULL

3022.2

187.0

2.35 (Upper)
0.00
0.14 (Lower)

1.07 (Mid)

NA

NA

Rank

Proportional
variance reduction
relative to Level 1

Vertical Foliage Retention in Douglas-ﬁr
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TABLE 4. Model coefﬁcients for the top ranked model (SE in
parentheses). The model is in the form of: FR= β0
+ β1*DBH + β2*Distance for each position. DBH
is measured in cm and distance in kilometers.
Canopy
Position

β0 (Intercept)

β1 (DBH)

β2 (Distance)

Lower

2.852
(0.068)

0.011
(0.003)

0.040
(0.009)

Middle

2.373
(0.051)

0.011
(0.003)

0.033
(0.007)

Upper

1.603
(0.038)

0.011
(0.003)

0.025
(0.005)

to differ among crown positions. There was no
clear evidence that any one of these models was
the best, implying that none of the factors besides
the crown position, DBH, and distance from coast
appear to be important in explaining much of the
variation in vertical foliage retention patterns.
Distance from the coast was clearly more
closely related to foliage retention in our analysis
than was elevation (Table 3). This is consistent
with our understanding of disease distribution and
severity relative to winter temperature and coastal
fog and rain during spring and summer (Hansen
et al. 2000, Rosso and Hansen 2003, Manter et
al. 2005) while needle retention and longevity are
related to climatic factors also (Zhao et al. 2011,
2012). In our study area, elevation increases with
distance from the coast, and is slightly correlated
(r =0.36) with foliage retention patterns.
Separating out the interaction among elevation,
distance from coast, and other environmental
factors that inﬂuence foliage retention is very
difﬁcult. Zhao et al. (2011, 2012) did not include
distance from coast and elevation in their models
purposely to determine the inﬂuence of climate.
Perakis et al. (2005) documented a strong soil and
foliar nitrogen decline from the coastline moving
inland, and lower nitrogen levels have been correlated with higher foliage retention (Brix 1983,
Reich et al. 1995, Balster and Marshall 2000). The
high nitrogen levels near the coast combined with
mild winter temperature, longer growing season,
greater summer precipitation and fog all interact to
reduce foliage retention. Tree size is also known
30
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to inﬂuence relative vertical foliage distribution in
Douglas-ﬁr (Maguire and Bennett 1996) as well
as overall foliage retention (Xiao 2003).
We held DBH constant in our model due to the
fairly narrow distribution of DBH and tree age in
our sample (Figure 2). Given that tree diameter is
closely related to tree height, the relationship of
foliage retention and tree diameter may be reﬂecting changes in tree height and subsequent changes
in canopy architecture and microclimate as stand
structure changes through stand development.
Findings from Weiskittel et al. (2006) also support
this conclusion; crown size and tree social position
were both factors inﬂuencing patterns of foliage
retention. We accounted for tree social position
by only choosing dominant or co-dominant trees.
Foliage retention and/or leaf longevity in conifers is known to increase with increasing elevation
and decreasing site productivity (Reich et al. 1992,
1996). Our results support this paradigm, although
we did not explicitly account for site productivity.
Tree height is often used to predict site productivity
and Swiss needle cast has been shown to inﬂuence
tree height, making site productivity difﬁcult to
measure. However, site productivity is generally
thought to decrease with distance from coast and
increasing elevation in the Oregon Coast Range
(Perakis et al. 2005).
Merrill and Longenecker (1973), Chastagner
and Byther (1983) and Scharpf (1993) all note
that Swiss needle cast symptoms were most severe in the lower crown. We hypothesized that at
high elevations far from the coast, where foliage
retention in Douglas-ﬁr is highest, the largest
reduction in foliage retention would occur in
the lower crown. This would be manifested as a
smaller difference in foliage retention between
upper and lower crowns at high elevations than
at low elevations. This was not the case in our
study area on the western slopes of the Coast
Range of northwest Oregon, where we found no
evidence of this effect but some slight evidence
of an opposite effect with distance (Figure 3). In
our Swiss needle cast study area, the difference
in foliage retention between the upper and lower
crowns was greater farther from the coast than
near the coast.

Our approach to estimating foliage retention
differed from those more interested in foliage
longevity (Ewers and Schmid 1981, Schoettle
1990, Reich et al. 1995, and Reich et al. 1996)
and disease biology (Hansen et al. 2000, Manter
et al. 2003). However, we feel our approach is
practical for estimates of foliage retention and
may not be extremely different from estimates
of foliage longevity. Our technique has been
used to quantify foliage retention with respect
to impact on tree growth (Maguire et al. 2011)
and foliage retention is the basis for estimating
growth deviations from normal using models such
as ORGANON (Garber et al. 2007).
Our results show that on the west slope of the
Oregon Coast Range the vertical pattern of foliage
retention is similar across environmental gradients
and it does not appear to ﬁt the usual paradigm
applied to trees inﬂuenced by foliage disease in
general, or Swiss needle cast infestations in other
regions. Typical foliage disease plantation treatments, such as thinning to dry out the stand and
improve airﬂow, do not reduce Swiss needle cast

severity (Mainwaring et al. 2005). Swiss needle
cast management in the Oregon Coast Range
therefore involves an integrated pest management
strategy that incorporates both qualitative models
using disease severity estimates based on foliage
retention, quantitative tools to measure growth
impacts, adaptive silviculture, economic models,
and alternative species where appropriate (Shaw
et al. 2011, Mulvey et al. 2013).

Literature Cited

D. Shaw (editor), Swiss Needle Cast Cooperative
Annual Report. College of Forestry, Oregon State
University, Corvallis. Pp. 63-66.
Goheen, E. M. and E. A. Willhite. 2006. Field Guide to
Common Diseases and Insect Pests of Oregon and
Washington Conifers. USDA Forest Service, PNW
Region, Portland, OR.
Hansen, E. M., J. K. Stone, B. R. Capitano, P. Rosso, W.
Sutton, L.Winton, A. Kanaskie, and M. G. McWilliams. 2000. Incidence and impact of Swiss needle
cast in forest plantations of Douglas-ﬁr in coastal
Oregon. Plant Disease 84:773-779.
Hood, I. A. and C. J. Sandberg. 1979. Changes within tree
crowns following thinning of young Douglas-ﬁr
infected by Phaeocryptopus gaeumannii. New
Zealand Journal of Forestry Science 9:177-184.
Maguire, D. A. and W. S. Bennett. 1996. Patterns in vertical
distribution of foliage in young coastal Douglas-ﬁr.
Canadian Journal of Forest Research 26:1991–2005.
Maguire D. A., A. Kanaskie, W. Voelker, R. Johnson, and G.
Johnson. 2002. Growth of young Douglas-ﬁr plantations across a gradient in Swiss needle cast severity.
Western Journal of Applied Forestry 17:86-95.
Maguire, D. A., D. B. Mainwaring, and A. Kanaskie.
2011. Ten-year growth and mortality in young
Douglas-ﬁr stands experiencing a range in Swiss
needle cast severity. Canadian Journal of Forest
Research 41:2064-2076.

Balster, N. J. and J. D. Marshall. 2000. Decreased needle
longevity of fertilized Douglas-ﬁr and grand ﬁr in
the northern Rockies. Tree Physiology 20:118911197.
Brix, H. 1983. Effect of thinning and nitrogen fertilization
on growth of Douglas-ﬁr: relative contribution of
foliage quantity and efﬁciency. Canadian Journal
of Forest Research 13:167-175.
Bryk, A. S. and S. W. Raudenbush. 1992. Hierarchical
Linear Models. Sage, Newbury Park, CA.
Burnham, K. P., and D. R. Anderson. 1998. Model Selection
and Inference. A Practical Information-Theoretic
Approach. Springer-Verlag, New York, NY.
Chastagner, G. A., and R. S. Byther. 1983. Infection period
of Phaeocryptopus gaeumannii on Douglas-ﬁr
needles in western Washington. Plant Disease
67:811-813.
Crane, G. A. 2002. Effect of fertilization, vegetation control and sulfur on Swiss needle cast and growth of
coastal Douglas-ﬁr saplings. M.S. Thesis, Oregon
State University, Corvallis.
Ewers, F. W., and R. Schmid. 1981. Longevity of needle
fascicles of Pinus longaeva (Bristlecone pine) and
other North American pines. Oecologia 51:107-115.
Garber, S., D. Maguire, D. Mainwaring, and D. Hann. 2007.
Swiss Needle Cast ORGANON Module Update. In

Acknowledgments.
The plot network used in this study was initiated
by the Swiss Needle Cast Cooperative (D. Maguire and A. Kanaskie, Principal Investigators)
with Oregon Department of Forestry support,
and collaborations with forest landowners in the
Oregon Coast Range. Data and needle retention
estimates were graciously provided by Doug
Mainwaring. Funding was provided by the Swiss
Needle Cast Cooperative, Oregon State University.
Manuela Huso provided statistical consultation
and guidance.

Vertical Foliage Retention in Douglas-ﬁr

31

Mainwaring, D., D. Maguire, A. Kanaskie, and J. Brandt.
2005. Growth responses to commercial thinning in
Douglas-ﬁr stands with varying severity of Swiss
needle cast in Oregon, USA. Canadian Journal of
Forest Research 35:2394-2402.
Manter, D. K., R. G. Kelsey, and J. K. Stone. 2001.
Quantification of Phaeocryptopus gaeumannii
colonization in Douglas-ﬁr needles by ergosterol
analysis. Forest Pathology 31:229-240.
Manter, D. K., L. M. Winton, G. M. Filip, and J. K. Stone.
2003. Assessment of Swiss needle cast disease:
Temporal and spatial investigations of fungal colonization and symptom severity. PhytopathologischeZeitschrift 151:344-351.
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.
Merrill, W., and J. Longenecker. 1973. Swiss needle cast
on Douglas-ﬁr in Pennsylvania. Plant Disease
Reporter 57:984.
Mulvey, R. L., D. C. Shaw, G. M. Filip, and G. A. Chastagner. 2013. Swiss Needle Cast. Forest Insect and
Disease Leaﬂet 181. USDA Forest Service, Paciﬁc
Northwest Research Station, Portland, OR.
Perakis, S. S., D. A. Maguire, T. D. Bullen, K. Cromack, R.
H. Waring, and J. R. Boyle. 2005. Coupled nitrogen
and calcium cycles in forests of the Oregon Coast
Range. Ecosystems 8:1-12.
Reich, P. B., M. B. Walters, and D. S. Ellsworth. 1992.
Leaf life-span in relation to leaf, plant, and stand
characteristics among diverse ecosystems. Ecological Mongraphs 62:365-392.
Reich, P. B., T. Koike, S. T. Gower, and A. W. Schoettle.
1995. Causes and consequences of variation in conifer leaf life-span. In W.K. Smith and T.M. Hinckley
(editors), Ecophysiology of Coniferous Forests,
Academic Press, New York, NY. Pp. 225-254.
Reich, P. B., J. Oleksyn, J. Modrzynski, and M. G. Tjoelker. 1996. Evidence that longer needle retention
of spruce and pine plantations at high elevations
and high latitudes is largely a phenotypic response.
Tree Physiology 16:643-647.
Rosso, P. H., and E. M. Hansen. 2003. Predicting Swiss
needle cast disease distribution and severity in
young Douglas-Fir plantations in coastal Oregon.
Phytopathology 93:790-798.

Received 02 May 2013
Accepted for publication 17 October 2013

32

Shaw, Woolley, and Kanaskie

Scharpf, R. F. 1993. Diseases of Paciﬁc Coast Conifers.
USDA, Forest Service, Agriculture Handbook 521.
Paciﬁc Southwest Research Station, Albany, CA.
Schoettle, A. W. 1990. The interaction between leaf longevity, shoot growth, and foliar biomass per shoot in
Pinus contorta at two elevations. Tree Physiology
7: 209-214.
Schoettle, A. W., and W. K. Smith. 1991. Interrelation
between shoot characteristics and solar irradiance
in the crown of Pinus contorta spp. latifolia. Tree
Physiology 9:245-254.
Shaw, D. C., G. Filip, A. Kanaskie, D. Maguire, and W.
Littke. 2011. Managing an epidemic of Swiss needle
cast in the Douglas-ﬁr region of Oregon: The role
of the Swiss needle cast cooperative. Journal of
Forestry 109:109-119.
Shaw, D. C., P. T. Oester, and G. M. Filip. 2009. Managing
Insects and Diseases of Oregon Conifers. Extension
Manual 8980, Oregon State University Extension
Service Press, Corvallis, OR.
Singer, J. D. 1998. Using SAS PROC MIXED to ﬁt
multilevel models, hierarchical models, and individual growth models. Journal of Educational and
Behavioral Statistics 23:323-335.
Tattar, T. A. 1989. Diseases of Shade Trees. Academic
Press, San Diego, CA.
Weiskittel, A. R., D. A. Maguire, S. M. Garber, and A.
Kanaskie. 2006. Inﬂuence of Swiss needle cast
on foliage age-class structure and vertical foliage
distribution in Douglas-ﬁr plantations in north
coastal Oregon. Canadian Journal of Forest Research 36:1497-1508.
Winton, L. M., D. K. Manter, J. K. Stone, and E. M. Hansen. 2003. Comparison of biochemical molecular
and visual methods to quantify Phaeocryptopus
gaeumannii in Douglas-ﬁr foliage. Phytopathology 93:121-126.
Xiao, Y. 2003.Variation in needle longevity of Pinus tabulaeformis forest at different geographic scales.
Tree Physiology 23:463-471.
Zhao, J., D. B. Mainwaring, D. A. Maguire, and A.
Kanaskie. 2011. Regional and annual trends in
Douglas-ﬁr foliage retention: correlations with
climatic variables. Forest Ecology and Management
262:1872-1886.
Zhao, J., D. A. Maguire, D. B. Mainwaring, and A.
Kanaskie. 2012. Climatic inﬂuences on needle
cohort survival mediated by Swiss needle cast in
coastal Douglas-ﬁr. Trees 26:1361-1371.

